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Abstract 


Populations of wild anadromous and resident 
salmonids continue to decline throughout much of the 
Pacific Nonhwest and northern California. Several 
stocks are presently listed as threatened or 
endangered hnder the Federal Endangered Species 
Act. Degradation of fmhwater and estuarine habitats 
contribhte substantially to this d d i e .  Although 
Federal, State, and Tribal programs have been 
established, no wordmated, region-wide strategy 
exists to develop habitat conservation plans, foster . 
habitat protection and restoration beyond minimum 
requirements on nonfederal lands, or encourage 
education and training. 

This document provides the technical basis from 
,which government agencies and landowners can 

develop and implement an ecosystem approach to 
habitat conservation planning, protection, and 
restoration of aquatic habitat on nonfederal lands. 
The repon also describes a prows for developing. 
approving. and monitoring habitat conswation plans. 
pre-listing agreements, and other conservation 
agreemats for nonfederal laads to be consistent with 
the mandates of applicable legal requirements. 
Three pans constitute the body of the document. 
Chapters 1-10 supply the technical foundation for 
understanding salmonid conservation principles from 
an ecosystem perspective: o v a  50 years of reported 
scientific research has been synthesized to describe 
physical, chemical, and biological processes 
operating across the landscape, within riparian areas, 
and in aquatic ecosystems as well as the effects of 
human activities on these processes. Chapters 11-16 
provide a general conceptual framework for 
achieving salmonid conservation on nonfederal lands 
in the Pacific Northwest, including specific guidelines 
for developing, monitoring, and implementing 
habitat conservation plans within the larger context of 
basin and regional conservation goals. An appendix 
lists information resources that landowners and 
agencies may find useful in developing and 
evaluating habitat conservation plans. Over 1100 
sources are cited wifhin this document. 

The perspective we present in this document is 
anchored in the natural sciences. Although we touch 
on social, economic, and ethical concerns, an 
exhaustive discussion of these issues is beyond the 
repon's scope. Nevertheless, our socioeconomic 
systems and values shape our perceptions of natural 
resources and drive our demands for them. The fate 
of salmonids in the Pacific Northwest is inextricably 
intenvoven into this natural-cultural fabric. Just as 
m n c - n r l r i n n  crnreaier  t h ~ tire  nnr hared nn cotvnd 

ecological principles will ultimately fail, ecological 
approaches that ignore socioeconomic values, 
political realities, and ethical issues are also at high 
risk of failure. In light of this interdependency 
between biological and social realms. we view this 
docurnent as one piece of a conservation-restoration 
puzzle to be integrated into a more comprehensive 
assessment of what we as a society want and value, 
what legacy we wish leave to future generations, and 
how we can get there from here. 
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Preface 


Populations of wild anadromous and resident 
salmonids are in decline throughout much of the 
Pacific Nonhwest and nonhern California. Several 
stocks are presently listed as threatened or 
endangered under the Federal Endangered Species 
Act (ESA), and continued losses are likely to result 
in additional ESA listings. A significant cause of 
salmonid declines is degradation of their freshwater 
and estuarine habitats. Although Federal. State, and 
Tribal conservation and &toration programs have 
been established, t h m  is no coordinated, region-wide 
Federal strategy for developing habitat conservation 
plans pursuant to ESA, for fostering habitat 
protection and restoratiop beyond minimum ESA 
requirements on nonfederal lands, or for providing 
education and training in habitat protection and 
restoration strategies. 

The National Marine Fisheries Service, the 
Environmental Protection Agency, and the Fish and 
Wildlife Service (the "Agencies") seek to develop I) 
a naining and ouueach strategy to implement a 
coordinated ecosystem approach to ESA's habitat 
conservation planning as well as additional protection 
and restoration of aquatic habitat on nonfederal lands 
and 2) a process for developing, approving, and 
monitoring habitat conservation plans (HCPs), pre- 
listing agreements, and other conservation 
agreements for nonfederal lands that is consistent 
with the mandates of ESA, the Clean Water Act, and 
other applicable State and Federal requirements. This 
document provides the technical basis from which 
these goals can be accomplished. The primary 
intended audience is agency personnel who have 
background in the biological and physical sciences 
and who are responsible for overseeing land 
management activities. Use of technical terms that 
may be unfamiliar to some readers was at times 
unavoidable; consequently, the document may be less 
accessible to those without formal technical training 
in scientific disciplines. 

The document is organized generally into three 
pans. Chapters 1-10 (Pan I) provide the technical 
foundation for understanding salmonid conservation 
principles from an ecosystem perspective. We discuss 
the physical, chemical, and biological processes 
operating across the landscape, within riparian areas, 
and in aquatic ecosystems; these processes ultimately 

influence the ability of streams, rivers, and estuaries 
to suppon salmonids. Specific habitat requirements of 
salmonids during each life stage are detailed. We 
then review the effects of land-use practices on 
watershed processes and salmonid habitats, focusing 
on the impacts of logging, grazing, farming, mining, 
and urbanization on hydrology. sediment delivery, 
channel morphology, sueam temperatures, and 
riparian function. An ovmiew is presented on the 
importance of ocean variability in determining 
production of anadromous salmonids and the 
implications of this variability on restoration of 
freshwater habitats of salmonids. Next, land-use 
practices that minimize impam to salmonids and 
their habitats are discussed, followed by a brief 
review of Federal laws that pemb to the 
conservation of salmonids on private lands. The 
Technical Foundation concludes with a review of 
strengths and weakuesses of existing programs for 
monitoring aquatic ecosystems; this chapter provides 
the basis for monitoring recommendations presented 
in Pan 11. 

Chapters 11-16 (Pan 11) provide a general 
conceptual framework for achieving salmonid 
conservation on nonfederal lands in the Pacific 
Northwest, as well as specific guidelines for the 
development of Habitat Conservation Plans (HCPs) 
pursuant to the Endangered Species Act. We propose 
a hierarchical approach to the development and 
evaluation of HCPs and other consmation efforts, 
stressing the need for site- or watershed-level 
conservation efforts to be developed and evaluated 
within the l a w  context of basin and regional 
conservation goals. We outline critical issues that 
should be addressed at the scales of region and basin, 
watersheds, and individual sites while planning 
HCPs. We pment details of specific elements for 
planning effective HCPs and criteria for evaluating 
the potential effectiveness of HCP provisions where 
such criteria arc supported by current scientific 
information. Included in this discussion is an 
evaluation of the effectiveness of State rules for 
riparian management to protect specific processes 
that directly affect aquatic habitats. Compliance and 
assessment monitoring strategies for HCPs and other 
conservation efforts are proposed. The document 
concludes with a suggested strategy for implementing 
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salmonid conservation effons on nonfederal lands. 
An appendix (the third part) lists sources of data that 
landowners and agencies may fmd useful in 
developing and evaluating habitat conservation plans. 
Over I100 sources are cited within this document and 
listed in the references section. 

The perspective we present in this document 
found its anchor in the natural sciences. Although we 
touch on social, economic, and ethical concerns, an 
exhaustive discussion of these issues is beyond the 
scope of the document. Nevertheless, it is our socio- 
economic systems and values that shape our 
perceptions of natural resources and drive our 
demands for them. The fate of salmonids in the 
Pacific Northwest is inextricably infewwen into this 
natural-cultural fabric. Just as conservation strategies 
that are not based on sound ecological principles will 
ultimately fail, ecological approaches that ignore 
socioeconomic values, political realities, and ethical 
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issues are also at high risk of failure. Scientific 
information influences how society both views and 
values n d resources such as salmon. At the same 
time, social values influence where we dwote our 
research effons (and hence the strengths and 
weakasses of our knowledge base) and the 
feasibility of implementing what is ecologically 
sound. In light of this infcrdepeudency be.tweert the 
biological and social realms, we view this document 
as one piece of a conservation and restoration puzzle 
to be integrated into a more comprehensive 
assessment of what we as a society want and value, 
what legacy we wish leave to future generations, and 
how we can get there from here. 

Brian C. Spence 
Gregg A. Lornnicky 

Roben M. Hughes 
Richard P. Novitzki 
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1 Executive Summary: Part I 


1.1 Introduction 
As substantial evidence accumulates. concerns 

grow amid continuing declines of salmonids in the 
Pacific Northwest. Anadromous salmonids returning 
to the ~oldmbia River to spawn have decreased from 
historical highs of 10-16 million wild fish to fewer 
than 2 'million fish, mostly originating from 
hatcheries. At least 106 wild salmon stocks have 
been extirpated. 214 arc at high or moderate risk of 
extinction, and many have bem listed or arc being 
reviewed for listing under the Endangered Species 
Act. Similarly, several resident species and stocks 
have also been proposed for listing. Salmon fisheries 
along coastal regions of Oregon and California have 
been dramatically curtailed because of dwindling 
numbers of fish and incriasing concern for wild 
stocks. A number of natural and anthropogenic 
factors have contributed to these declines: 
hydropower operations. ober exploitation, artificial 
propagation, climatic and oceanic changes, and 
destruction and degradation of habitat through land- 
use and water-use practices. Although the relative 
impact of these different factors varies among basins 
and river systems, habitat loss and degradation are 
considered contributing factors in the decline of most 
salmonid populations. 

Pan I of An Ecosystem Approach to Salmonid 
Conservation is intended to provide a comprehensive 
technical foundation for understanding salmonid 
conservation principles in an ecosystem context. 
Aquatic habitats critical to salmonids are the product 
ofprocesses aaing throughout watersheds and 
panicularly withiin riparian &as alone streams and 
iivers. This document depends on thepremise that 
salmonid conservation can be achieved only by 
maintaining and restoring these processes and their 
narural rates. If ecosystems arc allowed to function in 
a natural manner, habitat characteristics favorable to 
salmonids will result, and f ~ h  will be able to 
reinvade and populate historical habitats, recover 
from earlier stressors, and persist under natural 
disturbance regimes. This ecosystemoriented 
approach complements recent Federal and State 
strategies that emphasize watershed and landscape- 
level functions of ecosystems for management and 
conservation of forest resources. 

After briefly reviewing evidence of trends for 
Pacific Nonhweqr calmonids (Chanrer 2) we dicnlrc 

physical, chemical, and biological processes that 
affect aquatic ecosystems and the salmonids that 
inhabit them (Chapters 3 and 4). Next, we present an 
overview of habitat requirements of salmonids, 
including elements that are essential to the general 
health of aquatic ecosystems, as well as specific 
habitat requirements at each life stage of salmonids 
(Chapter 5). We then discuss how human activities 
affect watershed and insueam processes, focusing on 
effects of logging, grazing, agriculture (including 
irrigation withdrawal), mining, and urbanization 
(Chapter 6). Effects of dams, species introductions 
(including hatchery practices), and salmon harvest 
are presented more briefly since these topics, while 
imponant in providing context for the document, 
were beyond the scope of this project. We also 
review the influence of climatic and oceanic 
conditions on salmonids and how these factors relate 
to salmonid wnservation (Chapter 7). Next, we 
present an overview of management practices and 
programs that reduce the detrimental effects of 
human activities on salmonids (Chapter 8). followed 
by a discussion of Federal laws and regulations 
relevant to the conservation of salmonids (Chapter 
9). Pan I concludes with a review of strengths and 
weaknesses of existing monitoring programs for 
aquatic ecosystems (Chapter 10). In Pan 11 of this 
document, we provide a general concepmal 
framework for achieving salmonid conservation on 
nonfederal lands in the Pacific Northwest as well as 
specific guidelines for the development of salmonid 
conservation plans, including Habitat Conservation 
Plans (HCPs), prepared pursuant to the Endangered 
Species Act. A separate executive summary (Chapter 
11) describes major findings and recommendations 
related ro conservation planning (Chapter 12-15). 

This document focuses on anadmmous salmonid 
species, including five Pacific salmon (chinook, 
who, chum, pink, and sockeye), trout and char with 
both resident and anadromous forms (rainbow, 
cutthroat, and bull trout). and strictly resident species 
(mountain whitefish). The areal scope was limited to 
the portions of the States of California, Idaho, 
Oregon, and Washington that have supponed 
salmonid populations. For many subject areas, we 
have relied heavily on comprehensive literature 
reviews and syntheses already available in the 
scientific literature. For subject areas where no such 
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summaries were available, we have conducted more 
extensive literature reviews. 

1.2 Physical and Chemical Processes 
The physical and chemical characteristics of 

streams, rivers, lakes, and estuaries of the Pacific 
Northwest are the manifestation of processes 
operating at many temporal and spatial scales. 
Tectonic activity and glaciation have continually 
reshaped the landscape of the Pacific Nonhwest over 
millions of years. Alternating glacial and interglacial 
periods have caused changes in vegetative cover and 
geomorphic processes over significant portions of the 
region. Pnsent climatic conditions have prevailed for 
the past 6,000 to 8,000 yean, and modem coniferous 
forest communities developed over much of the 
coastal region within the last 2,000 to 5,000 years. In 
response to these changes, many river channels have 
shifted from unstable braided channels to relatively 
stable. meandering channels because the relative 
influence of hydrology, sediment delivery, and 
woody debris have changed. 

Over periods of decades to centuries, large 
floods, fires, and mass wasting have been dominant 
natural disturbances influencing river channels. These 
disturbances can cause abrupt changes in habitat 
conditions, reconfiguring the stream channel, 
transporting streambed materials, depositing large 
quantities of coarse and fine sediments to streams. 
and altering hydrologic and nutrient cycling 
processes. These changes may persist for decades or 
more, affecting the relative suitability of habitats to 
various salmonids. 

At the watershed and site levels. the major 
processes that affect the physical and chemical 
attributes of aquatic ecosystems an hydrology, 
sediment transport, heat energy transfer, nutrient 
cyclinglsolute transport, and delivery of large woody 
debris to streams. Runoff from the watershed affects 
stream habitats dimctly by determining the timing 
and quantity of sueamflow. which control habitat 
availability and influence channel configuration, and 
indirectly by affecting the processes of energy 
transfer, sediment transfer, and nutrient 
cyclinglsolute transport. The amount of water 
reaching streams is a function of precipitation 
patterns, evapotranspiration losses, and infiltration 
rates. which in tum arc affected by watershed 
characteristics including local climate, topography, 
soil type, slope, and vegetative cover. Hydrologic 
regimes of streams in the Pacific Northwest can be 
divided into three general patterns: rain-dominated 
systems, which are hydrologically flashy because of 
frequent rainstow during the winter (coastal 
mountains, lowland valleys. and lower elevations of 
the Cascade and Sierra Nevada Mountains); uansient- 
snow systems, which exhibit both rain and snow 
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during the winter and may experience high flows 
associated with rainon-snow events (mid-elevation of 
the Cascade, northern Sierra Nevada, arid Olympic 
Mountains); and snowdominated systems, where 
most precipitation falls as snow during the winter 
months and is delivered to streams in the spring as 
snow melts (higher elevations of the Cacade, Sierra 
Nevada, Olympic, and Rocky Mountains, and mid- 
elevation anas east of the CascadeISierra Crest). 

S e d i i t  from upland and riparian areas plays a 
major role in determining the nature and quality of 
salmonid habitats in streams, rivers, and estuaries. 
Sediment is generated from surface erosion and 
mass-wasting processes. Surface erosion occurs when 
soil panicles arr detached by wind, rain, overland 
flow, freeze-thaw, or other disnubance (animals, 
machinery) and transporced to the stream channel. 
Mass wasting (slumps, earthflows, landslides, debris 
avalanches, and soil creep) results from weathering, 
freeze-thaw. soil saturation, groundwater flow, 
eanhquakes, undercutting of sueambanks, and wind 
stress transferred to soil by trees. Bank erosion and 
bedload movement occur naturally during high flows, 
but both may be exacerbated where riparian 
vegetation that stabilized banks is removed or when 
peak flows arc increased by human activities. 
Watershed characteristics affecting s e d i i t  transport 
include c l ime ,  topography, geology, soil type and 
erodibility, vegetative cover, and riparian wne 
chmcteristiu. West of the Cascades, mass wasting 
is the major source of sediments in undisturbed 
systems; east of the Cascades, both surface erosion ' 
and mass wasting may be important sources of 
sediments. In general, raindominated systems tend to 
yield more s e d i i t  that snowdominated systems, 
although interbasin variability is high because of 
differences in topography, total precipitation, and soil 
type.


Stream temperatures influence vimally all aspects 
of salmonid biology and ecology, affecting the 
development, physiology. and behavior of fish, as 
well as mediating competitive, predator-prey, and 
disease-host relationships. Heat energy is tmiSfetTed 
to streams and rivers by six processes: short-wave 
radiation (primarily solar), long-wave radiation, 
convective mixing with the air, evaporation, 
conduction with the stream bed, and advective 
mixing with inflow from ground water or tributaries. 
The temperature of streams represents a balancing of 
thwe factors. During the summer, incoming solar 
radiation is the dominant source of energy for 
smaller streams, though groundwater discharge may 
be locally important. Consequently, riparian 
vegetation plays a major role in controlling summer 
stream temperatures as may topographic features that 
provide shade. During the winter, direct solar 
radiation becomes less important because of lower 
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sun angles, shorter days, and cloudier conditions. 
Stream characteristics, including width, depth, 
velocity, and substrate also determine the rate at 
which heat is gained or lost through radiation, 
convection, conduction, and evaporation. As streams 
become larger and less shaded downstream, the 
influence of both temsuial vegetation and 
groundwater inputs d i i e s ,  and temperatures tend 
to equilibrate with mean air temperatures. 

Water is the primary agent dissolving and 
transporting solutes and particulate maner across the 
landscape, integrating processes of chemical delivery 
in precipitation, wearhering, erosion, chemical 
exchange, physical adsorption and absorption, and 
biotic uptake and release. Climate, geology, and 
biologidal processes all influence the character and 
availability of inorganic solutes. The composition and 
age of parent rock determine the rate of weathering 
and hence the release of soluble m a d s .  These 
dissolved materials are transported by surface and 
groundwater flow to st-. The biota of terrestrial, 
riparian, and aquatic ecosystems mediate the sources 
and cycling of major nutrients and associated organic 
solutes through processes such as photosynthesis, 
respiration, food uptake. migration, liuer fall. and 
physical retention. Side channels on floodplains are 
areas of high nutrient uptake and processing because 
of low currcnt velocities and extensive contact with 
the water column. Riparian vegetation may remove a 
significant proportion of the available phosphorous 
and nitrogen (6056-9056) and thus directly affects 
stream productivity. 

Once in the stream, nutrients are transported 
downstream until they are taken up and processed by 
organisms and then released again, collectively 
termed " n u t h t  spiraling." The avenge distance 
over which one complete spiral occurs varies with 
stream characteristics, including retentive structures 
that physically trap particulate matter, stream size, 
water velocity, and the degree of contact between the 
water column and biological organisms inhabiting the 
stream bed. Simplification of channel structure 
increases nutrient spiral length, d e m i n g  retention 
efficiency. Salmon and lamprey cartasses are also an 
integral pan of nutrient cycling for both aquatic and 
riparian systems; thus declines in salmonids may 
cause more fundamental changes in ecosystem 
productivity than the simple loss of stocks or species. 

Riparian and floodplain areas are the critical 
interface between terrestrial and aquatic ecosystems. 
serving to filter, retain, and process materials in 
transit from uplands to streams. Riparian vegetation 
plays a major role in providing shade to streams and 
overhanging wver used by salmonids. Streamside 
vegetation stabilizes stream banks by providing root 
mass to maintain bank integrity, by producing 
hydraulic roughness to slow water velocities, and by 
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promoting bank building through retention of 
sediments. Riparian vegetation also provides much of 
the organic liner required to support biotic activity 
within the stream as well as the large woody debris 
needed to create physical s t m c ~ r e ,  develop pool- 
riffle characteristics, retain gravels and organic litter, 
provide substrate for aquatic invertebrates, moderate 
flood disturbances, and provide refugia for organisms 
during floods. Large woody debris performs 
imponant functions in streams, increasing channel 
complexity, creating hydraulic heterogeneity, and 
providing cover for fish. Large wood also provides 
critical habitat heterogeneity and cover in lakes, 
estuaries, and the ocean. In addition to the aquatic 
functions that riparian areas perform, they typically 
provide habitat and create unique microclimates 
important to a majority of the wildlife occupying the 
watershed. 

1.3 Biological Processes -
The physiology and behavior of organisms, the 

dynamics and evolution of populations, and the 
trophic structure of aquatic communities are 
influenced by the spatial and temporal patterns of 
water quantity and velocity, tempenture, substrate, 
physical SUUCture, and dissolved materials. At the 
organism level, survival of salmonids depends on 
their ability to carry out basic biological and 
physiological functions including feeding, growrh, 
respiration, smoltification, migration, and 
reproduction. All of the habitat characteristics listed 
above influence the quality and amount of food 
energy available, the amount of energy expended for 
metabolic processes, and hence the amount available 
for growth, migration, and reproduction. 

Each phase of the salmonid life cycle-adult 
maturation and migration, spawning, incubation of 
embryos and alevins, emergence of fry. juvenile 
rearing, and smolt migration-may require utilization 
of and access to distinct habitats. The strong homing 
abiiity of salmonids has led to the formation of 
numerous, relatively isolated st&, each adapted to 
the specific environmental conditions found in its 
natal and rearing habitats. This adaptation is reflected 
in the wide diversity of life histories exhibited by the 
salmonids of the Pacific Northwest. A major wnoern 
is that land use and water use have reduced habitat 
diversity through loss or simplification of habitat, 
which in turn has reduced the life-history diversity 
exhibited in the salmonid populations. At larger 
spatial scales, groups of populations or 
"metapopulations" interact infrequently through 
straying or dispersal. Metapopulation theory suggests 
local populations withiin metapopulations periodically 
go extinct and are recolonized and that 
metapopulations will persist if recolonization rates 
exceed extinction rates. The core-satellite 
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metapopulation model proposes that extinction 
probability is not equal among populations and that 
certain extinction-rcsistaacpopulations are important 
"seed" sources of rccolonizm for habitats made 
vacant by extinction. Conservation of salmonids thus 
depends on maintaining: connectivity among habitats 
to allow ninvasion of vacant habitats, sufficient 
genetic diversity to allow successful recolonization of 
these habitats, and refugia from which dispersal can 
occur. The concept of Evolutionarily Significant 
Units presently being used by Federal agencies to 
determine appropriate units of conservation for 
salmonids is based in pan on these metapopulation 
considerations. 

Biotic communities in aquatic ecosystems are 
influenced by predator-prey, competitive. and 
disease- or parasite-host relationships within and 
among species. Cumnt theory suggests that 
disturbance plays a major role in influencing the 
outcome of these interactions and, thus, in 
determining community or assemblage swcture. Two 
models appear applicable to stream communities. The 
"intermediate disturbance hypothesis" argues that 
diversity is greatest in systems experiencing 
intermediate disturbance, because neither colonizers 
(favored by frequent disturbance) nor superior 
competitors (favored by infrequent disturbance) can 
maintain dominance. The "dynamic equilibrium 
model" proposes that community structure is a 
function of growth rates. rates of competitive 
exclusion, and fiquency of population reductions; 
inferior competitors persist if disturbance occurs 
often enough to prevent competitive exclusion, but 
species with long life cycles are lost if disturbance is 
too frequent. Both of these theories suggest that 
increases in disturbance frequency caused by human 
activities are likely to alter community structure. 

Food webs in aquatic systems are higbly 
complex, consisting of many species representing 
several mphic levels. Thcx food webs can be highly 
modified by environmcn*11 changes in light energy or 
nutrient inputs; alterations of streamflow, 
temperature, or substrate; and introductions of non-
native organisms. Changes in physical habitat 
characteristics can alter competitive interactions 
within and among species. Similarly, changes in 
temperature or flow regimes may favor species that 
prey on salmonids, such as nonhrm squawfi  and a 
host of introduced predators. Salmonids are affected 
by a variety of bacterial, viral, fungal, and 
microparasitic pathogens. Both the immune system of 
fishes and the virulence of pathogens are greatly 
affected by environmental conditions, especially 
temperature; thus, alteration of temperature, 
substrate, and flow may increase the incidence of 
epizootics. 
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1.4 Salmonid Habitat Requirements 
Operating throughout the watq~hedand across 

the landscape, all of the physicat, chemical. and 
biological processes discussed above affect the 
features and characteristics of aquatic habitats from 
headwater streams and lakes to estuaries and the 
ocean, To protect or restore desirable habitat rquires 
that the natural processes producing those features 
and characteristics must be maintained or restored. 
Four general principles should be considered when 
determining habitat requirements of salmonids: 

a Watersheds and streams differ in their flow, 
temperature, sed'~mentation,nutrients, physical 
structure, and biological components. 
Fish populations adapt and have 
adapted-biochemically, physiologically, 
morphologically, and behaviorally-to the natural 
environmental fluctuations that they experience 
and to the biota with which they share the stream, 
lake, or estuary. 
Specific habitat requirements of salmonids differ 
among species and life-history types, and these 
requirements change with season, life stage, and 
the presence of other biota. 
Aquatic ecosystems change over evolutionary 
time. 

Consequently, there are no simple defmitions of 
salmonid habitat requirements, and the goal of 
salmonid conservation should be to maintain habitat 
elements within the natural range for the particular 
systrm. 

Five general classes of f e r n s  or characteristics 
determine the suitability of aquatic habitats for 
salmonids: flow regime, water quality, habitat 
structure, food (energy) source, and biotic 
interactions. Flow regimes directly influence the 
depth and velocity of water and the total available 
habitat space for salmonids and their food organisms 
as well as perf- other functions such as 
redistributing sedimmts, flushing gravels, and 
dispersing vegetation propagules. Water quality 
requirements include cool temperatures, high 
dissolved oxygen, naNral nutrient concentrations, and 
low levels of pollutants. Salmonids prefer cold water, 
and temperatures above 25°C are lethal to most 
species; individual species have specific preference 
ranges that vary by life stage. Variation in 
temperature is required to trigger spawning, suppon 
gmwth, initiate smoltification, and enable other pans 
of the salmonid life cycle. Salmonids require well 
oxygenated water (> 6 mgll) thrdughout their life 
cycles, and any level below sanuation can be 
detrimental. Nutrient levels vary among streams and 
must be sufficient to suppon natural plant and animal 
assemblages. Imponant snuctural attributes of 
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streams include pools, riffles, substrate, cover (e.g., 
undercut banks, overhanging vegetation), depth, and 
hydraulic complexity. The presence of large woody 
debris enhances channel complexity, creating 
hydraulic heterogeneity, pools, side channels, back 
eddies, and other features that are used by salmonids 
and other aquatic organisms. Maintaining adequate 
food sources depends upon maintaining natural inputs 
of allochthonous marcrial (type, amount, and timing) 
as well as physical StrUCNreS needed to retain these 
materials. Normal biotic interactions also must be 
maintained to ensure the health of aquatic 
ecosystems, including competitive, predator-prey, 
and'diseaseLparasite relations. 

Stream habitat and channel features vary 
markdy from headwater streams to the estuaries 

' and ocean. Salmonids. particularly anadromous 
species, use the entire range of habitats encountered 
during completion of their life cycles. The diversity 
of life histories exhibited by salmonids has developed 
to accommodate and fully exploit the range of 
habitats encounteml. Loss of specific elements of 
habitat diversity may reduce the diversity exhibited in 
the salmonids' life histories, which in turn may 
influence the ability of these fish to adapt to natural 
and anthropogenic change. 

Habitat requirements vary by life stage. During 
spawning migrations, adult salmon require water of 
high quality (cool t empcram or thermal refugia. 
dissolved oxygen near 100%. and low turbidity); 
adequate flows and depths to allow passage over 
barriers to reach spawning sites; and sufficient 
holding and resting sites. Spawning areas are selected 
on the basis of species-specific requirements of flow, 
water quality, substrate size, and groundwater 
upwelling. Embryo survival and fry emergence 
depend upon substrate conditions, including gravel 
size, porosity, permeability, and oxygen levels; 
substrate stability during high flows; and appropriate 
water temperaNreS (< 14'C for most species, but 
< 6'C for bull trout). Habitat requirements for 
rearing juveniles of anadromous species and adults of 
resident species also vary with species and size. 
Microhabitat requirements for holding, feuiig, and 
resting each differ, and these requirements change 
with season. Migration of juveniles to rearing areas 
(whether the ocean, lakes, or other stream reaches) 
requires unobswcted access to these habitats. 
Physical, chemical, and thermal conditions may all 
impede migrations of juvenile fish. 

1.5 Effects of Human Activities on 
Watershed Processes, Salmonids, 
and Their Habitats 

Land-use practices, including forestry, grazing, 
agriculture, urbanization, and mining can 
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substantially alter watershed processes, resulting in 
degradation of streams, lakes, and estuaries. Logging 
and grazing affect the greatest percentage of lands in 
the Pacific Northwest. bureffects of agriculture, 
urbanization, and mining may result in a higher 
d e g m  of local disnubance. Most of the alterations 
from land-use practices in upland areas result from 
changes in vegetation and sail characteristics, which 
in turn affect the quantity and muting of water, 
sediments, nutrients, and other dissolved materials 
delivered to streams. In addition, application of 
chemical fertilirs and biocides can affect water 
quality. Activities within the riparian zone can alter 
shading (and hence stream temperature), transport 
and supply of sediment, inputs of organic liner and 
large wood, bank stability, seasonal s t readow 
regimes, and flood dynamics. Dams, irrigation 
diversions, and road crossings hinder migrations, 
alter physical and chemical cbaracter of streams, and 
change the composition of stream biota. Harvest of 
salmonids reduces the abundance and alters the size- 
and-age structure of populations. Introduced fish 
species can adversely affect native salmonids through 
competition, predation, and disruption of physical 
habitat. Similarly, hatchery-reared salmonids may 
have similar impacts as well as altering the genetic 
swcture of populations through introgression. 

1.5.1 Forestry 
Forest practices result in removal and disturbance 

of natural vegetation, disturbance and compaction of 
soils, conswction of roads, and installation of 
culverts. Removal of vegetation typically reduces 
water loss to evapouanspiration, resulting in 
increased water yield from the watershed. In general, 
increases in water yield are greater west of the 
Cascades than they are on the east side. Increases in 
peak flows following logging have been reported and 
likely result from combined effects of vegetation 
removal and more rapid routing of water from 
uplands to the stream channel. Short-term increases 
in summer base flows frequently follow logging; 
however, evidence from one Cascade watershed 
suggests base flows may be reduced over the long 
term, particularly if coniferous vegetation is replaced 
by hardwood- dominated stands. 

Site disturbance and mad construction typically 
increase sediment delivered to streams through mass 
wasting and surface erosion, which can elevate the 
level of fme sediments in spawning gravels and fill 
substrate interstices that provide habitat for aquatic 
invenebrates. The removal of riparian canopy 
reduces shading and increases the amount of solar 
radiation reaching the streams, resulting in higher 
maximum stream temperatures and increased die1 and 
seasonal fluctuations. In addition, the loss of riparian 
vegetation may increase radiative cooling during the 
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winter, enhancing the formation of anchor ice. In 
other systems, inneases in winter stream 
temperatures have been observed after logging. 
Increases in maximum temperaNre after logging 
depend on the size and morphology of the stream and 
on the type and density of canopy removed. Altered 
stream temperatures persist until prelogging levels of 
shade are re-established, which may take from less 
than 10 to more than 40 years. 

Timber harvest removes plant biomass, and hence 
nutrients, but nutrients are more available to streams 
immediately following harvest. resulting in pan from 
addition of slash to the forest floor, accelerated 
decomposition of liner, and increased runoff and 
erosion. This shon-term increase diminishes as soils 
stabilize and revegetation occurs. Where logging 
occurs in riparian areas, delivery of leaf liner and 
large woody debris to the stream is reduced, and may 
significantly alter the nutrient balance and physical 
character of the stream. Loss of large woody debris, 
combined with alteration of hydrology and sediment 
transpon, reduces complexity of stream micro- and 
macrohabitats and causes loss of pools and channel 
sinuosity. These alterations may persist from decades 
to centuries. Changes in habitat conditions may affect 
fish assemblage structure and diversity (e.g., 
favoring species that prefer riffles rather than pools), 
alter the age-structure of salmonid populations, and 
disrupt the timing of lifeahistory events. Other effects 
on salmonids include reduced embryo survival and 
fry production, decreased growth efficiency. 
increased susceptibility to disease and predation, 
lower overwinter survival, blocked migration (e.g., 
inadequate culverts), and increased mortality through 
anglers' improved access to streams. 

1.5.2 Grazing 
Grazing results in the removal of natural 

vegetation, the alteration of plant-community 
composition, and the modification of soil 
characteristics, which in turn affect hydrologic and 
erosional processes. Effects arc particularly acute in 
the riparian zone, where livestock tend to congregate. 
attracud by water, shade, cooler temperatures, and 
an abundance of highquality forage. In general, 
grazed lands have less vegetation and litter cover 
than ungrazed lands, and in many areas of the West, 
perennial grasses have been replaced by non-native 
annual grasses and weedy species. Greater exposure 
of soils leads to splash erosion. which decreases soil 
permeability and results in more rapid runoff of 
precipitation to the stream channel. As a 
consequence, peak flows may be higher and summer 
base flows lower in watersheds that are intensively 
grazed. 

Livestock also affect vegetation and soils through 
trampling. Trampling soils in arid and semi-arid 
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lands may break up the fragile cryptogamic crust 
(comprised of symbiotic mosses, algae, and lichens) 
causing reduced infiltration, increased m o f f ,  and 
reduced availability of nitrogen for plant growth. In 
addition, trampling detaches soil panicles, 
accelerating surface erosion in upland areas, and may 
promote mass wasting along streambanks. Mass 
wasting also occurs where grazing has eliminated 
riparian vegetation and hence the root matrix that 
helps bind soil together. All of these processes result 
in increased sediment transport to streams. Animals 
also redistribute Keds and nutrients across the 
landscape, especially to riparian zones or other 
attracton, such as spring seeps or salt blocks. 
Devegetating riparian zones reduces shading and 
increases summer stream temperatures-often in 
streams that are where temperatures are near the 
upper limit of the tolerable range for salmonids- and 
may also increase the formation of anchor ice in the 
winter. Garing also results in changes in channel 
morphology through changes in hydrology. 
sedimentation, and loss of bank stability. Streams in 
grazed areas tend to be wider and shallower, and 
consequently warmer in summer, than in ungrazed 
reaches. In some instances, streams in grazed m a s  
incise in response to increased peak flows, effectively 
diicomecting the sueam channel from the floodplain. 
Incision further alters the hydrology of the stream by 
lowering the water table and, consequently, the plant 
community occupying the riparian zone may shift 
from hydric (wetland) to xeric vegetation. Grazing in 
the riparian zone can reduce recruitment of large ,
wwdy debris, especially because retstablishrnent of 
riparian s h ~ b s  and trees rarely occurs if grazing 
pressure is not reduced. Loss of wwdy debris 
reduces retention of gravels, creation and 
maintenance of pool habitats, and instream cover. 
General effects of grazing on salmonids include 
reduced reproductive success because of 
sedimentation of spawning gravels, alteration of food 
supplies through changes in primary and secondary 
production, reduced fish densities, and shifts in the 
composition off&, invertebrate, and algal 
communities. 

1.5.3 Agriculture 
Although agriculture is not a dominant land use in 

the Pacific Northwest (approximately 16%of the 
total land area), alterations to the land surface are 
more severe than those caused by forestry or 
grazing, are generally permanent, and tend to involve 
repeated disturbance. Replacing natural grasslands, 
forests, and wetlands with annual crops leaves much 
area unvegetated during pan of the year and 
dramatically changes the function of plants and soil 
microbes in the tilled areas. Repeated tillage, 
fertilization, and harvest permanently alter soil 
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character, resulting in reduced infduation and 
increased surface runoff. These changes alter 
seasonal sueamflow pattern by increasing high 
flows, lowering water tables, and reducing summer 
base flows in streams. ChanneIiing to reduce local 
flooding and alter the geometry of mopped lands also 
facilitates more rapid muting of water to the stream 
channel, thereby increasing peak flows downstream. 
Sediment yield from agricultural lands is typically 
greater than from prairie, f o m ,  or wetland areas, 
and can reduce the quality of spawning gravels and 
the abundaace of food organisms. Where riparian 
shading is lost or summer base flowsarc reduced, 
stream temperanucs arc increased. Nuuimts, 
insecticides, and herbicides are typically elevated in 
streamr draining agricultural areas, reducing water 
quality. Channelition, snag removal, revetmenu, 
and removal of riparian vegetation reduce habitat 
complexity, decrease channel stability, and alter the 
food base of the str%am. As a result, incised and 
channelized s w a n s  in agriculrd areas typically 
support smaller fish and fewer fish species. 

1.5.4 Urbanization 
Urbanization has affected only 2% of the land 

area of the Pacific Northwest, but the consequences 
to aquatic ecosystems are severe and long-lasting. 
The land mrface, soil, vegetation, and hydrology are 
all significantly altered in urban areas. As 
development proceeds, the percentage of land 
covered by impervious surf- increases, reducing 
the area available for infiltration and increasing 
surface runoff. Buildings, parking lots, mads. 
gutters, storm drains, and drainage ditches in 
combination quickly shunt ptecipitation to receiving 
streams, resulting in an increased magnitude and 
frequency of peak discharge and reduced summer 
base flow. Sediment delivery typically increws 
during construction activities. The total vegetated 
area is greatly reduced, and replacunent vegetation, 
typically lawns and ornamental plants, pquire water. 
fertilizers, and pesticides. Riparian conidors 
frequently are constricted, disabling or altering 
riparian function. Loss of riparian vegetation and 
reduced base flows allow greater heating of streams 
during summer. In addition, the lack of recruitment 
of large wood combined with increased erosive 
potential of peak flows increase scouring of the 
streambed and downstream transport of wood, 
resulting in simplified stream channels and greater 
instability. These effects are exacerbated when 
streams are channelized and where banks are 
reinforced with concrete, rip-rap, or other hard 
structures. Water quality is adversely affected by 
inputs of fertilizer and pesticides washed from lawns 
and yards, discharge from sewage treatment facilities 
and industrial sources, and contaminated runoff from 
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surface stmts. The highly altered streams found in 
most urban areas pmvide poor habitat for fish and 
other aquatic biota. 

1.5.5 Mining 
Sand and gravel mining in smams and on 

adjacent floodplains have substantial effects on 
stream channels and hydraulic characteristics. In 
addition to the immediate morphological changes in 
stream channels caused by excavation, channels 
continue to exhibit instability, accelerated erosion. 
and altered substrate composilion and strucnue after 
extraction has ceased. Downcutting of s t ~ m  
channels frequently follows gravel mining, often 
exceeding 4-6 meters in depth over periods ranging 
fmm months to decades. The downcutting and 
simplification of stream channels results in increased 
flood peaks,increased sediment transport. increased 
temperatures, and decnased base flows. The most 
direct impacts to s2lmonids are degradation and 
simplification of spawning and rearing habitats and 
increased turbidity. In addition, increased turbidity 
and decreased substrate stability influence lower 
trophic levels, upon which salmonids depend for 
food. 

Mineral mining also substantially affects aquatic 
ecosystems. Although hydraulic mining is uncommon 
today, previously degraded habitats have not yet 
recovered and still exhibit excessive sediment 
transport, downcutting, and instability. For example, 
hydraulic mining (e.g., gold) from stream deposits 
and hillslopes dramatically altered stream channels, 
riparian wnes, and floodplains. Recovery may take 
generations where channels have been modified and 
acid drainage, radioactive materials, and metals from 
mining wastes contaminate streams. Increased 
sedl~~lents.acidification, and chronic pollution from 
mine wastes seriously degrade aquatic habitats 
throughout the West. Streams receiving chronic 
metal pollution typically support few or no fish and 
degrade invertebrate assemblages. 

1.5.6 Dams and Irrigation 
Hydroelectric dams, impoundments, and 

withdrawing water for irrigation have significantly 
contributed to the decline of salmonids in the Pacific 
Northwest. Dams have impeded or blocked passage 
by adult and juvenile salmonids, and have caused 
gmss changes in habitat conditions of rivers and 
streams. In the Columbia River basin, an estimated 
55%of the total area and 33% of the total stream 
miles are no longer accessible to anadmmous 
salmonids because of dams. At dams, injury and 
mortality to juveniles occurs as a result of passage 
through turbines, sluiceways, juvenile bypass 
systems, and adult fish ladders. Dams and reservoirs 
increase the time it takes juveniles to migrate to the 



Part I-Technical Foundation 1 Executive Summary 

ocean, which increases exposun to predation. 
Attempts to bypass dams by barging and trucking 
may facilitate transmission of parasites and disease. 
Below hydroelectric facilities, nitrogen 
supersaturation may also negatively affect migrating 
salmon. 

Hydrologic effects of dams and withdrawals for 
irrigation include water-level fluctuations, altered 
seasonal and daily flow regimes, reduced water 
velocities, and reduced discharge volume. 
Drawdowns and diversions reduce available habitat 
area and concentrate organisms, potentially 
increasing predation and transmission of disease. 
Dams have eliminated many spawning areas on large 
river systems and have created slackwater 
environments that are favorable to salmonid 
predators, including squawfish and a host of non- 
native piscivores. Impoundments alter natural 
sediment transport processes, causing deposition of 
fine sediments in slackwater areas, reducing flushing 
of sediments through moderation of extreme flows. 
and decreasing recruitment of coarse material 
(including spawning gravels) downstream of the 
obstmction. Return-flows fiom irrigated lands tend to 
have high sediment content, turbidity, and pesticide 
and fertilizer concentrations. Impoundments and 
water withdrawals also change the thermal regimes of 
streams. Temperatures may increase in shallow 
reservoirs and where rerum-flows from irrigation 
have been heated. Below deeper reservoin that 
thermally stratify, Summer temperatures may be 
reduced through release of hypolimnetic waters, but 
fall temperatures tend to increase as heated water 
stored during the summer is released. These changes 
in water temperatures affect development and 
smoltification of salmonids as well as influence the 
success of predators and competitors and the 
vimlence of disease organisms. Dissolved oxygen 
concentrations may be reduced during both summer 
and winter from withdrawals for irrigation. In 
summer, high temperatures of return-flows reduce 
the oxygen-holding capacity of water; in winter, 
drawdown of impoundments may facilitate freezing, 
which diminishes light penetration and 
photosynthesis, potentially causing fish kills through 
anoxia. 

1.5.7 Salrnonid Harvest 
Although this document focuses on the effects of 

human activities on salmonid habitats, it is imponant 
to acknowledge the effects fisheries have had on 
salmonid populations in the Pacific Northwest. 
Commercial. recreational, and tribal harvest of 
salmonids by humans constitutes a significant source 
of mortality for both anadromous and resident 
species, with harvest rates of adults in many fisheries 
exceeding 50% to 80%or more. Adverse effects of 

harvest on salmonids are particularly difficult to 
control in mixed-stock fheries, where multiple 
species, stocks, and age classes are harvested 
together. Strong and weak stocksare harvested at 
comparable rates, as are fish of wild and hatchery 
origin. Mixed-stock fisheries are especially 
detrimental to naturally small populations or 
populations that have been depressed by human 
activities. 

In addition to reducing total escapement of adult 
salmonids, harvest alters the age- and size-suucture 
of salmonid populations. For many populations of 
anadmmous salmonids, particularly species that 
spend several years at sea. mean size and age of 
harvested adults have steadily declined. This occurs 
because immaturc individuals are vulnerable to troll 
fisheries over a number of years. Consequently, 
larger and older individuals are harvested at a higher 
rate than individuals that m a w  earlier and at 
smaller size. Changes in size structure may also 
result from size-selective f ~ m g  gear. Changes in 
average size and age of individuals influences success 
of salmonid populations in several ways. Large size 
may confer several advantages including the ability to 
negotiate large barriers, higher fecundity, deeper 
deposition of eggs (and thus reduced risk of scouring 
during freshes). and utilization of larger, better 
oxygenated spawning gravels. 

Harvest of salmonids can also influence the 
timing of certain life history events, including adult 
migrations. spawning, and juvenile migrations. 
Selective removal of early or late migrants can result 
in shifrs in the timing of peak migration and 
spawning of a population. Finally, harvest of 
salmonids by humans can alter the fundamental 
stmcture of sueam ecosystems through reduction of 
nutrient inputs from salmon carcasses as populations 
decline and average size of fish decreases. 

1.5.8 lntroduced Fish and Hatcheries 
Introducijons of non-native fish species and 

artificially pbpagated native salmonids pose 
additional risks to wild salmonids. Effects of species 
introductions on native fishes may include 
elimination. reduced growth and survival, and 
changes in community structure. Six mechanisms 
allow introduced fish to dominate or displace native 
fish: competition, predation, inhibition of 
reproduction, environmental modification, transfer of 
new parasites or diseases, and hybridization. 
lntroduced species may thrive best where extensive 
environmental modification has already occurred. 

Artificial propagation of native salmonids has 
been used for decades to mitigate effects of habitat 
loss and to increase returns for harvest. Although 
artificial propagation may in some instances increase 
salmon and trout available for harvest, hatchery 
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introductions can result in a number of unintended 
and undesirable consequences for wild salmon and 
trout populations, for example, competition between 
hatchery and wild fish for food, habitat, or mates. 
Once in the ocean, large numbers of hatchery smolts 
may result in densitydependent decreases in survival 
and growth, although evidence of dmsitydependent 
effects in ocean environments is mixed. Other 
adverse effects of hatchery introductions include 
transmission of diseases between hatchery and wild 
populations, alterations of fish behavior (e.g., 
stimulation of prUIUNre smolt migration), and 
increased predation on wild fish (direct predation of 
hatchery fish on wild fish or attraction of predators). 
In addition to ecological effects, introduction of 
hatchery fish may lead to genetic changes in wild 
populations, including elimination of unique genomes 
in local stocks, loss of genetic variability between 
populations, and depressed fitness where 
introgression occurs. 

The operation of hatchery facilities may adversely 
affect wild salmonid populations by contributing 
effluent with high concentrations of nutrimts or 
disinfectant chemicals and by introducing pathogens. 
Hatchery weirs or diversion structures can impede 
the migration of wild stocks, and diversions of water 
for hatchery use reduces the amount available for 
wild stocks. Removal of wild fish for brood stock 
may threaten the genetic integrity of wild stocks, 
particularly for small or depleted stocks. Lastly, the 
removal of fish for brood stock decreases the amount 
of nutrients available in upstream reaches because 
salmon carcasses are not deposited. 

Hatchery supplementation has social repercussions 
that influence wild salmonids directly and that affect 
the ability of managers to restore salmonid 
populations. Hatchery supplementation increases 
harvest pressure on wild populations in mixed-stock 
and terminal fisheries, panicularly during years when 
survival of hatchery fish is low due to poor 
environmmcal conditions, and fisheries become 
overcapitalized. In addition, once commercial and 
sport fishers have invested large sums of money in 
fishing gear, they may resist increased fishing 
restrictions, making it difficult for managers to enact 
stricter protection for wild stocks. Finally, the long 
history of hatchery programs in the United States has 
instilled a perception in the public that habitat losses 
or degradation can be mitigated rhrough artificial 
propagation, a perception that may irnp&e 
implementation of more ecologically sound 
restorative activities. 

1.6 Effects of Atmospheric and 
Ocean Circulation 

Marine productivity depends on atmospheric and 
oceanic circulation and strongly affects abundance of 
salmonids and other fishes. Surface currents of the 
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northeastern Pacifc are dominated by the "West 
Wind Drift." which flows west-to-east across the 
Pacific and bifurcates as it approaches North 
America into the Alaska Gurrent flowing north and 
the California Cumnt flowing south. Changes in 
climatic conditions affect the behavior of the West 
W i d  Drift. In years where a strong Aleutian Low 
Pressure system develops off the south wast of 
Alaska, typical of El Nirio conditions, a greater 
percentage of cold, nutrient-rich water is diverted 
north into the Alaska Current. When the Aleutian 
Low is weaker, typical of La Niia years, more water 
from the West W i d  Drift is diverted south towards 
California. These shifts, c o m b i i  with changes in 
prevailing wind directions and upwelling patterns, 
can substantially affect wnditions for salmonids 
entering the ocean. Changes in surface currents and 
upwelling strength influence temperature, salinity, 
and nutrients, thereby affecting the abundance of 
food available to juvenile salmonids. the number and 
distribution of pdators  and competitors, and the 
transport of smolts entering the ocean (along-shore 
versus off-shore). Recent evidence suggests that 
when ocean conditions are poor for salmonids in the 
Pacific Northwest, wnditions are favorable to 
Alaskan stocks and vice versa. 

Cycles in marine productivity can mask the 
effects of habitat degradation in fnshwater 
environments or other stressors of salmonid 
populations. Long-term trends in the ability of 
freshwater environments to support salmonids may 
not be evident during periods of favorable oceanic 
conditions, particularly for populations augmented by 
hatchery fish. However, as ocean conditions shift 
towards less favorable conditions (particularly for 
hatchery fish), increasing pressure from 
overcapitalized fisheries candramatically reduce the 
abundance of wild stocks. 

1.7 Practices For Restoring and 
Protecting Salmonids and Their 
Habitats 

Virtually all land-use and water-use practices have 
some effect on aquatic ecosystems, as do the harvest 
of salmonids and the introduction of non-native and 
hatchery fish. However, there are numerous 
opponunities, through planning and specific 
practices, for minimizing these effects or mitigating 
for past damage. Regardless of the activity, emphasis 
should be placed on preventing (rather than 
mitigating) damage, particularly in those areas where 
high-quality habitats and stable salmonid populations 
remain. 

Impacts of harvest on wild salmonids can be best 
wntrolled through terminal and bay fisheries that 
target adults as they return to their natal streams. 
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Terminal fisheries provide greater protection for 
weak stocks by targeting hatchery runs instead of 
wild stocks, by allowing late-manuing fish to reach 
maturity, and by reducing the incidental mortality of 
subadults. These targeted fisheries avoid problems 
associated with managing for indicator or wcak 
stocks traditionally used in open ocean, mixedatodt 
fisheries. Harvest methods can also be changed to 
target hatchery stocks and reduce incidental mortality 
of wild populations. Traps, fish wheels, and hook- 
and-line angling all c a w  lower mortality than 
gillnets or trolling. Special sport angling restrictions, 
including catch-and-release angling, minimum size or 
slot limits, and bag limits may funber reduce 
mod t ty  or m i n i i  size-selective harvest. Accurate 
monitoring of escapement levels of specific stocks is 
essential for establishing exploitation levels that 
ensure the long-term persistence of individual stocks. 

Growing evidence of the adverse ecological, 
genetic, aud social consequences of hatchery 
operations suggests substaatial modification, 
curtailment, or elimination of hatchery program for 
salmonids would benefit wild populations, though not 
without adverse short-term social and economic 
impacts. Emphasis of hatchery programs is beginning 
to shift from increasing fish harvest to consenting 
endangered species or supplementing weak stocks, 
though the risks of using hatcheries for these 
purposes arc still being debated. Potentially beneficial 
hatchery programs include those to r e u t a b l i i  native 
species into waters where fish have been exthpated 
by human activities; those to sustain a presmrly 
overharvested fishery through a planned program of 
downsizing and transition to other employment or 
from reliance on hatchery fish to reliance on wild 
fish; and those to augment weak stocks (put-and- 
grow stocking) in waters having little or no 
reproductive habitat but substantial productive 
potential where stocking will not harm indigenous 
biota. Impacts of introduced (non-native) fish species 
on wild salmonids can be minimized by ceasing the 
stocking of non-native fish into waters that contain 
wild salmonids, by direct removal by piscicides and 
electrofishiig, and by indirect removal through use 
of unrestricted catch limits. Restoring streams and 
rivers to their natural temperature and flow regimes 
may reduce the spread of non-native species into 
salmonid streams. 

A number of large-scale habitat restoration 
programs are currently underway or in the planning 
stages. In the Kissimmee River, Florida, steps are 
being taken to re-establish natural channel 
configuration, flood; !am, and hydrologic regimes. 
In the Elwha (Washi?gon) and Rogue River 
(Oregon) basins, d a .  removal has been proposed to 
restore salmon habitats and remove barriers to 
migration. Elsewhere, the impacts of dams are being 

reduced by assuring instream flows, especially at 
critical times; scrrening ~ r b i  intakes; and 

improving bypass systems. Direct impacts to river 
. .  .
channels can also be mmnuzed by retaining large 
woody debris and c h m ~ e l  complexity and by 
restricting snagging and channelization. 

Impacts of forest practices can be reduced 
through longer rotations; selective harvesting instead 
of clear-cutting; logging during the dry season or 
when the ground is frozen; use of high lead, skyline, 
and helicopter logging instead of ground-based 
equipment; use of designated skid trails; minimizing 
site-preparation practices that compact or scarify 
soils; retention of riparian buffer wnes along 
streams; designation of no-cut zones in areas prone 
to mass failures; careful placement and maintenance 
of roads; and decommissioning and reseeding of 
roads when logging is completed. These activities 
function to minimize the percentage of the watershed 
in a disturbed state. reduce the total area of ground 
disturbance and soil compaction, minimize surface 
runoff and sediment loads, and protect and preserve 
the function of riparian wnes. 

The effects of rmge practices can be reduced by 
resting pastures, decreasing numbers of livestock. 
controlling livestock distribution through fencing of 
riparian wnes or watering of stock away from 
riparian areas, c o n m l l i  forage use, controlling 
season of use, and determining the k i d  of livestock 
best suited for the area. These practices can serve to 
reduce grazing stress, ensure that sufficient 
vegetative cover rrmains after the grazing season, 
promote the re-establishment of riparian vegetation 
(particularly woody shrubs and trees), and keep stock 
out of riparian wnes, although site-specific 
conditions will determine their relative effectiveness. 

A&cultural practices and policies that promote 
water and soil conservation and that reduce chemical 
application can all reduce effects on aquatic 
ecosystems. Examples include switching to crops that 
do not require irrigation, ditch lining and drip 
irrigation, screening of intakes for irrigation, 
increasing vegetative cover (e.g.. permanent rather 
than annual crops), conservation tillage, planting 
grass in water ways (for soil conservation), organic 
farming, integrated pest management, and increasing 
tax relief for farmers employing conservation 
practices as well as penalties for those who do not. 

Most of the impacts of gravel mining relate to 
changes in channel morphology that create channel 
instability, cause bedload movement, and increase 
sedimentation. Consequently, these effects can be 
most productively reduced by eliminating instream 
mining. Bar scalping instead of below-surface 
extraction has been used to minimize turbidity and 
direct damage to spawning habitats; however, 
changes in channel morphology are likely to occur as 

I 
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water levels rise. Abandoned gravel mines in 
floodplain areas may offer opportunities for 
increasing off-channel habitats. Effects of mineral 
mining can be reduced by burying toxic materials 
below the root zone, by rehabilitating the site using 
created namral contouring and re-established natural 
vegetation, and by controlling mining-generated 
solids and liquids with containment structures and 
waste treaunent. 

Urbanization permanently alters many natural 
watershed processes. and in some cases, little may be 
done to mitigate effects. Thus, the most effective 
way, to minimize impacts is through careful land-use 
planning that m i n i i e s  the total impervious area and 
that precludes development along streams and in 
naiural 'floodplains. Sewage treatment and programs 
to foster water conservation, minimize chemical 
applications, and prevent toxic materials from being 
dumped into drainage structures can reduce impacts 
of urbanization to water quality. 

Finally, because the condition of aquatic habitats 
is ultimately tied to resource consumption-the use of 
water, electricity, wood products, meat and wool, 
food and nonfwd'crops, and mineral 
resources-conservation of salmonids will require re- 
exarhination of fundamental aspens of our culture, 
including actions of individuals, population and 
economic policies, and ethical c o n m .  Policies that 
promote conservation need to be encouraged while 
those that foster waste and overconsumption need to 
be discouraged. Education is central to increasing the 
awareness of citizens as to how their actions directly 
or indirectly affect salmonids and their habitats. 

1.8 Relevant Federal Laws for 
Protecting and Restoring Salmonid 
Ecosystems 

Several federal laws, notably the Clean Water Act 
(CWA), the Endangered Species Act (ESA). the 
National Environmental Policy Act (NEPA), and the 
Food Security Act (FSA), are or could be employed 
to protect aquatic and riparian habitats on nonfederal 
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lands. The goals of the CWA are to restore and 
maintain the chemical, physical, and biological 
integrity of the Nation's waters; to eliminate 
discharge of pollutants into waters; to attain water 
quality that provides for the protection and 
propagation of fish, shellfish, and wildlife; and to 
develop and implement area-wide waste treaunent 
management to control pollutant sources. The NEPA 
deflares a national policy that encourages hannony 
between humans and their environment, reduces 
environmental damage, and improves understanding 
of ecological systems. The ESA seeks to conserve 
the ecosystems upon which threatened and 
endangered species depend and to provide a program 
to conserve listed species and their ecosystems. The 
FSA encourages conservation by making ineligible 
for Federal price suppom, loans, crop insurance, or 
disaster payments any landowner who produces a 
crop on highly erodible lands or on convened 
wetlands. Each of these laws may be used to provide 
Federal leadership in funhcring the goals of habitat 
conservation. 

1.9 Monitoring Conservation Efforts 
The success of salmonid consemation effons 

depends on a rigomus monitoring program for 
determining whether conservation plans are being 
implemented and if they are effective. Examples 
drawn frommisting programs to monitor wetland 
permits, forest plans, point-source discharges, and 
rural best-managema plans indicate a number of 
common shortcomings. b  e  include inadequate 
funds and staff, unclear objectives and criteria, 
failure to use remote sensing and site visits, and lack 
of computerized data systems. Periodic status reports 
and peer reviews are essential to successful 
monitoring as well. To make a monitoring program 
most useful and cost-effective, it must be regional, 
have a statistical design, and be based on quantitative 
physical, chemical, and biological indicators. 
Consistency of indicators between Federal and State 
monitoring programs is also essential. * 
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2 lntroduction 


The structure of aquatic ecosystem-the physical 
habitats, the material and energy r e s o m ,  and the 
associated biological communities-arises from 
complex interactions among numerous processes that 
occur in upland areas, within riparian zones, and in 
stream channels, lakes, or estuaries. Physical 
processes act in concat with vegetative 
characteristics to provide the physical and chemical 
context within which aquatic systems develop and to 
regulate the exchange of matetial and energy from 
the watershed to the stream chaauc1. Biigical  
processes both influence the conversion of material 
and energy as well as govern the relationship of 
organisms to one another and to their environment. 
Collectively, physical, chemical, and biological 
processes give rise to ecosystem structures, which in 
turn exen influence back on those processes. k 
ecosystem-shaping processes operate over a wide 
range of temporal and spatial scales. Protection and 
recovery of salmonid habitats fundamentally depends 
on maintaining and restoring, in both space and time, 
the natural rate or frequency of occmence of these 
processes and the ecosystem structures to which they 
give rise. 

Pan I of this document wmprises a technical 
foundation for undersmdiing salmonid w m a t i o n  
principles and developing salmonid conservation 
plans in an ecosystem context. We intentionally focus 
on freshwater habitats but recognize that many other 
natural and anthropogenic factors, which we only 

discuss briefly, influent2 greatly the abundance of 
salmonids, including f sh  harvest, hatchery practices, 
habitat conditions in neat-Shorn areas, and natural 
variarion in mau productivity. Conclusions are 
based on ow assessment of the scientific literature. 
Because some topics an thoroughly discussed in this 
literature and others an not, certain senions of the 
document ate relatively complete and robust, but 
others are more sparse. 

2.1 Scope 
Geographically, the scope of this document is 

limited to the Pacific Northwest region, including 
portions of California, Oregon, Waohington, and 
Idaho that presently support or historically supported 
salmonid populations. Many general wncepts and 
processes examined, however, are equally relevant 
outside this region. Discussion of specific habitat 
requirements is restricted to salmonid species that are 
endemic to the Pacific Northwest (Table 2-1). 
including the five Pacific salmon (chinook. who, 
sodreye, chum, and pink salmon), tmut and char, 
with both resident and ~ m o u sf o m  (rainbow 
and cutthroat tmut, Dolly Varden char), and sttidy 
resident species (bull trout, mountain whitefish). 

In the remainder of Chapter 2, we discuss 
evidence of widesptead declines in salmonid 
abundance that indicate region-wide degradation in 
habitat quality and ecosystem condition. We then 
identify strategies for restoring salmonid habitats. 

Table 2-1. Common and scientific names of salmonids native to the Pacific Northwest 
Common name Scientific name 

Pink salmon Oncorhynchus gorbuscha (Walbaum) 
Chum salmon Oncorhynchus keta (Walbaum) 
Coho salmon Oncorhynchus kisutch (Walbaum) 
Sockeye salmon Oncorhynchus nerka (Walbaum) 
Chinook salmon Oncorhynchus tshawytscha (Walbaum) 
Mountain whitefish Prosopium willamsoni (Girard) 
Cutthroat trout Oncorhynchus clarki (Richardson) 
Rainbow and steelhead trout Oncorhynchus mykiss (Walbaum) 
Bull bout Salvelinus confluenfus (Sudtley) 
Dolly Varden Salvelinus malma (Walbaum) 
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These strategies emphasize the imponance of 
maintaining natural wamhed processes, providing 
for .the diverse life-history requirements of 
salmonids, and re-establishi connectivity between 
salmonid habitats across the landscape. 

In Chaptcrs 3 and 4 we review physical. 
chemical, and biological p rocew that occur within 
watersheds, that influence the quality and quantity of 
available salmonid habitat, and that need to be 
maintained to ensure the persistence of salmonid 
stocks. Some physical and chemical processes 
(Chapter 3) shape saeam habitats over long time 
periods (e.g., glaciation, volcanism) and others 
operate in relatively shon time scales (e.g.. floods, 
droughts, landslides). Biological processes (Chapter 
4) encompass those occurring at the level of the 
individual organisms (e.g., physiology, behavior), 
populations (e.g., life history, adaptation), and 
communities (e.g., disease, predation, parasitism, 
competition). Chapters 3 and 4 provide sufficient 
detail about ecological processes that the effects of 
anthropogenic dis~rbances on salmonids and their 
habitat can be understood and evaluated. Chapter 5 
describes habitat requirements specific to each stage 
of the salmonid life history and general 
characteristics of healthy aquatic and riparian 
systems, including physical habitat stmmre, 
streamflow, stream temperature, water quality, and 
imponant biological elemmts. 

In Chapter 6, we discuss the effects of human 
activities on watershed processes and the resulting 
impacts on salmonids and their habitats. The 
discussion focuses on effects of land-use practices 
including foresay, livestock grazing, agriculture, 
mining, and urbanization. Effects of water uses, 
including hydraelectric dams and inigation 
impoundments, are also reviewed. Although the 
effects of other human activities such as fish harvest. 
hatchery supplementation, and introduction of non- 
native species are largely outside the scope of this 
project, these issues are discussed to provide an 
appropriate context from which to view habitat- 
related issues. Chapm 7 briefly milews general 
circulation patterns and the dominant physical 
processes controlling conditions in the northeastern 
Pacific Ocean. This chapter also discusses how ocean 
conditions influence abundance and distribution of 
aquatic organisms, including anadromous salmonids, 
and the relevance of these natural production cycles 
to the conservation of freshwater habitats of 
salmonids. 

Chapter 8 identifies management systems and 
practices that are designed to minimize effects of 
human activities on salmonid habitats, with emphasis 
on forestry, range, and agricultural practices, as well 
as urban planning. Chapter 9 summizes four 
Federal laws and associated amendments that pmain 

December 1996 

to consenting and protecting aquatic species and their 
habitats on nonfederal lands. These include the 
Endangered Species Act (ESA), the Clean Water Act 
(CWA), the National Enviwnmental Policy Act 
(NEPA) and the Food S d t y  Act (FSA). 

The imponance of a rigorous implementation and 
monitoring program for aquatic resource conservation 
is discussed in Chapter 10, wherein limits and 
inadequacies of previous programs are used as 
examples. The value of monitoring several physical, 
chemical, and biological indicators is also discussed. 

2.2 Historical Background and 
Evidence of Habitat Degradation 

Many Pacific salmon stocks have been depleted to 
the point that continued declines will likely result in 
additional listings under the Endangered Species Act 
(ESA) or local extirpations. Although ample evidence 
documents historical declines in Pacific salmonids 
(Ebel et al. 1989). the landmark paper by Nehlsen et 
al. (1991) alerted both scientists and the public to the 
extent of these d e c l i .  Summaridag the status of 
Pacific salmon of Washington, Oregon, Idaho, and 
California, Nehlsen et al. (1991) listed 106 stocks 
(unique populations) that have been extirpated from 
the region and 214 stocks that are at high or 
moderate risk of extinction or of special concern. 
Huntington et al. (1996) concluded that only 99 
stocks of native anadmmous salmouds in the region 
have populations greater than one-third their 
historical abundance, and just 20 stocks are at levels 
greater than two-thirds of their former abundance. 

S i  1985, tribes, professional fishery societies, 
and conservation organizations have petitioned the 
National Marine Fisheries Service (NMFS) to list 24 
stocks as threatened or endangered. To date four of 
these have been listed (Sacramento River winter 
chinook, Snake River sockeye, and Snake River 
springlsummtr and fall chinook salmon). In addition, 
NMFS has rewmmended listing coho salmon as 
threatened throughout all of California and most of 
Oregon (NMFS 1995a). NMFS has added who 
stocks in southwestern Washington and Puget Sound 
to the candidate species list; information is currently 
insufficient to warrant listing, bur specific risk factors 
have been identified, and concerns need to be 
resolved before a final status determination is made. 
Commercial and spon ocean-harvests in the Pacific 
Nonhwest have been sharply curtailed in recent years 
because of dwindling numbers of salmon and concern 
for wild salmon stocks. In 1994, the ocean 
commercial and recreational fderies  for coho and 
chinook salmon were completely closed from 
Washington to Cape Falcon, Oregon, with the 
exception of a limited aeaty Native American troll 
fishery for chinook salmon off nonhern Washington. 



Part I-Technical Foundation-
South of Cape Falcon to central Califomia, fishing 
for coho salmon was nstrined to recreational catch, 
and no retention of who salmon was allowed after 
May 1 (PFMC 1995). In 1995, the commercial and 
recreational coho salmon fishery was completely 
closed, as was the chinook fwhery from northern 
Wash'mgton to Cape Falcon. The fishing seasons for 
chinook salmon were severely restricted from 
Humbug Mountain to cmtral California. 

A number of factors have been implicated in the 
decline of Pacific salmonids including dams, 
overcxploitation, disease, natural predation, artificial 
propagation, climatic variation, and the destruction 
and alteration of habitat. The relative importance of 
each of these factors in influencing salmonid 
populations varies across the region; however, habitat 
loss and modification are believed to be the major 
factors determining the m  t  status of salmonid 
populations (FEMAT 1993). Nehlsen et al. (1991) 
concluded that present or futurehabitat degradation 
(including mainstem passage and flow problems) 
represents a significant -6xeat to 90% of populations 
of anadmmous Pacific salmonids identified as at high 
or moderate risk of extiuction or of special concern. 
Similarly, Miller et al. (1989b) reported that physical 
habitat degradation was identified as a causal factor 
in 73% of fish species extinctions in North America 
during the past 100 years. A wide range of land- and 
water-use practices have contributed to the 
degradation of aquatic habitats, including timber 
harvesting, livestock grazing, agriculture, mining, 
urbanization, road construction, and constmaion of 
dams for hydroelectric power, irrigation, and flood 
control. Alterations in riverine system that result 
from these activities include 1) changes in water 
quantity or flow because of water storage and 
irrigation or other withdrawals; 2) direct modificstion 
of channel morphology and riparian ecosystems by 
dams, reservoirs, channeliition, daining and filling 
of wetlands, and dredging for navigation; 3) land.use 
practices that alter upland and riparian vegetation 
and, thus, the delivery or water, sediment, organic 
matter, and nutrients to streams; and 4) excessive 
point and nonpoint source pollution (Doppelt et al. 
1993). Over time, land-use practices have 
substantially decreased the physical and biological 
complexity of ecosystem, thereby diminishing the 
ability of ecosystems to self repair when penurbcd 
(FEMAT 1993). 

Regional patterns in doclines of salmonids and 
other Rshes in the Pacific Northwest suggest that 
deterioration of freshwater habitats is widespread, 
with certain regions being particularly degraded. The 
214 at-risk salmon stocks identified by Nehlsen et al. 
(1991) are distributed throughout Washiigton. 
Oregon. Califomia, and Idaho. At least two-to-three 
species of fish (including nonsalmonids) arc extinct 
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or?&risk of ~ r ios Iwn  in most arw of the Pacific 
Npshwcst, -g that species losses arc not 
isorated -.(Figure 2-11 (Frissell 1993b). 
Nawa ( 1 9 W d e d  population trends for 228 
st& of s ~ & & f a l l  chinook salmon over the 
period fro . . 93 and found that 34% were 
extiact or =ct, 24% were d e c l i ,  and 
only 8% were not-declining. Other chinook stocks 
were either hatch~influenccd or had unknown 
status. Bison et @:,i1992b) report that more Alaskan 
stocks of chinookl~ho,  chum, and steelhead 
increased t h m . d w e d  from 1968 to 1984 (Figure 
2-2). Conv- Washington, the Columbia River 
Basin, and coascalsoregon and California, declining 
stocks o u t ~ n m b e d  increasing stocks for all four 
species ex&*?hough the majority of stocks 
exhibited no sigr@=t trend over the 16-year period 
(Figure 2-2). F M (1993b) examined native fish 
taxa that are considered extinct. endangered, or 
threatened is;dra*e basins of the Pacific 
Northwest a& w e d  a north-south gradient in the 
degree of enWg&ment (Figure 2-1); 
percentagesqf&y&wive m a  considered to be 
extinct or at &&extinction were 13.5% in 
Washington, 33-Q% Oregon, and 48.0% in 
California. Thisgc)&rn is largely influenced by the 
basin-specific@pulations of seven widely distributed 
species of anaQomus salmonids rather than locally 
endemic species tuch as suckers, pupfishes, and 
minnows. Anackn@tus review of the five Pacific 
salmon and&eanadromous steelhead and cutthroat 
trout (TWS1993) mdicates a similar latitudinal , 
gradient inahe degw of endangerment for most of 
these specie (Fi- 2-3 through Figure 2-11): The 
general n o r t b w k  gradient in salmonid d e c l i i  
likely refleas-q$d factors. First, the environments 
in the s o u - w e  of the salmonids' range arc 
more extremh- withspecific habitat attributes (e.g., 
temperantr&asuraqdlow) approaching the tolerable 
limits for thcqu&s. Second, there has generally 
been a h i m d e g r e e  of habitat modification in the 
sourhem pan *range. And fmally, the influence 
of c h a n g ~ ~ c o n d i t i o n s  varies with latitude 
(see Chapter3)er~a 

In a d d i t i w r b e  north-south gradient in species 
declines, several subregions and l o c a l i i  areas have 
an espec~ally &i@ndegree of specles endangerment. 
The risk of e m o n  is greatest in the upper 
Columbia-wbbzmultiple large hydropower dams and 
large-scale w&r diYersions-as well as in many 
other u n d d  castal and Puget Sound streams 
(Figure 2-U). Xi&to development, 10-16 million 
salmon returned tnlhe Columbia River to spawn 
each year: however1 m  t  estimates suggest that 
fewer than 0.5 miwon wild fish now spawn in the 
Columbia River d i t s  tributaries (NPPC 1992b). 
Coho salmag.hW[Izhlly were abundant throughout 
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Figure 2-1. Number and location of fish species considered extinct, endangered, or threatened 
in the Pachic Norihwest and California. From Frissell (1993b). Reprinted by penission of 
Blackwell Scientific Publications. Inc. 
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V )  Increasing Decreasing

5 O0 No significant trend 
0 I 

-
AK . WA CR OR, CA Totals 

(U.S. only) 

Chinook Coho Chum Steelhead 
Region UP DN UP DN UP DN UP DN 

Alaska 43% 1% 15% 11% 3% 13% 17% 0% 

Coas ta l  WA 12% 32% 9% 0% 6% 15% 

Columbia  R. Basin 3% 39% 0% 45% 0% 33% 8% 25% 

Coastal OR, CA 19% 12% 2% 17% 11% 11% 20% 40% 


U.S. Total  20% 22% 6% 17% 4% 14% 11% 23% 

Figure 2-2. Trends in the abundance of wild stocks of chinook salmon (Onwrhynchus tshawytscha), 
who salmon (0. kisutch), chum salmon (0. keta). and steelhead (0. mykiss) fmm river systems 
along the Pacific coast. UP = percentage of stocks significantly increasing. DN = percentage of 
stocks significantly decreasing, Fmm Bisson et al. (1992b) based on data from Konkel end 
Mclntyre (1987). Reproduced wRh permission of the publisher. 
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Figure 2-3.Status of who salmon in the Pacific Northwest and California. From TWS (1993). 
Reproduced with permission of the publisher. 
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Figure 2-4. Status of fall chinook salmon in lhe Pacific Northwest and California. From 
TWS (1993). Reproduced with permission of the publisher. 
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Figure 2-5. Status of spring and summer chinook salmon in the Padfic Northwest 
and California. From TWS (1993). Reproduced with pennission of the 
publisher. 
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Figure 2-8. Status of pink salmon in the Pacific Northwest and California. Fmm 
TWS (1993). Repmdumd with permission of the publisher. 
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Figure 2-9. Status of sea-run cutthroat trout in the Paclc Northwest and Caiiiornia. 
From TWS (1993). Reproduced with ,permission of the publisher. 
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Figure 2-10. Status of winter steelhead in the Padfic Northwest and California. 
From TWS (1993). Reproduced with permission of the publisher. 
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Figure 2-11. Status of summer steelhead in the Pacific Northwest and California. 
From TWS (1993). Reproduced with permission of the publisher. 
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Figure 2-12. (A) Distribution of stocks of anadromous Pacific salmon 
(Oncorhynchus) in tiXfercnt exUndion risk categories within various portions 
of the Pacific coast (B) The percentage of sto&s in which habitat damage. 
ovenishing, and harmful biotic interactions have been implicated in dedines of 
stock abundance. Figure from Bisson e l  al. (1992b) based on data from 
Nehisen el al. (1991). Reproduced with permission of the publisher. 
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the Columbia Basin and along the coast (Figure 2-3). 
Today, coho stocks in the eastern half of their range 
are extinct, and stocks in the southem two-thirds of 
their coastal range are considered imperiled (Frissell 
1993b). High numbers of threatened and endangered 
species in the Puget Sound and San Francisco Bay 
areas suggest that urbanization has contributed to the 
declines of native ma. 

In addition to the above reports, NMFS is now 
preparing status reviews of seven eastern Pacific 
anadromous salmonids over their ranges in the 
region. These reviews will incorporate information 
from the publications cited above as well as from 
state-wide status reviews prepared by the Oregon 
Department of Fish and Wildlife (in preparation) and 
the Washington Depamnmrs of Fisheries and 
Wildlife (WDF et al. 1993). These reviews will 
focus on delineating "evolutionarily significant units" 
(see Section 4.2.5) pursuant to potential listing as 
threatened or endangered under the Endangered 
Species Act, and they may differ somewhat from 
other reporting effom. 

Evidence of aquatic habitat degradation is not 
limited to salmonids. Counts of Pacific lamprey, 
Lumperra rridenfata,at Winchester Dam on the 
Umpqua River in Oregon have declined from 37.000 
in 1965 to 473 in 1993 (ODFW unpublished data, 
cited in Li et al. 1995). and lamprey returns to the 
Snake River numbered fewer than 20 (WDF 
unpublished data, cited in Li et al. 1995). Reductions 
in lamprey populations have likely resulted from a 
combination of habitat modification and the loss of 
salmonids as hosts; these losses demonstrate that 
declines are not restricted to fish species intensively 
harvested for consumption by humans. Amphibians, 
which use streams and wetlands as breeding and 
rearing habitats, are also highly sensitive to 
environmental degradation (Welsh 1990). Recent 
field smdies in the Pacific Northwest indicate 
widespread declines of populations, reductions of 
ranges, and extinction of amphibians in forest and 
other ecosystems. Blaustein et al. (1994) identified 
habitat destruction as the major cause of amphibian 
losses but suggested that other factors may be 
imponant, includiing chemical pollution, acid 
precipitation, increased ultraviolet radiation, 
introduction of non-native species. pathogens, 
harvesting by humans, and natural population 
fluctuations. 

2.3 Cumulative Effects 
The widespread decline of salmonid stocks 

throughout much of the Pacific Northwest has 
resulted from the mmularive effects of water- and 
land-use practices, f sh  harvest, hatchery practices, 
and natural fluctuations in environmental conditions. 
The term "cumulative effects" has been used 
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generally to describe the additive or synergistic 
effects of these practices on ecosystem. Another 
comprehensive definition of cumulative effects is 
provided by (Sidle 1989):-"changes to the 
environment caused by the intermion of natural 
ecosystem processes with the effects of land use, 
distributed through time and space, or both." 

Because of the longitudinal nature of stream 
ecosystems, the accrual of effects is imponant along 
both spatial and temporal diinsions. Activities that 
take place in headwater streams influence the 
suitability of habitats in downsueam reaches (e.g., 
temperature change, sediment input) and affect the 
response of ecosystem components to additional 
stresses. Similarly. activities that have occurred in 
the past may influence current habitat conditions 
through residual effects (e.g., alterations in channel 
morphology caused by splash dams, hydraulic 
mining, channelization, and revetments) and long- 
term, persistent effects (e.g., reduced woody debris -
recruitment; loss of nutrients from salmon Carcasses). 
And finally, some activities have latent effects on 
aquatic system-effects that are triggered by future 
environmental events (e.g., mass wasting of hill 
slopes, debris torrents, incision of stream chke l s ) .  

In the context of conserving and restoring 
salmonids, the notion of cumulative effects has at 
least two imponant implications. First, individual 
actions that by themselves are relarively minor may 
be damaging when coupled with other actions that 
have occurred or may occur in a watershed. 
Historical and current patterns of land-use practices, 
as well as other factors, have a significant b r i n g  on 
how salmonid populations will respond to further 
anthmpogenic disturbances. Traditional management 
strategies that rely on site-specific analyses without 
regard for other activities that have occumd or are 
ocuring within a watershed or region will generally 
fail to protect salmonid populations against 
cumulative effects. This premise underlies the 
development of watershed and ecosystem approaches 
to resource management. Second, regional declines in 
salmonid populations are the product of numerous 
incremental changes in the environment. It is thus 
reasonable to expect that recovery of salmonid 
populations will proceed in a similar 
fashion-through incremental improvements in habitat 
conditions. Few activities directed toward improving 
habitat are likely to have sudden and marked 
influences on salmonid populations, and in many 
cases we may be unable to detect any improvement at 
all amid the "noise" of natural variation in salmonid 
production, except over long time periods (Hall and 
Knight 1981). This suggests that we should temper 
our expectations of how rapidly ecosystem 
complexity and integnty can be restored (Bisson et 
al. 1992b). It also means that indiv~dual stakeholders 
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can and must play an active role in salmonid habitat 
restoration even if tangible benefits are alow to come. 

Cumulative effects of human activities have 
resulted in a regional landscape-including the 
aquatic ecosystems contaiDed therein-that is highly 
fragmented with few large c x p w  of land (i.e., 
whole watersheds or basins) that are relatively intact 
(Doppelt et al. 1993). Early settlement of the Pacific 
Northwest was concentrated along low-gradient 
streams and rivers on relatively gentk tmain that 
was suitable for fanning and ranching. Larger 
waterways served as primary travel corridors for 
boats as well as logs that were felled in or 
transported to the riparian wne and floated u, 
downriver ports. Snagging operations removed 
thousands of logs aunually to facilitate this river 
trafiic (Sedell and Luchessa 1982). Similarly, roads 
and railroads typically wen laid out in valley 
bottoms adjacent to riven because gentler grades 
made comct ion  easier. D i g  and removing brush 
were commonly employed to reduce flooding of 
lowland areas and to allow fanning and wnsmction 
of houses withiin the historical floodplain. Streams 
were channelized to facilitate rapid mof f  of 
stormwaters from watcrshcds. 

A defacto conwqmce of these (and other) 
activities and their cumulative e f f a  on salmonid 
habitats is that many of the most pristine habitats that 
remain an in headwater streams, where human 
disturbance has been less severe (Doppclt a al. 1993; 
Frissell et al. 1993a; Henjum et al. 1994). This 
situation has led to a common misperception that 
headwater environments an the prefmed habitats of 
salmonids. In reality, headwater streams generally do 
not contain the wide array of habitats that an 
necessary or desirable for all life-stages of salmonids 
or for different fish species that have varying habitat 
requirements (Sheldon 1988). It is generally believed 
that unconstrained. aggraded floodp1ain reaches were 
once highly productive habitats for some anadromous 
salmonids (Stanford and Ward 1992). For example, 
off-channel areas adjacmt to larger rivers have been 
shown to be imponant naring habitats for salmonids 
during high winter flood wents (Tschaplmki and 
Hamnan 1983). 

Fragmentation of habitat and the resulting 
isolation of populations may affect the long-term 
viability of salmonid stocks (see Senion 4.2.4). In 
addressing fragmentation and connectivity of habitats 
for the northern spotted owl, Thomas el al. (1990) 
outline several general principles that are equally 
applicable to salmonid conservation: 

Large blocks of habitat are preferable to small 
blocks. 
Patches of habitat that are close together are 
superior to those that are far apart. 
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Contiguous blocks are preferable to fragmented 
habitats. 
Intatonwxed patches are better than isolated 
habitat patches, and wmdors linking habitats 
function bmer when they resemble the preferred 
habitat of the target species. 

Thus, essential goals of salmonid restoration 
should be to prevent further fragmentation of aquatic 
habitats, to imprgve connectivity between isolated 
habitat patches, and to protect and rcsCore amas 
surrounding critical refugia from further degradation 
so as to allow for the expansion of existing 
populations. 

2.4 Strategies for Salrnonid 
Consenration 

In the last twenty years, there has been a 
fundamental shifi away from "single-species 
management" of salmonids toward more holistic 
watershed and ecosystem approaches that seek to 
conserve aquatic habitats by protecting processes 
operating throughout the watershed. The Federal 
agencies responsible for administering public lands 
have concluded that ecosystem management is 
essential for amsting further habitat degradation, 
maintaining habitats that are relatively intact, and 
aiding in the recovery of at-risk species of fish 
(FEMAT 1993; FS and BLM 1994b. 1994~).Several 
recent efforts chat incorporate an ecosystem 
perspective include the Aquatic Conservation Strategy 
in FEMAT (1993). the Eastside Forests Scientific 
Society Panel Report (Henjum et 81. 1994). and the 
PACFISH strategy (FS and BLM 1994b. 1994~). 
BLM's strategy for managing wetland and riparian 
areas recognizes that "entire watershed condition is 
an important component in assessing whethu a 
riparian-wetland am is functioning properly" 
@amn et al. 1993). EPAs E n v i m ~ t a l  
Monitoring and Asswsmcnt Program (EMAP) is also 
based on the concept that all ecosystems existing in 
the landscape are integrated components and that the 
condition of one component affects and is affected by 
the condition of the others (Messer et al. 1991; 
Paulsen and Linthurst 1994). NMFS's coast-wide 
status review of who salmon (Weibmp et al. 1995) 
and steelhead trout, as well as the imminent coast-
wide reviews of sea-run cunhroat trout and chinook, 
pink. chum, and sockeye salmon (NMFS 1994). 
funher reflect a more comprehensive approach to 
resource management. 

The FEMAT and PACFISH approaches to 
aquatic resource conservation as Well as other 
published conservation strategies (Moyle and Sato 
1991; Doppelt et al. 1993; Frissell et al. 1993; 
Henjum et al. 1994; Bradbuy et al. 1995) share two 
common elemmts. F i t ,  each of these strategies 
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recognizes the imponancc of identifying and 
protecting those habitats that main the highest degree 
of integrity to suvc as refugia and centers from 
which population expansions can occur. Second, they 
recognize that an effective conservation strategy must 
emphasize restoring ecological processes and function 
and must be organized at a wa(mhcd (or larger) 
scale. "Key Watersheds" identified by the FEMAT 
report, the PACFISH suacegy, and the Eastside 
Forests Scientific Society Panel Repon illustrate 
these concepts as applied to Fedaal lands. 

The historical abundance of many salmonids in 
the Pacific Nonhwa was due in pan to the diversity 
of life-history types that evolved to exploit a wide 
array of available habitats and that allowed temporal 
and spatial segregation of habitat use. In the diverse, 
geomo~hicallyand tectonically unstable 
environments of the Pacific Northwest, well 
dispersed networks of locally adapted salmonids are 
believed to be necessary for species persistence 
(Frissell 1993a). This diversity enhances the ability 
of species to adapt to continually changing 
environmental conditions. Furthermore, the 
anadromous life-history panern exposes these fish to 
a tremendous diversity of habitats, which may 
include small headwater streams for spawning; larger 
streams, lakes, or off-channel areas for rearing; still 
larger streams as migration corridors; and estuaries 
and oceans for primary growth phases. Resident 
trout, char, and whitefish may also spend portions of 
their life histories in stream and lakes of various 
sizes. The success of salmonid populations depmds 
on the availability of highquality habitats needed 
during each life stage. 

Conservation of salmonids will require a 
comprehensive approach that addresses-these spatial 
and temporal needs. Cumnt strategies for managing 
Federal lands began this process, but because of the 
spatial distribution of Federal lands, protected 
watersheds pmently tend to be concentrated in 
higher-elevation areas, forested watersheds, and 
headwater streams. The FEMAT report specifically 
cites the importance of nonfedaal lands in an overall 
riparian conservation strategy, and Henjum et al. 
(1994) funher stress the nad to accommodate a wide 
variety of habitat types through the establishment of 
Aquatic Diversity Arw.A strategy for nonfederal 
lands should build upon existing conservation plans 
by re-establishing connectivity between habitats on 
Federal and nonfederal lands, and by working 
towards protenion of habitats that are poorly 
represented in Federal ownership, particularly the 
lower-elevation streams and habitats for resident 
species, including nongamc fishes. (Both the FEMAT 
and PACFISH approaches focus on anadromous 
salmonids.) A strategy for salmonid conservation 
shouid also provide guidance for managers so that 
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actions at a local scale can be integrated into 
watershed and regional rcwvery plans. 

Local habitat rehabiditation is essential within this 
broader umnxt of conserving habitats and 
biodiversity across broad lambapcs. Improved land- 
use practices and rehabilitation of riparian zones can 
provide many benefits, including d  d  sediment 
transport to the stream, decreased stream 
temperatures, increased allochthonous nutrient inputs, 
increased flood-plain interaction, stabilized ground 
water discharge, and increased inpw of large woody 
debris (Naiman 1992). AS natural processes and 
conditions are restored, downstream reaches will be 
impmved and connections betweur habitats re- 
established (Wo and Cundy 1987). allowing greater 
expression of life-history diversity. Thus,private 
landownen can play a vital role in both improving 
local conditions and advancing the recovery of 
salmonids region wide. Funhermore, local actions 
can enlmce other values, including water quality and 
quantity. 

2.5 What is Ecosystem Management? 
The preceding section identifies several Federal 

and nonfederal programs or strategies intended to 
foster ecosystem management as it relates to aquatic 
systems. A rezxnt study by the Congressional 
Research Service (1994) identified no fewer than 
eighteen Federal agencies that have committed to 
principles of ecosystem management, and various 
state and local government and nongovemment 
entities have made similar commitments (Christensen 
et al. 1996). Yet despite the apparent widespread 
acceptance of ecosystem management as a paradigm, 
the term "ecosystem management" can be taken to 
mean different things by different people (GAO 
1994). and some people consider the term vague or 
imprecise. Many definitions found in the literature 
have common elements, such as "sustainability" or 
emphasis on protection of "ecological processes or 
functions." but without rigorous definition, these 
phrases too can be considered nebulous, opening the 
door for misuse or misinterpretation. 

The Ecological Society of America Committee on 
the Scientific Basis for Ecosystem Management 
recently reviewed and synthesized much of the 
existing literature related to ecosystem management 
(Christensen ct al. 19%). They identified eight 
essential compnents of ecosystem management 
including 1) sustainable management of resources, 2) 
clearly defned and operational maaagcment goals, 3) 
management based on the'best available science and 
models, 4) recognition of the complexity and 
interconnectedness of mlogical systems, 5 )  
recognition thatecosystems are constantly changing, 
6) ad;nowledgement that ecosystem processes operate 



Part I-Technical Foundation 	 2 Introduction-
at multiple temporal and spatial scales, 7) the need to elements pcaainiag primarily to ecological processes 
consider humans as integral pans of ecosystems, end (e.g., sustainabiliry o f  rrsources and ecosystem 
8) the importance of adaptabiiliry and accountability processes. complexity and ioterwtmectedness of 
in management (Table 2-2). A key aspsr of their ecosystems, temporal and spatial aspects o f  
definition is that "sus-Iity" is applied not to ecological processes) are addressed mainly in Pan I; 
specific goo& or services that ecosystems provide aspects related to implementation of ecosystem 
but rather to the ecological processes and structures management (e.g., management goals, social 
that give rise to these goods or services. dimensions, adaptive maaagement) are discussed in 

We concur with C h r i s ~a al. (1996) that Pan 11. Our purpose in highlighting these elemenrs of 
these components form a sound basis for msystan ecosystem management in this section i s  to provide a 
management, and readers of An Ecosysfem Approach frame o f  reference from which to organize material 
to Salmonid ConsewmMon will find discussion o f  each presented in the remining chaptm. 
of these elements throughout the document. Those 

Table 2-2. Essential components of ecosystem management. Based on recommendations of Ecological Society 

of Arnecics (19%). 


Attribute 	 Desaiption 

.-Sustainability 	 ~cosvstem management entails managina in such a wav as to ensure that 

oppoltunities and-resources for future ieierations are nbt diminished. 

Sustainabili shwM not be waiuated based on the d e l ~ e ~  
of s~edfic 
goods and iewices, but rather on the maintenance of the ecosy&m 
structures and processes necessary to provide those goods and sewices. 

Goals 	 Ecosystem management requires dearly defined goals. These goals should 

not fows exclushrely on individual commodities (e.g. board feet of tlmber, 

catch of fish, visitor days). They should be explicit in t e n s  of desired future 

trajectorias or behaviors for components and processes necessary for 

sustahability. 


Sound ecological models 	 Ecosystem management is founded on sound ecological principles, 
and understanding 	 emphasizing the role of ecosystem structures and processes. It must be 

based on the best science and models currently available. 

Complexity and Ecosystem management recognhes that ecological roca asses are complex 

connectedness and htewoven and that this &mplexity and c&ne&dness may confer 


particular propefties (e.g.. stability, resistance, resiiknce) to ecosysterns. 

Recognition of dynamic 	 Ecosystem management recognizes that environmental change and 
nature of ecosystems 	 biological evolution are inherent properties of ecosystems and that attempts 


to maintain pailkular ecosystem "states." rather than ecological capacities. 

are Mile over the long t e n  in a changing environment. 


Context and scale 	 Ecosystem management acknowledges that ecosystem processes opetate 

over a wide range of spatial and temporal scales and that their behavior 

(including their response to human pelturbations) at a given location is 

strongly influenced by the surrounding landscape or system and by the 

legacy of past events. . 


Humans as ecosystem 	 Ecosystem management acknowledges that humans are components of 
components 	 ecosystems, as well as the source of most significant challenges to 

sustainability. Humans who are a part ecosystems will, of necessity, desne 
the future of those ecosystems. Thus, ecosystem management applied 
alone, without consideration of social and economic systems (and their 
sustainability), is insuf6dent to ensure resource sustaimaMlty. 

Adaptability and Ecosystem management recognizes that current models and paradigms of 
accountability ecosystem structure and function are provisional and subject to change. 

Acknowledging limits to scientific understanding and adapting to new 
infonnation as it becomes available are central to successful ecosystem -management. 
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3 Physical and Chemical Processes  


The freshwater and estuarine habitats of 
salmonids are the product of interactions among 
numerous physical, chemical, and biological 
pro,cesses(Marcus et al. 1990; Swanston 1991) 
operating over long- and short-term temporal scales 
as well as large and small spatial scales. Over 
millions of years, tectonic and volcaoic activity in the 
Pacific Northwest has crated a legion of extreme 
topographic complexity, charactcizd by a series of 
mountain ranges that are oriented along a north-to-
south axis and separated from one another by 
lowlands, plateaus, or smaller mountain ranges. 
Signifmt pottiom of the Pacific Nonbwest 
landscape have b u n  mhaped by glacial advance and 
recession. These large-scale, long-term, geomorpbic 
and climatic processes have created the physical 
template upon which rivers and estuariue systems of 
the Pacific Northwest have formed. 

Within a watershed, topographic, geologic, and 
climatic characteristics control soil development and 
vegetation cover as well as influence the transport of 
water, sediments, wood, and dissolved materials 
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SURFlClAL 
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VEGETATION 
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from upland areas to the stream channel. These 
transport processes occur wnrinuously but may be 
greatly accelerated during riarural diiturbances such 
as floods, debris tomnrs. landslides, and wildfires. 
The riparian wnc acts as a Nter that moderates the 
exchange of materials fromterrestrial to aquatic 
ecosystems. In addition, riparian vegetation directly 
conmls saeam mviroruncnts by pr0vidirig shade and 
s t a b i l i g  swambanks and through the input of 
organic liner and large woody debris. 

A useful way to conceptualize how these 
processes ultimately affect salmonid habitats is in 
term of a hiaarchy of factors (Frissell er al. 1986; 
Naiman et al. 1992). where each component exerts 
influence on other components-usually at the same 
or lower levels-and all components ultimately 
influence the character of the stnam, lake, or estuary 
(Figure 3-1). Elements at the top of the hierarchy 
(e.g., c l i ,  geology, topography, soils, and 
vegetation) have pervasive effects on other processes 
omrring in a basin or watashed (e.g., sediment 
delivery, hydrology, nutrient cycling, 
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I Figure 3-1. The influence of watershed characteristics on the character of aquatic ecosystems. Solid and 
I doned lines represent greater and lesser influences, respectively. Modified from Hughes et al. (1986). 

Reproduced with permission from the publisher. 
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riparian features) that give rise to the water body 
characteristics (e.g., water quality, flow regime. 
habitat structure, aquatic biota). Lower-tier processes 
generally interact with other cornponenu at the same 
and lower levels but may also influence components 
at higher lcvels through feedback loops. Specific 
chamtenstics of salmonid habitats arc thus the 
manifestation of highly wmplex interanions among 
processes operating over many spatial and temporal 
scales. 

In this chapter, we provide a bmad overview of 
the dominaat physical and chemical processes 
affecting the landscape aad, ultimately, the aquatic 
ecosystems on which salmonids depend. Thc relative 
influence exened by each specific process v d e s  
across the landscape with diffetcnces in 
geomorphology, geology, climate, hydrology, soil, 
vegetation, and other controu'mg factors. 
Consequently, the potential effects of human 
d i s ~ a n c e son aquatic systems arc similarly variable 
in s p a .  Our objcnive is to provide sufficient detail 
of physical and chemical processes so that regional 
differences in the response of ecosystems to human-
caused permrbations tau be understood. We begin 
with a review of processes that opcme over large 
temporal and spatial scales and ovet which humam 
have minimal influence. Next we review processes 
that operate at smaller spatial and temporal scales and 
that may be substantially altered by land-use 
activities. Included in this discussion is a review of 
functional roles of riparian vegetation with rtspea to 
salmonid habitats. A summary of the effects of 
physical and chemical pmccsses on salmonids and 
their habitats is presented in Section 3.10. 

3.1 Tectonism and Volcanism 
Tectonic activity operaring over millions of ycars 

created the rugged montane physiography, high local 
relief, and sttep slopes of lhe Pacific 
Northwest-structural features that control the 
geographic patterns of drainage systems in the 
region. These processes set the stage for other 
geomorphic procuses that shape stteam channels. 
D i e  w  tectoniy on active gwmorphic 

processh generally are lirmted m spattal e m t  and 
relatively infnquenr, compared to other processes 
discussed in this document. The Pacific Nonhwest is 
subject to large subduction zone earthquakes at 
intervals of several hundred years. Thcse large- 
magnitude eanhquakcs may cause subsideace in soft 
alluvial and coastal fills, cmating zones of deposition 
(Atwater 1987; Dariem and Petmon 1990). and 
they may also uigger mass movements of soil. 

Volcanic activity has been less significant 
regionally than tectonics and glacial processes, but at 
local sites it has resulted in catastrophic 

readjustments of the landscape. Geomorphic impacts 
depmd on the g e m h d c a l  type of volcanism. 
Explosive emptions of silicic volcanoes directly 
reshape rhe landscape. blocking and diverting 
drainage systems by ash flows, f d l q  valleys or 
channels with mdflows, and causing major inputs of 
sand and silt-sized s e d i i t s  from tephm (airborne 
ash). Basaltic volcanic caters may block and divert 
drainage systems through lava flows and cinder 
eruptions and also reluw limited amounts of tephra. 
Recently active silicic volcanic centers are limited to 
the Cascade Range (Sarna-Wojcicki et al. 1983). 
Basaltic volcanic centers active in the Holocene are 
found in the Cascades from southern Washington to 
California, a few areas of castem Oregon, and in the 
eastcm Snake River Plain of Idaho. 

Volcanic mud- and ashflows commonly occur 
from volcanic eruptions in Cascade Range volcanoes. 
Mudflows have pmduced the most widespread 
geomoqhic effects of past auptions and can inundate 
valley floors with deposits less than one meter to tens 
of meters thick. Mudflows caused by the 1980 
eruption of Mount St. Heleas inundated valleys and 
completely buried pre-existing river channels. 
Chmels subsequedy ~ t a b 1 ' ion the mudflow 
deposits through alternating episodes of incision, 
channel widening, and aggradation o v a  a period of 
at least sevctal years (Meyer and Maninson 1989). 
During the adjustment period, sediment yields were 
much higher than before the eruption. 
Geomorpbologic adjustments have b m  prolonged by 
landslides on slopes tha~were destabilized by the ,
e ~ p d o n .Ash flows also move down valleys and 
bury valley floors (CrandeU 1976). while tephra may 
be mid many kilometers from the source. 

3.2 Glaciation 
The landscape of the Pacific Nonhwest has 

developed under alternating glacial and interglacial 
periods over the last one million years or longer. 
Glaciation has affeued the region's landscapes 
through 1) dimmodification of mountain areas and 
S i t e d  lowland areas by glaciers; 2) eustatic sea-
level lowering, which has had major effects on 
coastal rivets and esnuuies; 3) glacial-interglacial 
climatic changes that have iutluenced the hydmlogic 
regime; and 4) d i e - d r i v e n  changes in vegetation 
cover that have affected hillslope and stream 
pro- m l e  3-1). In general tetms, glacial 
periods are times of rapid sediment transfer from 
uplaads to lowlands and to the ocean by glacial 
advance and meliwater transport in glaciated areas 
and by increased stteamflow in unglaciated a m .  
Interglacial periods tend tobe periods of s e d i i t  
accumulation in upland valleys with limited fluvial 
nansfer out of the uplands (Thorson 1987). 
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Table 3-1. Past controls and deds on landscape development in the Pacific Northwest. 

Period Control6 

Glacial In glaciated and periglacial 
areas: 

Advance of Cordilleran 
ice sheet: development 
of mountain ice sheets 
and alpine glaciers: 
very' cold c l iate with 
reduced predpitation. 

In unglaciated areas: 
Lowered sea level: 
cold climate with 
reduced precipitation. 

Late Glacial Retreat and downwasting 
and early of glaciers; rapid sea-level 
Holocene rise; warming; effective 

moisture greater than 
modem ca. 14,000 to 
11.000 years ago, then 
less than modem ,until ca. 
7,000 years ago. 

Midle Sea-leve\ stabk, d\mate 
Holocene to approaching modem 
modem conditions, with' short-tenn 

fluctuations. 

Where residence times of sediment accumulations or 
recurrence intervals of events are thousands of years 
(Dietrich et al. 1982; Kelsey 1982), glacial- 
interglacial transitions may be the most important 
periods in landscape formation. 

During the k t  glacial period, about 22.000 to 
15,000 years ago, ice sheets and mountain glaciers 
were developed inmany anas of tbe Pacific 
Northwest; sea level was about 100 m below present, 
exposing large arras of the continmtal shelf. The 
Cordilleran ice shat extended south from British 
Columbia, covering the Puget Lowland, northern 
Cascades, Okanogan Valley, and upper Columbia 
Valley in Washington. South of the ice sheet, 

Probable geomorphic and ecological effects 

Glacial erosion and deposition and formation of ovtwash 
hains in valleys; periglacial churning and mass 
movement, intensified mechanical weathering: glacial 
meltwater discharge: displacement of intergladal 
ecological communities; vegetation cover absent or 
greatly reduced. 

Displacement and shrinkage of estuary areas: reduced 
vegetation cover; mechanical weathering, mass 
movement and slope erosion rates greater than modem: 
increased streamflow and fluvial sediment transport: 
accumulation of coarse valley fills; reduced organic 
inputs to streams. 

Glacial deposition and exposure of gladated land 
surke5', landward tiiplacement of estuaries, increase in 
estuary depth and area: mass movement and slope 
emsian rates decreasing but still greater than modem: 
streamflows probably greater than modem; stabiliiation 
and then incision of valley fills; increasing vegetation 
cover and changes in community composition; increased 
organic inputs to streams, but still less than modem; 
minor fluctuations in alpine glaciers. 

Estuaries tliing and shallows developing; slope 
stabiliiation and decrease in mass movement rates; 
decreased mechanical and increased chemical 
weathering; strearnliows near modem, with short-term 
fluduations; continued but slowed incision of valley fins: 
development of modem ecological comrnunities; high 
rates of organic inputs to streams; minor fluctuations in 
alpine glaciers. 

mountain ice sheets and glaciers wen widely 
distributed in the mountainous regions of 
Washington, Oregon, Idaho, and the Siskiyous of 
Nonhcm California (Crandell 1965; Porter et al. 
1982). Climate o f  the glacial period was much colder 
than today. Although effective moisnue in the Pacific 
Norrhwesr was less (Thompson et al. 19931, runoff 
likely was as high or higher than today, because of 
changed land-surface conditions. Down the valley 
from glaciers and in unglaciated wate~sheds, frost 
weathering and mass wasting were probably more 
intense than at presmt. River system probably had 
greater streamflow and transported greater sediment 
loads. In addition, enormous ice jamsperiodically 
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developed and broke, resulting in catastrophic floods 
that formed the coulees of e s s m  Washington and 
deposited the deep soils of the Willamcne Valley. 

In addition to these physical changes, ecological 
changes resulting from glacii c l i i t e s  may have also 
influenced geomorpbic processes. Rcgladal 
ecosystems of these areas w m  significantly displaced 
by glaciation; species and stocks p m t  today in 
theseecosystems likely existed in nfugia south of or 
at lower elevations than the glaciers. la unglaciatcd 
pans of western Oregon and Washington, the 
vegetation consisted of Nndn close to glacim and 
subalpine parkland elsewhw, including the Oregon 
Coast Range (Woroaa and Whirlock 1995). In eastern 
Washington, a spam penglacial steppe was present 
(Barnosky et al. 1987: Whitlock 1992; Thompson et 
al. 1993). la the more sparsely vegetated landscape 
of the last glacial H o d ,  less large organic debtis 
was available to influence sueam and valley floors. 
Present environmental conditions have pmailed in 
this region for the last 6.000 to 8,000 years. Current 
conifer forest communities did not become 
established until 5,000 to 2,000 yean ago (%%itlock 
1992; Worona and Whitlock 1995). and in glaciated 
watersheds of westm Washington, s t m  ehaands 
reached condiuons similar to those of the present by 
about 6.000 to 8.000 years ago (Bends et al. 1994). 
As density and height of fomt stands incr*sed with 
climatic amelioration, w d y  debris exerred a 
stronger influence on stream and valley morphology. 
Some charnel incision and mowing  of meander 
belts pmbably continued into the late Holocene. 

A general model of river channels based on 
empirical evidence from several pans of the world 
suggcsrs that c h a ~ c l  changes from glacial to 
interglacial periods follow a specific sequence. 
Braided channels dominate during glacial periods. 
During interglacial periods these change to 
transitional, braided, meandering channels with mid- 
channel bars but well-defined thalwegs. and then to 
large meandering channels adjusted to higher-than- 
present discharge. Finally, smaller maridering 
channels develop during stable conditions typical of 
post-glacial periods (e.g., late Holocene; Schumm 
and Brakcmidge 1987). la the Pacific Nonbwest. the 
late-glacial to early Holocme period was l i i y  
characterized by channel incision into thick glacial-
period valley fills, formation of terraces, s a t  
yields higher than present as rivers downcut, and 
significant changes in channel morphology bccaux of 
changed hydrologic 2nd sediment regimes (Benda a 
al. 1994). 

In addition to the changes in inland watersheds 
described above, coastal rivm wcre d i d y  affected 
by lowered sea level during glacial periods 
(McDowell 1987). At the last glacial nw.imum. 
global sea level was 100 m or more below the 
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present sea level, and cbe shore was 10 km or more 
west of its present location. Coastal smams flowed 
across the exposed continental shelf, perhaps in 
incised valleys. Estuaries were very limited in extent. 
As global deglaciation began, sea level initially rose 
very rapidly creating deep coastal muaries. 
Beginning 10,000 years ago, the tising sea level 
continued at a decreasing rate, and it has fluctuated 
close to the present level since 4,000 years ago. 
Shallow-water conditions in estuaties, including mud 
and sand fiats, have bewme established only recently 
(McDowell 1986, 1987). 

3.3 Wildfires 
The historical frequency of fins varies over the 

landscape as a function of c l i t e  and vegetation 
type. F i in high-elevation communities of 
subalpine fir, western hcmlock/red cedar, lodgepole 
pine, and grand fir tend to recur at an interval of 
decades to cuuwies; low- to mid-elevation juniper, 
ponderosa pine, Douglas-fu, and white fir fomts 
typically experience f m  at intervals of several years 
to a few decades. Little information is available about 
the historical fquency of hn in grassland, 
shrubland, and woodland communities east of the 
Cascade Crest (Agee 1994). Plant assemblages of 
stiff sageblush and Sandberg's bluegrass may have 
biomass sufficiently low to prevent large-scale fues. 
while other communities, including various fescue 
and bluebunch w h e a t p s  assemblages, may have 
sufficient biomass to carry fm but lack sources of 
ignition (i.e., lightning) during the periods when they 
are most combustible (Agee 1994). F i n  frequency in 
other sagebrush and wwoodland commuities is poorly 
documented. la the Cascade region, wildfirr regimes 
arc highly variable. Morrison and Swanson (1990) 
recons~ctedhnhistories at two locations in Lhe 
central and westun Cascades and estimated 
recumnce. intervals of approximately 95 and 149 
yean, respectively (range 20-400 years); most fie- 
created patches w m  less than 10 hectares in size. In 
the Coast Rage, higher humidity, more lush 
vegetation, and less frrquent lightning storms 
combine to reduce the fresuacy of wildfire, 
however, under dry summcnime conditions, the 
effects of wildfire in d m e  timber stands can be 
subs~~~~t ia l .During the puiod 1933-195 1, four fires 
in the Coast Range of Oregon, collectively known as 
the Tilamook firrs, burned more than 260.324 
hectares (643,000 acres) and had significant and 
long-lasting effects on fomt and riparian 
communities. Although these fm were human-
caused. they demonstrate the potential for forests in 
the C O NRange to bum under certain c ~ t a a c e s .  

Riparian arcas generally are characterized by a 
higher percentage of deciduous plants than is found 
in surrounding uplands. In addition, local 
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microclimes tend to be cooler, resulting in moist 
soils and high fuel moisture, especially in floodplain 
woodlands. Because of these attributes, riparian areas 
do not bum, or lhey bum at lowcr intensity thao 
forests in upland areas. As such, they may buffer 
aquatic communities from some of the effects of 
wildfire. However, in headwater reaches and at 
higher elevations, stronger winds and p t e r  biomass 
may facilitate fires of relatively hi@ intensity. 
Consequently, it is difficult to generalize about the 
effcas of fins on the riparian ww (Age 1994). 

F i m  in upland areas and riparia lwes can 
affect aquatic ewsystuns by altering vegetation 
cover, whidi in turn influences erosion and sediment 
transport, watcr inNtration and muting, the quamity 
of nutrients reaching streams, the amourit of shading, 
and the input of large woody debris into the system 
(Wissmar et al. 1994). The extent of impacts is 
generally related to the intensi*. of the bum. In high 
intensity fires,soil organic maner that hdps hold 
soils together is consumed, increasing the 
susceptibility of soils to erosive forca. In addition. 
volatilization of cMain compouuds can cause the 
surface soil layer to become hydrophobic, thereby 
reducing infiltration of water and increasing surface 
runoff (Mamua al. 1990). The combined effects of 
vegetation loss and hydrologic changes can alter the 
frequency of severe debris tonents (Wissmar et al. 
1994). Nuuiuus such as phospharous, nitrogen, and 
sulfur may be volatilized into the amsphere 
(Everest and Harr 1982) or lost through leaching and 
soil erosion. The loss of riparian vegetation can 
increase exposure to solar radiation, causing st- 
to warm. Inputs of large woody debris may also 
change following fire in the riparian zone. In 
speculating about the effects of the Yellowstone fire 
of 1988, Miha l l  a al. (1989) hypahesise that large 
woody debris in streams would l i l y  increase 
immediately following the fire-from augmentation 
of existing woody debris with falling branches-then 
decrease through time because new growth 
contributes little to insueam woody debris. 

Humans have significantly altered natural fire 
regimes through land-use practices and an extensive 
and long-term focus on fire suppression. As a result. 
sigaificant changes in forest vegetation have resulted. 
East of the Cascades, fire suppression has led to 
shifts in vegetation from historically open stands of 
ponderosa pines and western larch to stands with 
dense undmtories of Douglas-fir aud ggrand fir 
(Mutch et al. 1993). Ponderosa pines are well 
adapted to frequent, low-intensity bums that were 
characteristic of eastside forests. These fms tended 
to prevent fire intolerant species from invading. 
Drought and subsequent inscn infestations have 
killed many understory trees, allowing fuels to 
accumulate and increasing the probability of high 
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intensity fires wissmar et al. 1994). Consequently, 
ecosystems that once experienced frequent but small 
wildfire disturbances are now prone to infrequent bur 
much more catastrophic events. 

3.4 Sediment Transport 
W i m r  trampaned from upland areas inta 

stream c h d s  daermides the nature and quality of 
salmonid habitat in snuuns, rivers, and estuaries. 
The development and persist- of morphological 
structures used for spawning, incubation, and r h g  
depend on the rate at which sediment is delivered and 
the composition of deposited materials. Sediment 
delivery rates and composition, in tun, are 
controlled by climate, topography, geology, 
vegetation, and hydrology. Local variation in these 
watershed characteristics ultimately determine the 
fype and quality of habitat found in a given system. 

Land-use practices, through alteration of soil 
SlIUcNre. vegetation, and hydrology, can 
significantly alter the delivery of fine and coarse 
sediments to streams, thereby affecting salmonid 
habitats. In this section, adapted primarily from 
Swanston (1991). we discuss surface erosion and 
mass wasting, the domiuant forms of sediment 
uansport, as well as environmental factors that 
influence these processes. The routing of sediments 
within the smam c h d  and them1e of linge 
woody debris in conuollig sediment movement are 
discussed in Seaions 3.5 and 3.9.5 of this document. 

3.4.1 Surface Erosion 
Surface erosion results from rain and overland 

runoff. Panidate and aggregate materials are 
relocated via a two-step process: detachment then 
downslope transport of detached materials. 
Defadunent is influenced by the size and compaction 
of panicles and by the protective wver of organic 
litter and plants. Slope gradient and length, rainfall 
intensity, and soil infiltration rate determine transport 
rate (Swanston 1991). Initiation of surface erosion 
may be caused by landslides, fire, logging, rain, 
drop splash from forest overstory, animal activity. 
freere-thaw phenomena, or any other surface 
disturbance of soil. Surface emsion rarely occurs on 
undi~~btdforest lands west of the Cascade crest 
because of high infdtration ram, though it may occur 
in armwith steep (> 27') slope gradients (Swanson 
et al. 1987). In sparsely vegetated lands east of the 
Cascades, the potential for surface nosion is gnater 
because of the lack of groundcover. 

Most surface sediments that reach stream 
channels result from channelid erosion (rilling and 
gullying) and sheet emsion (Brown 1980; Swanston 
1991). Chmelized erosion occurs when flows are 
concentrated and restricted by landforms, umally 
following heavy storms or snowmelt (Beschta et al. 
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1995). It is considered the most significant form of 
surface erosion on forest lands (Brown 1980). 
Although uncommon in undisturbed forested 
situations, rills may occur when infiltration capacity 
is reduced (Megahan 1991). In contrast, 
nonchannclized emsion develops from detachment 
begun by raindrop-splash and overland flow (sheet 
erosion) or by gravitational and wind movement of 
dry panicles (dry ravel). These processes generally 
occur on exposed soils and tend to m o v e  soil 
uniformly over an exposed area. Shoec emsion tends 
to be of greater significance on low-gradient 
agricultural lands than on forested lands, whereas dry 
ravel occurs on steep slopes in soils lacking cohesion 
(Swanson et al. 1987; MacDonald and RitIand 1989). 

3.4.2 Mass Wasting 
Mass wasting-slumps, eanhflows, landslides (or 

debris avalanches), and soil creep-is often a major 
component of sediment daivery to streams, 
panicularly in mountainous regions where surface 
erosion is minor (Swanson and Dyrness 1975). 
Generally episodic in nature, mass wasting can 
provide large quantities of sediment and organic 
material to streams. Reev'es er al. (1995) suggest that 
historically in the Coast Range, these periodic natural 
disturbances (sometimes associated with wildfm) 
served to replenish large woody and coarse sediment 
in stteams at intervals ranging from decades to 
several cennuies or more. Following these 
disturbances, natural erosion and aggadation 
processes gradually modified these disturbed reaches, 
causing a succession of different habitat conditions 
for salmonids. This variation in space and time 
created areas of naturally excellent and poor 
salmonid habitat. By increasing the frequency (both 
spatial and temporal) and altering the n a m  of these 
disturbances (e.g., reducing the quantity of large 
woody debris associated with mass failures), humans 
have degraded and simplified sueam habitats. 

Slumps and eanhflows genetally develop in 
deeply weathered soils. These often occur in 
sedimentary geology (siltstones, sandstones. 
mudstones) and volcaniclastic rocks. In soils with 
primarily clay-sized panicles, low soil permeability 
restticu groundwater movement and causes puddling 
and fluid soils (Swanston 1991). These unstable soils 
produce slumps and eanhflows. Slumps are the 
sliding of soil blocks along a concave sudaqe, and 
eanhflows often begin as slumps or a series of 
slumps. Once initiated. rheological flow of the clay 
fraction keeps the individual soil blocks moving 
downslope like a viscous fluid in eanhflows. 
Eanhflows tend to be seasonal with most movement 
occurring afier heavy rains have saturated soils. 
These flows are slow moving, ranging from 
2.5-2.720 ~m.yrl (Swanston 1991) and may 
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eventually pmtrude into the sheam chanuel, whne 
they an gradually eroded away. As they erode, 
residual lag deposits may form, which can increase 
chamel gradient downsmeam through the 
accumulation zone. These areas, if in otherwise 
"sediment poor" naches, and if they contain coarse 
sediments, may increase the habitat diversity in a 
morphologically uniform channd and have a long- 
term beneficial effect on fish habitat. 

Soil creep is soil movement chat is imperceptible 
except by mfsumnents taken over long periods of 
time. Carson and Kirkby (1972) identify causes 
including reworking of the surface soil layers because 
of h s t  heavmg, steady application of downward 
sheer stress, and random movements from organisms 
or microseisms. Continuous creep tends to occur in 
clay soils and is absent in coarse-grained soils. 

Landslides typically occur in shallow noncohesive 
soils on steep slopes overlying less permeable 
bedrock (Beschta et al. 1995). Conditions causing 
landslides include 1) zones of wealcness in soil or 
bedrock, 2) wind stms transferred to rhe soil by 
trees, 3) deformation caused by soil creep, 4) drag 
caused by seepage pressure, and 5 )  removal of slope 
support by undercutting. Landslides-relatively dry 
soil masses-an distinguished from debris flows, 
which are typically s a w e d .  When landslides enter 
stream channels during floods, they become debris 
flows-large volumes of water containing soil, rock. 
and, frequently, large organic debris. These flows 
scour the channel and severely modify fish habitat as 
they move rapidly downstream. As debris flows , 
move downsmeam into higher order channels, their 
effects become less pronounced because of increasing 
streamflow. 

3.4.3 Factors Affecting Erosion and 
Sedimentation Rates 

The magnitude, locations, and frquency of 
sediment delivery to active chaunels is highly 
dependent upon climace, local topography, soil type, . 
soil saruration, vegetative cover, organic matter. 
depth and degree of weathering, and degree of 
upslope disturbance (Swanston 1991; Beschta et al. 
1995; OWRRl 1995). Raindominated watersheds 
tend to yield more sediment than snow-dominated 
systems, although interbasin variability is quite high. 
Larson and Sidle (1981) examined data from 13 
relatively undisturbed watersheds and teponed 
sediment yields of 2.0 to 40.7 tonnes.km4.yri for 
raindominated systems. For snowdominated 
systems, sediment yield typically ranged from 1.6 to 
6.1 tonnes.Wz.yr.'; however, two watersheds had 
substantially higher yields of 39.9 and 117.1 tomes. 
krn-'.yrl (see Swanston 1991). Within-year variation 
in sediment production can also be high. h  n and 
Sidle (1981) reported differences in sediment yield 
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among years of an order of magnitude or more for 
both rain-dominated and snow-dominated systems. 

The timing, frequency, and type of precipitation 
influences the rate and yield of sediment delivered to 
stream channels. In rain-dominated regions, 
sedimentation and allochthonous inputs are minimized 
during summer low-flow periods. Sedimentation 
increases during the wet months of September to 
February when soils are saturated and landslide 
hazards are highest. In snow-dominated regions. 
s&liientation is greatest during periods of rapid 
snowmelt or during high-inlensity rain storms, when 
high streamflows occur and entire hillslope and 
chahel sysiems erode (Swamon 1991). 

Topography influences slope steepness, length, 
elevatidn, and aspect. Runoff energy is highest on 
steeper slopes with greater slope length, which 
increase the volume and velocity of water moving 
downslope. Failures that occur on lower areas of the 
hillside nearer streams have a greater potential of 
reaching the stream. 

Parent material and soil types also detennine soil 
texture and erodibility. Erodible soils include those 
derived from granlte. quartz diorite. granodiorite. 
Cenozoic nonmarine sediments, and schist (Bcschta 
et al. 1995). Diorite and various metamorphic. rock- 
derived soils have intermediate erodibility, and 
nonerodible materials include andesite, basalt, 
peridotite, ~rpentinite, and pre-Cenozoic and 
Cenozoic marine sediments. Imponant soil properties 
affecting mass wasting include cohesion, structure, 
porosity, moisture capacity. drainage, chemical 
propenies, and soil depth, all of which are affected 
by the relative proponion of clay, silt, and sand in 
the soil (Swanston et al. 1980). Typically, soils with 
little cohesion. structure, or porosity. low moisture 
capacity. and poor drainage are more likely to erode. 

Vegetative cover tends to reduce sediment 
transport by reducing detachment rate and through 
the binding capacity of root masses (Larson and Sidle 
1981; Harvey a al. 1994). Organic matter. utilizing 
water as the cementing agent, helps to form 
aggregates that tend to be more resistant to 
detachment and transpon (Dyrness 1967). 

3.4.4 Regional Differences 
East of the Cascades, soils are most susceptible to 

surface erosion, but mass wasting events can be 
locally imponant. Slumps originate in fm texrured 
soils, while debris-tomt failures occur in weakly 
cohesive ash Harvey et al. (1994) suggest that the 
high infiltration rates in most soils of the inland 
Pacific Northwest region make them less susceptible 
to surface erosion unless slopes are greater than 30% 
and not vegetated. Compacted ash and pumice soils 
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on shallow slopes are susceptible to gullying because 
of their low density and cohesion. In areas 
charaaerized by coarse, cohesionless soils and 
periods of drought, dry cteep and sliding of materials 
from denuded slopes may be an imponant source of 
local surface erosion (Swanston 1991). Dry ravel is 
significant on slope gradients greater than 22' in 
pumiceous, cindery, and ashy soils- 
conditions found in specific areas in the central 
Oregon plateau and eastside portions of the Cascade 
Range in Washington. Dry ravel is also common in 
dryer pans of Idaho, southwestern Oregon, and the 
Cascades in Oregon (Swanson et al. 1987). 

Mass wasting o a r s  with high frequency in the 
western Cascade Mountains and Coast Range 
(MacDonald and Ritland 1989; Beschta et al. 1995). 
Wet climatic conditions in the Coast Range and 
valleys tend to promote deep soil formation and 
clays, which are prone to slow continuous failures, 
including slumps, soil creep and eanhflows. At 
higher elevarim near the Cascade crest, shallow, 
cohesionless soils overlying slightly weathered 
bedrock are susceptible to landslides. Sediment 
budgets from three sites illustrate these region* 
differences. The wet, snowmelt-dominated, glaciated, 
and tectonically active Queen Charlotte Islands of 
British Columbia have sediment yields an order of 
magnitude greater than drier, snowmelt- dominated, 
granitic lands of central Idaho, while in the rain- 
dominated regions of western Oregon and 
Washington, yields are intermediate to the other two 
regions (MacDonald and Ritland 1989). 

3.5 Channel Morphological Features 
and Their Formation 

Sueam conditions important for aquatic habitat 
can be observed over a range of scales from an entire 
drainage network to a reach to a channel unit 
(Gregory et al. 1991). Average values of many 
stream characteristics, such as width, depth, velocity, 
and bed material size, vary systematically in a 
downstream direction. There are, however, important 
patterns of variation at local scales, such as the reach 
and the channel unit scales. Reaahes are stream and 
valley segments, typically 1-10 km long, within 
which gradient, valley width, and charmel 
morphology are relatively homogeneous and distinct 
from adjacent segments. Reach-scale variation is 
controlled by geologic factors such as rock type. 
geologic structure, and location of geomorphic 
featum such as terraces, alluvial fans, and landslides 
(Table 3-2). In many streams, high-gradient reaches 
with m w ,  constrained valley floors are 
interspersed with lower-gradient, alluvial reaches 
with wide valley floors (Grant et al. 1994). 
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Table 3-2. Reach classes in small Oregon sireams. From Frissell et al. 1986. Reprinted with permission fmm the 
publisher. 

Morpho- Morpho- Deveiop-
Gross genetic genetic Relative Mean Dominant rnehtai Potential 

tyPOlOg~ class* proccss length slopet substrates trend persistence$ 

EROSIONAL Bedrock Irregular Moderate Variable: Bedrock Stable; all Long term 
outcrop bedrock: to short moderate to sediments 

resistance to steep transported 
weathering 

(Zones of 
expoaure of Colluvium Downcufflng Moderate Steep, later Boulders. Active Generally 
bedrock floor 
or trend 

(nickpoint) through 
landslide or 

to short becoming 
moderate 

cobbles, 
clay soil 

degradation 
(unless 

moderate;
depends on 

toward torrent debris reloaded deposit size 
degradation 
of bed) Torrent 

scour 
Channel scour Moderate 
by debris torrent to long 

Moderate 
to steep 

Bedrock. 
some 

Transport
of most 

Moderate 
(due likely to 

or flood boulders sediments; recruitment of 
local constructional 
aggradation features 

Channel 
pattern: 
straight 

Alluvium Downatling 
through 
alluvium of old 

Moderate Moderate Cobbles. 
gravels 

Slow 
degradation 

Moderate to 
short term 

constructional 
reach 

Root 
blockage Channel s h i  Short to Moderate Tree mots. Stable period Short t e n ;  

afler colluviurn moderate to low gravels, followed by very short if 
or debris jam cobbles, degradation small roots 
blockage; tree clay soil 
roots delay 
downcutting 

CONSTRVC-
noNAL 

Bedrock 
outcrop 

Sediment 
storage behind 

Variable Low Gravels. 
fines. 

Stabk, inputs Long t e n  
balance 

resistant bedrock outputs 
bedrock 
features 

('Ones Ofaggradation 
and 
alluvtum) 

Coiluvlum Sediment 
storage behind 
landslide or 
debris torrent 

Variable Low 

-
Gravels. 
cobbles,
fines 

Degradation, 
shortening
(unless 
reloaded) 

Long t e n  to 
moderate
(depends on 
deposit size) 

deposits 

Channel 
pattern: 

Large 
woody 

Sediment 
storage behind 

Moderate Low Gravels. 
fines, wood 

Net 
aggradation 

Moderate, 
sometimes 

stnight often debris 
verging on 
braided 

large logs or 
debris jams 

until decay or long term 
washout 

Smal\ Sedmeni Short Low to Gravels, Aggradation, Short term 
woody storage behind moderate cobbles, then quick 
debris jam of small fines, wood washout 

debris 

'Morphogenetic classes are further subdivided by segment dass, whether banks are clayey coiluvium or gravelly 
alluvium, whether sideslopes allow lateral migration, and by riparian vegetation state. 

T Slope scale: moderate = same as segment slope, low = less than segment slope, and steep = greater than 
segment slope. 

$ Perststance scale: long term = > 100 years. moderate = 20-100 years. and short term = < 20 years. 
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In such streams, widthldepth ratios o f  a channel, 
channel bed morphology, aud relationships of a 
channel to the valley floor wi l l  vary signifiicaatly 
from reach w reach. Reach-scale variatio~l~ influence 
the location o f  spawning arras and types of fish that 
inhabit a stream system (Grant et al. 1994; 
Montgomery 1994). Consequently, reach-scale 
variations arc an important consideration in 
watershed planning. 

channel units or habitat units consist of 
morphological features such as pools, glides, riffles, 
rapids, stepped-pool stquenccs, cascades, and steps 
(Table 33) .  Channel unitsexen an imponant 
influence on local flow hydraulics aud bed-sediment 
characteristics (Grant et al. 1990). Channel units. 
therefore, provide the local habitat context for 
aquatic insects, fish, and other animals that inhabit 
stream channels. 

Table 3-3. Types of channel (habitat) units. From Grant et al. (1990). FS (1993). and Beschta and Platts 
(1986). 

I 

Type 	 Morphology
7 


Pool 	 Deepest, lowest gradient unit; 
depth varies within unit; may 
have asymmetrical cmss- 
section; may accumulate fine 
bed material at low Rows. 

Glide Intermediate, un#onn depth; 

(mn) symmetrical cross-section; 


gavel or cobble-bedded. 


Riffle 	 Shallow depth; gravel or cobble 
bedded. 

Rapid 	 Shallow depUI: oflen have 

transverse ribs of emergent 

boulders and pocket pools; 

common emergent boulders. 


Cascade 	 Shallow depth: steeper overall 
than rapid; consists of a series 
of short steps over boulders or 
bedrock ledges: common 
emergent boulders. 

Step 	 Isolated small falls. 1-2 m high 
and less than one channel width 
In length over boulders, bedrock 
or large woody debris: common 
emergent boulders, bedrock or 
wood: steepest and shallowest 
units. 

Hydraulic 

characteristics 

Slow, tranquil, sub- 
critical flow without 
hydraulic jumps during 
low flow; scour, 
turbulence. and energy 
dissipation during high 
flow. 

Tranquil subcritical 
flow generally without 
hydraulic jumps. 

Tranquil. generally 
subcritical Row with 
small hydraulic jumps 
over boulders or 
cobbles. 

Between lSO/dO% of 
area in superaitical 
flow (jumps, standing 
waves). at low flow. 

Greater than 50% of 
area in supenritical 
Row at low flow. 

Ecological function 

Fish rearing; 
invertebrate production. 

-

Fish rearing; 
invertebrate production. 

Invertebrate production: 
salmon and tmut 
spawning; steelhead 
rearing; may be winter 
cover for salmon and 
trout; aeration. 

Aeration; summer cover 
for salmonids. 

Aeration; may be 
migration barrier (if 
large). 

Aeration; may be 
migration barrier (if 
large). 
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The relative abundance of differem channel unir 
types, such as pools or U L S ~ ,varies from reach 
to reach in response to variation in controls such as 
bedrock type, reach gradient, mass movement 
feanues, sediment size, and position in the channel 
network. Steep reaches. associatcd with resistant 
bedrock types or with coarse subsme deposits tha~ 
intersect the channel, are dominated by cascades. 
rapi&,.or steps with limited pool, glide, and riffle 
area (Grant et al. 1990). Overall. these channel units 
combiie to form a step-pool chamel morphology in 
steep reaches. The steep channel units are associated 
with boulder-sized bed material. Biological pnxesses 
also play a role by creating steps and pools adjacent 
to accumulations of large woody debris (Beschta and 
Plans 1986). Although formed of boulder-size 
material that exceeds the cornperace of most high- 
flow events (i.e., mean annual floods), stepped-bed 
channels in steep mountain streams of the Pacific 
Northwest ate ~t residual features but an in 
equilibrium with the modern hydrologic regime 
(Grant et al. 1990). The -el units are reworked 
by flow events with n c u m c e  intervals of 25-50 
years. In less steep naches. the cascades, rapids and 
steps are less frequent: bed material is dominated by 
Cobbles and gravels rather than boulders; and the 
abundance of pools, riffles and glides is higher. 
Active bedload, rransponed during frequent high 
flows (mean annual flood), accumulates in bars rhat 
are positive relief f e a m  on the channel bed. These 
bars result in pool-riffle channel morphology that is 
expressed at moderate to low flows. Pools are 
locared at points of scour during high flow events, 
and riffles arc formed by bar fronts (Lisle 1982; 
Beschta and Platts 1986; Wohl et al. 1993). 

Humanmodification of flow and sediment 
regimes can modify the abundance and character of 
channel units. Human impacts resulting in net 
aggradation, for example, tend IO reduce pool area 
and depth (Lisle 1982; Beschta and Plans 1986). 
Human impacts that decrease woody debris input to 
the channel can have the same effect, as can flood-
induced aggradation (Lisle 1982). Human impacts 
that result in net degradation may also reduce pool 
area if bedload is depleted and bedrock is exposed in 
the channel bed. 

3.6 Hydrology 
The flow in streams and rivers represents the 

integration of the dimate, topography, geology, 
.geomorphology, and vegetative characteristics of a 
watershed. Precipitation may be inrercepted by the 
vegetarian and subsequently evaporate, or it may 
reach the ground either directly or as throughfall. 
Water reaching the ground eirhn cvaparares. 
infdtrates into the soil. or flows overland until it 
reaches the stream or an area where infilmion is 
possible. Water that infdtrates the soil may be taken 
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up by plants and transpired back into the atmosphere, 
remain in the soil as stored moisturr, percolate 
hush the soil into deep aquifers. or mter streams 
via subsurface flow. Each of these processes affects 
the amount and timing of suCamnow. 

Land-use disrupts natural hydrologic processes, 
altering the amount of evaporation, transpiration, and 
runoff, the routing of wattr through the system, aad 
the temporal panems of stmmtlow. Regional 
differences in thc hydrologic cycle can affccr the 
response of a watershed to human disturbance. 
Consequently, an understanding of basic hydmlogic 
processes is mitical to undemtandii how land-use 
practices influence sueamflow and how these effects 
vary across the landscape. This section provides a 
brief overview of hydrologic processes that occur in 
a watershed, with emphasis on those processes that 
may be substamially modified by human disturbance. 
A thorough review of hydrologic p m s e s  can be 
found in Swaaston (1991). 

3.6.1 Precipitation 
The amount, form, and timing of precipitation 

differs dramatically across the Pacific Northwest, 
with the primary conuolling factors being latitude, 
elevation, and proximity to rhe occan and mountain 
ranges (Jackson 1993). MoisNre-laden air generated 
over the Pacific Ocean is uplifted and cooled as it 
approaches mountainous regions, causing water to 
coadew and fall as precipitation. A h  the air mass 
passes ovn  thesc mountains it warms agaia, 
increasing its capacity to hold moism. Thus, areas 
on the east slope of mountain ranges receive less ' 
rainfall than western slopes of comparable elevation, 
the so-called "rain shadow* effect. Convection 
storms (i.e., storms generated by heating and upward 
expansion of air masses near the earth's surface) may 
also be a significant source of precipitation during the 
spring and summer months inmountainous regions 
and continental climates east of the Cascade and 
Sierra Nevada crests. Thesc s t o m  tend to be 
l o c a l i i  events of high intensity and relatively shon 
duration. 

Three general precipitation systems are in the 
Pacific Northwest: raindominated, transient-snow, 
and snowdominated systems (Table 34). Rain- 
dominated systems include coastal mountains, low- 
land valleys, and lower elevations of the Cascade and 
Sierra Nevada raages, characterized by moderate to 
high precipitation that falls primarily as rain from 
late fall to early spring. In some coastal regions and 
lower elevations of the western Cascades, fog drip 
from forest canopies may also constitute a significant 
pan of the total precipitation (Oberlander 1956; 
Azevedo and Morgan 1974; Harr 1982). The 
transient-snow zone includes mid-elevation areas of 
the Cascades, northern Sierra Nevada, and Olympic 



Ecosystem Approach to Salrnonid Conservation 	 December 1996 -

Table 3-4. Precipitation patterns for selected ewregions in the range of anadromous Pacific salmonids. Data 

from Omernlk and Gallant (1988). 


Mean annual 
precipitation Season of 

Ewregion cm (inches) Dominant form greatest precipitation 

Coast Range 	 140-318 Rain. Mid fall - early spring. 

(55 -125) 


Puget Lowlands 	 Rain. Mid fall - early spring. 

Rain. 	 Mid fall - early spring. 

I .  


Central CA Valley Rain. Wmter. 


Southern 8 Central Rain. Winter. 

CA Plains 8 Hills 


Cascades 	 Rain (low Mid fall - early spring. 

elevation); 

snow (high 

elevation). 


Sierra Nevada Rain (low Mid fall - early spring. 

elevation); 

snow (high 

elevation). 


Eastem Cascades Snow. Mid fall - early spring. 

Slopes 8 

Foothills 


Columbia Basin Raidsnow. 	 Fairly unifoim. 
Fall - spring. 

Blue Mountains 25 -102 Snow. Late fall - early spring; 
(1 0 -40) greater than 10% summer 

convetiie storms. 

Snake River Basid 20-64 b aid snow. Fairly uniform with slight peaks 
High Desert (8 -25) in fall and spring. 

Norhem Rocltles 	 51 -152 Snow. Fall - spring. 
(20 -60) 

Mountains that also receive most o f  their snow, which wmbiied with runoff from rainfall can 
precipitation inthe late-fall to early spring, as both produce large floods. Snowdominated systems 
rain and snow (Swanston 1991). Hydrologically, th is  include those that receive precipitation predominately 
transient zone i s  psnicularly imponant during rain- as snow, including the higher elevations o f  the 
on-snow events. When warm, moist air-masses pass Cascade, Sierra Nevada, Olympic, and Rocky 
over snowpack, condensation o f  water on the snow Mountain (and associated) ranges, as well as mid- 
surface occurs, releasing large a m o m  of latent elevation interior basins of the Columbia and Snake 
energy during the phase change o f  water from vapor rivers. In the mounminous regions west of the 
to liquid. A small amount of condensation can Cascade and Sierra crests, precipitation i s  highly 
facilitate the rapid melting of substantial volumes o f  seasonal with most falling from fall through spring. 
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East of the Cascades and Sierra Nevada, the strong 
seasonal signature of precipitation d i s h e s  and 
precipitation is spread mote evenly throughout the 
year, panicukly whm spring and summer 
convective s t o m  contribute substantially to the total 
annual pmipitation. In high elevation areas of 
eastern Washington, the Cascades, and the Rocky 
Mountains, rime and hoar-frost formation may also 
contribute significantly to the overall water balance 
of a watershed (Berndt and Fowler 1969; Gary 1972; 
Hindman el al. 1983). 

3.6.2 Evapotranspiration 
Evapotranspiration losses include those water 

losses from interception by the &opy and 
subsequent evaporation, evaporation of water that 
reaches the soil, and water that enters the soil and is 
subsequently taken up by plants and transpited back 
into'the atmosphere. The amount of water lost 
through these pmcesses depends on vegetation type, 
season, and the nature of the.precipitation event, 
including the intensity, duktion, and form of the 
precipitation, as well as climatological conditions 
during the event (e.g., temperature, humidity, wind 
speed). 

Interception Losses 
Dense coniferous canopies have greater 

interception storage capacity than those of sparse 
coniferous forrsts, deciduous forests, shrublands, or 
grasslands (Wisler and Brater 1959; Z i 1967). 
Rothacher (1963) repotted interception and 
evaporation losses of nearly 100% during low- 
intensity M a l l  events (< 0.13 cm)compared with 
losses of only 5%-12% during high-intensity events 
(> 5 cm) in an old-growth Douglas-fu forest in 
western Oregon. Annual interception losses for 
woodland-chaparral vegetation in cenual California 
ranged fmm 5%-8%. with seasonal losses of 4% 
during the winter and 14% during the spring and 
summer when vegetation was in full foliage 
(Hamilton and Rowe 1949). 

Interception by coniferous canopies during 
snowfall can also be substautial. Snow may be 
temporarily stored in the canopy and then delivered 
to the snowpack during the stom as branches 
become heavily ladm or following the stom by melt 
or wind action. Sancrlund and Haupt (1970) found 
that 80% of the snow held in the canopy of a forest 
in Idaho subsequently teached the ground. Only 5% 
of the total snowfall was lost to interception and 
subsequent evaporation. 

Evaporation Losses 
Evaporation directly from the soil or vegetation 

depends on solar radiation, wind, and vapor pmsute 
gradients between the air and the wetted soil or leaf 
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d a c e .  Vapor pressure gradient in the air is a 
function of both temperature and humidity. The 
tempcram required for evaporation in- with 
incnasing humidity. Under dense forest canopy. 
evaporation from wetted soils OCCUIS slowly because 
of the high d e p  of shadimg, low temperatures, 
tdatively high humidity, and low wind speeds 
typically found in these envimnments. More opm 
forests allow for greater radiation and higher wind 
speeds that help remove water vapor from the air-soil 
interface, maintaining a higher vapor presswe 
gradient. For soil surfaces exposed to dire* solar 
radiation, evaporation may dry soil mote rapidly than 
transpiration because of high surface temperatures 
and low humidity (Satcerlund and Adams 1992). 

Tran3piration Losses 
Transpiration is the passage of water vapor from 

living plant tissues into the atmosphere through potes 
or "stomates." Transpiration rates vary based on a 
number of plant characteristics, including leaf 
surface-area, stomata1 characteristics, and depth of 
roots; they also ate affected by whether the plants are 
annual or perennial, and deciduous or wnifmus. 
Coniferous forests generally have the highest leaf 
surface-area and thereby have the greatest potential 
for transpiration losses, followed in descending order 
by deciduous trees, shrubs, grasslands, and desen 
shrubs. Trees and shrubs with deeper roots can 
extract moisture from gteater depths than grasses and 
forbes. Coniferous t m s  in xeric conditions east of 
the Cascades and S i m  Nevada may have large tap 
roots that penetrate deep into the soil, allowing 
moistme to be extracted even during dry periods. 

Transpiration rates also depend on c l i c  
conditions including temperatun, humidity, and wind 
speed. In general, transpiration tates increase with 
increasing tempetatun; however, s tomcs will close 
in response to excessively high or low temperatures, 
increasing mistance to moisture loss. High humidity 
reduces the vapor presswe gradient between the plant 
leaf and the aunosphere, thereby nducing 
uanspitation l o w .  W i trampan evaporated 
watet vapor away from the leaf surface, theteby 
maintaining a higher vapor prrssun gradient and 
incnasing transpiration. 

Soil conditions also influence how much water is 
available for transpiration. Loam soils tend to have 
higher water-storage capacity than sandy soils. 
Similarly, deep soils hold more water than shallow 
soils. As soil moisture is depleted, the resistance to 
further uptake by plants increases, and water is 
supplied to planu at a slower rate (Sanerlund and 
Adams 1992). Insufficient moisture causes closure of 
leaf stomates, which teduces vanspitation losses. 
Consequently, when soils are moist, transpiration 
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approaches maximum values; when soils are dry, eastside systems, in part because a substantial amount 
transpiration is substantially less. of precipitation occurs during s p a  and fall periods 

when temperatures are warm and evaporation and 
Total Evapotranspiration transpiration rates an high. In contrast, precipitation 

Estimates of total evapotranspiration losses in the Coast Range and western Cascades generally 
(ierception + evaporation + transpiration) for a falls during winter, when transpiration losses are 
number of vegetation communities in the Pacific relatively low because of low solar radiation, high 
Nonhwest indicate that total losses an generally humidity, and cool temperatures. These differences 
highest for coniferous fomt types and slightly lower between hydrologic processes in castside versus 
for chaparral and woodland communities (Table 3-5); westside systems an imponant in determining the 
however, losses from chapanal,woodland, and semi- potential effects of land-use practices; they are 
arid communities npmcnt a pats percentage of discussed in greater dexail in Section 6.1. 
total annual,prccipitation. This is significant in 

Table 3-5. Estimated precipitation and evapotranspiration for western vegetation comrnunles. 

Precipi3ation Evapotranspiration 
Vegetation 
communily (m) (inches) (cm) (inches) 

Forest 

~odgepole pine 51-114 20-45 48 19 

Engelrnenn spruw-fir 51-114 20-45 38 15' 

Whne pine-larch-fir 64-152 25-60 56 22 

Mixed conifer 


True fir 


Aspen 


Pacific Douglas-fir 

hemlock-redwood 

Interior pondemsa pine 51 -76 20-30 43 17 

Interior Douglas-fir 51 -89 20-35 53 21 

Chaparral and Woodland 

Southern California 25-102 10-40 51 20 
chaparral 

California woodland-grass 25-102 10-40 46 16 

Arizona chapanal 25-51 10-20 43 17 

Semi-arid grass and shrub 13-51 5-20 28 11 

Alpine 61-203 25-80 51 20 
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3.6.3 InffltraUon, Subsutface Flow, and 

Overland Flow 


The amount of water that infiluates into the soil 
depends on the physical structure of the soil and 
antecedent moisNrc conditions. Sandy and gravelly 
soils derived from colluvium, alluvium, glacial tills, 
or soils that are rich in organic matter tmd to be 
highly porous and allow rapid infiltration (Swanston 
1991). Soils derived from fmr-gained materials, 
including marine and lacusnine materials. or from 
weathered siltstones, sandstones, and volcanic rocks 
are less permcable and have lower Midmion 
capacities. During a given stonn event, Sltration 
capacify decreases through time as soil pores are 
fdled with water (Bedient and Huber 1992). If 
rainfall intensity (or snowmelt) exceeds infiltration 
capacities, overland flow occurs. Consequently, the 
likelihood of overland flow iucreaws with storm 
intensity and duration. 

In forested watersheds, most precipitation 
reaching the forest floor infiltrates into the soil 
(Satterlund and Adams 1992). Surface soils in old- 
growth forests anas typically have high organic 
content and porosity. Consequently, infiltration 
capacities are high, and overland flow is uncommon 
except in arcas where soil strucrure has been 
modified through human activity or nanual 
disturbance. The majority of water that falls on a 
forested landscape thmby enters streams via 
downslope subsurface flow. As a result, time of 
maximum streamflow usually lags behind peak 
rainfall (Swauston 1991). 

In arid and semi-arid systems as well as in 
deforested lands, vegetation and organic liner are less 
abundant, and the routing of water once it reaches 
the soil differs. In arcas where the soil surface is 
exposed, the impact of raindrops cau detach and 
mobilize fmsediments (splash erosion), which settle 
into soil interstices, creating an impervious surface 
layer (Wisler and Brater 1959: Heady and Child 
1994). As a result of this "rain compaction," a 
significant proportion of rainfall or snowmelt rum off 
overland to the stream. Thus, in contrast to forested 
watersheds, precipitation events in arid and semi-arid 
systems cause rapid increases in streamflow. This 
may be particularly evident when soils are funher 
compacted through land-use activities. 

3.6.4 Stream Hydrology 
Differences in precipitation patterns, 

evapotranspiration rates, and infiltration processes 
lead to marked regional differences in hydrologic 
regimes of streams. In addition, the size of the 
drainage basin significantly influences the 
characteristics of streamflow at a panicular point 
downstream. As a general rule, small headwater 
streams are more hydrologically dynamic than larger 
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streams becaw runoffoccurs more rapidly over 
steeper srms and because high intensity events are 
more common in small areas. In the discussion 
below, we generalize about hydrologic patterns in 
lower order sueams. 

Regional Patterns 
In the Coast Range, westem Cascades. h g e t  

Lowlands, and the Willamene Valley, frequent and 
heavy precipitation from November to March leads 
to a highly variable stream hydrograph with multiple 
peaks that closely wrrespol~d to precipitation 
(Swanston 1991). Iu the early part of the rainy 
season, soil moisture is typically low, and a large 
fraction of rainwater functions to reqlenish depleted 
soil moisture. In addition, evapotranspiration rates 
decrease during the winter as t e m p e r a m  drop. 
Consequently, precipitation events of similar intensity 
will result in higher peak flows in the winter, when 
soils are more fully saturated and transpiration 
demands are low, than in the fall. Streamflows arc 
lowest during the summer when precipitation is low, 
evapotranspiration de& arc high, and soil 
moismre is depleted. 

In the transient-snow zone of the mid-elevations 
of the Cascades and norrhem Sierra Nevada, soils 
become saturated as rainfall increases in the fall. 
During the winter, a combination of rain and snow 
events occur.During rainfall events, water tends to 
run off quickly to the smam chaonel because soil 
moisture is high and evapotranspiration is low. 
Consequently, inccnases in sueadlow tend to 
coincide with rainfall. k ip i ta t ion that falls as snow 
is stored above ground for varying lengths of time, 
but it generally melu within a few weeks of falliig 
(Swanston 1991). Thus. increases in streamflow from 
melting snow will occur days, or even weeks atler 
the peak snowfall. Some of the more notable high- 
flow wenu occur when substantial snowfall is 
followed by high-intensity rains. These "rain-on- 
snow" wmts can release large volumes of water 
over short time periods. 

In snowdominated systems-the high Cascades, 
Sierra Nevada. Blue Mountains and northern Rocky 
Mountains-moisture from precipitation is stored in 
snowpack through much of the winter and released 
when tetnperanues warm in the late spring. Stnam 
hydrographs are thus charactaiml by low winter 
flows followed by rapid increases during the spring 
snowmelt period. As snowpack d i s h e s ,  
streamflow d e s  and summer flows during the dry 
summer months typically are low, although minor 
peaks may result from intense convection storms. In 
the fall, rainstorms of moderate intensity can cause 
additional peaks in flow (Swanston 1991). Runoff 
from these events occurs most rapidly in high- 
elevation areas where soils are shallow and composed 
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of fastdraining colluvial deposits and where 
transpiration demrmds arc low because of sparse 
vegetation. 

Arid and semi-arid regions east of the Cascades 
and Sierra Nevada tend to have high numbers of 
large ephemaal and interminat stream channels. In 
part, this is because the timing of precipitation can 
coincide with periods of relatively high solar 
radiation in the spring, summer, and fall, unlike west 
of the Cascades where most precipitation falls during 
cold. cloudy periods. Much of the precipitation that 
falls in the w  m  months is either rapidly 
evaporated from the ground or forest canopy or 
transpired by vegetation. In high intensity events. 
sudden jncreases in sueamflow can occur where soils 
are relatively impervious and water is routed rapidly 
to the stream chanael. nose  streams that flow year 
round arc generally fed by snowmelt from higher 
elevations or by ground-water discharge from 
aquifers recharged d i g  periods of high 
precipitation. 

Floods 
Large, infrequent floods play an imponant role in 

shaping sueam channels through the erosion, 
transpon, and deposition of bed materials. Floods 
with recurrence iatcrvals of 100 years or more can 
result in major channel changes, and several decades 
may be required to reestablish an equilibrium 
approaching preflwd conditions. Some features 
produced by large floods may last longer than the 
recurme interval of the event (Andason and 
Culver 1977). implying that large floods may be 
responsible for specific aspas of valley-floor 
formation rather than simply acting as disnrrbance 
events. 

In DeKmber 1964, a rain-on-snow storm 
produced floods with a mmnce interval exceeding 
100 years over much of nonhm California and 
Oregon. Studies conducted &r this event provide 
information on the geomorphic effecu of large floods 
and on the time needed to achieve a new dynamic 
equilibrium following such an went. The storm 
caused numerous debris slides and debris avalanches 
on slopes, and the resulting flood caused channel 
erosion and destruction of seeamside vegetation 
(Lisle 1982; Sarna-Wojcicki et al. 1983). Hiillslope 
and valley-bottom erosion put large amounts of 
sediment into the channei of the Van Dwcn River, 
equal to seventeen times the mean annual sediment 
input into the channel system (Kelsey 1980). The 
result was a prolonged period of channel aggradation 
(five to fifteen years), followed by a period of 
degradation that was not complete in some reaches 
after twenty years. Erosion and the increased 
sediment load changed channel morphology, 
inrr-orinn rhgnn-1 -*ririth mnrl rlnrm-.;no rhllnnpl 
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depth, pool depth, and roughness (Lisle 1982). 
Floods of magnitude comparable to the 1964 floods 
m m d  throughout the Willamene Valley and in 
southwestm Washington in February of 1996. 
resulting in dramatic restructuring of many swam 
and river channels. 

The effectiveness of large floods to shape chm~el  
morphology may vary depeading on stream size and 
position in the drainage network as well as on land 
cover (or recent changes in land cover sucb as 
logging). In steep mountain streams, only large, 
infrequent floods significantly modify valley-floor 
landforms. In lower gradient alluvial reaches. 
smaller, more frequmt events and ongoing processes 
modify the valley floor (Grant et al. 1994). Floods 
also deposit s e d i i t s  onto the mundi ing 
floodplain, vanspon and rearrange large woody 
debris within the channel, clean and scout gravels in 
streams, recharge floodplain aquifers, and disperse 
propagules of riparian vegetation. 

Droughts 
Below-average precipitation aod runoff can have 

significant effects on streams and watersheds. The 
recent drought in the Pacific Nonhwest has focused 
much attention on the health of forest ecosystems east 
of the Cascade Crest (Quigley 1992). Substantial die- 
off of forest vegetation has resulted from the 
synergistic effects of f a suppression and forest 
practices, which have led to changes in species 
composition of ternstrial vegetation (see Section 
3.3). Drought conditions have weakened trees, 
making them more vulnerable to infestation by 
insects or disease. The influmce of drought on 
watershed processes is not well documented; 
however, it is likely that droughts affect the input of 
nuuients, allochthonous materials, and large woody 
debris to stream channels. Within the stream chamel, 
low flows can constrict the available habitat and 
allow water temperatures to warm, stressing fishor 
creating thermal barriers that block migration. A 
potential benefit of drought is that it provides the 
opponunity for establishment of riparian vegetation 
within the active stream charnel, which in rum can 
stabilize channel features, dissipate hydraulic energy, 
and collect sediment when flows rise again (Blau 
1995). Tree-ring records h m  eastside forests 
indicate that a number of significant droughts lasting 
from 5 to 20 years have occumd during the past 300 
years (Agee 1994). 

3.7 Thermal Energy Transfer 
Because most aquatic organisms are e c t o t h d c ,  

water temperature plays an imponant role in 
regulating biological and ecological processes in 
aquatic systems. Temperature directly and indirectly 
.cc-.. -r...:-n--. a..., 1,,,,,, ,,A h~h.,rinr of 
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salmonids, as well as mdiates competitive 
interactions, predator-prey relationships, and the 
incidence of parasitism and disease (seeChapter 4). 
Land-use practices can significantly change seasonal 
and die1 temperanue regimes in streams, primarily 
through the alteration of forest and riparian canopy 
but also through irrigation, impoundments, heated 
industrial effluenu, and thermal power plants. In this 
section, we review the dominant energy transfer 
processes that arc mpmible for the heating and 
cooling of stream, rivers, and lakes to provide the 
basis for evaluating the effects of land-use practices 
on salmonid habitat. Thc role of riparian vegetation 
in wntrolling these processes is emphasized. 

3.7.1 Heat Exchange in Streams 
Heat energy is transferred to and from streams 

and rivers by six processes: short-wave radiation 
(primarily direct solar), long-wave radiation, 
convective mixing with the air, evaporation, 
conduction with the sacam bed, and advective 
mixing with inflow from groundwater or tributary 
streams (Bcschta et al. 1987; Sullivan a al. 1990). 
These processes occur in all stream, but the 
importance of each procqs on scream temperatures 
varies with location and season (Sullivan n al. 1990). 

Direct solar radiation is generally the dominant 
source of energy input to sfrearas and rivm. The 
amount of solar radiation that reaches and is 
absorbed by streams and rivers is influenced by 
season, latitude, topography, orientation of the 
watershed, local cllmate, and riparian vegetation. 
Season and latitude together determine the amout of 
daylight and the solar angle, both of which affect the 
amount of energy absorbed by streams (Brown 
1980). In mountain or canyon regions, topography 
may provide substantial shade to streams, panicularly 
at times of the year when the sun is low in the sky 
and in north~facing drainages. Local climate, and 
particularly cloud cover, significantly influences how 
much solar radiation reaches the sueam channel. The 
amount and type of riparian vegetation play dominant 
roles in regulating incoming solar radiation in smaller 
streams (Brown 1980; Beschta n al. 1987; Caldwell 
et al. 1991). The peratage of total solar radiation 
that reaches the stream surfaces in forested reaches 
may vary from less than 16% under dense coniferous 
canopies found in old-growth stands of tht Coast 
Rauge and western Cascades (Summers 1983) to 
28% in old-growth forests cast of the Cascades 
(Anderson et al. 1992. 1993). In alpine, arid, and 
semi-arid ecosystems, the degm of shading may be 
less. Deciduous vegetation can provide significant 
shading during the spring and summer months, but it 
has minimal effect after leaf drop in the fall. The 
influence of riparian vegetation on radiation inputs 
diminishes in a downstream d i i i o n .  As streams 
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become larger and wider, riparian vegetation shades 
a progressively smaller proportion of the water 
surface (Beschta et al. 1987). 

Long-wave radiation back into the atmosphere 
plays a relatively minor role in the overall energy 
budget of a stream. Long-wave radiation loss is 
determined primarily by the temperature differential 
between water and air, with greater exchange 
occuning when the difference betwear the air and 
water temperatures is greatest. Rip- vegetation 
reduces long-wave radiation through its effect on 
mcroclimate within the riparian zone. Temperatures 
in the riparian zone tend to be m l e r  during the day 
and wanner at night than those above the forest 
cmopy; tbis dampening of did temperature 
fluctuations moderates long-wave radiative gains and 
losses. 

Convective and evaporative heat transfer arc 
contr~lled by temperam and vapor-pressure 
g m ~ a t s .  respectively, at the air-water interface 
(Beschta et al. 1987). Greater convective exchauge 
occurs when the temperalure differential between air 
and water is highest. Similarly, evaporative losses 
are highest at low humidity. Wind facilitates both 
convective and evaporative losses by displacing air 
near the air-water interface as it approaches thermal 
equilibrium with the water and as it becomes mom 
saturarcd through evaporation. Riparian vegetation 
modifies convective and evaporative heat-exchange 
losses by creating a microcli ie of relatively high 
humidity, moderate tempearures, and low wind 
spee :ompared with surrounding uplands. These , 
mim .!imate conditions tend to reduce both 
convective and evaporative energy exchange by 
midmkhg temperature and vapor-pressure gradients. 

Conductive transfer of heat generally represents a 
minor component of a stream heat budget. The 
amount of heat t raus fd  depends on the nature of 
the n.:~~uace,with bedrock substrates being more 
efficient in wnductiug heat than gravel beds (Beschta 
a al. 1987). Brown (1980) estimates that heat flow 
into bedrock stream beds may be as high as 
15%-20% of the incident heat. Heat that is 
transferred to the streambed during the daylight hours 
serves to heat streams during periods of darkness. 
thereby dampening die1 fluctuations. In shallow, clear 
streams, without shade from riparian vegetation. 
solar energy may penetrate through the water column 
and heat the substrate directly. 

The role of advection depends on the volume of 
groundwater or tributary inputs relative to the total 
stream discharge; consequently, the importance of 
advection tends to d i s h  in a downstream 
direction. Nevertheless, even when groundwater 
inputs to streams an small, they may provide 
thermal heterogeneity that is biologically important 
(see Sections 5.2.1 and 5.2.3). In addition, cenain 
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regions east of the Cascade Range (e,g., the 
Deschutes Basin) are underlain with porous basaltic 
formations that absorb large amounts of water during 
periods of high runoff and release it later in the year. 
These groundwater inputs can significantly moderate 
streamflow and temperature regimes in both summer 
and winter. 

As subsurface flow moves laterally and 
downward towards stream beds, warm temperatures 
equilibrate with those in the subsurface soil layers 
(Beschta et al. 1987); consequently, h e  temperature 
of w m  that enters streams from groundwater flow 
depends on ambient conditions in the soil 
environmerlt. Surface-soil temperamres follow 
seasoaal air temperature patterns with a time lag that 
incrests with increasing depth (Meisner 1990). 
Seasonal fluctuations are greatest at the surface and 
decrease with depth dawn to the "neutral zone," 
generally about 16-18 m below the surface, where 
temperatures remain constant throughout the year 
(Meisller 1990). If the groundwater flow originates 
below the neutral zone, then grOUndWatn 
temperatures will remain constant: if it originates 
above the neutral mne, then groundwater 
temperatbres will exhibit seasonal variation (Meisner 
1990). Melting snow infiltrates into the soil at 
temperatures approaching 0°C in snowdominated 
systems (Beschta et al. 1987). 

3.7.2 Stream Temperature Regulation 
All of the above processes interact to produce the 

temperature regimes observed in streams and rivers; 
however, the relative imponance of each process 
differs among locations. In small- to intmediate- 
sized streams of forested regions, incoming solar 
radiation represents the dominant fonn of energy 
input to streams during summer, with convection. 
conduction, evaporation, and advection playing 
relatively minor roles (Brown 1980; Beschta et al. 
1987; Sullivan et al. 1990). Groundwater inputs may 
be imponant in small streams where they constitute a 
large percentage of the overall discharge, panicularly 
during periods of the year when flows are low. 
Downstream, where flow increases, the effects of 
riparian shading and advective mixing generally 
diminish, and the imponance of evapbrative heat-loss 
increases. 

Channel characteristics may also significantly 
affect heat-exchange processes. The amount of heat 
that is gained or lost and the rate at which exchange 
takes place depend on the surface area of the stream 
or river. Wide. shallow streams exhibit greater 
radiative. convective. and evaporative exchange and. 
consequently, heat and cool more rapidly than deep, 
narrow streams. Similarly, the rate of energy 
exchange is affected by seasonal changes in stream 
discharge, which alter surface-to-volume ratios and 
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determine the relative importance of groundwater 
inputs. In most streams in the Pacific Northwest, 
groundwater inputs are critical to cool streams during 
warm summer months. Regional differences in 
stream temperatures result from differences in 
climatic factors (e.g., humidity, air temperature). 
Streams in the Coast Range and western Cascades 
are moderated by the maritime climate and undergo 
smaller seasonal temperature fluctuations than those 
in the continental climates cast of the Cascades. 
Elevation also influences stream temperatures, 
primarily becauseaf elevational gradients in air 
temperatures that lead to greater convectional heating 
(Beschta et al. 1995). Finally, high turbidiry in 
streams and rivers substantially increases the 
absorption of high-energy, shortwave radiation 
(Wetzel 1983) and thereby can affect stream heating. 

3.7.3 Lakes and Reservoirs 
Lakes and reservoirs are heated primarily by 

incoming solar radiation, although some heat is 
t r a n s f e d  by convection, conduction (in shallow 
waters), and evaporation (Wetzel 1983). In clear 
water, over one-half of the incoming solar radiation 
is absorbed in the upper IWO meters of water, and 
more may be absorbed in waters with high turbidity. 
In temperate lakes, incoming solar radiation exceeds 
outgoing long-wave radiation during the summenime, 
and water at the surface is gradually warmed. 
Because warm water is less dense than cold water, it 
tends to remain near the surface and is resistant to 
mixing by the wind. As a result, thermal 
stratification can occur with a warm and relatively 
well-mixed 'epilimnion" ovverlying a cooler 
"hypolimnion." B e w n  these two layers is a 
transition zone, or "metalirnnion." where 
temperanues rapidly decrease with increasing depth. 
During the fall as solar radiation decreases, 
temperatures in the surface layers cool, and the 
mixing of epilimnetic and hypolimnetic waters occurs 
as they reach comparable temperature and density. 
During the winter, lake waters tend to remain mixed 
except where temper- are sufficiently cold to 
cause freezing. Because water reaches maximum 
density at 4 ° C  lakes that freeze are colder near the 
surface and wanner near the bottom (ivetse 
stratification). When lakes become ice-free in the 
spring, density is relatively uniform, and mixing of 
the water column will occur again provided there is 
sufficient wind at the surface. 

The above pattern is characteristic of deeper lakes 
in the Pacific Northwest. In shallower lakes and 
ponds, lakes may turn over many times each year, 
whenever high wind conditions occur. Such systems 
are usually paor habitat for salmonids because they 
wann throughout the water column. 
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Themdl structureplays an important role in 
determining the distribution and production of aquatic 
organism within a lake or reservoir. Stratification of 
lakes may restrict the habitats of f ~ b e sand other 
aquatic organisms. Moreover, during the spring and 
fall mixing periods, the circulation (turnover) of 
water brings nuuient-rich waters to the surface and 
stimulates production of phytoplankton and 
zooplankton. Release of either epilimnetic or 
hypolimnetic water from stratified reservoirs fan 

markedly influence downstream temperature regimes 
in ways that may have adverse consequences for fish. 

3.8 Nutrient CyclinglSolute Transport 
Water is the major agent for the flux of dissolved 

and particulate maner across the landscape. 
integrating processes of chemical delivery in 
precipitatibn, geologic weathering, erosion, chemical 
exchange, physical adsorption and absorption, 
transport and retention inSurface waters, and biotic 
uptake and release. At any point within a landscape 
or catchment, concentrations of nutrients or 
suspended material result from many abiotic and 
biotic processes. 

Geology, climate, and biological processes across 
a landscape determine panuns of nutrient cycling. 
The primary determinant of the chemistry of most 
surface waters is the composition and age of the 
parent geology. The major rock types-ignwus, 
sedimentary, and metamorphic-have chamtcristic 
compositions of major cations and anions, as well as 
minor chemical constituents chat serve as nutrients 
(e.g.. nitrogen, phosphoms) for biota. The high 
temperatures and pressure under which igneous and 
metamorphic rocks arc formed alters the chemical 
composition by volatilizing dements and compounds 
that an released as gases (e.g., nitrogen, inorganic 
carbon) to the atmosphere. Sedimentary rocks contain 
minerals that have bem weathered from other 
qources previously, and they may contain greater 
lmounts of biologically derived material because of 
the less harsh ccnditiom of their f o r d o n .  
Geochemistry of the parent material governs taus of 
dissolution or weathering and, thus, influences 
concentrations of dissolved chemicals in surface 
waters. 

Climate strnngly influences general surface-water 
chemistry and nutrient conmuations rhrough two 
major processes.--direct input of chemicals through 
precipitation jlfluence on hydrology (Gibbs 
1970). The at qhere is a major source of elements 
and compouri~. 'Weather patterns affect the available 
source areas for water and chemicals in the 
atmosphere and subsequent precipitation rhat falls on 
land. Both natural and anthropogenic sources may 
create distinctive chemical signatures in precipitation. 
Climate also determines the general hydrologic 
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regime and establishes physical conditions that 
infl- evaporative losses of water. Arid areas 
typically exhibit high concentrations of dissolved ions 
because of high rates of evaporation and subsequent 
wncmuation of chemicals in solution. The 
hydrologic regime is a function of climate and 
geographic features of the landscape, and it is a 
major determinant of weachering rates, dilution, and 
timing of nutrient tramport. Pattuns in runoff may 
be mirrored by differences in surface water 
chemistry. The flashy flow-regimes of rain-and rain-
on-snow dominated systems create a similar episodic 
pattern in nutrient transport, while the more steady 
flow regimes of snowdominated systems produce 
more predictable nuuient transport pattern. 

The biota of terrestrial, riparian, and aquatic 
ecosystems strongly influence the cycling of major 
nutrients and associated chemical parameters (Likens 
et al. 1977; Meyer et al. 1988) through such 
processes as photosynthesis, respiration, food 
consumption, migration, litter fall, and physical 
retention. Surface waters an exposed to various 
sources of inputs, sites of biological uptake, and 
surfaces for physical exchange (Gregory et al. 1991). 
Stream substrates serve as sites for colonization and 
attachment by aquatic organisms ranging from 
microbes to venebrates. Many aquatic organisms 
have distinct substrate relationships; therefore, the 
composition of the stream bed can dircaly influence 
nutrient cyclig. Organic substrates, such as leaves 
and wood, create important sources for microbial 
colonization and subsequent nutrient cycling (Aumen' et al. 1985a. 1985b; Meyer et al. 1988). These 
organic substrates also serve as sourrrs of dissolved 
organic carbon for microbial activity or transport into 
the water column @ahm 1981). Woody debris in 
panicular plays a critical role as a food resource, 
substrate, site of physical exchange, site for 
biological uptake, and roughmss element that reduces 
water velocity and incnases retention (Harmon et al. 
1986). Land-use practices typically alter the organic 
substrates of stream channels, and thereby influence 
water quality. 

Vegetated floodplains along streams and rivers as 
well as mudflats and vegetation beds in estuaries 
create a mosaic of geomorphic surfaces and riparian 
plant communities (Fonda 1974; Gregory et al. 1991; 
Bayley and Li 1992). Floodplains influence thc 
delivery and transport of material by 1) delivering 
stored material during high flows, 2) retaining 
material in vansport from the main channel, 3) 
providing a matrix of sediment for subsurface flow, 
and 4) reducing velocities of water and increasing the 
potential for retention. Elimination of floodplains 
greatly reduces the assimilative and storage capacity 
of a stream system and is one of the major forms of 
anthropogenic alteration of nutrient c y d i g  in lotic 
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ecosystems (Smith et al. 1987; Junk et al. 1989; 
Sparks et al. 1990). Side channels on floodplains and 
in estuaries are habitats with extensive contact with 
the water column and lower velocities than the main 
channel; consequently, these lateral habitats typically 
exhibit high rates of nutrient upfake and biologicaI 
productivity (Cooper 1990). 

Streamside forests, estuarine vegetation beds 
(tidal marshes), and other plant communities create a 
filter through which nutrients in solution must pass 
before entering surface watets (Pionke et al. 1988; 
Gregory et al. 1991). Retention of nutrients in 
groundwater is a critical component of nutrient 
cycling wi@in a basin (Simmons et al. 1992). 
Commonly, these vegetative corridors remove 
60%-9p% of the nitrogen and phosphorus in 
transport (Lowraace et al. 1984; Peterjohn and 
Comll 1984; Lowrance 1992). Modification of 
riparian forest snumre can substantially change 
long-term patterns of nuuient cycling within a 
catchment (Pinay et al. 1992). 

One of the most overlooked components of a 
stream and its valley is the hyporheic zone, the area 
of flow beneath the surface of the stream bed 
(Stanford and Ward 1988: Bencala 1993). In alluvial 
valleys, the hyporheic zones may extend several 
meters below the channel bed, as well as a kilometer 
or more laterally. Recent research indicates the 
hyporheic lone plays important mles in nutrient 
cycling, temperarun modification. dissolved oxygen 
microbial processes, meiofaunal commuuities and 
refugia ifo a wide range of osganisms (Pinay and 
Decamps 1988; Stanford and Ward 1988; Triska et 
al. 1990; Valett et al. 1990; Hendricks and White 
1991). In many streams, as much as 3096-60s of 
the flow occurs in the hyporheic woe and may 
exceed these levels in porous bed materials or during 
low flow conditions. The majority of nutrient uptake 
in streams may occur in the hyporheic wne in desert, 
forest, or grassland ecoregions (Duff and Triska 
1990). 

3.8.1 Major Chemical Species and 
Dissolved Nutrients 

Surface waters contain a complex may  of major 
chemical species, biologically important nutrients, 
and numerous trace elements and compounds. The 
major dissolved constituents include cations and 
anions that are required by living organisms but are 
so abundant that they rarely limit biological 
production. In addition, surface waters contain 
concentrations that they limit rates of production of 
plants, microbes, or consumers. The major nutrients 
or macronutrients are nitrogen, phosphorus, and 
carbon. Micronutrients are generally required in such 
low amounts that their availability is rarely limiting, 
but studies over the last several decades have 
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demonstrated that the productivity of some systems 
may be limited by micronumenu and many processes 
are commonly limited by the availability of these 
chemicals. This review only coven the 
macmnuuients. 

The major cations in surface waters include the 
divalent cations of calcium aud magnesium and the 
monovalent cations of sodium and potassium. In 
general, the order of dominance in surface waters of 
the world is Ca++ > Mg++> Na' > K+, but local 
geology can alter their relative abundance (Gibbs 
1970). These elements play critical roles in all 
biological systems as well as influence the reactivity 
and abundance of other elements. The exchange of 
these cations, either physically or through biological 
absorption, can alter the availability of hydrogen ions 
and thereby alter pH, which strongly influences biota 
and fundamental ecological prows=. 

The major anions in surface waters consist of the 
divalent anions of carbonate aud sulfate and the 
monovalent anions of bicarbonate and chloride (Gibbs 
1970). In temperate waters, the dominance of anions 
is ordered: HCO; > CO; - > SO; - > Cl-. 
Inorganic carbon and sulfate are biologically 
imponant in all ecosystems, and the inorganic carbon 
species largely determine the buffering capacity and, 
consequently, the pH conditions of surface waters. 

Nitrogen 
Nitrogen exists in solution as both inorganic 

forms-nitrogen gas (NJ,nitrate (NO;), nitrite 
(NO;), ammonia (NH,), or ammonium (NH,+)-and 
organic forms (organic N). In many areas of the 
Pacific Northwest, surface waters commonly have 
extremely low concentrations of dissolved niuogen 
because of the underlying volcanic parent geology, 
which was created under intense temperaNR and 
pressure (Thurand Haydu 1971; Sollims and 
McCorison 1981; Nonis et al. 1991). 

Biological processes largely mediate the different 
forms of nitrogen (Gosz 1981). Nitrogen f i o n  
wnvens N, into NH, under anaerobic conditions or 
in specialired cells, and organisms subsequently use 
the ammonia to form amino acids and proteins. 
Organic nitrogen is metabolized to ammonium as a 
waste product or microbial decomposition convens 
organic N to ammonium through the process of 
ammonification. Certain mic~oorganisms are capable 
of ox id i ig  ammonia to nitrite or nitrate. Plants and 
heterouophic microorganisms can then reduce nitrate 
to form ammonia and subsequently proteins and 
amino acids. Under anoxic conditions, certain 
microorganisms can reduce NO,- to N2. These 
transformations create intricately linked cycles of 
nitrogen. and under nitrogen-limited conditions, these 
links are tightly coupled. As a result, cmain 
forms-such as ammonia or nitrate-are rarely 
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p m t  naturally in high coacedmions because they 
ate so rapidly incorporated into otha nitmgCn0us 
molecules or are modified. 

Riparian areas play major roles in nitrogen 
cycling by providing yew-round anaerobic conditions 
(Grecn and Kauffman 1989; Mulholland 1992). Rates 
of denittitication (and nitrogen fixation) are enhanced 
in the anaerobic conditions and in the high moisturr 
and organic substtates that dmitrifying bacteria 
require (Myrold and Tiedje 1985; Ambus and 
L o m c e  1991; Oroffman et al. 1991). Rates of 
denitrification in rip- soils in the Cascade 
Mountains of Oregon an four to six times higher 
than in upslope fornts, and alderdominated teaches 
exhibit the highat observed rates (Gregory at al. 
1991). Alder is a common streamside plant and is 
also a nitrogen fixer; thus,alderdominated riparian 
areas an potential Sourcu of nitrogen in stream 
watn (Tarrant and Trappe 1971). As noted above. 
elevated rates of dcnitrification may negate the 
contribution of alders, but it is possiblc for s x m e l y  
high concentrations of nitrate (> 5 mg NO,-Nn) to 
occur where liner inputs are high and water 
velocities are low (Taylor and Adamus 1986). These 
conditions have been observed primarily in the Coast 
Range where alder may extend from saeam's edge to 
the ridgeline. 

Catchments generally procus nitrogen efficiently 
because it is such a biologically imponant element. A 
small western basin retained approximately 99%of 
the nitrate that entered in precipitation (Rhodes et al. 
1985). Loss of nitrogen from terrestrial ccosystetns is 
mediated by uptake in the aquatic ecosystem, 
particularly in nitrogen-limited ccosystrms, such as 
the basaltdomiuated Pacific Northwest (Ttiska et al. 
1982, 1984). Studies of nitrogen uptake in streams of 
the Cascade Mountaim indicate that approximately 
90% of the nitrate or ammonium introduced into 
sttearn water is assimilared w i t h  500-2.000 m, 
depending on the size of the sueam (Lamb& and 
Gregory 1989; D'Angelo et al. 1993). 

Phosphorus 
Phosphorus in surface watm is lacgcly derived 

fmm mineral sources. Inorganic phosphorus includes 
many compounds incorporating the phosphate ion 
(PO; -3. C o m t t a t i o ~ ~ ~of inorganic phosphorus ate 
low in many geologic anas, and as a nsult, 
phosphorus commonly is a limiting nutrient for 
primary production and microbial processes ( W e 1  
1983). In much of the Pacific Northwest. however. 
the basaltic parent geologic material conrains 
abundant and relatively easily weathered forms of 
inorganic phosphorus; thus, concenuations of 
phosphoms in streams and rivers commonly aced 
10 pg POPO,-P.L1 (Ftedriksm et al. 1975; Salminen 
and Beschta 1991: Bakke 1993). 

3 Physical and Chemical Processes 

3.8.2 Nutrient Spiraling and RetenUon 
Nutrient cycling is o f m  viewed as a closed 

system in which chemicals pass through various 
states and reservoirs within the ecosystem of interest. 
Strean ecosystemsprrsmt an imem.ting canuast to 
lhis pcrsp&ve because of their unidirectional flow 
from headwaters to large rivers to the ocean.The 
Nutrient Spiraling Concept was developed to more 
accurately t ep rcx~t  the spatially dependent cycling 
of nutrients and the processing of organic matter in 
lotic efosystrms (Newbold et al. 1982; Elwood et al. 
1983). 

The longi~dinalname of stream and rivers 
strongly influcmespatterns of nutrient uptake. In the 
Nutrient Spiraling Cwcept, one complete cycle of a 
nuttient depends upon the average distance a nutrient 
atom moves in the water ComparKnent (i.e., the 
uptake length), the average distance a nuaient atom 
moves in the particulate camp-t, and the 
average distance a nutrient atom moves in the 
consumer compartment. Thc Nutrient SpMing 
Concept provides a useful framework to investigate 
the dynamics of dissolved and partidate material in 
st- and rivers (Mulholland 1992). Alteration of 
riparian areas, stream ChaMels, and biotic 
assemblages can be viewed in t ~ m sof changes in 
flux and uptake, the two major components of 
spiraling length. Efficiency of wtrimt use can be 
quantified in terms that are Aevaaf to the cycling of 
nutrients along a river valley or drainage network. 

Downsueam vanspon of dissolved or particulate 
material is a complex function of physical uapping. 
chemical exchange, and biological uptake (Miihall 
et al. 1983: Spcaker et al. 1984). Retmtion of 
material in streams is not nccessariIy uniform along a 
reach of stream. Physical discontinuities, such as 
debris dams,boulders, pools, and sloughs, alter 
retention patterns. The ionic s m g t h  or salinity of 
surface water tends to innease from headwaters to 
large rivers, rdlceting the ammulation of 
weathering products and material produced by 
terntrial and aquatic eoasystems (Dahm et al. 
1981). Spiraling length iaaeaseS and reteation 
efficiency decreases as streams become larger 
because of the d-ed friction, incnased average 
velocity, and lower probability of being trapped by 
bed mattrial. This panem is moderated in braided 
channels and at high flows as streams flow out of 
their banks and are slowed by the m g h s s  of 
adjacent forests and floodplains (Welcommc 1988; 
Junk et al. 1989; Sparks et al. 1990). 

Diffetent environments may alter retention 
patterns for dissolved and particulate matter. Areas 
of intense biological activity increase biotic uprake 
and alter pattuns of retention. Simplification of 
stream ecOSySteM will tend to make 10ngitUdid 
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panem of retention more uniform and less efficient, 
thus lowering biological productivity. 

Retention of material represents a fundamental 
ecological feature that integrates the supply and use 
of nutrients and food resources. Historically, salmon 
and lamprey carcasses brought significant quantities 
of organic maner from the Pacific Ocean into 
freshwater ecosystems of the Pacific Northwest 
(Bilby and Bison 1992). The abundance of salmon 
carcasses has long bem correlated with the 
productivity of sockeye lakes in Alaska for the 
subsequent year class (Donaldson 1967). Recent 
smdies have demonstrated that as much as 30% of 
the ziitrogen'for higher trophic levels in streams in 
the Pacific Northwest may be derived from marine 
ecosystdms (Bilby et al. 1996). In addition, retention 
of carcasses in stream has been l i e d  to channel 
complexity and abundance of wwdy debris 
(Cederholm and Peterson 1985). Declines in 
anadmmous fishes in the Pacific Northwest may 
signal more fundamental changes in productivity of 
stream ecosystems than the simple loss of stocks or 
species. 

Disturbances can acceleratcor slow the loss of 
nutrients and the efficiency with which termtrial and 
aquatic ecosystems use them (Vitousek and Melilo 
1979; Beschta 1990). Generally. such disturbances 
disrupt nutrient cycling over the short-term (i.e., less 
than a decade) (Resh et al. 1988). but as ecosystems 
recover, they more efficiently cycle available 
nutrients. Many disturbances also increase habitat 
complexity (Swanson et al. 1982a), thereby 
increasing the efficiency of retention after an initial 
recovery period (Bilby 1981; Aumen et al. 1990). 
The frequent disturbances associated with stream 
ecosystems make them one of the most dynamic 
ecosystems with respect to nutrient cycling and biotic 
community organization ( M i l  et al. 1985; 
Minshall 1988). Changes in community organization 
and process rates in response to changes in long-term 
nutrient availability may not be fully exhibited for 
years (Stottlemyer 1987: Power er al. 1988; Peterson 
et al. 1994). 

3.9 Roles of Riparian Vegetation 
Riparian mny constitute the inwface between 

terrestrial and aquatic ecosystems (Swanson et al. 
1982b; Gregory et al. 1991), performing 6 number of 
vital functions that affect the quality of salmonid 
habitats as well as providing habitat for a variety of 
terrestrial plants and animals. While processes 
occul~ing throughout a watershed can influence 
aquatic habitats, the most direct linkage between 
terrestrial and aquatic ecosystems occurs in the 
riparian area adjacent to the stream channel. 
Consequently, the health of aquatic systems is 
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inexmcably tied to the integrity of the riparian zone 
(Gregory et al. 1991; Naiman et al. 1992). 

Riparian vegetation provides numerous functions 
iacludiig shading, stabilizing streambanks, 
controlling sediments, contributing large wwdy 
debris and organic liner, and regulating the flux and 
composition of nuuients (FEMAT 1993; O'Laughlin 
and Belt 1994; Cederhoim 1994). Riparian-aquatic 
interactions are now r c c o ~by scientists as so 
imponant that riparian buffers have bem established 
as a mual element of forest practices rules and 
watershed restoration efforts. Authors in several 
recent publications have advocated a functional 
approach to riparian management, attempting to 
identify "zones of influence" for critical riparian 
processes WcDade et al. 1990; FEMAT 1993; 
O'Laughlin and Belt 1994). These approaches 
recognizethat the influence of riparian vegetation on 
stream ecosystems generally diminishes with 
increasing distance from the sueam channel. In this 
section, we review principal functions of riparian 
vegetation and s m m a r k  the available literature on 
zones of riparian influence. Riparian zones of 
influence and effenive riparian buffer widths are 
elaborated funher in Pan XI, Section 14.2.3. 

3.9.1 Shade 
In small headwater streams, riparian vegetation 

moderates the amount of solar radiation that reaches 
the stream channel, thereby dampening seasonal and 
die1 flucluations in stream temperature (Beschta et al. 
1987) and controlling primary productivity. The 
effectiveness of riparian vegetation in providing 
shade to the st- channel depends on local 
topography, channel orientation and width, forest 
composition, and stand age and density (Beschta et 
al. 1987; FEMAT 1993). Naiman et al. (1992) report 
that in westside forests the amount of solar radiation 
Mching the stream channel is approximately 1%-3 % 
of the total incoming radiation for small streams and 
1056-2546 for mid-order streams. In winter, 
sueamside vegetation provides insulation from 
radiative and convective heat losses (see Section 
3.7.1). which helps reduce the fmquency of anchor- 
ice formation (Murphy and Meehan 1991). Thus, 
riparian vegetation tends to moderate stream 
temperatures year round. The numerous biological 
and ecological consequences of elevated stream 
temperatures on salmonids include effects on 
physiology, growth and development, life history 
patterns, competitive and predator-prey interactions, 
and disease (see Section 4.3). 

The FEMAT (1993) repon presents a generalized 
curve relating cumulative effectiveness of the riparian 
canopy in providing shade relative to dismce from 
the stream channel for westside forests (Figure 3-2). 
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F~gure3-2. Riparian forest effect on streams as a 
function of buffer width. From FEMAT (1993). 

They propose that for these systems close to 100% of 
the potential shade value (rmly complete canopy 
cover) can be maintained by buffer widths equal to 
one site-potential tree height (i.e., the potential height 
of a mature tree at the panicular location). In the 
Oregon Coast Range and western Cascades, buffer 
zones of 100 feet or more can provide as much shade 
as intact old-growth forests (Brazier and Brown 
1973; Steinblurns et al. 1984). Similar assessments 
for eastside forests as well as arid and semi-arid 
shrublands have not been published; effective buffers 
widths in these systems may differ substantially. 

3.9.2 Bank Stabilization 
Riparian vegetation increases streambank stability 

and resistance to nosion via two mechanisms. F i t ,  
roots from woody and herbaceous vegetation bind 
soil panicles together, helping to maintain bank 
integrity during erosive high-sueamflow events 
(Swanson et al. 1982b). Diime assemblages of 
woody and herbaceous plam may be more effective 
in maintaining bank stability than assemblages 
dominated by a single species; woody roots provide 
strength and a coarse root network, while fme roots 
till in to bind smaller panicles (Elmore 1992). The 
root matrix promotes thc formation of undercut 
banks, an imponant habitat characteristic for many 
salmonids (Murphy and Mcehan 1991). Second, 
stems and branches moderate current velocity by 
increasing hydraulic roughness. East of the Cascades, 
grasses, sedges, and rushes t a d  to lie down during 
high flows, dissipating energy and protecting banks 
from erosion (Elmore 1992). 

Riparian vegetation may also facilitate bank- 
building during high flow events by slowing stream 
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velocities, which in tumhelps to fitc.r sediments and 
debris from suspension. This combing action helps to 
stabilize and rebuild streambanks, allowing the 
existing channel to narrow and deepen, and 
increasing the effectiveness of riparian vegetation in 
providiig bank stability and shade (Elmore 1992). 
During overbank flows, water is slowed and fme silts 
are deposited in the floodplain, i n ~ a s i n g  future 
productivity of the riparian zonc. 

Vegetation immediately adjacent to the Stream 
channel is most importam in maintaining bank 
stability. The FEMAT (1993) report suggests that the 
role of roots in maintaining streambank stability is 
negligible at distances of greater than 0.5 tree heights 
from the stream channel (Figure 3-2). In wide valleys 
where stream channels are braided, meandering, or 
highly mobile, the zone of influence of root StNCtUre 
is substantially greater. 

3.9.3 Sediment C O ~ I ~ ~ O /  
The regulation of s d i m a t  flow is a major 

function of thc riparian zone. Riparian vegetation and 
downed wood in the riparian zone can reduce the 
amount of s e d i i t  delivered from upland areas to 
the stream channel in several ways. By providing 
physical barriers, standig or downed vegetation can 
trap sediments moving ovnland during rainfall 
events. Riparian zones, however, are less effective in 
regulating channelized erosion. Most surface erosion 
occurs in chsancliid flows tbatmay travel thousands 
of feet (Belt et al. 1992; O'Laughli and Belt 1994). 
Thus. riparian vegetation may have little influence on 
sediments derived from outside of the riparian zone. 
Riparian vegetation may also i d m c e  sediment 
inputs by reducing the l i i d  of mass failures 
along the sueam channel through the stabilizing 
action of m s  and by buffering the stream from 
mass wasting that initiates in upland areas, although 
riparian vegetation may have litde effect during 
Large, deep-seated landslides (Swznson et al. 1982b). 

The zone of riparian influence for sediment 
regulation is difficult to defmc because of different 
ways sediment may enter the stream channel. The 
FEMAT (1993) review of the literature suggests that 
riparian zones greater than 200 feet (i.e., about one 
site-potential tree height) from the edge of the 
floodplain are probably adequate to remove most 
sediment from overland flow. However, O'Laughlin 
and Belt (1994) suggest sediment control cannot be 
achieved through riparian zones alone because 
channel -ion and mass wasting are significant 
sources of sedimentation in forested streams. For 
these events the zone of influence may extend several 
hundrcd meters from the floodplain (FEMAT1993). 
depending on the soil type, slope steepness, and other 
factors that influence the susceptibility of hillslopes to 
mass wasting or channelized erosion. 
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3.9.4 Organic Litter 
Riparian vegetation contributes significant 

quantities of organic liner to low- and mid-order 
streams. This litter constitutes an important food 
resource for aquatic coonmities (Naiman et al. 
1992). The quality, quantity, and timing of liner 
delivered to the stream channel depends on the 
vegetation type (i.e.. coniferous versus deciduous), 
stream orientation, side slope angle, stream width. 
and the amount of stream meander (Cumminset al. 
1994). In coniferdominated riparian wnes, 
40%-50% of the organic liner consists of low quality 
cones and wood, which may take several years to 
decades to be processed. In contrast, high quality 
material from deciduous forests may decay within a 
year. Although conifers have the greater standing 
biomass, shrub- and herbdominated riparian 
assemblages provide significant input in many 
streams (Gregory et al. 1991). Over 80% of the 
deciduous inputs, primarily leaves. are delivered 
during a 6-8 week period in the fall (Naiman 1992). 
while coniferous inputs are delivered throughout the 
year (Cummins n al. 1994). 

The extent of the riparian zone of influence for 
organic-liner inputs depends on geomorphology and 
stream size. Upland forests beyond the riparian zone 
can contribute liner to small stream in steep basins 
through direct leaf-fall and overland transport of 
material by water. Larger streams (3rd to 5th order) 
are more influenced by vegetation in the immediate 
riparian zone. Large lowland stream tend to have 
complex floodplain channels with minimal upland 
interactiom. However, the lateral movement of 
unconstrained alluvial channels effeaively increases 
the potential riparian wne of influence. In westslope 
forested systems, most organic material that reaches 
the stream origiaates within 0.5 tree heights from the 
stream channel (Figure 3-2) (FEMAT 1993). 
Vegetation type may also influence the riparian zone 
of influence because deciduous leaves may be carried 
greater distances by the wind than coniferous liner. 

3.9.5 Large Woody Debris 
large woody debris (LWD) provides critical 

structure to sueam chamds, although full 
recognition of the importance of large wood in 
stream ecosystems has only come in the last 20 years 
(Swanson et al. 1976; Swanson and Limkaemper 
1978; Harmon et al. 1986). For more than 100 
years, large wood was removed from stream 
channels in the United States to facilitate boat traffic 
and the floating of logs downsueam. In addition, up 
until the late 1970s and early 1980s. biologists 
viewed large wood as an impediment to fish 
migration and recommended clearing woody debris 
from stream channels (Sedell and Luchessa 1981). 
Consequently, the many roles of large wood in 

streams, from small headwaters to large river 

systems, have been greatly d i s h e d  over time. 


Large wood enters the stream channel through 
two different pathways: the steady toppling of trees 
as they die or arc undercut by sueamtlow, and 
catastrophic inputs associated with windstom, mass 
failures, and debris torrents (Bisson et al. 1987; 
Cummins et al. 1994). Once in the stream channel. . 
large woody debris influences coarse sedimmt 
storage; increases habitat diversity and complexity, 
gravel retention for spawning habitat, and flow 
heterogeneity; provides long term nutrimt storage 
and substrate for aquatic invertebrates; moderates 
flow disturbances; increases retention of 
allochthonous inputs, water, and nutrients; and 
provides refugia for aquatic organisms during high- 
and low-flow events (Bisson et al. 1987). The ability 
of large wood to perform these functions depends in 
pan on the size and type of wood. In general, the 
larger the ssize of the debris, the greater its stability 
in the stream channel, since higher flows are needed 
to displace larger pieces (Bilby and Ward 1989). In 
addition. coniferous logs are more resistant to decay 
than deciduous logs and hence exhibit greater 
longevity in the stream channel (Cummins et al. 
1994). 

Although LWD performs essential functions in all 
streams, the relarive importance of each of the 
processes listed above varies with stream size. In 
small, steep headwater st- (1st and 2nd order), 
large volumes of stable LWD tend to dominate 
hydraulic processes. Gmesally, woody debris is large 
enough to span the mtire channel, d t i n g  in a 
stepped longitudinal profile that facilitates the 
formation of plunge pools downstream of 
obsmctiom (Gn?uu et al. 1990). This stepped profile 
increases the frrsuency and volume of pools, 
decreases the e f f d v e  smambed gradient, and 
increases the retention of organic material and 
nutrients within the system, thus facilitating 
biological p m s i n g  (Bisson et al. 1987). Woody 
debris within the channel increases velocity 
heterogmeity and habitat complexity by physically 
obsmcting the streamflow, mating small pools and 
short riffles (Swanston 1991). Diverted cumnts 
create pools (plunge, lateral, backwater) and riffles, 
flush s e d i i t s ,  and scour streambanks to create 
undercut banks (Cumminset al. 1994). In sedi in t -
poor systems, LWD retains gravels that are essential 
for spawniag salmonids. Larger debrisdams store 
fine sediment and organic materials, reducing their 
rate of transport downstream. In addition debris- 
protect the downstream reaches from rapid changes 
in sediment loading, which may degrade spawning 
gravels, fill pools, and reduce invertebrate 
populations. 
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In mid-order sueams, large woody debris 
functions primarily to inCnaae channel complexity 
and flow heterogeneity by 1) anchoring the position 
of pools along the thaiweg. 2) creating backwaters 
along the swam margin, 3) causing lateral migration 
of the channel, and 4) increasing depth variability 
(Mwr  et al. 1988). Large wood dcposits tend to 
ocnu along margins, or in mid-channel where 
physical obstructions such as gravel bars coIIect 
wood (Bisson et al. 1987). Bilby and Ward (1989) 
examined streams in western Washington and found a 
number of diffmnccs in the roles of large wood in 
relation to stream sS.Average diameter, length, 
and volume of pi- of wood wen generally greater 
in mid-order streams than in low-orda stream. 
Large wwd was imponant in pool formation in mid- 
sized sueams;~however, these were mom likely to be 
debris-scour pools than plunge podls. In addition, the 
ability of wood to accumulate s e d i i t  diminished as 
srnams became larger, a d  t  of inaulsed stream 
power. Distributions of organisms associated with 
woody debris, including various salmonids, changed 

-relative to the changes in woody debris distribution 
along the ssnuu channel. Other important functions 
of large wood in mid-order streams indude the 
retention of salmon carcasses and organic detritus, 
which provide nutrients to the flora and fauna within 
the stream and in the adjacent riparian area (Bilby et 
al. 1996). 

The role of large woody debris in high order 
streams is generally less well donunmted; however, 
historical records indicate that large debris jams once 
played a major role in floodplain and chamel 
development on major rivers, such as the Willamctte 
River in Oregon and other systems in the Puget 
Lowlands of Washington (Sedell and Luchessa 1981). 
In these high-order srrrams, large woody debris 
increased channel complexity by crcaling side 
channels, backwaters, and ponds, as well as &gia 
for aquatic organisms duriug winter storm events. 
During high flows, sediments w m  deposited on the 
floodplains and in riparian zones, increasing the 
productivity of these soils. Extensive snag m o v a l  
and channelization over the last 100 years have 
d i s h e d  these roles of wwd in larger river 
systems. Today, solitary p i e s  of woody debris are 
generally not large enough to span the active channel 
or substantially modify flows (Maser et al. 1988). 
although woody debris along thc outside bends of 
river banks provides habitat in an othmvise 
simplified habitat zone (Swanscon 1991). Wood snags 
that remain in the main channel are utilized by 
insectsand fish, particularly in larger river systems 
with unstable sand subsmte (Marzolf 1978: Benke et 
al. 1984). 

Defining the zone of influence for input of all 
sources of large woody debris is difficult because 
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methods of delivery differ. Most wood likely enters 
the stream from toppling or windthrown tras; 
however, wood may also enta  the channel through 
mass waning and debris torrents, The l i e l i  that 
a falling tree will entcr the stream channel depends 
on tree height, d i m c e  from the stream channel, and 
the nature of the terrain. On level terrain, the 
d i i o n  that a tree will fall is essentially random 
(Van Sickle and Gregory 1990; Robion and Beschta 
1990b) except along streambanks, w h m  uudercuttiug 
causes trees to lean and fall in the direction of the 
channel.On steep tnrain, however, t h m  is 
generally a higher probability that the tree will fall 
downslope into the stream channel. The greatest 
contribution of large wood to srreams comes from 
trees withiin one me height of the channel that topple 
into the smam (Figure 3-2) (FEMAT 1993). 
McDade et al. (1990) found that source distances of 
LWD were as far as 55 m from the stream channel 
in old-growth forests of the Coast and Cascade 
ranges (OR and WA) with average me heights of 
57.6 m. Murphy and Koski (1989) found thatmost 
(99%) large wood (pieces > 3 m in length) in 
southeastern Alaskan streams originated within 30 m 
of the chamel (approximately 0.75 uee heights). For 
episodic inputs of large woody debris via mass 
wasting and debris torrents, defining the zone of 
influence becomes more difficult. The l i l i o o d  of 
wood entering the stream will vary with conditions 
that conuol the fregumcy of mass wastiag, iaciudig 
the slope, soil type, and hydrology. Assessing 
appropriate zones of influence for these events is 
probably beyond our current level of scientific 
understanding. Cummins et al. (1994) and Reeves et 
al. (1995) repon that O-order channels generate most 
landslides containing mes and coarse s d i t s .  

3.9.6 NuMents 
Riparian zones mediate the flow of nutrients to 

the stream and are, therefore, imponant regulators of 
stream production. Subsurface flow from upland 
areas carries nutrients and dissolved organic maner to 
the riparian zone, where these materials are taken up 
by vegetation for plant growth or are chemically 
altmd (Naiman et al. 1992). Lowraace et al. (1984) 
found that even narrow riparian zones along streams 
in agricultural lands signifiwntly affected stream 
chemistry. Riparian forests madie the chemical 
composition and availability of carbon and 
phosphorus, and they promote soil denivification 
through changes in the position of oxic-anoxic zones 
(Pinay a al. 1990 in Naiman et al. 1992). During 
overbank flows, nutrients from floodwaters may be 
absorbed by riparian vegetation, reducing the total 
nutrient load in the stream (Cummins et al. 1994). 
Llissolved organic maner inputs can occur from 
numerous sources besides groundwater. These 
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include leachate from entrained liner and large 
woody debris in the channel, algal, invenebrate, and 
fish excretions; and floodplain Capture at the time of 
inundation (Gregory et al. 1991). 

We found no published attempts to defm zones 
of influence for nutrient cycling. Most likely, this 
reflects the difficulty in tracing the movement of 
nutrients, particularly with those elements such as 
nitrogen for which the number of alternative 
pathways is great. As discussed in Section 3.8. 
conditions throughout the wate.rshed iniluence stream 
chemistry; consqumtly, the m e  of iniluence 
extends to the top of the watershed, even though it 
may be before nutrients ultimately find their 
way to the stream. However, the zone of most 
intense' interaction is withii the floodplain and 
hyporheic zones, where subtle changes in oxygen 
levels can dramatically affect nutrient composition 
and bioavailabiiity. 

3.9.7 Microclimate 
Although not well documented (O'Laughlin and 

Belt 1994). streamside vegetation can have a 
significant influence on local microclimates near the 
stream channel (FEMAT 1993). Cben (1991) 
reported that soil and air temperatures, relative wind 
speed, fiumidity, soil moisture, and solar radiation all 
changed with increasing distance from clear-cut edges 
in upslope fomts of the western Cascades. Based on 
Chen's results, FEMAT (1993) concluded that loss of 
upland forests likely influences conditions within the 
riparian lone. F m A T  also suggested that riparian 
buffers necessary for maintaining riparian 
microclimates need to be wider than those for 
protecting other riparian functions (Figure 3-3). 

3.9.8 Wiidiife Habitat 
Although riparian areas generally constitute only 

a small percentage of the total land area, they are 
extremely imponant habitats for wildlife. The 
attractiveness of riparian zones to wildlife likely 
reflects t h m  attributes: the p m c e  of water, which 
is essential to all life and generally scarce in the 
West (particularly east of the Cascade crest): local 
microclimatic conditions; and the more diverse plant 
assemblages found in riparian areas compared to 
surrounding uplands. The last characteristic derives 
from the dynamic nature of riparian zones, which 
typically leads to a mosaic of plant assemblages in 
different stages of ecological succession (Kauffman 
1988). Brown (1985) repom that 87% of wildlife 
species in western Oregon and Washington use 
wetlands or riparian areas during some or all of their 
life cycle (FEMAT1993). Thomas et al. (1979) 
found that 82% of all terrestrial vertebrates in the 
Great Basin of southeastern Oregon are either 
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Figure 3-3. Riparian buffer effects on microdimate. 
From FEMAT (1993). 

directly dependent on riparian zones or use riparian 
habitats more than any other habitat. Dependence of 
a majority of species on riparian zones has been 
demonstrated for all major vertebrate classes. Bury 
(1988) reported that 8 of 11 species of amphibians 
and 5 of 6 species of reptiles in Oregon either reside 
or breed in aquatic or riparian habitats. In northern 
California, approximately 50% of both reptiles and 
amphibians prefer riparian or aquatic habitats 
(Raedeke et al. 1988). Raedeke (1988) reviewed the 
published literature and found that 67% of native 
large mammals in the Pacific Northwest either 
depend on riparian areas or are more abundant in 
riparian areas than in surrounding uplands. Similar 
preferences for riparian habitat by small mammals, 
and especially bars, have also been documented 
(Cross 1988). Beschta et al. (1995) report that 55 
species of birds in Oregon (approximately 46% of the 
total for which data were available) depend on or 
exhibit preferences for riparian habitats. For eastside 
ecosystems, the dependence of birds and other 
species on riparian zones is likely higher than for 
westside systems, where water and forests are more 
abundant. 

3.10 Implications for Salrnonids 
The above discussion highlights the highly 

complex array of physical and chemical processes 
that occur across the landscape, in the riparian zone 
adjacent to streams and rivers, and withii the stream 
channel. Large-scale geomorphic and climatic 
processes have together shaped the landscape of the 
Pacific Northwest, exerting dominant control over 
channel gradient and mntiguration. Although these 
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processes operate at Jcales of thousands to millions 
of years (Table 3-6).thcy an,neverheless, 
important to consider in the development of salmonid 
conservation strategies. The current distribution of 
salmonids and other fish species in the Pacific 
Northwest is a direct consequence of tectonic activity 
dating back tens of millions of yean that has both 
isolated and monnected drainage b a s h  through 
vertical lift and shifted subplates (McPhail and 
Lindsey 1986; Mincklcy et al. 1986). Similarly, 
climatic shifu and glaciation have alternately 
e l i e d  and stimulated reinvasion of fishes over 
significant portions of the Pacific Nonhwest 
landscape, as well as redistributed species im lower 
elevations or more southerly areas. Funhamore, the 
isolation of individual populations by geomoxphic and 
glacial processes over time has allowed the evolution 
of unique stocks and species. Evolutionarily 
significant units (Waples 1991b) reflect the historical 
legacy wrought by geologic and climatic conditions 
over the millennia as wdl as adaptation to local 
environmental conditions that have prevailed since 
the last glacial period. Finally, long-term geomorphic 
and climatic processes together with hydrologic 
processes and vegetative cover, determine the rate at 
which nutrients, sediments, organic material, and 
water are transponed from upsLope areas into the 
stream chamel. Consequently, the geomorphic and 
climatic setting determines the normal background 
rates of these processes, regulates the frequency and 
magnitude of natural episodic disturb- that reset 
and replenish streams, and govern the responses of 
specific watersheds to human perturbations. 

Nested within this gmmorphic and climatic 
context am a number of physical and chemical 
processes that funher modify the landscape and that 
directly influence stream channel ~ h a r a ~ t e r i s t i ~  and 
water chcmistty. These processes include surface 
erosion, landslides, floods, debris torrents, ice flows, 
droughts, beaver activity, and wildfii, and they 
operate at ecological times scales-generally from 
days to decades or centuries-regulating the input of 
sediment, nutrients, and organic material to the 
stream (Table 3-6). The riparian zone acts as the 
interface bemen terrestrial and aquatic ecosystems, 
moderating the effens of upslope processes as well 
as providing other critical functions (e.g., shading, 
bank stabilization, nutrient transformation, 
allochthonous inputs). Together, these processes 
determine macrohabitat characteristics, such as 
general channel morphology and pool-riffle se- 
quences as well as microhabitat characteristics, such 
as depth, velocity, cover, temperature, and substrate. 

3 Physical and Chemical Processes 

The processes that influence salmonid hab'itats 
may be either cyclical in their occummce (e.g., 
seasonal temperanue, sueami'low, and leaf-fall 
patterns), or episodic in nature (cg., wildfires, 
landslides, floods, debris torrents). It is critical to 
recognize that these c y c k  or disturbances are 
fuadamental and vital pans of ecosystem function, 
even though t h 9  may be temporarily disruptive of 
aquatic ecosystems. Studies of geomorphology and 
palcoec4logy indicate that disturbance is cont~~ual,  
sometimes across large areas, and often 
unpredictable. In eastside ecosystems the changes are 
most o h  associated with climatic changes that 
render vegetation more susceptible to disturbances 
such as fire and disease (Johnson et al. 1994). 
Eastside forests and rangelauds have evolved with 
periodic disturbances, and when they do not receive 
them, they become increasingly unstable (Henjum et 
al. 1994; Johnson a al. 1994). If drought or fire do 
not alter these systems, then disease or insects will. 
Naturally occurring mass-soil movements and erosion 
introduce large woody debris, rock, gravel, and fine 
materials into stream channels, substantially 
modifying conditions for salmonids. Floods and 
debris t o m  am dominant disturbarms affecting 
westside stream systems (Swanston 1991) and may 
significantly altu channel morphology, scouring 
channels and creating debris jams and coarse 
sediment deposits that eventually produce important 
spawning and rearing areas for salmonids. 

Salmonids have evolved not only to the general 
conditions that am typical of a watershed, but to q e  
specific disturbance regimes found in that watershed. 
Human activities potentially modify disturbance 
regimes in three distinct ways: by increasing the 
frequency of disturbance events. by altering the 
magnitude of these events, and by affcctiag the 
response of the stream channel to disturbance events 
through modification of instream characteristics. 
Sediment delivery, for example, is essential to the 
development and maintenance of spawning gravels 
for salmonids. However, alteration in sediment 
composition, delivery rates, or fa* can be damaging 
to salmonids, resulting in the degradation of 
spawning gravels and rearing habitats. Similarly, 
floods and droughts are important determinants of 
fish assemblage structure; however, increa .~  in the 
frequency of these evens may result in population 
declines, shifu in community structure, and 
decreases in biodiversity. The effec*; of human-
caused alterations on salmonids and their habitats are 
discussed in greater detail in Chapter 6 of this 
document. 
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Table 58.Approximate ranges of recurrence of landscape and channel-forming processes and the effects of 

these events on stream habiiats. Modiid from Swanston (1991). Reproduced wah permission from the 
publisher. 

Range of 
recurrence 

Event (yeam) 

Tectonics 1,OM) -1,000,000 

I 

Climatic 1,000- 100.000 
change 

-
Volcanism 1.000 -1M)IMO 

Slumps and 100-1,000 

earVlRows 


Wldfire 1-500 

Windthrow 10-100 

Insects and 10-100 
dlsease 

Channel changes 

Creation of new drainages: rnajw 
chard changes including stream 
capture because of regional 
upwarping and faulting. 

Major changes in channel direction; 
major changes in channel grade 
and configuration; valley 
broadening or downcutling; 
alteration of fiow regime. 

Local blocking and diversion of 
channel by mudflows and tephra; 
valley fi lhg and widening; major 
changes in channel grade and 
contguabkn. 

Low-level. long term contibutions 

of sediment and large woody 

debris to sham channels; partisl 

blockage of channel: local base 

kvel constriction below point of 

enby; s h i i  inchannel 

cormguration. 


lnmased sediment delivery to 
channels; increased brge wwdy 
debris in channels; loss of riparian 
vegetation cover: decreased 
litterfall; increased channel flows; 
increased nutrient levels in 
stream. 

Increased sediment delivery to 
channels decreased litterfall; 
increased brge woody debris in 
channel; loss of riparian cover. 

lnaeased sediment deli~ely to 
channels; loss of riparian 
vegetabon cover: increased large 
wwdy debris in channels; 
decreased litterfall. 

Habitat effeds 

Subsidence in alluvial and 
coastal fills creating zmes of 
deposition with incteased fines: 
Steep erosive channels caused 
by upwarping .leadsto coarser 
sediments. 

Changes in type and distribution 
of spawning gravels; changes in 
frequency and timing of 
disturbance events; $hh?s in 
species composition and 
dimity.  

Changes in type and distribution 
of spawning gravels. Major 
inputs of sand and silt from 
tephra. 

Siltation of spawning gravels; 
scour of channel below point of 
entry; accumulation of gravels 
behind obstrudions; partial 
blockage of fish passage; local 
flooding and disturbance of side- 
channel rearing areas. 

Increased sedimentation of 
spawning and rearing habitat; 
inaeased summer 
temperatures; decreased winter 
temperatures; increased rearing 
and overwntering habitat 
decreased availability of fine 
woody debris: increased 
availabil'' of food organisms. 

In-ed sedimentation of 
spawning and rearing habiit; 
ina-eased summer 
temperatures; decreased winter 
temperatures: increased rearing 
and over-wintering h a b i i  
deueased fme organic debris. 

Increased sedimentation of 
spawning and rearing h a b i  
increased summer 
temperatures; decreased winter 
temperatures: increased rearing 
and ovemntenng h a b i i  



Part I-Technical - Foundation 3 Physical and Chemical Processes 

Table 56.Approximate ranges of recurrence of landscape and channebforming processes and the effects of 
these events on stream habitats. Modifad from Swanston (1991). Reproduced with permission from the 
oublisher. 

Range of 
w m n w  

Event (yeam) Channel changes 

Activities of 5- 100 Channel damming; obstruction and 
beavers redlraction of channel flow; flooding 

of banks and side channels: 
ponding of streamflow; siltation of 
gravels behind dams. 

Debris 5-100 Large. short-term increases in 
avalanches sediment and large woody debris 
and debris conbibutions to channel; channel 
torrents scour: large-scale movement and 

rediibution of bed-load gravels 
and large woody debris: damming -
and obkd ion-of  channels; 
accelerated channel bank erosion 
and undercutting; alteration of 
channel shape by flow obslruction; 
flwding. 

Major 1.0-10 Increased movement of sediment 
StOllllS: and woody debris to channels; 
floods; rain- flood flows; local channel scour; 
on-snow movement and redistiibution of 
events coarse sediments: flushing of fine 

sediments; movement and 
redistribution of large woody debris. 

Seasonal 0.1-1.0 Increased flow to bank-full width; 
precipitation moderate channel erosion: high 
and base-flow erosion: increased 
discharge; mobility of in-channel sediment and 
moderate debris; local damming and flooding; 
storms; sediment transport by anchor ice; 
freezing and gouging of channel bed: reduced 
ice formation winter Rows. 

Daily to 0.01 -0.1 Channel width and depth; 
weekly movement and deposition of fine 
precipitation woody debris; k e  sediment 
and transport and deposition. 
discharge 

Habitat effects 

Improved rearing and 
overwintering habim; increased 
water volumes during low flows; 
slack-water and back-water 
refuge areas during floods; 
refuge from reduced habitat 
quality in adjoining areas; 
limitation on fish migration: 
elevated water temperatures; 
local reductions in dissolved 
oxygen. 

Changes in pool to rMe ratio; 
shiifb'ng of spawning gravels; 
siltation of spawning gravels; 
disturbance of side-channel 
rearing areas; blockage of Rsh 
access; filling and scouring of 
pools and rimes: formation of 
new rearing and overwintering 
habitat. 

Changes in pool to rWRe ratio; 
shiing of spawning gravels; 
increased large woody debris . 
jams; siltation of spawning 
gravels; disturbance of side- 
channel rearing areas; 
increased rearing and 
overwintering habitat: local 
blockage of fish access: filling 
and scouring of pools and riffles. 

Changes in pool to riffle ratio; 
siltation of spawning gravels; 
increased channel area; 
increased access to spawning 
sites: floodiig of sidechannel 
areas; amelioration of 
temperatures at high flows; 
decreased temperatures during 
freezing; dewatering of gravels 
during freezing; gravel 
disturbance by gouging and 
anchor ice. 

Minor siltation of spawning 
gravels; minor variation in 
sp;mning and rearing h a b i i  
increased temperature during 
summer low flows. 
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4 Biological Processes and Concepts 


The physical and chemical environment of aquatic 
ecosystem f o m  the template upon which biological 
systems at @I levels are organized (Southwood 1977; 
Poff and Ward 1990). The spatial and temporal 
p a n e q  of water quantity and velocity, temperature, 
substrate, and dissolved materials influence the 
physiology and behavior of organisms, the dynamics 
and evolution of populations and metapopulations, 
and the trophic structure and diversity of aquatic 
communities. Modification of physical and chemical 
attributes of water bodies through land-use and 
water-use practices, and direct alteration of specific 
biological components of these systems, can result in 
changes to individual organisms, populations, and 
communities. In this sanion, we briefly review some 
fundamental biological processes that occur in aquatic 
ecosystems, focusing on those processes that are 
likely to be affected'by modifications to physical and 
chemical habitat characteristics. 

4.1 Organism Level 
The survival of salmonids in the wild depend on 

their ability to carry out basic biological and 
physiological functions including feeding, growth, 
reproduction, respiration, hydromineral balance, 
smoltification (anadromous f o m ) ,  and migration. 
The fate of populations and the outcome of higher- 
level biological interactions-competition, predation, 
and disease-ultimately depend on the performance 
of individuals in obtaining food, defending space, 
maintaining physiological health, or otherwise coping 
with their ecological cimmstances. Characteristics of 
the physical and chemical environment of fish, 
particularly water temperature. regulate the rates at 
which these processes occur. A detailed discussion of 
the complex interactions between fish and their 
environments is beyond the scope of this document; 
however, a brief review of the fundamental biological 
processes is essential to understanding how habitat 
modifications may affect salmonids. 

4.1.1 Feeding and Growth 
Juvenile salmonids an generally opportunistic in 

their feeding habits while in freshwater, primarily 
consuming driftiig aquatic or terrestrial invertebrates 
in streams. and macminvenebrates and zooplankton 
in I - l - ~ c ~nr lrcnlan'rc Rnll trornr r c n w i ~ l l v i c  wall 

as resident rainbow and cutthroat trout. may feed on 
other fishes and amphibians during their adult stages, 
particularly in systems whne they attain large sizes. 
A summary of specific dietary items for anadromous 
and resident salmonids can be found in Meehan and 
Bjornn (1991); a more detailed examination of 
dietary habits of Pacific salmon can be found in 
Groot and Margolis (1991). 

Environmental conditions influence the demand 
for food, the amount and type of prey available to 
salmonids, the ability of fish to c a p ~ nprey, and the 
costs of obtaining food. Ingestion rates of fishes 
generally increase with increasing temperature, 
except when temperatures exceed the thermal , 
optimum for the species (Brett 1971). Low levels of 
dissolved oxygen may also lead to suppression of 
appetite in salmonids (Joblig 1993). Increased levels 
of sediment may alter substrate composition, filing 
substrace interstices, and thereby affecting the total 
abundance and composition of invertebrate prey. 
Similarly, reductions in finc and coarse organic litter 
inputs can both reduce the food base and alter habltat 
structure for prey organism. Turbidity in streams 
may reduce light penetration, decreasing the reactive 
distance of salmonids to prey and limiting production 
of benthic algae. Nuuicnt availability also affects 
total food availability by controlling primary 
production. For streamdwelling salmonids, the 
energetic costs associated with acquiring fwd depend 
on current velocities at holdiig and f d m g  stations. 
Many salmonids setk out areas of slow water 
velocity immediately adjacent to faster waters. 
presumably because these areas provide greater food 
p n  unit of energy expended in maintaining position 
(Smith and Li 1983; Fausch 1984). Heterogeneity of 
velocity, therefore, creates microhabitats that are 
energetically favorable. All of these factors can be 
affected by human alterations of habitat or watershed 
processes, fundamentally affecting the ability of 
individuals to satisfy their food intake requirements. 

Once food energy is consumed. it is used in a 
variety of metabolic processes. These include 
respiratory and circulatory processes that deliver 
oxygen to various tissues, maintenance of cells, 
digestion of food, assimilation and storage of 
nutrients, and various muscular activities (e.g., 
swimming and other behaviors). After satisfying 
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these demands, surplus energy that is not excreted as 
waste can be devoted to growth of body and 
reproductive tissues. A number of envimnmenral 
variables influence the growth rate of salmonids. In 
genertll, growth rates increase with increasing 
temperature up to a rhcnnal optimum. above which 
reductions in appetite and increasing metabolic 
demands combine to reduce the growth me. Growth 
rates of salmonids, as well as food conversion 
efficiency, may also be reduced when dissolved 
oxygen l ~ e l s  below 5-8 mg/L or 60%-70% of 
saturation (Jobling 1994). Other chemical factors that 
influence growth rate include ammonia and dimity 
(Moyle and Cech 1982). as well as various other 
pollutants. Because water velocity determines 
mnabolic demands of fish, it indirectly determines 
how much energy is available for anabolic processes. 
Thus, human-caused changes in water quality, namral 
flow regimes, or hydraulic characteristics all may 
inhibit growth and develofment of salmonids. 

4.1.2 Reproduct ion and Embryological 

Development 


Energy reserves of salmonids must be sufficient 
to allow for gamete production after growth and 
metabolic costs an incurred. Anadmmous salmonids 
have particularly high energy requirements because 
they must have sufficient m e s  to undergo lengthy 
migrations and negotiate baniers in order to reach 
the ocean and then return to their spawning 
tributaries. Modifications of temperature, water 
quality, streamflow, and physical strumre all affect 
how much energy can be devoted to reproductive 
output. The development of embryos and alevins in 
the gravel is affected by several environmental 
factors. Water temperature greatly influences times to 
hatching and emergence for Pacific salmonids. 
Development time decreases in an asymptotic fashion 
with increasing incubation temperatures with the a t e  
of change in development time relative to 
temperature increase being greatest at the low end of 
the tolerable temperature range (Beacham and 
Murray 1990). Consequently, small increases in 
temperature at the low end of the range can 
substantially alter the time of hatching and emergence 
of salmonids. Early emergence because of warming 
of water temperatures may increase exposure of fry 
to high-flow events and alter the natural synchrony 
between emergence and predator cycles or prey 
cycles. Scrivener (1988) found that chum salmon in 
Carnation Creek emerged and migrated to sea 4 to 6 
weeks earlier after logging wmpared with plogging 
yean in response to water temperature increases. In 
a companion study, Holtby (1988) reported that who 
salmon emerged up to 6 weeks early in response to 
logging. Temperatures may influence the size of 
emerging fry. For example, coho salmon reared at 
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4°C were larger than those reared at warmer 
temperatures @.%cham and Mwray 1990). In 
contrast, fry of pink salmon tended to be larger when 
reared at 8°C than when reared at 4°C. 

Dissolved oxygen concentrations in redds also 
influence the swival and development race of 
embryos and alevins, as well as the size of emerging 
fry (Warm1971). Streamflow may regulate the 
flow of water through redds and hence the levels of 
dissolved oxygen. Environmental changes, such as 
siltation or altered flow regimes, that reduce the flow 
of water can thus adversely affect embryo and alevin 
development and survival. Silt wncenuation in 
gravels may also impede emergence of fry. Phillips 
et al.(1966) found that emergence of coho fry 
decreased as the percentage of fme sediments in the 
gravel increased, presumably because of reduced 
oxygen content and increased difficulty of fry in. 
reaching the surface. Increased frequency of high 
scouring flows or debris torrents, which are 
associated with disturbed catchments (Swanston 
1991). may funher affect egg and alevin survival. 

4.1.3 Respiration 
Most of the energy used by salmonids to swim, 

locate food, grow, and reproduce is provided through 
metabolic processes that require oxygen. Because 
water contains d y  about 3.3% of the amount of 
oxygen contained in air, the efficient extraction of 
oxygen is critical to survival. Fi,and salmonids in 
panicular, have evolved elaborate gill structures that 
facilitate the uptake of oxygen for delivery to other 
pans of the body. Environmmtal wnditions can have 
a significant influence on the oxygen demands of 
fish, the amount of oxygen present in water, and the 
ability of fish to take up that oxygen. In general, the 
oxygen demands iucrease with increasing 
temperature, although oxygen consumption may 
decrease as temperatures appmach lethal levels, 
panicularly at high levels of activity (Brett 1971). In 
conuasr, dissolved oxygen levels in saturated water 

- are inversely proportional to temperature with water 
at 5'C holding approximately 30% more oxygen than 
water at 20'C. Oxygen demand is also influenced by 
water velocity, which determines the swimming 
speed required of salmonids to maintain their position 
in the cumnt. High levels of suspended solids in 
watw may mfluence respiration by abrading or 
clogging gill surfaces (Warm 1971). Similarly. 
pollutants can cause mucous secretions to coat gill 
surfaces, inhibiting the exchange of oxygen. 
Excessive amounts of algae and easily decomposable 
organic material in water increases plant and 
microbial oxygen demand, thereby decreasing 
dissolved oxygen concentration. Law levels of 
dissolved oxygen, in turn, impede the ability of 
hemoglobin within the blood to bind with oxygen. 
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effectively reducing the delivery of oxygen to body 
tissues (Moyle and Cech 1982). On the othn hand, 
gas supersaturation from dam spills and intense algal 
photosynthesis can create gas bubbles in tish gills and 
tissue, resulting in decreased respiratory efficiency, 
disease, or death. All of these factors can influence 
the ability of fish to satisfy their oxygen demands. 

4.1.4 Smoltiffcation 
The transition from fresh to salt water marks a 

critical phase in the life history of anadromous 
salmonids. Emigration to the ocean is.preceded by 
rapid physiological, morphological, and behavioral 
transformations that preadapt fish for life in salt 
water and initiate their downstream movement 
(Folmat and Dickhoff 1980; Wedemeyer et al. 1980; 
Groot 1982). Once at sea, newly amved smolts must 
acclimate to a markedly differ- set of ecological 
circumstances, including new food resources, new 
predators, and a substantially different physical 
environment. Much of the total ocean monality 
incurred by salmon smolts is believed to oocur during 
this period of early ocean life (Matmr and Shepard 
1962; Matthews and Buckley 1976; Walters et al. 
1978; Fisher and Pearcy 1988; Pearcy 1992). 
Consequently the timing of ocean enny is likely 
adaptive to maximize survival or growth (Miller and 
Brannon 1981; Riddell and Leggett 1981; Murphy et 
al. 1988; Beacham and Murray 1990). 

Because development and growth are highly 
influenced by water temperatures, modifications to 
thennal regimes can potentially alter the time of 
smoltification (reviewed in Wedemeyer et al. 1980; 
Hoar 1988). Similarly, temperature and streamflow 
patterns may be imponant cues for releasing 
migratory behavior (Hoar 1988). Consequently, 
alterations in nonnal hydrologic and thermal patterns 
may trigger movement into the ocean at times that 
are less favorable for growth and swival.  The pm-  
smolt transformation may also be affected by 
exposure to contaminants, includiig heavy metals, 
which alter enzymatic systems involved in 
osmoregulation and may inhibit migratory behavior 
(Wedemeyer et al. 1980). Structural alterations that 
hinder salmonids during the smolt transformation 
include loss of large woody debris and habitat 
complexity in streams and estuaries, which reduces 
cover and food supplies during this critical period. 

4.1.5 Summav 
A useful way of summarizing the effects of 

environmental factors on individual fish is through a 
simple energy budget. Food energy that is ingested 
by fish (I) has several potential fates. It is either 
expended during metabolic processes (M), deposited 
as new somatic (body) or reproductive tissue (G), or 
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excreted as waste products (E) (Jobling 1993). Thus 
the energy balance can be expressed as 

I = M + G + E .  
Environmental conditibns influence all aspects of 

a fish's energy budget. Temperature, in particular, 
has pervasive effects on bioenergetic pathways, 
affecting appetite, digestion rate, standard and active 
metabolic rates, and food conversion efficiency (i.e., 
the proponion of food energy absorbed by the f&). 
Because the energetic costs of swimming increase 
exponentially with increasing speed (Jobling 1993), 
water velocity determines how much energy is 
expended in maintaining position and obtaining food. 
Dissolved oxygen concentrations also affect food 
consumption and metabolic processes (Warren 1971), 
as do various chemical pollutants. These and other 
environmental factors interact to determine the 
amount of energy expended on metabolic processes, 
and hence determine the energy left over for growth 
and reproduction. When chauges in environmental 
conditions reduce the amount of food available or 
alter the efficiency with which food is captured and 
assimilated, the perfonname of individual fish 
declines. This reduction in performance, in Nm, 
affects the outcome of higher-level interactions 
including competitive, predator-prey, and disease- 
host relationships (see Section 4.3). 

4.2 Population Level 
Salmonid populations are noted for their complex 

life cycles, diverse life histories, and tendency to 
form locally adapted stocks. The interaction among 
various subpopulations (metapopulation dynamics) 
has imponant implications for conservation. 

4.2.1 Generalized Life Cycle 
The life cycle of anadromous salmonids consists 

of several distinct phases, ac least three of which 
involve significant shifts in habitat. Adult salmon 
migrate from the ocean into their natal stream to 
spawn. Females consmct a "redd" in the stream 
gravel into which eggs are deposited. fertilized by 
males, and subsequently covered with gravel. All 
adult salmon die after spawning, usually within a few 
weeks. Females will typically spend one to three 
weeks guarding the redd site before dying, whereas 
males may seek out and spawn other females. The 
f e r t i l i  embryos develop for a period of one to 
several months, depending on temperature and 
dissolved oxygen availability, before hatching occurs. 
The emergent "alevins" remain in the gravel, 
nourished by a yolk sac, for another few weeks to a 
month or more. Once yolk-sac absorption is 
complere, the fry emerge from the gravel and begin 
actively feeding on drifting material. The period of 
freshwater rearing lasts from a few days to several 
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years, depending on the species, after whiih 
juveniles undergo smbltification. Smolts migrate to 
the ocean, where the majority of growth occurs. 
before returning to spawn as adults, completing the 
cycle (Figure 4-1). 

The life cycles of the anadromous trout and char 
differ from those of salmon in that some adults may 
survive after spawning, migrate back to the ocean, 
and return to spawn a second or third time. Resident 
salmonids, including kokanee salmon (i.e. landlocked 
sockeye salmon), bull trout, cunhroat trout, rainbow 
trout, and mountain whitefish, do not have an 
oceanic phax but commonly undergo substantial 
migrations to and from rearing areas in lakes or 
larger rivers. With the exception of kokanee salmon, 
which die after spawning, the resident forms usually 
spawn multiple times over their lifetimes. 

4.2.2 Life History 
Although all anadromous salmonids share the 


general life cycle discussed above, substantial 

differences exist in the period of time that the 

different species spend in freshwater and marine 

environments (Table 4-1). and the types of habitat 

they use for spawning and rearing. In addition, a 

high degree of variation in life histories can exist 

within each species. 


Life-History Patterns 
Extensive reviews of the life histories and 

general habitat preferences of trout, char, and Pacific 
salmon can be found in Groot and Margolis (1991) 
and Methan and B j o m  (1991) from which much of 
the information below was taka. Pink and chum 
salmon typically spawn in coastal streams not far 
from tidewater-chum occasionally within the tidal 
zone-and have the shortest freshwater phase, 
entering the ocean soon after they emerge from the 
gravel. Almost without exception. pink salmon 
mature at 2 years of age, at which time they return to 
freshwater to spawn. Chum salmon are more 
variable, spending from 2 to 5 years in the ocean 
before returning to their natal area to spawn. Coho 
salmon generally spawn in small, low-gradient 
streams or stream reaches in both coastal and interior 
systems. Juveniles typically spend from 1 to 3 years 
in freshwater; however, in the southern portion of 
their range (including Washington, Oregon, and 
California) most fish migrate to sea &er just one 
year. Adults return to spawn after approximately 18 
months at sea, although "jack" males may recum 
after only six months in the ocean (Sandercock 
1991). The life histories of sockeye and chinook 
salmon are more variable. Sockeye salmon most 
often spawn in the inlet or outlet streams of lakes. 
Shortly after emergence, sockeye fry migrate into 
these lakes, where they reside for 1 to 3 years. 

4 Biological Processes 

Juveniles then migrate to theocean,when they 
spend 2 to 3 years. Chinook salmon generally spawn 
in small to medium-sized rivers, but may also spawn 
in large river systems such as the mainstem 
Columbia. Chinook salmon display two dominant 
life-history types, an ocean type that is typical of fall- 
run stocks and a stream type that is characteristic of 
spring-run fish. Those exhibiting the ocean-type life 
history usually spend only a few months in 
freshwater before migrating to sea. Strea~n-type fish 
spend 1 to 2 years in freshwater. Both ocean- and 
stream-type fish can reside anywhere from 2 to 5 
years in the ocean, although jacks may spend less 
than a year at sea before returning to spawn. Within 
any given population, multiple life-history pattems 
may be observed. Based on time of freshwater and 
estuarine residence, Reimers (1973) identified five 
distinct life-history patterns for fall chinook salmon 
in the Sues River, Oregon. 

The anadromous trout and char, including 
steelhead and cutthroat trout, and Dolly Varden, 
exhibit considerable life-history variation as well 
(Table 4-1). Steelhead trout tend to spawn in small 
stream and favor relatively high-gradient reaches. 
Freshwater residence can last from 1 to 4 years. 
while ocean residence ranges from a few months 
("half-pound") males to 4 years. Although most adult 
steelhead die after spawning, up to 30%may live to 
return to the ocean and spawn again in subsequent 
years, particularly in coastal streams where the 
spawning migrations arc fairly short (Meehan and 
B j o m  1991). Consequently, the number of potential 
life-history types is large. Anadromous cunhroat 
trout most commonly spawn in small headwater 
streams and spend 2 to 4 years in freshwater before 
migrating to the ocean during the spring, where they 
generally rtmain until the next fa.As with steelhead 
trout, some adults may live after spawning, migrate 
back to the ocean,and return a second or third time. 
Dolly Varden spawn in coastal streams and exhibit 
complex life-history patterns. Juveniles typically rear 
in higher-velocity habitats for several years (Meehan 
and B j o m  1991). After smoltification, Dolly Varden 
enter the ocean, but may repeatedly return to 
freshwater habitats dwing'the winter months to rear 
in lakes, sometimes away from their natal areas. 
Thus, it is d i f f td t  to generalize about the periods of 
freshwater and marine residence for Dolly Varden. 

Resident trout, char, and whitefish spend their 
entire lives in freshwater; however, life-history 
patterns may still be quite diverse (Table 4-1). 
Varley and Gresswell (1988) identified fow principal 
life-histoly patterns for Yellowstone Lake cutthroat 
trout: fluvial populations that remain in their natal 
streams throughout their lives, fluvial-adfluvial 
populations that reside in larger rivers but spawn in 
small tributaries, lacustrine-adfluvial populations that 
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Figure 4-1. Generalized salmonid life cycle, showing freshwaler and ocean components. Modified 
from Nicholas and Hankin (1988). Reproduced with permission from the authors. 
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Table 4-1, Life histories af Pacific saknonlds: 

Spawning Most common 
Spcdtls mlgntion Spawning period Spawning area Life hlstory age at ma tu rw  

AN4DROMWS 
SALMON 

Chum Summer to Summer to Usualiy near Fry go direcyl to sea. 

salmon winter winter tidewater 2-6 years oman. 
 41 

Pink Late summer to Late summer to Usually near Fry go dire* to sea. 

salmon as* fall early fan tiewater 2 years oman. 2, 


Sockeye Spring to fall Late summer to Tributaries of 1-3 years lake. 

satmon fan lakes 2 -3 years oesan. 


Coho Summer to fall Fall to early Small headwater 1-3 years FW.S 

salmon winter streams 6 months jack. 32 


18 months adult 1Oman. 


Chimook Spring to fall Summer to early Large rivers 3 months- 2 years FW. 4, (Ocean) 
salmon winter 2 -5 years oman. 5, (Stream) 

AN4DROMOUS 
TROW AND CHAR 

Steeihead trout Summer to Late winter to SmaU headwater 2-3 years FW. mature 4 -5 
winter spring streams 1-3 years ocean. 

Repeat spawners. 

Fall to winter Late winter to Small headwater 2-4 years FW. mature 3-4 
early spring streams 2-5 months oman. 

Repeat spawners. 

Dolly Varden Late summer to Fall Main channels 2-4 years FW. mature 5-6 
fall on livers 2 -4 years ocean. die6-7 , 

Repeat spawners. 

Kokanee Late summer to Late summer to Tributaries of ' Juv~niksmigrate to lakes 3-4 

salmon fall fall lakes. to resue. 


lakeshores 


Rainbow Spring Spring Small headwater 	 fluvial. adfluvlai, 2-3 
trout streams 	 lacustrine-adfluvial i i  


histories. Variable 

residence in natal 

stream. rivers. 8 lakes. 


Cutthroat Spring Spring to early Small headwater 	 Fluvlal, adfluvial. 3-4 
trout summer streams 	 lacustnne-adfluvlal lii 


histories. Varirble 

resaence in natal 

streams, fivers, 8 lakes. 


Bull trout Fall Fall 	 Large streams Juveniles migrate fmm 4-9 

with ground tributaries to lakes or 

water infiltration larger stream at about 2 


years, highly variable. 

Mountain Fall Fall Mid-sized Reside in stream and 3-4 

whitefwh streams, lakes lakes. 


'Data from Groot and Margotis (1991): Meehan and Bjomn (1991): Pran (1992): Behnke (1992): and Moyle (1976). 

t Gllbert-Rrh age designation In years. 

S FVJ = freshwater. 
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reside in lakes and spawn in tributary streams, and 
allucustrine populations that reside in lakes and 
migrate down outlet streams to spawn. Rainbow trout 
may spawn in streams, in lake inlets or outlns, or in 
lake springs, and rear in smams or lakes (Behnke 
1992). Bull mu t  reside in a variety of freshwater 
habitats including small stream, large riven, and 
lakes or reservoirs (Mechan and Bjornn 1991). Some 
populations spend their entire lives in cold headwater 
streams. In ocher populations, juveniles spend from 2 
to 4 years in their natal sveam before migrating into 
lakes or reservoirs, where they reside for another 2 
to 4, years hefote returning to their natal stream to 
spawn. Mountain whitefish spawn in streams and 
rivers $d reside there throughout their lives although 
substantial migrations from larger rivers into smaller 
spawning tributaries are common. 

Implications of Life-History Diversity for 
Salmonid Conservation 

The remarkable diversity of life histories exhibited 
by Pacific Nonhwest salmonids reflects adaptation to 
a wide array of habitats. As a group, the salmonids 
inhabit srnams ranging from mountain headwaters to 
large lowland rivers, in regions varying from arid 
and semiarid shmblands to temperate rainforests. 
Reproduction may occur in streams, lakes, or 
intenidal sloughs; rearing of juveniles occurs in 
streams and lakcs for some species and in estuaries 
and oceans for others (Table 4-2). In any particular 
habitat, spatial and temporal differences in micro- 
and macro'iiabitat utilization permit the coexisteqce of 
ecologically similar species (Everest et al. 1985). 
Within species, life-history diversity allows 
salmonids to fully utilize available freshwater, 
estuarine, and ocean environments. Species that 
occupy several habitat types, or that have multiple 
freshwater and marine residence times, effectiveiy 
spread ecological risk (sensu Den Boer 1968) such 
that the impacts of environmental fluctuation on 
populations are distributed through time and space. 
Consequently, species are likely to differ in their 
response to human-caused perturbation. The diversity 
among species and by life stage indicates that. most 
accessible freshwater habitats are used year round if 
environmental conditions are suitable (Table 4-3). 

Life-history diversity should be coosidered in the 
development of salmonid conservation strategies and 
local enhancement measures (Carl and Healey 1984; 
Lichatowich et al. 1995). The historically high 
abundance of salmonids in the Pacific Northwest was 
due in pan to the diversity of life-history patterns 
exhibited by the various species. Habitat 
simplification through land-use and water-use 
practices has effectively simplified this diversity in 
life-history organization. In the Columbia River, for 
" ^-,-^-:-1^ -C.._i-..- ----:--_ _ A  .LC. ...... 
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were present in the mainstem year round. Because of 

alteration of temperanms and flow regimes, the 

temporal usage of the mainstem and major tributaties 

is now far more restricted. Historical records indicate 

that the Yakima River once supported six life-history 

types of spring chinook salmon. two of which reared 

in warmer, low-elevation, mainstem reaches. Today, 

because imgation withdrawals have reduced flows 

and increased temperatures, the population consists 

only life-history types that rear in upper 

tributaries-the life-history types that utilized the 

lower mainstem for rearing have been eliminated 

(Lichatowich et al. 1995). Restoration of such 

populations to a harvestable level will require 

restoration of habitat conditions suitable for all life- 

history types of chinook salmon. Differences in life 

histories also affect the response of salmonids to 

harvest. Salmon that spend several years at sea 

before matwing are more vulnerable to troll fisheries 

than those that spend only a year at sea (see Section.- 

6.11). 


4.2.3 Stock Concept and L o c a l  

Adapta t ion  


Among the most remarkable characteristics of 

anadromous salmonid species is their tendency to 

rrmm to their natal stream to spawn during a 

particular season often afier ocean migrations of a 

thousand miles or more. Although thc strong homing 

tendency of salmonids is most conspicuous in 

anadmmous species, it may be common in resident 

populations as well. Lakedwelling populations of 

cunhroat and bull trout that spawn in tributaries have 

also been shown to retu'm to their natal stream to 

spawn with low rates of straying (han 1992; 

Gmswell et al. 1994). and it & likely that strearn-

dwelling residents also display some fidelity to their 

natal area. As a consequence of homing, salmonid 

species typically comprise numerous local populations 

or "stocks' that are to varying degrees reproductively 

isolated from other such populations. Ricker (1972) 

defined a stock as "the fish spawning in a particular 

lake or st.- (or portion of it) at a particular season 


. 	 [that] to a substantial degree do not interbreed with 
any group spawning in a different place. or in the 
same place at a different season." 

The homing'and resultant reproductive isolation of 

stocks provide a mechanism by which local 

populations become uniquely adapted to the specific 

suite of environmental conditions encountered during 

their life histories. Ricker, in his classic 1972 paper 

that formalized this concept, catalogued dozens of 

examples of local variation in morphological. 

behavioral, and life-history traits and provided 

evidence that many of these traits are to some degree 

heritable. For a trait to be considered adaptive, it 

.~...---- --1.. L. >:1l_---_:_,... -_----.-,L__-:.-___. 
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Tabie 4-2. Variation in life histories of Pacific saimonids. Modified from Everest et ai. (1985). 

Spawns in 	 Rears in 

Species Life : 

(race) histories Lakes Streams intertidal, j Lakes Streams Estuaries ' Ocean 
! 

Pink salmon ' 	 Anadmmous X X X X 

:

Anadmmous X X 

Anadmmous X f X X 


: 

Chum salmon Anadmmous X X X X 


Anadmmous X X X 

Anadmmous X . X 

Anadmmous x j X X 


: 

Coho salmon Anadmmous X X X X 


: 

Anadmmous X X X 


Sockeye salmon Anadromous X i X X 

Anadmmous X I X X 


: 

Kokanee Resident X f X 


: 

salmon Resident X j X 


Chinook salmon Anadromous X X X X 

(spring) Anadromous X x X 


Chinook Salmon Anadmmous X X X X 

(fall) Anadmmous X X X 


Cutthroat trout 	 Resident X X 

Resident X i X 


: 

Cutthroat tmut Anadromous X X X X 

(searun) Anadmmous X X X 


Rainbow tmut 	 Resident X . . X 

Resident X f X 

Resident X i X 


i 

Steeihead t rot  	 ~nadromous X X X 


Bull trout 	 Resident X X 

Resident X i X 


{ 

Dolly Varden Anadromous X i X X X 


Anadmmous X i X X 

Anadromous X X X 


Mountain Resident X X 

whitefish Resident X f X 
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confer some advantage to the individuals exhibiting disruption of hydrologic processes from forest and 
hat uait. More formally, Taylor (1991) defmcd local range practices may effect these characteristics of 
adaptation as "a process that increases the frequency fish. In this context, the ability of species-specific 
of traits within a population that enhance the survival 
or reproductive success of individuals expressing 
such traits." He identified many examples of 
variation in morphological, behavioral. 
developmental, biochemical, physiological, and life- 
history traits in the family Salmonidae that are both 
heritable and believed to be adapted to local 
conditions. Results from his extensive review are 
summarized in Table 4 4 .  

Despite the fact that the stock concept is generally 
credited to Ricker, the implications of stock 
formation and local adaptation in conservation of 
salmonid species have long bem recognized. Rich 
(1939) proposed that conservation of a species that is 
made up of numerous. isolated. self-perpetuating 
units depends on conserving each constituent part. 
While Rich argued that I d adaptation was not 
necessary for stocks to be the appropriate unit of 
management, the recognition that stocks do differ in 
heritable traits and that these differences are a 
consequence of differential selection serves to 
strengthen the argument for conserving individual 
salmonid stocks. The loss of local stocks changes the 
genetic composition and reduces the genetic 
variability of the species as a whole (Nehlsen et al. 
1991), reducing its ability to respond to 
environmental change. 

From Table 4-4 it is evident that many traits of 
salmonids are adaptations to environmental conditions 
that may be significantly altered by human activities. 
In the wake of rapid and extensive anthropogenic 
change. traits that wm once adaptive may be 
rendered maladaptive. For example, the timing of 
spawning, emergence, and smoltification of 
salmonids are clearly l i e d  to stream temperature 
regimes as are development rates of eggs and 
juveniles. Wanning of stream temperatures through 
loss of riparian canopy, releasing water from 
reservoirs. or using imgation practices can advance 
development or alter the riming of life-histoty events 
and potentially disrupt natural synchronies in 
biological cycles that have evolved over thousands of 
years. Alteration of temperatures may also affect 
embryo and alcvin survival as well as enzyme 
activity in populations that are specifically adapted to 
warm or cool environments. Thus, small changes in 
temperature may prove ecologically damaging even 
though such changes would produce no evidence of 
acute or chronic physioiogical stress. Other 
characteristics, including body morphology, agonistic 
and rheotactic behavior, and the timing of smolt and 
adult migrations, are tied to streamflow. Changes in 
the timing or magnitude of flows because of 
hydroelecuic operations, agricultural diversions, or 

(versus stock-specific) criteria for water quality, 
insmam flows, and other habitat attributes to 
adequately protect individual salmonid stocks should 
be re-evaluated. These stock differences are one 
reason that hatcheries threaten biological diversity of 
wild stocks (see Section 6.12). 

4.2.4 Metapopulation Dynamics 
The stock concept focuses on the reproductive 

isolation and subsequent adaptation of local 
populations to the particular environments that they 
inhabit. Metapopulation theory is concerned with the 
behavior of groups of populations. or . 
"metapopulations." that interact via individuals 
moving among populations through the processes of 
dispersal or straying (Hanskiand Gilpin 1991). The 
term "metapopulation dynamics" thus describes the 
long-term behavior of a metapopulation over time. 

Early theoretical work on metapopulations 
focused on extinction and rrcoloaization rates of 
subpopulations making up a metapopulation (Levins 
1969). Local populations within a metapopulation 
periodical1y go extinct as a result of nanual 
disturbances or flucmtions in environmental 
conditions, leaving vacant habitat patches that may 
subsequently be recolonized by individuals from 
other populations (Hanskiand Gilpin 1991). Under 
the model of Levins (1969). each subpopulation 
within the metapopulation has an equal probability of 
extinction; thus metapopulation persistence requires 
that, among local populations, the recolonization rate 
must exceed the extinction rate (Hanski1991). 

More recently, metapopulation models have been 
propored that assume various subpopulations play 
different roles in metapopulation dynamics (Hanison 
1991; Hanski 1991). One such model, the core- 
satellite model, desaibes a metapopulation where a 
larger core population gives rise through dispersal to 
numerous satellite populations (Harrison 1991). In 
these circumstances, metapopulation persistence 
depends on the existence of a few extinction-resistant 
source populations serving as sources of colonists for 
extinction-prone satellite populations. In a dynamic 
environment, the role of various subpopularions may 
change through time; source populations may become 
sinks and vice versa. Even where local extinction 
does not occur,depression of populations may 
influence genetic interactions among populations 
constituting the metapopulation. 

While discussion of metapopulation dynamics of 
anadromous and resident salmonids is largely absent 
from the literature (but see Li et al. 1995); a number 
of principles from metapopulation theory relate to 
salmonid conservation. Evidence from other 
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Table 4-4. Examples of local variation in traits of salmonids and their presumed adaptive advantages.' 

Species 
Trat Adaptive Advantage (Life cycle phase)t - Source 

Slreamllned body and Slreamlined body and larger fin 
larger tlnr sue adapted for higher water 

~eloctks. 

Jaw ?be and shape 	 Adapted to local differences in food 
particle size. 

Gill raker number Adapted to local daferences in food 
and length particle size. 

-
BEHAVIOR 

Direction of try migration 	 Emerging try migrate in direction of 
rearing lakes. 

Compass orientation of Local differences in orientation 

emerging fry facilble migration to feeding 


areas. 


Rheotactic behavlor 	 Adapted to local differences in 

optimal timing of downstream 

migration. 


Homing accuracy 	 Differences in straying rates 

polentially refkcl dierences in 

envlmnmental stabili. 


Migratory behavior 	 Adapbd to local differences in 
predation pressure, local feeding 
areas, or hydmloglc charauehl i i .  

Migration timing 	 DHferences between fall and soriw -. 
racas refed seasonal varialian in 
accewibllily lo spawning streams. 

Spawning timing 	 Diifferenas in spawning timing 
refkcl lemperature differences in 
shams. 

Agonistic behavior 	 Reduced level of agonistic 
behavior in "ocean type" juveniles 
compared wilh "stream types" that 
establish terMories. 

Lower levels of agonistic behavlor 
in populations wnh high predation: 
displays may Increase risk. 

Lower levels of agonistic behavior 
for fish in lakes or other 
slowhoving habitats. Higher levels 
in streamdwelling fish, where 
territorial defense Is advantaoeous. 

Coho salmon (J) Taylor and McPhail (1985) 
Atlantic salmon (J) Ridden and Leggett (1981) 
Pink salmon (A) Beacham (1985); 

Beacham e l  al. (1988b) 
Chum salmon (A) Beacham (1984): 

Beacham and Murray 
(1987): 
Beacham el  al. (1988a) 

Antic char Barbour (1984) 
Skulason at al. (1989) 

Lake whitebh lhssen el  al. (1981) 
Lindsey (19813' 

Sockeye salmon (F) Brannon (1972); 
Raleigh (1971) 

Rainbow trout (F) Rakigh (1971); 
Keko et al. (1981) 

Sockeye salmon (F) Quinn (1982. 1985) 

Chinook salmon (S) Taylor (1990b) 

Pink salmon (A) 

Brown tmut (A) Svardson and 
Fagerslrom (1982) 

Chinook salmon (A) Bsldlng and Kitson (1934): 
Smith (1969) 

Pink salmon (A) Sherldan (1962); 
Royce (1962) 

Chinook salmon (A) Burger et al. (1985) 
Sockeye salmon (A) Brannon (1987) 

Chinook salmon (J) Taylor (1988. 1990b) 

Coho salmon (J) Rosenau and McPhail 
(1987) 

Coho salmon (J) Grant and Noakes (1988) 
swain and Honby (1989) 
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Table 44.Examples of local variation in traits of salmonids and their presumed adaptive advantages.' 

species 
TraR Adaptive Advantage (Life cycle phase)+ - Source 

Embryolalevin survival Survival of embrycslalevins h m  Chum salmon (0 Tallman (1 986) 
popuiations native to wldwater SoEkeye salmon (E) Beacham and Murray 
environments greater at low (1 989) 
temperatures Ulan for populations Pink salmon (E) Beacham (1988); 
from warnwater environments (and Beacham and Murray 
vice versa). (1986) 

Developmental rate Faster devebpmnt In late Chum salmon (E)  Taiiman (1986) 
spawning stocks may faciltate 
synchronous emergence wah of 
early spawners. Synchrony 
adaptive for predator swamping or 
narrow window of favorable 
oceanic conditions. 

Laclate dehydrogenase Temperaturedependent sefection Sockeye salmon Kirpichnikov and 
of Certain allozymes that are more lvanova (1977) 

Esterase-2 locus a&e at colder or warmer Pink salmon Kirpichnikov and 
tsmperatures. Ailozymes dominant lvanova (1977) 

Isoc8nte dehydrogenase in norlhem populations are more Ardic char Nyman and Shaw (1971) 
active in cold water. 

Malic enzyme4 locus Steeihead trout Redding and Schreck 
(1979) 

Lactate dehydrogenase 5 Atlantic salmon Verspoor and Jordan 
(1089) 

Brown trout Henry and Ferguson (1985) 

PHVSIOLOGICAL TRAITS 

Swim bladder function Greater swim bladder gas retention Lake trout lhssen and Tail (1974) 
ability in i?sh inhabiting deeper 
lakes. 

Swimming abiiily Superior prolonged swimming Steelhead trout Tayior and McPhaii (1985) 
ability h stocks with long Coho salmon 
freshwater migrations. 

Temperature tolerance Resistance of fish naturalized to Rainbow trout Morrissy (1973) 
warn water environments and lo 
high temperatures. 

Time to smoiting Mom rapid development adapted Atiantic salmon (S) Jensen and Johnsen 
to streams wilh short growing (1986) 
seasons. 

DISEASE RESISTANCE 

Resistance to Papulatiins tnat have uaewolved Chinook s a h n  Zinn et al. (1977) 
Cemtomyxa shesta with C. Shesta have greater Coho salmon Hemmingsen e l  al. (1986) 

resistance than those lhat have Steeihead trout Buchanan st ai. (1983) 
not. 
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Table 4-4. Examples of local variation in traits of salmonids and their presumed adaptive advantages.. 

Species
Tral Adapt~e Advantage (Lie cyck phase)t - Source 

pro-Nprodudive moltality. 

LIFE HISTORY TRAITS 

Large she Larger ske of adulb adaptke in 
populations underhklng diRzul 

Chinook salmon 
Sockeye salmon 

Taylor (1990a) 
Rogers (19871 - . 

I 

migrations or expehndng high 
%wn during spawning. 

Chum salmon 

Brown Wut 
Atlantic salmon 
Pink salmon 

Beacharn and Murray 
(1987) 
L'Abeelund et al. (1989).. 
Power (1986) 
Rogers (1987): 
Beacham and Murray 
(1 988) 

~mah she Adaptation M streams with low 
summer flows. 

Brown trout (J) Borgstrom and Haggenes 
(1988);Tius and 
Mosegaard (1989) 

Precocious makdparr 
maturation 

Increased incidence of precocious 
males or pan maturation may be 
adaptive in populations wiih long. 
dUiicun migrations. 

Chinook salmon 
Atlantic salmon 

Myers et al. (1986) 
Taylor (1989) 

Egg ske Late spawners tend to produce 
smalkr fasterdeveloping eggs 

Chum salmon Beacham and Murray 
(1987) 

than early spawners; faciliites 
synchronous emergence. 

Fkming and Gross (1990) 

Fecundity High fecundity favored in 
populations UIat expehnce high 

Chinook salmon (A) Healey and Heard (1984) 

Examples are from a review by Taylor (1991). 

t Life cycle phases: E = embryolalevin. F = hy, J = juvenile. S = smon, A = aduit 


taxonomic groups suggests that the probability of a extinction from stochastic genetic, demographic, or 
local extinction increases with decreasing population environmental events. Many extant salmonid stocks 
size, decreasing size of habitat patches, and have been eliminated from lower-elevation stream 
increasing isolation from other conspecific reaches and persist only as remnant populations 
populations (reviewed in Hanski 1991; SjBgren confined to smaller headwater streams that have been 
1991). The risk of extinction is also believed to be less affected by habitat alterations. First- and second- 
greater for populations that undergo large natural order streams in steep headwatm tend to be 
fluctuations in abundance (Harrison 1991). hydrologically and geomorphically more unstable 
Recolonization rates are similarly influenced by than larger, low-gradient streams. Thus, salmonids 
population size and distance between habitat patches. are being restricted to habitats where the likelihood 
Re-establishment of populations depends on sufficient of extinction because of random environmental events 
numbers of individuals invading that habitat, which is greatest. If salmmid metapopulation mcru re  
in turn depends on dispersal rates, the population size historically resembled the core-satellite model, 
of source populations, the proximity and size of imponant source populations may already have been 
nearby habitat patches, and the availability of suitable lost, leaving primarily extinction-prone satellite 
migration corridors between patches. populations. Increased fragmentation of aquatic 

Salmonid metapopulations exhibit many habitats and isolation of salmon populations reduces 
characteristics that would appear to make them the chances that straying individuals from other 
vulnerable to extinction. Nehlscn et al. (1991) populations can help restore depleted stocks. Snake 
identified 101 stocks of anadromous salmonids that River sockeye salmon provide a good example of an 
have had escapements under 200 within the last 1 to isolated population tha is unlikely to be rescued by 
5 years. These stocks are at increased risk of strays from other populations, since the nearest 
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sockeye stock is over 900 km away (Waples 1995) 
and smying rates are low. Lastly, salmonids have 
historically experienced wide interannual variation in 
numbers as a consequence of variation in both 
freshwater and mafine conditions. Numbers of who 
salmon returning to streams in Oregon, Washington, 
and California can vary by an order of magnitude or 
more in different years (Halt and Knight 1981). 
Similar variability in escapement of pink and sockeye 
salmon has also been documerued (Burgner 1991; 
Heard 1991). The probability of extinction because of 
fluctuating numbers combiied with random 
environmental events may be particularly high for 
those species such as pink aad who salmon that have 
comparatively rigid life histories. In these species, 
the loss of a particular year-class may have longer- 
lasting effects than in populations with greater 
diversity in the age of spawning adults. 

A f d  aspect of metapopulation theory that is 
relevant to salmonid c o ~ a t i o n  relates to temporal 
difference in the dynamics of the local populations 
that constitute the metapopulation. Hanski (1991) 
proposed that metapopulation persistence should be 
greatest where local populations fluctuate 
independently of each other, i.e., asynchronously, 
and lowest where local populations fluctuate 
synchronously in response to regional environmental 
conditions. The widespread declines in salmon 
populations throughout the Pacific Northwest suggest 
that fluctuations in these populations an 
synchronous. therefore, the risk of metapopulation 
extincticr. a relatively high. 

4.2.5 Evolutionarily Significant Units 
Under the Endangered Species Act or ESA (as 

amended in 1978). a "species" is defined to include 
"any subspecies of fish or wildlife or plam, or any 
distinct population segment of any species of 
vertebrate fish or wildlife which interbreeds when 
mature." For anadromous Pacific salmon and trout, 
most stocks are, to varying degrees, reproductively 
isolated-and hence potentially distinct population 
segments-but ESA provides no direction for 
determining what constitutes a distinct population 
segment (Waples 1995). To address this concern, the 
National Marine Fisheries Service (NMFS) has 
adopted a definition of "species" that is based on the 
concept of "evolutionarily significant units' or 
"ESUs" (Waples 1991b). A population is considered 
an ESU if it meets two criteria: 1) it is substantially 
reproductively isolated from other conspecific 
population units, and 2) it represents an important 
component in the evolutionary legacy of the species 
(Waples 1991b). For the first criterion to be met, 
isolation of the population need not be complete, but 
it must be sufficient to allow accrual of differences in 
specific traits among populations. Nor is isolation by 

itself sufficient for a population to be considered 
distinct. A population may meet the second criterion 
if it contributes to the overall genetic divmity of the 
species. In addition, because ecological divmity may 
foster local adaptations, stocks occupying distinct or 
unusual habitats or that are otherwise ecologically 
distinct may also be ESUs (Wapla 1991b). 

The intent of the ESU framework is to conserve 
the genetic divmity of species and the ecosystems 
that species inhabit, two fundamental goals of ESA 
(Waples 1991b). Thc genetic variability within a 
stock or population represents both the legacy of past 
evolutionary events and the ability of the population 
to respond to future environmental changes. The loss 
of individual stocks or the alteration of the genetic 
composition of stocks through hatchery introductions 
can fundamentally alter the ability of the species to 
cope with local environmental conditions, to respond 
to environmental change, and hence to persist over 
the long term. 

Waples (1991b) advocates a two-step approach 
for determining whether a population represents a 
distinct unit. The first step is to evaluate the degree 
of reproductive isolation of the population. With 
salmonids, and particularly auadromous forms. 
reproductive isolation is rmly complete because of 
straying and is more a matter of degree. Waples 
(1991b) rewmmends several approaches for assessing 
the degree of reproductive isolation including 1) use 
of tags to estimate straying rates, 2) intentional 
genetic marking of populations. 3) use of genetic 
indices to estimate levels of gene flow, 4) 
observation of recolonization rates, and 5) 
identification of physical or geographic feanues likely 
to act as barriers to migration. The second step is to 
evaluate whether the population exhibits evidence of 
substantial ecological or genetic diversity. Factors to 
consider include 1) genetic traits. including unique 
alleles, different allelic frequencies, total genetic 
diversity; 2) phenotypic traits, including 
morphological or meristic characters, occumence of 
parasites. and disease or parasite resistance; 3) life- 
history traits, such as time, age, or size at spawning, 
fecundity, migration panem, and timing of 
emergence and outmigration; and 4) habitat 
chmeristics, including temperature, rainfall. 
streamflow, water chemistry, or biological attributes 
of the particular system (Waples 1991b). 

As Waples (1991b) notes, interpreting data for 
reproductive isolation is not always straightfoxward. 
For example, assessments of straying rates may be 
confounded by behavior of migratory adults (e.g., 
temporary entry of fish into non-natal streams). 
Measures of gene flow may require assumptions of 
selective neutrality for the alleles used. Assessment 
of allelic frequencies or presence of unique alleles 
may be influenced by sampling design, including 
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number of samples and time of sampling. Similarly, 
interpreting ecological or genetic diversity data may 
be equally difficult. Variation in phenotypic and life- 
history characteristics may be attributable to both 
genetic and environmental factors; thus phenotypic or 
life-history variation alone is insufficient for 
determining population distinctness. Thc ability to 
distinguish distina and unusual habitats is limited by 
both science and diffmncw of opinion as to what 
are imponant habitat characteristics. 

Identification of evolutionarily imponant 
biological units for protection is funher complicated 
by the fact that a significant number of salmonid 
stocks have'alnady been lost. and as a result, our 
understanding of rnetapopulation structure and 
functioh is incomplete. Li et al. (1995) note that few 
highquality habitats remain and chat many of these 
lie at the e x t m s  of species' ranges. They argue 
that consexvation strategies should differ depending 
on metapopulation strucnue. For example, the 
classical metapopulation model (Levins 1969) 
assumes that populations within each tnetapopulation 
each carry equal "evolutionary weight," whereas the 
"core-satellite" model proposes that "core" 
populations are critical for maintaining smaller 
satellite populations that might otherwise go extinct. 
With the classical muapopulation model, the best 
conservation strategy might be to treat all populations 
as equally imponanr, protecting as many unique 
populations as possible in order to protect diversity. 
In the core-satellite system, emphasis should be 
placed on protecting con populations, since failure to 
do so would result in marginal populations of n m w  
specialiifs occupying the extremes of the species' 
range (Li et al. 1995). Waples (1991b) similarly 
argues that threatened and endangered status should 
be considered for metapopulations as well as more 
discrete population units. 

Finally. an assumption of the ESU concept is that 
not all populations need to be protected in order to 
preserve ihc genetic integrity of the species (Waples 
1991b). Local populations that are not reproductively 
isolated or that ate isolated but fail to exhibit any 
imponant and distinctive genetic or life-history traits 
do not qualify for protection under ESA. In practice, 
such populations are lypically not genetically 
differentiable from hatchery populations. Where such 
populations are lost, their ecological function in the 
aquatic community will also be lost and other 
organisms may be affected over the evolutionary 
short tern. However, ovw longer evolutionary time 
scales the ESU conservation strategy will result in 
available habitats repopulated by native fish from 
either within the local ESU or from neighboring 
ESUs. 7his should result in fish populations locally 
adapted or more able to survive and reproduce in the 
wild, thereby fulfilling their role in the ecosystem. 
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4.3 Community Level 
The biotic communities of aquatic systems are 

highly complex entities. Within communities, 
assemblages and species have varying levels of 
interaction with one another. Direct interactions may 
occur in the form of predator-prey, competitor, and 
disease- or parasite-host relationships. In addition, 
many indirect interactions may also occur between 
species. For example, predation of one species upon 
anorher may enhanee the ability of a third species to 
persist in the community by nleasing it from 
predatory or competitive constraints. These 
interactions continually change in response to shifting 
environmental and biotic conditions. Human activities 
that modify either the environment, the frequency 
and intensity of disturbance, or species composition 
can shiti the competitive balance between species, 
alter predatory interactions, and change disease 
susceptibility, all of which may result in community 
reorganization. 

The role of disturbance in regulating sfn%m- 
community organization has been a principal focus of 
aquatic ecology in the past decade. In a recent 
review, Resh et al. (1988) identify three theories 
(equilibrium, intermediate disturbance hypothesis, 
dynamic equilibrium model) that reflect our present 
understand'ig of disturbance theory as it relates to 
sveamsommunity structure. The equilibrium theory 
proposes that environments an more or less constant 
and that community organization is determined by 
biotic interactions, including competition, mutualism, 
and uophic interactions. The intermediate disturbance 
hypothesis assumes a competitive hierarchy of 
species. In the absence of disturbance. superior 
competitors eliminate inferior ones, whereas in 
systems with frequent or severe diSturbances. 
resident competitors ~IC eliminated and colonizing 
species dominate. In systems with intermediate 
dismrbance regimes, species richness is maximized; 
colonizers exploit disturbed areas and are rhus able to 
coexist with superior competitors. The dynamic 
equilibrium model pmposes that community s t ~ c N r e  
is a function of growth rates, rates of competitive 
exclusion, and frequency of population reductions. 
Inferior competitors persist in the community if 
disturbances occur often enough to e l i t e  
competitive exclusion; however, if disturbances are 
too frequent, species with long life cycles are 
eliminated. Species diversity is dnermined by the 
influence of the environment on the net outcome of 
species interactions. Both the intermediate 
dismrbance hypothesis and dynamic equilibrium 
model emphasize the role of the environment in 
regulating stream communities, and Resh et al. 
(1988) conclude that these hypotheses are more 
generally applicable to stream ecosystems than the 
equilibrium model. All three models may be 
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applicable depending on spatial and temporal scales 
and the type of aquatic system (streams, lakes, 
reservoirs, and estuaries). 

4.3.1 Food Webs 
The food energy available to fish and other 

organisms in aquatic ecosystem comes from two 
sources: aquatic plants (macrophytes, benthic algae, 
and phytoplankton) that convert solar energy into 
biomass and organic litter lhat falls into the s-
and provides the energy base for fungi and bacteria 
(OWRRI 1995). The relative importance of these 
energy sources changes with the size and morphology 
of a river, estuary, or lake system (see Section 4.4.2) 
and the availability of nutrients in the catchment. 
Herbivorous aquatic invenebrates consume algae and 
other aquatic plants, whereas detritivomus 
invertebrates consume decaying organic matter. 
Many invenebrates select fwd on the basis of size. 
rather than source, while others are generalized 
feeders. Predatory invenebrates may add an 
additional trophic level to the food web. Collectively. 
these invenebrates form an important fwd base for 
many juvenile anadromous salmonids and adult trout 
although some species may feed on other fishes and 
terrestrial insects that fall into the sueam. Fishes, in 
turn, are consumed by a host of temsuial and 
aquatic predators, including other fishes, birds, 
mammals, reptiles, and amphibians. The resulting 
fwd webs can be highly complex, consisting of many 
species representing several mphic levels. 

Food webs may be highly modified by 
environmental changes,, including alterations of the 
food base; changes in streamflow, temperature, and 
substrate; and the introduction of non-native 
organisms. Alterations of individual components of a 
food web can propagate throughout the system, 
leading to community wide adjustments in fwd web 
composition. For example, impoundments on the 
Columbia River have shifted the food base from 
coarse detrilal material derived from wetland 
emergent vegetation and fine material derived from 
periphyton to a phytoplankton-derived microdetritus 
food base, creating numerous adjustments throughout 
food web (Simenstad et al. 1990; Palmisano n al. 
1993b). In the estuary, amphipods and isopods-the 
preferred food items of salmonid smolts (Dawley 
1986)-have now been replaced by suspension 
feeding epibenthos (Simenstad er al. 1990). which are 
a primary fwd source for juvenile American shad. 
An increasingly favorable environment for shad, 
coupled with relatively low predation rates, has 
allowed the population to increase dramatically over 
the last few decades from less than 200,000 to 
approximately 4 million (Palmisano et al. 1993b). 
Elimination of woody riparian vegetation from 
rangeland streams has s h i m  the fwd base from 
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coarse, t d a l l y  derived material to periphyton. 
The laner is most efficiently consumed by shell-cased 
macroinvertebrates that are unsuitable prey for 
juvenile salmonids (Tait et al. 1994). 

Changes in water tempcraNres may change the 
composition of algal assemblages (Bush et al. 1974); 
disrupt the development and life-history patterns of 
benthic macroinvertebraus (Nebeker 1971; Lehmkuhl 
1972) and zooplankton (Hutchiason 1967); and 
decrease the abundance of certain benthic 
invertebrates, especially species that are stenotherms 
(Hyna 1970). 

Introductions of non-native fish, either as game 
fish or forage for other fh,have led to food web 
alterations in most river systems of the Pacific 
Northwest. In California and Oregon, introduced 
fishes constitute 35% and 29% of the total species, 
respectively. The impact of these fish on native 
species is poorly known, but they an potential 
predators and competitors of both the juvenile and 
adult salmonids. The mainstem Columbia river is 
host to numnous non-native fish, many of them 
piscivorous, that have acclimated to the lentic habitat 
of the reservoirs and now dominate many of the 
trophic pathways. Several mechanisms have been 
identified that allow introduced fish to succeed in 
displacing native species, inc1udii compaition. 
predation, inhibition of reproduction, envirownental 
modification, aansfer of new parasites or diseases, 
and hybridization (Moyle et al. 1986). Similarly, 
introductions of invenebrates can modify food webs. 
The introduction of opossum shrimp to Flathead 
Lake, Montana, resulted in the disappearance of two 
cladocerau species, which in turn had negative effects 
on the kokanee salmon that were intended to benefit 
from the introduction (Spencer ex al. 1991). 

4.3.2 Competition 
Competition among organism occurs when two 

or more organismic units (i.e., individuals or species) 
use the same resources and when availability of those 
resources is limited (Pianka 1978). Two types of 
competition are generally recognized: interference 
competition, where one organism directly prevents 
another from using a lesource through aggressive 
behavior, and exploitation wmpetition, where one 
species affects another by utilizing a resource more 
efficiently (Moyle et al. 1986). Although competition 
is difficult to demonstrate (Fausch 1988). salmonids 
likely compete for fwd and space resources both 
within species (iraspecific) and between species 
(interspecific). Withii species, streamdwelling 
salmonids frequently form dominance hierarchies, 
with dominant individuals defending holding positions 
against s u b o d i t e  fish through agonistic encounters. 
Evidence suggests that dominant individuals occupy 
the most energetically profitable holding positions. 
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which in turn leads to higher growth rates (Fausch 
1988). Similar interacrions occur between salmonid 
species; however, in assemblages that have co- 
evolved, species with similar ecological requirements 
may segregate according to both micro- and 
macrohabitats at various life stages. 

Changes in physical (e.g., temperame, 
stteamflow, habitat stmcture) and biological (e.g., 
food availability, species composition) characteristics 
of streams and lakes can alter competitive 
interactions within and among species, potentially 
resulting in a restructuring of fish communities. In a 
laboratory study, Reeves et al. (1987) found that 
stream temptrature affected intmpecific interactions 
between juvenile steelhead trout and redside sh ier  
(Richardsonius ba1rearus)-with trout competing more 
effectively at cold temperatures through interference 
and shiner competing more successfully at warm 
temperatures through both exploitation and 
interference. Cunjak and Green (1986) found that 
interacrions between brook trout (Salvelinur 
fonrinalis) and rainbow trout are also influenced by 
water temperature, rainbow trout being superior 
competitors at 16°C and brook trout at 9'C. Ratliff 
(1992) suggests that the decline of bull trout 
populations in Oregon may in pan reflect the inferior 
ability of bull trout to compete with rainbow, brook, 
and brown trout (Salmo r m a )  at warmer 
temperatures. 

Changes in streamflow in the Columbia River 
system have resulted in increased plankton 
production, which has apparently increased the 
success of American shad. Palmisano et al. (1993a. 
1993b) conclude that increased numbers of shad, 
which also feed on benthic invertebrates, may be 
competing with juvenile salmonids. Cunjak and 
Green (1984) reported chat brook trout tended to 
dominate social interactions with rainbow trout when 
in pool habitats, but not in faster waters. Larson et 
al. (1995) suggest that the dynamics of brook trout 
and rainbow trout interactions in a southern 
Appalachian stream may be affected by both 
temperature and flow conditions. During years of low 
discharge, rainbow trout encroached on upstream 
habitats of brook trout possibly because warmer 
temperatures favored rainbow trout. During periods 
of higher discharge, encroachment was reversed. 
presumably because brook trout are better adapted to 
the steep stair-stepped channel morphology. In 
general, decreases in sueamflow decrease available 
habitat and may thereby intensify inter- and 
intraspecific competition for suitable reanng, feediig, 
spawnmg, and refuge habitats. 

The introduction of non-native species increases 
the potential for competition in aquatic systems. In 
natural fish assemblages, salmonids have presumably 
adapted to other native species with similar ecological 
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requirements through resource partitioning or 
segregation in time or space. With the introduction of 
non-native species, however, there has been no 
opportunity for natural selection to ameliorate 
competition (Fausch 1988). Several studies have 
documented influences of non-native species on 
native salmonids. In a British Columbia lake, 
cutthroat trout were found to shift from midwater 
areas when allopatric to littoral zones when sympatric 
with rainbow trout (Nilsson and Nonhcote 1981). 
Dambacher et al. (1992) found that non-native brook 
trout outcompeted bull trout in Sun Creek, Oregon, 
in areas of co-occurrence. Intraspecific interactions 
may also become more intense with the introduction 
of hatchery fish. Nickelson et al. (1986) concluded 
that competition between larger hatchery coho salmon 
and wild juveniles resulted in 44% replacement of 
the wild fish. 

4.3.3 Predation 
Adult and juvenile salmonids have evolved 

strategies to coexist with numerous natural predators 
including a variety of fish, birds, and mammals. 
Native fish piscivores include sculpin (Cotrus spp.), 
bull trout, rainbow trout, cutthroat trout, northern 
squawfish (Prychochilus oregonenris), and possibly 
white sturgeon (Acipenser transmounranus). These 
fish prey on juvenile salmonids during instream 
rearing and during smolt migrations. Nonhem 
squawfish are considered important predators of 
outmigrant salmon and steelhead trout panicularly in 
slackwater habitats (Poe et al. 1991). Bird predators 
of smolts and juveniles (Kaczynski and Palmisano 
1993) include ring-billed gulls (Lorus delawarenrir), 
common mergansers (Mergus merganser), herons 
(Ardea spp.), and kingfishers (Megaceryle alcyon). 
Kingfishers were found to have increased feeding 
efficiency in slower moving waters. P i p e d s ,  
including harbor seals (Phoca virulina), California 
sea lions (Zolophus callfomianus), and Stellar sea 
lions (Eumeropia jubatus) are the primary marine 
mammals preying on salmonids, although Pacific 
striped dolphin (Logenorhynchus obliquidens) and 
killer whale (Orcinus orca) may also prey on adult 
salmonids. Seal and sea lion predation is primarily in 
saltwater and estuarine environments though they are 
known to travel well into the freshwater environment 
after migrating fish. All of these predators are 
opportunists, searching out locations where juveniles 
and adults are most vulnerable. 

Habitat alterations can affect predation rates by 
reducing cover, which increases vulnerability to 
capture by predators; altering flow regime and water 
velocity, which may favor certain piscivorous fishes; 
modifying temperature, which affects the metabolism 
of pisclvorous fish and the ability of fish to elude 
predators: and by obstructing passage, which may 
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delay migrations and thenby increase exposure to 
predators. In the Columbia Basin altered flow 
regimes have contributed to the increased success of 
northern squawfish, walleye (Stirostedion virreum), 
and smallmouth bass (Micropterus dolomieu), which 
tend to avoid areas of high water velocity (Faler et 
al. 1988). Laboratory experiments with squawfish 
have shown that maximum consumption of salmonid 
smolu increased from 0.5 smolts per day at 8.3"C to 
7 smolts per day at 21.7'C (Vigg and Burley 1991). 
indicating that temperature increases may indirectly 
cause greater predation on juvenile salmonids 
(Palmirano et al. 1993b). The high incidence of 
predation by sea lions at such places as Ballard Locks 
in Washington is in pan attributable to the unnatural 
congregations of fish as they attempt to pass through 
the locks. 

4.3.4 Disease and Parasitism 
Salmonids are affected by a variety of bacterial, 

viral, fungal, and micropamitic pathogens. In the 
Pacific Northwest, numerous diseases may result 
from pathogens that occur naturally in the wild or 
that may be transmitted to wild fish via infected 
hatchery fish. Among these are bacterial diseases, 
including bacterial kidney disease (BKD), 
columnaris, furundosis, redmouth disease, and 
coldwater disease; virally induced diseases. including 
infectious hepatopoietic necrosis (IHN) and 
erythrocytic inclusion body syndrome (EIBS); 
protozoan-caused diseases, including ceratomyxosis 
and dermocystidium: and fungal infections, such as 
saprolegnia (Bevan et al. 1994a). Brief descriptions 
of the most prevalent pathogens and the associated 
diseases are shown in Table 4-5. 

Water temperature greatly influences the immune 
system of fishes. the number and virulence of 
pathogens, and in the case of microparasites, the 
occurrence of infective life stages in natural and 
aquacultural environments. Consequently, changes in 
water temperatures caused by forest and range 
practices, dams, and irrigation can alter the 
susceptibility of salmonids to infection by these 
pathogens. Most work on fish pathogens has 
concerned fish in culture situations, and the incidence 
of disease and its role of fish population dynamics 
and in structuring fish assemblages in natural waters 
is poorly understood (Austin and Austin 1993). 
Neverthelas, laboratory studies indicate that water 
temperature has a direct effect on the infection rate 
of most pathogens and the mortality rate of infected 
salmonids. With most pathogens, the susceptibility of 
salmonids to infection tends to increase with 
increasing water temperatures, although monality 
from coldwater disease is greater when temperarures 
are lower (Holt et al. 1993). A summary of the 
general relationship between temperature and 

imponant pathogens in Pacific Nonhwest 
environments is shown in Table 4-5. 

Several recent epizootics indicate that temperanue 
may play a signifcant role in mediating disease in 
natural populations. Prespawning mortality in fall 
chinook salmon was highly correlated with mean 
maximum stream temperatures in the Rogue River 
(Oregon) during August and September, with 
mortality rates increasing abruptly at temperatures 
greater than 20°C (ODFW 1992). Fleribacter 
columnaris was commonly found in dead and dying 
fish and was presumed to be the primary agent 
causing monality. Release of wann reservoir water 
during the late summer and early fall has been 
implicated in outbreaks of Dermocysridium salmonis 
in anadromous fish in the lower Elwha River, 
Washington (NPS et al. 1994). In 1992, 
approximately two-thirds of the adult chinook 
population in the lower river died prior to spawning 
(Wunderlich et al. 1994). 

While epizootics provide the most dramatic 
examples of the potential for pathogens to affect 
salmonid populations, sublethal chronic infections can 
impair the ability of fish to perform in the wild and 
thereby contribute secondarily to mortality or reduced 
reproductive success. Fish weakened by disease are 
more sensitive to other environmental stresses. 
Furthermore, infected fish may become more 
vulnerable to predation (Hoffman and Bauer 1971). 
or less able to compete with other species. For 
example, Reeves n al. (1987) found that the 
interspecific interactions between juvenile steelhead ' trout and redside shiner were affeaed by water 
temperature. They speculated that these differences 
were in part because most juvenile st&ead were 
infested with F. co lumr i s  at high temperatures, 
whereas shiners showed a higher incidence of 
infection at lower temperatureS. 

The susceptibility of salmonids to disease may be 
affected by other stressors, including dissolved 
oxygen, chemical pollution, and population density. 
Temperarure may interact synergistically with these 
factors, causing disease to appear in organisms that 
might be resistant in the absence of other forms of 
stress. Susceptibility also varies among salmonid 
species and life stages. For example, older chinook 
have been shown to be more resistant to F. 
columnans than younger fish (Becker and Fujihara 
1978). 

4.4 Connectivity Among Processes 
The biotic communities found in streams and 

rivers reflect physicai and chemical gradients that 
occur both across the landscape and along a stream 
from the headwaters to the ocean. In the preceding 
sections, we have reviewed fundamental biological 
processes that occur at the level of organisms, 
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Table 4-5. Pathogens of salmonids found in Pacific Northwest waters. 

Pathogen Disease 	 Comments 

Aemmonas salmonicida FUN~CUIOS~S 	 Obligate pathogen of fish. Low mortality at 

temperatures c 6.7%. Increasing mortality 

at 9.4%. At 20.5°C. 93%-100% mortality 

for all species. (Grobeg et al. 1978) 


Aemmonas hydmphila 	 Stress facilitated infection. Mortality is 

associated with elevated water temperatures 

(> 9.4*C), presence of pollutants 
I 
(paflicularly nitrate at 2 6 mgA). (Austin 
and Austin 1993) 

Flexibacter columnans Columnaris 	 Low mortality at temperatures < 15'C. 
lncreasing mortality at 20% for all species. 
Virulence at low temperatures depends on 
specific strain. Naturally occurring bacteria 
present at low levels in resident fish -
(suckers, carp, and whitefish). Stress 
increases fish susceptibility. High density 
increases potential for contact. (Inglis et al. 
1993). 

Flexibacter psychrophilus Coldwater disease 	 Appears in spring when temperatures are 

behveen 4-10°C; 30%-50% mortality for 

infected alevins: Quickest mortality at 15°C. 

Mean time to death increases with 

temperatures from 15-23°C. Mode of 

transmission unknown. Resident salmonids 

are probable carriers. Possible vertical 

transmission. (Inglis et al. 1993) 


Renibactarium salmoninarum Bacterial kidney disease 	 Obligate pathogen of fish. Disease 
(BKD) 	 progresses more rapidly at higher 

temperatures (15-20.5OC), but mortality may 
be highest at moderate temperatures 
(12%). Transmission is both horizontal and 
vettical (intraovum). Crowding and diet 
stress can increase susceptibility. (Inglis et 
al. 1993; Fryer and Lannan 1993) 

Yersinia rucken Redmouth disease 	 Mortality may be low in chronic infections 
but becomes much higher with stress from 
poor water condiiions (elevated 
temperatures, ammonia, metabolic waste. 
copper). Transmission through water, via 
baiffish, introduced fish, bird feces, fish 
farms. (Inglis et al. 1993) 

FUNGI 

Saprolegnia 	 Ubiquitous in water. Transmitted horizontally 
or fmm substratum to fish. Elevated 
temperatures increase growth rate. If 
untreated, progressive and terminal. (Bell 
1986) 
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Table 4-5. Pathogens of salmonids found in Pacifc Northwest waters. 

Pathogen Disease 

PROTOZOANS 

Ceratomyxa shasta Ceratamyxosis 

Dermocystidium salmonis 

Ichfhyobodo/Costia spp. 

Myxoboius cerebralis Whirling disease 

Infectious Hepatopoietic IHN 
Necrosis Virus 

Eryihrocytic Inclusion Body EIBS 
Syndrome Virus 

populations, and communities, and the relationship 
between these processes and habitat characteristics 
that are affected by human activities. In this section. 
we discuss two concepts, the river continuum concept 
and the ecoregion concept, that address spatial 
relationships between these physicochemical and 
biological processes. The river continuum concept 
(Vannote et al. 1980) focuses on interrelationships 
between physical and biological processes along 
streams from their headwaters to the ocean. The 
ecoregion concept relates regional patterns in 
physical and chemical gradients to the biological 
communities contained therein. 

Comments 

Endemic to many river systems of 
Northwest Temperature dependent; 
increasing m o m l i i  for fish exposed at 
temperatures 2 10°C. High mortality for 
nonadapted (no genetic resistance) species 
and stocks. (RaUilf 1983). 

Pathogen of salmonids in Pacific Northwest. 
Horizontal transmission through water. 
Uptake is via gills. Epizootics appear to be 
temperature dependent. (Olson et al. 1991) 

Ectopaasite affects osmoregulation. 
Juvenile salmonid mortality high (63%-70% 
in 48 h tests) upon introduction to marine 
waters. (Urawa 1993) 

Salmonid infection by mature triactinomyxon 
via ingestion or through gills. Horizontal 

' transmission. Intermediate host is tubifex 
worm fmm son mud habitats. Lethal to 
salmonids. (Rich Holt, personal 
communication, 1995). 

Endemic to most areas. High for young fry. 
Most mortality occurs at temperatures of 
lZ°C or lass. Some outbreaks at 15OC. At , 
temperatures over 1O0C, disease produces 
less mortality but leads to more carriers of 
disease. (Wolf 1988). 

Potential vertical transmission and known 
horizontal transmission. Greatest mortality of 
salmonids found at 8-10°C. ifakahashi et 
al 1992; Leek 1987) 

4.4.1 River Continuum Concept 
The river continuum concept (Vannote et al. 

1980) proposes that the physicochemical variables 
(e.g., light, nutrients, organic materials) withii a 
river system change in a systematic way as a stream 
flows from headwaters to larger river systems to the 
ocean, and that the biological communities found 
along this gradient change accordingly (Figure 4-2). 
In forested headwater reaches, energy inputs are 
dominated by coarse allochthonous materials, 
panicularly leaf litter from riparian vegetation. As 
streams increase in size, canopy cover becomes less 
complete and more light reaches the stream; 
consequently, the contribution of instream primary 
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COLLECTORS V 

lZooplanklon1 


Figure 4-2. Trends in energy sources, ratios of autotrophic production to hetemtmphic respiration, and functional 
groups along a river continuum. From Vannote et al. (1980).'Reproduced with permission from the publisher. 
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production from algae and macrophytes increases 
relative to energy derived from allochthonous 
materials. In still larger systems, fine particulate 
material transported from upstream areas fonns the 
dominant energy source, particularly where depth 
and turbidity limit algal growth. These gradients lead 
to corresponding changes in the biological 
communities that use these changing energy sources. 
Invertebrate communities shifr from those dominated 
by shndders and c o l l m  in small streams, to 
collectors and grazers in mid-order streams, to 
mostly collecton in large rivers. Fish assemblages 
shift from invertivores in headwater reaches, to 
piscivores and invenivores in mid-order reaches, and 
include some planktivores in larger rivers. 

Although the river continuum concept was 
developed in forested biomes, it can also be applied 
more generally. Meehan (1991) suggests that 
meadows and desens. which lack shading and have 
reduced allochthonous inputs. obtain most of their 
energy from autochthonous sources, in contrast to 
woodland streams which have stronger terrestrial 
influences and therefore greater quantities of coarse 
paniculate detritus. They conclude chat desert sfreams 
are more similar to the downstream reaches of 
forested streams. M i M l  et al. (1985) illustrate this 
conceprually by proposing a sliding scale to indicate 
that streams enter the continuum at different points. 
Similarly, primary production by algae may be high 
in headwater streams of alpine systems, where 
riparian inputs are comparatively low. Consequently 
these systems may have a different sequence in the 
biological communities along the continuum. 

4.4.2 Ecoregions 
Ecological processes that influence salmonids and 

other aquatic species in the Pacific Northwest vary 
greatly across the landscape because of the high 
diversity of climate, topography, geology, vegetation, 
and soils. Classifications of ecoregions represent 
attempts to identify areas of relative homogeneity in 
ecological systems or in the relationships between 
organisms and their environments (Omernik and 
Gallant 1986). Several Federal agencies, including 
the Environmental Protection Agency (Omernik and 
Gallant 1986; Omernik 1987). the U.S. Forest 
Service (Bailey 1978). and the Soil Conservation 
Service (Nonis et al. 1991) have developed or are in 
the process of developing ecoregion classifications in 
order to address spatial issues in the management of 
natural resources. Landscapes, water bodies, and the 
biota that they support arc expected to be similar 
within an emregion and to differ between ecoregions. 
We believe some form of ecoregion classification 
will be essential to defining the natural range of 
physical, chemical, and biological characteristics of 
salmonid habitats across the landscape. 

4 Bio l~ ica l  Processes 

The various processes for delineating ecoregions 
differ. Omernik and his colleagues synthesized a 
number of factors (climate, geology. topography, 
soil, vegetation. land cover) to assess patterns at 
multiple spatial scales. Bailey considered many of the 
same factors but used only one at any single scale of 
resolution. For example, his first divisions were by 
climatic patterns and his last were by vegetation. The 
Soil Conservation Service, as might be expected, 
focused on soil and agricultural land uses. Ornernik's 
approach is favored by many State water quality 
agencies because of its ability to assess patterns at 
multiple scales and its adaptability, and it has been 
recommended by other scientific organizations (SAB 
1991; NRC 1992). 

Although there are serious limitations to the 
application of Omemik's ecoregions at the site or 
small catchment scales, they are useful for stratifying 
the regional variability of the Pacific Northwest 
(Table 4-6) into relatively distinct units. In addition. 
ecoregions offer a framework for aggregating and 
extrapolating data collected at the local level. A 
regional perspective is also essential for managing 
widely distributed resources, such as Pacific 
salmonids. because of the natural variability among 
sites and the human tendency to focus on local issues 
while losing sight of regional ones. In addition, 
subregions can be developed in a hierarchical manner 
to facilitate more precise landscape classification at 
local scales (Clarke et al. 1991; Bryce and Clarke 
1996). Direct applications of ecoregion concepts to 
aquatic ecosystems have demonstrated the utility of, 
this approach. Whinier et al. (1988) showed that fish 
assemblages in rivm and small streams exhibited 
patterns concordant with Omemik's ecoregions in 
Oregon. In evaluating a number of different data sets 
from basin to State scales. Hughes et al. (1994) 
found ecoregions that differed markedly supported 
dissimilar fish assemblages, similar ecoregions 
supported more similar fish assemblages, and 
within-region variation was less than among-region 
v m n .  

4.5 Summary 
In the preceding sections, we have discussed 

biological processes at three levels of biological 
organization: organisms, populations, and 
communities. Grouping processes into these discrete 
categories serves to simplify c h i i g  about the 
effects of environmental penurbations on salmonids 
and their ecosystems, but it should be reiterated that 
salmonids are simultaneously affened by processes 
occurring at all levels of biological organization. 
Physiological stresses influence the ability of 
salmonids to acquire food and defend space from 
competitors, to escape or avoid predators, and to 
fend off infectious diseases and parasites, all of 
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Table 4-6. Predominant characteristics of ecoregions in Me Pacific Nolthwest. From Omemik and Gallant 

(1986). 

Ecoreglon Land. sur[om form 

Coast 
Range 

Low to high mountains 

Puget 
Lowland 

Tablelands with 
moderate mlkf, plains 
wiVl hilk or mountains. 
or open hills 

Willpmene 
Valley 

, Plains with hllls, or open 
hills 

Cascades Hiih mountains 

Sierra High mountains 
Nevada 

Southem 
and Cnntral 

lmgular plains. 
tabklands of moderate 

Califomla to considerable relief, 
Plains and low mountains 

Centnl 
Califomla 

Flat plains 

Valky. 

Eastern Vahd: tablelands with 
Cascades moderate to hlgh mliaf, 
Slopes and 
FoOthiilS 

plalns with low 
mountains, open low 
mountains, high 
mountains 

Northem 
Rockies 

High mountains 

Columbia Varied: irregular plains. 
Basin tablslands with 

moderate to hlgh relief. 
open hills (excludes 
extremes) 

Blue Low to high open 
Mountains mountains 

Snake River Tablelands with 
Basinmigh 
Desert 

moderate to high relief, 
plains with hills or low 
mountains 

Potential natural 
vegetahn 

Sprucelwdarhemlock, 
cedarhemlocWDOugks-
fir, redwood 

CedarhemlocklDouglas-
fir 

CedarhernlocWDouglas-
fir, mosaic of Oregon 
oakwoods and cedar1 
hemlocWDouglas-fir 

Silver firDouglas-fir. 
firlhemlock. western 
SpruceMr. Douglas-fir, 
cedarhemiocWDouglas-
fir. sorucelcedarl . -- -~ 

hemlock 

Mixed conifer forest 
(fir, pine, Douglas-fir). 
red fir, lodgepole pine1 
subalpine forest 
(hemlock) 

Caifiorn~a oakwoods. 
cnapami (manzanlta. 
ceanothus). Calibm~a 
steppe (neediegrass) 

Calitomia steppe 
(neeahgrass), tule 
marshes (outrush. 
cattails) 

Westem pondemsa pine 

CedarlhemiocWpine. 
westem sprucefir. gnnd 
firmouglas-fir. Douglas-fir 

Whaatgrassibluegnss. 
fescue/whealgrass. 
sagebrush steppe 
(sagebrush. wheatgnss) 

Grand fidDouglas-fir, 
westem pondemsa pine. 
westem sprucemr. 
Douglas-fir 

Sagebrush steppe 
(sagebrush, wheatgrass), 
saltbushlareasewood-

-
Land use 

Forest and 
woodland mostiy 
ungrazed 

Mosaic including 
forest, woodland. 
pasture. cropland 

Primarily cmpland 
with some inter- 
spersion of pasture. 
woodland, and 
forest 

Forest and 
woodland mostly 
ungrazed 

. . 

Soils' 

Udic soiis of high 
rainfall areas 

Amsob, lnceptisois. 
MoIIisols. 
Spodosols, and 
Vertisols of valleys 

Xeric Mollisois. 
Vertisolr, and 
Affisols of interior 
valkys 

Udic soils of high 
rainfall mountains 

Forest and 
woodland grazed 

Open woodland 
grazed 

Xeric soils of 
moderate rainfall 
areas 

L~gnt.colored soi8 
of subhurnld reglons 

Inigated agricuiture. 
cropland with 
grazing land 

Forest and 
woodland grazed 

. Recent alluvial soils. 
light-colored soils of 
the wet and dry 
subhumid regions 

Xeric soils of 
moderate rainfall 
areas 

Forest and 
woodland mostly 
ungnzed 

Mostly cropland. 
cropland whh 
grazing land 

Forest and 
woodland grazed 

Desert shrubland 
grazed, some 
irriaated a0riwHun - -

Eastern interior 
mountain soils wlh 
acidic rock types. 
lnceptisols 

Xerolls. channeled 
scablands 

Soils of eastem 
interior mountains. 
Mollisols. lnceptisois 

Aridisols, aridic 
Mollisols 

'Soils are presented in this tabk as they appear from mapped unitr of resource soil maps. 
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which affect community structwe. Populations have 
evolved specific mechanisms for coping with 
environmental conditions in their natal and rearing 
streams. These adaptations include morphological, 
biochemical, physiological, behavioral, and 
developmental traits that allow f d  to survive and 
thrive with the specific physical, chemical, or 
biological constraints imposed by the mvironmmt 
and that ensun specific activities (e.g.. timing of 
migration and emergence) coincide with favorable 
environmental and ecological conditions. Adaptation 
is also evident in life-history strategies (e.g., 
fecundity and straying ntes) that accommodate 
natural disturbance regimes and allow populations to 
persist over evolutionary time. Unliic the biological 
diversity of fishes in the Mississippi Basin, which 

4 Bioloqical Processes 

centers on species diversity, the fisb diversity in the 
Pacific Northwest centers on stock and life-history 
diversity. The evolution of a wide variety of life- 
history strategies has allowed salmonids to invade 
and thrive in the diverse habitats of the Pacific 
Northwest. Thc linkage between biological 
communities and the physical and chemical 
characteristics of streams arc illustrated through the 
concepts of the river continuum and ecoregions. 
which offer means for assessing panems in aquatic 
community structure across the landscape and for 
predicting the response of aquatic ecosystems to 
anthropogenic disturbance. These concepts are 
essential in developing site-specific and region- 
specific salmonid conservation strategies and goals. * 



Ecosystem Approach to Salmonid Conservation December 1996-

5 Habitat Requirements of Salmonids 


Karr (1991) defines biological integrity as "the 
ability to suppon and maintain a balanced, integrated, 
adaptive community of organisms having a species 
compositioh, diversity, and functional organization 
comparable to that of natural habitat of the region.' 
He funher states that a biological system can be 
considered "ecologically healthy" when "its inherent. 
potential is realized, its condition is stable, its 
capacity for self-qair when permrbed is preserved, 
and minimal external suppon for management is -
needed." 

Specific attributes of streams and lakes, such as 
streamflow, warn temperature, substrate, cover, and 
dissolved materials-all the elements typically 
associated with the term habitat-are the result of 
physical. chemical, and biological processes 
operating throughout a watershed and across the 
landscape (see Chapters 3 and 4). Protecting and 
restoring desirable habitat-attributes of streams and 
lakes for salmonids requires that the natural 
processes that produce these characterisrics be 
maintained or restored. If processes arc protected, in 
other words, desirable aquatic-habitat characteristics 
will develop; if the processes are altered, the 
integrity of the aquatic ecosystem and its ability to 
suppon salmonids are diminished. The Aquatic 
Conservation Strategy Objectives detailed by FEMAT 
(1993) directly reflects these concepts. 

To assess the habitat requirements of salmonids, 
four principles need to be considered: 1) all 
watersheds and streams are diffemrt to some degree 
in tenns of their temperature regimes. flow regimes, 
sedimentation rates, nmriem fluxes, physical 
structure, and biological wmponents; 2),the fish 
populations that inhabit a particular body of water 
have adapted-biochemically, physiologically, 
morphologically, and behaviorally-to the natural 
environmental fluctuations that they experience and to 
the biota with which they share the stream, lake, or 
estuary (see Section 4.2.3); 3) the specific habitai 
requirements of salmonids differ among species and 
life-history types and change with season, life stage, 
and the presence of other biota; and 4)-aquatic 
ecosystems are changing over evolutionary time. 
From these general principles, there are obviously no 
simple de f~ t ions  of desirable habitat characteristics 
of salmonids. Defining acceptable or natural ranges 
, . .... * .- . . . 

diff~cult, it can be misleading as well. For example, 
the same total s e d i i t  yield in two different 
watersheds may affect salmonid habitats differently, 
depending on geology. topography, hydrology. 
stream size, and the abundance of large woody 
debris. Similarly, Behnkc (1992) hassuggested that 
stocks of trout native to warmer streams may exhibit 
greater tolerance to high temperature extremes than 
stocks inhabiting naturally cooler waters; !imply 
defining the range of temperatures at which a species 
has been observed does not ensure that stocks will be 
"safe" or healthy as long as temperatures remain in 
that range. The FEMAT (1993) repon concluded that 
current scientific information is inadequate to allow 
definition of specific habitat requirements of 
salmonids throughout their life histories. These points 
funher emphasize the need to maintain the integrity 
of aquatic ecosystems. 

Karr (1991) identified tive classes of 
environmental factors that affect the biotic integrity 
of aquatic ecosystems-food (energy) source, water 
quality, habitat smcntre, flow regimes, and biotic 
interactions-as well as ecological changes that may 
occur in response to human-induced alterations of 
these factors (Figure 5-1). Although this model was 
intended to address all aquaric biota, the elements 
provide a useful framework for discussing salmo~ud 
habitat requirements. In Section 5.1, we use the 
model of Karr (1991) to outline general habitat 
requirements of salmonids, focusing on processes and 
characteristics that must be maintained in order to 
ensure the ecological health of aquatic ecosystems. In 
Section 5.2, we review specific habitat requirements 
of Pacific salmonids at each life stage: adult 
migration, spawning and incubation, rearing, and 
juvenile migration. An extended discussion of water- 
quality concerns is presented under "general habitat 
requirements"; it is beyond the scope of this repon to 
comprehensively review the effects of toxic 
substances on each life stage. 

5.1 General Habitat Requirements 
Everest et al. (1985) noted that although each 

species of anadromous salmonid differs somewhat in 
its specific habitat requirements, all share some 
common habitat needs. Extending their list to include 
resident species, all salmonids require sufficient 
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I.food (energy) source 
* type, amount, and particlesue of 

organic materialentering a stream 
from the riparianzone versus 
primary production in the stream 
seasonal pattem of available energy 

2. water quality 
temperature 
turbidity 
dissolvedoxygen 
nutrients (primarily nitrogenand 
phosphorous) 

decreased coarse particulate organic 
matter/ . lncreasedfine particulateorganic matter 
tncreased algal production 

expandedtemperature exlremes 
increasedturbidity 
altered diurnal cycle of dissolved oxygen 
increasednutrients (especially soiuabie 
nitrwen and ~hosohomus)

organic and inorganic chemicals. I increased~ u ; ~ e d e dsdidsI . natural and synthetic increasedtoxics 
heavy metals-andtoxic substancesI * p H  

13.habitat structure 

4. flow regime 
water volume 
water depth and current velocity 
temporal distributionof floods and 
low flows 

Ecological 
impact Of 
human-
induced 

altered salinity 

substrate type 
spawning, nursery. and hiding 
pieces 

• dhrerslty (pools, riffles, woody 
debris) 
basinsue and shape 

decreased stability of substrate and 
banks due to erosion and sedimentation 
more uniform water depth-3 reduced habitat heterogeneity 
decreased channel sinuosity
reduced habitat areas due to shortened 
channel 
decreased lnstream cover and riparian 
vegetation 

alterednow extremes (both magnitude 
+ and frequency of high and low flows)

\ . increasedmaiimumflow velocitv '- ...-4 decreased minimumflow vel& . reduced divers& of microhabiit 
velocities 
fewer protectedsites 

increasedfrequency of diseasedfish 
aitered primary 8 secondary production

\ alteredtro~hicstructure. ~~/ . altered decomposition rates and timing 
diswotionof seasonal rhvthms~ ~ ~ , - .- s h i i  in species composition and relative 
abundances 
s h b  in invertebrate functional groups 
(increasedscrapers and decreased 
shredders)
s h i i  in troohic auiids (increased 

5. biotlc interactions 
mpetit ion.predation.disease 
parasitism 

I omnivores and iecreaied piscivores)

I increasedfrequency of hybridization. 
increased frequency of non-native 

Figure 5-1. Five major classes of environmentalfactors that affect aquatic biota. Arrows indicate the kinds of 
effectsthat can be expectedfrom human activities (modified from Karr 1991). 
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free of poIluWnts; high dissolved oxygen 
concentrations in rearing and incubation habitats; 
water of low sediment content during the growing 
season (for visual feeding); clean gravel substrate for 
reproduction; and unimpeded migratory access to and 
from spawning and rearing areas. 

5.1.1 Food (Energy) Source 
As discussed in Section 4.1, salmonids require 

sufficient energy to meet their basic metabolic needs, 
to grow, and to reproduce. Maintaining the integrity 
of aquatic ecosystem depends on maintaining the 
natural spatial and temporal patterns and amount of 
primary production. In streams where energy inputs 
are dorpinated by allochthonous mat~rials,detrital 
panicles generally are larger than in.streams where 
autochthonous production dominates. In addition. in 
streams with an intact riparian canopy, the timing 
and type of material delivered to the chamel differs 
between coniferous and deciduous forests. Together, 
these factors determine the abundance and species 
composition of aquatic invertebrates, which are the 
principal food source for most salmonids. Removal 
of riparian vegetation in s d l e r  streams changes the 
dominant energy inputs from allochthonous to 
autochthonous sources. The conversion of riparian 
vegetation from conifer-dominated communities to 
deciduous-dominated communities, or fmm shrub-
dominated to grass-dominated communities, alters the 
type of food energy available fa the system, the 
temporal patterns of allochthonous inputs, and the 
invertebrate communities that fead on those 
resources. Although not all of these changes are 
necessarily detrimental to salmonids, they represent 
fundamental changes to ecosystem function. Streams 
with anadromous f ~ hpopulations have an additional 
important source of nutrients in the form of salmon 
carcasses (see Section 3.8.2), which may contribute 
substantially to the productivity of the system. 

Physical habitat complexity influences the 
retention and processing of organic materials within 
swams and rivers. In addition, characteristics of the 
physical and chemical environment-temperature. 
sueamflow, turbidity, nuuient availability, and 
physical structure-all influence the composition and 
abundance of invertebratewmmunities within 
streams, lakes, and estuaries, as well as the ability of 
salmonids to obtain h e  food resources (see Section 
4.1.1). Tbusphysical and chemical processes must 
be maintained to ensure that food resources remain 
within the natural range of abundance for the 
particular site. 

5.1.2 Water Quality 
Water temperature. turbidity, dissolved gases 

(e.g.. nitrogen and oxygen), nutrients, heavy metals. 
. .  . 
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influence water quality and the ability of surface 
waters to sustain fish populations. With the exception 
of organic and inorganic chemicals of anthropogenic 
origin, each of these factors is naturally occurring 
and exhibits daily or seasonal fluctuations in 
concentration or magnitude. If the magnitude or 
concentration of any of these factors excetds the 
natural range for a specific location and time of year, 
biological processes are altered or impaired. 

Temperature 
Perhaps no other environmental factor has a more 

pervasive influence on salmonids and other aquatic 
biota than tmperature. The vast majority of aquatic 
organism are poikilothermic-their body 
temperatures and hence metabolic demands are 
determined by temperature (see Section 4.1). 
Consequently, virtually all biological and ecological 
processes are affected by ambient water temperature. 
Many effects of temperature on these processes have 
been discussed elsewhere in this document. Below is 
a brief list of some of the more important 
physiological and ecological processes affected by 
temperature, referenced to sections of this document 
where more detailed discussions may be found 

Decomposition rate of organic materials 
Metabolism of aquatic organisms, including fishes 
(Sections 4.1.1, 4.1.5) 
Food requirements, appetite, and digestion rates of 
fishes (Section 4.1.1) 
Growth IBIS of fish (Section 4.1.1) 
Developmental rates of embryos and alevins 
(Section 4.1.2) 
T i n g  of life-history events including adult 
migrations, fry emergence, and smoltification 
(Section 4.1.4) 
Competitor and predator-prey interactions 
(Sections 4.3.2, 4.3.3) 
Disease-host and parasite-host relationships 
(Section 4.3.4) 
Development rate and life history of aquatic 
invertebrates 

From this list, it is evident that protection and 
restoration of salmonid habitats requires that 
temperatures in streams and lakes remain within the 
natural range for the particular site and season. 

Most of the literature on salmonid temperature 
requirements refers to "preferred", "optimal", or 
"tolerable" temperatures or temperature ranges 
(Everest et al. 1985; Bell 1986; Bjornn and Reiser 
1991). Preferred or optimal temperatures are 
generally derived in laboratory studies of behavior 
(e.g., temperature selection) or performance (e.g., 
growth, survival, metabolic scope). In general, the 
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temperature to which, given unlimited acclimation 
time, a fish will ultimarcly gravitate towards (Fry 
1941). The "optimum tempemre" means the 
temperature at which a fish cau best perfom a 
specific activity. The "tolerable temperature" m g e  
includes temperatures at which fish can survive 
indefinitely. Although studies of temperature 
preferences, optima, and toleraqces are useful in 
establishing general physiological requirements, they 
do not address the ecological requirements of 
salmonids or local adaptation to specific thermal 
regimes. For this reason, water-quality criteria that 
are designed to prevent temperatures from exceeding 
physiologically svcssful levels alone are unlikely to 
prevent more subtle ecological changes. 

Turbidity and  Suspended Solids 
Turbidity in streams is caused by phytoplankton 

and by inorganic and organic materials that become 
suspended during high flow conditions. Inorganic and 
organic solids enter the aquatic environment in 
surface runoff, or as panicles derived from erosion 
associated with naNral (e.g.. slumping of unstable 
banks, storm runoff, volcanoes) or anthropogenic 
activities (e.g., forestry, grazing, mining, and 
agricultural practices) (Leidy 1980; Stumm and 
Morgan 1981; Dickson et al. 1987; Adriano 1992; 
Hem 1992). 

Turbidity and suspended solids in surface waters 
can effect periphyton and phytoplankton by reducing 
light transmission and by causing physical damage 
through abrasion and scouring (Chandler 1942; 
Chapman 1963; Bullard 1965; Cairns et al. 1972). A 
number of studies have indicated that turbidity is a 
major factor controlling phytoplankton abundance 
(Buck 1956; Cordone and Pennoyer 1960; Herbert et 
al. 1961; Benson and Cowell 1967; Sherk et al. 
1976). In addition. diminished light penetration and 
streambed stability can lead to reductions in algal 
productivity (Samsel 1973) and changes in plant 
species composition. Samsel (1973) found that a 
reduction of transparency of about 50% caused a 
threefold reduction in algal productivity in a Virginia 
impoundment. Chapman (1963) noted that moving 
sediment may grind or dislodge algae. Shifting of 
deposited sand (0.008-0.015 inches) prohibited 
establishment of periphyton along an English riverbed 
(Nunall 1972). 

Siltation reduces the diversity of aquatic insects 
and other aquatic invenebrates by reducing interstices 
in the substrate. When fine sediment is deposited on 
gravel, species diversity and densities drop 
significantly (Cordone and Pennoyer 1960: Herben et 
al. 1961; Bullard 1965; Reed and Elliott 1972; 
Nuttall and Bielby 1973; Bjomn et al. 1974; 
Cederholm et al. 1978). Deposited sediment may 
reduce accessibility to microhabitats by embedding 
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the edges of cobbles (Bnwcn and Prather 1974). and 
it may also entomb benthic organisms, which then 
die of oxygen depletion (Ellis 1931). Suspended 
sediments also limit benthic invenebmes ( T m e l l  
1938; Rees 1959; Branson and Batch 1971). In a 
10-year stream survey Roback (1962) found numbers 
of caddis fly larvae genera decreased from 16 to 7 at 
sediment concentrations in excess of 500 ppm. 
Addition of more than 80 ppm of inen solids to the 
normal suspended panicle concentration of 40 ppm 
caused a 60% reduction in population of riffle 
macroinvenebrates (Gammon 1970). Estuarine 
copepods ingested fewer food organisms as silt 
concentration increased (Sherk et al. 1976). 

Siltation and turbidity adversely affect fish at 
every stage of their life cycle (Iwarnoto el al. 1978). 
In general, deposited sediments have a greater impact 
on fish than do suspended sediments: spawning and 
incubation habitats are most directly affected (see 
Section 5.2.2). Particulate materials physically abrade 
and mechanically disrupt respiratory structures (e.g., 
fish gills) or surfaces (e.g., respiratory epithelia of 
benthic macroinvenebrates) in aquatic vertebrates and 
invenebrates (Rand and Petmcclli 1985). Sediment 
covers intergravel crevices which fd use for shelter, 
thereby decreasing the carrying capacity of streams 
for young salmon and trout (Cordone and Kelley 
1961; Bjomn et al. 1974). Fish vacate pools in 
summer after heavy accumulation of sediments 
(Gammon 1970). Finally, turbidity affects light 
penetration. which in Nm affects the reactive 
distance of juvenile and adult salmonids for food 
CapNre (see Section 5.2.2). 

Although salmonids typically prefer water with 
Iow turbidity and suspended sediment content, low 
levels of turbidity may have beneficial effects. 
Paniculates and dissolved chemical solids, including 
materials harmful to salmonids, may adsorb to the 
surfaces of colloidal materials, which in Nm can 
reduce their bioavailability. Thus, adverse effects 
potentially associated with exposures to inorganic and 
organic chemicals may be diminished, and biological 
processes associated with adsorption of dissolved 
organic solids (e.g., microbial transformation) may 
enhance the biodegradation and detoxification of 
organic chemicals in the water (Dickson et al. 1987; 
Rand and Petrocelli 1985; Adriano 1992; Hem 
1992). Wi le  adsorption associated with colloids may 
attenuate adverse biological effects associated with 
some chemicals, toxiciry of other dissolved chemical 
solids may increase because of interamions with 
colloidal materials in the water column. The 
exposure of fish to heavy metals may increase or the 
solubilization of heavy metals from othemise 
insoluble metal compounds may increase in the 
presence of suspended solids having a high colloidal 
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content (Leidy 1980; Rand and Peuocelli 1985; 

Brown and Sadler 1989). 


Dissolved Oxygen and ~ i r o ~ e n  Gases 
All salmonids require high levels of dissolved 

oxygen (DO). Reduced levels of oxygen can affect 
the growth and development of embryos and alevins, 
the growth of fry, and the swimming ability of adult 
and juvenile migrants. In most natural situations, DO 
levels are sufficient to allow.n o d function, but 
concentrations may be reduced by large amounts of 
organic debris, nutrient enrichment from sewage 
treatment plmts and agricultural runoff, and 
excessively high temperatures. Bjomn and Reiser 
(1991) t viewed a number of papers and concluded 
that while thresholds for survival arc generally low 
(3.3 mglL), growth and food conversion efficiency 
are affected at DO levels of 5 mglL, and that DO 
levels of 8-9 mglL or more are needed to ensure 
that normal physiological functions of salmonids are 
not impaired. EPA's water-quality criteria for 
dissolved oxygen are 9.5 mglL for a 7day mean and 
8.0 mglL for a 1-day minimum (EPA 1986). 
Supersaturation of oxygen gas may occur associated 
with spills from dams or highly turbulent waters. The 
EPA standard for maximum levels of oxygen is 
110% of normal saturation. A more detailed 
discussion of specific oxygen requirements at each 
life stage is presented in Section 5.2. 

Numerous studies of nitrogen supersaturation 
indicate that dissolved nitrogen generally affects fish 
when saturation exceeds 110%-130%. with the 
threshold level depending on water depth (Rucker 
and Tuttle 1948; Harvey and Cooper 1962; Fickeison 
et al. 1973; Blahm 1974; Meekin and Allen 1974; 
Meekin and Turner 1974; Rucker and Kangas 1974; 
Blahm et al. 1975; Dawley et al. 1975; Weitkamp 
1975; Bmtley and Dawley 1976: Bouck et al. 1976: 
Nebeker and Brett 1976). Gas bubble disease (GBD) 
and mortality are the primary detrimental effms 
associated with dissolved nitrogen concmtntions 
above threshold levels (Parametrix 1975).The 
detrimental effects of nitrogen supersaturation vary 
according to the length of exposure (Blahm et g. 
1975). Chinook salmon, coho salmon. steelhead 
trout, rainbow trout, whitefish. and largemouth bass 
were exposed to nitrogen levels of 130% for 8 of 
every 24 hours. Mortality did not exceed 50% 'if fish 
were placed in nitrogen-saturated water (i.e., 100%) 
of the remaining 16 hours. However, when fish were 
continuousiy exposed to supersaturated levels of 
nitrogen (130%). mortality rates exceeded 50% 
during the first day. Various species of juvenile 
salmonids may compensate for total nitrogen 
saturation levels up to 125% by remaining in deeper 
water (Parametrix 1975). Hydrostatic pressure 
increases with depth. so in dee~er water nitroeen 
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remains in solution in the blood of fish, inhibiting 
GBD. 

Nutrients 
Nutrient levels should remain within the natural 

range for the area and season as well as sustain the 
normal level of primary production. Various 
inorganic constituents of surface water are nutrients 
required for biological processes. Nitrogen and 
phosphoms are clcazly the most important nutrients 
affecting productivity of aquatic systems. Natural 
sources of nitrogen and phosphorous in natural 
ecosystems are discussed at length in Section 3.8.1. 
Inputs to surface- and groundwaters can be affected 
by vegetation changes associated with land-use 
activities as well as through direct enrichment from 
sewage effluents, run-off from agricultural lands, and 
industrial water. 

Nitrogen generally occurs in natural waters as 
nitrite or nitrate anions, as cationic forms like 
ammonium, and as intermediate oxidation states like 
those that occur in biological materials (e.g.. 
decomposing organic solutes). In surface waters or in 
groundwaters that are impacted through human use, 
cyanide from industrial sources, mines, and various 
other complex effluents (including agricultural 
runoff) may also be sources of nitrogen. Nitrite- 
nitrogen is short-lived in natural environments and, 
consequently, rarely exists in concentrations toxic to 
salmonids. Acute toxicity values for salmonids range 
from 100 to 900 ppb as NO,-N (48-hour or 96-hour 
LC&: chronic effects are poorly understood, in pan, 
because nitrite does not persist in surface waters 
under natural conditions. 

Nitrate is formed by the complete oxidation of 
ammonia through the nitrification process and can be 
found in relatively high concentrations in surface 
waters. Unlike ammonia and nitrite, nitrate does not 
form un-ionized species in aqueous solutions and is 
considered essentially nontoxic for aquatic vertebrates 
and invertebrates (e.g., acute LC* greater than 1300 
ppm for salmonids). However, much lower 
concentrations of nitrate may lead to adverse effects 
associated with eutrophication and the development 
of oxygendepleted waters (Leidy 1980; Rand and 
Petrocelli 1985). 

Ammonia frequently acts as a toxicant in surface 
waters subject to high inputs of nitrogen, especially 
through anthropogenic activities (e.g., agricultural 
runoff, sewage effluents). For salmonids, ammonia is 
acutely toxic at concentrations as low as 80 ppb, but 
the initiation of ammonia toxicosis is highly variable, 
primarily as a function of pH. Physiological 
responses to ammonia exposure are frequently 
exacerbated by low dissolved oxygen concentrations; 
for salmonids, acute toxicity is increased two-fold 
when dissolved oxygen is decreased from 80% to 
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30% saturation. In the laboratory, chronic effects of 
ammonia have been documented as low as 2 ppb, but 
little work has been completed to identify the effects 
of long-term exposures under field settings (Rand and 
Petrocelii 1985; Reader and Dempsey 1989). 

In contrast to nitrogen, phosphorus does not leach 
as readily from soil. In natural waters, phosphorus 
occurs in very low concenmions, most often in 
tenths of a milligram per liter (or less). 
Orthophosphate and its intermediates most frequently 
occur in surface waters and are routinely measured 
as "total phosphorus" in water-quality monitoring 
activities. Phosphorus most frequently occurs in 
surface waters as phosphates, which are generally 
considered nontoxic to aquatic vertebrates and 
invertebrates (Stumm and Morgan 1981; EPA 1986). 

Nitrogen and phosphorus are the principal causes 
of nutrient enrichment of surface waters. Aquatic 
macrophytes (rooted-submerged and floating vascular 
plants) and algae are dependent to varying degrecs on 
dissolved nitrogen and phosphorus for their nutrient 
supply. Growth of benthic algae and phytoplankton is 
panicularly sensitive to the ratio of nitrogen to 
phosphorus. Enrichment leads to high production 
rates of biomass (e.g., algal blooms) that arc 
undesirable for other aquatic biota, especially when 
respiration and decomposition create high 
biochemical oxygen demand and oxygen depletion. 
While the enhanced growth rates of aquatic 
vegetation can reach maximal conditions under 
nitrogen and phosphorus enrichment. phosphprus 
frequently acts as the limiting factor in aquatic 
habitats and will tend to conuol production rates 
(Leidy 1980; S t u m  and Morgan 1981; Hem 1992). 

Biocides 
Agricultural chemicals are potentially widespread 

in the environment, and surface watm and 
groundwaters may be affected by chemical use that 
accompanies changes in land-use practices. Various 
classes of chemicals are currently used in the 
agricultural industry, including herbicides, 
insecticides, fungicides, nematicides, defoliants, 
rodenticides, and growth regulators. These are 
primarily organic chemicals, but inorganic chemicals, 
such as mineral salts and nutrients, may also be used 
as fertilizers and may directly effect receiving 
waters. Similarly, complex chemical mixtuns from 
industries, municipalities, and landfills may impact 
water resources through runoff or infiltration to 
groundwater (Leidy 1980; Rand and Pevocelli 1985). 

Agricultural chemicals are regulated to decrease 
the likelihood of their release into surface waters and 
groundwaters, and water-quality criteria have been 
established for many of these chemicals (Table 5-1). 
There are several propenies of organic chemicals that 
influence their fate and effects in the environment. 
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For surface waters and groundwaters, a chemical's 
adsorptivity, stability, solubility, and toxicity will 
determine the extent to which that chemical will 
migrate and adversely effect a water resource. 
Among the thousands of agriculNral chemicals 
available for users (industries, small businesses, 
farmers, orchardists, and home gardeners), these 
properties will vary significantly. Depending upon 
the chemical's physicochemical properties, the 
potential contamination of water resources may be 
complex. For example, a chemical's water solubility 
will influence whethex it occurs in solution or 
adsorbed to sediments or colloids held in suspension 
(Dickson et al. 1987; Rand and Pevocelli 1985). 
Synthetic organics, even at subacute levels, may alter 
neumlogical, endocrine, and behavioral functions in 
fish (e.g., Folmar 1993; Choudhary et al. 1993; 
Singh et al. 1994). In addition to being toxic to fish 
and invertebrates that f ~ h  eat. organic chemicals may 
indirectly affect nontarget species through habitat 
alteration (e.g., changes in plant community structure 
as a result of targeting weedy species), and such 
changes may occur even under the best management 
practices (Leidy 1980). 

Heavy Metals 
Metal concentrations in surface water vary 

regionally, reflecting the geochemical composition of 
the underlying parent material and the soils 
characteristic of the watershed. Most frequently, 
metals occur in trace quantities as a result of soil 
leaching and geochemical processes that occur in tiie 
underlying bedrock. The concentration of metals in 
surface waters may be increased by anthropogenic 
activities such as mining and related industrial 
practices, such as electroplating and metals r e f ~ n g  
(Leidy 1980: Stumm and Morgan 1981; Rand and 
Petrocelli 1985). 

Although some metals are necessary trace 
nutrients, many metals are toxic to fish at very low 
concentrations. Other water-quality conditions 
influence the bioavailability of the metals. For 
example, muals that are nutritional requirements 
must be absorbed by the organism. Metals may occur 
in solution and may be available for uptake directly 
from the water, or they may be adsorbed to colloidal 
panicles in the water column. The extent to which 
metals are adsorbed and then intentionally or 
coincidentally ingested may influence the onset of 
metal toxicosis in aquatic biota, especially when the 
interaction between the metals in solution and metals 
adsorbed to colloids of various forms (e.g., relatively 
simple organic ligands versus complex organic 
structures like the humic acids) is influenced by other 
water-quality conditions such as pH. Table 5-2 lists 
waterquality criteria for selected metals and 
metalloids that are frequently considered toxicants of 
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Table 5-1. Water-quality criteria for selected herbicides, pesticides, and fungicides in 
frashwaters. From EPA (1986). 

Maximum acceptable levels OlgIL) 

Chemical Acute (instantaneous) Chronic (24-hour average) 

Alfrin 3.0 

Chlordane 2.4 0.0043 

' Chloiophenoxy herbicides 

2,4-D 

2.4.5-TP 

Chloropyrifos 

DDT and metabolites 

DDT 

TDE 

DDE 

Dieldrin 

Endosullfan 

Endrin 

Guthion 

Heptachlor 

Lindane 

Malathion 

Methoxychlor 

Mirex 

Parathion 

Pentachlorophenol $ 

Toxaphene 1.60 0.013 

1-hour average, not more than 1 time per 3 years. 
t Human-health based crileria. 
$ Criteria based on pH: see current €PA witeria. 
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Table 5-2. Waterquality criteria for metals and metalloids found in surface waters. Criteria for most metals are a 
function of water hardness. Also shown are other factors affecting toxicity and anthropogenic sources. From 
EPA (1986). 

Maximum acceptable levels bgA) 
Anthropogenic Other factors 

Metal source M a y  average' 1hour average* influencing toxicity 

Arsenic Agrichernicals 190 360 

Boron' Agtichemicals 750' 

MiningAndusttial e(r.l28p(~ners)l~19) e(1.128[b(hadnest))J.828)
Cadmium 

Chromium VI Industrial 11 16 pH 

Chromium Ill Industrial e(O.81~[h~hadnesr)l*l1561) (O.8l9[ln(Wncrr)]+SS688) 
pH 

Copper MiningAndustrial e(0.e~5~m(han~ra)1-~.465)e ( 0 . 9 4 2 q ~ n ~ h a ~ ~ r r ) ~ l . 4 ~ )  pH, valence. 

temperature, ' 
other metals 

Iron 

Lead 

Manganese 

Mercury 

Nickel 

Selenium 

Silver 

Zinc 

MiningAndustrial 

Mininghndustrial 

Industrial 

Industrial . 

Irrigated 
agriculture 

Mining 

MiningAndustrial 

1.ooo* 
e(l,2n[m(h~mne1s)~.7ffi ( i . z n ( m ( h . ~ ~ s s ) ~ i . 4 w )  Turbidity, pH 

50' 

DOC, microbial 
activity 

e(0.83(h(h*~ets)l+l.93)* p ~ ,temperature, 

valence 

'Values not to be exceeded more than 1 time per 3 years.'Criteria is for long-term irrigation of crops. No freshwater standards given.
* Domestic water supplies.'Human health criteria. 

24 hour average. 
Instantaneous. 
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concern, especially in surface waters impacted by 
human use. The physical fmuics of the surrounding 
habitat (e.g., land-use in riparian areas) may 
influence a chemical's toxicity, and seasonal 
variations in bioavailability of eonraminants (cog., 
changing redox potentials of sediments and 
availability of metals) must also be considered 
(Stumm and Morgan 1981; Dickson a al. 1987; 
Adriano 1992). 

pH
Acidic surface waters may dccur naturally as a 

result of dissolution of parent materials in bedrock 
and bverlyidg soils, biological decomposition 
(especially processes yielding organic acids such as 
fulvic ahd humic acids), or through geothermal 
activity or catastrophic events related to volcanic 
activity. More frequently however, surface-water 
acidity results from anthropogenic activities related to 
land use (e.g., mining) or resource use (e.g., 
combustion of fossil fuels) with fhcsubsequent 
deposition of materials capable of . . 
generating-directly or indirectly-and releasing 
hydrogen ions to the environment (Leidy 1980; Rand 
and Petroulli 1985). The influence of hydrogen ions 
on aquatic organism is influenced by watershed 
characteristics, including the buffering capacity of 
soils as well as by concentrations of dissolved 
materials in surface waters (Rand and Petrocelli 
1985; Brown and Sadler 1989). 

In general, fish may be adversely affected by 
surface water with pH 5.6 or less; however, the 
threshold for adverse effects is species-specific and 
waterquality dependent (e.g., buffering capacity). 
Hence, no single pH value can be regarded as a 
threshold for anticipating population-level responses 
to acidic surface watcrs. Respiratory problems are 
frequently observed in experimental fish exposed to 
low pH. Mucous clogging, increased ventilation, 
coughing and hypoxia are commonly recorded in 
acid-exposed fh.Aluminum and other metals 
exacerbate the physiological response to increased 
hydrogen ion. Low pH alters the specific form of 
metals in soils, increasing both their mobility and 
their bioavsilability to aquatic organism. In addition, 
low pH acts synergistically with heavy metals in 
surface waters to yield adverse biological effects 
(Stumm and Morgan 1981; Rand and Petrocelli 1985; 
Brown and Sadler 1989). High pH values may also 
adversely affect salmonids. Elevated pH can arise 
when reductions in canopy cover in riparian zones 
stimulates production of algae. As algae 
photosynthesize during the day, they take up carbon 
dioxide, which results in a reduction in free hydrogen 
ions (i.e., increasing pH). 
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5.1.3 Habjtat Structure 
The physical sttucture of streams, rivers, and 

estuaries plays a significant role in determining the 
suitability of aquatic habitats to salmonids as well as 
other organjsms upon which salmonids depend for 
food. These structural elements arc mated through 
interactions between natural geomorphic features, the 
power of flowing water, sediments that are delivered 
to the stream channel, and riparian vegetation, which 
provides bank stability and inputs of large woody 
debris. Svucrural attributes of sveams vary naturally 
among regions and along the longitudinal dimension 
of stream in response to differences in topography, 
geology, geomorphic f e a m ,  hydrologic regime, 
sediment load, and riparian vegetation (see Sections 
3.5 and 3.9.5). These spatial differences and 
gradients give rise to the variety of macro- and 
microhabitat attributes that are used by salmonids at 
various stages of their life histories. Macmhabitat 
features include pools, glides, and riffles. The -
relative frequency of these habitat types changes with 
size of the s-, the degree of channel constriction, 
and the presence of large woody debris. Microhabitat 
attributes include characteristics such as substrate 
type, cover, depth, hydraulic complexiry, and current 
velocity. 

Because of the great diversity in the physical 
attributes of western streams and in the requirements 
of various salmonids, and because few undisturbed 
watersheds remain to serve as reference points, it is 
difficult to quantify natural ranges of physical habitat 
features in streams, rivers, and estuaries. For 
example, historically, mid-order streams west of the 
Cascade m s t  had 16-38 pools per km (25-60 per 
mile) (FEMAT 1993). Pool frequencies in 10 human- 
influenced tributaries of the upper Grande Ronde 
River ranged from 3.8-26.2 per km (6-42 per mile) 
in 1941 and 1.4-7.4 per km (2-12 per mile) in 1990 
(McIntosh et al. 1994b). In the Yakima Basin, an 
unmanaged watershed (Rattlesnake Creek) averaged 
1.6 pools per km (2.5 per mile) in 1935-1936 and 
3.9 pools per Ian (6 per mile) in 1987-92 (Mclntosh 
et al. 1994b); similar pool frequencies were also 
reported for the Chewack River in the Methow River 
Basin. In low gradient surams on the Olympic 
Peninsula. Washington, pools constituted 81.1 % of 
the s- surface area (160 pools > 10 maper 
mile) (Grettc 1985). In low-gradient stream reaches 
in southeast Alaska, pools accounted for 39%-67% 
of the surface area dependiig upon bank full width 
(Murphy et al. 1984 discussed in Peterson et al. 
1992). This high degree of variation illustrates the 
importance of local geomorphic fearures, stream size, 
and riparian influence on stream habitat 
characteristics. 
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Despite inherent differences in sueamr, it is clear 

that habitat complexity is an imponant feature of 
aquatic systems. In st- of the Pacific Nonhwcst, 
large woody debris creates both macro- and 
microhabitat complexity that is essential to salmonids 
and other aquatic organisms. Large wood creates 
habitat heterogeneity by forming pools, back eddi'es, 
and side chands and by creating channel sinuosity 
and hydraulic complexity. Large wood also functions 
to retain coarse sediments (e.g., spawning gravels) 
and organic matter in addition to providing substrate 
for numerous aquatic invertebrates. McIntosh et al. 
(1994b) reported that changes in substrate 
composition towards smaller fractions coincided with 
reduced frequency of large woody debris in streams 
of the upper Grande Ronde River. Consquently, 
large woody debris plays a significant pan in 
controlling other structural elements of streams. 

Large woody debris provides an important 
component to estuarine h a b i i  of coastal rivers 
(Maser et al. 1988). which are imponant rearing 
areas for juvenile anadromous salmdnids (Table 4-2). 
Woody debris increases habitat complexity in areas 
where the bottom consists mainly of fme sediments. 
Numerous invertebrates rapidly process h e  wood, 
liberating nutrients for some organisms, while others 
use the wood as refugia. In salt manhes, large 
wwdy debris traps sediments to increase the extent 
of the marsh.As exceptionally high tides displace the 
logs, depressions left in the sediments innease 
habitat diversity imponant to juvenile fishes. In areas 
that are predominantly mud bottomed. large wood 
further serves as a repository for herring spawn. The 
functional roles of large woody debris in steams, 
and how these change from headwater reaches to 
estuaries, are reviewed in greater detail in Section 
3.9.5. The hctions of large woody debris relative 
to specific life stages of salmonids are discussed in 
Section 5.2. 

Other important components of habitat structure 
at the microscale include large boulders. coarse 
substrate, undercut b a t h ,  and overhanging 
vegetation. These habitat elements offer salmonids 
concealment from predators and shelter from fast 
currents. At the macrolevel, streams and rivers with 
high channel sinuosity, multiple chaunels and 
sloughs, beaver impoundments, or backwaters 
typically provide highquality habitat for salmonids. 
Such areas serve as refugia during high flows. 
Salmonids in estuaries bmefit from similar structural 
features (substrate complexity, overhanging 
vegetation, depth heterogeneity) as well as abundant 
macrophytes. 
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5.1.4 Wow Regime 
Flow regimes in stream and rivers determine the 

amount of water available to salmonids and other 
aquatic organisms, the types of micro- and 
macrohabitats that are available to salmonids (see 
Section 5.2). and the seasonal patterns of disturbance 
to aquatic communities. High-flow events distribute 
sediments in sneams, flushing fine sediments from 
spawning gravels and allowing recruitment of gravels 
to downstream reaches. In addition, extreme flow 
events are essential in the development and 
maintenance of healthy floodplain systems through 
deposition of sediments, recharge of groundwater 
aquifers, dispersal of vegetation propagules, 
recruiting large woody debris into streams, and 
transponing wood downstream. In alluviated reaches, 
high flows may create new side channels and flood 
off-channel areas that are important rearing habitats 
for salmonids. Low flow may also be imponant for 
the establishment of riparian vegetation on gravel 
bars and along stream banks (Sarion 3.6). Thus. 
although over shorter time scales high- or low-flow 
events may ternporariiy reduce salmonid numbers, 
dynamic flows are needed to perform essential 
functions imponant in the long-term persistence of 
salmonid populatiom. 

The specific flow requirements of salmonids vary 
with species, life histow stage, and time of year (see 
Section 5.2). Local salmonid populations have 
evolved behavioral and physical characteristics that 
allow them to survive the flow regimes encountered 
during each phase of their development. Protection of 
salmonid habitats requires streamflows to fluctuate 
within the natural range of flows for the given 
location and season. 

5.1.5 Biotic Interactions 
Protecting and restoring biological integrity in 

surface waters also depends on maintaining natural 
biological interactions among species. These 
interactions may be affected directly by the 
introduction of non-native species and Stocks (see 
Sections 4.3 and 6.12) and overexploitation (Section 
6.11) or indirectly thmugh modification of physical 
and chemical characteristics of streams, lakes, and 
estuaries (reviewed in Chapter 4). Human-induced 
impacts on biological interactions include changes in 
primary and secondary production, disruption in 
timing of life histoly events or seasonal rhythms. 
increased frequency of disease or parasitism, and 
changes in the outcome of predator-prey and 
competitive interactions. Together these perturbations 
lead to changes in food webs and trophic structure of 
aquatic systems. 
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5.2 Habitat Requirements by Life 

Stage 


Salmonids use a variety of habitats during their 
life histories. Anadromous species in particular have 
complex life histories that involve periodic shifts in 
habitat. Dependiing on the species or stock, 
freshwater streams, lakes, or intertidal sloughs may 
be used for reproduction; streams, lakes, estuaries, 
or oceans may be used for juvenile M n g  (Table 4- 
2). For all anadromous species, habitats between 
spawning streams and the ocean an required for 
upstream and downstream migrations. Differences in 
spatial and temporal use of specific habitats exist for 
eacii specied, yet the diversity among species and by 
life stage indicates that most freshwater habitats an 
utilized' year round (Table 4-3). Juvenile-to-adulthood 
rearing generally occurs in the ocean, but there is 
considerable variation (Table 4-2). even within each 
species. To persist, each species or stock must be 
able to survive within the entire range of habitats 
encountered during its life; degradation or alteration 
of habitat required at any life stage can limit 
production. Much of the available information on 
salmonid habitat requirements has been summarized 
in reviews by Bell (1986). Everest et al. (1985). and 
Bjornn and Reiser (1991). which arc the primary 
sources of infonnation for this section unless 
otherwise nored. 

Most of the quauticatve descriptions of 
requirements for salmonid habitats presented in this 
section consist of either microhabitat observations of 
salmonids in nature or results from laboratory studies 
that measure the performance of salmonids (often 
hatchery fish) under controlled conditions. 
Microhabitat meamments are frequently made 
during a single season (usually summer, when 
sampling is easiest), and the resulting data arc often 
reponed in the literature without accompanying data 
on habitat availability. Habitat utilization constitutes a 
"preference" only when the particular range of 
depths, velocities, substrates, or cover rypes is used 
at a frequency greater than its general availability in 
the environment. The range of microhabitats w d  in 
a particular stream depends on availability. 
Consequently, variation in microhabitat utilization 
among streams (or segments of the same stream) can 
be substantial, and habitat preference infonnation 
derived from one louttion should not be applied to 
other areas without careful consideration of 
similarities and differences between sites. In addition, 
microhabitat measurements at holding positions of 
salmon and trout do not always encompass the range 
of velocities needed for feeding, which an 
commonly higher. For all of these reasons, care must 
be taken when interpreting microhabitat data 
published in the literature. Similarly, optimal 
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conditions for development, growth. and survival as 

determined in the laboratory da not always 

correspond to the most favorable conditions in 

natural environments (sksection 5.1). 


5.2.1 Adult Migrations 
The migrations of anadromous salmonids from 

river mouths to their natal streams vary in length 
from a few hundred meters (e.g., chum salmon 
spawning in the intenidal zone) to well over a 
thousand kilometers. Even resident fish may make 
substantial migrations between lakes and streams or 
between sections of a river network (Everest et al. 
1985). During upstream migrations, anadromous 
salmonids need holding or resting sites and suitable 
flow and water quality. Resident species may feed 
d u ~ gtheir migrations and thus may have more 

diverse habitat needs. 


Physical Structure 
Upstream migration of many salmonid species 

typically involves rapid movements through shallow 
areas, followed by periods of rest in deeper pools. 
Some races, such as spring chinook and summer 
steelhead, ma), arrive at spawning sites several 
months before spawning or hold in mainste.m rivers 
for several weeks or months prior to moving into 
their natal streams to spawn (Bjornn and Reiser 
1991). Large woody debris, boulders, and other 
structures provide hydraulic complexity (e.g., eddies 
or localized arear of slow water) and pool habitats 
that serve as resting stations for fish as they migrate 
upstream to spawn. Resident species use structure to 
pause out of the main current while waiting for prey 
to drifi by in adjacent, faster waters. Large woody 
debris and other suumres may also facilitate 
temperam stratification and the development of 
thermal refugia by isolating pockets of cold water 
and preventing mixing (see discussion of temperature 
below). In shallower reaches, riparian vegetation and 
large wood provide cover from terrestrial predators. 
At redd sites, adequate areas of stable, appropriately 
sized gravel containing minimal fine sediments are 
required for successful spawning (see Section 5.2.2). 

Flows and Depth 
Streamflow during the spawning migration must 

be sufficient to allow passage over physical barriers 
including falls, cascades, and debris jams;as a 
result, the migrations of many stocks occur 
coincident with high flows. Coho salmon frequently 
wait near stream mouths until a freshet occurs before 
moving upstream (Sandercock 1991). as may pink 
salmon (Heard 1991). Holtby et al. (1984) observed 
continuous entry of coho salmon into Carnation 
Creek during years of high flow but pulsed entry 
when freshets were infrequent. Spring and summer 
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chinook stocks migrate during periods of high flows 
that allow than to teach spawning tributaries in 
headwater reaches, while fall-run stocks, which 
typically spawn in lower teaches, may enter stteams 
during periods of nlatively low flow (Healey 1991). 

Mimum depths that will allow passage of 
salmonids are approximately 12 cm for trout, 18 cm 
for the smaller anadromous species (i.e. pink, chum, 
steelhead, sockeye, and coho salmon), and 24 cm for 
large chiiook salmon (Bjotnn and Reiser 1991); 
however, substantially gruuer depths may be needed 
to negotiate larger barriers. Reiser and Peacock 
(1985) report that maximum leaping ability varies 
from 0.8 m for brown trout to 3.4 m for steelhead. 
Pool depths must exceed barrier height by 
approximately 25% to allow fish to reach the 
swimming velocities necessary to leap to these 
heights @Nan 1962). The ability to pass a barrier is 
also influenced by pool configuration. Water 
plunging over a steep fall forms a standing wave that 
may allow salmonids to attain maximum heights 
(Bjornn and Reiser 1991). Less severe inclines (e.g., 
cascades) may be more difficult to pass if pool depths 
are inadequate and velocities are high. 

Water Quality 
Temperature. Most adult salmonids typically 

migrate at temperatures less than 1 4 T ;  however. 
spring imd summa chinook salmon migrate during 
periods when temperaturn are substantially warmer 
(Table 5-3). Excessively high or low tempencum 
may result in delays in migration (Major and Mighell 
1966; Hallock et al. 1970; Mona et al. 1975). Adult 
steelhead that move from the oceaa into riva 
systems in the summer and fall may overwinter in 
larger rivers, delaying entry into smaller spawning 
tributaries until they are fret of ice in the spring. 
Similarly, spring-spawning tcsident salmonids, 
including cutthtoat and rainbow tmut, may hold at 
the mouths of spawning streams until tempmatures 
wann up to the prefmcd tempemre range (Bjomn 
and Reiser 1991). In addition to delaying migration, 
excessively high temperatures during migration may 
cause outbnaks of disease (see Section 4.3.4). 

Coldwater refugia may also be imponant to adult 
salmon as they migrate upstream. Adult summer-run 
steelhead in the Middle Fork Eel River of California 
were observed in thermally stntificd pools, but were 
absent or infrequent in non-suatified pools of similar 
depth (Nielsen et al. 1994). Coldwatu poekcu in 
stratified pools ranged from 4.1 to 8.2"C cooler than 
ambient stream temperatures. Spring chiiook salmon 
have also been observed to hold in coldwater pools 
for several months prior to spawning in the Yakima 
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River of eastern Washington. moving as much as 60 
km from holding pools to spawning sites (NRC 
1992). The authors suggest that this behavioral 
thennongulation lowers metabolic rates and thereby 
conserves energy for gamete production, mate 
selection, redd construction, spawning, and redd 
guarding. 

Sueamflow, channel morphology, and the 
pmencc of large woody debris may play significant 
roles in mediating the formation and persistence of 
coldwatu refugia (Bilby 1984; Nielsen et al. 1994). 
In some streams and rivm, gravel bars or other 
structures isolate incoming tributaries or seep areas 
from mainstem waters. thereby inhibiting the mixing 
of waters and helping to maintain thermal gradients 
(Nielsen et al. 1994). In larger systems, thermally 
stratified pools need not be associated with coldwater 
inputs provided that deep scour pools exist and flows 
are sufticiently low to prevent Nrbulent mixing. 
Consequently, in larger systems management 
practices that reduce large woody debris, destabilize 
stream channels, increase tutbulence or modify 
stteam flows may eliminate coldwater refugia. 

Dissolved Oxygen. The high energy 
expendi~tes of sustained upstteam Swimming by 
salmonids tequires adequate concentrations of 
dissolved oxygen (DO). Davis et al. (1963) found 
adult and juvenile swimming performance impaired 
when DO dropped below 100%saturation levels for 
water temperaruns between 10-20'C. DO 
concentrations below 6.5-7.0 mglL greatly impaiyd 
performance at all temperatutes studied. Migrating 
adults exhibited an avoidance tisponse to DO levels 
below 4.5 mg/L (Hallock et al. 1970). Migration 
resumed when DO levels increased to 5 mg/L. 

Turbidity. High concentrations of suspended 
sediment may delay or divett spawning tuns and in 
some instances can cause avoidance by spawning 
salmon (Smith 1939; S&zi et al. 1969; Monensen 
et al. 1976). Salmonids wen found to hold in a 
stream when the suspended sediment load reached 
4,000 mg/L (Bell 1986). Though high d i n t  loads 
may delay migration, homing ability does not seem 
to be adversely affected (Murphy 1995). Cowlio 
River chiiook salmon retuned to the hatchery 
seemingly unaffected by the sediments derived fmm 
the eruption of Mount St. Helens, Washington, 
although in the highly impacted Toutle River 
tiibutary of the Cowlio, coho salmon did sway to 
nearby stteams for the first two years following the 
emption (Qninn and Fresh 1984). 
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Table 5-3. Tolerable and preferred temperature ranges (OC) for adult migration, spawning. and 
incubation of emblyos for native salmonids in the Pacific Northwest. Modi id  after Bjrnn and Reiser 
(1 991). . , - ., 

-

~ L ? S  Life Stage 

Spawning 
Migration 

(rnin -max) 
Spawning 

(preferred range) 
incubation 

(preferred range) 

Pink salmon 

Chum salmon 

'X 	 Coho salmon 

Sockeye salmon 

Spring chinook 

Summer chinook 

Fall chinook 

# 	 Steelhead trout 

Cutthroat tmut 

RESIDENT 

Kokanee 

Mountain whitefish 

Cutthroat trout 

Rainbow tmut 

Dolly Varden 

Bun trout 

'Bell 1986. 

t Everest et al. 1985. 

S Varley & Gresswell 1988. 

5 Pran 1992. 

1[Ratllff 1992. 




Part I-Technical - Foundation 

5.2.2 Spawning and lncubation 
Although spawning and incubation occur in the 

same habitat, adults and embryos have slightly 
different habitat needs. Adulu select sites based on 
substrate composition, cover, and water quality and 
quantity. Embryo survival in and fry emergence from 
an intragravel environment depends upon physical, 
hydraulic, and chemical variables including substrate 
size, channel gradient and configuration, water depth 
and velocity, DO, water temperature. biochemical 
oxygen demand in the gravel. and permeability and 
porosity of the gravel in the redd (Bjornn and Reiser 
1991). 

Physical Structure 
All salmonids require sufficient gravels within a 

specific size range and a minimum of fme sediments 
for successful spawning. Usable gravel size generally 
is proportional to adult size-larger individuals spawn 
in larger substrate (Marcus et al. 1990). Bjornn and 
Reiser (1991) reviewed the available l i temre  and 
found that anadromous salmon typically use gravels 
in the 1.3-10.2-cm sire range, whereas steelhead and 
resident trouts may use smaller subsuates (0.6-10.2 
cm). The depth that salmonids deposit eggs within 
the substrate is also a function of sire (Everest et al. 
1985) and may be critical to incubation success. 
Nawa and Frissell (1993) found that gravel beds can 
be both scoured and filled during the same flood 
event potentially leaving little net change in bed 
surface elevation. Eggs deposited within the zone of 
scour and fill are likely to wash downstream. 
Bedload and bank stability arising from LWD and 
intact upslope. floodplain, or riparian wnes minimize 
this risk. Large woody debris diversifies flows, 
reducing stream energy dinned towards some 
portions of the stream (Naiman et al. 1992). This 
creates pockets of relatively stable gravels bntn 
protected from the scouring effects of high flows. 

Flow and Depth 
The number of spawning salmon and trout that can 

be accommodated in a given stream depends on the 
availability of suitable habitats for redd construction, 
egg deposition, and incubation (Bjomn and Reiser 
1991). Two characteristics of spawninghabitats 
directly tied to streamflow are water depth and 
Nrrcnt velocity. Salmonids typically deposit eggs 
within a range of deprlis and velocities that m i n ' i  
the risk of desiccation as water level recedes and that 
ensure the exchange of water betwcm surface ind 
substrate interstices is adequate to maintain high 
oxygen levels and remove metabolic wastes from the 
redd. In general, the amount of habitat suitable for 
spawning increases with increasing streamflow; 
however, excessively high flows can cause scouring 
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of the substrate, resulting in mortality to developing 
embryos and alevins (Hwper 1973). 

Bjornn and Reiser (1991) recently reviewed studies 
quantifying specific water depths and velocities at 
sites used by saimonids for spawning in rivers and 
streams. In Table 5-4, results from their review have 
bcm supplemented with data from four other reviews 
( H a y  1991; Heard 1991; Salo 1991; and 
Sandercock 1991) on spawning sires for anadromous 
salmonids. Usually, depth and velocity of water at 
spawning sites is related to the size of spawners: 
larger species spawn at greater depths and faster 
water velocities than smaller species. There is also 
substantial variation among rivers, probably 
reflecting differences in habitat availability. Most 
species typically spawn at depths greater than 15 cm, 
with the exception of kokanee salmon and smaller 
trout (Table 5-4). which spawn in shallower waters. 
Location of redd sites based on water depths and 
velocities may also vary depending on spawner 
density. For example. pink salmon tend to spawn in 
shallower waters when conditions are crowded or 
streamflow is low (Heard 1991). Several species of 
salmonids may seek out areas of upwelling for 
spawning; these include sockeye salmon, chum 
salmon, coho salmon, and bull trout (Burgner 1991; 
Salo 1991: Sandmock 1991; Pratt 1992). Upwellins 
increases circulation of water through redds. which 
helps to eliminate wastes and prevents sediments 
from filling in spawning gravel interstices. Thus 
infiltration that recharges groundwater, which 
eventually discharges in subsurface springs and 
seeps, must be maintained. 

Water Quality 
Temperature. Salmonids have been observed to 

spawn at temperatures ranging from 1-20'C (Bjomn 
and Reiser 1991), but most spawning occurs at 
temperatures between 4 and 14'C (Table 54).  
Resident trouts. including rainbow and cunhroat 
trout, may spawn at temperatures up to 20.0°C and 
17.2'C. respectively, while coho salmon, steelhead 
trout, Dolly Varden, bull trout, and mountain 
whitefish tend to prefer lower temperatures. The 
wide range of spawning temperatures utilized by 
most salmonid species strongly suggests that 
adaptation has allowed salmonids to persist in a 
variety of thermal environments and that attempting 
to identify species-specific preferenda may fail to 
account for ecological requirements of individual 
stocks. 

Among the salmonids, the preferred incubation 
temperatures have been best documented for the 
anadromous species. Bell (1986) suggested preferred 
temperature ranges of 4.4-13.3"C for pink salmon, 
chum salmon, coho salmon, and sockeye salmon, and 
5.0-14.4'C for chiiook salmon (Table 5-3). More 
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Table 5-4.Water depths and velocities used by anadrornous and resident salmonids for spawning. 

Spedes Depth (cm) Velocity (anh) Source-
Chinook salmon (raw not spec*d) 15-43' 37 -69' Bovee (1978) 


52-128t 55-113t Gnybill e l  al. (1979) 

30 -460 Chaoman (1943) 


Spring chlnook salmon t 24 30-91 Thompson (1972) 

18-38' 24-61' Bovw (1978) 

5-122 Bumer (1951) 

13-720 30-150 Vmnskii (1972) 

45 -52 52-68 Collings et al. (1972) 


22-64 Smith (1973) 
30-107 30 -53 Chambers e l  al. (1955) 

i 15-100 Neilson and Banford (1983) 

Summer chinook salmon t 30 32-109 Reber and Whne (1 981) 

I 5-700 10-189. Healey (1991) 


Fall chinook salmon 10-120 25-115 Bovee (1 976) 

21 24 30-91 Thompson (1972) 


122-198 84-114 Chambers et al. (1955) 
28-41 30-76 Bripp~ (1953) 
30-45 30-68 Conings e l  al. (1972) 

19-81 Smith (1073) 
to 700 37- 189 Chapman el ai. (1986) 

Chum salmon 2: 18 46-101 Smith (1973) 

13-Sot , 21-84t Johnson e l  al. (1971) ' 

20-110 10-20 Sano and Nagasawa (1958) 

30-100 10-100 Soin (1954) 


Coho salmon + 18 30 -91 Thompson (1972) 
4-33 30-55 Gribanov (1948) 

12-35' 25-61' Bovee (1978) 
20-25 25-70 LIet al. (1979) 
10-20 30-75 Briggs (1 953) 

Pink salmon t 15 21 -101 ColUngs (1974) 
10-150 30-140 Heard (1991) 

Sockeye salmon 2 15 21 -101: Bjomn and Reiser (1991) 

15-300 Burgner (1991) 

17-49" 34-58' Bovee (1978) 

15-55" 28 -79" Stober and Graybill (1974) 

30-46 53 -55 Clay (1961) 


Kokanee salmon 5 6 15-73' Smth (1973) 
6-23' 11 -41- Bovee (1978) 

Steelhead trout (raw not sps&ed) t 24 40-91 s m a  (1973) 
18t 30-917 Slober and Gnybill (1974) 

12-70 37- 109 Hunler (1973) 
27 -88t  46-91? Gnybill e l  al. (1979) 

Winter Steelhead trout 24 -55' 43-87' Bovee (1978) 

Rainbow trout 2 18 48-91 smith (1973) 
15-43 27-79 Chambers el al. (1955) 
21-30 30 Li e l  al. (1979) 

Cunhroat trout s 6 11-72 nunter (1973) 
17-30 15-46 Chambers el al. 11955) 

Mountain whitefish 23 30-66' Bovee (1978) 
610-1220 + 15 Li el aL (1979) 

'Values indicate 50% probability range. 

t Values indicab 80% probability range. 

2Estimated by Bjomn and Reiser (1991) based on crileria for other species. 
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recent laboratory studies have demonstrated that coho 
and sockeye salmon embryos tend to be less sensitive 
to cold temperatures and more sensitive to wann 
temperatures than pink, chum, or chinook salmon 
(Munay and McPhail 1988; Beacham and Murray 
1990). Coho and sockeye salmon embryos incubated 
at l.O°C had survival rates higher than 50%; chum 
and chinook salmon embryos exhibited 50% monality 
at temperatures below 1.5 and 3.0°C, respectively; 
and even and odd-year pink salmon exhibited 50% 
monaliry at 3.5 and 4.S°C, respectively (Beacham 
and Murray 1990). Conversely, 50% mortality 
occurred at tempenolm above 13.5'C for coho 
salmon embryos, compared with 15-15.5'C for pink 
and sockeye salmon, and 16OC for chum and chinook 
salmon. The alevin stage is generally less 
temperature sensitive than the embryonic stages, with 
lower low-temperature rhrrsholds, and higher high- 
temperature thresholds (Beacham and Murray 1990). 
Salmonid embryos and ale?rins can tolerate shon 
periods during which temperatures are below or 
above incipient lethal levels (Bjomn and Reiser 
1991). 

Seymour (1956) carried out comprehensive studies 
on temperature effects on the development of c h i i k  
salmon from the egg to fingerling stage. 
Environmental temperature was correlated with the 
number of vertebrae, egg monaliry, the number of 
abnormal fry, and the duration of the hatching 
period. For eggs reared at temperatures beween 4.4 
and 14.4'C, no differences were observed, but 
defects and monaliry increased at both higher and 
lower temperatures. Combs (1965) identified lower 
(4.4-5.8'C) and upper (12.7-14.Z0C) temperature 
thresholds for normal development of sockeye salmon 
eggs. 

Dissolved Oxygen. Embryos and alevins need 
high levels of oxygen to survive (Shirazi and Seim 
1981). Field studies have demonstrated positive 
correlations between DO and survival for steelhead 
trout (Coble 1961) and who salmon (Phillips and 
Campbell 1961). Phillips and Campbell (1961) 
suggested that DO levels must average greater than 
8.0 mg/L for embryos and alevins to survive well. 

In addition to being directly lethal, low levels of 
dissolved oxygen can have sublethal affects on 
salmonids as well. The rate of embryological 
development, the time to hatching, and size of 
emerging fry are all affected by low levels of 
dissolved oxygen. Ganide (1966) found rhar the rate 
of embryonic development w a ~  increasingly retarded 
by progressively lower levels of dissolved oxygen 
(DO), resulting in delayed hatching. Doudoroff and 
\'men (1965) reported that DO levels below 
saturation resulted in increases in time to hatching 
and completion of yolk-sac absorption, as well as 
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decreases in the size of alevins. Silver et al. (1963) 
and Shumway n al. (1964) observed that steelhead 
trout, who salmon, and chinook salmon reared in 
water with low or intermediate oxygen concentration 
were smaller in size and had a longer incubation 
period than those raised at high DO. Similarly. 
Brannon (1965) found a positive relationship between 
DO and the size of sockeye salmon alevins at time of 
hatching. Alderdice et al. (1958) found that very low 
oxygen levels at early egg incubation stages produced 
severe morphometric abnormalities in cbum salmon 
in addidon to delaying hatching. Low DO levels 
stimulated eggs in an advmccd stage of development 
to hatch prrmatureiy, causing monality. 

~jornn and Re iw  (1991); summarizing four 
different studies, concluded that critical dissolved 
oxygen levels needed to meet respiratory demands 
v q  with state of development. Early embryological 
states @re-eyed) require the lowest levels of oxygen. 
while embryos nearing hatching have the highest DO 
requirements. 

Turbidity and Sedimentation. Salmonids 
require gravels that have low concentrations of fine 
sediments and organic material for successful 
spawning and incubation. Bedload or suspended 
organic and inorganic materials that settle out over 
spawning redds affect the intragravel environment of 
salmonid embryos in several ways. Inorganic 
sediments. as discussed above, may clog substrate 
interstices and thereby diminish intragravel flows. In 
addition fine sediments may act as a physical barrier 
to fry emergence (Cooper 1959, 1965; Wickett 1958; 
McNeil and Ahnell 1964, Koski 1972; Evercst et al. 
1987). Eggs deposited in small gravel or gravel with 
a high percentage of fine sediments have lower 
survival to emergence (Harrison 1923; Hobbs 1937; 
Shapovalov and Benian 194% Shaw and Maga 1943; 
Koski 1966). McHenry u at. (1994) found that 
excessive fines (> 13% of sediments < 0.85 mrn) 
resulted in intragravel mortality for coho salmon and 
steelhead trout embryos because of oxygen stress. 
Organic materials that enter the substrate interstices 
use up oxygen as they decompose (Bjomn and Reiser 
1991). funher reducing DO concentrations. In 
addition, salmon and trout avoid areas with high 
percentages of sand, silt, and clay (Burner 1951; 
Stuan 1953). 

5.2.3 Rearing Habitat: Juveniles ,and 
Adult Residents 

The abundance of juveniles and resident adult 
salmonids is influenced by the quantity and quality of 
suitable habitat, food availability, and interactions 
with orher species, including predators and 
competitors (Bjornn and Reiser 1991). As noted in 
Section 4.2, the types of rivers and streams used for 
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spawning and rearing differ among species and life 
stages. In addition, within the same system, 
sympatric populations of salmonids may segregate by 
channel unit types (e.g., pools. glides, riffles, 
cascades, off-chaanel areas) or by microhabitats 
within channel-unit types. The selection of specific 
microhabitats likely refleas a balancing among 
various factors, including the availability of food, the 
energetic cosu of holding. risks of predation, and 
inua- and interspecific interactions. Bjomn and 
Reiser (1991) suggest that at any given time, certain 
environmental parameters may be better suited for 
some individuals, populations or species, while other 
parameters may not be as favorable yet must be kept 
in a suitable range for organism persistence. 
Consequently, there is no set of "optimal" habitat 
conditions for all species at all life stages. 

Physical Structure 
A variety of lentic and lotic habitats arc potentially 

available to juvenile salmonids because of species- 
specific differences in ecological specialization. 
Comparison of habitat requirements among species is 
difficult: habitat selection is influenced by life stage. 
time of year, food availability, yuu-to-year variation 
in environmental conditions (e.g.. flow, depth, 
temperature. food), and presence of other salmonids 
(Everest et al. 1985; Bjomn and ReiMr 1991). 
Nevenheless, some species-specific amnities for 
habitats have been documented in the literature. 

Shortly following emergence. the fry of many 
salmonids occupy shallow habitau along the margins 
of stream, moving into deeper and faster waters as 
they increase in size. Pink and chum salmon 
generally migrate to sea immediately after 
emergence. Sockeye salmon primarily use lakes as 
nursery mas,but will occasionally overwinter in 
sloughs. side channels, and spring areas (Burgner 
1991). Within lakes, fry oflen use littoral areas for a 
month or more before moving offshore (Burgncr 
1991): riparian vegetation and woody debris may 
provide cover during this phase. Juvenile coho 
salmon tend to prefer pool habitau in summer and 
often move into side channels, sloughs, or beaver 
ponds for winter (Meehan and Bjornn 1991: 
Tschaplinski and Hanman 1983). Cutthroat trout also 
exhibit preference for pool habitats in summer, but 
the presence of other species such as who salmon 
may cause trout to move into riffle habitats (Glova 
1986). Steelhead trout typically prefer riffle habitats 
during summer (Everest et al. 1985) but may shift to 
pool habitats in winter or when coho salmon are not 
present (Bjomn and Reiser 1991). Juvenile chinook 
salmon are typically found in glide and riffle habitats 
with tastes watess than typically used by coho 
salmon. though chinook do use pool habitats when 
available. Backwaters and side-rhar;nrlr t h o *  
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developed along unconstrained reaches in alluvial 
floodplains were historically imponant rearing 
habitats for many salmonid juveniles (Sedell and 
Luchasa 1982), and whese the% habitats remain 
intact they o h  contribute a disproportionate share 
of total salmonid abundance. 

As detailed in Section 3.9.5, large woody debris 
interacts with natural channel-fodg features such 
as boulders or bedrock to create different types of 
pool habitats (e.g.. plunge pools, swur pools. eddy 
pools) and to increase hydraulic heterogeneity. The 
influence of large wood on both the formarion of 
channel units and specific microhabitats creates 
habitat complexity that allows multiple species to 
coexist as an assemblage. In addition, large wood 
and associated pool habitats provide cover from 
predators and refuge habiiats during stonn events 
(Everest et al. 1985). Undercut banks and 
overhanging vegetation also serve as cover for 
juvenile anadromous and resident adult salmonids. 

Substrate may also play an important role in habitat 
selection. In the summer months, boulders may 
provide both visual isolation from other fish and 
cover from predators. In winter. several salmonid 
species (e.g., steelhead, resident rainbow, and 
cutthroat trout as well as chinook salmon) have been 
observed to seek refuge in substrate interstices at low 
water tetnperatures (Chapman and Bjomn 1969; 
Bustard and Namer 1975; Campbell and Neuner 
1985; Hillman et al. 1989). Gravel. cobble, and 
boulder substrates provide greater interstitial refugia 
than substrates dominated by sand o r  silt. 

Flow and Depth 
?be amount of physical space available to juvenile 

and adult salmonids reKing in steams and the 
quality of that habitat is directly related to stream 
discharge (Everest n al. 1985). Within stream 
environments. salmonids select specific microhabitats 
where water depth and velocity fall wi rh i  a specific 
range or where cenain hydraulic properties occur 
(Table 5-5). These preferences in depth and velocity 
change both with season and life stage. 
Consequently. sveamtlow must be adequate to both 
satisfy minimum requirements for survival during 
periods of stress (e.g., low flow) as well as to 
provide specific microhabitat characteristics that are 
favorable to salmonid populations throughout their 
period of freshwater residence. 

For many salmonids, smaller-sized fish tend to 
select shallower, slower moving watess chan l q e r  
individuals (Chapman and Bjornn 1969; Everest and 
Chapman 1972; Moyle and Baltz 1985). Newly 
emerged fry may be vulnerable to downstream 
displacement by flow and typically select velocities 
lower than 10 cmls (Bjomn and Reiser 1991). 
n..;-.. ...---- ----r . .. -
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Table 5-5. Stream depths and velocities at holding sites of salmonids by age or sue. From Bjomn and Reiser -bi 
(1991). Reproducedwlth permission of the publisher. 

Species and Source Age* or Sbe Depth Om) Velocity (cmJJ) 

Steelhead tmul 

Hanson (1977) 1 51 mean 10 mean 


+ Bugerl (1985) 31 -44 mm 24 40 	 L '
Everest and Chapman (1972) 0 c 15 c 15 

$
1 60 - 75 15-30 


2 58 mean 15 mean 

3 60 mean 15 mean 


Moyls aqd B a k  ,(1Q85) 	 0 35 7.3 

Juvenile 63 19.4 

Adun 82 28.6 


Sheppard add Johnson (1985) 37 mm c 30 -z 25 

Smith and Li (1983) 25 mm 4 


50 mrn 8 

75 mm 18 

100 mm 24 

150 mm 24 


Stuehrenberg (1975) 0 c 30 14 range. 3 - 26)

1 > 15 16 irange. 5 - 37) 


Thompson (1972) 0 18-67 6 -49 


% Chinook salmon 

Everest and Chapman (1972) 0 15 - 30 c 15 

Konopacky (1984) 77 - 89 mm 55 - 60 12-30 


18 dawn)

12 [midday)

25 (dusk) 


Stuahrenberg (1975) 0 c 61 9 (range. 0 - 21)

1 c 61 17 (range. 5 - 38) 


Thompson (1972) 	 0 30 - 122 6 - 24 

Steward and Bjomn (1987) 	 78 - 81 mm 40 -58 8-10 


% Coho salmon 
Bugerl (1985) 39 (flume)

15 

1 1s 


Nickelson and Relsenbichler (1977) 0 30 > 30 

Peamon et al. (1970) 0 9 -21 

Sheppard and Johnson (1985) 62 mm 30 - 70 c 30 

Thompson (1972) 0 30 - 122 5-24 


Cutthroat trout 

Hanson (1977) 51 mean 10 mean 


56 mean 14 mean 


pntt (1984) 


57 mean 20 mean 

54 mean 14 mean 


Thompson (1972) 

Bull trout 

Pratt (1984) < 100 mm 33 9
.100 mm 45 	 12 

'Ages are in years or l ie  stages, without units. 



Ecosystem Approach to Salmonid Conservation December 1996 -
holding positions at moderace velocities but For resident salmonids and juveniles of 
immediately adjacent to faster waten (Chapman and anadmmous species that spend a year or more in 
Bjornn 1969; Jenkins 1969; Evemt and Chapman freshwater, s t readow during the summer low-flow 
1972). These positions arc believed to confer the period must be adequate te prevent streams becoming 
greatest energetic advantage to the fish. The amount excessively wann or drying up altogether. Under 
of food delivered to a particular location is drought conditions, streams may become intermittent, 
proportional to water velocity (Wankowski and and fish may be restricted to isolated pools. Such 
Thorpe 1979; Smith and Li 1983). Consequently. conditions can result in increased competition for 
fish that hold in water adjacent to faster feeding lanes food. reduced dissolved oxygen levels, increased 
can maximize food intake while minimizing energy physiological stress, and vulnerability to predators. 
expenditures associated with maintaining position in Deep pools with groundwater inputs provide the 
the current (Smith and Li 1983; Fauxh 1984). necessary cover and thermal refugia. 

During w,intcr months, metabolic demands and. 
thus.' food requirements decrease as temperaNreS Water Quality 
dmp. Swimming ability also decreases with Temperature. Juvenile and resident salmonids 
decreasihg temperature (Brett 1971; Dickson and arc variable in their temperature requirements, 

Kramer 1971: Griffiths and Alderdice 1972), and fish though most species are at risk when temperatures 

may be less able to mainrain positions in fast waters exceed 23-2S°C (Bjornn and Reiser 1991). Upper 

for extended periods of time. As a result, salmonids and lower lethal temperatures as well as the 

tend to select slower water velocities, move to off- "preferred" temperature ranges of several western -

channel habitats, or seek refuge in substrate salmonids is shown in Table 5-6. These values 

interstices when temperatures drop below a cenain provide a general range of tolerable temperatures; 

threshold temperature (Bustard and Narver 1975; however, the ability of fish to tolerate temperature 

Tschaplinski and Harrman 1983: Campbell and extremes depends on their recent thennal history. 

Neuner 1985; Johnson and Kucera 1985; Sheppard Fish acclimated to low temperatures, for example, 

and Johnson 1985). Larger resident trout may have lower temperature thresholds than those 

abandon feeding sites in riffles and runs and move to acclimated to warmer temperatures. 

slower-velocity pool habitats if substrate refugia are 

unavailable (Spmce 1989). 


Table 5-6. Lower lethal, upper lethal, and preferred temperatures for selected salmonids. Based on techniques 
to determine incipient lethal temperatures (ILT) and critical thermal maxima (CTM). Fmm Bjornn and Reiser 
(1991). Reproduced with uermisslon of the publisher. 

[ r .  Lethal temperature 
("C1. . 

Prefemd 
Lower Upper temperature

Species lethal* lethalt PC) Technique Source 

1 ,  7 Chinook salmon 0.8 26.2 12-14 ILT ~ r e t t  (1952) 
b ' 7 Coho salmon 1.7 26.0 12-14 I LT Brett (1952) 

28.8: CTM Becker and Genoway (1979) 

Sockeye salmon 3.1 25.8 12-14 ILT Brett (1952) 

Chum salmon 0.5 25.4 12-14 ILT Brett (1 952) 

% Steelhead trout 0.0 23.9 10-13 Bell (1986) 

Rainbow trout 29.4 CTM Lee 8 Rinne (1980) 
25.0 ILT Charlon et al. (1970) 

1 : Cutihroat trout 0.6 22.8 Bell (1986) 

t 'Acclimation temperature was 10°C: no mortality occurred in 5.500 min. 

t Acclimation temperature was 20% unless noted otherw~se: 50% mortality occurred in 1,000 min. 

S Acclimation temperature was 1S0C. 


C 
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Temperatures exceeding the upper 'incipient lethal 
level" may be tolerated for brief periods, panicularly 
during die! fluctuations, or may be avoided by 
seeking coldwater refugia provided by seeps or 
springs. Bull trout (not shown in table) appear 
particularly sensitive to warm waters. Temperatures 
higher than 14'C may act as a thermal barrier to 
migration of bull trout (OWRRI 1995). McPhail and 
Murray (1979) found that bull trout grew most 
rapidly at temperatures of doc, about 10DC colder 
than optimal growth temperatures for most species of 
Oncorhynchus. Lower lethal temperatures are near 
OeC for most species of salmonids. 

Many salmonid-bearing streams in the Pacific 
Nonhwest, panicularly those in the southern, 
eastern, and low-elevation portions of the range, now 
experience maximum temperaturn in summer that 
approach or exceed upper lnhal levels for salmonids. 
Coldwater refugia in the form of springs, seeps, cold 
tributaries, and thermally stratified pools allow 
populations to persist in these strcams that would 
otherwise be inhospitable. Nielsen et al. (1994) found 
that juvenile steelhead moved into thermally stratified 
pools when mainstem temperatures were between 
23-28'C in a coastal northern California stream. 
Similarly, Li et al. (1991) reported that resident 
rainbow trout in an eastern Oregon stream selected 
natural and artificially created coldwater seep habitats 
when main-channel temperatures exceeded 24'C but 
showed no preference for coldwater areas when 
temperatures in the main channel dropped below 
2O0C. 

Dissolved Oxygen. Salmonids are strong. 
active swimmers and require highly oxygenated 
waters. Maximum sustained swimming performance 
dropped off for coho and chinook salmon when DO 
concentrations decreased much below air-saturation 
levels (8-9 mg/L at ZO'C) (Davis et al. 1963; 
Dahlberg et al. 1968). Alabaster et al. (1979) 
concluded that growth rate and food-conversion 
efficiency were probably limited if DO 
concentrations fell below 5 mglL for Atlantic 
salmon. Davis (1975) estimated that salmonids would 
suffer no impairment if DO concentrations remained 
near 8 mglL and determined that DO deprivation 
would begin at approximately 6 mglL. High water 
temperatures, which decrease oxygen solubility, 
funher increase the stress on fish caused by low DO 
concentrations. A recent literature review resulted in 
criteria for salrnonids presented in Table 5-7 (ODEQ 
1995). The dissolved oxygen criteria developed for 
Idaho, Oregon; and Washington provide greater 
protection to salmonids than EPA's national minima. 

Turbidity. Turbidity is elevated in all streams for 
shon durations during storm and snowmelt events. 

5 Habitat Requirements of Salmonids 

Juveniles and adults appear to be little affected 
(Sorenson et al. 1977) by these transitory episodes. 
though Bisson and Bilby (1982) reponed that coho 
salmon avoided water exceeding 30 nephelometric 
turbidity units (NTU), levels that may occur in some 
watersheds with high erosion potential. In a 
laboratory sening, juvenile coho salmon and 
steelhead trout exhibited reduced growth rates and 
higher emigration rates in turbid streams (25-50 
NTU) compared to clear streams (Sigler et al. 1984). 
Lloyd et al. (1987) found thar juvenile salmonids 
avoided chronically turbid streams including glacially 
influenced streams and those disturbed by human 
activities. Turbidity also influences foraging behavior 
of juvenile anadromous and adult resident salmonids 
by reducing the distance from which they can locate 
drifrig ptcy. 

5.2.4 Juvenile Migration 
Depending upon the species or population, some 

juvenile salmonids migrate to the sea or  to lakes, 
while others remain in a relatively small reach of 
stream for their entire lives (Everest et al. 1985; 
Bjomo and Reiser 1991). All species require 
unobstmctcd (either physically or chemically) access 
to upstream or downstream reaches for migration or 
dispersal to feeding grounds. In addition. species and 
stocks differ in their migratory behavior (i.e., timing 
and speed). For example, some species (e.g.. pink 
and chum salmon) may move rapidly to the ocean 
over a few hours or days, while others (e.g.. chinook 
salmon) may gradually move downstream over 
several weeks or months. These different behaviors 
entail substantially different habitat requirements 
during the migration period. 

Physical St~cture 
Migrating fish are particularly vulnerable to 

predation because they often are concentrated and 
may move chrough areas with limited cover and high 
abundances of predators (Larsson 1985). Physical 
structure in the form of undercut banks and large 
woody debris provides refugia during resting periods 
and cover from predators. Juveniles that migrate to 
lakes, such as sockeye salmon or adfluvial resident 
populations, may be traveling upstream or 
downstream. In addition to cover from predators, 
these fish may require holding and feeding stations 
during their migrations. Artificial obstructions such 
as dams and diversions may impede migrations 
where they create unnatural hydraulic configurations. 

Flow and Depth 
Streamflow is imponant in facilitatini downstream 

movement of salmonid smolts. Smolt migration is 
believed to be regulated by "priming" factors, such 
as photoperiod and temperature, that alter the 
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Table 5-7. Guidance for relating dissolved oxygen uiteria to use protection. From ODEQ (1995). 

Concentration ImalL) 

Class 
3Way 
mean 

7day  
mean 

7day
minimum Minimum UseAevel of 'protection 

Salmonid 
spawning 

9 
6' 

Salmonid spawning and 
incubation of embryos. Low risk of 
impairment to aquatic community 
of salmonids. other native fish. 
and invertebrates. 

Coldwater 6 6 Principally coldwater communities. 
salmon, trout, invertebrates, other 
nathre woiwater species 
througout all or most of the year. 
Juvenile anadromous salmonids 
may rear throughout the year. Low 
level risk of impairment for these 
groups. 

Coohvatar 6.5 4 Miied native coolwater species, 
such a s  sculpins. and cooiwater 
aquatic life. Provides migratory 
route for salmon and tmut. 
Salmonids and other biota may be 
present duling part or all of the 
year but may not dominate 
community structure. Slight level 
of risk to community. 

Warmwater 5.5 4 Native warmwater fish; non-native 
species, salmonid migration; , 
waterbodies may not naturally 
support native wohvater 

' communities. 

No risk No change from natural The only criteria that provides no 

~~ 

' Intragravel dissolved oxygen. 

disposition of the fish in anticipation of downstream 
migration and "releasing" factors, including changes 
in temperature or streamflow, that trigger movement 
once a state of physiological "rcadiiess" is obtained 
(Groot 1982). Dom (1989) found that increases in 
streamflow triggmd downstream movement of coho 
salmon in a western Washington stream. Similarly. 
Spcnce (1995) also found short-cenn increases in 
streamlow to be an important stimulus for smolt 
migration in four populations of who  salmon. Thus 
the normal range of streamflows may be required to 
maintain normal temporal pattern of migration. 

Streamflow is also important in determining the 
rate ar which smolrs move downstream, although 
factors influencing the speed of migration remain 
poorly understood. Bjomn and Reiser (1991) state 

additional risk to the resource is 
no chanoe from background. 

that the time required to travel from the Salmon 
River in Idaho to the Dalles Dam increased by as 
much as 30 days during low-flow periods following 
the consuuction of six dams on the Columbia-Snake 
system. In other systems, the migration speed of 
individuals may not be correlated to streamflow. This 
may occur in part because of the changing 
physialogical disposition of fish during the run period 
with later migrants undergoing a more rapid smolt 
transformation as water wanns. 

Water Quality 
Temperature. Temperature affects migration 

timing of smolts in two fundamental ways: by 
influencing the rate of growth and physiological 
development and by affecting the responsiveness of 
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fish to other environmental stimuli (Gmot 1982). 
Conscquently, altention of thermal regimes through 
land-use practices and dam operations can influence 
the timing of migration. Holrby (1988) found that 
coho Jalmon smolts emigrated approximately 8 days 
earlier in response to logging-induced increases in 
stream temperatures. In addition, the age-class 
distribution was shined from populations evenly split 
benvem one- and two-year old smolu to populations 
dominated by otu-year old fuh. A single year of 
poor ocean conditions will have a greater effect on a 
particular year class if the majority of smolu migrate 
at the same age, rather than spreading the risk over 
two years. 

The specific temperature requirements of juvenile 
anadromous salmonids during their seaward 
migration are riot well documented. Sockeye smolrs 
have been rcponed to migrate at temperatures 
ranging from 2-10°C (Burgner 1991). Coho salmon 
have been observed to migrate at temperatures as low 
as 2.5'C and as high as 13.3'C (Sandercock 1991); 
however, most fish migrate before temperatures 
reach 11-12OC. Ocean-type chinook typically migrate 
during March and April at lempeIatureS between 
4.5'C and 15.S0C (Healey 1991). whereas stream- 
type chinook smolts tend to migrate 1 to 2 months 
later when conditions an substantially warmer. Once 
temperatures exceed a threshold level in the spring, 
salmon smolts will reven to a presmolt physiology 
and remain within the stream. 

5 Habitat Requirements of Salmonids 

Dissolved Gases. Supersaturation of dissolved 
gasses (particularly nitrogen) has been found to cause 
gas bubble disease in upstream and downstream 
migrating salmonids (Ebel and Raymond 1976). 
Steelhead m u t  appear to be more susceptible than 
salmon to the disease because salmon have been 
found to better sense and avoid highly supersaturated 
waters (Stevens a al. 1980). However, all salmonids 
are susceptible. Although we found no i n f o m i o n  
regard'mg dissolved oxygen requirements during 
seaward migration, it is likely that DO near 
saturation levels is required during this 
physiologically stressful period. 

Turbidity. Turbid waters have been mentioned as 
affecting migration but little documentation is 
available in the literature. Thomas (1975) found frj 
migration increased as turbidity increased. Lloyd et 
al. (1987) found that turbid streams were avoided by -juveniles except when the fish must pass through 
them along migration routes. There is also some 
evidence that die1 migrations of salmonids is 
influenced by turbidity. Many salmonids tend to 
migrate during the evening hours (Burgner 1991). 
presumably to avoid predation. However, in streams 
with higher turbidity, migrations may be evenly 
dispersed during both the day and night. -



Ecosystem Approach to Salrnonid ~onservation December 1996 

6 Effects of Human Activities 


Land-use practices-forestry, grazing. agriculture. 
urbanization, and mining-disrupt aquatic ecosystems 
by altering watershed processes that ultimately 
influence the anributes of streams, lakes, and 
es~aries.h this section, we review specific 
mechanisms by which human activities directly or 
indiredtly affect aquatic ecosystems. With the 
exception of chemical contamination. most effects on 
watershed processes result from changes in 
vegetation and soil characteristics, which in turn 
affect the rate of delivery of water, sediments, 
nutrients, and other dissolved materials from uplands 
to stream channels. Withiin the riparian zone, land- 
use activities can alter the amount of solar radiation 
reaching the stream surface, affect the delivery of 
coarse and fine organic materials to streams, and 
modify fluvial processes that affea bank and channel 
stability, sediment transport, seasonal streamflow 
patterns, and flood dynamics. Disconnecting streams 
from their floodplains further alters hydrologic 
processes, nutrient dynamics, and vegetation 
characteristics. 

Dams and water diversions affect salmonids by 
blocking or hindering migrations of fish. by altering 
the physical (e.g.. tempcramre, flow, sediment 
routing) and chemical characteristics of streams, and 
by causing changes in stream biota. Other activities 
that influence salmonids and their habitats include 
wetland removal, harvesting of salmon. introduction 
of non-native species and hatchery salmonids, 
eradication of beaver, and activities associated with 
river, estuarine, and ocean trfllc. 

6.1 Forestry 
Forest vegetation covers approximately 46% of 

the combined land surface of Washington, Oregon, 
and Idaho, including 34% of nonfederal lands and 
58% of Federal lands (Pease 1993)'. Most 
commercial harvesting of timber is for softwoods, 
primarily Douglas-fir, ponderosa pine, hemlock, 
Sitka spruce, and lodgepole,pine. Industry-owned 
lands, despite constituting only 18%of the s o f t w d  
growing stock, accounted for 44% of the total 
softwood harvest in the region in 1986. In contrast, 
national and State forests constitute 70% of the 

growing stock, but provided only 46% of the 
softwood harvest (Jensen 1993). Intense production 
from nonfederal lands is likely to continue or 
increase as Federal timber supplies diminish. 

Logging in the Pacific Northwest began in the 
mid 1800s. and by the 1860s the timber industry was 
well established. By 1880, forests along Puget 
Sound, as well as many rivers and streams, had been 
cleared for three or more kilometers inland (Sedell 
and Luchessa 1982). Throughout the 1900s forest 
harvest has continued, and the effects of logging have 
become pmvasive across the region. Early forest 
practices were particularly damaging to stream 
environments. Splash damming was commonly used 
to float logs down to the sawmills, a practice $at has 
had long-lasting effects on c h a ~ e l  morphology and 
the abundance of large woody debris. Clear-cuts 
often included riparian forests, which yielded large 
quantities of wood that were easily transported 
downstream. Debris jams were routinely removed at 
the behest of biologists, who believed they hindered 
migration of anadmmous fishes. Today the functional 
importance of large woody debris to salmonids is 
well documented (Bisson et al. 1987; Hicks et al. 
1991a; Naiman n al. 1992) and State forest practice 
rules have been modified to reflect this knowledge. 
But despite recent improvements in forest practices, a 
legacy of past practices and cumulative effects will 
hamper our abiliry to quickly reverse habitat changes 
accrued from logging practices. 

In the sections that follow, we review the effects 
of f o m  practices on watershed processes and 
salmonid habitats. We use the term "forest practices" 
to include all activities associated with the access. 
removal, and reestablishment of forest vegetation, 
including road construction, timber harvest, site 
preparation, planring, and intermediate treatments. 
Understanding the effects of these practices on 
natural processes will foster improved management, 
providing greater protection to salmonid habitats. 

6.11 Effects on Vegetation 
Forest practices directly influence vegetation 

withiin a watershed through the removal of trees 
during harvest, thinning, and road const~uction, and 

'Percentages listed in Table 7 of Pease (1993) for nonfederai lands are in ermr. The correct total area for 
nonfederal lands IS 33.616.655 hectares (83,066,500 acres). (P. Jackson. GeoSciences. Oregon State Un~versity. 
personal communication.) 
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through manipulations of understory and ground 
vegetation designed to increase the vigor of desired 
species and inhibit growth of understory vegetation 
(e.g., burning or mechanical and chemical 
treatments). In addition, forest vegetation is indirectly 
affected by changes in site conditions following 
harvest. Removal of oventory vegetation can change 
local microclimate, soil moisture and stability, 
ground cover, and susceptibility to erosion, all of 
which influence the re-establishment of vegetation in 
the harvested area (Beschta el al. 1995). Soil 
compaction by ground-based equipment can reduce 
infiltration of water, thereby hindering the re- 
establishment of seedlings or the growth of 
established vegetation. In addition, as me roots die 
afxr logging, subsurface spaces (macropores) 
become compacted or filled with sediment, reducing 
infiltration of water and reducing aeration in the 
soils. When porosity is reduced below 2056-2596, 
root growth is marded. Mixing of mineral and 
organic soil layers also sunugly influences the 
revegetation process (Bc.schta et al. 1995). 

The magnitude of vegetation change and the 
succession of vegetation following logging depend on 
the type and degree of disturbance. For highly 
disturbed sites, early succession is dominated by 
colonizing annual and herbaceous species, followed 
by dominance/codominance of perennial species, and 
finally by dominance of overstory species. Where 
disturbance is less seven, residual species may 
dominate theearly successional stages. Beschta et al. 
(1995) provide a more thorough tview of the effects 
of forest practices on regennatlc:: of vegetation. 

At the landscape level, forest practices have 
resulted in substantial modification of species and age 
composition of western forests. Narural forests 
typically exhibit a mosaic of patches in different 
states of ecological succession. These mixed-age, 
multi-species plant assemblages have been replaced 
with even-aged forest plantations dominated by a 
single species. Riparian forests have been especially 
affected in areas where rapid growth of hardwood 
species (e.g.. alder and maple) and shrubs (e.g., 
salmonberry) has precluded re-establishment of 
coniferous species (Bisson et al. 1987). In coastal 
streams, riparian areas outside of wilderness areas 
are dominated by alder and big leaf maple (FEMAT 
1993). Certain conifen. such as western hemlock and 
Sitka spruce, frequently regenerate on partially 
decomposed nurse logs that are elevated above the 
forest floor (reviewed in Harmon et al. 1986). 
Removal of downed trees from the riparian zone may 
affect re-establishment of these species. 

6.1.2' Effects on Soils 
Forest practices can result in significant 

disturbance to soils, including increased compaction, 
scarification, and mixing of soil layers. The degree 
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and effects of compaction are influenced by a number 
of factors, including the total area compacted, the 
soil type and moisture content, the equipment used, 
and the number of passes the vehicle makes over the 
site. Cafferata (1992 in Beschta et al. 1995) reviewed 
a number of studies and determined that 10%-40% 
of a harvest area may be compacted during tractor 
logging. 

The effects of soil compaction appear to be of 
long duration. Studies have estimated recovery times 
from 10-50 years, with estimates as long as 90-110 
years in an arid high-elevation site (Webb et al. 
1986: Cafferata 1992). Duration of companion 
depends upon depth of compaction, soil texture, soil 
temperature and moisture regimes, and biological 
activity. Recovery time increases with increasing 
depth of compaction. Soil recovery occurs more 
rapidly in clay soils that shrink and swell with 
changing moisture content, high elevation soils that 
are subjected to freezing and thawing, soils with high 
organic content that cushions them from compaction, 
and soils with high biological activity (e.g., 
bumwing rodents, earthworms, insects, soil 
microbes) (Bcschta et al. 1995). 

6.1.3 Effects on Hydrology 
Timber harvest and its associated road 

consuuction and site preparation practices can have 
significant effects on hydrologic processes that 
determine streamflow. In most cases, the removal of 
vegetation increases the amount of water that 
infiltrates the soil and ultimately reaches the stream 
by reducing water losses from evapotranspiration. ' 
However, in forested systems where fog drip 
contributes significantly to total precipitation (Ham 
1982). harvesting uecs may have linle effect on the 
total amount of water reaching the stream. Soil 
compaction can decrease infiltration and increase the 
likelihood of surface runoff. Roads can affect the 
muting of water by intercepting subsurface flow and 
divening it down drainage ditches, effectively 
increasing drainage density within a watershed (Sidle 
et al. 1985). King and Tennyson (1984) observed 
altered hydrology when roads constituted 4% or 
more of catchment area (i.e., 4% was "roaded"). In 
snow-dominated systems, logging can influence the 
spatial distribution of snow on the ground, as well as 
the energy transfer processes that affect the melting 
rate of snowpack (Chamberlin et al. 1991). The 
effect of logging on hydrologic processes can change 
annual water yield, the magnitude and timing of peak 
flows, and the magnitude of summer low flows. The 
effects of logging on hydrologic processes are 
reviewed in two recent syntheses (Chamberlin et al. 
1991; Beschta et al. 1995). and the material 
presented below is based primarily on these analyses. 
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Water Yield 
In most instances, clearcutting has been found to 

increase total water yield. In western Oregon, 
increases in water yield in the fmt 1-5 years 
following logging have ranged from a few 
centimeters to almost 65 cm (25 inches) (Beschta et 
al. 1995). The largest increases in yield occur in 
areas of high precipitation and high 
evapotranspiration. In these areas, increased yield 
resulted primarily from reduced evapotranspiration 
losses. One case study in the Bull Run watershed of 
Oregon found that water yidds decreased slightly 
after logging ( H m  1982). Apparently, the decrease 
in <vapotrappiration losses was offsct by a decrease 
in the amount of fog-drip that normally occurred in 
the foqsted watershed. 

In forests east of the Cascade Range, increases in 
water yield afier logging are not as great. In a snow- 
dominated system in the Blue Mountains of Oregon, 
no increase in wateFyield was observed following 
logging (Fowler et al. 1987). The authors suggested 
that higher wind speeds after clear-cutting increase 
evaporation from snowpack, offsetting reductions in 
transpiration. Elsewhere in eastern Oregon and 
Washington, forested watersheds are likely to 
experience minor changes in total water yield. 
Beschta et al. (1995) speculated that in areas with 
low precipitation (< 30-51 cm [< 15-20 inches]) 
increases in water yield are likely to be negligible. 
Water yields in interior ponderosa pine and Douglas- 
fir forests are generally low to begin with because of 
high evaporation demands. Consequen~ly, reductions 
in transpiration losses may be compensated by higher 
evaporation losses. In areas with higher precipitation, 
increases in water yield may be somewhat greater but 
still less than those observed in westside systems 
(Ziemer 1986; Beschta et al. 1995). Small increases 
in yield from snowdominated systems in British 
Columbia and Colorado have also been reported 
(Hibben 1967; Cheng 1989). 

In addition to being affected by forest vegetation 
and climatic conditions, increases in water yield also 
depend on the percentage of the land area that is 
harvested or roaded (Hewlett and Nutter 1970; 
Trimble and Weirich 1987). In general. the increase 
in yield is directly proponional to the size of the area 
logged. However, for patch cuts, removal of 
vegetation may result in a smaller increased yield 
than predicted by area alone because of increased 
utilization of available moisture by vegetation in 
surrounding uncut areas (Beschta et al. 1995). For 
the same reason, selective harvesting or thinning may 
have minimal effect on water yield (Hibben 1967). 
Bosch and Hewlett (1982) reviewed over 90 
watershed studies and concluded that increased yield 
usually occurs after 20%-30% of a watershed has 
been harvested. 
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The effects of logging on total water yield persist 
until the transpiration demands of recovering 
vegetation approach those of uncut forests. In forests 
west of the Cascade Crest, return to natural 
conditions may take 30-40 years if no funher 
disrurbances occur in the watershed (Harr and Cundy 
1992; Stednick and Kern 1992). Brush removal by 
mechanical means, chemical treatments, or burning 
(to aid re-establishing desired trees) can slow the rate 
of recovery. However, in general, these activities are 
practiced only until seedlings attain sufficient height 
to shade out competing species. Thus effens of these 
practices on water yield are l i l y  to lx shon term. 

Timing of Runoff 
In rain-dominated systems, the largest increases 

in water yield because of logging generally occur 
during periods where both precipitation q d  
transpiration rates of vegetation are relatively high, 
usually the fall (Chamberli et al. 1991) and spring 
( M t a  et al. 1995). With reduced transpiration, 
soil moisture is rapidly replenished with the onset of 
rains in the fail and subsurface flow to stream 
channels commences (Rothacher 1971; Harr et al. 
1979). Evapotranspiration losses from mature forests 
are comparatively small during the winter because of 
low temperatures and high humidity and, 
wnsequently, increased yield in winter is generally 
smaller (Chamberlin et al. 1991); however. in the 
spring, the differences between transpiration losses in 
mature forests and those in cclear-cuts are again 
greater. and increases in water yield may be higher 
than in winter (Beschta et al. 1995). 

In snowdominated systems, increases in water 
yield generally occur during the early spring 
snowmelt period. The loss of shading following 
removal of the forest canopy can accelerate 
snowmelt, resulting in an earlier peak in the stream 
hydrograph. In snowdominated systems, solar 
radiation is the primary factor influencing the rate of 
snowmelt (Chamberlii et al. 1991). In the snow-rain 
transition zone of the western Cascades snowmelt is 
driven primarily by convective transfer of sensible 
and latent heat to the snowpack (Harr 1986). 
Opening up the forest canopy can increase wind 
speed and turbulence, facilitating more rapid melting. 

Peak Flows 
A recent review (Beschta et al. 1995) of effects 

of timber harvest on peak flows in systems in the 
Pacific Northwest indicates a high degree of 
variability among sites. In raindominated systems of 
the Coast Range, most studies have indicated 
increases in peak flows following logging, 
particularly those occurring in fall (Table 6-1). In a 
few cases, increases have been insignificant, and in 
one case. a decrease in peak flows was observed. 
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Where increases in peak flow occur, they likely removal increased delivery o f  water to the soil from 
result from reduced evapotranspiration losses with the snowpack during rain-on-snow events (Ham 
removal of the forest canopy and more rapid muting 1986). Coffin and Ham (1992) used lysimeters placed 
of water to the stream channel because of soil under the snowpack to confirm increased melt rates 
compaction and roads. and delive~y of water to the soil during rain-on-snow 

In transient-snow systems of western Oregon events. Maximum differences inmelt rates between 
responses of peak flows are similarly variable (Table open and forested plots occurred when rain events 
6-2). Several studies have indicated increases of were accompanied by relatively high temperatures 
10%-200% in  peak flows (Rothacher 1973; Harr et and wind speeds, apparently because o f  increased 
al. 1979). while othcn have shown no change or transfer of sensible and latent heat to the snow. 
decreases (Harr et al. 1979; Harr et al. 1982; Harr Coffm and Harr (1992) report that effects o f  
and McC~rison 1979). Harr (1986) re-analyzed harvesting on peak flows were still evident in20-25 
published data and found that studies showing year-old plantations. 
decreases inpeak flows were inconclusive. In In snow-dominated systems, peak flows have 
systems where harvest has increased peak flows in generally shown little or no change following logging 
the transient-snow zone, i t  is believed that vegetation (Table 6-2) although studies are limited in geographic 

Table 6-1. Effects of timber hawesting on peamows in coastal areas of the Pacific Norihwest. Modified from 

Beschta et al. (1995). Reproduced with permission from the principal author. 


Harvest 
Watershed1 Sire method and Peakflow 

Location (acres) GeologylSoils percent effect Reference 

OREGON 
Needle Branch 173 sandstone ccT 82% fall: +50% Hsieh (1970) 

(Alsea watershed) shallow GL-GCL* winter: +19% Hams (1977) 


Harr et al. (1975) 
Deer Creek-Main 748 sandstone cc 26% all: ns' Hsieh (1970) 
(Alsea watershed) shallow GL-GCL Hams (1977) 

Harr et al. (1975) 
Deer Creek-2 138 sandstone cc 90% fall: +51% Hsieh (1970) 
(Alsea watershed) shallow GL-GCL winter: +20% Hams (1977) 

Harr et al. (1975) ' 
Deer Creek-3 99 sandstone cc 65% fall: +50% Hsieh (1970) 
(Alsea watershed) shallow GL-GCL winter: +30% Hams (1977) 

Harr et al. (1 975) 
BRmsn COLUMBIA 

West Coast-1 57 quartz GSLi cc 71% all: -22% Cheng et al. (1975) 

Carnation Creek B 2.470 volcanic coarse soil cc 41% all: ns Hetherington (1987) 

Carnation Creek 30 volcanic coarse soil cc 90% all: +20% Hetherington (1987) 

Jamieson Creek 739 nal cc 19.2% winter: +13.5% Golding (1987) 

CALIFORNIA 
South Fork 1.047 sandstone s 6  60% small: +107% Zierner (1981) 

Caspar Creek warse soil large: ns 


' ' clear-cut (cc) 
gravelly loam-gravelly clay loam (GL-GCL) 

not significant (ns) 
gravelly sandy loam (GSL)'not available (na) 

* shelterwood (sc) 
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Table 6-2. Effectsof timber harvesting on peakflows in interior areas of the Pamc Northwest. Modified fmrn 
Beschta et al. (1995). Repmduced with permission of the principal author. 

Harvest 
Watemhedl Sire Geology1 method and Peakflow 

Location (acres) soils percent effects Reference 

RUN-ON-SNOW 

Watershed-1 235 basan/GLr cc* 100% fall: +200% Rothacher (1973) 
(OR) winter: nss 

Watershed-3 249 basalVGL cc 25% mean: +lo% Rothacher (1973) 
(OR) 

Watershed--6 32 basalVGL cc 100% all: ns Harr et al. (1982) 
(OR) 

Coyote Creek-1" 170 
(OR) 

Coyote Creek-2 168 
(OR) 

Coyote Creek-3 121 
(OR) 

basan/ 
GL-GCL" 

bas* 
GL-GCL 
basan/ 

GL-GCL 

scq60% all: ns Ham et al. (1982) 

cc 100% ROSS:-36% Ham and McCorison 
rain: ns (1979) 

sc 50% mean: +30°h Harr e l  al. (1979) 
large: +48% 

cc 30% ali: ns Harr et al. (1979) 

cc 100% mean: +44% Harr et al. (1979) 
large: +35% 

SNOWMELT 

High R i d g e l x  73 fractured cc 43% all: ns Fowler et al. (1987) 
(OR) basaWSLss 

High Ridge-2 60 fractured sc 50% all: ns Fowler et al. (1987) 
(OR) basalWSL 

High Ridge-4 292 fractured cc 22% ail: ns Fowler et al. (1987) 
(OR) basalVSL 

Camp Creek (BC)" 8.373 granite1 cc 30% annual: Cheng (1969).. 
coarse soils -9 to +35% 

Watersheds in H. J. Andrews Experimental Forest, western Cascades region 
gravelly loam (GL) 
clear-cut (cc) 

$ not significant (ns)' shelterwood (sc) 
rain-on-snow (ROS) 

"Coyote Creek, South Umpqua Experimental Forest, Westem Cascades Region"gravelly loam-gravel~day loam (GL-GCL) 
High Ridge Evaluation Area, Blue Mountains Region 

P5 silt loam (SL) 
Camp Creek, southem British ~olumbia.Canada 

distribution. In most of these studies, the percentage 
of the watershed cut has been less than 50%. Despite 
the lack of conclusive data, it i s  reasonable to predict 
increased peak flows following logging. Snow 
accumulation i s  generally higher in open patches 

' 

created by logging (Chambnlin er al. 1991). though 
it i s  unclear whether this i s  merely a redistribution of 
snow over the watershed or an actual increase in 
availability. Increased wind speeds incleared areas 

may accelerate melting, leading to more rapid mnoff 
and higher peak flows. 

Low Flows 
Increases insummer low flows have been 

observed following logging in a number o f  systems 
in the Pacific Northwest. Hart and IGygier (1972) 
documented average increases in summer flows of 
60% following logging of a Coast Range stream in 
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Oregon. Somewhat larga increases were observed in 
a westem Cascade stream (Rothacher 1970). 
Keppeler and Ziemn (1990) noted increases in 
summer flows in a nonhem California stream, but 
found that the inneases disappeared withiin five 
years. Studies in drier, interior climates have been 
less conclusive. Cheng (1989) reponed incmses in 
summer streamflows that persisted for six years afrer 
logging of a basin in the interior of British Columbia. 
However, Troendle (1983) found no increase in 
summer low flows aiier logging in Colorado. Where 
increases in summer flows occur, they likely result 
from reductions in evapotranspiration losses. 

Few long-term studies of effects of logging on 
low flows have been performed. A notable exception 
is Hicks et al. (1991b) who found that August 
streamflows in a central Oregon Cascade stream 
increased for 8 years following logging, but 
decreased for 18 of the next 19 years. On average, 
August streamflows were 25% lower than in 
pnlogging years. The authors attributed reductions in 
streamflow to che replacement of coniferous 
vegetation with more water-consumptive hardwood 
species. Thus, the long-term effects of logging on 
streamflows likely depend on vegetation composition 
before and after harvest. 

6.1.4 Effects on Sediment Transport 
Forest practices can substantially increase 

delivery of sediments to streams lhrough both surface 
erosion and I I ~ Swasting. The effect of forest 
practices on ~ e d i i n t  transpon depends on a number 
of local site conditions including climate, vegetation, 
topography, and soil type, as well as on specific 
aspects of the activity, including the type and areal 
extent of dismrbance and the proximity of the 
disturbance to the stream channel. Thus, the relative 
effects of roading, timber harvest. site preparation, 
and other forest praaiccs on sediment production 
vary with location (Beschta et al. 1995). 

Furniss et al. (1991) concluded that forest roads 
contributed more sediment than all other forest 
activities combined on a per unit area basis. 
Summarizing results from nine different studies, they 
reponed that mass wasting associated with roads 
produced 26-346 times the volume of sediment as 
undisturbed forests. Mass failures were attributed to 
poor road location. construction, and maintenance, as 
well as inadequate culverts. Beschta (1978) found 
that, in three out of eight years, suspended sediment 
increased significantly from two catchments in the 
Coast Range, primarily as a result of mass failures 
from roads. Mass failures associated with roads most 
commonly occur on cut and fill slopes, but may also 
begin when end-haul material is deposited on a 
hillslope (Dent 1993). In addition. channel 
constrictions at road crossings may lead to bank 
sloughing and bank erosion. 

Surface erosion from roadiing also constitutes a 
significant source of chronic sediment inputs (Beschta 
et al. 1995). Splash erosion mobilizes sediment on 
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exposed mad surfaces, and runoff from compacted 
surfaces may also facilitate sediment transport. Water 
diverted into ditches along roads gathers energy and 
can cause significant erosion at me outlets of cmss- 
drain culverts (Beschta et al. 1995). Montgomery 
(1993). studying three small catchments, found that 
roads decreased the drainage area needed to suppon 
a channel head and thereby increased the length of 
the channel. He attributed this phenomenon to lower 
infiltration or greater runoff on mads. He also 
demonstrated that channel expansion was a function 
of catchment area. The combined effects of mass 
wasting and surface erosion can lead to elevated 
sediment levels in streams even when only a small 
percentage of a watershed is roaded. For example. 
Cederholm et al. (1981) reponed increased sediments 
in salmonid spawning gravels when roads exceeded 
3% of the total basin area. 

S e d i i t  delivery from other forest activities, 
including harvest, yarding, and site preparation.'may 
be increased via several mechanisms. Loss of the 
protective vegetative cover can increase splash 
erosion and decrease slope stability (Sw&ton et al. 
1980; Marcus et al. 1990). Yarding activities cause 
extensive soil disturbance and compaction which may 
increase splash erosion and channelized runoff. 
Ground-based vehicles moving logs from felled trees 
and skidding logs to landing sites compact and 
scarify the soil. Compaction of the decomposing root 
systems reduces the infiltration capacity of these 
channels, leading to slumps, landslides, and surface 
erosion (Everest et al. 1987). Loss of the humic layer 
through mechanical disturbance and fire funher 
increases the potential for surface erosion. 

The quantity of sediments delivend to the stream 
channel depends upon the integrity of the riparian 
zone, the intensity of disturbance, the areal extent of 
the disturbance, the proximity of the disturbance to 
the stream channel, and slope steepness. Site 
disturbance may be intensified by a hot bum 
following harvest which creates extensive areas of 
bare soil (Everest et al. 1987). Piling and burning 
versus broadcast buming will also intensify the site 
disturbance and increase sediment delivery rates. 
Riparian buffer strips and buffer strips below roads 
can trap sediments, significantly reducing the 

delivery rate (Swanston 1991). 
The fate of sediments once in the channel also 


depends on the nature of sediments (coarse versus 

fine) and local site characteristics. Although surface 

erosion is less dramatic and less evident than mass 

wasting. it may be more detrimental to stream biota 

because the delivery of panicles occurs over a longer 

time, and those panicles are smaller and more likely 

to become embedded in coarser substrates. Bilby 

(1985) found that sediments from road crossings 

were flushed from a founh-order stream reach of 2% 

gradient that drained a small (5.5 kd) catchment 

with a relief ratio of 0.10. Pmumably, these 

sediments (2-151 mg.Li above control levels) were 
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Table 6-3. Summary of summer temperature changes associated with management activities on forested 
watersheds in the Pacific Northwest. From Beschta et al. (1987). Reproduced with permission from the 
publisher. 

Stream 
Location Treatment temperature Temperature Reference 

variables change (OC) 

Alaska Clear-cut and ATemperature per +0.1- 1.1 'C per Meehan (1970) 
(Southeast) natural openings 100 m of channel 100 m; Avg = 

0.7% per 100 m 

British Columbla Logged Average Jun-Aug +0.5- 1.8'C over Holtby and 
(Vanwuver , (Tributary H) diurnal pretreatment Newwmbe 
Island) temperature range levels (1982) 

I Logged and burned Average Jun-Aug +0.7-3.2% over Holtby and 
(Tributary J) diurnal pretreatment Newcombe 

temperature range levels (1982) 

Oregon ' Clear-cut Average Jun-Aug +4.4 -6.7'C Levno and 
(Cascades) maximum Rothacher 

(1 967) 

Clear-cut and Average Jun-Aug +6.7 -7.a°C Levno and 
, burning maximum Rothacher 

(1967) , 

Oregon Clear-cut Average JuCSep +2.8 -7.E°C Brown and 
(Coast Range) maximum Krygier (1 967) 

Clear-cut and Average JuCAug +9-10DC Brown and 
burning maximum Krygier (1970) 

Oregon Mixed clear-cut and A Temperature +0-0.7% per Brown et al. 
(Cascades) forested reaches per 100 m of 100 m (1971) 

channel 

Tractcr stripped A Temperature +15.8OC per Brown et al. 
area per 100 m of 100 m (1971) 

channel 

deposited downstream. In a separate smdy, Duncan 
et al. (1987) reported that fust- or second-order 
channels with high amounts of wooddebris retained 
55% of road-crossing sediments at flows up to 7% of 
bankfull. Thus stream gradient and retentive in- 
channel structures appear imponant in determining 
whether sediments arc deposited locally or 
transported downstream. 

6.1.5 Effects on Thermal Energy Transfer 
and Stream Temperature 

Logging most directly affects energy transfer by 
reducing shade provided by riparian vegetation, 
which increases the amount of direct solar radiation 
reaching the stream surface. The increase in energy 
reaching the stream depends on the amount of 
shading lost. Measurements from an old-gmwth 
Douglas fir forest in western Oregon indicated 

shading averaged 84% (Summers 1983). Brazier and 
Brown (1973) reported that angular canopy densities 
generally fall between 80% and 90% in old-growth 
stands in western Washington (cited in Beschta et al. 
1987). In eastern Oregon, nanual canopy density is 
somewhat less. Slightly lower shading (75%) has 
been reported for a stream in northern California 
(Ermanet al. 1977), and Anderson et al. (1993) 
estimated shading in old-growth forests of the Upper 
Grande Ronde basin in eastern Oregon to be around 
72%. Thus, the magnitude of increase in stream 
temperatures following canopy removal is likely to 
differ across the region (Table 6-3). 

Removal of riparian canopy also affects other 
energy nansfer processes including convection, 
evaporation, and advection. Convective and 
evaporative heat exchange are both affected by wind 
speed (see Section 3.7), which generally increases as 
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riparian vegetation is removed. Consequently, 
convective exchange as well as evaporative losses 
tend to increase slightly following logging (Brown 
1969). The removal of vegetation from upslope arcas 
generally allows greater heating of the soil surface 
during the summer months. Rain falling in the early 
part of the rainy season may pick up additional heat 
as it passes through the soil and infiltrates subsurface 
aquifers, resulting in increases in ground water 
temperature after logging. 

Removal of riparian canopy has been shown to 
have two major effects on temperatures of smaller 
streams in the Pacific Northwest: increased maximum 
tmpenmres (particularly in summer) and increased 
diel fluctuations (Beschta et al. 1987; Beschta et al. 
1995). For coniferous forests of the Coast Range and 
western Cascades, increases in average summer 
maximum temperatures because of clear-cuning have 
ranged from about 3 to 8*C (Table 6-3); (Beschta et 
al. 1987). Increases up to 10°C have been 0 b s e ~ e d  
when clear-cutting has been followed by slash 
burning.(Brown and Krygier 1970). Increases in 
annual maximum daily temperatures can be 
substantially greater. Hall and Lanu (1969) reported 
i n c m e s  in maximum daily stream temperatures of 
up to 16°C in years immediately following logging of 
a small watershed in the Coast Range of Oregon. 
Holtby (1988) reponed that average monthly water 
temperatures increased from 0.7 to 3.2'C following 
logging of the Carnation Creek (British Columbia) 
watershed, with the largest increases occurring in 
May-September and the smallest increases in 
December and January. These changes persisted for 
at least seven years after logging. Average die1 
temperature fluctuations increased by as much as 
3.7'C in two Carnation Creek tributaries that had 
diel fluctuations of less than 1°C prior to logging 
(Holtby and Newcombe 1982). Hall and Lam (1969) 
reponed that midsummer die1 fluctuations of 15°C 
were common in Needle Branch, Oregon, after 
logging. Documentation of temperature changes 
resulting from logging east of the Cascade range is 
sparse. Because the degree of shading provided by 
more open forest types (e.g., ponderom pine) is 
lower than for coastal and western Cascade streams, 
the increase in temperatures resulting from canopy 
removal might be expected to be slightly less. 
Nevertheless, because many streams cast of the 
Cascades approach the maximum thermal tolerance 
level for salmonids during the summer, smaller 
increases in temperature might be equally or more 
detrimental to salmonids. 

Although summer stream temperatures have been 
the focus of most research on the effects of logging 
on Stream temperatures, changes in winter stream 
temperatures may also occur. Theoretically, the loss 
of riparian vegetation allows for greater radiative 
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cooling at night during the winter montbs. potentially 
decreasing winter temperatures. However, Holtby 
(1988) rcponcd increases in February-April mean 
temperatures of 1-2OC. Increasesin groundwater 
ternperatures following caaopy removal may have 
been responsible for the increase in winter 
temperatures. Hall and Lanu (1969) also noted 
similar increws in tempetiitunS during the winter in 
a coastal Oregon stream after the entire basin was 
clear-cut. 

The magnitude of temperature change following 
removal of riparian vegetation depends on the size of 
stream and channel morphology. Because stream 
discharge and depth increase downstream, the ability 
of solar radiation to effect stream temperatures also 
diminishes with increasing s t m  size (Beschta et al. 
1995). Moreover, the amount of shading provided by 
riparian vegetation decreases as streams become 
larger and wider. Consequently, the removal of 
riparian vegetation effects temperature most in small- 
and medium-sized streams, and least in large river 
systems. Sullivan and Adams (1990) suggest that 
riparian vegetation has a negligible effect on stream 
temperatures for streams that are 5th order or larger. 

Although the effects of logging on stream 
temperatures within the logged area are well 
documented, the cumulative effects of temperature 
increases both downstream and over time are less 
well understood. Temperature data from Needle 
Branch in Oregon's Coast Range indicate that 
thermal regimes r e m e d  to near normal 
approximately sevm years after logging and slash ' burning (Hall et al. 1987 ). In this case, alder 
replaced conifers as the dominant riparian vegetation 
and provided significant shade to this small stream. 
However, temperature increases in Carnation Creek 
showed no sign of diminishing eight years after 
logging and the author estimated that elevated stream 
temperatures were likely to persist for an additional 
decade or more (Holtby 1988). Similarly, in the 
higher elevation fir zone of the Cascade Range, the 
degree of shading may not reach prelogging levels 
for 40 yean or more (Summers 1983). Thus the 
duration of temperature effects depends on the rate of 
recovery of riparian vegetation and the level of 
shading provided. 

The cumulative effects of stream temperature 
changes downstream of !ogged m a s  are not well 
documented. As streams leave harvested areas and 
re-enter forested reaches, temperatures tend to 
decline as solar radiation is reduced. Similarly, small 
tributaries generally have a minor affect on the 
UIIIpfxatureS of larger Streams which they enter 
(Caldweil et al. 1991). Sullivan and Adams (1990) 
have argued that in streams in western Washington, 
temperatures approach mean air temperatures at a 
"threshold distance" downstream from the watershed 



Ecosystem Approach to Salmonid Conservation -
divide. The cumulative effects of warming of 
upstream tributaries may have little affect beyond this 
distance, though no analysis has been conducted to 
validate this hypothesis outside of westem 
Washington (Bcschta et al. 1995). In a study in the 
western Cascades of Oregon. Beschta and Taylor 
(1988) found that stream temperatures increased with 
increased logging and road building in the basin. As 
logging activity decreased in subsquent years, 
temperatures also declined, strongly suggesting that 
the cumulative effects of logging and road building 
were responsible for the previous temperature 
increases. 

I 

6.1.6 Effects on Nutrients 
Foreh practices can lead to changes in nutrient 

distribution and dynamics in upland areas, which in 
Nm affect availability in streams. Nutrients arc 
directly lost to the ecosystem through the removal of 
trees. Harvest intensity (i.e., proponion of forest 
canopy removed), type of harvest (logs or whole 
tree) and cutting frequency all affect the rare of 
nutrient removal from the system (Beschta et al. 
1995). Despite the loss of nutrients stored in 
removed biomass, nutrients are generally more 
available to stream organisms in the years 
immediately following harvest (Figure 6-1). This 
results in pan from the addition of slash to the forest 
flwr (Friues et al. 1990). accelerated decomposkion 
of organic litter resulting from increased sunlight 
reaching the ground (Beschta el al. 1995). increased 
water availability for leaching of materials. and 
increased overland runoff and erosion that contributes 
unbound (nitrate and ammonium) and 
bound(onhophosphate) nutrients to the sueam 
(Gregory et al. 1987). Where logging reduces 
riparian vegetation, nutrient supply to the stream 
(e.g.. leaf litter and woody debris) may be reduced. 
As soils stabilize and revegetation occurs, the 
nutrient flux declines. though nutrients from 
herbaceous plants in the riparian zone add high 
quality materials that easily decompose. Over time 
herbs, shrubs, deciduous trees, and conifers provide 
allochthonous inputs for nutrient uptake (Figure 6-1). 

Burning of slash, or the entire harvested area, can 
temporarily elevate the concentrations of nutrients 
entering the stream. Grier et al. (1989) suggests that 
fire effectively accelerates decomposition processes. 
If a fire is hot, however, much of the nitrogen is 
volatilized and lost to the system (Gessel and Cole 
1973). In another study. potassium. phosphorus. 
calcium and magnesium increased by 2-8 times, 
while nitrogen decreased by two thirds following 
burning (Austin and Baisinger 1955). Herbicide 
treatments, like burning, can lead to short-term 
increases in nutrients as deciduous vegetation dies 
and decomposes. 
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The significance of forest harvest on nutrient 
losses depends on the mechanism causing the loss. 
The most significant losses result from tree removal. 
Leaching is not considered a major component of 
losses overall, accounting for less than 1 % of losses 
from harvest. Losses because of volatilization 
resulting from fincan be much more significant 
(Beschta et al. 1995). 

A. PHYSICAL FACTORS 

6. RIPARIAN VEGETATION 

I0 1W l D P l  

TIME AFTER HARVEST 

Figure 6-1. Temporal patterns of physical factors (A) 
and riparian vegetation (8) affer timber harvest 
(time is expressed as  years on a logarithmic 
scale.) From Gregory et al. (1987). Reproduced 
with permission from the publisher. 

6.1.7 Effects of Forest Chemicals 
Feniliirs, herbicides. and insecticides are 

commonly used in forest environments to prepare 
sites for planting, to release and stimulate growth of 
conifers, and to control diseases and pests. In 
addition, fire retardants are used to halt the spread of 
wildfire on forest lands. A11 of these chemicals can 
affect salmonids through several direct and indirect 
pathways. Fertilizers, pesticides, and fire retardants 
that reach surface waters can be toxic to salmonids or 
may alter primary and secondary production, 
influmcing the amount and type of food available to 
salrnonids. Fertilizers and pesticides indirectly affect 
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salmonids by influencing the rate of rrcovay of 
upland and riparian vegetation following logging, 
which in Nm affects hydrologic processes, delivery 
of sediment and organic debris, heat transfer, 
nutrient cycling, and soil biota. 

Contamination of surface waters by fomt 
chemicals and the resultant risk of toxic effens on 
aquatic organisms depend on several facton, 
including the form and application rate of the 
chemical (and associated carriers), the application 
method (i.e., aerial versus ground spraying), soil 
type, weather conditions during and after application, 
and the retention of no-spray buffers in the riparian 
mne. The specific formulation determines the 
solubility of the chemical in water and its tendency to 
adsorb onto organic or inorganic matter withii the 
soil, both of which determine the substance's 
mobility within the soil column. The persistence of 
forest chemicals in the environment varies. Some 
chemicals arc highly volatile or are rapidly broken 
dowrl through microbial activity or 
photodecomposition, whereas others persist for 
months or years. The volatility and adsorption of 
chemicals to soil panicles are affected by temperature 
and soil moisrure. If chemical application is followed 
by precipitation events, the likelihood that chemicals 
will reach surface waters increases. Contamination of 
surface waters also occurs when chemicals that have 
been applied to ephemeral channels are later 
mobilized during rainstorms. Aquatic organisms may 
be exposed to forest chemicals through direct contact 
with contaminated water. sediments. or food. No- 
spray buffers around streams (including ephemeral 
streams) and riparian areas substantially reduce the 
risk of contamination (Noms et al. 1991); however. 
toxic levels of chemicals may reach streams from 
storm runoff and wind drift even when best 
management practices are employed (e.g., Rashii 
and Graber 1993). Indirect effects of chemicals on 
watershed processes are largely unavoidable because 
change in vegetation is usually the desired outcome 
of such applications. Although both direct and 
indirect effects of forest chemicals on salmonids may 
be significant. it is important to note that less than 
1% of total pesticides applied in the United States are 
used in forestry (Noms a al. 1991); thus, 
contamination from forest practices is likely minor 
compared to contamination from agricultural 
practices. 

Fertilizers 
Fertilizers are used in forest settings to replace 

nutrients lost during and after timber hawest and to 
accelerate growth of conifers. Application of 
fertilizers to a catchment typically results in increased 
concentrations of nutrients, particularly nitrogen, in 
streams. A recent review of effects of forest 
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fertilization on water quality and aquatic biota 
indicates that urea application typically leads to 
elevated levels of urea-N, ammonia-N, and nitrate-N 
in surface waters (Bisson et al. 1992a). Urea-N 
usually dissipates within a few days, whereas 
ammonia-N may be elevated for months and nitrate-
N for a year or more. The conmtration of nitrogen 
within the stream depends on a number of factors, 
including the percentage of the watershed fertilized, 
the application rate, the drainage density (stream km 
relative to total watershed area), the width of 
unfertilized buffers along streams, and whether or 
not precipitation occurs following application. 
Although drinking water and aquatic standards are 
typically not exceeded with most applications, the 
elevation of nitrogen has the potential to promote 
growth of periphyton, which in Nm may influence 
production of invertebrates and fishes. However, 
Bisson et al. (1992a) concluded that enhanced fish 
production because of forest fertilization has not been 
demonstrated in the Pacific Northwest. An indirect 
benefit of fertilizer applications is more rapid growth 
of vegetation within the catchment, which in Nm 
accelerates the recovery of namral hydrologic 
regimes and sediment delivery rates. 

Herbicides 
In forest plantations, a wide variety of herbicides 

are used to control the invadiig hardwoods, 
herbaceous plants, and grasses to enhance the 
suitability of the area for re-establishment of desired 
tree species. Ten herbicides commonly used in 
forestry are 2.4-D, picloram, hexazinone, auazine, ' 
imazapyr, triclopyr, forsamine, glyphosate, dalapon, 
and dinoseb. The behavior and toxicity of these 
substances is reviewed in detail in Norris et al. 
(1991) and Beschta et al. (1995). from whom much 
of the information below was excerpted. 

The risk of toxicological effects of herbicides on 
salmonids is greatest when herbicides are d i i t l y  
applied to surface waters or reach surface waters by 
wind drift. Whether herbicides applied to upland 
forests will reach surface waters depends on their 
volatility, mobility in the soil, and persistence in the 
environment. Of the herbicides commonly used in 
forest applications, hexazinone, atrazine, imazapyr, 
and triclopyr are generally the most persistent, with 
soil half-lives of 2-6 months or more, depending on 
soil type. The half-lives of most other forest 
herbicides are generally from 2-5 weeks. Although 
thnc is substautial literature on the toxicity of 
various herbicides to salmonids, most of the available 
information comes from laboratory smdies rather 
than the field. These laboratory smdies focus on 
acute lethal doses (Reid 1993). Sublethal effects of 
herbicides on salmonids include reduced growth, 
decreased reproductive success, altered behavior, and 
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reduced resistance to stress (reviewed in Beschta et 
al. 1995). Sublethal exposures of picloram w m  
found to increase mortality by 70% in y e d i g  coho 
exposed to seawater (LOR et al. 1979). Infonnation 
on effects of herbicides in aquatic invertebrates is 
also scarce. Hanman and Scrivener (1990) reported a 
42% reduction in the density of aquatic 
macroinvenebrates for 1.5 years following 
application of Roundup. These reductions were 
attributed to herbicide-induced irritation and drift of 
invertebrates coupled with high flows and decreases 
in substrate stability. 

verbicidfs used to release conifers from 
competing vegetation can accelerate the long-term 
recove? of,upland and riparian areas. Over the short 
term, the el~rmnation of deciduous vegetation can 
affect streams in several ways, both positive and 
negative. Herbicide applications in upland areas slow 
the recovery of vegetation, prolonging disruption to 
hydrologic and sediment delivery processes. Within 
the riparian zone, removal of deciduous vegetation 
increases solar radiation reaching streams, which 
stimulates algal production, potentially increasing the 
food base for invertebrates and fish. Delayed 
production of deciduous trees and accelerated growth 
of conifers reduces the delivery of leaves and 
intermediate-sized wood to streams over the short 
term, but increases the potential for recruitment of 
large coniferous wood over longer periods. 
Depending on whether temperature, spawning sites. 
cover, or food is limiting, these changes may initially 
hinder or aid salmonid production. 

Insecticides 
Insecticides are used both to prevent insect 

infestations and to control insect outbreaks once they 
have occurred. In general, insecticides are more toxic 
to fish and other aquatic biota than herbicides; 
however, they usually are applied at lower rates 
(Beschta et al. 1995). The greatest dfen of 
insecticide on fish probably arises from effects on 
terrestrial and aquatic insects that form the 
salmonids' food base. Forest insecticides cause direct 
mortality to these insects or may stimulate 
catastrophic drift of aquatic inveriebrates out of the 
affected stream reach. In addition, benthic algal 
communities in streams are frequently controlled by 
grazing invertebrates; consequently, the loss of 
invertebrates may release primary production, 
causing fundamental shies in the trophic structure of 
streams. Nonis et al. (1991) concluded that 
insecticides generally have shorter term effects on 
stream ecosystem than herbicides but that the effects 
may be more dramatic. Populations of invertebrates 
may take months to recover following insecticide 
applications, and full recovery of the invertebrate 
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1991). Because salmonids in some forest streams 
may be food-limited, reductions in aquatic insect 
biomass and altered assemblage composition may 
result in reduced growth and numbers of salmonids. 
For example, Kingsbury (1983 in Norris et al. 1991) 
reported a decline in the growth rate of Atlantic 
salmon parr immediately following treatment with an 
insecticide; however, by the end of summer, fish in 
treated and untreated reaches were of similar size. 
Direct toxic effects may occur if salmonids consume 
drifting, pesticide-laden, aquatic organisms or 
terrestrial insects that fall into streams. Other indirect 
effects of insecticides on salmonid habitats are not 
well documented; however. protection of trees from 
insect pests may reduce the number of trees that die 
and fall into stnams, thereby reducing recruitment of 
large woody debris. 

Fire Retardants  
The use of chemical fire retardants plays and .-

imponant role in the suppression of wildfires in the 
west. Historically, a variety of chemicals have been 
used to suppress fires; however, ammonium-based 
retardants account for nearly all chemical retardants 
used today (Noms and Webb 1989). Although 
documentation of adverse effects of fire retardants on 
salmonids is scarce, quantifies of retardant dropped 
during fires may be significant, and cases of fish 
mortality caused by retardants have been reported. 
For example, approximately 5.3 million liters of 
retardant were used to fight the Yellowstone fire of 
1988, and at least two small fish kills (approximately 
100 fish each) were reported (Schullery 1989). Fire 
retardant killed approximately 700 adult salmon, as 
well as a large number of juveniles, in an Alaskan 
stream Wakala et al. 1971 in N o d  and Webb 
1989). Potential indirect effects of fire retardants on 
salmonids include mortality of invertebrates and 
eutrophication of downstream reaches (from 
phosphates). The extent of effects of retardants on 
aquatic ecosystems is influenced by application 
procedures (quantity applied, line of flight of aircraft 
relative to the stream). site characteristics (stream 
width-depth ratio, degree of canopy cover), and 
streadow. 

6.1.8 Effects o n ' ~ h ~ s i c a 1Habi ta t  
Structure 

Timber management activities have resulted in 
substantial modification of the physical characteristics 
of stream habitats thmughout forested regions of the 
Pacific Nonhwest. Many of these changes have 
resulted from decreased recruitment of large woody 
debris (LWD)from the riparian zone and intentional 
removal of LWD from stream channels (Bisson et al. 
1987; Maser et d. 1988; Hicks et al. 1991a). 
n.-~.... . .c .....--A :.- L-- .,.--.--L..- ---- ,.--
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altered sources, mechanisms for delivery, distribution 
patterns, and stability of wood in~stream channels 
(Bisson et al. 1987). Hardwoods have replaced 
conifers in many riparian areas following logging; 
woody debris produced by deciduous vegetation tends 
to be smaller, more mobile, and shoner-lived than 
that derived fmm conifers and, consequently, does 
not function as well in retaining sediment. The 
reduced supply of large woody debris decreases 
channel stability and eventually leads to loss of 
instream cover and pool habitat available for fish 
(Bisson et al. 1987). During the winter, salmonids 
have been reported to abandon reaches that arc 
devoid of large wood (Tschaplinski and Hanman 
1983). In addition. loss of large woody debris results 
in decreased retention of sediments, including gravels 
used by salmonids for spawning, as well as organic 
materials. The lack of debris also simplifies channel 
hydraulics, diminishing the heterogeneity that allows 
fishes to segregate among microhabitats. Loss of 
riparian vegetation also leaves banks unprotected, 
increasing bank erosion and reducing the formation 
of undercut banks that salmonids frequently use for 
cover. Hicks et al. (1991a) provide a good summary 
of short and long-term physical effects of forest 
practices on stream habitats (Table 6-4). 

Excessive sedimentation resulting from logging 
and associated roads has also played a substantial 
role in altering salmonids habitats. Several studies 
have recorded increased levels of fine sediment in 
spawning gravels following logging (Cederholm and 
Reid 1987; Hall et al. 1987; Hanrnan et al. 1987); 
reductions in production of salmonids have been 
attributed in pan to sedimentation of red& in each of 
theses instances. F i e  sediments generated by logging 
and roading activities also can fill subsvate 
intersrim, decreasing chc availability of cover for 
juvenile salmonids and altering primary production 
and invertebrate abundance (Cederholm and Reid 
1987; Hicks et al. 1991a). Inputs of coarse sediments 
can fill pool habitats, resulting in channel shallowing 
and widening, and decreasing channel stability. 

Culverts on logging roads create physical 
obstmctions that fish must negotiate when migrating 
to and from the ocean and between summer or winter 
rearing habitats. Poorly designed and installed 
culverts act as barriers to both anadromous and 
resident salmonids. At culverts, excessive flow 
velocities, insufficient water, excessive culvert 
heights, and the absence of pools all can impede 
migration (Evans and Johnson 1980). Culvens also 
fail frequently when inappropriately designed and 
installed, resulting in mass wasting of mad crossings. 
Road constmction along streams, particularly where 
revetments are required, can constrain streamflow, 
thereby facilitating scouring of the channel bed. Dose 
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and Roper (1994) found that channels widened as 

road density in catchments increased. 


The cumulative effect of forest practices has been 
a reduction in the complexity of stream macro- and 
micmhabitau. FEMAT (1993) documents substantial 
decreases in the number of large, deep pools in river 
systems west of the Cascade Range, which were 
attributed to loss of pool-forming structures (e.g., 
boulders, large wood), filling of pools with sediment, 
and loss of sinuosity of stream channels. Similar 
declines in pool frequency in river basins of eastern 
Oregon and Washington are reported in McIntosh et 
al. (1994a. 1994b). Reductions in pool habitat arise 
fmm the combined effects of loss of large woody 
debris, increased sediment inputs (which fill pools), 
and hydrologic changes that accompany land use. 
Although logging-related activities arc not the only 
cause of these changes, they certainly play an 
important role. Effects of logging on physical habitat 
structure may persist for decades to a century or 
more. However, the causal linkages between land 
use. habitat development, and fish impacts ~IC not 
always clear. 

6.1.9 Effects on Stream Biota 
A substantial volume of literature documents the 

effects of logging on aquatic biota (see reviews in 
Gregory et al. 1987; Hicks et al. 1991a; and Beschta 
et al. 1995). The response of aquatic communities to 
logging depends on a variety of factors, thus smdies 
have sometimes produced seemingly contradictory 
results. Any of the following factors may influence 
the specific response of a given system: 1) species ' 
and stocks of fishes are diverse and adapted to local 
conditions; thus, the response may vaiy in different 
portions of each species' range; 2) physical and 
vegetative conditions, as well as logging methods, 
vary among regions such that impacts differ in 
magnimde, persistence, and ecological significance; 
3) biotic interactions and long-range fish movements 
ca i  mediate the effects of habitat alteration, such that 
most imponant biotic changes are indirectly and 
incompletely related to physical effects; 4) impacts of 
numerous independent factors can accumulate over 
time or space, or interact in either a compensatory or 
synergistic way, making ecological responses 
complex and difficult to predict; 5 )  dynamic. 
sometimes catastrophic natural events (e.g., large 
floods, changing oceanic conditions) create variable 
"baseline" conditions making it difficult to quantify 
additional variability caused by habitat alterations 
(Frissell 1991). 

Within this context, some common panems in the 
response of aquatic organisms to forest practices have 
been identified, based on both empirical evidence and 
theoretical expectations (e.g., the river continuum 
concept). in smaller streams, the removal of riparian 
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Table 64. Influences of timber harvest on physical characteristics of stream environments, potential changes in 
habitat quality, and resultant consequences for salmonid growth and survival. From Hicks et al. (1991a). 
Reproduced wilh permission from the publisher. 

Forest Practice 

PotenUll change 
in physical stream 

environment 
Potential change in quality of 

salmonid hab'kat 
Potential consequences for 

salmonid growth and survlval 

Timber harvest 
from streamride 

increased incldent 
solar radialion 

lncreased stream 
temperalure; higher light 

Reduced growth efficiency: 
increased susceptibility to 

areas levels: increased autotrophic 
production 

dkease: increased food 
production; changes in growth 
rate and age at smolting 

Decreased supply 
of large woody 
debris 

Reduced cover: ioss of pool 
habitat: reduced protection 
fmm peak flows; redumd 
storage of gravel and 

. 
increased vulnerability to 
predatbn: lower winter survival: 
reduced canying capacity: less 
spawning gravel; reduced food 

organic matter: loss of 
hydnuiic complexity 

production: loss of species 
diversity 

Addition of Short-term increase in Reduced spawning success: 
logoing slash 
(nerdks, bark. 

dissolved oxygen demand; 
increased amount of fine 

short-term increase in food 
produdion; increased survival of 

branches) parlicuiate organic matter juveniles 
increased cover 

Erosion of 
streambanks 

Loss of cover along edge of 
channel: increased stream 
width: reduced depth 

lncreased vulnerability to 
predation; increased carrying 
capacity for age-0 fish, but , 
reduced carrying capacity for age- 
1 and cider h h  

Increased fine sediment in 
spawning gravels and food 

Reduced spawning success: 
reduced food supply 

'' 

produuion areas 

Timber harvest Anered Short-term increase in Short-term increase in survival 
from hillsiopes; 
forest roads 

streamflow 
regime 

streamflows during summer 

Increased'severity of some Embryo mortality caused by bed- 
peak flow events load movement 

Acccierated 
surface erosion 
and mass wasting 

lncreased fine sediment in 
stream graveis 

Reduced spawning success; 
reduced food abundance: ioss of 
winter hiding space 

lncreased supply of coarse lncreased or decreased rearing 
sediment capacity 

increased frequency of 
deb- torrents: loss of 

Blockage to mgntiins: reduced 
survlvai in the tornnt track: 

inslream cover in the torrent 
back: improved cover in 
some debris jams 

improved winter habnat in some 
torrent deposits 

Increased nW?ent Elevated nutrient levels in increased food production 
runoff streams 

Increased number Physical obstructions in Restriction of upstream 
of road crossings stream channel: input of fine 

sediment from road surfaces 
movement: reduced feeding 
efficiency 

Scaliflcatlon and 
slash burning 

Increased nutrient 
runoff 

Short-term elevation of 
nutrient levels in streams 

Temporary increase in food 
production 

(preparation of 
soil for Inputs of fine increased fine sediment in Reduced spawning success 
reforestation) inorganic and spawning gravels and food 

organic matter production areas: short-term 
increase in dissolved oxygen 
demand 
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vegetation increases light intensity, which stimulates 
the growth of benthic algae (Gregory 1980; Murphy 
et al. 1981; Shortreed and Stocher 1983; Murphy et 
al. 1986). In contrast, energy inputs from 
allochthonous sources decrease after harvest of 
riparian vegetation (Gregory et al. 1987; Bilby and 
Bisson 1992). Macminvenebrate communities 
respond to these changes in food sources. 
Herbivorous invertebrates, particularly those that 
scrape algae from the substrate, are expected to 
become more abundant @ut see Hawkii et al. 
19821, while those species that feed on detritus (i.e., 
shredders, filterers, and collector-gatherers, sensu 
Merritt and Curnmins 1984) typically decline in 
numbers (Hawkins n al. 1982; Beschta et al. 1995). 
?he abundance of invmebrate predators has been 
shown to increase in response to increased secondary 
production in streams in the Oregon Cascades 
(Murphy et al. 1981; Hawkins et al. 1982). As 
riparian vegetation recovers, the amount of solar 
radiation reaching the channel diminishes, algal 
production decreases, and shredders and collector- 
gatherers begin to replace scrapers. It is important to 
note that these responses are likely typical only of 
streams where primary production is light-limitcd 
(i.e., small streams in dense forests); the response of 
invertebrates and juvenile salmonids to canopy 
removal in more open, eastside systems may differ. 

The general pattern of drange in aquatic 
communities in response to changing energy sources 
caused by logging of riparian vegetation can be 
confounded by other simultaneous changes in habitat 
conditions. Silt deposited from mass failures and 
surface erosion can affect invertebrate production as 
gravel interstices are filled by silt, and algae are 
buried or abraded (Beschta et al. 1995). In these 
instances, invertebrate assemblages are typically 
characterized by high numbers of a few tolerant, 
colonizing species (Newbold et al. 1980: Murphy et 
al. 1981; Hawkins et al. 1982; Lamberti et al. 1991). 
Loss of substrate complexity, including large woody 
debris, also tends to decrease the diversity of aquatic 
invertebrates. Similarly, application of insecticides 
and herbicides may have substantial and long-lasting 
effects on invertebrate community structure. with 
stoneflies, mayflies, and caddisflies all being 
particularly sensitive (reviewed in Beschta et al. 
1995). Gregory et al. (1987) suggest that an overall 
pattern of increased production of a f w  taxa 
accompanied by a reduction in biodiversity may be 
common to all invertebrate tmphic levels in streams 
that have been simplified through forest practices. 

All of the logging-induced changes in physical 
and biological characteristics discussed in preceding 
sections interact to influence rhe composition and 
diversity of fish populations and communities; 
however, few studies in the Pacific Northwest have 
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been designed to address specific relationships 
between changes in habitat attributes and structure of 
fish assemblage (Biison et al. 1992). In addition, 
changes in one habitat attribute that benefit salmonid 
productivity (e.g.. increased light and primary 
production) may be compensated by other adverse 
effects (e.g., loss of rearing habitat, sedimentation. 
excessive temperatures, change in timing of life- 
history events), which may not be manifest until 
subsequent life stages. Similarly, most studies of 
effects of logging in the Pacific Northwest have been 
conducted in relatively wet, forested ecosystems of 
the Coast Range and Western Cascades. In eastside 
systems, canopy removal, loss of physical suucture, 
and increases in sediment loading may have greater 
ecological impacts on salmonids because different 
factors may limit production (e.g., summer 
temperatures, pool habitats). 

Studies in the Cascades and Coast Ranges of 
Oregon and northern Caiifornia indicated higher 
densities and biomass of salmonids in recently clear- 
cut reaches compared to shaded old-growth and 
second-growth reaches (Murphy et al. 1981; Hawkins 
et al. 1983); however, no analysis of age structure 
was provided. In western Washington, Biison and 
Sedell (1984) found that total salmonid biomass was 
greater in streams that had been logged and cleaned 
(i.e., large woody debris removed), but that 
populations were dominated by underyearling trout. 
with proportionately fewer age I and older trout. 
These differences were attributed in pan to a higher 
frequency of riffles (favored by underyearliigs) and a 
lower frequency of pools (favored by older trout) in 
clear-cut reaches. Subsequent studies suggest that 
juvenile who salmon and older trout, which prefer 
pool habitats, are adversely affected by conversion of 
pools to riffles (Bisson et al. 1992). In a long-term 
study of the effects of logging in an Oregon 
watershed (Alsea Watershed Study). numbers of fry 
migrating from a clear-cut section decreased by more 
than 50%. whiie prelogging and postlogging numbers 
from a patch-cut watershed and an unharvested 
watershed were not significantly different (Hall et al. 
1987). Declines in the clear-cut watershed were 
attributed to a reduction in gravel quality from 
increased fines that led to a decrease in survival from 
egg deposition to emergence. In the same study. 
Moring and Lantz (1979) found reductions in late- 
summer densities of ~ t t h r ~ a t  trout in the clear-cut 
watershed following logging, but no reductions in the 
other two watersheds. Hanman and Scrivener (1990) 
reported that numbers of steelhead smolts declined, 
but cutthroat numbers remained constant following 
logging of 41 % of the Carnation Creek watershed in 
British Columbia. In southeast Alaska, summer 
abundance of coho salmon increased following 
canopy removal; however, in winter parr densines 
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were lower in clear-cut reaches than old growrh 
reaches, apparently because of a lack of large woody 
debriJ and lmdermt banks (Heifitz et al. 1986). 

Other general effecrs of logging on fishes include 
decreased growth efficiency, reduced survival to 
emergence, increased susceptibility to disease, 
increased vulnerability to predation, lower winter 
survival, blockages to migration from poorly 
designed culverts, changes in the age-structure of fish 
populations, reduced development time of embryos, 
and altered timing of life-history events (Hicks et al. 
1991a). Scrivener and Brownlee (1989) reported 
reductions ip survival to emergence of coho and 
chum salmon of approximately 45 96 as a result of 
increasq fine sediment in spawning gravels 
following logging of the Carnation Creek watershed. 
In the same watershed, Holtby a al. (1989) reported 
that increases in warcr t e n q a a ~ r e s  following 
logging resulted in earlier outmigration of coho and 
chum salmon fry Gd earlier emigration by coho 
salmon smolts to the ocean. The change in migration 
timing of who salmon smolts is believed to have 
reduced ocean survival. Furthermore, outmigrating 
coho smolts were evenly divided between 1- and 2- 
year old fish in years preceding logging, but 
dominated by I-year old fish afmlogging. Such 
changes increase the vulnerability of specific year 
classes to environmental flumations in both the 
freshwater and marine environments. The Alsea 
Watershed study documented an increase in the 
number of early (November-January) coho migrants 
(Hicks et al. 1991a); whether the change was due to 
temperature-induced acceleration of growth or loss of 
rearing habitats remains uncertain. Nevertheless, 
these results suggest that small increases in 
temperature (1-2°C) cau muit  in significant shifts in 
rhe timing of imponant life history events. 

Finally, roads consvucted for timber harvest may 
indirectly affect salmonids by increasing public 
access to previously remote locations. Angling 
pressure generally decreases with increasing distance 
from access roads; consequently, increased monality 
from angling may accompany habitat degradation. 

6.2 Grazing 
Livestock grazing represents the second most 

dominant land use in the Pacific Northwest, 
following timber production. In Oregon, Washington, 
and Idaho combined, over 22.9 million henares 
(56.5 million acres) of grassland and dcsen 
shrubland, approximately 3.2 million hectares (8 
million acres) of nonfederal forest land, and an 
undetermined amount of Federal forut land are 
grazed by cattle and sheep (Pease 1985). This 
acreage represents approximately 41 96 of the total 
land base. Rangelands are fairly evenly divided 
h m e ~ v m - n  C-A-V-I ""A ---C-Ac.-.r I--A-. C-.a---? 
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rangelands total approximately 12.3 million hectares 
(30.5 million acres) (excluding Federal forest lands 
that are grazed). and nonfederal rangelands total 13.8 
million hectares (34 million acres). Estimates from 
1987 indicate that 4.76 million cattle and 0.87 
million sheep were produced for sale in Idaho, 
Oregon, and Washington e a s e  1993). The majority 
of rangelands in Washington and Oregon lie east of 
the Cascade Range (PalmisBno et al. 1993a). but 
livestock are also concentrated in the Willanmte 
Valley and Puget Lowlands west of the Cascades, as 
well as in coastal valleys of Washington and Oregon. 
No estimates of rangeland area in northern California 
were available. However, from 1966-1980 Califomia 
produced an average of approximately 4.75 million 
canle and 1.0 million sheep annually (Hornbeck et al. 
1983). a number comparable to the livestock 
production of Oregon, Washington, and [daho 
combined. The largest concentrations of livestock in 
Califomia within the current range of the Pacific 
salmon occur in the Sacramento-San Joaquin Valley, 
the Sierra Nevada and Coast Range foothill regions, 
and coastal valleys of northern California. 

Livestock grazing in the West was already heavy 
by the mid-to-late 1800s. In 1898, the National 
Academy of Sciences mared a report for the 
Interior Department alleging significant deshuction 
by unregulated grazing in national Forest Reserves 
(Irwin et al. 1994). By the late 1920s. concern about 
deterioration of rangelands on national forests was 
growing (Platts 1991; Heady and Child 1994). In the 
1930s the Forest Service documented widespread 
degradation of rangeland conditions, concluding that 
overgrazing had destroyed more than half of all 
rangelands and that 7596 of remaining rangelands 
were degraded (Heady and Child 1994). Concern for 
rangeland conditions prompted Congress to mact the 
Taylor Grazing Act of 1934, which established 80 
million acres of land in grazing districts to be 
administered by the U.S.G h g  Service, later to 
become the U. S. Bureau of Land Management 
(BLM) (Platts 1991: Wilkinson 1992). The 
percentage of total rangeland in "poor" condition 
decreased fmm 36% in 1936 to 18% in 1984. 
suggesting some improvement in overall range 
condition (Heady and Child 1994). However, recent 
reports have indicated that most riparian areas remain 
in fair-to-poor condition (Chaney et al. 1990; GAO 
1991). Thus, while upland conditions appear to be 
improving, riparian areas continue to be degraded. In 
1991, BLM began a program to improve riparian 
management, with a goal of restoring 75% or more 
of riparian areas to properly functioning condition by 
1997 (Bamn et al. 1993). 

Despite the generally poor condition of most 
riparian areas, the potential for restoring those areas 
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those affected by other activities (Behnke 1977; Platts shifted from perennial grasses toward non-native 
1991). Recovery of grasses, as well as willows and annual grasses and weedy species (Heady and Child 
other woody species, can occur within a few years 1994). East of the Cascade Range, upland sites that 
when grazing pressure is reduced or eliminated once supported plant associatiomof Idaho fescue are 
(Elmore and Beschta 1987; Plans 1991; Elmore now devoid of native bunchgrasses, which have been 
1992). Restoration of fully funaionhg riparian areas replaced with farweed, gumweed, and other noxious 
that support a variety of plant species, including plants (lohnson et al. 1994). In riparian anas, 
older forests of cononwood and other large tree willow, aspen, sedge, rush, and grass communities 
species, will take considerable time. Nevertheless, have been reduced or eliminated and replaced with 

maay important riparian functions-shading, bank annual grasses or sagebrush. Diaries of early trappers 

stabilization, sediment and nutrient filtering, and in eastern Oregon noted that grasses were as high as 

allochthonous inputs..-.may be rapidly restored to the seven feet (Wilkinson 1992) and that streams were 

benefit of salmonids. provided the svess of grazing is well l i ed  with willows, aspen, and other woody 

alleviated and prior damage has not been too severe. vegetation (Elmore 1992). In eastside meadows, 
alteration of the vegetation has been so pervasive that 
little is h o w n  a b o i  the native vegetation that once 

6.2.1 Effects on Vegetation inhabited riparian meadow communities. Currently, 
Heavy grazing around the turn of the century had these meadows are dominated by Kentucky bluegrass, 

significant and widespread effects, many of which big sagebrush, and annual bmme grasslands (Johnson 
persist today, on upland and riparian vegetation. et al. 1994). Fleischner (1994) recently reviewed the 
Rangelands have exprrienced decreases in the literature and found numerous examples of changes 
percentage of ground covered by vegetation and in species composition, diversity, and richness 
associated organic litter (Heady and Child 1994). associated with livestock grazing or removal of 
Species composition of plants in upland areas have livestock in western States (Table 6-5). 

Table 6-5. Deleterious effects of livestock grazing on plant communities in western North America. From 
Fleischner (1994). Reprinted with permission of Blackwell Scientific Publications. Inc. 

Habitat Location Effect Authority 

Sonoran desert 
scrub 

Arizona Perennial grasses and Krsmeria 
(palatable shrub) showed dramatic 
density decreases with grazing 

Blydenstein et al. 
(1 957) 

Mojave deserl 
scrub 

California 60% reduction in above-ground biomass 
of annuals. 18%-29% decrease in cover 
of perennial shrubs with grazing 

Webb and Stieistra I 
(1 979) 

Sagebrush
desert 

Idaho Grazed site had one-third species 
richness of ungrazed site 

Reynolds and Tmst 
(1 980) 

Deseri 
grassland 

New Mexico Grass density increased by 110% after 
30 years of protection from grazing 

Gardner (1950) 

Semidesert 
grassland 

Arizona Species richness increased a s  did 
canopy cover for midgrass. shortgrass. 
shrub, and forb groups after removal of 
livestock 

Brady et al. (1989) 

Semidesert 
grassland 

Arizona Woody plants significantly more 
abundant aRer removal of livestock 

Bock et ai. (1984) 

Ponderosa 
pine forest 

Washington Decreased species richness on grazed 
siles 

Rummeil (1951) 

Mountain 
canyon 

Utah Absence or near absence of 10 grass 
species on grazed saes 

Cottam and Evans 
(1 945) 

Riparian Oregon S ecies richness increased from 17 to 
48 species 9 years after removal of 
livestock 

Winegar (1977) 

Riparian Arizona Herbaceous cover of grazed plot less 
than han that of ungrazed plot 

Szaro and Pase 
(1983) 

Riparian Colorado Shrub canopy coverage increased 5.5 
times, willow canopy coverage 8 times 
after removal of livestock 

. Schuk and 
Leininger (1990) 
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Much early alteration of rangelands was by 

settlers who engaged in widespread clearing of 
grasslands and riparian forests to grow crops, build 
houses, obtain fudwood, and innease availability of 
land for domestic animals (Heady and Child 1994). 
Conversion of lands for the purpose of livestock 
production continues today. Woody shrubs and trees 
are sometimes removed by chaining and 
cabling-uprooting of vegetation with anchor chains 
or cables stretched berwecn tractors-for the purpose 
of increasing grass production (Heady and Child 
1994). Removal of woody shrubs through chemical 
application or by mechanical means is also a common 
practice in range management. In addition, 
suppres(ion of tire on rangelands is responsible for 
changes in upland vegetation, including encroachment 
by juniper in many areas of eastan Oregon and 
Washington (Miller et al. 1989a). 

Cattle and sheep affect vegnarion primarily 
through browsing and trampling. Grazing animals are 
selective in wha~ they eat: consequently, preferred 
vegetation types are generally removed first, 
followed by less palatable species. Heavy, continual 
grazing causes plants to be panially or wholly 
defoliated, which can reduce biomass, plant vigor, 
and seed production ( K a u b  1988; Heady and 
Child 1994). Selection of specific plant species may 
allow other taxa to dominate (Kauffinan and Krueger 
1984: Fleischner 1994). Vegetation may also be lost 
or damaged through trampling, which tears or bruises 
leaves and stems, and may break stems of woody 
plants. Regeneration of some woody vegetation, such 
as willow, cononwood, and aspen, is inhibited by 
browsing on seedlings (Fleischner 1994). Vegetation 
may also be directly lost when buried by cattle dung. 
In a dairy pasture, MacDiannid and Watkin (1971) 
found that 75% of grasses and legumes under manure 
piles were killed. 

Livestock grazing also influences vegetation 
through modification of soil characteristics. Hooves 
compacf soils that are damp or porous, which inbibits 
the germination of seeds and reduces root growth 
(Heady and Chid 1994). Changes in infiltration 
capacity associated with trampling may lead to more 
rapid sudace runoff, lowering moisrure content of 
soil and hence the ability of plants to germinate or 
persist (Heady and Child 1994); however, in some 
instances, rrampIing may break up impewious 
surface soils, allowing for greater infiltration of 
water and helping to cover seeds (Savory 1988 in 
Heady and Child 1994). Soils in arid and semi-arid 
lands have a unique microbiotic surface layer or crust 
of symbiotic mosses, algae, and lichens that coven 
soils between and among plants. This "cryptogamic 
crust" plays important roles in hydrology and nutrient 
cycling (see Sections 6.2.3 and 6.2.6) and is believed 
to provide favorahlr .-nnA;.:--- &- -' 
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vascular plants (Fleischner 1994). Trampling by 
livestock brcaks up these fragile cwts ,  and 
reformation may take decades. Anderson et al. 
(1982) found nuwq  of eryptogamic crusts took up 
to 18 years in ungrazed exclosuns in Utah. Finally, 
livestock indirectly affect plant species composition 
by aiding the dispersion and establishment of non- 
native species; seeds may be carried on the fur or in 
the dung of livestock (Fleischner 1994). 

The effects of livestock grazing on vegetation an 
especially intense in the riparian zone because of the 
tendency for livestock to congregate in these areas. 
Gillen et al. (1984) found that 24%47%of cattle in 
two pastures in north-central Oregon were observed 
in riparian meadows constituting only 3%-5% of the 
total land area. Roath and Krueger (1982) reported 
that riparian meadows that constituted only 1 %-2% 
of the total land area accounted for 81 % of the total 
herbaceous biomass removed by livestock. Similar 
preferences for riparian areas have been observed 
elsewhere in the west (reviewed in Kauffman and 
Krueger 1984; Fleischner 1994). Cattle and sheep 
typically select riparian areas because they offer 
water. shade, cooler remperaxws, and an abundance 
of high quality food that typically remains green 
longer than in upland areas (Kauffman and Kmeger 
1984; Reischner 1994; Heady and Child 1994). In 
mountainous terrain, the preference of canlr and 
sheep for the riparian zone also appears related to 
hiilslope gradient (Gillen et al. 1984). Heady and 
Chid (1994) suggest that cattle avoid slopes greater 
than 1096-2074. The intensity of use by livestock in 
riparian zones exacerbates all of the problems noted 
above and generate8 additional concerns. Alteration 
of flow regime, changes in the routing of water. and 
incision of stream chaunels can lead to reduced soil 
rnoisrun in the floodplain. Many types of riparian 
vegetation are either obligace or facultative wetland 
species that are adapted to the anaerobic conditions 
of permanently or seasonally .saturated soils. Sueam 
downcutting and the concomitant lowering of the 
water table can lead to encmachment of water- 
intolerant species such as sagebrush and bunchgrasses 
into areas fonnerly dominated by willows, sedges, 
rushes, and grasses (Elmore 1992). In addition, flood 
events may be an important mechanism for seed 
dispersal throughout the floodplain for woody plants. 
a function that is d i s h e d  as channels are incised. 

6.2.2 Effect3 on Soils 
Rangeland soils are frequently compacted by 

livestock. Tbe degree of soil compaction depends on 
soil characteristics, including texture, structure, 
porosity, and moisture content (Platts 1991; Heady 
and Child 1994). As a general rule. soils that are 
high in organic matrrr nnmnr * - A  ----- ' + 



Part I-Technical - Foundation 

compacted than other soils. Similarly, moist soils 
tend m be more susceptible to compaction thau dry 
soils, although extremely wet soils may give way and 
then mover following trampling by livestock 
(Clayton and Kennedy 1985). The result of soil 
compaction is an increase in bulk density (specific 
gravity) in the top 5-15 cm of soil as pore space is 
reduced. Because of the loss of pore space, 
infiltration is reduced and surface runoff is increased, 
thereby increasing the potential for erosion (see 
Section 6.2.4). The available studies indicate that 
compaction generally increases with grazing 
intensity, but that site-specific soil and vegetative 
conditions are important in determining the response 
of soils to this grazing activity (reviewed in 
Kauffman and Krueger 1984; Heady and Child 
1994). 

Trampling by livestock may also displace or 
break up surface soils. In instances where surface 
soils have become imperviGus to water, light 
trampling may increase the soil's ability to absorb 
water. On the other hand, loosening soils makes 
them more susceptible to erosion. Heavily pulverized 
soil (dust) may become hydrophobic, reducing 
inftltration and increasing surface runoff. In arid and 
semi-arid climates, the cryptogamic crust has been 
shown to increase soil stability and water infiltration 
(Loope and Gifford 1972: Kleiner and Harper 1977; 
Rychert et al. 1978). Disruption of the cryptogamic 
crust may thus have long-lasting effects on erosional 
processes. 

Livestock also alter surface soils indirectly by 
removing ground cover and mulch, which in turn 
affects the response of soils to rainfall. Kinetic 
energy from falling raindrops erodes soil panicles 
(splash erosion), which may then settle in the soil 
interstices resulting in a relatively impervious 
surface. Livestock grazing can increase the 
percentage of exposed soil and break down organic 
litter, reducing its effectiveness in dissipating the 
energy of falling rain. 

6.2.3 Effects on Hydrology 
Grazing modifies two fundamental hydrologic 

processes, evapotranspiration and infiltration, that 
ultimately affect the total water yield from a 
watershed and the timing of runoff to streams. Loss 
of upland and riparian vegetation results in reduced 
interception and transpiration losses, thereby 
increasing the percentage of water available for 
surface runoff (Heady and Child 1994). Shifts in 
species composition from perennials to annuals may 
also reduce seasonal transpiration losses. Reductions 
in plant biomass and organic litter can increase the 
percentage of bare ground and can enhance splash 
erosion, which facilitates clogging of soil pores and 
decreases infiltration. Similarly, soil compaction 
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reduces infiltration. Rauzi and Hanson (1966) report 
higher infilmion rates on lightly grazed plots. 
compared to moderately and heavily grazed plots in 
South Dakota. Similar experiments in nonhwtern 
Colorado showed reductions in infiltration in heavily 
grazed plots, but no differences between moderately 
and lightly grazed plots (Rauzi and Smith 1973). 
Johnson (1992) reviewed studies related to grazing 
and hydrologic processes and concluded that heavy 
grazing nearly always decreases infiltration, reduces 
vegetative biomass. and increases bare soil. 

Decreased evapouanspiration and inftluation 
increases and hastens surface runoff, resulting in a 
more rapid hydrologic response of streams to 
rainfall. Some authors have suggested that the 
frequency of damaging floods has increased in 
response to grazing; however, t h m  remains 
uncertainty about the role of grazing in mediating 
extreme flow events (reviewed in Fleischner 1994). 

Reduced stability of streambanks associated with 
loss of riparian vegetation can lead to channel 
incision or "downcuning" during periods of high 
runoff. In naturally functioning systems, riparian 
vegetation stabilizes strearnbanks, slows the flow of 
water during high flow events, and allows waters to 
spread out over the floodplain and recharge 
subsurface aquifers (Elmore 1992). Moreover, 
riparian vegetation facilitates sediment deposition and 
bank building, inaeasing the capacity of the 
floodplain to store water, which is then slowly 
released as baseflow during the drier seasons (Elmore 
and Beschta 1987). Downcutting effectively separates ' the stream channel from the floodplain, allowing 
flood waters to be quiddy routed out of the system 
and leading to lowering of the water table (Platts 
1991: Elmore 1992; h o u r  et al. 1994). 
Cowquendy, summer streamflows may decrease 
even though total water yield increases in response to 
vegetation removal (Elmore and Beschta 1987). Li et 
al. (1994) found that streamflow in a heavily grazed 
eastern Oregon stream became intermittent during the 
summer. while a nearby, well vegetated reference 
stream in a similar-sized watershed had permanent 
flows. They suggested that the difference in flow 
regimes was a consequence of diminished interaction 
between the stream and floodplain with resultant 
lowering of the water table. 

6.2.4 Effects on Sediment Transport 
Livestock presence in the riparian zone increases 

sediment transport rates by increasing both surface 
erosion and mass wasting (Platrs 1991; Marcus et al. 
1990: Heady and Child 1994). Devegetation and 
exposure of soil by grazing facilitates detachment of 
soil panicles during rainstorms, thereby increasing 
overland sediment transport. Rills and gullies often 
form in areas denuded by livestock trails or grazing, 
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resulting in increased channelized erosion (Kauffman 
et al. 1983). As gullies expand and deepen, streams 
downcut, the water table drops, and sediments are 
transported to depositional areas downstream (Elmore 
1992; Fleischner 1994; Henjum et al. 1994). Stream 
downcutting leads to further desenification of the 
riparian area and promotes soil denudation and the 
establishment of xeric flora. This in turn increases 
the potential for soil erosion. Some evidence suggests 
that significant channel downcutting in the Southwest 
occu~ed prior to the introduction of livestock 
(Karlstrom and Karlstmm 1987 in Fleischner 1994); 
however, studies in eastern Oregon and northern 
California implicate livestock as a major cause of 
downcutting (Dietrich et al. 1993; Peacock 1994). 

Mass lwasting of sediment occurs along stream 
banks where livestock trample overhanging cut banks 
(Behnke and Zam 1976; PIatts and Raleigh 1984; 
Fleischner 1994). Grazing also removes vegetation 
that stabilizes streambanks (Platts 1991). Where 
banks are denuded, ~ n d e ~ t t i n g  and sloughing 

occurs. increasing sediment loads, filling stream 

channels, changing pool-riffle ratios, and increasing 

channel width (Platts 1981 in Fleischner 1994). 


6.2.5 Effects on Thermal Energy Transfer 
and Stream Temperature 

Riparian vegetation shades streams and thereby 
regulates stream temperatures. On rangelands east of 
the Cascades, black cottonwood, mountain alder, and 
quaking aspen are the dominant deciduous me 
species in natural communities, whereas west of the 
Cascades, black cottonwood, red alder, and big leaf 
maple are dominant (Kauffman 1988). Shrubby 
vegetation, such as willows, may also be imponant 
sources of shade along smaller sueams and in 
mountainous areas (Henjum er al. 1994). and even 
tall grasses can provide some measure of shade along 
narrow first- and second-order streams (Platn 1991). 

The removal of riparian vegetation along 
rangeland streams can result in increased solar 
radiation and thus increased summer temperatures. Li 
et al. (1994) noted that solar radiation reaching the 
channel of an unshaded stream in eastern Oregon was 
six times greater than that reaching an adjacent. well 
shaded stream and that summer temperatures were 
4.5"C wanner in the unshaded tributary. Below the 
confluence of these two streams, reaches that were 
unshaded were significantly warmer than shaded 
reaches both upstream and downstream. A separate 
comparison of water temperatures at two sites of 
similar elevation in watersheds of comparable size 
found temperature differences of 11 'C between 
shaded and unshaded streams (Li et al. 1994). 
Warming of streams from loss of riparian vegetation 
is likely widespread east of the Cascades and may be 
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particularly acute because of low summer flows and 
a high percentage of cloud-free days. 

The effects of riparian canopy in winter on 
stream temperatures arc less well understood and 
various studies have shown increases, decreases, and 
no change in water temperature following removal of 
riparian canopy (reviewed in Beschta et al. 1987). 
Riparian cover can inhibit energy losses from 
evaporation, convection, and long-wave radiation 
during the winter, and several authors have suggested 
that removal of vegetation can increase radiative heat 
loss and facilitate the formation of anchor ice 
(Beschta et al. 1991; Plam 1991; Amour et al. 
1994). This is most likely to occur in regions where 
skies are clear on winter nights and where snow- 
cover is inadequate to blanket and insulate streams 
(Beschta et al. 1987). primarily in mountainous 
regions and east of the Cascades and Sierra Nevada. 

Alteration of stream temperature processes may 
also result from changes in channel morphology. 
Streams in areas that are improperly grazed tend to 
be wider and shallower than in ungrazed systems, 
exposing a larger surface area to incoming solar 
radiation (Bottom et al. 1985; Platts 1991). Wide, 
shallow streams heat more rapidly than narrow, deep 
streams (Brown 1980). Similarly, wide, shallow 
streams may coo1 more rapidly, increasing the 
likelihood of anchor ice formation. Reducing stream 
depth may expose the stream bottom to direct solar 
radiation, which may allow greater heating of the 
substrate and subsequent conductive transfer to the 
water. 

6.2.6 Effects on Nutrients and Other 
Solutes 

Livestock activities can directly affect nutrient 
dynamics through several mechanisms. The removal 
of riparian vegetation by grazing reduces the supply 
of nutrients provided by organic leaf litter. Livestock 
also redistribute materials across the landscape. 
Because riparian areas are favored by cattle and 
sheep, nuuients that have been ingested elsewhere on 
the range tend to be deposited in riparian zones or 
near other attractors, such as salt blocks (Heady and 
Child 1994). The deposition of nutrients in riparian 
areas increases the likelihood that elements such as 
nitrogen and phosphorous will enter the stream. 
Nutrients derived from livestock wastes may be more 
bioavailable than those bound in organic litter. 
Elimination of the cryptogamic crust by livestock 
may also alter nutrient cycling in arid and semi-arid 
systems. These microbiotic crusts perform the 
majority of nitrogen fixation in desert soils (Rychen 
et al. 1978). Loss of these crusts can reduce the 
availability of nitrogen for planf growth, potentially 
affecting plant biomass in uplands (Fleischner 1994). 
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Riparian areas play a major role in regulating the 
transportation and uunsfonnation of nutrients and 
other chemicals (see Section 3.9.6). As sueam 
channels incise and streams are separated from their 
floodplains, soil moisture is reduced, which in Nm 
alters the quantity and form of nutrients and their 
availability to aquatic communities. In the anaerobic 
environments of saturated soils, microbial activity 
transforms nitrate nitrogen (NO,) into gaseous nitrous 
oxide (N,O)and elemental nitrogen (N3 that are 
liberated to the atmosphere (Figure 6-2) (Green and 
Kauffman 1989). Under drier mil conditions 
(oxidizing mvironmmts), denittitication does not 
occur and nitrate-nitrogen concmtrations in the soil 
increase. Because nitrate is negatively charged, it is 
readily transported by subsurface flow to the stream 
channel (Green and Kauffman 1989). Thus by 
altering the hydrologic conditions in the riparian 
zone, grazing can increase the amount of nitrate 
nitrogen released to streams. Excessive nitrate 
concentrations facilitate algal growth, increase 
turbidity, and in some cases cause oxygen depletion 
because of increased biochemical oxygen demand. 

The form of other elements including manganese, 
iron, sulfur, and carbon also depends on the redox 
potential of soils. In their reduced form, manganese, 
iron, and sulfur can be toxic to plants at high 
concentrations (Green and Kauffman 1989). Obligate 

and facultative wetland plant species have special 
adaptations for coping with these reduced elements 
that allow them to survive where more xeric plants 
m o t .  Thus, changes in hydrologic condition caused 
by downcuning can modify the form of elements 
available to plants, thereby altering competitive 
interactions among planu and changing riparian plant 
communities. 

6.2.7 Effects of Vegetation Management 
Fenilizm, herbicides, mechanical treatments, and 

prescribed tire are commonly used in rangeland 
management to alter vegetation in favor of desired 
species. In principle, the potential effects of these 
activities on salmonids and their habitats are no 
diffncnt than similar activities in forested 
environments; however, because the physical and 
biological processes that regulate the delivery of 
water, sediments, and chemicals to streams differ on 
forests and rangelands. so may the response of 
aquatic ecosystems. 

Fertilizers are used on rangelands to increase 
forage production, improve nutritive quality of 
forage. and enhance seedling establishment, although 
the high costs and varied results have led to a decline 
in fertilizing rangeland in the past 20 years (Heady 
and Child 1994). Fertiliiers that reach streams 
through d i i t  application or ntnoff can adversely 

Figure 6-2. Nitrogen cycling pathways in undisturbed (left) and disturbed (right) riparian zones of northeastern 
Oregon, as  indicated by redox potential (Eh). From Green and Kauffman (1989). Reproduced with permission 
from the principal author. 
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affect water quality. Nutrient enrichment (especially 
nitrogen) promotes algal growrh, which in turn can 
lead to oxygen depletion as algae die and decompose. 
Conversely, fenilim applied to rangelands may 
reduce sedimentation, hydrologic, and temperature 
effects by stimulating recovery of vegetation. 
including woody riparian s h d s .  Herbicides are 
typically used to target unpalatable or noxious weeds 
that compete with desired forage species. Many of 
the herbicides commonly used in forestry (e.g., 2.4-
D. picloram, glyphosate, tricopyr) are used in range 
management as well, although other highly selective 
herbicides may be used to control particular weeds 
common to nangelands, including unpalatable woody 
shrubs. Direct toxic effects on aquatic biota may 
occur wbere herbicides are applied directly to stream 
channels; however, risks of contamination can be 
minimized if adequate no-spray buffers are 
maintained (Heady and Child 1994). Herbicide 
applications to upland areas may decrease total 
groundcover, increasing the potential for surface 
erosion. In the riparian zone, use of herbicides may 
reduce production of deciduous trees and shrubs, 
opening streams to greater direct solar radiation, 
which in turn leads to elevated stream temperatures 
and increased algal production. These conditions can 
lead to insufficient nighttime dissolved oxygen 
concentrations and afternoon gas supersaturation. The 
loss of riparian vegetation also decreases the amount 
of organic litter and large wood delivered to streams. 
Funhermore, without the root strucNre of woody 
vegetation, banks are prone to collapse, increasing 
sedimentation and reducing the amount of cover for 
fish. 

The influence of mechan'tcal treatment and 
prescribed fire on aquatic ecosystems in rangelands 
depends on the type and intensity of disturbance. The 
use of tractors with dozer blades, brush rakes. 
cables, or rolling cutters for vegetation removal all 
can lead to compaction of rangeland soils (Heady and 
Child 1994) and thereby increase surface runoff and 
erosion. Disking of soils may break up relatively 
impervious soils, allowing greater infiltration of 
water; however, unless the area is rapidly 
revegetated, raindrop splash on exposed soils is likely 
to factlitate surface erosion and increase sediment 
delivery to streams. Disking and dozer use also 
rearrange soil layers, mixing topsoil with woody 
debris, which may affect re-establishment of 
vegetation. Positive effects of mechanical vegetation 
removal are also possible. Removal of vegetation 
with high evapotranspiration rates (e.g., juniper 
woodlands that have encroached because of grazing 
and lack of wildfire) may potentially increase the 
amount of water available during the summer, 
although documentation of this effect is poor. 
Prescribed fire is most likelv m a f f ~ r t a n ~ ~ a r i r  
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ecosystems through increased surface ~unoff and 
erosion resulting from the removal of vegetation and 
formation of hydrophobic soils. 

In summary, manipulations of vegetation on 
rangelands can influence salmonid habitats through 
both direct and indirect pathways. These changes 
may harm or benefit salmonids depending on whether 
temperature, spawning sites, cover, or food limit the 
production of salmonids. Salmonid abundance will 
decrease if the increased invenebrate production is 
offset by undesirable alterations in the benthos 
assemblage to less nutritious species, reduced cover, 
increased s d i t a t i o n ,  and lower water quality. 

6.2.8 Effects on Physical Habitat 
Structure 

Livestock-induced changes in physical StNCtUre 
within streams result from the combined effects of 
modified hydrologic and s e d i i n t  transpon processes 
in uplands and the removal of vegetation within the 
riparian zone. Platts (1991) and Elmore (1992) 
review effects of grazing on channel morphology and 
are the sources of most information presented below. 
Loss of riparian vegetation from livestock grazing 
generally leads to stream channels that are wider and 
shallower than those in unglazed or properly grazed 
st- (Huben et al. 1985; Platts and Nelson 
1985a. 1985b in Marcus et al. 1990). Loss of 
riparian root structure promotes greater instability of 
stream baaks, which reduces the formation of 
undercut banks that provide imponant cover for 
salmonids (Henjum et al. 1994). Furthermore, the 
increased deposition of fine sediments from bank 
sloughing may clog substrate interstices, thereby 
reducing both invertebrate production and the quality 
of spawning gravels. Over the long-term, reductions 
in instream wood diminish the retention of spawning 
gravels and decrease the frequency of pool habitats. 
In addition. the lack of structural complexity allows 
greater scouring of streambeds during high-flow 
events, which can reduce gravels available for 
spawning and facilitate channel downcuning. Figure 
6-3 illustrates the characteristics of vegetation in 
functional and dysfunctional riparian mnes on 
rangelands, and the channel modifications that 
typically result. 

6.2.9 Effects on Stream Biota 
As with fo&t prmiceq, removal of riparian 

vegetation by livestock can fundamentally alter the 
primary source of energy in streams. Reductions in 
riparian canopy increase solar radiation and 
tempemre, which in turn stimulates the production 
of periphyton (Lyford and Gregory 1975). In a study 
of seven stream reaches in eastern Oregon. Tait et al. 
(1994) reported that thick growths of filamentous 
.,_._ .._:.L __:_L..... >:.____ _..__I :.. 
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Figure 6-3.General characteristics and functions of a) disturbed and b) undisturbed riparian areas on rangelands. 
From Elmore (1992). Reproduced wiUl permission from the publisher. 

reaches with high incident solar radiation. whereas 
low amounts of epilithic diatoms and blue-green 
algae dominated in shaded reaches. Periphyton 
biomass was found to be significantly correlated with 
incident solar radiation. 

While densities of macroinvertebrates in forested 
streams typically increase in response to increased 
periphyton production, the effect of stimulated algal 
growh in rangeland st- is less cleat. Tait et al. 
(1994) found that biomass, but not density, of 
macroinvertebrates was greater in rpaches with 
greater periphyton biomass. The higher biomass was 
a consequence of large numbers of Dicosmoew 

larvae, a large-cased caddisfly that can exploit 
filamentous algae. Consequently, any potential 
benefirs of increased invertebrate biomass to 
organisms at higher trophic levels, including 
salmonids, may be minimal, because these larvae are 
well protected from fish predation by their cases. 
Tait et al. (1994) suggest that these organisms may 
act as a mphic shunt that prevents energy from 
being transferred to higher tmphic levels. 

Evidence of negative effects of livestock grazing 
on salmonid populations is largely circumstantial, but 
is convincing nonetheless. Plans (1991) found that in 
20 of 21 smdies identified, stream and riparian 
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habitats were degraded by livestock grazing, and 
habitat improved when grazing was prohibited in the 
riparian zone. Fifteen of the 21 studies associated 
decreasing fish populations with grazing. Although 
they caution that some of these studies may be biased 
because of a lack of pregrazing data, the negative 
effects of grazing on salmonids seem well supported. 
Storch (1979) reported that in a reach of Camp 
Creek, Oregon, passing through grazed areas, game 
fish made up 77% of the population in an enclosure, 
but only 24% of the population outside the enclosure. 
Platts (1981) found fish density to be 10.9 times 
higher in ungrazed or lightly grazed meadows of 
Horton Creek, Idaho, compared to an adjacent 
heavily grazed reach. Within an enclosure along the 
Deschutes River, Oregon, the ftsh population shifted 
from predominately dace (Rhinidrrhys sp.) to rainbow 
trout over a ten-year period without grazing (Claire 
and Storch 1983). Platts (1991) cites other examples 
of improved habitat conditions resulting in increased 
salmonid populations. 

6.3 Agriculture 
Approximately 12% of the total land area in 

Washington, Oregon, and Idaho is dry cropland, with 
an additional 4% devoted to imgated agriculture. 
Wheat, barley, and hay account for approximately 
44% of the total harvested cropland, with fruits, 
nuts, berries, hops, peppermint, dry peas, and grass 
seed all contributing significantly to the total acreage 
(Jackson 1993). Like the other form of food and 
fiber production, farming results in massive 
alterations of the landscape and the aquatic and 
riparian ecosystems contained therein. In general. the 
effects of agriculture on the land surface are more 
severe than logging or grazing because vegetation 
removal is permanent and disturbances to soil often 
occur several times per year. In addition, much 
agriculture takes place on the historical floodplains of 
river systems, where it has a direct impact on stream 
channels and riparian functions. Furthermore. 
imgated agriculture frequently requires diversion of 
surface waters, which decreases water availability 
and quality for salmonids and other aquatic species 
(see Section 6.8). Qualitative summaries of the 
historical effects of agriculture on aquatic ecosystems 
have been reported by Smith (1971). Cross and 
Collins (1975). Gammon (1977). and Menzcl et al. 
(1984). 

6.3.1 Effects on Vegetation 
In the Pacific Nonhwest, natural grasslands, 

woodlands, and wetlands have been eliminated to 
produce domestic crops. For example, in the 
Willamette Valley of Oregon, the original 
fire-maintained prairies and floodplain forests were 
---,---a ...2.L ---- ,--dm ...-../..-... . . 
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Replacement of natural forest and shrubland 
vegetation with annual crops frequently results in 
large areas of tilled soil that become increasingly 
compacted by machinery and are only covered with 
vegetation for a portion of the year. Commonly, little 
or no riparian vegetation is retained along streams as 
fanners attempt to maximize acreage in production. 
While there is potential to restore agricultural lands 
to more natural communities, conversions to 
croplands in most instances have been permanent 
alterations of the landscape. 

6.3.2 Effects on Soils 
Agriculture involves repeated tillage, fertilization, 

pesticide application, and harvesting of the cropped 
acreage. The repeated mechanical mixing, aeration, 
and introduction of fertilizers or pesticides 
significantly alters physical soil characteristics and 
soil microorganisms. Further, tillage renders a 
relatively uniform characteristic to soils in the .-
cropped areas. Although tillage aerates the upper 
soil, compaction of tine textured soils typically 
occurs just below the depth of tillage, altering the 
infiltration of water to deep aquifers. Other activities 
requiring fann machinery to traverse the cropped 
lands, and roads along crop margins, causes funher 
compaction, reducing infiltration and increasing 
surface moff .  Where wetlands are drained for 
conversion to agriculture, organic materials typically 
decompose, significantly a l t e ~ g  the character of the 
soil. In extreme cases, the loss of organic materials 
results in "deflation." the dramatic lowering of the 
soil surface. Soil erosion rates are generally greater 
from croplands than from other land uses (see 
Section 6.3.4). but vary with soil type and slope. 

6.3.3 Effects on Hydrology 
Changes in soils and vegetation on agricultural 

lands typically result in lower infiltration rates, which 
yield greater and more rapid runoff. For example, 
Auten (1933) suggested that forested land may absorb 
fifty times more water than agricultural areas. Loss 
of Vegetation and soil compaction increase runoff, 
peak flows, and flooding during wet seasons 
(Hornbeck et al. 1970). Reduced infiltration and the 
rapid routing of water from croplands may also 
lower the water table, resulting in lower summer 
base flows, higher water ItmpeIaNreS. and fewer 
permanent streams. Typically. springs, seeps, and 
headwater streams dry up and disappear, especially 
when wetlands are ditched and drained. 

Water that is removed from streams and spread 
on the land for imgated agriculture reduces 
streamflows, lowers water tables, and leaves less 
water for fish. Often the water is returned 
considerable distances from where it was withdrawn, 
.__I .L_ ._- :--a,.. --:... ..2:-:... .,.A_ n -... 
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temperature in receiving streams. Extreme examples 
of this occur in m y  riven east of the Cascades and 
in the Central Valley of California. The flows of 
these rivers arc naturally low in late summer, but the 
additional losses from irrigation accentuate low 
flows. Reductions in summer base flows greatly 
degrade water qualiry because the water warm more 
than normal and causes increased evaporation, which 
concentrates dissolved chemicals and increases the 
respiration rates of aquatic life. 

Streams are typically channelid in agriculture 
areas, primarily to reduce flood duration and to alter 
geometry of cropped lands to improve efficiency of 
farm machinery. Because peak flows pass through a 
channelized river system more quickly, downstream 
flood hazards are increased (Henegar and Harmon 
1971). When channelization is accompanied by 
widespread devegetation, the severity of flooding is 
increased, such as occurred in the Mississippi Valley 
in 1993. On the other hand, channelization of 
streams leads to decreases in summer base flows 
because of reduced groundwater storage (Wyrick 
1968). which can limit habitat availability for fish 
and increase crowding and competition. In more 
extreme cases. streams may dry completely during 
droughts (Gorman and Karr 1978; Griswold et al. 
1978). 

6.3.4 Effects on Sediment Transport 
Because of the intensity of land use, agricultural 

lands contribute substantial quantities of sediment to 
streams. The Soil Conservation Service (SCS 1984) 
estimated that 92% of the total sediment yidd in the 
Snake and Walla Walla River basins of southeastern 
Washington resulted from sheet and rill erosion from 
croplands-lands that accounted for only 43% of the 
total land area. The loss of vegetative cover increases 
soil erosion because raindrops are free to detach soil 
particles (splash erosion). Fine sediments mobilized 
by splash erosion fill soil interstices, which reduces 
infiltration, increases overland flow, and facilitates 
sheet and rill erosion. Agricultural practices typically 
smooth and loosen the land surface, enhancing the 
oppomnity for surface erosion. When crop lands are 
left fallow between cropping seasons, excessive 
erosion can greatly increase sediment delivery to 
streams (SCS 1984). Mass failures are probably rare 
on most agricultural lands because slopes are 
generally gentle; however, sloughing of channel 
banks may occur in riparian zones in response to 
vegetation removal. 

6.3.5 Effects on Thermal Energy Transfer 
and Stream Temperature 

Removal of riparian forests and shrubs for 
agriculture reduces shading and increases wind 
speeds, which can greatly increase water 
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temperatures in screams passing through agricultural 
lands. In addition, bare soils may retain greater heat 
energy than vegetated soils, thus increasing 
conductive transfer of heat to water that infiltrates the 
soil or flows overland into streams. In anas of 
imgated agriculture, temperatures increases during 
the summer are exacerbated by heated return flows 
(Dauble 1994). These effects are discussed in greater 
detail on Section 6.1.5. 

6.3.6 Effects on Nutrient and Solute 
Transport 

Agricultural practices may substantially modify 
the water quality of streams. Omemik (1977). in a 
nationwide analysis of 928 catchments, demonstrated 
that streams draining agricultural areas had mean 
concentrations of total phosphorus and total nitrogen 
900% greater than those in streams draining forested 
lands. S m  et al. (1985) found that water quality of 
Ozark streams was more srrongly related to land use 
than to geology or soil. Exponential increases in 
chlorine, nitrogen, sodium, phosphorus, and 
chlorophyll-a occurred with increases in percent 
pasture in streams draining both forested and 
pastured catchmeats, and fundamental alterations in 
chemical habitat resulted as the dominant land use 
changed from forest to pasture to urban. Stimulation 
of algal growth by nutrient enrichment from 
agricultural runoff may affea other aspects of water 
quality. As algal blooms die off. oxygen consumption 
by microbial organisms is increased and can 
substantially lower total dissolved oxygen 
concentrations in surface waters (Waldichuk 1993). 
Nuuient enrichmenl from agricultural runoff has 
been found to significantly affect water quality in two 
rivers in interior British Columbia. Die-off of 
nuuiem-induced algal blooms resulted in significant 
oxygen depletion (concenuations as low as 1.1 
mg.L") in the Serpentine and Niwmekl rivers during 
the summer, which in turn caused substantial 
mortality of who salmon. 

6.3.7 Effects of Fertilizer and Pesticide 
Use 

The two most commonly used ag r i cu l~ rd  
chemicals, herbicides and nitrogen, are frequently 
found in groundwater in agricultural areas. McBride 
et al. (1988) repon that auazine is the herbicide most 
often detected in corn belt groundwater. In Oregon, 
groundwater nitrogen concentrations at or above 
health advisory levels were found in Clauop, 
Marion, Deschutes, Morrow, Umarilla, Union, and 
Malheur counties, and elevated levels were reported 
for Mulrnomah, Linn, and Lane counties (Vomocil 
and Han 1993). Because of the lack of a statistically 
representative sample of groundwater in the region's 
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agricultural areas, the degree and extent of 

contamination is unknown. 


Unlike native vegetation, agricultural crops 
require substantial inputs of water, fertilizer, and 
biocides to thrive. Currently used pesticides, although 
not as persistent as previously-used chlorinated 
hydrocarbons, are still toxic to aquatic life. Where 
biocides are applied at recommended concentrations 
and rates, and where there is a sufficient riparian 
buffer, the toxic effects to aquatic life may be 
minimal. However, a g r i ~ ~ l t u d  lands are also 
characterized by poorly-maintained din roads and 
ditches that, along with drains, route sediments. 
nutcients, and biocides directly into surface waters. 
Thus, roads. ditches, and drains have replaced 
headwqer streams: but rather than filter and process 
pollutanrs, these constructed systems deliver them 
directly to surface waters (Larimore and Smith 
1963). 

6.3.8 Effects on Physical Habitat 

Structure 


Agricultural practices typically include stream 
channelization, large woody debris removal, 
construction of revetments (bank annoring), and 
removal of natural riparian vegetation. Each of these 
activities reduces physical habitat complexity, 
decreases channel stability, and alters the food base 
of the stream (Karr and Schlosser 1978). Natural 
channels in easily eroded soils tend to be braided and 
meander, creating considerable channel complexity as 
well as accumulations of fallen trees. Large wood 
helps create large, deep. relatively pennanent pools 
(Hickman 1975). and meander cutoffs; the absence of 
snags simplifies the channel. Channelization lowers 
the base level of tributaries, stimulating their erosion 
(Nunnally and Keller 1979). The channelized reach 
becomes wider and shallower, unless it is reveaed, in 
which case bed swur occurs that leads to channel 
downcutting or armoring. Channel downcutting leads 
to a funher cycle of tributary erosion. Richards and 
Host (1994) reported significant correlations between 
increased agriculture at the catchment scale and 
increased stream downcutring. Incised channels in an 
agricultural region were found to have less woody . 
debris and more deep pools than nonincised channels 
(Shields et al. 1994). 

6.3.9 Effects on Stream Biota 
Agricultural practices also cause biological 

changes in aquatic ecosystems. In two States typified 
by extensive agricultural development and with 
extensive statewide ecological stream surveys, 
instream biological criteria were not met in 85% of 
the sites (Ohio EPA 1990; Maxted er al. 1994a). 
Nonpoint sources of nutrients and physical habitat 
degradation were identified as causes of much of the 
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biological degradation. In another study, Maxted et 
al. (1994b) also demonstrated that the amount of 
shading had marked effens on stream temperatures 
and dissolved oxygen confentrations (e.g.. Figure 6- 
4). In some agricultural stream reaches without 
riparian vegetation, the extremes exhibited in both 
lemperature and DO would preclude the survival of 
all but the most tolerant organisms. Higher 
t e ~ t u r e sincrease respiration rates of fish, 
increasing oxygen demand at the same time that 
oxygen is depleted by stimulated plant respiration at 
night. During daylight hours, high plant respiration 
(elevated by greater nutrient concentrations, higher 
temperatures, and lower flows) may produce gas 
supersaturation and cause fish tissue damage. Smith 
(1971) reported that 34% of native Illinois fish 
species were extirpated or decimated, chiefly by 
siltation, and lowering of water tables associated with 
drainage of lakes and wetlands. Although point 
sources were described by Kan et al. (1985) as 
having intensive impacts, nonpoint sources associated 
with agriculture were considered most responsible for 
declines or extirpations of 44% and 67% of the fish 
species from the Maumee and Illinois drainages, 
respectively. Sixty-three percent of California's 
native fishes are extinct or declining (Moyle and 
Williams 1990). with species in agricultural areas 
Wing particularly affected. Nationwide, Judy et al. 
(1984) reported that agriculture adversely affected 
43% of all waters and was a major concern in 17%. 

Modification of physical habitat stmcture has 
bem linked with changes in aquatic biota in streams 
draining agricultural lands. Snags are critical for 
trapping terresuial litter that is the primary food 
source for benthos in small streams (Cummins 1974). 
and as a substrate for algae and filter feeders in 
larger rivers. Benke et al. (1985) describe the 
importance of snags to benthos and fish in rivers with 
shifting (sand) substrates. Such systems, typical of 
agricultural lands, suppon the majority of game fish 
and their prey. M m l f  (1978) estimates 90% of 
macroinvenebrace biomass was attached to snags. 
Hickman (1975) found that snags were associated 
with 25% higher standing crops for all fish and 51 % 
higher standing crops for catchable fish. Fish 
biomass was 4.8-9.4 times greater in a stream side 
with instream cover than in the side that had been 
cleared of all cover (Angenneier and Kan 1984). 
Gorman and Karr (1978) reported a correlation of 
0.81 between fish species diversity and habitat 
diversity (substrate, depth, velocity). Shields et al. 
(1994) found that incised channels in agricultural 
regions supported smaller fishes and fewer fish 
species. 

On a larger scale, habitat and reach diversity 
must be great enough to provide refugia for fishes 
during temperature extremes, droughts, and floods 
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Figure W.Diel fluctuations in temperature (top) and dissolved oxygen (bottom) in shaded and unshaded reaches 
of Mudstone BranchNVharton Branch. Fmrn Maxted et al. (19946). Reproduced with permission from the 
principal author. 

(Manhews and Heins 1987). If refugia occur, fishes that urban areas will occupy an increasing fraction of 
in agricultural streams can rapidly recolonize the landscape. Fmm 1982 to 1987. lands devoted to 
disturbed habitats and reaches. However, loss of urban and transportation uses increased by 5.2% 
refugia, alterations in water tables, simplificatiom of (45,346 hectares 1123.813 acres]) in the Pacific 
charnels, and elimination of natural woody riparian Northwest. In the Puget Sound area, the population is 
vegetation symptomatic of agricultural regions creates predicted to increase by 20% between 1987 and the 
increased instability and results in stream degradation year 2000, requiring a 62%increase in land area 
(Kan et al. 1983). developed for intense urbanization (PSWQA 1988). 

As urban areas continue to expand. natural watershed 
6.4 Urbanization processes will be substantially altered. 

Urban areas occupy only 2.1 % of the Pacific Urbanization has obvious effects on soils and 
Northwest regional land base (Pease 1993). but the natural vegetation that, in num, affect hydrologic and 
impacts of urbanization on aquatic ecosystems are erosional processes, as well as physical 
severe and long-lasting. Future projections suggest characteristics of aquatic habitats. Urban 
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developments, including roads, buildings, sidewalks, 
and other impervious surfaces, greatly reduce water 
infiltration, which alters the routing and storage of 
water in the basin. Many of the resulting changes are 
intended and make the land more amenable to 
specific human uses (e.g.. uansponation, human 
habitation), but other i m p o m  resource values (e.g., 
water supplies, fisheries, and wildlife) may be 
damaged by unintended effects on aquatic 
ecosystems, including increased peak flows, channel 
erosion, landslides, pollution, and channelization. 

6.4.1 Effects on Vegetation 
Urbanization causes severe and essentially 

permanent alteration of natural vegetation. The total 
vegetatqd area in the basin is typically diminished, 
and replacement vegetation (e.g., lawns, ornamental 
plants) ohen requires large quantities of water and 
fenilizers for growth. In addition, riparian corridors 
are frequently constricted, disabling or altering 
riparian processes. The loss of riparian vegetation 
reduces inputs of large woody debris and smaller 
organic detritus including leaves. Stream channels 
and banks are deprived of stability provided by large 
woody debris and the roots of riparian vegetation. 

6.4.2 Effects on Soils 
The effects of urbanization on soils can be 

divided into two phases. During urban construction, 
significant soil displacement, alteration, and 
movement occurs associated with grading, filling. 
and hauling activities. Once land conversion is 
complete, much of the surface soil is covered with 
buildings, concrete, and asphalt. In most residential 
areas, soils may be exposed, but they are generally 
altered and fertilized to suppon domesticated 
vegetation. Because of this dramatic alteration, the 
ecological functions that occur in the soil are likely 
greatly diminished, and these changes may be 
permanent. 

6.4.3 Effects on Hydrology 
Urbanization significantly influences hydrologic 

processes, increasing the magnitude and frequency of 
peak discharges and reducing summer base flows 
(Klein 1979: Booth 1991). These changes occur 
primarily because of increases in the impervious 
surface and the replacement of complex, natural 
drainage channels with a network of s tom pipes and 
drainage ditches (Lucchmi and Fuerstenberg 1993). 
In urban areas, infiltration is reduced as 1) soils are 
stripped of vegetation, compacted, and or paved; 2) 
internal draining depressions are graded; 3) 
subsurface flow is intercepted by drains and 
discharged to streams: and 4) buildings are erected 
(Booth 1991). Instead of infiltrating into the soil, 
stom water is auicldv delivered m the r h a n n ~ l  
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resulting in a more episodic flow regime with higher 
peak flows and reduced base flows. In nonurban 
areas west of the Cascades, rainfall intensities are 
lower than the rate of infikration, and subsurface 
flows predominate (Dunne et al. 1975). Only a small 
ponion of the watershed contributes overland mof f ;  
the remaining water infiltrates and becomes part of 
the subsurface regime. In arid and semi-atid eastside 
systems, overland runoff is more common because of 
higher rainfall intensities, sparse vegetation, and 
shallow, less permeable soils. Runoff generally 
travels quickly from the hillslopes to the channel, and 
virtually all pans of the watershed contribute to 
storm runoff. Although eastside runoff is primarily 
overland flow, urbanization increases the efficiency 
of water delivery to the channel. Culvens and 
drainpipes are straighter and provide a more direct 
and more efficient flow to the stream channel. 

Increases in storm runoff c a d  by decreased 
infiltration also may result in more frequent flood 
events Wein 1979). Using a model that incorporated 
historical storm data for Hylebos Creek, Washington, 
Booth (1991) found that over a 40-year simulation 
period, storm flows from an urban area were 
significantly greater than those from a forested basin. 
For the fully forested basin, seven floods exceeding 
the magnitude of a 5-year event were simulated for 
the 40-year period. In contrast, in the urbanized 
basin. simulated floods equaled or exceeded the 
discharge of a 5-year flood event in 39 of the 40 
years (Figure 6-5). 

Water withdrawals for water supply, industry and 
food processing can alter the flow regimes and 
quantity and quality of sueam wafer. Muckleston 
(1993) reported that public water supplies accounted 
for 42% and 84%. rcspecttvely, of the total 
withdrawals from surface waters in the Willamette 
Basin. Oregon, and Puget Sound, Washington; these 
areas have the highest population densities found in 
these two States. In the lower Columbia sub-basin, 
public water supply and industrial usage make up 
over 80% of total withdrawals. East of the Cascade 
ms t ,  food processing is generally the most 
significant industrial use of water though refining 
primrny metals is imponant locally in the Clark 
Fork, Kwtenai. Spokane. and midColumbia sub- 
basins. Tbe need for water supplies, dependable 
power, and flood control has led to numerous 
impoundments on the major Nonhwest nver systems. 
These reservoirs have altered the n a ~ r a l  flow 
regimes and fish habitats. For example, flows in the 
Willamette River, which historically reflected annual 
precipitation pattern, have been substantially altered 
to accommodate urban water needs. On average, 
summer low flows are higher than in predevelopment 
periods because water is now stored during the wet 
season and released dunng the summer. 
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Figure 6-5. Hydrologic Simulation Program Fortran 
simulation of the Hylebos Creek basin in 
southwest King County, Washington, under fully 
forested land wver (top) and fully urbanized 
contiiion (bottom) (approximately 40% effective 
impervious area). Bars show the number of years 
separating discharge events of &year recurrence 
or greater. For forested contilon, the average 
separation is 5 years (40 years of simulation. 8 
events), but the actual spacing varies from 1 year 
(i.e.. successive years) to 14 years. For urbanized 
contilon, discharges exceeding 5year forested 
event occur every year except one. Figure 
reprinted with permission from Booth (1991). 
019W by the Institute for Environmental Studies, 
Un:. ersity of Washington. 

6.4.4 Effects on Sediment Transport 
Loss of vegetation and alteration of soil structure 

during construction of buildings and mads may 
increase sediment loading to streams by several 
orders of magnitude (Klein 1979); however, the 
effect is likely to be of shon duration. Once building 
and landscaping is complete. surface erosion is 
reduced, possibly to levels lower than prior to 
construction because much of the land surface is 
under impervious surfaces. Specific effects are likely 
to vary with degree of urbanization, and whether 
drainage ditches are composed of erodible materials 
or concrete. Street sweeping and runoff from city 
streets transpons some sediment to storm sewers and 
ultimately to streams, but the impact of that sediment 
is negligible. However, contaminants associated with 
such sediments can have significant impacts on water 
quality (see Section 6.4.7). 

6.4.5 Effects on Thermal Energy Transfer 
and Stream Temperatures ' 

Changes in riparian vegetation along urban 
streams can alter the degree of shading provided to 
the stream, which in turn influences seasonal and 
diurnal temperature ranges (see Section 3.7). As with 
other land uses, effects are l i l y  to be greatest for 
smaller streams that previously had closed canopies. 
Published examples of changes in temperature 
regimes caused by urbanization are scarce; however, 
likely effects are increased maximum temperatures 
(Klein 1979). grater die1 fluctuations, and reduced 
winter temperatures. Pluhowski (1970 in Klein 1979) 
found that winter stream temperatures in urban areas 
were 1.5-3°C lower than in nonurbanized stream on 
Long Island. New York. Although other land-use 
activities alter stream temperatures, in urban areas 
the loss of riparian function is long lasting. 
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Stream tempermres may also be indirectly 

affected by changes in hydrology, channel 
morphology, and the urban microclimate. Klein 
(1979) suggested that reductions in groundwater 
inflow may alter natural thermal regimes, resulting in 
lower winter minimum temperatures and higher 
summer maximum temperatures. Widening and 
shallowing of channels caused by greater peak 
discharges can also influence the a t e  of energy 
transfer to and from smams. Air temperatures in 
urban areas also tend to be warmer than those in 
surrounding rural areas, which may affect convective 
and evaporative energy exchange. 

I 

6.4.6 Effects on Nutrients and Other 

SoluteQ 


The primary changes in nutrient cycling are the 
type and quantity of materials delivered to the stream 
channel. Large woody debris and leafy detritus are 
replaced in importance by nutrient loading from 
sewage and other sources. Noviuki (1973) reported 
that effluent from a sewage treatment plant in a small 
town in Wisconsin significantly degraded brook trout 
habitat downstream of the release point. High 
nutrient levels from the effluent generally stimulated 
primary and secondary production; however, under 
conditions of high temperature and low flow during 
the summer, heavy oxygen demand from the aquatic 
vegetation and effluent created critically low 
dissolved oxygen levels that resulted in fish kills. 
Omemik (1977) determined that total nitrogen 
expons from urban areas were second only to 
agriculturally influenced watersheds. 

6.4.7 Effects of Chemical Use 
Runoff from the urban areas contains many 

different types of pollutants depending on the source 
and nature of activities in the area. Wanielista (1978) 
identified numerous types of urban nonpoint source 
pollution including heavy metals, nutrients 
(phosphates and nitrates), pesticides, bacteria, 
organics (oil, grease) and dustldirt. Heavy metal 
concentrations found in street runoff were 10-100 
times greater than treated wastewater effluent. 
Contributions of grease and oil ranged from 32.8 
I b a r b  mile".day'l for industrial areas to 4.9 Ibeurb 
rnil<'.dayl for commercial areas (Pitt and Amy 
1973). Residential areas fell between (18.6 1b.curb 
mile-'.day1). K l l i  (1979) reponed that 9% of 
persons that changed their own engine oil in their 
cars and disposed of used oil by pouring it into storm 
drains or gutters. In suburban areas, fertilizers, 
herbicides, pesticides and animal waste are added to 
the effluent. For example, Bryan (1972) found that 
pesticide loadings in runoff from urban areas was 
three-to-four times greater than for rural areas. In 
I mnoff m.., in r lvd- hn..n, m-rrlc 
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polychlorinated biphenyls (PCBs), polycyclic 

aromatic hydrocarbons (PAHs), high Ph concrete 

dust, and other toxic chemicals (Birch et al. 1992). 

Water quality degrades as-a consequence of these 

pollutants entering streams, lakes, and estuaries. 

Biological oxygen demand is increased with the 

addition of organic materials, and lethal or sublethal 


' 

effects may occur with influxes of heavy metals. 
pesticides. PCBs. and PAHs (see Sections 5.1.2 and 
6.4.9). 

6.4.8 Effects on Physical Habltat 

Structure 


Urbanization frequently results in gross 
modification of stream and river channels through 
road consuuction, the filling of wetlands, 
encroachment on riparian areas and floodplains, 
relocation of charnels, and construction and 
maintenance of ditches. dikes, and levees. Urban- 
related development can influence instream channel 
structure in a variety of ways. High densities of 
roads require road crossings, culverts, and other 
structures that constrain channels and may impede 
fish migration. Chsnnels arc frequently straightened 
in an attempt to mute warer quickly through the 
system and aven flood damage. Rip-rap, concrete, 
and other forms of channel revetment are commonly 
employed to counteract the increased erosive force 
associated with higher discharge volumes. In 
addition, with increased magnitude and frequency of 
floods in urban streams and rivers, greater within- 
stream bedload trampon occurs. and channels 
become less stable (Bryan 1972; Scott et al. 1986). 
The rates of disturbance from flood events may 
accelerate to a point that the stream cannot recover 
between disnubance events. Luccheni and 
Fuerstenberg (1992) noted chat urbmized streams 
take on a clean "washed-out" look as channel 
complexity is lost. Such stream beds are uniform, 
with few pools or developed riffles, and have 
substrares dominated by coarser fractions rather than 
gravel, sand, and silt. The lack of large woody 
debris inputs exacerbates channel simplification 
(Lucchetti and Fuerstenberg 1992). causing increased 
bed scour and fill and changing channel hydraulics at 
a given maximum flow. These highly modified 
channels generally provide poor habitat for fish. 

In unconstrained urban streams, stream channels 
may become substantially wider and shallower than 
streams in m a l  areas because of higher stream 
energy and increased erosion of streambanks (Klein 
1979). In other areas, streambed morphology is 
further modified by channel incision, which leaves 
exposed, near-venical channel banks (Luccheni and 
Fuerstenberg 1992). In areas near the ocean, this can 
effectively isolate the estuaries from the surrounding 
rinarian 7nnr ind srenriallv create a non~nteracting 
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conduit between upriver areas and the sea. Imponant 
interactions between the stream and sunoundiing 
floodplain are lost. 

6.4.9 Effects on Stream Biota 
The structure of the biological community and the 

abundance of aquatic organisms are greatly altered by 
urban impacts on chaunel characteristics and water 
quality. Research indicates that stream quality 
impairment is correlated to the per?-ntage of 
watershed imperviousness. Impaired water quality 
becomes noticeable at 896-1246 imperviousness and 
becomes severe above 30% imperviousness Wein 
1979; Pedersen and Perkins 1986; L ibu rg  and 
Schmidt 1990). In a study of nonhem Virginia 
streams, Jones and Clark (1987) found that the 
taxonomic composition of macroinvenebrates was 
shifted markedly by urbanization, though 
development had minor effect on the total insect 
densities. Relative abundaiicc of Diptera (primarily 
chironamids) incnased at the most developed sites, 
and more sensitive orders, including Ephemeroptera 
(mayflies). Coleoptera (lmtles), Megaloptera 
(dobsonflies), and Plecoptera (stoneflies), decreased. 
The response of Tricoptera (caddisflies) was variable. 
Pedenen and Perkins (1986) showed that a rural 
stream had twice the functional diversity of an urban 
steam. Those organisms that persisted were adapted 
to extreme bed instability. 

Fish are also adversely affected by urbanization. 
Limburg and Schmidt (1990) demonstrated a 
measurable decrease in spawning success of 
anadromous species (primarily alewives) for Hudson 
River tributaries from streams with 15% or more of 
the watershed area in urban land use. In Kelsey 
Creek. Washington. urban development resulted in a 
restructuring of the fish assemblage in respoponse to 
habitat degradation (Bryan 1972; Scon ct al. 1986). 
Coho salmon appeared to be more sensitive than 
resident cutthroat trout to habitat alteration, increased 
nutrient loading, and degradation of the intragravel 
environment in the stream. In a study of Puget Sound 
streams, Luccheni and Fucrstenberg (1992) found 
that fish assemblages in small urbanized streams have 
been dramatically altered or lost. They concluded 
that coho are of particular concern in urbanized areas 
because of their specific habitat needs (smaller 
streams, relatively low velocity niches, and especially 
large pools). Their study found that as impervious 
surfaces increased fish species diversity and coho 
abundance declined and mident cutthroat trout 
dominated. 

Recent studies in the Pacific Nonhwest suggest 
that pollution from urban areas may be having 
insidious effects on anadromous salmonids. Arkoosh 
et al. (1991) found that juvenile chinook salmon that 
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migrate through an urban estuary contaminated 
withPCBs and PAHs bioaccumulated these pollutants 
and exhibited a suppressed immune response 
compared to fish from an unconmhated rural 
estuary. In subsequent studies, Arkoosh et al. (1994) 
e x p o d  juvenile salmon collected from the same two 
estuaries, as well as their respective releasing 
hatcheries, to the pafhogen Vibrioanguillanrm. 
Salmon from the urban estuary exhibited higher 
monality rate after 7 days than unexposed fish from 
the releasing hatchery. In contrast, no difference in 
mortality rates from this pathogen were observed 
between the salmon from the uncontaminated estuary 
and its releasing hatchery. Casillas et al. (1993) 
found that juvenile chinook exposed to PAHs and 
PCBs in an urban estuary showed suppressed 
immune competence and suppressed growth for up to 
90 days after exposure, while juvenile chinook from 
a nonurban estuary did not develop these symptoms. 
They suggested that suppressed immuue function, 
reduced survival, and impaired growth, result from 
increased chemical-contaminant exposure of juvenile 
chiiook as they move through urban estuaries on 
their way to the ocean. The role of contaminants in 
the overall decline of salmonids is not known; 
however. these studies indicate that contaminant 
exposure is perhaps an overlooked cause of mortality 
for populations that migrate through urbanized 
st-, particularly because exposure occurs during 
the physiologically suessful period of smoltification. 

6.5 Sand and Gravel Mining 
Gravel and sand removal from streams and 

adjacent floodplains is common in many areas of the 
Pacific Nonhwest, particularly near and in low- 
gradient mches of rivers west of the Cascade range. 
In Oregon, pennits are required for removal of 
gravel or sand in excess of 38.3 m3 (50 y?) (OWRRI 
1995). S i 1967, the Ongon Division of State 
Lands has issued over 4,MX) permits for gravel 
removal (OWRRI 1995). and between 1987 and 
1989, a total of 1767 dredge, fill, and aggregate 
extraction permits were processed. 718 of which 
were new permits (Kaczynski and Palmisano et al. 
1993a). Because there are no pennit requirements for 
gravel extraction of less than 38.3 m3, little 
information exists regarding the extent of small-scale 
gravel mining in Oregon. In Washington, large 
amounts of gravel are associated with glacial deposits 
and, thus, instream mining has decreased in recent 
yean as extraction has shifted towards glacial and 
floodplain deposits (Dave Noman, Washington 
Department of Natural Resources, personal 
communication). Nevertheless, min'ig activity occuss 
near or in most major rivers west of the Cascade 
Range (Palmisano et al. 1993a. 1993b). Sandecki 

1 
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(1989) reported that production of sand md gravel in 
California during 1986 exceeded 128 million shon 
tons. The greaten demand for gravel and sand is 
associated with industrial development, and because 
of the expense of uansponing gravel, mining is most 
prevalent around urban areas, along highways, or 
near other major consr~ction sitcs. Most gravel 
permit sites in Washington are located near or in 
urban anas and along the Intentate 5 comdor 
(Figure 6-6). In Oregon, gravel production has 
generally risen between 1940 and 1990; however. 
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gravel mining activity peaked during the 1960s and 
early 1970s with wnnmnion of the John Day, Green 
Peter, and Foster dams (OWRRI 1995). The majority 
of gravel mining in Oregon occurs in the Willamette 
Valley. 

Two recent reviews focused on effects of gravel 
removal on hydrology and channel morphology 
(Sandecki 1989; Collins and D U M ~  19901, and a 
third focused on cffars on salmonids in Oregon 
(OWRRI 1995). Much of the material contained in 
this section comes from these thm sources. 

Figure 6-6. Sand and gravel operations of Washington, 1979. From Palmisano et al. (1993a). Reproduced with 
permission from the author. 
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6.5.1 Effects on Geomorphology and 

Sediment Transport 


Removal of sand and gravel from within a stream 
channel may fundamentally alter the way in which 
water and sediment are c d e d  through a system, 
resulting in altered channel morphology, decreased 
stability, accelerated erosion, and changes in the 
composition and stmcture of the substrate (Sandccki 
1989; OWRRI 1995). The extent of effects depends 
on many site-specific characteristics, includiing the 
gwmorphic setting (e.g., stream gradient and nature 
of bed material), the quantity of material extracted 
relative to the sed i in t  supply, and the hydrologic 
and hydraulic conditions withiin the stream reach. 

The effects of gravel mining on the smam 
environment involve a complex interplay between 
direct effects of channel modification and altered 
substrate composition, and the resulting alteration of 
erosional and depositional processes, which in turn 
feed back to cause funher changes in channel 
configuration. Excavation of materials from the 
stream bed results in immediate changes to channel 
morphology. Newly created mining pits within 
streams are highly unstable and tend to migrate up or 
downstream in response to scouring and deposition of 
sediments (Lee et al. 1993). Thus, the physical 
effects of mining pits propagate away from the 
immediate excavation site (Sandecki 1989; OWRRI 
1995). In undisturbed stream channels, coarser 
materials have a tendency, through hydraulic soning, 
to "armor" the stream bed, increasing its resistance 
to scour (Lagasse et al. 1980). P i e r  materials work 
their way into deeper layers. Gravel mining disrupts 
the armor layer, leaving smaller materials at the bed 
surface that are more easily mobilized by streamflow; 
thus bedload movement occurs at lower stream 
velocities following gravel mining (Sandecki 1989). 

Removal of bed material and increased bedload 
transpon can combine to cause downcuning of the 
stream channel in both upstream and downstream 
directions (Sandecki 1989; OWRRl 1995). 
Downstream progression may result from reduced 
bed material discharge or decreased size of bed 
material, while upstream progression occurs when 
gravel extraction increases the river gradient 
(OWRRI 1995). In some cases, downcutting may 
occur until sand, gravel, and cobble are completely 
removed and underlying bedrock is exposed 
Downcutting may cause streambanks to collapse, 
introducing additional sediments into the scream 
(Collins and Dunne 1990). 

Collins and Dunne (1990) recently reviewed case 
histories on the effects of gravel extraction on 
downcutting and found several examples where 
stream channels lowered 4 to 6 m in response to 
gravel mining (Table 6-6). In several cases, 
downcutting occurred over several decades; however, 
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in one instance, a drop in bed elevation of 4.5 m 
occurred during two flood events that spilled into a 
large e i g  pit in Tujunga Wash,California, 
demonstrating that downcuning can occur rapidly 
under extreme circumstances. Kondolf and Swanson 
(1993) reported that gravel extraction below a dam in 
a Sacramento River tributary resulted in downcutting 
of more than 5 m and caused a shift from a highly 
braided channel to a shgle chmel .  Downcutting was 
severe in pan because the dam prevented recruitment 
of gravels from upstream areas; however, reduced 
peak flows may have compensated for reduced 
sediment recruiunem by reducing scouring. This 
example highlights the fact that effects of gravel 
mining depend on the cumulative effects of other 
activities in the watershed. 

W i l e  the effects of off-channel mining are likely 
to be less d i m ,  they may nevertheless be 
significant. Frequently, berms, dikes, or revetments 
are wnsuucted to prevent flood flows from spilling 
into the excavation area and to reduce bank erosion. 
These structures prevent lateral migration of the 
stream chamel, which may be important in recruiting 
gravels from streambanks. During high flows, water 
is constrained to a narrow channel, which increases 
the velocity and, hence. the erosive potential of the 
discharge. Anificially constricted channels, like 
excavations, may thus lead to degradation of the 
stream bed. Bat scalping also may affect erosion 
processes. When bar height is reduced, instream bars 
may be more prone to erosion when water level rises 
again (Collins and Dunne 1990). 

In summary, the effects of gravel extraction on 1 

stream channels may include local adjustments. 
increased meandering or widening of the stream 
channel, changes in thalweg configuration, altered 
pool-riffle sequences, shifts from braided to single- 
thread channels, and downcutting of the channel bed 
(Sandecki 1989). Gravel mining may also change the 
frequency and extent of bedload movements and 
increase the amount of suspended fine sediments and 
turbidity in the water column. Turbidity caused by 
excavation generally decreases shonly after mining 
activity ceases; however, turbidity caused by changes 
in erosion potential may persist until the streambed 
restabilizes (reviewed in OWRRI 1995). Fine 
sediments may settle in gravel pits or travel 
downstream to settle in other slow-water areas. As a 
result. downsmam substrates may be covered with 
sand, mud, and silt. 

6.5.2 Effects on Hydrology 
Gravel mining likely has little effect on the total 

amount of water moving through a stream system; 
however, it may significantly affect the routing and 
timing of streamflow. Both downcutting and channd 
simplification increase the hydraulic efficiency of the 
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stream-water i s  routed more quickly through the streamflows. Inaddition, c h a ~ e l  downcutting may 
system, especially during periods of high flow drain shallow groundwater, and lower the water table 
(Sandecki 1989). This increased efficiency may (Sandecki 1989; Collins and Dunne 1990; OWRRI 
reduce the probability of overbank flooding (Collins 1995). Loss of shallow groundwater storage reduces 
and Dunne 1990). The elimination of overbank flows summer base flows and may also lead to loss of 
prevents the recharge and subsequent release of water riparian vegetation (Sandecki 1989). 
from the floodplain, which in turn results in flashier 

Table 66. Case histories relating the effects of gravel extraction on channel morphology and hydrology of streams 
in Washington, O w n ,  and Caliiomia. 

' 'Collins and Dunne (1990). 
Scott (1973). 

Location Activii Effects 

WASHINGTON 
~umptulips! Wynoochee. 
and Satsop Rivers. 

Gravel bar scalping Minimum rates of gravel extraction exceeded 
replenishment rate. Channel degradation (lowering) 

I occurred at some sites. 

White River' Gravel extraction (partly 
for flood prevention). 
diking, and straightening 

Aggradation in lower reaches, degradation in upper 
reaches. 

Skykomish Riverr In-channel gravel mining Diminished size of gravel bars that were mined. as 
well as upstream and downslream sites. Reduced 
rate of bank erosion. 

CALIFORNIA 
Cache Creek7 In-channel exlraction 

during dry season 
Channel degradation up to 9 m (avg 5 m) over , 
21-year period. Increased flood capacity has 
eliminated overbank flooding and is preventing soils 
from being deposited on flood plain. Drop in ground 
water table has shifted system fmm a "drain" system 
to recharge system. Loss of aquifer storage potential. 

Russian Riverr Gravel extraction Channel degradation up to 6 m (avg 4 m). Exposure 
of bedrock substrate. 

Dry Creekt Gravel extraction Channel degradation up to 4 m. Riparian vegetation 
has died, probably in response to lowering water 
table. 

Tujunga Wash" Offchannel gravel 
mining 

Gravel pit was inundated by 1969 floods. Headward 
scour up to 4.5 m extended 790-914 m upchannel. 

Redwood Creek7 Channelization, levee Alternating lowering of bed by mining and raising of 
construction, gravel 
mining to lowwater 
level 

bed fmm redeposition. Shift in thalweg. Gravel bars 
removed annually by mining contributhg to channel 
destabilization. Headward degradation of channel. 

Stony Creek" In-channel gravel mining Channel shifted from braided configuration to single, 
incised. meandering channel. Degradation up to 5 m. 
Obliteration of natural low-flow channels. Effects 
modified by changes in flow regima due to 
construction of dam upstream. 

OREGON 
Wtllamene River' ' Sand and gravel Channel degradation of approximately 0.3 m per year 

extraction over 20- to 30-year period. Degradation because of 
combined effects of sand and gravel extradion, bank 
stabilization, dams, watershed changes and natural 
geological events. 

'Collins and Dunne (1989). 

:Klingeman (1993). 
Kondolf and Swanson (1993). 

O W R l  (1995). 
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6.5.3 Effects on Thermal Energy Transfer 
and Stream Temperature 

The most likely changes in heat transfer processes 
resulting from gravel mining are increased heat 
exchange from the loss of riparian vegetation and 
alteration of the surface-to-volume ratio of the stream 
(OWRRI 1995). As discussed in Section 3.7. heat 
exchange is greater in wide, shallow smams than in 
narrow deep channels. so temperatures may increase 
or decrease depending on the specific change in 
channel morphology that follows gravel extraction. 
Stream temperatures may also increase because of 
inputs of heated water from off-channel pdnds ' 

created by excavation (OWRRI 1995). 

6.5.4 Effects on Nutrients and Other 

Solutes 


We found no published information regarding the 
effects of instream gravel mining on nutrient cycling 
or availability. However, if the water table in the 

. floodplain is lowered, floodplain soils may shifi from 
reducing environments to oxidizing environments. 
Because the form of nitrogen and other solutes 
depends on the redox potential of the subsurface 
environment (Section 6.2.6) the availability of nitrate 
nitrogen and other solutes may increase in response 
to the oxidizing environment. Nutrient inputs are also 
affected where riparian vegetation is modified or 
eliminated. 

6.5.5 Effects on Physical Habitat 

Structure 


Most concern regarding the effects of gravel and 
sand mining on salmonids has focused on spawning 
habitats. Extraction of gravels may directly eliminate 
the amount of gravels available for spawning if the 
extraction rate exceeds the deposition rate of new 
gravels in the system. The anal extent of suitable 
spawning gravels may be reduced where degradation 
reduces gravel depth or exposes bedrock. In addition, 
decreases in the stability of streambeds can 
potentially increase embryo and alevin mortality 
because of scouring of gravel beds. Deposition of 
fine sediments downstream of mining activities may 
reduce the quality of these areas as spawning habitats 
(Kondolf 1994). 

Widening and shallowing of stream channels in 
response to gravel mining may affect the suitability 
of stream reaches as rearing habitat for juveniles, 
particularly during summer low-flow periods, when 
deeper waters are important for survival. Similarly, a 
reduction in pool frequency may adversely affect 
migrating adults that require holding pools during 
their upstream migrations. 

6 Effects of Human Activities 

6.5.6 Effects on Stream Biota 
Gravel mining can change the abundance and 

composition of species at lower trophic levels. 
Increased turbidity reduces light penetration, thereby 
affecting the production of benthic algae (OWRRI 
1995). Aquatic invertebrates, which are an imponant 
prey for streamdwelling salmonids, can be dismpted 
by disturbance of the substrate during mining (AFS 
1988) or by changing substrate composition or 
covering of substrate with fine sediments (Hicks et 
al. 1991a). Potential effects on invertebrates include 
changes in species composition, reduced biomass. 
and slowed biotic colonization (OWRRI 1995). 

OWRRI (1995) found few studies that address other 
effects of gravel mining on salmonids; however, 
qualitative inferences can be drawn from studies of 
the effects of logging, grazing, and other activities 
where physical changes are comparable. Salmonids 
require clean, well-oxygenated waters for successful 
incubation of embryos and alevins. Mechanical 
disturbance of spawning beds by mining equipment 
can potentially lead to high mortality rates of 
embryos and alevins. The OWRRI (1995) report cites 
one study where angler wading caused high monality 
(43%-96%) of alevins with only one to two passes 
per day. It is l i l y  that gravel mining equipment 
would be substantially more damaging to incubating 
embryos and alevins than anglers. 

Turbidity reduces the reactive distance of fish 
during foraging (Bamtt et al. 1992). dogs or 
damages buccal or gill membranes, and inhibits 
normal activities (Hicks et al. 1991a; B m et al. 
1992). Sigler et al. (1984) reported that Nrbidities ' 
ranging from 25-50 NTU (nephelometric turbidity 
units) reduced growth and increased the tendency of 
young coho salmon and steelhead trout to emigrate 
from laboratory st-. Other d i m t  effects of 
turbidity on fish are discussed in greater detail in 
Section 5.1.2. Potential effects on fish assemblages 
include reduced salmonid production, reductions in 
total biomass, decreased species diversity, and shifts 
away from species preferring clear waters towards 
species that are tolerant of high turbidities (OWRRI 
1995). Those species That an most susceptible to 
increased fine sediments are those that rely heavily 
on benthic organisms for food or clean gravels for 
spawning, such as salmon and trout (OWRRI 1995). 

6.6 Mineral Mining 
In the Pacific Nonhwest and California, mining has 

had substantial influence on environmental conditions 
and patterns of human settlement. Mining provided 
the initial driving force for the ecological 
transformation of portions of the interior Northwest. 
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The discovely of gold in California and the western 
interior region in the 1860s cafalyzed the large influx 
of people intent on extracting minerals from sueams 
and mountainous slopes. This provided a wedge into 
the interior-montane ecosystem from the coastal 
regions for the cultural transformation of the Pacific 
northwest. Mining as practiced in the 1800s was 
especially disruptive to stream ecosystems. Hydraulic 
mining sluiced hillslopes down into streams, causing 
siltation of waterways and degradation of riparian 
habitats. Extensive cutting of inland forests was 
undenakm to provide trusses for mine tunnels and 
wooden viaducts, sluices, and flumes. By 1870, 
cattle and sheep tha had been brought in to feed 
miners grazed throughout the intermontane Northwest 
(Robbinp and Wolf 1994). Hydraulic mining of the 
main river valleys of California's Salmon River from 
1870 to 1950 is estimated to have produced about 
12.1 million m3 (15.8 million yd3) of sediments 
(PFMC Habitat Committee 1994). The effects there 
and elsewhere are still being felt today as sediments 
and pollutants derived from mine tailings continue to 
enter streams, The PSMFC (1994) repons that 
mining is responsible for polluting 19,350 krn 
(12,000 miles) of rivers and streams in the western 
United States. Recovery rates of degraded streams 
vary, ranging from 20 years for arras with no acid 
drainage to generations for coal mines (with acid 
drainage), and radioacrive phosphate and uranium 
mines (AFS 1988). Before the Surface Mining 
Control and Reclamation Act of 1977, little thought 
was given by many to post-mining effects and 
reclamation cffons (Nelson et al. 1991). However. 
some States (c.g.. Oregon) have enacted more 
stringent laws regulating certain types of mineral 
extraction (Field 1993). 

Minerals are extracted by several methods that can 
be combined into two broad categories. Surface 
mining includes dredging, hydraulic mining, strip 
mining, and pit mining. Underground mining utilizes 
tunnels or shafts to extract minerals by physical or 
chemical means. Surface mining probably has greater 
potential to affect aquatic ecosystems, although 
pollution associated with all form of mining 
activities may be damaging to aquatic life. Specific 
effects on aquatic systems depend on the extraction 
and processing methods employed and the degree of 
disturbance. 

6.6.1 Effects on Geomorphology and 
Sediment Transport 

Like sand and gravel mining, mineral mining can 
have a significant effect on channel morphology. 
depending upon the extraction method. General 
effects of mining, including increased sedimentation, 
accelerated erosion, change in substrate, and 
increased streambed and streambank instabiiitv have 
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been discussed in Seaion 6.5.1. Mieral mining can 
have some additional effects on channel formation 
and stability. During dredging operations, gravels are 
removed from rivers but are not hauled away from 
the chaunel: gold is extracted and waste gravels are 
piled along the banks, covering the riparian 
vegetation. These piles may eventually revegetate but 
remain unstable and leave banks with a high potential 
for erosion (Nelson et al. 1991). Dredging for gold 
in the early 1900s left extensive mine tailings, which 
continue to constrict stream channels and serve as 
chronic sediment sources (Mclntosh er al. 1994b). 
Records from the 1940s indicate that substantial 
poniom of the upper Grande Ronde river flowed 
beneath the extensive rubble left behind be early 
mining operations (McIntosh et al. 1994b). Hydraulic 
mining. which involves washing of unconsolidated 
ore-bearing alluvial gravels out of river banks or 
from hillslope areas down into the river, is 
uncommon today, yet effects are still beiig -
propagated throughout many river systems from 
long-abandoned operations (AFS 1988). Several 
forms of mining (strip, open-pit, quarry) remove the 
vegetation and topsoils from the site creating the 
potential for erosion and increased sedimentation. If 
topsoils are not retained to cover mine spoils, 
revegetation may be inhibited for extended time 
periods, especially if mine spoils are acidic 
(Bunerfield and Tueller 1980; Fisher and Deutsch 
1983). 

6.6.2 Effects on Hydrology 
Mineral mining may alter the timing and routing of 

surface and subsurface flows. Surface mining may 
increase streamflow and storm runoff (Sullivan 1967; 
Collier et al. 1970). as a result of compaction of 
mine spoils, reduction of vegetated cover, and the 
loss of organic topsoils, all of which reduce 
infiltration (Nelson et al. 1991). Men  and Finn 
(1951 in Nelson et al. 1991) reponed infiltration 
rates of 452.1 cmh" on undisturbed soils versus 
43.2 cmh-' on adjacent graded spoils banks. Lower 
infiltration rates mean overland runoff and 
streamflow increase,panicularly during storm 
events. Increasing flows may cause channel 
adjustments, including increased width and depth. Pit 
and suip mining may also affect groundwater by 
physical disruption of aquifers (Nelson el al. 1991). 
Large amounts of water are needed for processing 
mining products, and in arid regions east of the 
Cascades, withdrawals for mining may significantly 
affect the limited water suppiies. Lidskov and 
Kimball (1984) estimated that extraction of 400,000 
bamls of oil annually from oil shales in Utah, 
Colorado and Wyoming would require 86 million m3 
of water per year, which would be pumped from 
groundwater aquifers (Nelson et al. 1991). It was the 
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tremendous demand for water by mining operations 
that stimulated the water law of prior appropriation 
in the West (Wilkinson 1992). 

6.6.3 Effects on Thermal Energy Transfer 
and Stream Temperature 

Dredging and other mining practices may cause 

loss of riparian vegetation and changes in heat 

exchange, leading to higher summa tapcCaNreJ 

and lower winter stream temperatures. Bank 

instability can also lead to altered width-to-depth 

ratios, which funher influences temperature (see 

Section 3.7). 


6.6.4 Effects on Nutrients and Pollutants 
No published information was found regarding the 

effects of mineral mining on nutrient cycling or 
availability. However, surface mining and dredging 
likely affect inputs of nutrients where vegetation is 
removed or buried, and may increase nutrient 
spiraling length within screams where structure is 
simplified and nutrient retention is diminished. 

Perhaps the most imponant effect of mining on 
aquatic ecosystems is contamination of surface waters 
from mine spoils. Acidification of surface waters by 
mining operations is generally considered to be the 
most serious consequence of mining. Water is 
acidified by oxidation of iron-containing waste 
products, which are then carried with mof f  into 
local drainages (Nelson et al. 1991). In the western 
USA, much of the mineral recovery occurs from 
granitic deposits containing pyrite (Nelson et al. 
1991). When exposed to atmospheric oxygen, pyrite 
is readily oxidized in water to produce sulfuric acid. 
which lowers the pH of mine spoils. Other metallic 
sulfides including chalcopyrite (CuFeS,), sphalerite 
(ZnS). galena (PbS), and greenockite (CdS), undergo 
similar acid-generating processes (Nelson et al. 
1991). Reductions in pH increase the mobility of 
many heavy metals (e.g., aluminum, arsenic. 
cadmium, chromium, cobalt, copper, iron, lead, 
mercury, nickel, zinc) by altering their chemical 
form, particularly if drainage is through waste piles. 
High acidity also facilitates formation of femc 
hydroxide (FeOH,), a noxious precipitate often called 
"yellow boy" (Nelson et al. 1991). The process of 
acidification is ongoing, and increased soil acidity 
convens metals into f o m  that are more 
bioavailable. 

Ndson et al. (1991) reviewed the literature and 
found several examples of pollution associaxed with 
mine wastes. Levels of copper and zinc wen 4-10 
times above background levels 560 km from the 
major source of contamination on the Clark Fork 
River, Montana (Johns and Moore 1985). Duamie et 
al. (1985) reported that loadings from an abandoned 
mine in Montana were 13.6 kg.&' for copper and 
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1.6-145.5 kg.& for zinc. Acid mine drainage and. 
copper loadings of 41-147 kg&' have been 
documented for Panther Cmk,Idaho (Reiser 1986). 

Heap leach mining is a form of open-pit mining 
used to extract gold from low-grade ore deposits. 
Extracted ore is crushed and placed into piles called 
pads where a dilute solution of sodiumqanide 
(NaCN) is sprayed over the ore. As the oyanide 
solution percolates through the pad, gold is bonded to 
solutes and is collected in catch basins. With further 
processing, termed flotation, the gold is recovered. 
cyahide is a well known toxicant, and any that 
leaches into local streams or is released from storage 
lagoons is potentially lethal to all aquatic organisms. 

6.6.5 Effects on Physical Habitat 
Structure 

The effects of surface mineral mining on the 
physical StnICNre of salmonid habitats are similar to 
the effects of gravel and sand mining. Elevated levels 
of erosion increase sedimentation. which in turn 
affects the structure and composition of instream 
substrate. Spaulding and Ogden (1968) estimated that 
hydraulic mining for gold in the Boise River basin, 
Idaho produced 116,500 tomes of silt in 18 months. 
They also reported that dredging in the Salmon River 
produced enough silt to cover 20.9 km of stream 
bottom wil 3.16 cm of silt every 10 days. which 
reduced salmon spawning by 25%. Other effects of 
increased sedimentation include shallowing and 
widening of channels and reduction in pool 
frequency. 

Dredging and placer mining practices have 
significantly altered the stability of habitats for fish 
and other organisms. An unnawal forced meander 
pattern was mated along some sections of the 
Crooked River in Idaho, while another section was 
straightened. All along these disturbed sections, 
meadows and riparian vegetation were lost as a result 
of gold dredging (Nelson et al. 1991). 

6.6.6 Effects on Stream Biota 
Aquatic communities are affected by mining 

activities primarily through the alteration of physical 
processes (e.g., increased sediment inputs, greater 
channel instability, and simplification of channel 
structure) and chemical characteristics (e.g., 
acidification, heavy metals). Toxic effects of metals 
and acid can affect growth, reproduction, behavior, 
and migration of salmonids, resulting in the loss of 
sensitive species, changes in productivity. and 
alterations in population structure (AFS 1988). 
Increased turbidity reduces light penetration and 
decreases production of benthic algae (Nelson et al. 
1991). Acidifmtion of surf= waters precipitates 
ferrous hydroxide, further decreasing benthic algal 
production and degrading macroinvenebrate habitat. 
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Stream acidification affects organisms that are 6.7 Effects of Hydroelectric Dams 

sensitive m low pH, including salmonids. S ~ ~ O N ~ S  Hydroelectric dams have contributed substantially 
exposed to low pH have been shown to experience to the decline of salmonids in the Pacific Nonhwest. 
reduced egg viability, f ry survival, growth rate. 
development of pigmentation, ossification, and heart 
rate (Trojnar 1977; Nelson 1982). Johnson and 
Webster (1977) reported that spawning brook trout 
avoid areas of low pH, and speculated that 
recruitment is.likdy affected. Reduced numbers and 
diversity of benthic invmebnte taxa were found 
below an abandoned gold and silver mine,on Coal 
Creek, Colorado (Reiser et al. 1982). 
Ephemeropterm (mayflies), plecoptctans 
(stoneflies), and trichopterans (caddisflies) were 
found most sensitive to lowered pH in a study by 
Robac7 and Richardson (1969). 

Lowered pH also enhances the availabiliw and 
toxicity of heavy metals or metaloids. Arsenic, 
cadmium, chromium, cobalt, copper, iron, lead. 
manganese, mercury, nickel, and zinc, are all toxic 
to fish, affecting growth, metabolism. respiration, 
reproduction, and numerous other biologioal 
functions (reviewed in Nelson et al. 1991). These 
substances may act singly, in combination, 
synergistically, or &tagonistically (to reduce 
toxicity). Since many of these metals tend to 
bioaccumulate, increased toxicity is seen in higher- 
level trophic organisms for a given "background 
level" in surface waters. Numerous studies have 
developed LD, levels for these toxicants using 
various invertebrate and fish (Table 6-7) test 
organisms. Other studies have also shown that 
continuous exposure to sublethal levels may produce 
effects that are just as important for determining 
ultimate species survival in the affected habitat (EPA 
1986). 

Effects of chronic pollution from mine wastes have 
been documented for several streams in the west. 
Mining wastes containing arsenic, cadmium. copper 
and zinc have been contaminating the Clark Fork 
River in Montana for more than 125ytan. These 
metals have multed in elevated metal concentrations 
in stream biota (Woodward et al. 1993)and are 
believed to be affecting benthic invertebrate 
communities and trout productivity in the river 
(Pascoe et al. 1993). Laboratory experiments in 
which rainbow trout f ry  were exposed to metal 
concentrations in water and food comparable to those 
in the Clark Fork indicate that uptake through the 
diet was the more important source of exposure 
(Woodward et al. 1993). Exposed fish experienced 
reduced growth and survival compared to control 
fish. Hughes (1985) found that Montana streams 
subjected to periodic mine effluents had 
fundamentally altered benthos assemblages and 
reductions or elimination of trout and sculpins. Other 
examples of exposure of salmonids and other aquatic 
organisms to pollution from mine wastes are 
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particularly anadromous stocks in the Columbia, 
Snake, and Sacramento River systems. The 
Northwest Power Planning Council (NPPC) estimates 
that cumnt annual salmon dnd sfeelhead production 
in the Columbia River Basin is more than 10 million 
fish below historical levels, with 8 million of this 
annual loss attributable to hydropower development 
and operation (NPPC 1986). They conclude that 
approximately half of these losses occur during fish 
passage through the mainstem projects below Chief 
Joseph Dam (upper Columbia River) and Hells 
Canyon Dam (Snake River). The remaining 4 million 
in losses are due to the restriction of the fishes' range 
caused by dams,access to approximately 55% of the 
total basin area and 33% of the linear stream miles 
has been blocked by dams (Thompson 1976; PFMC 
1979). 
Darns influence salmonids and their habitats in a 

varieiy of ways. They impede migration of juvenile 
and adult fish. delaying migration (Raymond 1979) 
and thereby increasing the duration of exposure to 
predators. Juvenile or adult fish that pass through 
turbines may be killed outright or may be injured or 
disoriented. becoming easy prey for aquatic and 
terrestrial predators. Attempts to bypass dams by 
barging or trucking may stress fish and increase 
disease transmission among individuals (Bevan et al. 
1994a). which ultimately may reduce survival. 

Hydroelectric operations alter natural flow regimes, 
including daily and seasonal flow patterns. 
Umarurally large daily fluctuations in flow occur 
downstream of dams during peaking operations. 
Seasonal flow fluctuations tend to be dampened, with 
water stored during periods of high flow in the 
winter or spring and released in summer when 
natural flows are lower (Marcus et al. 1990). These 
changes can affect migratory behavior of juvenile 
salmonids. Water-level fluctuations associated with 
hydropower peaking operations may reduce habitat 
availability, inhibit the establishment of aquatic 
macmphytes that provide cover for fish, and m some 
cases strand fish or allow desiccation of spawning 
redds (Palmisano er al. 1993a). The impoundment of 
water behind dams creates slackwater environments 
that are less favorable to salmonids. With the 
exception of the Hanford reach, vinually the entire 
lower and mid-Columbia River has been changed 
from a free-flowing river to a series of ponded 
reaches with little fast water. and significant 
spawning areas have been lost. The slow-moving 
water behind impoundments are also favorable to 
certain predators of salmonids, including northern 
squawfish (Faler et al. 1988). 
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Table 6-7. Reported toxicities of metals in sofl water (c 45.000 MC' as CaCO,)., From Nelson et al. (1991). 

Reproduced with permission from the publisher. 


Reported Toxicih, 

Substance Species Method' Concentration 	 Source 
019L-l) 

Aluminum (Al) 	 Brook trout LC50 3.600-4.000 Decker and Menendez (1974) 

Arsenic (As) 	 Rainbow trout LC50 10.800 Hale (1977) 
! 

Cadmium (Cd) 	 Rainbow trout LC50 6.6 Hale (1977) 

Brook trout MATC 1.7 -3.4 Benoil et al. (1976) 


Chromium (Cr) 	 Rainbow trout LC50 24.100 Hale (1977) 

Rainbow: trout LC50 69.000 Benoil(1976) 

Rainbow trout ' MATC 200-350 Benoit (1 976) 

Brook trout LC50 59,000 Benoit (1976) 

Brook trout MATC 200 -350 Benoil (1 976) 


Copper (Cu) 	 Coho salmon LC50 46.0 Chapman and Stevens (1978) -
Rainbow trout LC50 253.0 Hale (1977) 

Rainbow trout LC50 125.0 Wtlson (1972) 

Rainbow trout LC50 57.0 Chapman and Stevens (1978) 

Rainbow trout ILL 37.0 Sprague and Ramsay (1965) 

Atlantic salmon ILL 32.0 Sprague and Ramsay (1965) 

Atlantic salmon ILL 520 Sprague (1964) 

Brook trout MATC 9.5 -17.4 McKim and Benoit (1971) 


Copper-zinc Atlantic salmon TU 1.000 Sprague and Ramsay (1965) 

(Cu-Zn) 


. .  . 

Iron (Fe) 	 Brook trout LC50 1,750 Decker and Menendez (1974) 

Lead (Pb) 	 Rainbow trout LC50 8,000 Hale (1977) 

Rainbow trout MATC 4.1 -7.6 Davies et al. (1976) 

(eggs) 


Mercury (Hg) 	 Rainbow trout LC50 33.000 Hale (1977) 

Nickel (Ni) 	 Rainbow trout LC50 35,500 Hale (1977) 

Uranium (U) 	 Brook trout LC50 2.800 Parkhurst et al. (1984) 

Zinc (Zn) 	 Coho salmon LC50 905.0 chapman and Stevens (1978) 

Rainbow trout LC50 1.775 Chapman and.Stevens (1978) 

Rainbow trout LC50 180- 390 Finlayson and Ashuckian (1979) 

Rainbow trout ILL 560 Sprague and Ramsay (1965) 

Atlantic salmon ILL 92 Sprague (1964) 

Atlantic salmon ILL 150-1.000 Zitko and Carson (1977) 

Atlantic salmon ILL 420 Sprague and Ramsay (1965) 

Brook trout MATC 534- 1.360 Holcombe et al. (1979) 


' 'LC50 = lethal concentration for 50% of test organisms; MATC = maximum acceptable toxic concentration; 
ILL = incipient lethal level: TU = toxic units. 

Hydroelectric dams also modify sediment dams, suspended sediments settle to the bottom o f  
transpan, natural temperature regimes, and the reservoirs. covering coarser substrate and depriving 
concentration of dissolved gases. Water storage at downstream reaches of needed sediment inputs. The 
dams may prevent flushing flows that are needed to reduction insediments downstream of dams leads to 
scour fine sediments from spawning substrate and changes inchannel morphology (Marcus et al. 1990). 
move wood and other materials downstream. Behind Reservoirs also modify temperature regimes in 
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streams and rivers. Below larger reservoirs that 
thermally stratify and that have hypolimetic 
discharges, seasonal temperature fluctuations 
generally decrease: temperatures are Moler in the 
summer as wld hypolimetic waters are discharged, 
but wanner in the fall as energy stored in the 
epilimnion during the summer is released. Finally, 
dams have resulted in changes in concentrations of 
Uissolved oxygen and nitrogen wncentrations (Bevan 
et al. 1994a). Behiid dams, slow-moving water has 
lower dissolved oxygen levels than faster, turbulent 
waters. Water that spills over dams entrains air, and 
supersaturation of dissolved gases results. Gas 
supersaturation can cause gas bubble disease in 
salmonids, resulting in mortality, or weakening fish 
such that they become more vulnerable to predation 
or infection (Parametrix 1975; Blahm et al. 1975). 

An exhaustive review of effects of dams on 
salmonids is beyond the scope of this document. A 
more thorough discussion of effects of dams on 
endangered salmonids in the Columbia Basin can be 
found in the recovery plan for Snake River salmon 
(Bevan et al. 1994a). 

6.8 Effects of Irrigation 
Impoundments and Withdrawals 

Damming and diversion of streams and rivers for 
agricultural purposes began in earnest in the mid- 
1800s as settlers moved into the region (Wilkiion 
1992: Palmisano et al. 1993a). In the Pacific 
Northwest, withdrawals for agriculture (crop 
irrigation and stock watering) cumently account for 
the vast majority (80%-100%) of offstream water 
uses in all major sub-basins east of the Cascades and 
in the upper Klamath Basin (Muckleston 1993). In 
addition, agriculture acwunts for 62% of offstream 
water use in the coastal basins of Oregon, and 28% 
of the use in the Willamene Valley. 

Water for imgation is withdrawn in several ways. 
For major imgation withdrawals, water is either 
stored in impoundments or diverted directly from the 
river channel at pumping facilities. Individual 
imgators commonly construct smaller "push-up" 
dams from soil and rock within the stream channel, 
to divert water into imgation ditches or to create 
small storage ponds from which water is pumped. In 
addition, pumps may be submerged directly into 
rivers and streams to withdraw water. 

Many of the effects of irrigation withdrawals on 
aquatic systems are similar to those associated with 
hydroelectric power production, including 
impediments to migration. changes in sediment 
transpon and storage, altered flow and temperature 
regimes, and water level fluctuations. In addition, 
aquatic organisms may be affected by pollutants from 
agricultural runoff and reduced assimilative capacity 
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of st- and rivers from which substantial volumes 
of water are withdrawn. Alterations in physical and 
chemical attributes in turn affect many biological 
components of aquatic systems including vegetation 
within streams and along reservoir margins, as well 
as the composition, abundance, and distribution of 
macroinvertebrates and fishes. 

6.8.1 Fish Passage 
For many early irrigation dams, no fish passage 

facilities were constructed, resulting in the loss of 
several significant salmon runs. For example, 
irrigation dams in the Yakima River basin blocked 
sockeye runs estimated at 200,000 adult fish 
(Palmisano et al. 1993a). At some older irrigation 
impoundments (e.g., the Savage Rapids Dam on the 
Rogue River in Oregon), adult passage is hindered by 
poorly designed fish ladders (BR 1995). Smaller 
instream diversions may also impede the migrations 

' of adult fish or cause juveniles to be diverted into 
irrigation ditches. Salmonid juveniles and smolts are 
also lost through entrainment at unscreened 
diversions or impingement on poorly designed 
screens. 

6.8.2 Flow Modificat ions and Water-Level  
Fluctuations 

The volume of water diverted for agriculture is 
substantial. Muckleston (1993) reports that 
withdrawals in the Snake River basin total 
approximately 45.000 acre-feet per day (equivalent to 
approximately 636.8 m3 .s" (22,500 cfs); because this 
value is an annual average. daily divmions during 
the peak imgation season are likely much higher. 
Diversion from individual rivers may also be gnat. 
For example, the Wapato Canal has a capacity to 
withdraw 57 m3 .s" (2,000 cfs) from the Yakima 
River, with operation usually extending from March 
to mid-October (Neitrcl et al. 1990). 

Irrigation withdrawals affect both the total volume 
of water available to fish and the seasonal 
distribution of flow. Dams for irrigation typically 
store water during periods of high runoff in tht 
winter or spring, and release water during the 
summer when flows are naturally low. Consequently, 
these impoundments tend to moderate streamflows. 
reducing winter and spring peak flows. Most direct 
diversions from rivers occur from spring to fall, 
during the peak growing season of agricultural crops. 
Because imgation of crops coincides with periods of 
maximum solar radiation, evapotranspiration losses 
are greater than would occur under normal rainfall- 
runoff regimes, resulting in reduced summer flows in 
streams and rivers. 

Changes in the quantity and timing of streamflow 
alters the velocity of streams which, in rum, affects 
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all types of aquatic biota. Water velocity is a major 
factor controlling the distribution of periphyton and 
benthic invertebrates in srreams (Hynes 1970; Gore 
1978: Horner 1978). At low velocities, diatom- 
dominated periphyton communities may be replaced 
by filamentous green algae (McIntire 1966). In 
western Washington streams, periphyton growth rates 
increased as velocity increased up to 0.1 ms" (Gore 
1978); however, as velocities increase above that 
level, erosion of periphyton exceeds growth. Reduced 
velocity may eliminate invenebrate species that 
require high velocities (Trotzky and Gregory 1974). 
The abundance and composition of fish species and 
assemblages is also regulated by the water velocity 
(Powell 1958: Frascr 1972). Changes in velocity 
influence incubation and development of eggs and 
larval fish by affecting oxygen concentrations withii 
the gravel (Silver et al. 1963). Reduced water 
velocities in the Columbia River, which are in pan a 
result of agricultural diversions, may delay down- 
stream migration of salmon smolts. If temperatures 
become excessively warm, smolts may discontinue 
migration and revert to a presmolt physiology (Ebel 
1977). Survival of these holdovers (fish delaying 
seaward migration for a y w  or more) is only about 
20% (Adams et al. 1975), and very few may survive 
to RNIn as adults (CRFC 1979). 

Where irrigation water is withdrawn from smaller 
streams, seasonal or daily flow fluctuations may 
affect fish, macroinvertebrates in littoral arc%., 
aquatic macrophytes, and pcriphyton (reviewed in 
Ploskey 1983). Lowered water levels may 
concentrate fish, which potentially in-
predation and competition for food and space (Aggus 
1979). Fluctuating water levels may delay spawning 
migrations, impact b n e d i i  condition, rrduce salmon 
spawning area (Beiningen 1976), dewater redds and 
expose developing embryos, strand fry (CRFC 
1979). and delay downstream migration of smolts. 
Water level fluctuations in reservoirs also reduce the 
density of bottomdwelling organisms (Pillion 1967; 
Stober et al. 1976; Kaster and Jacobi 1978) through 
stranding, desiccation, or exposure to freezing 
temperatures (Powell 1958: Kroger 1973: Brusven 
and Prather 1974). In the littoral zone, frequent 
changes in water level can eliminate aquatic 
macrophytes that provide habitat for fish ( M u m  and 
Larkin 1950; Aas 1960). Loss of periphyton 
(attached algae) in the stream margins because of 
desiccation has been observed below hydroelectric 
dams (Necl 1966; Radford and Hartland-Rowe 1971; 
Kroger 1973) and may occur along the margins of 
streams below pumping facilities. Reductions in 
periphyton production affects other levels in the food 
web, particularly in large, unshaded rivers, where 
periphyton can be an important energy source. 

6 Effects of Human Activities 

6.8.3 Changes in Sediment Transport 
Irrigation withdrawals and impoundments can 

affect the quantity of sediments delivered to streams 
and transported down river. In general, siltation and 
turbidity in sveams both increase as a result of 
increased irrigation withdrawals because of high 
sediment loads in mum waten. Unlined retum 
canals contribute heavier silt loads than lined canals 
or subsurface drains (Sylvester and Seabloom 1962). 
Turbidity in the Wenatchec River doubled over a 
45-year period betause of increased agriculture and 
other human activities (Sylvester and Ruggles 1957). 
Once in the stream chamel, the fate of sediments 
depends on hydrologic conditions. In systems where 
total water yield or peak discharge are reduced, 
sediments may accumulate in downstream reaches, 
affecting the quality of salmonid habitats. In the 
Trinity River in California, extreme streamflow 
depletion (85 %-90 % of average surface runoff) has 
allowed sediments to accumulate downsueam. 
covering spawning gravels and filling in pools that 
chinook salmon use for rearing (Nelson et al. 1987). 
The lack of flushing flows during the winter has 
exacerbated this problem. In other systems, 
~ncentrations of suspended sediments below 
irrigation impoundments may be lower because 
slower water velocities allow sediments to settle 
(Sylvester and Ruggles 1957). The deposition of 
coarse, gravel sediments may be essential for 
developing high quality spawning gravels downsweam 
of impoundments. Downstream reaches may become 
sediment starved. and substrate is frequently 
dominated by cobble and orher large fractions ' 
unsuitable for spawning. 

Iwamoto et al. (1978) reponed that algae, 
phytopiankton. zooplankton, benthos, aquatic insects, 
and fish are all adversely affected by suspended and 
shitiig sediments. In addition, sediments deposited 
into nservoirs, coupled with reduced streamflows, 
may improve habitat for intermediate hosts of several 
fish parasites. The impacts of suspended sediments, 
turbidity, and siltation are discussed in greater detail 
in Section 5.1.2. 

6.8.4 Changes in Stream Temperature 
Irrigation impoundments and withdrawals may 

increase water tempmtures by increasing the surface 
area of riven (i.e., rew~oirs) .  reducing discharge 
volume, and returning heated irrigation waters to 
stream In systems with irrigation impoundments, 
the seas ~nal thermal regime may also be altered. 
Reservoirs allow heating of surface waters that, 
depending on whether releases are from the 
epilimnion or hypolimnion, can result in increased or 
decreased temperatures. Below lost  Creek Dam on 
the Rogue River in Oregon-a multipurpose dam 
from which irrigation waters are withdrawn-
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temperatures decreased during summer baause of 
hypolimetic discharges b t  incmsed during the 
aUNm7 and winter as water that had been heated 
during the summer was released (Sattenhwaite et al. 
1992). The increases in fall and winter temperatures 
accelerated embryonic development of chinook 
salmon, mulling in earlier emergence. Typically, 
return flows of surface water from irrigation projects 
are substantially wanner afm passage thmugh the 
canals and laterals common to irrigated agriculture 
(Sylvester and Seabloom 1962). The degree m which 
water temperatures arc affected by withdrawal of 
imgation water ultimately depends on the proportion 
of water rerdoved from and returned to the system 
and on the seasonal hydrologic regime. Water 
withdrawals in years of low flow are l i l y  to have 
greater thermal effects on the fishes and other aquatic 
biota compared with similar withdrawals during years 
of high flow. -
6.8.5 Changes in D i s s o l v e d  Oxygen 

Dissolved oxygen (DO) concentrations may 
decrease in both summer and winter in systems with 
irrigation withdrawals or impoundments. During 
summer, high solar radiiion and warm air and 
ground temperatures combine to raise the water 
temperature of irrigation return flow. which 
diminishes the ability of water to hold DO. Increased 
water temperatures of irrigation return flows have 
been shown to reduce DO levels in the Yakima River 
(Sylvester and Seabloom 1962). Low summer flows 
can allow greater die1 temperature flucmations, which 
may exacerbate reductions in DO (McNeil 1968). In 
addition, higher concentrations of nutrients associated 
with imgation return may reduce DO by increasing 
biochemical oxygen demand. The extent and period 
of reduced DO concentrations depends on the 
quantity of water withdrawn and the quality of the 
return flow. In winter, low DO levels may occur in 
irrigation impoundments that have been drawn down. 
Fish kills can occur through anoxia if lowered water 
level facilitates freuing, which in turn inhibits light 
penetration and photosynthesis (Ploskey 1983; 
Guenther and Huben 1993). 

6.8.6 Influence of Impoundment and 
Water  Withdrawal on Fish D i s e a s e s  

Impoundment and water withdrawal for off- 
stream use may facilitate disease epiwotics in . 
salmonids by altering temperature regimes, lowering 
water levels, reducing flow velocities, creating 
habitat for intermediate hosts of parasites, and 
concentrating organisms, thereby facilitating the 
transmission of certain pathogens. Pathogen virulence 
and salmonid immune system are greatly affected by 
water temperaNre (see Section 4.3.4); thus 
inrr,-.r;nn t.mn.r.n,rr. h., ;-nrn.-rl---. O"... 
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reduction, or return of heated irrigation waters will 
affmdisease susceptibility and prevalence in fish 
populations. Becker and Fujihara (1978) emphasize 
that extended periods of wann temperature and low 
flow increase the epizooriology of F. columnaris in 
Columbia River fish populations, and they warn that 
increasing withdrawal of Columbia River water for 
offstream use increases the potential for disease. Bell 
(1986) suggests that fish populations inhabiting lakes 
and reservoirs tend to experience more disease 
epizootics than fish species found in free-flowing 
rivers. Diseases in impoundments generally occur as 
a result of widespread parasite infections (Bell 1986). 
Decreasing water depth may provide additional 
habitat for intermediate hosts of parasites. Snail 
populations, as well as parasitic trematodes that use 
snails as intermediate hosts (e.g.. Diplosramum and 
Posrhodiplosro~~m), are more abundant i n  shallow 
waters (Hoffman and Bauer 1971). Consequently, 
reductions in flow may increase the likelihood of 
parasite epidemics. Finally, return flows from 
imgated fields may transport parasitic nematodes and 
viruses from infested fields into streams (BR 1976). 

6.9 River, Estuary, and Ocean Traffic 
( C o m m e r c i a l  and R e c r e a t i o n a l )  

Within a few desades of settlement, many 
estuaries and large low gradient rivers of western 
California. Oregon, and Washington were 
channelized. Eventually significant portion$ of major 
rivers, including b e  Columbia and Sacramento, were 
radically transformed.These systems were first 
altered for riverboat navigation and later to 
accommodate log raftiing, barges, and pons (Maser 
and Sedell 1994). Navigation chamels and pools 
continue to be maintained by dredging, removing 
snags, installing revetments, and operating locks and 
dams. Consequently, salmonids evolved in rivers and 
estuaries much different from what we now see in 
most of the Pacific Northwest. 

What once was an incredible complex of 
channels, islands, bays, and wetlands connected with 
the sea are now highly simplified conduits. These 
complex mazes of shining channels and bars laden 
with enormous snags and jams impeded navigation, 
but they were a haven for resident and migrating 
salmonids. Braided channels under gallery forests and 
flowing through alluvial plains with high water tables 
had abundant inflows of cool ground water during the 
summer. Water was stored in extensive floodplains 
(instead of behind dams) during the wet season and 
entered the channel via subsurface flows during the 
dry season. Network of essentially small, partially 
shaded rivets offered much more productive rearing 
habitat than the present navigation channels. These 
complex channels were nutrient-rich rranng habitats 
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in the summer and provided refugia from high 
streamflows during the winter. Changes in channel 
complexity are exemplified by the 80% reduction in 
the number of upper mainstem Willamerce River 
channels documented by Well  and Froggatt (1984). 

High flows that once signaled migrations, offered 
passage over falls, and transported smolts rapidly to 
the estuaries have been moderated to facilitate the 
year-round boat traffic. For example. a 1938 Oregon 
Statute directs that a year-round minimum of 6,000 
cfs be maintained in the Wtllamene River at Salem 
(Muckleston 1993). As a consequence, numerous 
flood control reservoirs are operated to ensure this 
flow. The harbors, docks, and marinas offer some 
limited cover. but salmonids may be exposed to high 
levels of wood preservatives, petroleum, and organic 
waste.", as well as intense angling pressure. Noise 
pollution from boat traffic in estuaries and the open 
ocean may disrupt the navigation and communication 
of sharks and toothed whales: this may indirectly 
affect salmonids because sharks and whales feed on 
seals and sea lions, which in turn prey on salmon. 

Channel changes have markedly altered the 
abundance and distribution of salmonids by making 
the physical habitat less suitable to resident and 
migrating fish. Losses of these salmon produced 
losses of particular life-history strategies from the 
population. Moreover, because these low gradient 
habitats were also among the most productive 
freshwater areas for salmon, their degradation has 
perhaps resulted in the loss of more fish than 
alterations of higher gradient reaches of similar size. 

6.10 Wetland LosslRemoval 
In 1989, Congress directed the Secretary of the 

Interior to assess the estimated total acreage of 
wetlands in each State in the 1780s and in the 1980s. 
The study (Dahl 1990) estimated that approximately 
89.44 million hectares (221 minion acres) of wetland 
functioned in the conterminous United States in the 
1780s and that 53% of that area had been lost by the 
1980s. Wetlands lost during this period included 
1,839,741 hectares (4,546,000 acres) in California. 
198.826 hectares (491.300 acres) in Idaho. 351.315 
hectares (868.100 acres) in Oregon. and 166,734 
hectares (412,000 acres) in Washington. These losses 
meant wetland area decreased from 4.9% to 0.4% of 
the land area in California. 1.6% to 0.7% of the land 
area in Idaho, 3.6% to 2.2% of the land area in 
Oregon, and 3.1 % to 2.1 % of the land area in 
Washington. These losses 'changed the function of 
ecosystems at the landscape scale because wetlands 
affect the transport and character of water in 
watersheds, lakes, and streams. 

Wetlands provide a moderated climate compared 
to the adjacent uplands (cooler in summer and 
warmer in winter) because of the ground water (at 
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relatively constant temperature) supplied to the site 
and the microclimate that develops within the 
vegetation occupying the wetland. Activities that 
modify the ground water supplied to the site, or 
modify the plant community, can impair the 
wetland's ability to moderate climate. Wetlands 
typically occur as a transition between upland and 
aquatic ecosystems, for example, at the edge of 
streams or between the stream and the adjacent valley 
walls. Wetlands require the surplus water that 
distinguishes them from uplands (EPA 1980b). 
Because wetlands may be only slightly wetter than 
adjacent upland. they are often targeted for 
drainage-either by ditching or tiling. These activities 
change the timing and duration of wetness of the site 
and modify or impair the wetland's functions. Diking 
may cause weflands to be drier where the dike 
prevents floodwater from entering the wetland. 
Diking also may eliminate some functions performed 
by the wetland, for instance, floodwater storage; 
however, most wetlands do not exclusively depend 
on floodwater for their existence. Consequently, 
diking may not totally eliminate other normal wetland 
functions (as described below). Building, paving. or 
other permanent changes to the wetland's surface 
usually eliminate the majority of its functions, 
although some functions (e.g., floodwater storage) 
may continue at the site. Wetlands perform several 
functions related to hydrology, water quality, and 
habitat; these functions ultimately support salmonids. 

6.10.1 Wetlands and Hydrology 
Wetlands store water during runoff events. 

thereby reducing flood volumes and flood stages 
downstream. Further, floodwaters slow as they move 
into wetlands, reducing damage associated with scour 
and erosion caused by high velocity flows and 
allowing sediments, particulate organic matter, and 
other materials to be deposited in the wetland. Water 
quality improves with deposition of sediments, and 
some dissolved materials are either trapped withiin 
sediment deposits or utilized by vegetation and 
organisms in the wetlands. Movement of water 
through the wetland may also redistribute organic and 
inorganic particulates as well as impon or export 
plant propagules or organisms. Infiltration of the 
flood waters into wetland soils suppons other wetland 
functions, such as nutrient cycling, the retention and 
processing of elements and compounds, and the 
support of microbial communities adapted to survival 
in anaerobic conditions. And finally, because of 
unique hydrologic characteristics and soils, wetlands 
suppon unique floral and faunal communities. 
Wetlands are an integral component in the hydrologic 
cycle locally and of the habitat provided by the total 
watershed. 

I 
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Novitzki (1979) reported that wetlands had a 
pronounced influence on flood peaks and seasonal 
distribution of streamflow. In Wisconsin, flood flows 
were 80% lower in watersheds with 40% lake-and-
wetland area than in watersheds with no lake-or- 
wetland area. (Wetlands occupied 14.8% of the land 
area of Wisconsin in the 1980s [Dahl 19901, so 
wetlands may have a greater influence on streamflow 
in Wisconsin than in the Pacific Northwest.) 

Wetlands also modify the rate of ground-water 
discharge to streams (Novitzki et al. 1993). 
Wetlands, particularly those occurring adjacent to 
streams, usually exist because of ground-water 
discharge. Wetland soils typically are less permeable 
than upland soils, especially where prolonged wetness 
fosters the accumulation of organic material 
(Novitzki 1989). Because the wetland soils are less 
permeable, the rate of ground-water discharge from 
upgradient sources, through the wetland, and to the 
stream is slowed. The net effect is to reduce rbc rate 
of ground-water discharge to the stream but to 
increase the length of time that discharge occurs. 
Ground water typically discharges at a relatively 
constant, cool temperature. and it has a major 
influence on the temperature regime in sueams, 
especially low-flow periods in summer. Changing the 
amount and timing of ground-water discharge may 
change the temperature regime of the stream 
significantly, affecting the suitability of the stream as 
salmon habitat. Ground-water upwelling into streams 
through gravels is a determinant in selection of 
spawning redd for some species. The constaut 
upwelling of fresh, oxygenated water may be 
necessary for egg and fry survival. Loss of wetlands 
will likely change the rate of ground-water discharge 
at critical times and may reduce spawning success in 
streams. 

6.10.2 Wetlands and Water Quality 
Wetlands retain particulate materials transponed 

into them by overland flow or river flooding. 
Wetlands typically are flat areas adjacent to streams, 
and as floodwaters enter, flow velocities decrease and 
sediment loads are deposited. This phenomenon 
manifests as berms, often wooded, that build up next 
to the river channel in wide river valleys. Wetlands 
tend to stabilize stream banks because of the robust 
plant community that grows there. Wetlands tend to 
be wet through a larger pan of the growing season, 
fostering plant growth t h  in turn provides sufficient 
root mass to stabilize soils. Where banks are 
stabilized by the lush wetland vegetatton, stream 
channels tend to be somewhat deeper, and 
undercutting provides shelter to salrnonids and other 
aquatic biota. Logging, grazing, f&g.or other 
actlvltres that change the wetland plant community 
can sienificantiv reduce the wetland's abiliw to 
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stabilize stream banks. Moreover, the velocity of 

water moving through wetlands is further rcduced by 

dense vegetation, especially shrubs and trees, which 

in turn increases sediment-deposition in the wetland. 

Thus. wetlands tend to reduce the amount of 

sediment transponed to streams. Loss or removal of 

wetland areas may remit in increased sediment loads 

(especially clays and silts) in receiving streams. 


Wetlands also retain and process dissolved 

materials contained in overland flow or floodwaters. 

Some nutrients, as well as toxic substances, are taken 

up by plants, while others are bound to suspended 

solids, which subsequently settle to the bottom. Thus, 

loss or removal of wetland areas may result in 

increased nutrient and contaminant loading to 

receiving streams. 


6.10.3 Wetlands and Salmonid Habitat 
Wetlands may contribute significantly to certain 

characteristics required by salmonids in their aquatic 
ecosystems, such as variable, but moderate 
sueamflows; cool, well oxygenated, unpolluted 
water; relatively sediment-free streambed gravel; an 
adequate food supply; and instream structural 
diversity provided by woody debris (Cederholm 
1994). Because wetlands affect flood flows and 
springtime flows, they also influence the streamflow 
characteristics of the screams and aquatic habitat that 
support salmonids. Loss of wetlands likely increases 
the amount of individual flood peaks but reduces the 
duration of high-flow events. Streams in the ,Pacific 
Northwest may require the infrequent (i.e., the 100-
year) flood to reset; however, they may also require 
stability between extreme events to recover and re- 
establish equilibrium. Wetland loss may reduce the 
time between significant (e.g., 5- to 50-year 
frequency) floods and impair the stream's ability to 
recover. For some salmonids, the timing and amount 
of streamflow triggers the movement of adult salmon 
into spawning streams, as well as the movement of 
fry and smolts downsueam. Changing the timing of 
lows may thus subtly change the timing of migration 
and spawning. resulting in disruption of natural 
biological cycles. Changing the timing of spawning 
may result in minor, but significant, changes in the 
size and condition of salmon smolts returning to the 
ocean. These changes may have pronounced impacts 
on survival of young salmon in the ocean phase of 
their life cycle. 

Wetlands support unique floral and faunal 
communities. The unique biota supported in wetlands 
contribute to the food web supporting the salmonids 
and associated biota in the streams, both adjacent to 
and downstream of the wetlands. Riparian vegetation, 
including that in wetlands, regulates the exchange of 
nutrients and material from upland forests to streams 
and wetlands (Cederholm 1994). Wetlands and D O ~ ~ S  
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have been found to provide critical habitats for both 
juvenile salmonids (Petenon 1982: Cederholm aud 
Scarlen 1982) and a variety of wildlife species 
(Zarnowitz and Raedeke 1984). Species that frequent 
riparian arcas include amphibians, reptiles, birds, 
mammals, and mollusks (FEMAT 1993). Activities 
that prevent the normal wetland functions or impair 
the connectivity of the wetland to the aquatic 
ecosystem may prevent the transport of materials into 
and out of the wetland, altering imponant elements 
of aquatic ecosystems. Intempting or otherwise 
changing the comeaions between the wetland and 
the stream can impede the exchange,of nutrients, 
organic detritus, insens, or other materials 
supporting ,the fo@ web of the aquatic ecosystem. 

Wetlands often provide refugia within the 
landscape. Esqecially in urban areas, agricultural 
areas, or other disturbed environments, wetlands are 
least suitable for conversion to other use: they often 
are left intact until all oth* lands have been 
convened. In highly modified landscapes, they may 
be the only natural arcas left to provide needed 
refuge to birds, mammals, and other biota. Because 
they typically occur at points of ground-water 
discharge, and reduce the rate but prolong the 
duration of ground-water discharge, wetlands also 
provide survival arcas to aquatic species sensitive to 
high or low temperatures during hot summer periods 
or cold winter periods. In addition, a wetland may 
offer the only wet habirat available during periods of 
prolonged drought or during fires to protect those 
biota able to seek refuge withiin it. 

Wetlands function as an integral component of the 
local watershed. They tend to be highly productive 
areas, often serving as a source of organic detritus to 
adjacent water bodies. Wetlands also provide nursery 
areas for salmon and habitat for organisms that 
provide food to salmon and associated biota. The 
wetland contributes to the ecological balance within 
the watershed/ecosystem within which it occurs. 
Destroying. draining, or otherwise impairing the 
wetland's function alters the hydrologic, sediment. 
chemical, and biological balance in the watershed. 

6.11 Salmonid Harvest 
Although this document focuses on the effects of 

human activities on salmonid habitats, it is essential 
to recognize the effects fisheries have had on 
salmonid populations in the Pacific Nonhwcst. The 
harvest of salmonids by humans Constitutes a 
significant source of mortality for both anadromous 
and resident species. For thousands of years 
preceding settlement of the West by Euro-Americans. 
Native Americans depended on salmonids as an 
imponant source of food. and salmonids continue to 
be central to the c u l m  and economy of many tribes. 
Since the mid-1800s, large number of salmonids have 

been taken in off-shore and in-river commercial md  
recreational fisheries. In the late 1800s and early 
1900s. chinook salmon dominated commercial 
landings off Washington, Oregon, and California 
(Deimling and Liss 1994), as well as in-river 
fisheries in the lower reaches of the Columbia, 
Sacramento-San Joaquin, and other large river 
systems. These fish were targeted for their large size 
and high food quality. Subsequently, salmonid 
fheries  have become progressively more diverse 
with other anadromous salmonids, particularly coho 
and pink salmon and steelhead trout, accounting for 
growing fractions of the total catch. 

The relative importance of different fisheries 
varies across the region. From central California to 
Cape Flanery. Washington, ocean commercial troll 
and recreational fisheries account for the highest 
catch of anadromous salmonids, although substaptial 
in-river sport and tribal harvest occurs in some river 
systems. The Pacific Fishery Management Council 
(PFMC 1995) estimates that between 1971 and 1990. 
combined catch of coho salmon in the commercial 
troll and recreational fisheries off Washington (Puget 
Sound included), Oregon, and California averaged 
over 1.9 million fish annually. Catch of chinook in 
the region during the same period averaged 1.3 
million fish, and average catch of pink salmon in 
odd-numbered years @rimarily in Washington) was 
about 200,000 fish. The Oregon Depamnent of Fish 
and Wildlife (ODFW 1982) estimates that from 
1971-1975 the commercial troll fishery accounted for 
67% of the total coho salmon harvest in the Oregon 
Production Index (OPI) area (Columbia River south 
to central California), with the ocean recreational 
fishery and Columbia River gill-net fisheries 
accounting for 23% and 8%. respectively. In-river 
recreational and tribal fisheries made up the 
remaining 2% of the catch. The allocation of chinook 
salmon among various fisheries in Oregon varies 
with region and life-history types. For north- 
migrating stocks, ODFW allocates approximately 
50%-55% of total annual harvest to the ocean troll 
fishery and approximately 45% to the in-river 
recreational fishery. For south-migrating stocks, 
ocean troll fisheries account for 6046-678 of the 
total fish harvested, whereas in-river fishery targets 
are approximately 15%-37%of total harvest (ODFW 
1991). 

In the Puget Sound area (Strait of Juan de Fuca, 
Puget Sound, Hood Canal, Nooksack-Samish, 
Skagit. and Stillaguamish-Snohomish units) 
commercial fisheries, including Indian and non- 
Indian. gill-net, purse seine, and troll fisheries, 
dominate the catch of salmonids; gill-nets and purse 
seines accounted for greater than 91% of the 
commercial catch in 1989 and 1990 (Palmisano et al. 
1993a). Total commercial harvest in the Puget sound 
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area compares with the combined troll and 
recreational catch from coastal waters along 
Washington to California, with pink salmon and 
sockeye salmon being numerically dominant. From 
1971-1990, combined annual catch of pink salmon 
(odd-years only) in treaty and nontreaty commercial 
fisheries averaged approximately 2.9 million fish, 
while catch of sockeye salmon averaged over 1.8 
million. During this same period, catch of coho. 
chum, and chinook salmon averaged 972,000, 
768,000, and 211,000 fish, respectively (PFMC 
1993). From 1979-1990, sport harvest in the Puget 
Sound area averaged approximately 8.6% of the 
commercial catch (Palmisano fl al. 1993a). 

Estimating total harvest ra t s  on specific stocks or 
species of anadromous salmonids is difficult. These 
calculations require accurate estimates of 1) total 
ocean and in-river harvest (including harvest of fish 
originating in Oregon, Washington, and California by 
fisheries in Alaska and British Columbia), 2) 
spawning escapement (sometimes direct counts, but 
often estimated from index streams), 3) indirect 
hooking and dropout mortality, and 4) rates of 
natural mortality for species with a variable period of 
ocean residence. Despite wdty associated with 
each of these estimates, calculations of total harvest 
rates for several anadromous salmonid populations 
provide some indication of the magnitude of fishing 
effects. Between 1960 and 1983, harvest rates of 
coho salmon in the OPI area ranged from 57% to 
87%. with a mean exploitation rare of 71 %. Harvest 
rates were lower from 1984-1993, ranging from 
27%-62% with a mean of 43% (T. Nickelson, 
ODFW, personal communication). Further reductions 
in harvest rates occumd in 1994 and 1995 because 
of the closure of the coho fisheries. Oman harvest 
rates of chinook salmon originating from the 
Sacramento-San Joaquin system in California ranged 
from 50%-79% between 1970 and 1992, with a 
mean harvest rate of 67% (PFMC 1993): in-river 
fisheries were not included in these estimates. In its 
management plan for coastal chinook salmon stocks. 
the Oregon Dcpanment of Fish and Wildlife (ODFW 
1991) concludes that most chinook populations can 
sustain harvest rates below 67% without 
compromising long-term conservation goals. Actual 
target harvest rates for various stocks of chinook and 
who salmon are adjusted depending on stock strength 
and specific escapement goals. Recent evidence 
indicates that biased selection of index streams has 
resulted in overestimation of spawning escapement 
and, hence, underestimation of harvest rates (Cooney 
and Jacobs 1994). In addition, harvest targets 
consider only numerical abundance and do not 
address other long-term effects discussed below. 

Adverse effects of harvest on salmonids are 
particularly difficult to control in mixed-stock 
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fisheries, where multiple species, stocks, and age 
classes are harvested together. Mixed-stock fisheries 
occur primarily in the ocean and lower river reaches, 
before stocks segregate into discrete spawning runs. 
Mixed-stock fisheries are difficult to manage because 
escapement goals and harvest rates of different stocks 
COnstiNting the fishery cannot be controlled. 
Consequently. strong and weak stocks are harvested 
at comparable rates, as are fish of wild and hatchery 
origin. For example, in the Columbia River system, 
where 90%-95% of the coho salmon are of hatchery 
origin, harvest rates approaching 90% still allow 
adequate escapement for hatchery brood-stock 
purposes, whereas ODFW (1982) estimates that 
harvest rates should be less than 69% to meet 
escapement goals for wild coho. Thus, where 
hatchcry and wild coho salmon commingle in the 
ocean, wild fish are likely to be harvested at an 
excessive rate. Mixed-stock fisheries are especially 
detrimental to naturally small populations or 
populations that have been depressed by human 
activities. In these populations, escapement may be 
insufficient to maintain genetic diversity, and the 
probability of undesirable founder effects increases. 

In addition ro reducing total escapemenr of adult 
salmonids, harvest alters the age- and size-stmmre 
of salmonid populations. For example. Ricker (1981) 
provided evidence that mean sizes of all five Pacific 
salmon species harvested in British Columbia have 
decreased over the past 30 to 60 yew.  Similarly, 
between 1935 and 1989, the average weight of coho 
salmon caught in commercial fisheries off the'coast 
of Washiiton declined by almost 30%; over the 
same period, mean weight of chinook, pink, and 
sockeye salmon decreased by 24%. 19%. and 14%, 
respectively (Palmisano et al. 1993a). Changes in 
size and age-stmcture arise for several reasons. For 
long-lived species that spend several y e w  at sea, 
such as chinook salmon and steelhead trout. 
dm- in average size and age occur because 
immature individuals are harvested by troll fisheries 
over a number of years. Thus, larger and older 
individuals are harvested at a higher rate than 
individuals that UIaNre earlier and at smaller size 
(Momsalli and Hilborn 1986). particularly for those 
stocks frequenting coastal waters rather than only 
passing through coastal waters on their way to 
spawning areas. Changes in site structure may also 
result from size-selective fishing gear. Ricker (1981) 
attributed decreases in average size of coho and pink 
salmon adults to cumulative genetic effects caused by 
selective removal of larger individuals in troll and 
gill-net fisheries. Selective removal of larger fish 
may also increase the percentage of "jacks" in 
sockeye salmon populations. In freshwater fisheries, 
size limits and gear restrictions also alter size and 
age-structure of salmonid populations. For example, 
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Gresswell and Varley (1988) reponed that mean 
length of cutthroat trout caught in Yellowscone Lake 
rose from a low of 365 mm in 1966-1967 to a high 
of 395 mm in 1983-1984 following a change in 
fishing restrictions from three fish of any size to two 
fish with a 330 mm maximum. Average age of 
spawners in Clear Creek, a major spawning tributary 
of the lake, increased from 4 years to almost 5.5 
years during this period, with a concomitant increase 
in the frequency of fish aged 7-9. 

Changes in average size and age of individuals 
influences success of salmonid populations in several 
ways. Large size provides salmonids with the 
energetic reserves needed to undenake extensive 
migrations p well the ability to negotiate large 
barriers that are impassable to smaller fsh; thus, the 
elimination of large individuals through harvest can 
effectively dindnish the ability of populations to use 
panicular spawning habirars. In addition, because the 
fecundity of salmonids typically incrkves with sire, 
the selective removal of larger fish results in fewer 
eggs laid and ultimately a lower juvenile run than for 
a harvest pattern taking the same number of adults 
but no size selection (except possibly for populations 
that exceed the canying capacity of their habitat) 
(Ricker 1972; Jacnickc and Celewycz 1994). Larger 
females also tend to dig deeper red& than smaller 
females. which reduces the likelihood that eggs will 
be destroyed by bedload movement during freshets. 
Larger females also select nest locations with larger 
gravel, which increases exchange of water and 
oxygen. Both of these behaviors combine to provide 
a greater egg-to-smolt survival (Hankin and Healcy 
1986; Hankin et al. 1993). 

Harvest of salmonids also influences the timing of 
certain life history events, including adult migrations, 
spawning, and juvenile migrations. Frequently. 
fisheries are restricted to a relatively narrow window 
of time, particularly as stocks dwindle in numbers. 
Selective removal of early or late migrants can 
potentially result in shifts in the timing of peak 
migration and spawning within a population. Studies 
indicate that disproponionate representation of early 
migrants in hatchery bmodstocks can cause a shin in 
migration timing within only a few generations 
(Millenbach 1973; Alexandersdottir 1987): harvesting 
only at the beginning or end of a tun may have 
similar effects. Gharren and Smoker (1993) reponed 
that early and late-migrating adult pink salmon 
produce young that migrate to sea at different times. 
Consequently, removal of predominately early or late 
migrants can also alter the migration characteristics 
of the juvenile population. 

Finally, the harvest of salmonids by humans can 
fundamentally alter the suucture of stream 
ecosystems through reduction of nutrient inputs from 
salmon carcasses as populations decline and average 
size of fish decreases. Carcasses contribute 
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significant amounts of nitrogen and phosphorus 
compounds to headwater s t m  (Cederholm and 
Peterson 1985; Biby et al. 1996). the nutrients that 
most often limit production in oligotrophic systems. 
m e  role of carcasses in providing nutrients to stream 
systems is discussed in greater detail in Section 
3.8.2. 

6.12 Fish lntroductions and Hatchery 
Management 

Throughout history, humans have introduced fish 
into streams, rivers, and lakes in order to increase 
commercial and recreational fishing oppomnities. 
These introductions have included both non-native 
species, primarily from the eastern United States and 
Europe, and artificially propagated native salmonids. 

6.12.1 Introductions of Non-native 
Species 

Introduction of non-native fishes into waters of 
the Pacific Nonhwest began before the Nm of the 
century and continues today. Four primary sources of 
introductions include fishery management 
manipulations (stocking of fsh); intentional 
introductions of gamefsh by anglers; intentional or 
unintentional baitfish liberation by anglers; and bilge 
pumping of ballast water, particularly in estuaries 
and large rivers. Although there are few studies 
documenting conditions both before and after species 
introductions, effecrs of introductions on native fishes 
may include e l i t i o n ,  reduced growth and 
survival, and changes in community structure. For 
example, brown trout (Salmo tncrra) replaced brook 
trout in a Minnesota stream over 15 years (Waten 
1983). and cunhroat trout were replaced by more 
aggressive rainbow trout and brown trout in the 
Great Basin of western Nonh America (Moyle and 
Vondracek 1985). Redside shiner were found to 
compete with young rainbow trout in Paul Lake, 
British Columbia, leading to decreased growth and 
survival of the young trout (Johannes and Larkin 
1961). Ratliff and Howell (1992) reported that for 65 
bull trout populations in Oregon considered at risk of 
extinction or already extinct, brook trout were the 
most imponant stressor in 26% of those populations 
and a contributing factor in 22%. 

Moyle et al. (1986) identified six mechanisms 
that allow introduced fish to dominate or displace 
native fish including competition. predation. 
inhibition of reproduction, environmental 
modification. transfer of new parasites or diseases, 
and hybridization. They suggest that introduced 
species may thrive best where extensive 
environmental modification has already occurred. In 
the Columbia river-a system where temperature and 
stream velocities have been substantially 
altered-predator species introduced for recreational 
fishing, including walleye (Srizosredion virreum), 
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channel catfish (Ictalurus punctaw). and smallmouth 
bass (Microptern dolomieui), are feeding on 
outmigrating smolts (Palmisano et al. 1993a). 
Introduced grass carp (Ctanophatyngodon idella) and 
common carp (Cyprimcarpio) destroy beds of 
aquatic macrophytes, which reduces cover for 
juvenile fishes, destroys complex substrates that 
support diverse invenebrate assemblages, and 
increase the turbidity of water to the detriment of 
fishes that locate prey by sight (Moyle et al. 1986). 
Whirling disease-which was introduced to Nonh 
American waters from Europe via shipments of 
frozen fish containing spores of Myxobollus cerebralis 
(Marnell 1986)-has been implicated in the decline of 
several imponant trout fisheries in the intermountain 
West, qarticularly in the upper Colorado River basin 
(Nehring and Walker 1996; Vincent 1996). Although 
this disease has been found in hatcheries within the 
Pacific Northwesr, then is little evidence that it has 
affected wild trout populations in the region (Nehring 
and Walker 1996). Cutthroat and rainbow trout freely 
hybridize in the wild, with the rainbow trout 
phenotype becoming dominant (Behnke and Z m  
1976); similarly, the various subspecies of these 
trouts also interbreed. 

6.12.2 Artificial propagation of Native 

Salmonids 


Artificial propagation of native salmonids has 
been used for decades as a means of replacing lost 
natural production resulting from various 
development activities and to increase returns for 
harvest. Hatchery programs continue to dominate 
expenditures of State fishery agencies in the Pacific 
Nonhwest. White et al. (1995) repon that the State 
of Washington spent $31.3 million-35% of their 
total fishery budget-on salmon culture in the 
1991-1992 fiscal year. Similarly, propagation of fish 
accounted for 42.5% of Oregon's $90.6 million 
budget for fisheries for the 1993-1995 biennium, 
whereas only 3% was devoted to management for 
natural production. 

Although artificial propagation may in some 
instances increase salmon and trout available for 
harvest, hatchery introductions can result in a 
number of unintended and undesirable consequences 
for wild salmon and trout populations (Lichatowich 
and McIntyre 1987; White et al. 1995). In 
freshwater, interactions between hatchery and natural 
fishes may result in greater competition for food, 
habitat, or mates (Nickelson et al. 1986). Studies 
have suggested that carrying capacity can be 
exceeded during the outmigration of smolts to the 
ocean (Steward and Bjornn 1990). Once in the ocean, 
large numbers of hatchery smolu may result in 
density-dependent decreases in survival and growth, 
although evidence of density-dependent effects in 
ocean environments is mixed. Indications of density- 
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dependent age and size composition have been found 
for various Pacific salmonids (Ricker 1981; Peterman 
1987; Ishida et al. 1993). Petennan (1978) found that 
only a few salmonid stocks exhibit densitydependent 
matine survival patterns. and that these effects were 
predominantly within or between cohorts-little or no 
marine density-dependence was found between 
different socks, whuher derived from nearby or 
distant spawning arcas. Holtby et al. (1990) found no 
evidence for density-dependent marine survival of 
coho salmon migrating from Carnation Creek, British 
Columbia. It is possible that dmsitydependent ocean 
survival may only be manifest in yean of low marine 
productivity. 

Other adverse effests of hatchery introductions 
include transmission of disease between hatchery and 
wild populations (Mamell 1986: Steward and Bjomn 
1990). alterations of fish behavior. and increased 
predation on wild fish. In 1987, the incidence of 
BKD infection in hatchery spring chinook from two _ 
Snake River hatcheries was 92 % to 99 % (Bevan et 
al. 19948). Because many fish may carry BKD for 
extended periods without exhibiting symptoms, cross- 
transmission may be substantial. The likelihood of 
transmission may be particularly high when fish are 
aggregated for transport in raceways, trucks, and 
barges. Alteration of behavior of wild fish. lncludlng 
stimulation of early migration of juveniles (Hillman 
and Mullen 1989). has been observed in response to 
hatchery introductions. Hatchery supplementation can 
also increase predation rates on wild stocks either 
directly, through predation of hatchery fish on wild 
f&, or indirectly by anracting predators. 

In addition to ecological effects, introduction of 
hatchery fish may lead to genetic changes in wild 
populations (Hindar et al. 1991; Waples 1991a). 
Introduction of hatchery stocks can eliminate unique 
genomes in local stocks. Straying and subsequent 
crossbreeding may result in loss of genetic variability 
between populations and depressed fitness where 
introgression occurs. Low rates of natural straying 
may be beneficial in maintaining genetic variability in 
natural populations, but these rates may become 
elevated through artificial propagation (Barns 1976; 
Wifhler 1982). with potentially serious consequences 
for locally adapted populations. 

The operation of hatchery facilities may adversely 
affect wild salmonid populations and their habitats in 
several ways (reviewed in White et al. 1995). 
Effluent waters from hatcheries may contain high 
concentrations of nutrients or disinfectant chemicals 
that negatively affect water quality. Disease 
organisms can also be introduced to streams via 
hatchery effluent. The construction of hatchexy weirs 
or diversion stzuctures impedes the migration of wild 
stocks and diversions of water for hatchery use 
reduces the amount available for wild stocks. 
Removal of wild fish for brood stock may threaten 
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the genetic integrity of wild stocks, panicularly for 
small or depleted stocks. And lastly, the removal of 
fish for brood stock decrease the amount of nutrients 
available in upstream reaches, since salmon carcasses 
are not deposited. 

Hatchery supplementation has social repercussions 
that influence wild salmonids directly, as well as the 
ability of managers to restore salmonid populations. 
Hatchery supplementation increases harvest pressure 
on wild populations in mixed-stock and terminal 
fisheries ((Palmisano et al. 1993a; Lichatowich and 
McIntyre 1987), panicularly during yean when 
survival of hatchery fish is low due to poor 
environmental conditions. For example, the 
overcapitalization of the coho salmon fishery and 
subsequent overharvest of wild stocks in Oregon in 
the late-1970s and 1980s was stimulated in pan by 
successful hatchery supplementation during the 1960s 
and early 1970s (Lichatowich and McIntyre 1987). In 
addition, once commercial and sport fishers have 
invested large sums of money in fishing boats and 
gear, they may become resistant to increased fishing 
restrictions, making it difticult for managers to enact 
stricter protections for wild stocks. 

Finally, the long history of hatchery programs in 
the United States has instilled a perception in the 
public that habitat losses or degradation can be 
mitigated through anificial propagation (White et al. 
1995). or that maintenance of salmon populations 
depends on hatcheries (Hilborn 1992). The 
disproportionate spending of State and Federal dollars 
on hatchery programs compared with protection of 
natural habitat and wild populations is indicative of 
the reliance that the public places on anificial 
propagation. As White et al. (1995) point out, 
political pressure for stocking has driven management 
decisions even in cases where scientific evidence has 
indicated stocking is not needed or detrimental. This 
pressure has also diverted much-needed funds from 
other important and more ecologically sound 
restoration activities. 

6.13 Recreation 
Although the primary influence of recreation on 

salrnonids is fishing, there are also indirect e f f m  
related to boating, log removal, parks, and 
campgrounds. Stream and lake banks, riparian 
vegetation, and spawning red& are disturbed 
wherever human use is concentrated (Johnson and 
Carolhers 1982): however, these effects are generally 
lo iiad. Human concmtrations at campgrounds or 
v. xion areas may also lead to impaired water 
q~-lic). by elevating coiiform bacteria and nutrients in 
stream (Aukeman and Springer 1976; Potter et al. 
1984). Recreational boaters, kayakers, and raftm 
have less obvious, but more far-reaching eficcts, by 
removing snags from rivers and lakes. This is done 
for reasons of aesthetics and safety, but popular 
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whitewater rivers and many recreational lakes an 
nearly devoid of mags. Removal of this wood 
potentially affects salmonids by reducing habitat 
complexity in riven and in estuaries into which they 
enter. The reduced number of logs lowers estuarine 
and marine habitat quality for fishes just as it does 
for habitat in rivers (Maser and Sedell 1994). 

6.14 Beaver Trapping 
Other than humans, the mammal that most shaped 

N o h  American waterways was probably the beaver. 
In pre-Columbian times, their numbers were 
estimated to be 4-26 km* across the United States 
(Naiman a al. 1986). and they provided the initial 
economic base for European exploration and 
settlement west of the Appalachians. However, 
because of widespread trapping in the 1800s and 
early 1900s. their numbers have dwindled to a 
fraction of their historical abundance (0.4-0.8 km" 
today (Naimaa et al. 1986). Beavers have both 
negative and positive effects on water bodies and 
riparian ecosystems. Their feeding results in the loss 
of woody riparian vegetation and increased retention 
of fine sediments, but increases the input of large 
woody debris to stream. Beaver ponds increase the 
surface-to-volume ratio of the impounded area. 
thereby increasing summer temperatures. Marcus et 
al. (1990) suggest that in the east, temperature 
increases may be detrimental to trout populations, but 
that in the Rocky Mountains, increased temperam 
where waters are colder. may benefit salmonids. 
Beaver ponds also supplement summer low flows ,
(Marcus et al. 1990) and provide critical 
over-wintering habitat for salmonids. Bank dens and 
channels increase erosion potential, but also offer 
juvenile salmonids protection from high winter flows. 
Beaver ponds frequently fill with sediments to 
become wetlands, but they retard erosion upstream 
and reduce sedimentation downstream. A high 
frequency of ponds may reduce the amount of 
spawning gravel thmugh siltation ( M m  et al. 
1990). When channels are once again established. 
these reaches produce large numbers of fish. Beaver 
ponds in the Rocky Mountain West were found to 
support larger and more numerous trout, as well as 
greater densities of aquatic invertebrates than 
undammed sections of the stream (Naiman et al. 
1984). Beaver ponds ma;. also provide a sink for 
nutrients from tributary stnams, d a n c i n g  pond 
productivity, and increasing retention time (Maret et 
al. 1987: Naimaa et al. 1986). While it is difficult to 
generalize about the overall effect of beaver on 
salmonids, Naiman et al. (1986) suggested beaver act 
as a keystone species "to affect ecosystem structure 
and dynamics far beyond their immediate 
requirements for food and space." Their removal bas -fundamentally altered aquatic ecosystem function. 
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7 Oceanic and Atmospheric Circulation 


Until the mid-1970s, little was known about the 
effect of oceanic conditions on anadromous 
salmonids. Most research on salmonid biology 
focused on the freshwater environment. and fishery 
biologists generally attributed variation in population 
size to conditions in fresh water. Recent work 
strongly suggests that marine productivity depends on 
atmosphesic and oceanic circulation patterns and that 
the abundance of salmonids and other fishes may be 
greatly affected by short- and long-term variation in 
those patterns (Mysak 1986; Roesler and Chelton 
1987: Francis and Sibley 1991; Ware and Thomson 
1991). Growing evidence suggests that conditions in 
the northeastern Pacific Ocean shifted abruptly in the 
mid-1970s and that salmonid populations along the 
entire western coast of N o d  America have 
responded to these large-scale changes (Francis and 
Sibley 1991; Pearcy 1992). It is clear that efforts to 
restore freshwater habitats of salmonids need to be 
considered in the context of larger-scale fluctuations 
in numbers brought on by climat~c and oceanic 
conditions. 

BERING,&"-

In this chapter we briefly review general 
circulation panem and thedominant physical 
processes controlling conditions in the northeastern 
Pacific Ocean. We then present hypothesized 
mechanisms by which salmonid abundance and life 
histories may be influenced by changing oceanic 
conditions. Finally, we discuss implications of long- 
tern variability in marine conditions for suategies to 
restore salmonids in the Pacific Nonhwest. 

7.1 General Ocean Circulation 
Circulation in the nonheastem Pacific is 

dominated by the behavior of the Subarctic Current 
aud the West Wind Drift, large west-to-east surface 
currents situated at approximately 42-49' nonh 
latitude. These cunents bifurcate as they approach 
North America with the Alaska Current flowing 
nonh and the California Cunent flowing south 
(Tlguw. 7-1) (Wanand McF?.rIane 1989). These 
surface currents interact with prevailing wind pattems 
aud the rotation of the eanh to produce distinct ' 
upwelling and downwelling patterns along 

Figure 7-1.Approximate areas of oceanic domains and prevailing current directions in the northeastern . -~ 
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different parts of the North American coast. Wind 
blowing across the ocean surface causes displacement 
of surface waters at an angle 90' to the right of the 
direction of the wind. South of Vancouver Island, 
BC, nonhwesterly winds generally blow along shore 
from May to September, causing surface waters to be 
transported offshore and resulting in the upwelling of 
cold water along the continental margin (Ware and 
McFarlane 1989). No& of Vancouver Island. the 
movement of surface water is directed generally 
toward the shore by prevailing winds, and 
downwelling persists for most of the year (Ware and 
McFarlane 1989). 

The behavior of this large-scale oceanic 
circulation Varies ftom year to year and at longer 
time scales, depending on atmospheric conditions and 
panicularly onlthe strength of the Aleutian low- 
pressure system off the coast of Alaska. In yean 
when the Aleutian Low is well-developed, the 
position of the Subarctic Current shifts to the south 
(Mysak 1986). and a grater proportion of water in 
the Subarctic Current and the West Wind Drift is 
diverted northward to the Alaska Current (Pearcy 
1992). These conditions are characteristic of El Nitlo 
years, when warm waters from the subtropics shift to 
the nonh. Conversely, when the Aleutian Low is 
poorly developed, the Subarctic Current shifts to the 
north, and the California C u m t  receives a higher 
fraction of the total water. Ware and Thomson 
(1991) have proposed that long-period oscillations 
(40-60 years) in wind-indured upwelling significantly 
influence oceanic condition. dong the coast. Thus, 
short-term variations in the strength of coastal 
upwelling and the occurrence of El Niiio events 
appear to be overlaid on oscillations of longer 
periodicity associated wirh atmospheric circulation. 

7.2 	 Ocean Conditions and Salmonid 
Production 
Variation in oceanic circulation patterns along the 

Nonh Americm coast greatly affects characteristics 
of seawater, including surface-water temperatures. 
salinity, sea-level height, and nutrient concentrations. 
which in turn affect the abundance and distribution of 
aquatic organisms. High temperatures, reduced 
upwelling, and inshore depression of the thermocline 
during the strong El Niao event of 1982-1983 
together resulted in significant declines in 
phytoplankton production along the coast of Oregon 
(reviewed in Pearcy 1992). Similarly. zooplankton 
biomass was greatly reduced and species composition 
shifted to taxa more commonly found in more 
southern waters. Roesler and Chelton (1987) 
attributed interannual differences in the biomass of 
zooplankton in spring off the coast of north-central 
California to differences in advective transport of 
zooplankton from arctic waters bv the California 
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Current. Thus, changing ocean conditions can 
significantly affect the amount of food available to 
juvenile salmonids as they enter the ocean. 

In addition to affecting food supply, changing 
oceanic conditions may also affect the distribution 
and abundance of predators and competitors. Holtby 
s al. (1990) speculated that warmer ocean 
temperatures off the coast of Vancouver Island may 
lead to northward shih in populations of large 
piscivomus predators such as Pacific hake 
(Merluccius producw). Increases in predator 
abundance and concomitant decreases in alternative 
prey species (e.g., Pacific herring [Clupea p a l l a )  
may result in greater mortality to salmonids off the 
coasts of Califomia, Oregon, and Washington during 
El N i o  years. Another hypothesis attributes 
fluctuations in ocean survival of salmonids to changes 
in the off-shore transport of juveniles as they enter 
the ocean. During years of high upwelling, smolts 
may be mansported off shore where they are less 
vulnerable to sea birds and other predators that are 
abundant along the coast line, whneas in years of 
poor upwelling salmonids may remain in near-shore 
anas (reviewed in Pearcy 1992). Migration routes of 
juvenile sockeye salmon fromthe Fraser River differ 
substantially in El Niao versus La N ~ Myears (Mysak 
1986). 

Regardless of the specific mechanisms controlling 
salmonid abundance in the ocean, the evidence is 
clear that oceanic conditions play a significant role in 
regulating survival. Numerous studies have linked 
marine survival of coho salmon in the ocean with the 
strength of upwelling (Gunsolus 1978; Nickelson 
1986; Fisher and Pearcy 1988). Francis and Sibley 
(1991) demonstrated long-term fluctuations in the 
catch of coho salmon off the coast of Washington, 
Oregon, and California, which they attributed to 
changes in the marine environment caused by 
climatic change. Interestingly. pink salmon catches in 
Alaska have oscillated out of phase with coho salmon 
in the Oregon Production Area, indicating that 
conditions leadiig to high production of salmonids in 
the Coastal Upwelling Dornain have adverse affects 
on salmon in the Coastal Downwelling Domain and 
vice versa (Francis and Sibley 1991). 

In addition to affecting the survival and 
productivity of salmonids in the northeastern Pacific, 
variability in marine conditions has likely influenced 
the evolution of life history charactmstics of 
salmonids (Holtby et al. 1989). Spence (1995) 
examined migration timing of coho salmon smolts 
from 50 populations along the coast of Nonh 
America and found distinct regional differences in 
migration characteristics. Coho populations in the 
northern pan of the range typically migrate during a 
relatively shon and predictable period during the late 
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spring. In contrast, southem populations generally 
exhibit a moE protracted migration that peaks earlier 
in the spring but is more variable from year to year. 
Spence (1995) suggests that. in pan, these 
differences likely reflect the adaptation of populations 
to differences in the degm of predictability in 
oceanic conditions in the northern and southern parts 
of the coho salmon's range. As knowledge of the 
marine ecology of salmonids increases, additional 
patterns in life-history characteristics of salmonids 
will undoubtedly emerge. 

7.3 Implications for Restoration 
cycles ih marine productivity have the potential 

to mask the effects of degradation in freshwater 
habitats! Lawson (1993) presented a conceptual 
model for considering the c o m b i i  effexs of 
oceanic cycles and habitat degradation in fresh waters 
(Figure 7-2). As freshwater habitats are degraded, 
salmon populations do not decline in linear fashion. 
Instead, a general downward trend is masked by 
long-term oscillations in ocean productivity. During 
periods of unfavorable ocean conditions, the 
consequences of degradation in freshwater habitats 
become most evident, and the risk of local population 
extinction becomes greatest. As Lawson (1993) 
pointed out, there may be a tendency for fishery 
managers and politicians to relax as populations begin 
to recover-which they eventually will do provided 
they do not go extinct during a poor ocean 
phase-even though the quality of freshwater habitats 
continues to decline. Similarly, ill-conceived 
restoration strategies may appear to be successful as 
salmonid numbers increase, even though those 
increases are merely the fortuitous result of 
improving oceanic conditions. 

Long-term oscillations in ocean productivity also 
have a significant bearing on harvest and hatchery 
management. Harvest projections and limits typically 
are based on maximum sustained-yield models that 
assume a constant environment. Over the term of 
their prediction, these models assume linear 
relationships between production and yield. Such 
models are panicularly problematic in a changing 
environment or in one that is tending in a direction 
different from that in which the model was 
developed. Similarly, rhe survival and production of 
hatchery fish may vary significantly with conditions 
at sea (Pearcy 1992). In the 1950s and 1960s coho 
salmon hatcheries in Oregon were enthusiastically 
endorsed by fishery managers and commercial fishers 
(who tripled in number over a 10-year period) 
because of early success that was largely the result of 
favorable oceanic condirions. When environmental 
conditions shifted in the mid-1970s. survival of 
hatchery coho decreased, and the overcapitalized 

December 1996 

b;Ocean Environment 

/V\/V 

Time 

:igure 7-2. Conceptual model of effects of declining 
hab i t  quality and cyclic changes in ocean 
produdiviity on the abundance of Oregon's coastal 
natural who salmon. For the labels: "a" indicates 
trajectory over time of habitat quality (doned line 
represents possible effects of habitat restoration); 
"b"shows generalized time series of ocean 
productivity; % is the sum of top two panels
where A = current situation. B = situation in the 
future. C = change in escapement fmrn increasing
or decreasing harvest, and D = change in time of 
extinction fmm increasing or decreasing harvest. 
From Lawson (1993). Reproduced with permission 
from the publisher. 

fishery took an increasing toll on wild stocks (Pearcy 
1992). Significant economic hardship for coastal 
communities and precipitous decline in wild coho 
populations resulted. 

Lawson (1993) concludes that, in the face of 
natural variation in ocean productivity, salmonid 
restoration should proceed in three phases: 1) short- 
tenn projects, 2) long-term projects, and 3) 
monitoring. Short-term projects should be directed at 
immediate and readily identifiable habitat problems 
where manipulation can temporarily enhance 
production (e.g., creation of off-channel pools, 
cleaning of gravels). Long-term projects should be 
directed at restoring natural ecological processes, and 
include such things as replanting of riparian zones or 
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Table 8-1. Recommendations for minimizing impacts of forest mads on aquatic habitats. Recommendations 
based on Fumiss et al. (1991). 

Impact 	 Recommendation 

Drainage 	 Disperse drainage rather than concentrating it. 
Avoid discharging large amounts of water into nondrainage areas.' 
Avoid altering natural drainage patterns by means of water bars or culverts. 
Use outslope drainage to disperse runoff. 
Where inslope-andditch drainage is used, relieve the diichline of drainage at 
frequent intelvals. 

Use discharge pipes to route water away fmm fill slopes. 

Design drainage structures to accommodate peak streamflow based on at 

least 50-year-interval flood. 

. Control scouring at culvert outlets with energy dissipators such as heavy 
rock, riprap, or other materials. 

Stream crossings 	 Avoid channel width changes and protect stream banks with rip-rap or other 
retaining structures. 
Use retaining walls to reduce excavation near stream channels. 
Design mad to approach creek crossings at right angles. 
Design crossings so they will not divert water down the mad. 

Install instream culverts at angles and heights that allow fish passage. 

Culverts should be placed below original stream bed and gradient should be 

less than 1%. 


Road beds, cut and fill slopes 	 Use minimum design standards for mad width, radius, and gradient. 

Minimize excavation by using natural features. 
Design cut slopes to be as steep as practical. 
Where practical, surface roads to control emsion. 
Remove earth material and debris from streambanks to prevent them fmm 
being washed into the stream. 

Restrict gravel extraction to areas above high-water level of design flood. 

DO not incorporate organic materials into mad fills. 

Use end hauling rather than side casting on steep slopes to minimize risk of 

fill-slope failures. 

Minimize height of cut slopes to reduce risk of failure. 


Road location 	 Avoid mid-slope locations in favor of higher. flatter areas (ridgetops). 
Do not locate roads within inner valley gorge. 
Avoid slopes with excessive wetness. 
Avoid slopes requiring large cut and fill areas. 
Locate mads to minimize roadway drainage area and to avoid modifying the 
natural drainage areas of small streams. 

For valley-bottom mads, provide a buffer ship of natural vegetation between 

the road and stream. 

Locate mads to take advantage of natural log-landing areas. 

Minimize the number of stream crossings. 

Locate stream crossings to minimize channel changes. 
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(e.g.. California). When crossings are unavoidable, 
they should be located where the amount of channel 
modification and fill material is minimized (Fumiss 
al. 1991). 

The principal considerations in designing and 
constructing roads to minimize effects on salmonid 
habitats are ensuring adequate drainage, preventing 
excessive sedimentation, and providing for fish 
passage at stream crossings. Sediment transport is 
generally tightly coupled with the routing of water on 
the landscape. Thus. most sound design and 
construction techniques are devoted to maintaining 
natufal draiyage patterns, preventing the 
concentration of runoff, avoiding discharge of water 
onto unstable fill slopes, and designing struc~res to 
accombdate extreme hydrologic events (Table 8-11, 

Regular and timely maintenance of logging roads 
helps ensure that drainage and erosion control 
structures are functioning properly and allows 
identification of problems that could have adverse 
consequences. The costs associated with maintenance 
are generally low compared with reconstruction costs 
after a significant failure. Grading roads to ensure 
outsloping surfaces, and clearing of drainage ditches 
and culverts can ensure that drainage occurs as 
intended. Where problems'are observed, installation 
of additional ditch-relief culverts or large culverts 
may alleviate erosion and drainage problems. 
Seasonal road closures may also be in effective way 
to reduce sedhent delivery to streams. 

Once harvesting has been completed at a site and 
the road is no longer needed, reseeding of the road 
bed with grasses reduces the amount of exposed'soil 
and thereby decreases surface erosion. However, this 
practice has little effect on the potential for deep 
mass wasting. Recently, there has been growing 
suppon for revegetating or decommissioning roads 
bypulling sidecast material back onto the road bed 
and reforming the natural slope ( H m  and Nichols 
1993). Decommissioning of roads involves 
disturbance to restore natural morphology. 
Nevertheless. H m  and Nichols (1993) reponed that 
decommissioned roads and landings sustained little or 
no damage following two significant rain-on-snow 
events that caused substantial damage to main haul 
roads in northwest Washington. Similarly, Weaver et 
al. (1987) reported that obliteration of problem road 
surfaces and fills, deconsuuction of stream crossings, 
and re-contouring of disturbed slopes were effective 
techniques for reducing sediment input to streams in 
Redwood National Park. Other techniques aimed at 
surface and rill erosion problems were less successful 
at reducing sediment delivery and tended to be more 
costly. Both Harr and Nichols (1993) and Weaver et 
al. (1987) noted that a careful survey of road 
conditions that allowed them to identify significant 
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probkm areas was essential to successful 
cost-effective application of rehabilitation techniques. 

8.4.2. Riparian Forest Management 
Floodplain and riparian forests in the Pacific 

Northwest once supported some of the largest and 
fastest growing trees, and were among the first 
forests that were logged because of the relative ease 
of transporting logs via waterways. Recent research, 
however, has recognized the importance of 
floodplains, floodplain wetlands. and riparian zones 
for storing and slowing floodwaters, absorbing 
pollutants from runoff, reducing sediment delivery to 
streams. maintaining channel complexity, supplying 
shade and large woody debris, providing shallow 
water areas for feeding and spawning fish, and 
supporting a highly diverse community of plants and 
animals (BLMet al. 1994; Cederholm 1994). The 
practice of leaving riparian buffer strips along 

. .streams is now widely applied and is viewed as 
perhaps the most important aspect of protecting 
stream habitats from the effects of logging and other 
land-use activities (Cummins et al. 1994). 

Three important considerations in establishing 
buffer .wnes are: 1) the width of the buffer zone, 2) 
the level of activity allowed within the riparian zone, 
and 3) whether riparian buffers are needed for 
tributary streams that do not contain salmonids. 
Appropriate buffer widths are the topic of much 
debate and a number of alternative approaches for 
determining adequate buffer widths. have been 
proposed (FEMAT 1993; Cederholm 1994; FS and 
BLM 1994a; Cummins et al. 1994). The appropriate 
width of buffer wnes depends on the specific 
functions that are being considered. Figure 3-2 
illustrates generalized curves for the zones of 
influence of riparian vegetation relative to key 
riparian functions (FEMAT 1993). Litter inputs and 
bank stability are generally provided by trees within 
0.5 potential tree heights of the channel. Shading and 
large woody debris are provided by trees farther 
from the stream channel; in some instances. 
significant amounts of large wood may be carried to 
the channel in landslides or debris flows originating 
outside of the riparian zone. ' h e  effect of vegetation 
on sediment and nutrient inputs may extend even 
farther from the channel, though these influences are 
more difficult to define. Complete protection of 
salmonid habitats requires that all of these functions 
be maintained. A more thorough discussion of 
riparian management practices, including State 
riparian protection rules. is presented in Pan 11, 
Section 14.2.3 of this document. 

The influence of riparian vegetation also depends 
on physical and biological characteristics of fhe 
specific location, including topography, soil type, 
, ._a -^ - - " .L_ 
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likelihood that large logs will end up in the stream 
channel is greater on steep slopes compared to gentle 
slopes. The effectiveness of riparian vegetation as a 
sediment filter depends on slope and soil type. 
Topographic shading may rcduce the importance of 
shadiing by vegetation in some locations. The 
FEMAT approach to riparian buffers establishes 
buffer widths based on stream and land 
classifications; these widths can be adjusted if it is 
demonstrated, through watershed analysis, that 
riparian conservation objectives will not be 
compromised. This approach acknowledges that 
critical instream characteristics can be maintained 
with variable buffer widths determined in accordance 
with site conditions. 

The second significant consideration in the 
management of riparian areas is the level or intensity 
of disturbance allowed within them. State forest 
practice rules generally allow harvesting of timber 
within riparian areas but at levels lower than in 
sunomding uplands, which are commonly clear-cut. 
Depending on the State, specific criteria establish the 
number of trees, species composition, basal area, 
overstory and understory canopy cover, or other 
measures of the vegetation to be left withim the 
riparian zone (reviewed in Section 14.2.3). 
Deviations from standards (both more and less 
conservative) may also be granted based on site 
inspection or production potential. The implicit 
assumption of these d e s  is that some level of 
disturbance within the riparian zone is acceptable and 
will have minimal affect on salmonids and their 
habitats. For example, under Washington's forest 
practice mles, shade retention requirements for 
temperature control vary depending on whether he 
stream is classified as smsitive; thus, incremental 
temperature increases may be allowed that, while not 
causing direct physiological stress to aquatic 
organisms, may influence ecological interactions (see 
Chapter 4). An alternative view is that the target of 
riparian management should be no impairment of 
riparian function and that downstream and cumulative 
effects must be considered. Cederholm (1994) 
proposed that riparian zones should be identified and 
buffer zones should be established around the 
riparian zone to prevent modification of riparian 
functton. 

Where riparian zones have already bees altered by 
human activity, the long-term prospects for recovery 
of large conifers may be limited without active 
manipulation of riparian vegetation. For example, 
many riparian zones in coastal forests have been 
convened to dense, alderdominated stands that leave 
little opportunity for conifer regeneration. In these 
instance, thinnings canbe used to create openings 
that allow sufficient light for conifer re- 
establishment. For such activities, leaving heavy 
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equipment outside of the riparian zone can ensure 
that soils and streambanks are not disturbed. 

F i l y ,  impacts of logging can be reduced if buffer 
wnes are left around small headwater streams that 
themselves do nor support salmonids (Cummins et al. 
1994). In particular, steep headwater drainages are 
frequently the trigger points of landslides. 
Minimizing mad construction and logging around 
first order and temporary channels can prevent 
frequent mass soil movements that propagate 
downstream, to the detriment of salmonids. 

8.5 Range Practices 
Livestock grazing occurs on approximately 70% of 

both Federal and nonfederal lands in the Wcsr (GAO 
1988b; Fleischner 1994). making it the most 
widespread land use in the region. Many wildlife 
refuges, wilderness areas, and even some national 
parks (e.g., Great Basin National Park) are grazed by 
domestic livestock. Since the 1930's. rangelands in 
the Pacific Northwest have benefited from less 
intensive grazing; however, the majority of western 
rangelands remain in deteriorated condition. 
Although thorough surveys of range condition on 
both private and public lands arc lacking, the 
available evidence indicates that between 50% and 
65% of rangelands are in poor or fair condition 
(Busby 1979; GAO 1991; Heady and Child 1994). 
An even higher percentage of western riparian areas 
are in degraded condition. On BLM and Forest 
Service lands in Colorado. Ariwna, Nevada, and 
Oregon, between 60%and 93% of riparian areas are 
considered to be in poor or fair condition (GAO 
1988a; Amour et al. 1994). Poor upland conditions 
increase sediment loads and alter hydrologic regimes, 
leading to channel incision, channel widening, and 
further deterioration of riparian wnes. Similarly, 
damaged riparian arcas are unable to buffer streams 
from changes brought on by degradation of upland 
areas. Thus, restoring salmonid habitats in rangelands 
requires improving livestock management in both 
upland and riparian areas. 

8.5.7 Upland Range Management 
Although strategies for improving salmonid habitats 

in rangeland streams have to date focused primarily 
on modifying grazing practices within the riparian 
zone, effects of grazing on hydrologic and sediment 
transpon processes necessitate improvement of range 
prqices in upland areas as well. Hydrologic changes 
occur in response to loss of vegetation or change in 
plant species composition, as well as to changes in 
soil permeability brought on by reduced organic 
content, splash erosion, and trampling by livestock. 
Similarly, sediment Ransport processes are linked to 
vegetation cover and the routing of water from the 
hillslope to the stream. Consequently, restoring the 
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natural rate of water and sediment delivery streams 
can be attained by restoring more natural vegetation 
assemblages in uplands. 

The retention of adequate vegetative cover in 
uplands is critical to minimizing hydrologic and 
sediment impacts and can be achieved through a 
variety of means including 1) lowering livestock 
stocking rates; 2) controlling animal distribution 
through fencing, herding, salting, and watering; 3) 
changing species composition of livestock: and 4) 
altering the timing of grazing (Heady and Child 
1994). Each of these practices can influence the 
percent of forage that is utilized, the composition of 
vegetation that remains on site after grazing has 
ended, and the degree of soil disturbance. 

~ e d u d i n ~stocking rates not only provides greater 
protection to streams and watershed, it can result in 
improved condition and value of livestock as well. At 
high stocking rates livestock do not gain weight 
quickly or at all, or they lose weight and condition. 
At the same time, the range deteriorates or fails to 
recover, costing ranchers money over the long term. 
In addition, high stocking rates maximize financial 
losses when livestock prices fall between the time of 
calf acquisition and sale. Yield rises constantly with 
increased livestock density (assuming a constant 
environment) towards some optimum, then falls 
sharply slightly beyond that optimum production 
level. This makes it very difftcult to select an 
optimum stocking rate in a predictable environment, 
let alone a highly variable one. Heady and Child 
(1994) repon that, for both environmental and 
financial reasons, increasing numbers of managers 
are shifring~oward lower stocking levels. 

Livestock tend to concentrate in areas near water, 
shade, preferred vegetation, salt, and on relatively 
level topography. As a result, these heavily used 
areas may become overgrazed and trampled, leading 
to erosion and hydrologic disruption. Development of 
alternative water sources, salting. fencing, and 
herding can all be used to ensure more uniform 
utilization of forage (and hence remaining cover) and 
to reduce impacts associated with soil compaction. 

Although common in eastern and southern Africa, 
where native diseases limit domestic livestock, game 
ranching and cropping have not been widely adopted 
in this country. Livestock grazing benefirs wildlife 
species that prefer habitats altered by livestock, but 
harms those species preferring natural habitats, or 
those competing with livestock for food (Heady and 
Child 1994). Therefore, depending on the desired 
species of wildlife, livestock may need to be reduced 
or removed. Native wildlife populations can sustain 
high harvest levels; for example. some deer 
populations have been harvested at rates of 
33%-5096 annwlly for decades without detrimental 
effects (McCullou~h 1979. Hearlv nnrl Chilrl 1094) 
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Various game management and harvest programs are 
also possible on these lands, depending on whether 
the objectives are trophies, meat, or wildlife viewing. 
Selling prices range from several thousand dollars for 
a trophy animal to a few dollars for wildlife viewing. 
However, wildlife viewing is a nonconsumptive, 
repeatable activity. B d t s  in addition to range 
improvement include lower management costs, leaner 
meat supply, and higher biological integrity. 

Because plani responses to defoliation differ 
depending upon the season of grazing. vegetation can 
be protected by restricting grazing during certain 
times of the year. Four general types of grazing 
plans have been utilized: continuous, repeated 
seasonal, deferred, and rest (Heady and Child 1994). 
As the name implies, continuous grazing entails 
grazing throughout the growing season and usually 
some pan of the dormant period, thus the length of 
time varies with climate. Repeated seasonal grazing 
refers to annually grazing the same pasture during a 
specific season, similar to the patterns of migratory 
wildlife. Deferred grazing means no grazing is 
conducted until key plants have completed 
reproduction. Rest once referred to a year without 
grazing but has since been generalized to any 
specified period. Where range condition is less than 
excellent or in arid and semiarid regions, range 
recovery may require many years of deferment or 
rest. The success of each is a function of site 
characteristics, periodic monitoring, and low stocking 
densities. These will determine which pastures to 
graze, which season or year to graze them, and for 
how long. 

8.5.2 Riparian Range Management 
Western riparian areas are among the most 

productive ecosystems in Nonh America, yet their 
present condition is believed to be the worst in 
American history. largely because of livestock 
grazing (Fleischner 1994). Acknowledging the need 
to manage the entire watershed. Barren et al. (1993) 
established a BLM goal of 75 9% or more properly 
functioning riparian wetlands by 1997. They defined 
proper functioning condition as adequate vegetation, 
landform, or large woody debris to 1)dissipate 
stream energy associated with high flows, thereby 
reducing erosion and improving water quality; 2) 
filter sediment, capture bedload, and aid floodplain 
development; 3) improve floodwater retention and 
groundwater recharge; 4) develop root masses that 
stabilize sueambanks agaiast cutting action; 5) 
develop diverse ponding and channel characteristics 
to provide the habitat, water depth, flow duration, 
and sueam temperature necessary for fish 
production, waterfowl breeding, and other uses; and 
6) support greater biodiversity. 
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Heady and Child (1994). Platts (1991), Chaney et 
al. (1990). and Kauffman and K ~ e g e r  (1984) 
identified numerous options to be considered singly 
or in combination for achieving grazing goals while 
maintaining or improving fish habitat. They include 
resting from grazing, controlling livestock 
distribution, controlling livestock numbers, 
controlling forage use, controlling timing of forage 
use, grazing the type of livestock best suited for a 
given area. and artificially rehabilitating sueam 
riparian ecosystems. Elmore (1992) and Platts (1991) 
provide greater elaboration on specific grazing 
strategies and their influence on riparian ecosystems 
and fish habitats (Table 8-2). 

Grazing stress and trampling impacts are a function 
of how and when a given strategy is used and not 
simply on the total number of animals grazing at a 
particular site. Strategies that include corridor 
fencing, rest rotation with seasonal preference, and 
complete mfrom grazing provide the greatest 
potential for rehabilitating degraded riparian areas 
(Platts 1991). Other grazing strategies may be 
effective under specific circumstances, depending on 
local climate, hydrologic conditions,, soils, stream 
character, and plant species composition (Chaney et 
al. 1990; Elmore 1992). Selective timing for rotation 
grazing and strategies that allow growth of riparian 
vegetation during critical periods may be just as 
effective as reducing glazing intensity in some areas 
(Elmore 1992). Seasonal grazing strategies can also 
minimize trampling impacts to streambanks 
(Kauffman and Krueger 1984; Chaney et al. 1990). 
Having a clear set of riparian objectives and 
understanding vegetation potential at the site are 
critical to identifying effective riparian m  g 
strategies. It is also imponam to note that rangeland 
streams have unique attributes that may make them 
more vulnerable to anthropogmic stresses. For 
example. rangeland streams typically experience low 
or highly fluctuating flows and rocky or highly 
alkaliine soils that severely limit riparian vegetation 
(Crouse and Kindschy 1981). If other preexisting 
stress levels are high, the capacity to absorb 
additional grazing stresses or to recover when they 
are removed may be low. Thus, effective grazing 
strategies must integrate the nmral potential and the 
expected grazing stress for a given stream reach 
(Elmore 1992). In the absmce of site specific 
infonuation, deferment of grazing until riparian 
vegetation has returned to pre-grazed conditions 
remains the safest course of action. 

Numerous case histories document the effectiveness 
of various grazing strategies in improving riparian 
conditions. The GAO (1988b) and Chaney et al. 
(1990) recently reviewed riparian restoration effons 
on BLM and Forest Service lands and reported 
substantial improvement in riparian and stream 

conditions in many instances. Although riparian 
fencing and reductions in stocking rates generally 
proved to be most effective measures, deferred 
grazing, rest-rotation, daily herding, and 
development of off-stream water s o u m  also yielded 
positive results. Ecological benefits noted included 
improvements in riparian grasses and shrubs, 
regeneration of cottonwood trees, increases in 
summer streamflow, reductions in summer water 
temperatures, narrowing and deepening of stream 
channels, increased pool area, increased stability of 
streambanks, improved substrates, and increased fish 
density. 

In their review, Kauffman and Krueger (1984) cited 
studies indicating that one-to-two years of rest out of 
three provided improved riparian vegetation as long 
as forage consumption was below 60%-65%. They 
also n ~ e d  that although rest-rotation strategies may 
improve condition of vegetation, increases in trail 
formation and trampling may cause streambank 
erosion and instability. Finally, they note that daily 
herding of sheep from stream bottoms improves 
utilization of upland forage while providing greater 
protection to riparian areas. 

As in uplands. improvements in grazing practices 
within riparian areas can provide economic benefits 
to ranchers. The GAO (1988a) repon cites several 
instances where animal unit months increased 
following recovery of riparian vegetation. Livestock 
excluded from riparian zones were forced to graze on 
underutilized upland vegetation, resulting in 
healthier, heavier livestock. 

Frequently, riparian restoration efforts on 
rangelands have involved both changes in grwing 
practices and placement of instream structures. 
Kaufhan and Krueger (1984) reponed that better 
livestock management was a less costly strategy than 
instream structures for restoring channel integrity. 
They added that the need for insream suuctures is 
negated by rest from grazing and that Structures are 
often ineffective when not accompanied by 
modification or cessation of grazing within the 
riparian zone. Similar conclusions were reached by 
GAO (1988a). Chaney et al. (1990). and Beschta et 
al. (1991). Instream structures were considered by 
Heady and Child (1994) to treat the symptoms of 
improper grazing rather than the causes. Thus, 
instream StNCNIeS are likely unnecessary for 
rangeland stream restoration except under uzusual 
crrcumstances, and they should not be used as a 
substitute for improved management of livestock. 

8.6 Agricultural Practices 
Agriculture and human settlement began on 

floodplains because of the availability of water and 
the fertility of soil. As a consequence, floodplains 
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Table 8-2. Evaluation of the effects o f  various grazing strategies on  riparian habitats. From Platts (1991). 
Used with permission from the publisher. 

Strategy* , 

Level of 
vegetation 

UK in 
riparian area 

Control of 
animal 

dstribution 

, Stream-
bank 

stability 

Brushy 
species 

,condion 

Seasonal 
plant 

regrowth 

Riparian 
rehabilii 
tation 

potential Rating? 

Continuous 
season-toq 
use (C) 

Heavy Poor Poor Poor Poor Poor 1 

Holding 
(Sort) . , Heavy Excellent Poor Poor Falr Poor 

ShoRduration. 
high Intensity 
(C) 

Heavy Excellent Poor Poor Poor Poor 

Three-herd. 
four pasture 
(C) 

Heavy to 
moderate 

Good Poor Poor Poor Poor 

HolisUc 
(C or S) 

Heavy to light Good Poor to 
good 

Poor Good Poor to 
excellent 

Dsfemd (C) Heavy to 
moderate 

Fair Poor Poor Falr Fair 

Seasonal 
suitability (C) 

Heavy Good Poor Poor Fair Falr 

Oefemd 
rotation (C) 

Heavy to 
moderate 

Good Fair Fair Fair Fair 

Stuttered 
defemd 
rotation (C) 

Heavy to 
moderate 

Good Fair Fair Fair Falr 

Winter (S or C) Heavy lo 
moderate 

Fair Good Fair Fair to 
good 

Good 

Rest rotation 
(C) 

Heavy to 
modente 

Good Fair to 
good 

Fair Fair to 
good 

Fair 

Double rest 
rotation (c) 

Moderate Good Good Fair Good Good 

Seasonal 
riparian 
preference 
(C or S) 

Moderate to 
light 

Good Good Good Fair Fair 

Riparian 
pasture 
(C or s) 

AS Prescribed Good Good Good Good Good 

Corridor 
fencing (C) 

None Excellent Good lo 
excellern 

Excellent Good to 
excellent 

Excellent 

Rest rotation 
with seasonal 
preference (S) 

Light Good Good to 
excellent 

Good to 
excellent 

Good Excellent 

Rest or closure None Excellent Excellent Excellent Excellent Excellent 10 
(C or S) 

~- c - an&,s - sheep. 
t Strategies are rated on a scale of 1 (Poorly compatible with fishery needs)to 10 (highly compatible). 
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and riparian areas in agricultural lands remain among 
the most disturbed areas in the landscape, particularly 
because agriculture most often involves complete 
replacement of natural vegetation and repeated 
disturbance of soils through tillage. Regulations. 
management practices, and any other activities that 
completely pmtect floodplains, riparian areas, and 
uplands in a natural state ensure that channel and 
riparian functions are unimpaired. Recognizing that 
totally protecting large numbers of agricul~ral 
watersheds or floodplains is impractical under current 
demands for food and orber crops, we focus in this 
section on management strategies that preserve most 
critical functions while allowing continued use of 
agricultural lands. These strategies are aimed at 
conserving water and soil, protecting and restoring 
riparian vegetation, and minimizing use of chemical 
pesticides and fenilizers. 

8.6.1 Upland Cropland Management 
C u m  agricultural practices offer ample 

opportunities for conservation. Of all the water 
diverted and consumed in the Pacific Northwest, 
approximately 90% is used to irrigate crops 
(Wilkiion 1992). and this percentage is even higher 
in several sub-basins east of the Cascade Crest 
(Muckleston 1993). Imgation and associated water 
quality problems are the major stressor in reduced 
salmon runs in the Yakima, Walla Walla, and 
Umatilla Rivers (NPPC 1986). Where irrigation 
withdrawals are substantial, one of the most 
imponant current management actions for restoring 
salmonids is maintaining adequate year-round 
instream flows. Without sufficient flows, other 
restoration activitiesarc likely to be ineffective. 
lnstream flows can be maintained through a 
combinsion of instrtam water rights and water 
conservation efforts. State and Federal fish and 
wildlife agencies have established most water rights, 
bur landowners in some States, including Oregon, 
have also granted or sold water rights to fishermen's 
groups or the State, generating more net income than 
they did from marginal crops (Wilkiion 1992). One 
of the potentially most useful tools for maintaining or 
restoring instream water is the 1908 U.S. Supreme 
Coun decision on Winters vs. United Stares, which 
decreed that Indian tribes possessed water rights that 
were superior to those established by State law. 
Another legal approach involves the common-law 
public trust doctrine, which holds that the rights to 
water on larger water bodies cannot be comrolled by 
a single part of the population (Wilkinson 1992) and 
that private property owners are prohibited from 
acting in a manner inconsistent with public trust 
interests (Johnson and Paschal 1995). 

Water conservation is the most fundamental way 
to provide more water for aquatic life. Environmental 
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concerns sumk~ding the construnion of new dams 
on salmonid-bearing streams underscore the need to 
improve the eff~ciency with which water is used in 
agriculture. Water use can be decreased by timing 
imgation to coincide with periods (both daily and 
seasonal) of low solar radiation to min'rmirc 
evapotranspiration losses. Installation of cement-lined 
canals can reduce transpiration losses by noncrop 
plants that typically grow in unlined imgation 
ditches. Use of drip or trickle irrigation systems 
instead of flood irrigation minimizes evaporation 
losses as well as reducing the need for weed control. 
Conversion of water-intensive crops such 'as rice a i~d  
alfdfa to more drought-resistant crops can also 
miniinize water use. Leveling of fields with laser 
technology has been employed to minimize runoff of 
irrigation water from croplands. Each of these 
methods maximize the efficiency with which water is 
used while simultaneously reducing chemical and 
thermal pollution associated with irrigation return 
flows. Effective regulatory tools for water 
conservation include monitoring and taxing water 
use, and using graduated pricing for the water 
consumed (Wilkinson 1992). 

Screening of irrigation canals and pump intakes is 
also essential to protect salmonids. An investigation 
of 225 intakes along the Columbia River during the 
late 1970s indicated that 70% lacked proper 
screening (Swan et al. 1980); subsequent surveys 
concluded that 30% of intakes remained improperly 
screened afier irrigators were notifled of inadequacies 
(Swan et al. 1981). In many instances. existing , 
screens may be sufficient to protect outmigrating 
smolts but insufficient to prevent entrainment of 
smaller fry (Palmisano et al. 1993a). 

Control of sedimentation from agricultural lands 
remains a significant concern in many lowland 
streams in the Pacific Northwest. Nationwide. five of 
the six most popular soil conservation programs, 
funded by the Agricultural Stabilization and 
Conservation Service in recent decades involved 
increased vegetative cover (ASCS 1992). In southeast 
Washington, replacement of row crops and small 
grains with permanent vegetation or hay and pasture 
was predicted to reduce erosion rates to 0.1%-0.01% 
of their former level. In the same study, various 
forms of conservation tillage reduced soil erosion by 
13%-95%. depending on precipitation (SCS et al. 
1984). Grassed waterways continue to be popular as 
a means to limit soil erosion and many enlightened 
farmers leave riparian buffers along surface waters. 
Dairy farms typic.tlly have wet weather controls for 
limiting run-off frcm manure heaps and cattle are 
fenced from stream access. Currie (1994) 
recommended greater use of existing incentives apd 
disincentives. Among incentives, he included greater 
tax abatements through the Washington Open Space 
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Program, and higher Federal subsidies for 
implementing best management plans. At thc same 
time, Cume proposed that farms not implementing 
best management plans be subjected to reduced Open 
Space exemptions and higher fines for farm 
pollution. Federal laws also encourage farmers to 
take highly erodible lands out of production by 
making fanners that cultivate such lands ineligible for 
Federal price supports, crop insurance, loans, or 
disaster payments (see Chapter 9). Watershed 
analysis, includiing risk assessment, management 
p h ,  and monitoring, is also proposed as a 
successful tool that could be adapted from forestland 
mandgement'to farmlands (Currie 1994). 

Reducing the use of chemical pesticides and 
fertilize& is anorher important conservation strategy 
for agricultural lands. Organic farming and integrated 
pest management are also growing in popularity on 
small agricultural operations. Demand for 
biocide-free crops continues to rise along with 
concerns about the human health and ecological 
effects of pesticides. In addition, the cost of biocides 
and problems with neighboring landowners and 
contaminated ground water has restricted their use in 
some areas. These changes have mostly occurred on 
small farms that can more effectively implement 
integrated pest management. Where chemicals are 
used, contamination of streams can be minimized by 
applying chemicals at their minimum effective 
concentration. by spraying during periods of low 
wind, and by maintaining no-spray riparian buffers. 

8.6.2 Ripar ian  Cropland M a n a g e m e n t  
As in forest and rangeland management, the 

practice of leaving riparian buffer strips is central to 
conservation of streams and rivers in agricultural 
lands. Vegetated buffer strips greatly reduce the 
delivery of sediment and chemical pollutants from 
croplands. In addition, riparian buffm stabilize 
streambanks, provide shade, and contribute large 
wood to streams that frequently lack these attributes. 
Riparian forests, together with fencerows, frequently 
constitute imponant wildlife habitats in agricultural 
landscapes othenvise devoid of suitable habitats. 

Also imponant to the restoration of streams and 
rivers in agricultural lands is the re-establishment of 
natural floods. Just as it is now acknowledged that 
large woody debris is critical for maintaining channel 
complexity, it is also apparent that floods are 
necessary to prevent channels from incising, 
redistribute coarse sediments, build floodplains, 
introduce large wood, and propagate natural riparian 
vegetation. Traditional State and local floodplain 
zoning and easements allow some measure of control 
over the type of activities that can occur on 
floodplains. This approach may be quite successful if 
thnre nllnwprl artivirirc rmrrp onlv minim.1 Aienmr;--
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of the floodplain ecosystem (e.g.. natural parks, 
fishing access points). Typically, however, floodplain 
zoning restricts only those activities that incur 
extensive damage during floods (e.g., structures), but 
allows other activities (e.g., logging, grazing. 
farming) that significantly change the characteristics 
of floodplain ecosystems and, hence, the functions 
they perform (Kusler 1979). 

An example of a more protective approach is the 
Banner Drainage and LevnDistrict in Illinois, which 
is being restored to lakes and wetlands (NRC 1992). 
Another approach is the Willamette River greenway 
in western Oregon that includes 255 river miles and 
includes sloughs and side channels (NRC 1992); 
however, agricultural lands are exempt from 
greenway regulations and in many reaches there is no 
natural floodplain or only a narrow strip of native 
vegetation. Oregon also has a p r o g m  to provide tax 
relief to landowners that maintain naNral riparian 
zones. Federal laws have sought to protect wetlands 
in agricultural areas by eliminating U. S. Department 
of Agriculture benefits (e.g., price and income 
supports) for areas where farmers cleared and 
drained wetlands for crop production (see Section 
9.4). Water Quality 2000 (1992) and NRC (1992) 
both stressed the importance of protecting and ~ 

restoring existing wetlands rather than trying to 
recreate them arler they have been convened. 
Recognizing the ecological need for riparian and 
wetland areas to flood and the substantial cost to 
humans when they do, it may be more prudent to 
relocate activities from floodplains than to subsidize 
continued development of floodplains through 
channel maintenance, dam and levee construction. 
Federal flood insurance, and "disaster" relief (NRC 
1992). The benefits include saving money, allowing 
natural processes to reestablish habitat, and reducing 
hazards to human residents. 

8.7 Mining Practices 
In 1872, hard rock minirig was encouraged 

through legislation by the Federal government so that 
miners could easily obtain mining claims, produce 
metals, and settle the West. Increasing concerns for 
the ecological costs of mining, particularly pollution 
of streams and rivers by mining wastes, has 
prompted calls for more strict regulation of mining 
activities. Wilkinson (1992) proposed several policy 
options including banning patenting of Federal lands 
(obtaining ownenhip by simply paying $2.50-$5.00 
per acre and investing $100 per year), senhg strict 
reclamation requirements (including liability bonds), 
charging value-based royalties on minerals removed, 
and prohibiting mining in sensitive areas. He also 
recommended leasing, rather than selling, the land to 
miners and evaluating whether there is a net public 
L^__C__.-_I.__:_.__1 - 7  -C.L.-^ m:..:_2._----_ 
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American Fisheries Society (WDAFS 1994). in 
calling for reform of the 1872 mining law, 
recommended these same measures, as well as public 
pmicipation in all aspects of mining regulation. 
programs for monitoring compliance, time limits on 
Plan of Operation approvals, and other environmental 
safeguards. Nelson et al. (1991) added that riparian 
and stream enhancement should also be pan of the 
reclamation process. 

8.7.1 Upland Mining Practices 
Reclamation of mining sites typically focuses on 

preventing mine-generated solid wastes and toxic 
materials from entering waters. This can be most 
effectively achieved by restoring natural landscape 
contours. followed by re-establishment of vegetation. 
To allow restoration of nanval vegetation on mined 
lands, it is critical that topsoil be set aside before 
mining begins (Nelson et al. 1991). Toxic materials 
should be buried below th: root wne to prevent 
uptake of by plants. In addition, toxic wastes should 
be buried away from areas when leachates are likely 
to enter streams or groundwater. Ground water does 
not pass through these materials to stnams or the 
water table. When the area is returned to its natural 
contours (this can be problematic when the volume of 
spoils exceeds that of the original ore), the soil is 
replaced and revegetated with the original flora or 
acceptable substitutes. Revegetation may require 
seediig or introduction of vegetative propagules, as 
well as tilling, mulching and fertilization. It is critical 
that lands be stabilized as soon as possible to limit 
erosion. Mining-generated solids and seepage or 
runoff from mines should be kept from streams by 
proper planning and control structures such as 
erosion barriers and limed ponds. 

8.7.2 Riparian and Instream Mining 
Practices 

Mining in or near streams requires additional 
precautions to those for uplands (Nelson et al. 1991). 
Effluents may be treated with hydrated lime or sulfite 
and then aerated to raise the pH and allow the metals 
to precipitate. Reverse osmosis and electrochemical 
precipitation are also effective following acid 
neutralization. If the channel form and substrate have 
bem altered, a channel and riparian zone should be. 
developed that allows normal ecological processes to 
occur. Nelson et al. (1991) stressed that such 
channels are not static; they should resemble the pre- 
existing channel in their bed, banks, riparian 
vegetation, and flows. Re-establishment of riparian 
woody plants may require transplanting. 

Instream and floodplain aggregate mining poses 
special problems since, by its nature, this activity 
involves disturbance to channel morphology. In 
reviewing effects of gravel extraction on streams in 
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Oregon, OWRRI (1995) made several 
rccommmdations for m i n i n g  degradation to 
salmonid habitats: 1)prohibit, regulate, or otherwise 
manage small operations (i.e., less than 50 cubic 
yards); 2) conduct gravel removal in strwns in a 
manner to minimize potential impacts on salmonid 
habitats; 3) allow gravel removal by bar skimming 
only under restricted conditions (i.e., where the 
gravel bar is not an active spawning, rearing, or  
feeding are for salmonids; where adequate gravel 
recruitment exists to replenish the bar; where berms 
and buffers can be used to control streamflow away 
from the excavation site; where gravel can be 
rrmoved from above the low-water level during low 
flows; and where the fmal g r a d i i  of the bar does 
not significantly alter the flow characteristics of the 
river at high flows); 4) restrict deep-water dredging 
for gravel production to m a s  where it is presqtly 
practiced; 5) do not allow a net loss of wetlands for 
all filllremoval operations; and 6) use biological 
streambank stabilization methods where possible. 
Secondly, they stressed the need for monitoring and 
research to evaluate impacts, improved database 
capabilities and use for the managing agency, 
implementation of GIS-based resource management. 
and allocation of sufficient funds to monitor resource 
abundance, conditions, and use. From a policy 
standpoint, they suggested that 1) the burden of proof 
of "no significant impact" should be shifted to permit 
applicauts where proposed activities are expected to 
result in significant direct or indirect impacts to 
salmonids; 2) gravel extraction should not be allowed 
in reaches of ODSL-managed streams that suppon 
sensitive. threatened or endangered species; and 3) 
gravel extraction should not be allowed from reaches 
of ODSL-managed streams that are part of Aquatic 
Diversity Areas or that support source salmon 
populations. Finally, they concluded that gravel 
removal operations may provide potential 
opponunities for increasing salmonid habitats through 
reconnecting former floodplain gravel pits to riverine 
systems; using gravel mining as a potential method 
for creating wetlands, off-stream channels, lakes and 
ponds, or salmonid spawning beds; and using gravel 
mining to improve spawning areas by improving 
sediment quality, increasing channel sinuosity in 
streams that have been channelized or  otherwise 
simplified. In all of these instances, active restoration 
should be ecologically based and carefully smdied 
prior to implementation. 

8.8 Urban Practices 
Restoring and protecting salmonid habitats in 

urban areas is one of the most difficult challenges 
facing land managers because many disturbances to 
the urban landscape are esmually irreversible, 
barring a radical change in social values. 
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Urbanization fundamentally alters water quality in 
streams (Sman et al. 1985). The high percentage of 
impervious surfaces leads to increased runoff, 
making stream hydrographs much flashier. For 
example, a 20% increase in impermeable surfaces 
can double runoff in a storm event (Birch er al. 
1992). Channel morphology is modified by 
intentional conversion of natural drainage channels 
into conduits and as a consequence of decreased 
channel stability resulting From higher peak flows. 
Riparian vegetation is also extensively modified, with 
gallery forests and shrubs being convened into 
buildings, rqads, parking lots, and lawns. Protecting 
and restoring lakes and streams from the effects of 
urbanizafion, therefore, involve reducing the areal 
extent of urbanization, removing pollutants from the 
waste stream, and conserving natural channels 
(Wanielista 1978). 

Increasingly, land-use planning is used to restrict 
urban development from most sensitive areas, 
although the effects of unplanned (with respect to 
aquatic resource concerns) development persist. 
Relatively successful examples of such planning 
include the California Coastal Commission, the 
Oregon Land Conservation and Development 
Commission, and the Tahoe Regional Planning 
Agency (Wilkinson 1992). The impact of 
urbanization also can be reduced by favoring high- 
densiry housing, by greater utilization of bicycles and 
mass transit, and by placing major transportation 
networks underground: in other words by designing 
cities for people instead of automobiles (Doxiadis 
1971). Not only do these more rational city designs 
decrease the amount of impervious surfaces, but also 
they decrease the amount of pollutants collected by 
and discharged from roads. As with other land uses, 
rigorous basin planning is incorporated in successful 
urban planning (Birch et al. 1992). 

The major way of removing urban pollutants from 
the waste stream is by industrial and sewage 
treatment plants. Most U.S. cities now have 
secondary sewage treatrent. and many industries 
have tertiary or secondary treatment. Secondary 
treatment, however, only transforms wastes into 
nutrients that are then discharged into rivers. As 
water purification and waste treatment costs rise and 
growing human populations increase the demand for 
limited water, more households and municipalities 
begin water rationing and recycling. Household 
rationing has taken the form of xeriscaping in place 
of lawns, limiting lawn irrigation. smaller toilet 
tanks, low-flush toilets. composting toilets. rinse-only 
showers, and lowdischarge shown nozzles 
(Wilkinson 1992). The major oppormniry for 
domestic recycling is in the reuse of washwater on 
gardens ahd lawns and in toilets (Wagner 1971). 
Municipal rationing involves hieher and nropressive 
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water and sewer rates as well as lawn-watering 
restrictions. Cities also recycle sewage water for 
irrigation or find it less expensive to purify 
chemically treated effluent for reuse than to withdraw 
lower quality water from rivers. Both approaches are 
in use elsewhere in this country (Wagner 1971) and 
in Europe. Industrial rationing and recycling have 
become more common as discharge permits became 
more restrictive. 

Another substantial source of polluted waters is 
stormwater runoff from lawns; roofs, parking lots, 
and streets. These sources can be reduced by 
decreasing their surface areas as discussed above and 
by requiring point-source discharge pennits on 
outfalls. More typical practices can be broken into 
nonstmctural and structural approaches (Wanieiista 
1978). Nonstructural approaches include street 
cleaning (especially mechanical broom and vacuum 
sweeping), cleaning of catch basins, dust control, 
restrictions on the use of lawn chemicals, erosion 
control at construction sites, and the use of wetland 
systems (vegetated floodplains, marshes, ponds 
riparian zones) as natural filters. Structural 
management practices for reducing stomwater runoff 
problems include retention basins, constructed 
wetlands. land injection, rooftop and parkiig lot 
storage, and sediment traps. Illicit connections to 
storm drains are very common in cities (Birch et al. 
1992). lmpropercomections can be located by 
associating chemicals in the effluent with likely 
producers. dye studies, and TV inspections. Birch et 
al. (1992) provide a thorough set of guidelines for 
controlling erosion and sedimentation from 
construction sites, including matting and mulching 
open soil, erosion barriers, sediment traps, 
interceptors and drains on cut-fill slopes, and 
removal of sediment from roads. Monitoring and 
maintaining control structures at such sites, especially 
during storms, is imponant. 

8.9 Regional Planning and 
Management Efforts 

Most management efforts for protecting and 
restoring salmonid populations have focused on the 
fish (harvest restrictions, fish passage, hatchery 
supplementation) or on aquatic habitats (water qualiry 
criteria, physical habitat structure, flow) within a 
limited area dictated by the particular land- or water- 
use activity. Although population- and site-specific 
efforts are an essential component of salmonid 
restoration, many issues related to long-term 
persistence of salmonids involve larger spatial scales 
and hence require statewide or multistate planning. 

FEMAT (1993). PACFISH (FS and BLM 1994a). 
and INFISH (FS 1995) are examples of coordinated, 
Federal, land-use planning that, despite what some 
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perceive to be compromises and limitations, 
represents significant progress towards regional 
conservation. S e v d  States have begun similar 
efforts. For example. Oregon's statewide land-use 
planning law is designed to proten forest, 
agricultural. and coastal lands from urbanization. 
Goal 5 of that law requires conservation and 
protection of lands needed for fish and wildlife 
habitats, water areas, wetlands, watersheds, and 
groundwater. Although it is statewide in scope, it is 
implemented and monitored at the county level with 
little statewide assessment of status or trends by the 
Department of Land Conservation and Development. 
Oregon's riparian set aside law, overseen by the 
Department of Fish and Wildlife, offers landowners 
tax deductions for protkcting such areas. In response 
to Senate Bill 1125, Oregon Depanment of Forestry 
(ODF 1994) recently developed mles providing 
increased riparian protection for all fish-bearing 
foresr streams. Levels of protection vary with water 
body use. type, and size. A higher design and 
maintenance standard for new stream-crossing 
structures was also promulgated. Aquatic diversity 
areas (Henjum et al. 1994), similar to FEMAT's key 
watersheds, have been mapped by the Oregon 
Chapter of the American Fisheries Society for the 
entire State. These mas,  together with locations of 
unusually high salmonid production, have been 
incorporated into a framework for allocating salmon 
restoration funds (Bradbury et al. 1995). Protection 
and restoration of such areas throughout the region 
are necessary to preserve and expand salmonid 
populations that can support sustainable harvests. 

The other States in the region have developed 
similar planning and management systems. For 
example. Washington Depanment of Natural 
Resources has rules for riparian protection that vary 
with water body use, type, and size. In addition, 
Washington promotes watershed analysis as a means 
of identifying sensitive and high-risk areas within 
watersheds, or to minimize disturbances to aquatic 
ecosystems resulting from forest practices. 
California's Coastal Zone Management Act restricts 
development on sensitive coastal and estuarine areas. 
All four States in the region have water quality 
(temperamre and dissolved oxygen) standards for the 
protection of salmonids. Generally these standards 
would be protective if monitored and enforced. In 
addition, the States have local zoning laws restricting 
building types and densities. The water quality and 
land-use standards, however, differ from State to 
State and lack a statewide planning and monitoring 
design, let alone a regional one. 

8.10 Individual and Social Practices 
Direct alteration of habitat by humans remains the 

single greatest threat to both terrestrial and aquatic 
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biodiversity (Noss 1992). Most habitat alterations 
affecting salmonids relate to resourcc consumption of 
some sort-the use of water, electricity, wood and 
wood products, meat and wool, food and nonfood 
crops, and mineral resources. Per capita consumption 
of resources is an order of magnitude g m e r  in the 
United States than it is in much of the world. 
Therefore, each of us can minimize our indirect 
effects on salmonids by markedly reducing 
consumption of all resources. There are a number of 
things that we can do individually and as a society to 
begin these changes and reduce our environmental 
impact. 

8.10.1 Short-term lndividual and 
Governmental Actions 

The amount of water available for aquatic life in 
streams and lakes can be increased by reducing the 
amount diverted for domestic, industrial, and 
agricultural uses. Water conservation begins at home 
in how we shower, launder, flush toilets, landscape, 
irrigate, and use electricity. Those same functions of 
cleaning, cooling, waste disposal, irrigation, and 
power consumption offer oppormnities for water 
conservation in industry and agriculture as well. 
Potential for increased e%ciency in these water uses 
has been demonstrated by various voluntary and 
mandatory water conservation measures implemented 
during recent droughts in California, Oregon, and 
Washington. Key aspects in conserving water and 
electricity are accurate monitoring of uses, 
internalizing environmental costs associated with 
water use (e.g., dam impacts, hatchery operations, 
wastewater treatment), and progressive pricing so 
that greater use results in proportionately higher 
rates. 

Wiser use and conservation of metals, particularly 
aluminum and heavy metals, would also reduce the 
demand for hydmpower and hence the adverse 
effects of dams on anadromous salmonids. Over 40% 
of the aluminum used in this country is produced in 
the Pacific Northwest, and fully 20% of the total 
energy sold by BPA is used by aluminum smelters 
and other energy-intensive industrial processes. 
Excessive packaging results in enormous waste of 
aluminum. Every three months, Americans discard 
enough aluminum to rebuild the Nation's entire 
commercial air fleet. Recycling aluminum requires 
approximately 5% as much energy as refining the 
metal from bauxite. Because aluminum is an 
important component of many car pans, demand for 
aluminum can also be curtailed through reduced auto 
use and ownership, as well as greater reliance on 
mass transit and other forms of transponation. 

As with aluminum, wood products have 
considerable conservation potential. Worldwide, 
humans used over 30% more wood per person in 
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1991 than in 1950, mostly as fuel, but in the 
developed countries per capita wood consumption has 
been declining for most of the cmru~y (Durning 
1994). Other trends are less encouraging. The United 
States produces 26% of the world's industrial wood 
with Russia a distant second. Average house size in 
the United States has increased from 100 m' in 1949 
to 185 ma in 1993. This represents 50%-100% more 
space per person than West Europeans and Japanese, 
respectively. World paper consumption has increased 
20-fold since 1913, mostly in the highly 
industrialized nations. In 1960, the average family in 
the united States spent $500 per year on packaging, 
and the Nation as a whole paid $190 million for junk 
mail (Prfckard 1960). Currently. over half a million 
trees are used each week to print this Nation's 
Sunday newspapers, much of which consist of 
advenisements that many readers discard and that 
promote consumption of unneeded products. Demand 
for wood products can be reduced by creating 
"paperless" offices, decreasing packaging, recycling 
paper, and developing alternative sources of fiber. 
Recent development of chipboard has increased fiber 
supply options to include wood waste, previously 
undesirable weed trees, and agricultural wastes such 
as straw and hemp. Agricultural waste fibers and 
weed trees also hold promise for paper 
manufacturing. Cwrent methods to reduce waste and 
increase recycling and manufacturing efficiency could 
halve present wood consumption in the United States 
(Postel 1994). 

Because livestock production and commercial fish 
harvest have substantial effects on salmonids, it is 
useful to examine ways to reduce consumption of 
beef and fish. Alternative protein sources, such as 
grains and legumes, would reduce the demand for 
salmon harvest and the need for range-fed livestock. 
Only 10% of the protein ingested by cattle is 
convened to tissue; consequently, beef is a relatively 
inefftcimt source of protein for humans cornpax-ed 
with grains and legumes. The growing number of 
vegetarians (currently estimated as 4%) in the United 
States and the continuing popularity of wildlife 
hunting as sources of protein are both desirable 
trends, as is reduced meat consumption in general. 
Diets low in red meat reduce the risk of death and 
disease, in addition to indirectly benefitting salmonid 
habitats. 

Development of alternative energy sources could 
reduce dependence on hydropower and potentially 
allow for the removal of some hydroelectric dams. 
Energy conservation is a major source of new 
energy, but wind farms have considerable potential 
near the coast and in the Columbia Gorge. In 
addinon, solar power and fuel-cell units in individual 
buildings are likely to become more popular as their 
unit costs decrease and hvdrooower rates increme 
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Perhaps one of the most effective ways in which 
our culture could conserve salmonids and their 
environments is to remove many direct and indirect 
subsidies that encourage resource use and 
consumption. Many of these subsidies were initially 
intended to facilitate the development of the West. 
long before the environment was a significant societal 
concern, and they continue at substantial economic 
and environmental expense. For example, postal 
customers subsidize both the delivery of junk mail 
they do not want and its disposal in landfills. 
Taxpayers indirectly pay for building in high risk 
areas (floodplains, faults, fire-prone lands, ocean 
shores) through costs of fire suppression and disaster 
relief. Farmers are aided by taxpayers through 
drought and crop insurance and Federal price 
suppow. In the West, the Bureau of Reclamation 
may have spent as much as $70 billion on water 
projects for agriculture since 1902 (DeBonis 1994). 
Automobile use is promoted rather than discouraged 
through subsidies to oil and gas industries that result 
in lower fuel prices-which encourages 
consumption-and through Federal and State fuel and 
licensing taxes that foster road improvements. which 
in turn stimulate more driving, taxes, and roads. 
Major electric power consumers are subsidized with 
lower rates for greater consumption, and the 
Bonneville Power Administration is subsidized by 
taxpayers, allowing it to provide extremely 
inexpensive electric power to its customers. Taxpayer 
subsidies on public lands are estimated at $700 
million for belowsost timber sales and $95 million 
for below-cost grazing fees and wildlife control, and 
the patenting of public lands at $2.50 per acre of 
land for mining is tantamount to a substantial Federal 
subsidy (DeBonis 1994). In summary, all of these 
subsidies provide disincentives for conserving energy 
and resources, and in many cases promote excessive 
use and consumption. Obviously, many of these 
subsidies provide values that benefit some or all 
segments of society. But it should be made clear to 
the public that these programs have associated 
environmental costs and directly or indirectly 
influence the ability of aquatic systems in the Pacific 
Northwest to produce salmonids. 

In addition to the above changes, we need to 
reconsider fundamental policies in four areas of our 
culture: population, economics, ethics, and 
education. The first three are the cultural forces that 
are the root causes of environmental degradation and 
salmonid extirpation. Education is the method by 
which we begin to change our minds, and of which 
this document and others like it are a pan. Although 
these forces are closely interconnected, we list and 
discuss them separately. 
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8.10.2 Popula tlon Policy 
Since 1870 the population of Oregon has doubled 

every 35 years, and the population of the Willamette 
Valley has tripled since 1940. The Pacific Northwest 
as a whole has experienced a population growth rate 
of 1.3 % per year over the past decade, mostly in 
metropolitan areas (Matske 1993). Even at this 
slower rate, human population will double in 54 
years and quadruple in 108 years. Growth will be 
concentrated in the current metropolitan areas, 
making the region even more urbanized than it is 
now. The salmon and spotted owl crises have made it 
abundantly clear that all the commodity, ecological, 
and aesthetic values desired by our culture cannot be 
met with our current and finite resource base. Thus, 
it is difficult to imagine how we can protect and 
provide these values with a population two- to four- 
times larger without substantial modifications in or 
use of water, power, fwd. fiber, open space, and 
fish. Randers and Meadows (1973) argue that the 
swner we decide appropriate population levels, the 
more likely we will be able to choose the set of 
pressures we prefer to employ in stopping or 
reversing population and consumption growth, rather 
than have nature chwse them. 

It is also important to realize that the Pacific 
Northwest supports excessive populations elsewhere 
through exports of forest, agricultural, energy, and 
fishery resources. Carrying capacity and ecological 
integrity in our region arc diminished by high 
population densities elsewhere in the United States 
and internationally. This is not to say that we should 
retain the resources so that we can maximize human 
population in this region, because the optimum 
human population is less than the maximum (Hardii 
1968). 

8.10.3 Economic Policy 
As suggested above, there is a close relationship 

between human population size and per capita 
resource consumption. Ehrlich and Holdren (1973) 
describe this mathematically as I = P.F.where I 
equals total impact, P i s  population size, and F is per 
capita impact. They add that this relationship is not 
necessarily linear, rather the factors are 
interconnected. For example, higher per capita 
resource consumption is associated with lower 
population growth rates and higher population size 
leads to greater per capita impact, especially among 
the very poor and very wealthy. 'Ihe important issue 
is that, although many people consider human 
overpopulation a serious global issue, fewer accept 
that human overconsumption is equally serious. Bath 
population and consumption must be considered to 
have a dramatic effect on impact because increases in 
either can offset decreases in the other. For this 
reason we spend a linle more time discussing 
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economic issues than population issues, and in 
relating the IWO. 

As Packard (1960) described, the culture of the 
West seems centered around population growth and 
overconsumption of material thiigs. However, his 
reflections are not new. In the Bible, Isaiah 
(44:14-20) discussed the difference of using wood to 
satisfy basic needs (warmth, cooking) and the surplus 
for making an idol (infinite wants), adding that his 
subject's inability to see the difference prevented him 
from correcting his error. The classical economist 
Mill (1857) wrote that "if the eanh must lose the 
pleasantness that the unlimited increase of wealth and 
population would extirpate from it, merely to suppon 
a larger, but not a happier or better population, I 
sincerely hope they will be content to be stationary, 
long before necessity compels them to it." He added 
later that "a stationary condition of capital and 
population implies no stationary state of human 
improvement. There would be as much scope as ever 
for all k i d  of mental culture, and moral and social 
progress . . . and much more likelihood of its being 
improved" (Mill 1857). Keynes (1931). l i e  Isaiah. 
contrasted absolute needs or necessities that can be 
satisfied with insatiable needs that make us feel 
superior to others. 

More recently, two imminent economists with 
global experience have argued for steady-state 
economies. Schumacher (1973) felt that the aim of an 
economy "should be to obtain the maximum of 
well-being with the minimum of consumption. " He 
also argued rhat "production from local resources for 
local needs is the most rational way of economic life 
because dependence on distant imports and exports is 
highly uneconomic." Schumacher found modem 
economics inadequate for evaluating the value of air, 
water, soil, namral living organisms, natural 
ecological processes, beauty, health, cleanliness, and 
appropriate human lifestyles. He considered GNP 
misleading because it does not account for the 
destruction and depletion of mura l and c u l m d  
resources. Schumacher wrote that "when the 
available spiritual space is not filled by some higher 
motivations, then it is fflled by something lower." In 
particular he believes that "the acquisition of wealth 
and materials has become the highest goal, but we 
must develop a life-style that accords material things 
as secondary. The chance of mitigating the rate of 
resource depletion or of bringing harmony into 
relationships between those in possession of wealth 
and power and those without them is nonexistent as 
long as there is no idea anywhere of enough being 
good and more than enough being evil" (Schumacher 
1973). 

Daly (1973), following Mill and Schumacher, 
argued that both for the gwd of humans and the 
eanh, economic growth should be in services and 
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leisure versus material goods. He described extra 
GNP in a rich country as satisfying relatively trivial 
wants because it mostly goes to the wealthier classes. 
The benefits of economic growth, he stated. go 
mainly to the rich, while the costs go mainly to the 
poor. He described cumnt economic growth as being 
in increased output of goods per hour, meaning that 
the value of an hour rose in terms of goods. Daly 
concluded that as time becomes more expensive. 
fewer activities are worth the,time, and 
time-intensive activities, like friendships, care for 
others, education, and meditation are sacrificed. 
Advertising qtimulates this material consumption. 
Daly felt that a higher relative price of materials 
relative p leisure and services is needed. If raw 
materials are held constant and if all the ecological 
costs of production are included, so that costs of 
production increase instead of decrease, the incentive 
for producers to expand are eliminated (Daly 1973). 
He states that either producers or consumers of 
products must internalize the pollution and species- 
extirpation costs of production. Low production and 
consumption rates mean greater life expectancy of 
goods and people, less time lost to production, and 
less resource depletion and pollution @aly 1973). 

Increased consumption and economic growth 
results in decreased environmental quality because 
the production, use, and disposition of commodities 
creates environmental decay. This could be corrected 
somewhat if difficulties in accounting for 
externalities, optimizing the distribution of goods and 
income, and considering future generations were 
overcome (Barkley and Sedder 1972). Goods 
produced at high ecological cost could also be taxed 
highly (Durning 1994). Since the rate of economic 
growth is controlled by U.S. government officials, it 
can be slowed. In the long run, economic policies 
may have as much impact on salmonids as Federal 
forest plans or other more direct measures aimed at 
protecting Paci3ic Northwest ecosystems. 

In various societies, economic surpluses have been 
used by priests that control religious sites to extract 
tribute, feudal lords that control land to obtain rents, 
and State and private capitalists that control capital to 
gain more capital. None of these institutions has 
nurtured our species to develop its greatest potentials 
and all have been highly destructive of our natural 
environment. If we hope to develop hum= potentials 
and to share the eanh with anyth'lng resembling the 
current diversity of organisms and ecosystems 
present. we might be wise to listen to the economists 
who have long called for taking a different path than 
one that has historically led to ruin. 

8.10.4 Ethics 
The third major area in which fundamental change 

hac h e n  rallprl for i~in the warr in whirh I.,- .rim., 
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ourselves, others of our species, and our 
environment. Recently the UCS (1992) stated that "a 
new ethic is required-a new attitude towards 
discharging our responsibility for caring for ourselves 
and for the eanh. . ..This ethic must motivate a 
great movement, convincing reluctant leaders and 
reluctant governments and reluctant peoples 
themselves to effect the needed changes." Although 
the right of properry ownership holds great 
importance to citizens of the United States, all 
landowners have a responsibility to practice good 
stewardship to ensure that the activities in which they 
engage do not adversely affect resources that belong 
to all citizens. 

Many may believe the call for a conservation ethic 
is new, but it began in the United States as early as 
the 1850's in the writings of Thoreau (Nash 1989). 
Thoreau writes that "What we call wildness is a 
civilization other than our own," and "There is no 
place for man-worship . . . take wider views of the, 
universe." Both in his simple life and in his writlngs 
Thoreau treated nature as an equal and implied that it 
should have legal rights similar to those of other 
minorities oppressed by the dominant culture. Later, 
Marsh (1864) writs that human stewardship of 
nature is a moral issue, not just an economic one; 
and he was vny concerned with consumption and 
waste of natural resources. John Muir's journals also 
included references to the "rights of animals" and 
"the rights of all the rest of creation" (Nash 1989). 
The major scientific basis for natural rights for 
nature lies in Darwin's (1859, 1871) works. Darwin 
demonstrated that the process of natural selection 
linked all past and pnsent species, and challenged 
the idea that nature exists solely to serve humans. 
Darwin believed in kinship and respect for our fellow 
organisms, and argued that moral sympathies and 
ethics had survival value and thus were a product of 
natural selection. He wrote that ethics are the basis 
of animal societies and of the evolution from human 
families and tribes to nations and international 
organizations. 

Most of the world's great religions and cultures 
included liberal views on natural rights. For 
example, Buddha emphasized a reverent and 
nonviolent attitude toward all sentient beings and 
especially trees, expecting observers to plam and 
nurture them (Schumacher 1973). The early Greeks 
and Romans felt that humans should respect nature, 
and suffer when they did not (Nash 1989). Writings 
of Hinduism, Judaism, and Taoism include similar 
guidelines and warnings on the proper way in which 
humans should interact with nature. Thus,more 
modem stirrings of conscience have a long hrstory. 

Modem thought on environmental ethics was 
stimulated by the development of the discipline of 
p r o l n ~ v2nd the wririno~of  Schweir~erand Leonold. 
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Ecology quantified the interdependence between 
plants, animals (including humans), and their 
environments. Schweitzer felt that proper conduct for 
humans was based on a reverence for life. He wrote 
that an ethical person "shatters no i n  crystal, tears 
no leaf. and crush= no insect" and that killing was 
done only when "absolutely necessary to enhance 
another life and then only with compassion" (Nash 
1989). He received thc 1952 Nobel Peace Prize. 
Leopold combined ethics and ecology. writing that 
"conservation based solely on economics is 
hopelessly lopsided because it ignores elements 
lacking wmmercial value but that are essential to 
healthy ecological functioning. It tends to relegate to 
government many functions too large, complex, and 
dispersed to be performed by government. An ethical 
obligation on the part of the private owner is the only 
remedy" (Leopold 1949). In perhaps his most 
eloquent phrase, he stated "a thing is right when it 
tends to preserve the integrity, stability, and beauty 
of the biotic community. It is wrong when it tends 
otherwise." 

Despite a long history involving many perceptive 
thinkers, the extension of natural rights to nature is 
an incredible and revolutionary thought to many 
people, but it is a very compelling one to many 
others (Nash 1989). The same incredulity, however, 
met the first proposals for granting rights to human 
groups throughout Western history. Each of the 
advances listed in Table 8-3 required substantial 
changes in the perspectives of the dominant social 
group. It can be argued, however, that the greater 
society is improved by such changes. 

8.10.5 Education 
Current economic thought stresses the imponance 

of human creativity in developing a healthy economy. 
Older views of natural resources and labor as the 
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only sources of capital are being expanded to include 
the human intellect. With this in mind, Schumacher 
(1973) considered education as the most vital of all 
resources. However, because a purely technological 
education limiu the ways in which we can think and 
our views of ourselves as a species, he felt we need a 
rich mix of science and humanities education 
throughout our lives. Apparently this position is 
s h a d  by a number of educators because current 
pedagogical approaches integrate science and 
,humanities instruction in growing numbers of our 
public schools and universities. ALSO, many persons 
at both extremes of the political spectrum decry the 
absence of instruction on values, ethics, and the 
proper role of a conscientious citizen in human 
society and the larger ecosystem. 

Environmental education, as taught in public 
schools, has typically consisted of descriptions of 
environmental problems. This is a necessary but 
insufficient step. What is needed is a citizenry that is 
aware o; 1) the scams and trends in our environment. 
2) the physical and social causes of both, and 3) the 
individual and social changes needed to place us on a 
sustainable path. Most impomtly, we must become 
willing and motivated to make those changes. Just as 
public. university, and adult education played critical 
roles in expanding civil rights to all U.S. citizens, it 
can play a similar role in affecting how we view our 
environment and our mle in it. Unformnately, we 
have few models of sustainable resource use from 
which to draw, and these are largely restricted to 
situations where human population density was quke 
low by today's standards. 

We In the Paciiic Northwest, blessed by some of 
the most diverse and least disturbed ecosystems in 
the con~erminous United States, have a rare 
opportunity. We can lead the rest of the Nation along 
a more sustainable path, or we can follow the 

Table 8-3. Development of civil and natural rights in American and Westem 
culture. Modified from Nash 1989. 

Civil or natural group 

Israelite tribesmen 
English lords 
European American men 
Livestock 
African Americans 
European American women 
Native Americans 
African Americans 
Endangered plant and animal species 
Natural Ecowstems 

Enabling legislation or doctrine 

Ten Commandments (2500 BP) 

Magna Carta (1216) 

Declaration of Independence (1776) 

Marlins Act (1822) 

Emancipation Proclamation (1863) 

Nineteenth Amendment (1920) 

Indian Ciienship Act (1924) 

Civil Rights A d  (1964) 

Endangered Species Act (1973) 

??? 
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heavily trodden path that has emanated from western 
Europe and crossed this continent in a little over 500 
years. We can lead the United States to a new 
consciousness (just as we have with air and water 
quality criteria, land-use planning, and recycling), or 
we can hope that the same institutional and ethical 
approaches that led us into our current resource 
crises can extricate us. We can choose a lifestyle that 
includes salmon and the ecosystems that suppon 
them. or we can continue to extirpate them both. 
Because we still have wild salmon, we still have a 
chance to save them. Because those salmon occupy 
an imponant position in our regional culture and 
thinking, range throughout the region, and are 
affected by nearly everything we do with the lands 
and wateks, more than any other symbol they may 
force us to rethink the wisdom of our current culture. 

This is not a new dilemma; it is as old as 
civilization. "How did civilized man despoil his 
environment? He cut or burned the timber from the 
hillsides and valleys, he overgrazed and denuded the 
grasslands with his livestock, he killed most of the 
wildlife, fish, and oiher aquatic life. he allowed his 
farm topsoil to erode and clog his waterways, he 
wasted the easily mined minerals, then his 
civilization declined or he moved it elsewhere " 
(Dale and Caner 1955). Since we cannot move 
elsewhere, we can either change our minds or watch 
the steady degradation of our resources and quality of 
life. The decisions we make over the next few years 
will govern the world we and our progeny inherit. 
Education is one key way in which we can begin to 
include present and future citizens in the 
decision-making process. 

8.11 Summary and Implications for 
Salmonids 

Because the health of native salmonid 
populations and the condition of their habitats are 
inextricably linked to so many aspects of resource 
extraction and use, protection and long-term recovery 
of these fish will require fundamental changes in 
management practices at many levels-improving 
fishery management and fish stocking practices, 
modifying land- and water-use practices, and 
ultimately addressing the root cultural aspects that 
drive the demand for natural resources. 
Fundamentally, effective management systems for 
improving salmonids and their habitats are those that, 
to the greatest degree possible, minimize disruption 
of natural ecological processes and mimic the extent 
and frequency of natural disturbance. Wild native 
fish assemblages should be encouraged to replace 
non-native stocks and species. Modification of fish 
harvest practices (e.g., reduced harvest levels, 
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terminal fisheries, gear and angling restrictions) can 
help ensure adequate recruitment of spawners and 
minimize other ecological effects of harvesting (e.g., 
size selectivity, loss of nutrient inputs to streams 
from carcasses). Maintenance and re-establishment of 
natural channels and floodplain processes can be 
attained through active removal of h u m s  structures. 
such as dams and levees, and by returning streams to 
more natural flow regimes. 

Channels, riparian areas, and floodplains are 
unlikely to recover without modifying land-use 
systems to,some degree, both in riparian and upland 
areas. Regardless of the land-use type, most impacts 
on salmonid habitats relate to the removal of 
vegetation and disturbance to soils, which lead to 
changes in the rate of delivery of water, sediment, 
organic debris, and nutrients to streams. Practices 
that limit the areal extent, frequency, and intensity of 
disturbance are likely to have the least impact on 
salmonid habitats. Impacts of forest practices can be. 
substantially reduce by careful layout of harvest 
units, roads, and skid trails. Those practices that 
mimic the extent and frequency of deforestation from 
natural disturbances, such as fire, are most likely to 
suppon the hydrological and geomorphological 
processes that sustain healthy channels and riparian 
systems. Onrangelands, livestock numbers, 
composition, and distribution, as well as the timing 
and duration of grazing, can all be controlled to 
ensure adequate vegetation remains on site to 
minimize erosion and hydrologic changes. Marked 
improvements in riparian vegetation and instream 
habitat conditions can be achieved by excluding cattle 
from the riparian zone, or by carefully controlling 
the timing and intensity of grazing. Increased 
amounts of permanent vegetative cover are also 
needed on agricultural lands to keep soil and 
chemicals out of streams. Mined areas can be 
restored to natural contours and vegetative cover, and 
contamination of streams with mining effluents can 
be reduced with containment and treatment. Urban 
land can be restricted from expanding into relatively 
undisturbed systems through zoning and higher- 
density housing. 

Salmonids arc also likely to benefit from 
increased planning at the regional level. To an 
increasing degree, State and Federal resource 
management agencies are developing cooperative 
programs for salmonidconservation and restoration; 
this coordination of effon is essential for addressing 
conservation at the watershed, bakin, and region 
levels. And fmally, conservation of salmonids 
fundamentally comes down to h e  behavior and 
actions of individual citizens. Simpler, less 
consumptive lifestyles and lower reproduction rates 
lead to reduced demand for resources, the extraction 
of which directly or indirectly affects salmonid 
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habitats. Residents of the Pacific Northwest are 
revealing increased'concern with the survival of 
salmon and the goals of our civilization. 
Communities in the region can conuol their futures 
by establishing management systems based on a 
vision of desirable communities, landscape condition, 
and fish and wildlife populations-or they can allow 
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continued unrestrained development at the expense of 
aquatic ecosystems and the salmonids chey support. 
Already the landscape of the region has changed 
markedly. This trajectory can be reversed or 
accelerated only by the aggregate desires of its 
citizens. Humans are the critical variable in 
ecosystem management. -
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9 Relevant Federal Laws for Protecting and Restoring Salmonid 
Ecosystems on Nonfederal Lands 

I! 

1 


\ 

1 

i 

Three bodies of Federal l=w are most often cited 
in reference to the protection and restoration of 
salmonids and their habitats. The Clean Water Act 
(CW.'4) codon ly  refers to a group of laws intended 
to protect the quality and biological integrity of the 
Nation's'waters (codified as 33 USC 1251 et seq. 
and 33 USC 1311 er seq. are the An itself [CWA, 
PL 92-500 19721 also known as the Federal Water 
Pollution Control Act [FWPCA 19481 as amended by 
CWA [PL 92-500 1972 and PL 95-217 19771, and 
the Water Quality Act [WQA, PL 100-4 19871). The 
National Environmental Policy Act (NEPA, codified 
as 42 USC 4321 er seq.. passed as PL 91-190 1970, 
and its amendment the Pollution Prosecution Act 
[PPA, codified as 42 USC 4321, passed as PL 101- 
593 19901) as well as the Endangered Species Act 
(codified as 16 USC 1531 er seq., passed as PL 93- 
205 1973) addresses habitats and organisms. 

A fourth, less well known law, the Food Security 
Act (FSA, bound as 99 Star 1354, passed as PL 99- 
198 1985) seeks to discourage land uses in sensitive 
areas (i.e., erodible soils and wetlands) through 
controls on Federal assistance programs. The goals 
and certain sections of these Federal laws that 
explicitly pertain to Federal and nonfederal 
landownem are discussed in the sections that follow. 
Consequently, this chapter provides only a brief 
overview of these laws; an exhaustive review of their 
effectiveness in protecting and restoring salmonids 
exceeds the scope of this document. 

9.1 Clean Water Act (CWA) 
The goals and policy of the CWA are to restore 

and maintain the chemical, physical, and biological 
integrity'of the Nation's waters; to eliminate the 
discharge of pollutants into waters; to attain water 
quality that provides for the protection and 
propagation of fish, shellfish, and wildlife; and to 
develop and implement area-wide waste treatment 
management to control pollutant sources. 

Several sections of the CWA pertain to habitat 
restoration. Section 2 requires Stata to identify areas 
with substantial water quality control problems ($5 2, 
31, 32, 33(a), 34 of the CWA; 8 35 of FWPCA; $5 
101(d) and 101(e) of WQA [codified as 33 USC 
1288])*. Afier consulting with local governments and 
contiguous States, States shall develop effective area- 
wide waste management plans for all wastes in the 
area. The plans shall identify and set forth controls 
for municipal, indusnial, agricultural, silvicultural. 
and mining wastes to protect ground- and surface- 
water quality. The first sentence of Section 303 
(WQA, codified as 33 USC 1311) directs States t~ 
promulgate water quality standards that protect fish 
and wildlife. It also obligates States to estimate total 
maximum daily loads for pollutants to assure 
protection of balanced indigenous populations of fish, 
shellfish, and wildlife. The WQA defines pollution as 
the man-induced alteration of the ecological integrity 
of water. This section (33 USC 13 11) also addresses 
the illegality of pollutant discharges: "the discharge 
of any pollutant by any person shall be unlawful," 
and subject to penalties. Section 2 (CWA; 8 308(d) 
of WQA; 33 USC 1313) directs EPA to issue 
guidelimes for controlling pollution from agriculture, 
silviculture, mining, construction and hydrological 
modifications, and for restoring and maintaining 
ecological integrity in receiving waters. Section 2 
(CWA; 8 305 of WQA; $52  of FWPCA;33 USC 
1315) requires States to prepare biennial reports 
describiig the quality of all State waters; the degree 
to which those waters provide for the protection and 
propagation of balanced populations of shellfish, fish. 
and wildlife; and additional actions needed to achieve 
such objectives. F i l y ,  Senion 401 of the original 
1948 law (8 2 of CWA;$8 61@) and 64 of FWPCA; 
33 USC 1341) directs Federal permittees involved 
with activities resulting in a discharge to certify that 
the discharge will comply with water quality 
standards. 

2Agencies often refer to this section as "Section 208." a number derived from a version appearing as a 
committee print. See: U.S. Senate. 1977. Committee on Environment and Public Works. The Clean Water Act and 
Changes Made by the 1977Amendments. 95th Congress. 1st Session. Committee Print 95-12. p. 34-41, 
Washington, OC: U.S. Government Printing Office. The Agencies also refer to Sections 303. 304. 305. etc. from 
this committee print which became parts constituting Section 2 of CWA (33 USC 1251 et seq.). 
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The CWA has been relatively effective in 

reducing pollution from point-source indusnial and 
municipal discharges but has been much less effective 
in controlling nonpoint-source pollution, preventing 
cumulative effects on water quality, or protecting 
streams from habitat degradation unrelated to 
contamination (e.g., modification of hydrologic 
regimes, alteration of stream channels, introduction 
of non-native species) (lh1990; Doppelt et al. 
1993; Karr 1995). In this regard, the goal of the 
CWA of maintaining biological integrity of the 
Nation's surface waters has not been met (Hughes 
and Noss 1992). The 1987 amendments to the CWA 
contain stronger provisions for contmlling nonpoint- 
source pollution and place greater emphasis on 
protecting instream biological resources (Doppelt et 
al. 1993). In addition, EPA has begun a program to 
better protect aquatic biota. States have been directed 
to develop narrative biological criteria for streams, 
riven, lakes, wetlands, and marine ecosystems (EPA 
1990). Karr (1995) concluded that establishment of 
biological criteria (rather than solely chemical 
criteria) is essential for ensuring long-term protection 
of aquatic ecosystems. 

9.2 National Environmental Policy 

Act (NEPA) 


The National Environmental Policy Act (42 USC 
4321 et seq.) comprises two laws, the original NEPA 
(PL 91-190, passed in 1969 but dated 1970) and the 
Pollution Prosecution An (PL 101-593 1990). 
Section 2 of NEPA (42 USC 4321) declares its 
purposes: to declare a national policy that encourages 
harmony between humans and their environment, 
reduces environmental damage, and improves 
understanding of ecological systems. NEPA 
recognizes the impact of human activity on the 
natural environment, particularly the profound 
influences of population growth. urbanization. 
industrialization, resource exploitation, and 
rechnolcgy (5 101; 42 USC 4331). The Federal 
government is responsible for coordinating Federal 
programs to assist each generation of the Nation to 
act as rrustees for future generations, preserve a 
diverse environment and important nanual aspects of 
our national heritage, and maximize the recycliing of 
depletable resources. This policy section also 
recognizes the rights and responsibilities of each 
person to enjoy, preserve, and enhance the 
environment. 

Section 102 of NEPA (42 USC 4332) requires all 
Federal agencies to administer laws and regulations 
in accord with the above policies and to give 
appropriate consideration to unquantified 
environmental amenities. For major Federal actions 
and legislation, all Federal agencies are obligated to 
provide a detailed statement on the environmental 
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impact of the proposed action or legislation. any 
unavoidable adverse environmental effects, and 
alternatives. The agencies are also requircd to use 
ecological information in resource planning and 
development projects and to make information 
available to nonfederal institutions for restoring and 
maintaining environmental quality. In 1978, the 
Council on Environmental Quality published 
regulations to implement NEPA (40 CFR 4321 et 
reg. 1969, 1970). These ngulations, among other 
things, require environmental aoalyses to consider 
cumulative effects, which are d e f d  as "the impact 
on the environment which results from the 
incmnental impact of an action when added with 
other past, pment, and reasonably foreseeable future 
actions regardless of what agency (Federal or 
nonfederal) or persons undertakes such other 
actions." (Beschta et al. 1995). Judicial interpretation 
of the cumulative- effects language of NEPA has 
determined that agencies must consider impacts 
resulting from both Federal and private actions in 
determining cumulative effects within the area of a 
proposed action (Doppelt et al. 1993). 

Because NEPA requires the analysis of 
cumulative effects, the Act has pushed the agencies 
toward watershed-level (or broader) assessment of 
environmental impacts (Doppelt et al. 1993). which 
should foster greater protection of aquatic 
ecosystems. However. the Act does not guarantee 
that environmental impacts of an action will be 
avoided or mitigated. It only requires that alternatives 
to the action be considered, that a thorough analysis 
of the expected environmental impacts associated 
with each alternative be performed, and that these 
impacts be disclosed to the public. Final decisions do 
not require that the identified impacts be avoided, 
thus environmental degradation can still occur. In 
addition, alternatives sometimes differ little from one 
another or are selected for political rather than 
ecological reasons. F i l y ,  NEPA is usually directed 
toward individual projects rather than toward far- 
reaching policies. In particular, the Act has not been 
used to develop coordiited economic, ethical, or 
population policies that ultimately govern 
environmental quality. 

9.3 Endangered Species Act (ESA) 
Congress found that various species have become 

extinct in this country as a result of economic growth 
or development and that those same forces threaten 
or endanger other species. Section 2 (16 USC 1531) 
of ESA states its purposes: "to provide a means 
whereby the ecosystems upon which threatened and 
endangered species depend may be conserved and to 
provide a program for the conservation of such 
endangered species and threatened species.. . ." The 
final purpose is to honor the Nation's environmental 
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treaties and wnventions. Moreover, ESA explicitly 
describes two policies: all Federal agencies arc to 
seek conservation of listed species and to cooperate 
with nonfederal agencies in resolving water resource 
issues in concert with the conservation of endangered 
species. Six sections are especially pertinent to the 
protection and restoration of salmonids and their 
ecosystems. 

Section 3 (16 USC 1532) defines several terms in 
use throughout the Act. Critical habitat includes all 
areas occupied by the species as well as unoccupied 
areas essential for species conservation. A species 
includes subspecies and distinct population segments 
that interbreed when mature (e.g., salmon stocks). 
Take includes harassment, harm. pursuit, trapping, 
collectipg, capture, or any attempt to do so. 
Harassment has been further defined to mean the 
intentional or negligent act or omission that 
significantly disrupts normal behavior patterns of the 
endangered or threatened species. Harm can include 
activities that result in significant environmental 
modification or degradation of the habitat of an 
endangered or threatened species. 

Section 4 (16 USC 16 1533) describes the listing 
process. A petitioned species may be listed as 
endangered or threatened because of present or 
threatened modifications to its habitat or range, 
overexploitation, disease, predation, or other factors. 
Within 90 days of receiving a petition, the agency 
must publish whether such an action may be 
warranted. If so, a status review begins, and within 
12 months of the petition the agency must publish its 
decision. Those species most likely to conflict with 
economic activities are prioritized for listing, which 
is based solely on the best scientific data available. 
Negative findings are subject to judicial review. If 
listed, the agency issues recovery plans and 
regulations to conserve the species and prohibit take 
or violations of the regulations. Recovery plans 
include critical habitat designations (that include 
consideration of the economic impact of the listing), 
necessary management actions, and objective 
measurable criteria for assessing status and trends for 
at least five years. 

The remaining four sections involve 
implementation of recovery plans. Maximum 
cooperation with States is encouraged by Section 6 
(16 USC 1535). Section 7 (16 USC 1536) obligates 
all Federal agencies to d i e  placing listed 
species in further jeopardy and to biological 
assessments. Section 9 (16 USC 1538) makes it 
unlawful to take, possess, or violate any regulation 
pertaining to a listed species without a permit. 
Section 10 (16 USC 1539) outlines permit conditions. 
Otherwise prohibited acts are permitted for scientific 
purposes, to enhance species persistence, or if take is 
incidental to lawful activity. Issuance of such a 

permit requires a conservation plan that specifics 
likely impacts, steps and funding to mitigate such 
impacts, reasons alternative actions are not taken, 
evidence that the taking will not reduce species 
persistence and recovery, and responses to other 
requirements of the agency. The agency may also 
allow permits for a year or less if human subsistence 
or substantial economic losses are imminent. All 
permits are subject to public hearings. 

The ESA has been one of the Nation's most 
powerful conservation acts. However, although the 
language of ESA emphasizes protection of habitats 
and ecosystems, the Act has not been interpreted to 
ensure proactive land management. Species listings 
generally occur after populations have substantially 
declined and their habitats have been greatly altered 
or degraded (Doppelt et al. 1993). Consequently, by 
the time a species is listed, options for recovery are 
often limited. and the costs associated with 
restoration may be high. In addition, ESA does not 
require review of projects that endanger entire 
ecosystems (ICarr 1990). And finally, few species 
that have been listed under the Act have recovered 
suff~ciently to be delisted: for example, "not a single 
fish w m t e d  removal from the (American Fisheries 
Society) list because of successful recovery efforts" 
(Williams et al. 1989). n u s ,  while ESA has been 
useful in curbing losses of listed species and their 
habitat, the Act by itself is not likely to prevent 
general habitat degradation and additional species 
listings. Doppelt et al. (1993) provide a more 
thorough discussion of the benefits and shortcomings 
of ESA in protecting aquatic ecosystems. 

9.4 Food Security Act (FSA) 
A fourth law is especially relevant to private 

landowners. Within the Food k u i t y  Act (bound as 
99 Stat 135, passed as PL 99-198 1985). Title 
XII-Conservation contains two subtitles that directly 
affect nonfederal landowners. Subtitle A-Highly 
Erodible Land Conservation ($3 1211-1213) 
stipulates that any person who in any crop year 
produces a crop on highly erodible land shall be 
ineligible for any type of price support, payment, 
loan, crop insurance, or disaster payment. 
Exemptions to this section are granted only to 
persons actively applying conservation plans 
approved by the local soil conservation Giuict. 
Subtitle B--Welland Conservation ( $ 5  1221-1223) 
states that any person who in any crop year produces 
crops on convened wetlands shall be ineligible for 
any type of price suppon, payment, loan, crop 
insurance, disaster or payment. Landowners contract 
with the U.S. Department of Agriculture to 
implement a conservation plan, conven the land to its 
planned use, and agree not to conduct any 
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harvesting, grazing, or wee planting unless allowed 
in the conuact. This law provides incentives for 
farmers, ranchers, and silvifulturalists to conserve 
riparian areas and wetlands-essential components of 
salmonid habits-to continue receiving Federal 
subsidies. 

9.5 Summary and Conclusions 
Three circumstances justify examining Federal 

laws in this technical foundation document. First, 
certain laws require decisions to be made based on 
scientific information or scientific research. Second, 
other laws mandate technical standards or scientific 
guidelines that must be met. Third. the laws outline 
management strategies that require scientific 
information or data to make decisions. Scientific 
knowledge can be incorporated into regulations 
pursuant to law or the law itself; however, if the 
scientific basis is not understood or is controversial, 
committees or commissions can serve formally to 
assess applicable state-of-the-science. 

In addition to the body of law presented here, 
other Federal laws explicitly extend Federal help to 

nonfederal, private landowners. One example is the 
Forest Stewardship Act (PL 102-574 1992, codified 
as 16 USC 2101). an amendment to the Federal 
Fomt  and Rangeland RenewableResources Planning 
Act (PL 94-588 1976, codified as 16 USC 1600 er 
seq.), which authorizes the Secretary of Agricul~re 
to assist States and local foresters in establishing a 
coordinated, cooperative stewardship program for 
management of nonfederal forest lands and "the 
improvement and maintenance of fish and wildlife 
habitat' (16 USC 2101[b][6]). 

Clean water law, NEPA, ESA, and FSA provide 
substantial Federal leadership and funds, including 
scientific infomation, to the States and local 
landownns to accomplish explicitly stated goals. 
These laws depend on scientific i n f o m i o n  to 
accomplish their objectives. Each act contains 
language linking human and ecological values, . 
recognizing that ecologically healthy, biologically 
diverse environments provide healthy physical and 
economic environments for people. -
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10 Monitoring Aquatic Ecosystems 


Despite the considerable effort and expense 
devoted to management of natural resources, 
including salmonids and their habitats, management 
activities rarely are accompanied by rigorous 
monitoring programs to determine whether plans are 
being implemented as designed andwhether they are 
having p e  desired effects. The periodic reappraisal 
of management activities-when information is 
gathered to assess progress towards management 
goals and to redefine those goals if necessary-forms 
the backbone of the "adaptive management" 
philosophy. Many researchen and institutions have 
called for increased monitoring of the effects of land 
management activities at spatial scales ranging from 
sites and watersheds to basins and regions ( K m  in 
press; FEMAT 1993; NRC 1992; GAO 1981. 1986). 

Although there are many k i d s  of monitoring, 
two types are central to a conservation strategy for 
salmonids: implementation (or compliice) 
monitoring and assessment (or effectiveness) 
monitoring. Implementation monitoring involves 
determining if standards, guidelines, or prescriptions 
of a particular plan or program are being followed. 
Assessment monitoring is intended to evaluate 
whether implementation of the plan or program is 
achieving management objectives. A review of these 
two types of monitoring is instructive of the pitfalls 
likely to befall implementation of a salmonid 
conservation strategy. 

10.1 Examples of Existina 
lrnplernent&ion (~omplia&e) 
Monitoring Programs 

With respect to salmonid conservation activities, 
the purpose of implementation monitoring is to 
determine if a landowner is correctly applying the 
standards, guidelines, or prescriptions designed to 
protect and restore aquatic and riparian ecosystems. 
Specific standards are likely to vary with the nature 
of the activity and the particular species of concern. 
Such standards might ensure maintenance of adequate 
riparian buffm, avoid sensitive hillslopes, conform 
roads to a watershed road plan, prescribe structures 
(e.g. fences, settling basins for sediments) be built to 
specifications. and verify elements of a watershed 
analysis. Monitoring for compliance with conditions 
identified in these plans could involve remote sensing 

of the management activity as well as site visits. Part 
I1 of this document provides a detailed discussion of 
elements likely to be included in a habitat 
conservation plan, as well as a suggested approach 
for compliance monitoring. 

There are at least four Federally mandated, State- 
implemented, compliance-monitoring programs that 
provide insights into the development and 
implementation of sound monitoring for salmonid 
conservation practices. These are the Environmental 
Protection Agency's (EPA) National Pollution 
Discharge Elimination System (NPDES), the U.S. 
Army Corps of Engineer's Section 404 wetland 
mitigation and permitting program (WMPP), the 
Forest Services's (FS) Best Management Practices 
program (BMP), and the EPA's Rural Clean Waters 
Program (RCWP). Each of these programs has 
recently been reviewed and limitations identified. 

NPDES is a permitting process for regulating 
emissions of pollutants from point-source facilities. 
The NPDES process requires monitoring pollutants 
characteristic of the particular type of discharge. This 
means that few facilities monitor the same 
constituents. An examination of chemistry data 
available from industries discharging waste into the 
Willamem River. Oregon, found that no quality 
assurance information (blanks, replicates, calibration 
standards, reference standards) was provided, which 
prevented quantitative assessment of data quality (TT 
1992). Detection limits occasionally were not 
reported. Other problems included inconsistent 
permit requirements, variables, analytical techniques. 
and reporting units, as well as a lack of an electronic 
database. Such data, whether from point or diffuse 
sources, have poor utility for quantitative evaluations 
of the degree to which dischargers treat effluent. 

WMPP is an outgrowth of the Clean Water Act 
requiring mitigation for "unavoidable" wetland 
desuuction by construction of a new wetland of 
similar size and type to ensure no net loss of 
wetlands. The WMPP's of several States were 
evaluated by a group of collaborators, namely, Gwin 
and Kentula (1990), Gwin el al. (1991), Holland and 
Kentula (1992). Kentula et al. (1992). and Sifneos el 
al. (1992a. 1992b). These researchers concluded rhat 
1) objectives of created wetlands are frequently 
unclear; 2) project plans often indicate unfamiliarity 
with the literature and past failures as well as poor 
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understanding of the surrounding landscape; 3) 
projects are rarely designed or constructed as 
required in the permits; 4) data collection and storage 
are generally inadequate for effectively assessing 
compliance (panicularly for area affected, vegetation, 
and hydrology), and 5) implementation monitoring is 
insufficient. They called for staffig by professional 
ecologists, specifying objectives and numerical 
criteria, increased monitoring and verification at all 
project phases, and computerized databases. They 
added that monitoring should be sufficient to 
determine compliance with specific permit 
requirements, as well as to evaluate the effectiveness 
of the project in restoring wetland elements and 
processes (assessment monitoring). Area-wide reports 
on panerns and trends in implementation should be 
regularly produced. 

The Forest Service's best management practices 
(BMPs) are intended to restore and protect streams 
by facilitating natural riparian vegetation condition 
and slowing sediment delivery. BMPs were evaluated 
for the Clearwater National Forest in Idaho by 
Rhodes et al. (1994). who found that the guidelines 
were too general to be effectively implemented and 
evaluated, and they often were contradictory. 
Moreover, guidelines were not framed within an 
ecosystem or watershed approach. The 1976 forest 
plans also lacked an ecological context as did the 
models fmm which they were generated. Unrealistic 
timber targets and recovery assumptions resulted. 
Similarly, the modeled trends for road recovery, 
sediment delivery, and substrate sedimentation did 
not agree with observed conditions either before or 
after the treatments. Rhodes et al. found, therefore, 
that the models only gave the illusion of rigor. 
Riparian timber harvest schedules were violated, 
partly because the extent of riparian areas was 
underestimated. Water quality standards were 
considered too obtuse to be usefully assessed and too 
permissive to protect fishery resources. Post-harven 
timber recovery was assumed, but inadequately 
monitored because of the subjective, qualitative, and 
cryptic nature of the data. In addition, criteria were 
lacking altogether for monitoring and assessing 
watershed condition, fish habitat, and fish 
populations (assessment monitoring issues). The 
FEMAT (1993) and PACFISH (FS and BLM 1994a) 
standards and guidelines were wrinen to correct 
many of these shoncomings. 

The Rural Clean Water Program was a Federally 
cost-shared nonpoint source pollution control effort to 
improve water quality in 21 watersheds across the 
country. Projects included Tillamwk Bay. Oregon, 
and Rock Creek, Idaho, and all involved U.S. 
Department of Agriculture and EPA participation 
together with State and local coordiiation and 
monitoring. In their evaluation of the program, Gale 
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et al. (1993) list several lessons relevant to 
compliance monitoring. A thorough program 
evaluation by technical expens should be planned. 
funded, and scheduled at its initiation. Technical 
assistance, workshops, and periodic onsite 
evaluations should be included. Standardi i ,  
s u d m e d ,  annual, and f d  reports of activities 
and areas affected should be required. At the 
beginning, specific and measurable objectives must 
be set at the watershed level by nprescntatives from 
the comrnuniry and project agencies. These objectives 
should reflect desired outcomes but allow 
modification with increased knowledge. A 
computerized database, aerial photographs, and 
geographic information system are effective tools for 
tracking and reporting on project implemmtation, but 
regular visits to landowners reduce the number of 
misunderstandings. 

The above examples suggest that a successful 
implementation monitoring program should consist of 
several key elements. Foremost, implementation 
monitoring programs must be adequately funded and 
staffed by ecologists with experience in 
geomorphology, hydrology, soils, vegetation ecology, 
fisheries ecology, database management and GIs, and 
geography. Specific objectives, project specifications. 
and tracking criteria must be included in plan: .i

' remote sensing and periodic site visits are esse- 
Information will be most useful if it is entered into a 
coqw.er darabase, using smdazd'lzed str&ined 
forms. portable data recorders, or both. Periodic 
status and trend reports should be produced and the 
program should be technically re-evaluated every few 
years. The NRC (1992) concluded that many 
restoration projects faiied because project 
specifications were ignored, insufficient ecological 
knowledge was incorporated in the planning and 
installation, specific objectives and criteria for 
tracking and redirection were lacking, and prc- and 
post-evaluations were omined. 

10.2 Examples of Existing 
Assessment (Effectiveness) 
Monitoring Programs 

The purpose of assessment monitoring relative to 
salmonid conservation planning is to determine the 
degree to which permit compliance results in 
maintaining or improving habitat conditions and 
salmonid populations. 11 is essential that this 
co~~nectionbe made because the goals of habitat 
conservation plans are to protect and restore 
saimonids. As witb implementation monitoring. much 
can be learned from the strengths and weaknesses of 
other assessment monitoring programs. 

Both State and Federal agencies currently conduct 
assessment monitoring programs for forestry, 
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fishery, and other water resources. Many 
management activities, however, are not monitored at 
all. For example, Frissell and Nawa (1992) indicated 
that large numbers of anificial habitat structures have 
been placed in Pacific Nonhwest streams without any 
serious monitoring program to evaluate their 
efficacy. There are no systematic State or multistate 
monitoring programs in place at present: 
consequently, monitoring results only have 
site-specific or basin-level applicability at best. 

The States of Idaho. Oregon, and Washington all 
have programs and written protocols for monitoring 
salrnonids, salmonid habitats, water quality, and 
benthos (Table 10-1). Only one California protocol 
was located, so knowledge of that State's methods is 
incomp\ete. There is considerable comparability in 
parameters and methods among the States of EPA 
Region X (Idaho, Oregon. Washington). This is 
largely a result of three parallel developments. 
Biologists from the water quality agencies began 
working in 1990 to develop and test a common set of 
bioassessment and physical habitat protocols, 
culminating in publication of the biological 
monitoring handbook of EPA's Region X (Hayslip 
1993). In addition, California, Oregon. and 
Washington are conducting regional EMAP (EPA's 
Environmental Monitoring and Assessment Program) 
surveys that use common field protocols. State 
fishery agencies in Oregon and Washington have also 
developed comparable modifications of Hankin and 
Reeves' (1988) methodology through cooperative 
work with the Forest Service (FS), Bureau of Land 
Management (BLM), and Washington's Timber. Fish 
and Wildlife program. In addition. Oregon has 
conducted since 1990 a stratified, random-sampling 
survey of the spawning habitat of who salmon in 
coastal streams (Jacobs and Cooney 1993). 

Several Federal agencies have begun assessment 
monitoring programs for streams in the region. The 
Geological Survey characterizes basins, segments, 
and reaches through a subjective site selection 
process and on a nine-year rotation. The FS and 
BLM inventory wadeable streams with a projected 
return interval of ten years, but the watershed 
selection is subjective. The National Biological 
Service (NBS) aggregates available biological data 
and published information to produce periodic 
repons. The EPA has initiated regional stream 
monitoring based on a statistical sampling survey 
design, a four-year retum interval, annual sampliig, 
and annual revisits to a subset of sites. 

At the monitoring-design level, several of these 
programs present serious shortcomings to assessment 
monitoring of Federal and nonfederal lands and 
waters as it relates to salmonid conservation. 
Subjective site selection precludes use of inferential 
statistics and extrapolation to unsampled sites, 
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making a regional or muitistate assessment 
impossible. Instead. the data are only applicable to 
the sites selected, and they are prone to selection 
biases and staristical incoasistency. In addition, 
retum intervals at the decadal scale hinder trend 
detection, which is a function of the rate of 
environmental change relative to the number of years 
the population is sampled. Stevens (19%). Larsen et 
al. (195'4, 1995), and references cited therein provide 
funher explanation of these issues. Aggregations of 
available data, such as those of the NBS, suffer from 
the limitations of the sampliig designs from which 
they were produced (mostly subjective) as well as 
differing indicators and sampling methods. At best 
these aggregations produce qualitative information on 
site-specific conditions; they cannot be used for 
quantitative estimates of status or trends in aquatic 
ecosystems or biota. The inventory approach favored 
by the FS and BLM requires walking all stream 
reaches, and thus provides considerable site-specific 
information about each one. This level of effon is 
extremely expensive and time consuming; it is also 
more likely to employ qualitative indicators that are 
much less sensitive to trend detection than 
quantitative indicators. 

There is somewhat more consistency among the 
Federal monitoring programs at the reach scale. All 
three field programs use ten or more transects 
selected in a randomized systematic manner from 
which samples are taken. In addition, common 
indicators are used. but these differ in rigor (Table 
10-2). Each program has its strengths ,and 
weaknesses, but greater quantification and increased 
completeness of indicators raises the likelihood of 
accurate and precise assessments of status and trends. 

There is a clear need for all Federal and 
nonfederal institutions that are monitoring salmonid 
ecosystems to adopt a common sampling design, 
indicators, and sampling protocol. hdicators should 
be based on quantitative measurements to the greatest 
degree possible to reduce measurement variance and 
to pmvide early detection of trends. Probability-based 
(e.g.. randomized systematic) sampling designs 
should be implemented to facilitate regional or 
basm-level population estimates, and to ensure data 
are collected in the most cost-efficient manner. 

10.3 Sampling Design Considerations 
As noted above, temporal and spatial trends in 

the condition of aquatic ecosystems can be most 
effectively assessed using a systematic, randomized 
samplig design. Several recent studies document the 
efficiency of random sampling compared with 
subjective sampling of aquatic systems. Landers et 
al. (personal communication) demonstrated that 
results from subjectively chosen sites differ from 
those obtained from randomly selected sites. They 
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Table 10-1. Monitoring parameters of Pacilic Northwest States' 

Parameters California Idaho Oregon WaJhhgton 
Temperature (recording) .' .' .' .' 

Dissolved oxygen .' .' .' .' 

Conductivity J .' .' .' 

pH .' .' .' .' 
Statistical sampling design (sitelstation) Jl.' I.' /I/ .'I/ 

Qualitative 

Percent fines .' .' .' 

Embeddedness 

Fish cover 

Velocityldepth 

Channel shape 

PooVrifRe 

WidthJdepth 

Bank stability 

Bank vegetation 

Riparian buffer ' 

Stream disturbance .' .' .' 

Pool character .' / .' 

Winter refugia 

Canopy cover 

Streamhalley type 

Channel sinuostty 

Habaat units 

Quantitative 

Discharge 

Depth and widths .' .' .' .' 

Gradient .' .' .' 

Bottom substrate .' .' .' .' 
Large wood .' .' .' 

Residual pool depth 

Insolation 

Canopy closure (densiometer) 

Bank character 

Benthos (quantitative) 

Salmonid spawning .' .' ." .' 

Fish (quantitative) .' .' .' .' 

Reference sites (regional) .' .' .' 

From Ralph (1990), Burton et al. (1991), Cowley (1992), Chandler et al. (1993). Clark and Maret (1993). 
Hayslip (1993). MSG (1993). Runyon (1994). Schuett-Hames and Pess (1994). and Schuen-Hames and 
Pleus (1 994). 
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Table 10-2. Reach-level monitoring parameters of Federal Programs in the Pacific Northwest' 

Forest Service1 U.S. Environrnenfal 
Parameters Bureau of Land 

Management 
Protection Agency 

(EMAP) 
U.S. Geological 

Survey (NAWQA) 

Statistical sampling design (sitelsta(ion) N .'I.' 

Regional reference condition .' .' 
Algae (opHonaVcore) .'I N 
Benthos (optionaVcore) /I I.' I.' 

Fish assemblage (opllonaVwre) /I Nt N 
Salmonid spawning (optiona~cok) .'I /I 
Riparian birr4 assemblage (optionaVcore) .'I 
Microbial respiration (optionavwre) .'I 

' Major qtions and anions (quantitative) .' 
Nutrients (quantitative) .' .' 
iron and manganese (quantitative) .' / 
Turbidity and color (quantitative) .' .' 
pH and condudivity (quantilative) .' .' -
Dissolved oxygen(quantitative) .' .' 
Temperature (quantitative) .' .' .' 
Depth and wtdth 
(quantitathrelquaiitativa) 

.' /I .'I 

Habitat type (quantiit'welqualiiative) .' I.' N 
Large woody debris 
(q~ant'it iN0lq~ali1ivs) 

.' .'I 

Fine sediment .'I 
(quantiitivelqualitative) 

Bank height (quantitakelqualilative) .'I .'I 
incision (quantitat~elqualitive) .' .'I 

Undercut (quantitativelqualiti~e) / ,'I /I 

Gradient (sitelmap) .' '1 
Sinuosity (quanUtativeIqualit'ive) /I 

Aspect (quantiitivelqualitative) .' /I 
Canopy cover (quantitativelqualitiue) N .'I 

Substrate size (quantitativelqualitative) N N I.' 

Embeddedness (quantitat~elqualitive) .' I.' I.' 

Riparian vegetation structure N I/ N 
(quantitaHve1qualitative) 

Fish wver (quantitati~elqualitive) N I/ N 

Human disturban- 1.' .'I 
(quantitati~e~qua~iike). 
Discharge (quantitativelqualiative) N . .'I .'I 

Floodplain width (quantitakelqualit~e) I/ N .'I 

Bank erosion (quant'it'welqualiti~e) .' N 
Channel type (quantitakelqualitative) I.' N 

Thalweg profile (quantiitivelqualitative) .'I 

Person hourslmile (regionhite) 3MV10 0.012M5160 3Mn150 

From Piatts et al. (1987). Cuffney et ai. (1993). Doiloff et al. (1993). Gum (1993), Hughes (1993). fflemm and Lazorchak 
(1993). Meador et al. (1993a). Meador et al. (1993b). FS (1993b), and Hayslip et ai. (1994). 

t includes amphibians. 
$ Assumes 300.000 stream miles in region. 

Assumes a random sample of 400 sites. 
n Assumes applicauon of methods to ail stream miles. 
5 
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also indicate that subjectively chosen sites can be 
highly unrepresentative of ecoregions. Larsen (1995) 
showed that 200 random sites provide the same 
statewide and ecoregional Index of Biological 
Integrity (IBI) scores as 7000 subjective sites used by 
Ohio EPA. Paulsen et al. (personal communication) 
reported that random samples provide significantly 
different results than subjective site selection in State, 
multistate, and national surveys with the probability 
design indicating markedly greater environmental 
impact in all cases. 

A second reason for a randomized regional 
sample survey is that current monitoring hiders 
regional evaluations of ecosystem conditions. For 
example, Henjum et al. (1994) found that current 
data collections are inconsistent and inadequately 
synthesized, which precludes comprehensive status- 
and-trend assessments. They recommended that the , 
Federal government establish a comprehensive, 
quantitative biological monitoring program for the 
region because of the absence of a sufficient 
database. They also urged that the program be 
founded on an appropriate sampling design for 
tracking ecological condition and trends. 

10.4 Biological Indicators 
Although there has been a perception that 

biological indicators are both excessively costly to 
sample and too variable to allow detection of status 
and trends. recent studies have found the opposite 
(EPA 1987, 1990; Plafkin et al 1989; Rhodes et al. 
1994). Adler (1995) described the legal basis for 
biological criteria and analyses, and suggested 
applications for them in water programs. Biological 
assessments are most useful for detecting the severity 
of aquatic life impairments and the effectiveness of 
management actions. Bioindicators, bioassessments, 
and biocriteria are essential to the assessment of 
salmonid ecosystems. particularly when coupled with 
the use of abiotic indicaton, which aid in diagnosing 
probable causes of deterioration or improvement 
(Paulsen and Linthurst 1994; Mitchell 1995). 
Bioindicators are especially useful and reliable when 
based on biomonitoring of multiple assemblages and 
when the data are evaluated through use of multiple 
metrics that incorporate both assemblage elements 
and processes (Fausch et al. 1990; Km 1994; 
Barbour et al. 1995. Yoda and Rankin 1995). In the 
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case of habitat wnservation plans, biological 
monitoring, especially salmonid monitoring, also 
represents validation monitoring-it is the essential 
step in determining whether proposed habitat and 
management changes actually produce improvements 
in salmonid populations. Whatever the purpose, 
useful bioassessments must incorporate clear 
objectives, effective sampling and databse 
management, and careful data analysis and 
interpretation. 

Currently in the United States, three States use 
biocriteria in regulations and 23 States are using 
them in water resource management: all five States 
supporting natural runs of Pacitic salmon are using 
or developing biological criteria (Southerland and 
Stribling 1995). In a study of the value of numerical 
versus narrative biological criteria at 400 stream 
sites, Ohio EPA found that 61% attained and 9% did 
not attain narrative criteria, while 34% anained and 
44% did not attain numerical criteria (Yoder 1991). 
Clearly, increased rigor in sampling designs and 
methods, indicators, and analytical techniques 
produces greater precision, accuracy, and 
discnminatory power (Ohio EPA 1992). 

10.5 Summary 
We believe that successful salmonid 

conservation will be directly related to the human and 
fiscal resources invested in a rigorous monitoring 
program. Examples from wetland mitigation. forest 
plans. point-source discharges, and rural best 
management plans reveal many shortcomings in ' 
existing implementation monitoring. All four 
programs demonstrate insufficiently funded effons, 
inadequately mined staff, unclear objectives and 
criteria, insufficiently used remote sensing and site 
visits, and lack of computerized data systems. 
Typically, assessment monitoring programs lack 
statistical designs, quantitative indicators, periodic 
reports and reviews, and interprogram consistency as 
well as the shoncomings shown by the four 
implementation monitoring programs. If we are to 
conserve salmonids and their habitats, our 
management actions can be treated and evaluated just 
as experiments are, that is, with much more rigorous 
design and consistent data collection at a multistate 
scale. -
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11 Executive Summary: Part II  

Considerable effort is currently being devoted to 
the conservation and restoration of salmonids in the 
Pacific Northwest. Aquatic conservation strategies 
have been developed for all Federal lands in the 
region; however. no comparable strategies exist for 
protecting and restoring salmonid habitats on private 
lands. Nonfederal lands constitutes more than 50% of 
the total land area in the region, and many of the 
most historically productive streams and rivers flow 
through private lands; thus, these lands have a 
critical role to play in the recovery of salmonids. 

Part I1 of this document presents an ecosystem-
oriented approach to the planning and monitoring of 
salmonid habitat conservation effow on nonfederal 
lands in the Pacific Northwest. We focus on the 
effects of land- and water-use practices on sdmonids 
and their habitats and on how these impacts can be 
minimized through improved planning and 
management, but we recognize that other human 
activities significantly influence salmonid populations 
and must be addressed if salmonids are to persist 
over the long term. Thus, the recommmdatiods 
contained herein should be considered as one part of 
a larger, comprehensivestrategy to restore 
salmonids. 

This document provides a conceptual framework 
for organizing a regional conservation strategy, 
guidelines for monitoring habitat conservation plans 
(HCPs) and other conservation efforts, and criteria 
by which the Agencies can evaluate habitat 
conservation activities. Recommendations made in 
this document are intended as guidelines for 
.conservation planning, not formal requirements. Each 
planning situation is likely to be unique, and not all 
planning elements may be warranted in each case. 

We propose a hierarchical approach to the 
development and evaluation of HCPs and other 
conservation efforts, stressing the need for site- or 
watershed-level conservation effow to be developed 
and evaluated within the larger context of basin and 
regional conservation goals. We outline critical issues 
that should be addressed during HCP planning at the 
scales of region and basin, watersheds, and 
individual sites as well as specific elements that 
should be contained in HCPs and criteria for 
evaluating the potential effectiveness of HCP 
provisions where such criteria are supported by 

current scientific information. Strategies are proposed 
for monitoring the compliance and the effectiveness 
of conservation plans at levels ranging fmm specific 
sites to regions. Finally, issues related to the 
implementation of this consenration strategy are 
discussed. 

11.1 Ecological Goals of Salrnonid 
Conse~ation 

--termA restoration strategy to ensure the Ion, 
persistence of salmonids will be most effective if it is 
grounded in principles of watershed dynamics, 
ecosystem function, and conservation biology 
(reviewed in Pan I). We believe that five 
fundamental ecological goals should underlie 
salmonid conservation activities at all levels, from 
site-specific management prescriptions to watershed 
plans to regional recovery effow. These goals 
include 

Maintain and restore natural watershed processes 
that create habitat charaneristics favorable to 
salmonids. 

Maintain habitats required by salmonids during d l  
life stages-from embryos and alevins through 
adults-and maintain functional comdors linking 
these habitats. 

Maintain a well-dispersed network of highquality 
refugia to serve as centers of population 
expansion. 

Maintain connectivity between high-quality habitats 
to allow for reinvasion and population expansion 
as degraded systems recover. 

Maintain genetic diversity and integrity withii and 
among salmonid stocks and species. 

Activities that maintain and restore natural watershed 
and ecological processes, facilitate the expansion of 
refugia, enhance connectivity between refugia or 
from headwaters to the ocean, and allow full 
expression of the genetic potential of the species 
should be encouraged: those activities that do 
otherwise should be discouraged. 
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11.2 Planning Elements 
Ecosystem-oriented approaches to land and 

resource management are being recommended by 
scientists and the management agencies that oversee 
activities on public and private lands. Although the 
term "ecosystem management" has been defmed a 
number of different ways in the literature, the goal of 
preserving ecosystem integrity while deriving 
sustained benefits for human populations is common 
to most definitions. For Habitat Conservation Plans 
or other conservation agreements to succeed, it is 
imponam that they be developed and evaluated 
withim the context of larger ecosystem restoration 
strategies. In this regard, a broad specvum of issues 
should be addressed: site-specific impacts; cumulative 
effects of multiple activities (in space and time) 
throughout a watershed; the distribution and status of 
salmonid species or population segments at region. 
basin, watershed, and site levels; and the s w s  of 
other biota and resource values. 

Implementation of ecosystem-oriented approaches 
to land management requires a hierarchy of planning 
scales, including regions, basins or provinces, 
watersheds, and individual sites. Watershed analyses 
and site prescriptions that are the most likely 
components of conservation plans should be 
imbedded withiin analyses at larger spatial scales. 
This is critlcal for salmonid conservation efforts 
because 1) the distribution and environmental 
requirements of salmonids typically extend beyond 
watershed boundaries and 2) the spatial context 
within which a particular watershed lies is an 
imponant factor for evaluating the potential 
ecological effects of land management activities. In 
the remainder of this section, we identify what we 
believe to be key planning elements at various levels 
in the planning hierarchy that should be involved in 
the preparation and evaluation of HCPs or other 
conservation effons. 

11.2.1 Region and Basin (or Province) 
Levels 

A number of imponant issues and goals transcend 
watershed boundaries and thus cannot be 
satisfactorily addressed without basin-level and 
regional assessments. These include protecting 
aquatic biodiversity or ecosystems with unique 
physical or biological attributes; identifying and 
protecting threatened, endangered, or other at-risk 
species or stocks that may be adversely affected by 
the proposed activities; determining the role of the 
affected stream or watershed in fostering connectivity 
between existing refugia (e.g., Federal key 
watersheds, salmon core or source areas, aquatic 
diversity areas); maintaining proper function of 
migration corridors used by anadromous salmonids 

and enabling dispersion of resident species; assessing 
the current and historic potential of the affected area 
to produce salmonids and the potential for restoration 
if degraded; identifying the primary natural and 
anduopogenic strcssors presently occumng and 
projected to occur within the basin and determining if 
these will be exacerbated by the proposed activities; 
and assessing the potential for the proposed activities 
to affect estuarine environments into which 
anadromous salmonids enter. 

Three initial steps by the managing Agencies 
would facilitate attainment of these broader goals: 1) 
establishing a network of key watersheds on private 
lands to complement Federal key watersheds; 2 )  
adopting riparian protection standards for all riparian 
areas across the four-State area; and 3) delineating 
evolutionarily significant units (ESUs) for all species 
of anadromous and resident salmonids. The 
establishment of key watersheds is needed to ensure 
that regional conservation goals are not adversely -
affected by site- and watershed-level decisions on 
nonfederal lands. Protection of the riparian zone is 
essential for maintaining many stream processes. 
moderating the influence of upland management on 
aquatic systems, re-establishing connectivity between 
fragmented habitats and biotic refugia, and 
maintaining ecologically functional migration 
corridors linking headwater streams to the ocean. 
The delineation of ESUs is needed to clarify 
biodiversity objectives, which in turn should be 
considered when designating key watersheds. 

11.2.2 Watershed Level 
Watersheds with areas of approximately 20-200 

square miles are generally the most practical for . 

planning and analysis; it is at this level that linkages 
between physical and biological processes can be 
addressed most effectively. Watershed analysis serves 
several imponaut functions: 1) it offers a means of 
addressing cumulative effects of multiple activities 
within a watershed on ecological processes and 
aquatic habitats; 2)  it provides an assessment of 
current conditions within the watershed, which allows 
existing resource problems to be identified and future 
activities to be planned in a more ecologically sound 
manner; 3) it helps to identify specific portions of the 
watershed highly sensitive to human disturbances and 
allows prescriptions to be developed appropriately for 
the level of sensitivity; and 4) it provides information 
that helps to refme our understanding of physical and 
biological processes and how these vary across the 
landscape-information that can then be used to 
develop ecoregion- or basin-level standards or 
criteria. Watershed analysis can also help identify 
and prioritize habitat-restoration opportunities. 

We recommend that watershed analysis be a key 
component of conservation planning on nonfederal 
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lands. Conservation plans should, at a minimum, 
incorporate evaluations of how proposed activities 
will potentially affect hydrology (total water yield, 
peak flow, base flow, and seasonal timing), sediment 
transport (mass wasting and surface erosion), riparian 
functions (LWD recruitment, small organic litter 
inputs, stream shading, bank stabilization, and 
nutrient cycling), channel condition (bed morphology, 
substrate type, and' physical structure), and water 
quality (temperatures, dissolved oxygen, and 
pollutants). Watershed-level analyses should also be 
conducted to assess biological conditions in the 
watershed. including fish distributions, status, and 
habitat conditions. Although specific resource issues 
are discussed individually, conservation plans should 
strive to integrate various analyses because of the 
strong linkages among processes. 

Specifically, we recommend HCPs and other 
conservation agmments should contain the elements 
listed below. 

Conservation plans should include a strategy for 
preventing cumulative hydrologic effects within 
the watershed or  watersheds. Land- and water-
uses can substantially influence the amount and 
timing of water delivered to the stream channel, 
rcsulring in changes in total water yield, peak 
flows, summer base flows; and seasonal timing of 
flows. Conservation plans should specifically 
address each of these issues by minimizing the 
areal extent of vegetation disturbance, the area in 
hydrologically "immature" condition, and the 
areal extent of roads and other impervious 
surfaces. Provisions should be included for 
protecting summer-low flows and seasonal 
flushing flows, and for reducing imgation 
withdrawals where inadequate flows are of 
concern. 

Conservation plans should include a long-term 
plan for minimizing cumulative sediment 
delivery to streams. Land-use activities 
substantially alter the rate at which sediment is 
delivered to streams via both mass wasting and 
surface-erosion processes. Conservation plans 
should contain provisions to minimize or avoid 
land-use activities in areas susceptible to mass 
wasting and surface erosion as well as in riparian 
zones: minimize total mad density within the 
watershed, including Limited entry to madless 
areas; develop a road maintenance schedule to 
prevent and mitigate effects of sediment; and 
actively rehabilitate roads no longer in use, 
particularly those in riparian areas. Plans for 
minimizing impacts of sediment should be based 
on a thorough assessment of existing and potential 
erosion and mass wasting problems within the 

December 1996 

watershed, with the goal of identify areas within 
the watershed that are at high risk for erosion. 

Conservation pkms should include a 
comprehensive strategy for protecting riparian 
areas along all streams. Riparian vegetation 
provides shade and moderates stream 
temperatures, contributes large woody debris to 
stream, adds small organic matter to streams, 
stabilizes streambanks, controls sediment inputs 
from surface erosion, and regulates nutrient and 
pollutant inputs to streams. Removal of riparian 
vegetation diminishes each of these critical 
functions. All HCPs should establish riparian 
buffers designed to maintain the full array of 
ecological processes needed to create and 
maintain favorable conditions through time. 

Conservation plans should include a 
comprehensive strategy for maintaining water 
quality. High water quality is required by 
salmonids during all life stages and can be 
degraded by land-use and water-use activities. 
The goal of the water-quality plan should be to 
maintain temperature, dissolved, nutrients, and 
other dissolved materials (including toxic 
substances, where applicable) within the natural 
range of variability for the particular body of 
water and time of year. A thorough assessment of 
current conditions within the watershed is needed 
to develop this strategy. This assessment should 
seek to identify acute water quality problems 
within the watershed, identify specific factors that 
contribute to these problems, and compare current 
temperature regimes with reference conditions. 

Conservation plans should contain a watershed-
level strategy for minimizing the impact of 
roads on aquatic ecosystems. Roads frequently 
are the dominant human-caused source of 
sediments delivered to streams, and they influence 
the roufing of water from uplands to the stream 
channel. In addition, when placed near streams. 
roads often simplify channels, alter hydraulic 
processes, and prevent natural channel 
adjustments. The road strategy should include the 
development of a long-term transportation plan, 
regularly scheduled maintenance, replacement of 
inadequate road culverts, and removal and 
rehabilitation of roads that are unneeded or that 
degrade salmonid habitats. 

Conservation plans should include an 
assessment of salmonid distributions and 
status. The ultimate goal of habitat conservation 
plans is to protect habitats required by salmonids 
during all life stages. Identifying imporrant 
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salmonid habitats is critical to the development of 
specific management strategies and prescriptions. 
Goals of this assessment should be to 1) identify 
all habitats accessible (existing or potential) to 
salmonids, 2) document the distribution and 
abundance of wild salmonids by species and life 
stage, 3) identify areas of high productivity or 
importance for specific life stages, 4) determine 
trends in salmonid abundance withim the 
watershed. and 5) document past and present 
indtroducrions from hatcheries to waters within 
the watershed. 

Conservation plaw should include an 
assessment of current channel conditions and 
physical habitat. Channel conditions and physical 
habitats of salmonids have been altered directly 
through channelization, revetments, stream 
cleaning, and dam construction, and indirectly 
through changes in hydrology, sediment loading, 
and recruitment of large woody debris. The goals 
of the habitat assessment should be to characterize 
channel forms and geomorphic processes affecting 
channels in the watershed; to identify reaches that 
are sensitive to large variation in runoff, sediment 
supply, and large woody debris; to identify 
reaches that have been subject to humancaused 
and natural disturbances; and to evaluate the 
effects these diswrbances have had on sensitive 
reaches and to assess the degree of recovery. 

11.2.3 Site Level 
The landscape- and watershed-level analyses 

proposed in this document provide the context from 
which site-level prescriptions can be made that will 
effectively protect salmonids. Knowledge of existing 
watershed conditions and resource problems, as well 
as the potential sensitivity of different areas of the 
basin or watershed to land use activities, will enable 
owners of nonfederal lands to avoid undesirable 
effects on salmonids and their ecosystems. 

Conservation plans should incorpoare site-
specific prescriptions chat accurately reflect the 
resource concerns identified for the affected area. 
Uniform prescriptions are generally inappropriate; 
nevertheless, certain practices are inherently less 
disruptive to ecosystems than others and should be 
employed to the degree possible. These best-
management practices are discussed by land-use type 
in the main body of the document, but for brevity are 
presented here under categories of land alteration, 
roads, riparian buffers, channel modifications, water 
use, and water quality. 

Land Alteration 
Emphasis should be given to minimizing the areal 

extent and intensity of disturbance to vegetation and 

1 
soils. Logging-rotation schedules, grazing, fanning, 
mining, and urbanization should be adjusted to 
minimize the total area in a disturbed state at any 
given time to minimize cumulative hydrologic 
effects. Logging should be avoided on areas 
identified as high risk for mass failures, such as 
those with steep (> 30") or unstable slopes. 
Similarly ranching, agriculture, urbanization, and 
mining should be precluded from erosive and 
floodprone areas. Selective tree harvest is 
recommended for areas identified as moderately 
sensitive, while ground-based logging equipment is 
advised only in low-risk areas. We recommend 
against the burning of logging slash, favoring its 
retention to control surface erosion except where it 
increases fire risk. Where range conditions a16 not 
good-to-excellent, we recommend suspension of 
grazing until vegetation has recovered. Once 
conditions have improved, grazing strategies should 
be adjusted to preclude deterioration. Where surface 
erosion is evident, mulching is recommended until 
vegetative cover is restored. Areas identified as 
highly erosive should be retired from agriculture. 
Mining lands denuded of vegetation should be 
revegetated quickly to reduce erosion. Where 
chemical constiwents of mine spoils inhibit recovery, 
spoils should be treated to ensure successful re-
establishment of vegetation. The most effective 
means for minimizing urban impacts is through strict 
State, county, and city land-use planning. 
Construction should be avoided on steep hillslopes 
and seasonal wetlands. 

Roads 
Regardless of land-use type, we recommend 

placing roads away nlom streams. riparian areas, or 
wetlands; avoiding unstable hiilslopes or areas where 
risk of sediment delivery to streams is high; avoiding 
stream crossings; installing culverts adequate to allow 
year-round passage of fish; reseeding and stabilizing 
areas disturbed during consmction; ensuring 
adequate drainage from road surfaces to minimize 
erosion; and regulatly mainmining drainage ditches 
and culverts. We also encourage obliteration and 
revegetation of problem roads and removal or 
replacement of inadequate culverts. Alternative forms 
of urban transportation should be promoted to reduce 
the need for additional roads. 

Riparian Buffers 
Regardless of land-use type, riparian buffers are 

recommended on all streams; their dimensions will 
depend on the setting and level of protection desired. 
An evaluation of appropriate buffer widths for 
protecting critical riparian functions and a review of 
State and Federal forest-practice rules is presented in 
the main text. S i l a r  buffm are needed for 
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nonforest lands, and may require planting native 
riparian vegetation in highly disturbed agricultural. 
range, mining, and urban anas. Only those activities 
that can be performed without adversely affecting 
natural riparian functions or values should be allowed 
in buffers. We recommend that grazing be excluded 
through fencing or removal of livestock in all 
riparian areas where function of riparian vegetation is 
impaired. Once recovery has occurred, riparian 
grazing should be limited in duration and intensity to 
enme these hc t ions  are maintained. Facilities for 
watering livestock should be loczted away from the 
stream channel and riparian zone, where possible. 
Where riparian Areas arc fenced, small access arcas 
for livestock may be appropriate if unlikely to 
degrade thelstream. Conservation can be further 
enhanced by retiring convened wetlands from 
agriculture. Urban riparian areas and wetlands that 
have not been developed should be preserved and no 
new development allowa. Where feasible, 
impervious surfaces should be removed and 
vegetation restored. 

Channel  Modifications 
Where feasible, we recommend removal of dams 

and rip-rap structures, as well as reintroduction of 
beaver. In general, we recommend against instream 
manipulations, such as placement and cabling of logs 
or other artificial structures, because of high cost per 
mile and high likelihood of failure or adverse 
consequences. These structures should only be 
viewed as stopgap effons in special situations, not as 
mitigation for poor management practices. 
Reconnecting streams to off-channel areas has greater 
potential for restoring salmonid abundance. but 
natural riparian recovery through revegetation is 
emphasized. 

Water Use 
New water allocations should be approached with 

great caution, while increased instream water rights 
are needed for fisheries. All water diversions from 
salmonid streams should be screened to prevent 
entrainment. For streams with diminished water 
quality or quantity, a watershed conservation strategy 
should be developed to reduce the volume of water 
needed for agriculture. Drainage StruCNreS should 
not be used unless combined with irrigation from 
deep groundwater. Water for mining purposes should 
not be withdrawn from streams supporting at-risk 
salmonids or habitats identified as critical for 
salmonid production. A conservation strategy for 
mining water should be developed, including 
treatment and recycling of wastewaters and 
reductions in groundwater pumping where 
streamtlow may be affected. Where urban water 
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withdrawals are degrading salmonid habitats, water 
wnservation and recycling should be promoted. 

Water Quality -
Regardless of land-use type, chemical treatments 

should be applied only outside riparian zones 
(including those of headwater streams), and aerial 
spraying should be conducted to prevent drift into the 
riparian zone. Where drainage ditches and tiles exist, 
intensive use of fertilizers or pesticides should be 
avoided. Organic farming and integrated pest 
management should be encouraged where water 
quality has bcm degraded by agricultural chemicals. 
We recommend against mineral or aggregate mining 
in streams or riparian areas of streams containing 
salmonids or that drain into salmonid habitats. 
M i g  should be avoided where tailings and 
wastewater have the possibility of entering aquatic 
systems. Wastewaters should be treated and recycled 
on site, and waters not clean enough for re-use 
should not be discharged into streams. Control 
structures should be used to retain toxic materials and 
should be built to withstand extreme precipitation and 
geological events. Spoils containing toxic materials 
should be buried below the plant-rooting zone so that 
these materials are not absorbed by plants or carried 
by ground water and subsequently released into the 
environment. In urban areas, stormwater should be 
muted through waste treatment facilities, and the use 
of chemical pesticides and fenilizm should be 
discouraged. 

11.3 The Role of Monitoring in 
Salmonid Conservation Activities 

Monitoring of salmonid wnservation activities is 
critical for ensuring that provisions of wnservation 
agreements are being met (implementation 
monitoring), that implementation of conservation 
plans is having the desired effect on aquatic 
ecosystems (assessment monitoring), and that then is 
an adequate information base for modifying plans if 
necessary to protect salmonids and their habitats 
(adaptive management). In this document, we 
propose a monitoring strategy designed to assess the 
condition and detect statistical trends in aquatic 
ecosystems at spatial scales from site to region. 
Sampling designs and indicators are recommended to 
track trends in physical, chemical, and biological 
conditions in uplands as well as in riparian areas and 
streams so that critical planning elements are 
monitored at appropriate spatial and temporal scales. 

Long-term monitoring of salmonid conservation 
activities is essential to document the decadal trends 
in ecosystem conditions that occur in response to 
natural and anthropogenic disturbances and to allow 
separation of the effects of human activity from 
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namral variation. Multixale monitoring is imponant 
to assess the effects of management activities at the 
scales of the site or the reach as well as to address 
cumulative effsts a the level of catchments, basins, 
ecoregions, and multi-State regions. Interdisciplinary 
monitoring is needed because ecosystems are 
complex aggregations of biotic and abiotic 
components. Monitoring should be inter-institutional 
because lands are held by many different institutions, 
both public and private, and because many agencies 
have regulatory and management missions that 
directly or indirectly relate to salmonid conservation. 

An effective monitoring program will require a 
computerized database-management system conducive 
to data entry, mtage, retrieval, analysis, and 
reporting. Organizing a successful monitoring 
program of such complexity requires considerable 
Federal coordination and leadership but also must 
involve close coordiiion with State, tribal, and 
local governments, as well as private interests; this is 
essential both to ensure consistency of information 
and to take advantage of existing programs and 
information resources. The Research and Monitoring 
Conunittoe for the President's Forest Plan is 
cumently examining how to implement such a 
program on Federal lands; extending this effort to 
nonfederal lands in the Pacific Nonhwest would 
greatly enhance salmonid conservation planning. 

11.3.1 General Monitoring Framework 
Eight activities provide a framework for 

monitoring salmonid conservation efforts: 1) develop 
a set of assessment questions or objectives h t  the 
monitoring should address; 2) determine the 
indicators that will be used to assess biotic and 
abiotic conditions as well as ensure that these 
indicators can be related to the ecological values, the 
natural and anthropogenic stnssors, or both; 3) use 
the index concept in selecting the sampling period, 
sampling sites (e.g., streams) and sampling locations 
at the sites as well as in data analysis (i.e., focus 
data collection and analysis on panicula~ times, 
places, and indices.); 4) develop a sampling design 
that is appropriate for answering assessment 
questions (item 1 above); 5) establish reference 
conditions against which conservation efforts may be 
measured; 6) apply the data to answer resource 
management questions or to develop new assessment 
questions; 7) evaluate the effectiveness of the strategy 
and its results; and 8) identify ecosystem elements 
and processes requiring additional research. 

11.3.2 Monitoring implementation and 
Effectiveness of Conservation Plans 

A11 HCPs and othcr conservation agreements 
should include an approved and consistent 
implementation monitoring program, by whichthe 
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Agencies can determine if landowners are complying 
with provisions of the conservation plan. Most HCPs 
prepared using this guidance will involve monitoring 
the implementation of land-use controls to reduce 
hydrological modifications, sediment transport, and 
riparian disrurbance, and many will contain 
provisions to improve water quality and physical 
habitat structure, Indicators should be measured 
through remote sensing and site visits (e.g., range 
condition, riparian tree-retention requirements). To 
be most effective, baseline data should be collected 
before conservation activities begin, and all data 
should be entered into a database to facilitate tracking 
of progrrss. 

All conservation plans should involve monitoring 
to assess the effectiveness of land-use controls in 
restoring and protecting salmon and sdmonid 
habitats. The focus of the monitoring should be on 
the aquatic and riparian ecosystems and should 
include physical, chemical, and biological indicators. 
As with implementation monitoring. consistent design 
and indicators should be used to the degree possible. 
Both remote sensing and site visits are needed. as is 
a large database management system. 

11.3.3 Sampling Design for Monitoring 
Implementation and Assessment of 
Conservation Plans 

For monitoring habitat conservation activities, we 
recommend a multidtate, regional, sample survey. 
This survey design is recommended for several 
reasons. 1) There are ecoregional panems in biotic 
and abiotic factors, and it takes a regional approach 
to assess this variability. 2) Summarizing segment- 
level information in an organized manner facilitates 
making landscape-level statements, which are 
impowt  for regionally distributed organisms l i e  
salmon. 3) It will be extremely expensive to 
inventory or census all nonfederal lands and stream 
miles in the region with the quantitative indicators 
needed to accurately and precisely assess status and 
trends. 4) Regional assessments of status-and-trends 
should be conducted in a statistically consistent and 
unbiased manner. 5) Fragmentary monitoring fosters 
fragmentary ecosystem management and social 
systems. 6) Previous site- and carcbment-specific 
assessments are a key reason that it took so long to 
detennine the extent of deteriorating stocks. 

A regional sample survey or census is also 
imponant for placing individual conservation 
activities into an ecoregional and basin context. Such 
a survey can help establish refemce conditions for 
determining desired d i i i o n s  and outcomes for 
restoration, for setting quantitative criteria for 
evaluating progress, and for assessing the 
effectiveness of conservation plans. A regional 
sampling effon is also needed to determine if trends 
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in assessed variables result from the effects of the 
HCP or from changes in climate, fish passage, 
harvest, and hatcheries. Furthermore, a regional 
assessment provides a basis for determining the 
relative condition of various watershed and stream 
reaches in HCPs. Regional-scale monitoring can 
generate important data to establish standards for 
specific habitat amibutes. And finally, a regional 
approach would help standardize sampling designs 
and methods among the managing agencies, allowing 
for greater efficiency in sampling and analysis. 

We propose that the Agencies adopt something 
l i e  EPA's EMAP sampling design. This design is 
easily intensified if detailed information is needed for 
a single HCP or basin, yet it offers great cost savings 
by not requiring intensive inventorying of entire 
drainages. In addition, the EMAP design facilitates 
accurate and precise inference about resources 
throughout the region of concern. Equally important, 
EMAP's randomized design and its monitoring 
frequency offer rapid assessment of regional status 
and trends, which would be exceedingly costly or 
time consuming via an inventory approach. 

11.3.4 Physical. Chemical, and Biological 

Indicators 


Quantitative indicators are needed to ensure that 
ecological signals are discriminated from spatial, 
temporal, and methodological variances, thereby 
aiding rapid detection of trends and accurate 
estimates of status. Linkages between major planning 
elements and the recommended indicators should 
facilitate adaptive management and modifications in 
conservation plans when results deviate from 
expectations. 

Several indicators or indicator groups have been 
found to be precise and responsive to stressors, 
especially when data are composited and metrics are 
integrated into multimetric or multivariate indices. 
Indicators that should be monitored at all assessment 
monitoring sites include measures of landscape 
condition, physical and chemical habitat variables in 
streams and riparian areas, benthic 
macroinvertebrates, and aquatic vertebrates. 
Monitoring of microbial respiration is recommended 
for urban and mining streams, and sampling of 
periphyton is recommended for streams on 
agricultural and range lands. Monitoring of salmonid 
genetics, spawning, and rearing should be conducted 
in random subsets of streams. Multiple indicators 
should be sampled at as many sites as possible. 

11.3.5 Other Monitoring Issues 
An important goal of a regional monitoring 

program is to identify and protect streams and 
catchments that are in very good condition or highly 
productive of salmonids. These areas are important 
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as reference sites, biological refugia, sources of high 
quality water. or locations for studying natural rates 
of ecological processes. In addition, information 
obtained from reference sitesmay prove useful in 
refining criteria or standards to more accurately 
reflect variability across the landscape. 

Several programmatic concerns should be 
incorporated into an effective monitoring program. 
Although not all of the indicators discussed above 
need to be monitored at all sites, it is critical that 
indicators and monitoring protocols be consistent 
among conservation plans to allow integration and 
analysis at broader spatial scales. To this end, all 
monitoring personnel should receive consistent 
training, and repeat sampling should be conducted at 
a subset of locations by other persons to ensure 
among-watershed comparability and to assess 
sampling variance. To evaluate ecoregional and basin 
patterns, watershed-scale data must be aggregated to 
the larger spatial scales; chis will require coordination 
by the Agencies. Finally, procedures will be needed 
for disseminating the results of monitoring to other 
agencies and to the public. 

Additional monitoring and assessment are 
desirable to attain salmonid conservation goals. These 
include 1) consistent probability-based survey designs 
and sampling methods (across all States) to more 
accurately estimate salmon spawning or escapement; 
2) monitoring of smolt production at randomly 
located naps; 3) rigorous stock assessment (through 
genetic and morphometric analyses) of salmonids in 
all sub-basins of the Pacific Northwest to aid in 
delineating ESUs and to address biodiversity issues; 
4) assessment of the influence of salmonid diseases 
within basins (also important in d e f ~ n g  ESUs); 5 )  
delineation of aquatic diversity areas and key 
spawning areas throughout the Pacific Northwest 
region to help prioritize restoration efforts; 6) 
continued monitoring of adults and smolts at dams 
and hatcheries to track trends in abundance; 7) 
continued monitoring of salmon harvest to document 
its effects on salmonid populations; 8) development 
of a central fish database of historical information. 
Monitoring of these variables also requires 
integratlon with the monitoring discussed above. 

11.4 Implementation Strategy 
Successful conservation and restoration of 

salmonid habitat in the Pacific Norrhwest will require 
that individual conservation efforts, such as HCPs, 
be integrated into a comprehensive regional program. 
An imponant part of such a program will be 
identifying who is responsible for developing habitat 
conservation plans, monitoring the implementation 
and effects of those plans, and evaluating the overall 
effectiveness of the program. Most of this chapter 
focuses on these issues. Additional issues that will 
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likely arise during conservation planning are briefly 
discussed. 

11.41 Development of HCPs and a 

Regional Conservation Strategy 


It is clearly the responsibility of landowners and 
land managen, with Agency guidance, to develop 
conservation plans at the site or watershed scale. For 
watersheds with single ownership, this process is 
relatively straightforward; however, where 
conservation efforts involve multiple ownerships or 
mixed private and government ownerships, the 
process becomes more complex. In such cases, two 
strategies are recommended. Where there are 
dominanr or codbminant owners, we recommend that 
they take the lead in HCP prepar.ction, with 
contributions from fellow landowners proponionate 
to ownership. Where ownership patterns are more 
heterogeneous, watershed councils or cooperatives 
should be formed to either produce a plan using 
existing county or municipal staff or private 
contractors. 

A regional plan or program is similarly 
problematic, but involves a much larger spatial scale 
(region versus watershed). We believe that the 
conservation strategy for nonfederal lands proposed 
in this document will be most effective if it is 
integrated with Federal aquatic conservation 
strategies including the Northwest Forest Plan, 
PACFISH, and INFISH. All of these programs 
would be enhanced if they were linked with one 
another and with other Federal, State, and Tribal 
entities into a comprehensive regional salmonid 
conservation program. 

We believe a salmonid conservation program for 
nonfederal lands will be most effective if it combines 
both voluntary and regulatory components. To the 
degree possible, the Agencies should work closely 
with landowners to mutually identify issues of 
concern, identify options or guidelines, and provide 
individual landowners sufficient information to 
employ protective actions voluntarily. However, 
given the current SUNSof many salmonids in the 
Pacific Northwest and past failure of voluntary 
programs, a regulatory component will be necessary. 
The establishment of science-based criteria and best-
management practices directed at minimizing 
ecological impacts are imponam aspects of such an 
approach. 

11.4.2 Monitoring Conservation Efforts 
Locally and Regionally 

The question of who should monitor salmonid 
conservation activities involves several issues. 
Individual conservation plans must be reviewed for 
adequacy prior to implementation. Once an HCP has 
been implemented, it must be monitored to ensure 

that all required provisions have been followed and 
that it is having the desired effect on salmonid 
ecosystems. In addition, the process of developing 
HCPs must be monitored to assure quality and 
regional consistency. 

Review of individual conservation plans should be 
conducted by Agency staff, technically trained in the 
disciplines of geology, hydrology, soil science. 
aquatic ecology, fisheries ecology, and if appropriate, 
toxicology and engineering. If the watershed or 
watersheds affected by the HCP contain only 
nonfederal lands, we recommend at least bi-agency 
review. If the affected watershed drains contiguous 
Federal lands, the appropriate Federal land- 
management agency should be included in the review 
process. A goal of these reviews should be the 
development of consistent plans, at least within 
ecoregions, and regardless of ownership. For HCPs 
prepared pursuant to the Endangered Species Act, a 
formal public comment period is required before 
approval. We also recommend that the overall 
conservation program itself undergo periodic peer 
review, with reviewers representing other agencies, 
academia, and the private sector. 

Implementation moniroring for HCPs should 
mostly be conducted by Agency staff (or by 
contractors) because HCPs are a contract with the 
Federal Government. Ideally, persons conducting the 
HCP reviews will also perfonn some of the 
implememation monitoring, especially site 
inspections. Where remote sensing is involved, staff 
should include geographers and landscape ecologists 
with skills in GIS analysis and interpretation of aerial 
photographs. 

Development of a regional assessment monitoring 
system for salmonid ecosystems is also clearly an 
Agency responsibility, although with appropriate 
coordination it could indude other Federal, State, 
Tribal, and private entities. The same is true for 
monitoring individual HCPs. All three types of 
monitoring information should be entered into an 
Agency computer database to facilitate rapid, 
quantitative analysis. 

11.4.3 Additional Issues in implementing 
a Salmon Conservation Strategy 

We see a clear need for a cooperative Federal, 
State, and Tribal effon in developing a computer 
database (with GIS capabilities) to suppon salmonid 
conservation planning. Database managers, computer 
programmers, and statisticians will be needed to 
ensure effective and responsive operation. 
Information must be readily available to all interested 
agencies, landowners, and concerned public. 

Several issues relating to equitable treatment of 
landowners also warrant discussion. In attempting to 
develop a sound ecosystem approach to conservation 
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on nonfederal lands, the potential exists that 
landowners who have been good stewards may be 
asked to restrict activities in certain areas to protect 
critical salmonid habitats-habitats that are important 
precisely because the land was well managed- 
whereas landowners yho have intensively and 
extensively exploited resources may avoid such 
restrictions. Similarly, where many landowners are 
involved in a o o ~ a t i o n  agreement, the actions of 
one landowner may adversely affect all landowners 
withii the basin. This is an especially important issue 
in comparing restrictions applied to forest lands with 
those for urban, agricultural, and range lands. These 
issues will be difficult to resolve. Alternative 
conservation trade-offs, land exchanges, tax breaks, 
or other incentives may provide means for rewarding 
good stewardship. Conversely, removal of Federal 
subsidies or other disincentives may be required to 
penalize poor stewards. Finally, we believe it is 
imponam that a regional habitat conservation strategy 
for salmonids consider other factors directly 
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influencing salmonid populations (hatcheries, 
salmonid harvest, dam operations), as well as the 
root causes of environmental deterioration (i.e., 
population growth, resource consumption). 

These recommendations acknowledge that 
ecosystem management will be accomplished through 
many individual and independent actions. But they 
also acknowledge that if ecosystem management and 
salmon conservation are to succeed, each independent 
action must be integrated into a comprehensive 
program with a regional conservation objective. The 
science underlying landscape management and 
salmonid conservation constantly progresses; thus, 
implementing an effective strategy requires adapting 
to new information as it is developed. It is our belief 
that the planning elements contained in this document 
provide a foundation from which to build a 
successful strategy by applying what we already 
know about ecosystem function as well as by 
facilitating the collection of information that will 
allow us to improve planning efforts in the future. -
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12 Purpose 

Much as the loss of Paaific Northwest salmon has come from "multiple compounding human 
acrs of commission and omission, " their restoration will come from multiple sources and 
solurions; single-minded pursuit of one or  two strategies will ensure failure. 

Without question, the complexity of social and 
ecological issues encompassed by the current 
salmonid crisis exceeds that for any other resource 
issue in the history of the Pacific Northwest. The 
widespread decline of salmonids in tht region, as 
Chu and Karr note, is the result of numerous human 
activities, including land management (logging, 
grazing, agriculmre, mining, and urbanization). 
water use (hydroelectric operations, irrigation 
withdrawals, domestic consumption, dilution of 
industrial and domestic effluent, and river 
transportation of commodities), and fshery 
management (harvest, hatchery supplementation, and 
introduction of non-native species). The direct and 
indinet linkages between the health of salmonid 
populations (and aquatic ecosystems in general) and 
these many industries and activities have imponant 
implications. Restoration of salmonids will affect 
virtually everyone who resides in the Pacific 
Northwest through 1) costs of water, food, 
electricity, and other commodities; 2) the availability 
of jobs in the fishery, forest, agriCUlNral, and 
mineral industries; 3) restrictions on use of private 
lands; and many other avenues. Furthermore. the 
development of successful restoration strategies will 
require an unprecedented level of cooperation among 
managing agencies and between the public and 
private sectors. 

Recent listings of anadromous salmonid stocks in 
Washington. Oregon, and California under the 
Endangered Species Act (ESA) have prompted a 
number of private and other nonfederal laadowners 
to prepare habitat conservation plans (HCPs) 
pursuant to Section 10 of ESA. ESA allows for 
incidental take of threatened or endangered species 
(see Section 9.3 in Pan I for a defmition of "take") 
or modification of their habitats provided that a 
habitat conservation plan is developed by the 
applicant and subsequently approved by the 
Secretaries of Commerce (anadromous species) or 
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Interior (resident species). In addition, a number of 
watershed councils have formed in the Northwest for 
the purpose of developing conservation strategies for 
salmonids on nonfederal Ian& or lands of mixed 
Federal, State, Tribal, and private ownership. The 
National Marine Fisheries Service, Fish and Wildlife 
Service, and U. S. Environmental Protection Agency 
(the Agencies) seek to develop a coordinated program 
for evaluating habitat conservation plans, prelisting 
agreements, and other conservation effons on 
nonfederal lands to assure compliance with ESA, the 
Clean Water Act, and other relevant legislation. 

In the remainder of Pan 11, we develop an 
ecosystem-oriented approach to the planning and 
monitoring of salmonid habitat wnservation efforts 
on ncnfederal lands in the Pacific Northwest. We 
focus on the effects of land- and water-use practices 
on salmonids and their habitats and on how these 
impacts can be minimized through improved p lming  
and management. Although habitat degradation is 
clearly a major cause of salmonid declines across 
much of the Pacific Nonhwest, mauy salmonid 
populations will likely continue to decline regardless 
of how well the landscape is managed unless steps 
are taken to reduce other human impacts (e.g., 
overharvest, hatcheries). Thus, the recommendations 
contained herein should be considered only pan of a 
larger, comprehensive salmonid restoration strategy. 

We intend for this document to provide 1) a 
conceptual framework from which the Agencies can 
organize a regional conservation strategy, 2) practical 
information for nonfederal entities to assist them in 
preparing HCPs and other salmonid conservation 
plans, 3) guidelines for monitoring HCPs and ocher 
conservation effons, and 4) criteria by which the 
Agencies can evaluate habitat conservation activities. 
These four elements are presented together because it 
is essential that landowners or watershed councils 
preparing HCPs or other conservation plans have a 
thorough understanding of the Agencies' management 
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goals (and the reasoning behimd those goals) if 
watershed- and site-level conservation efforts are to 
succeed. In addition, information in this document 
may assist couniy and local governments in 
developing zoning regulations, land-use ordinances, 
development standards, and other regulations or 
guidelines that are compatible with salmonid 
conservation objectives. 

Chapter 13 presents several broad ecological 
goals that should guide regional salmonid 
conservation effons, emphasiziug the role of 
nonfederal lands in achieving these regional goals. 
Chap!er 14 qurlies specific planning elements that 
should be incorporated into habitat conservation plans 
for nonfederal lands. "Planning elements," as used in 
this dodment, comprise three pans: 1) identification 
of issues and concerns at site, watershed, basin (or 
provincial), and regional levels: 2) specific 
evaluations needed to determine if proposed activities 
are likely to disrupt watershed processes, aquatic 
ecosystems, salmonid species, or other biota: and 3) 
data or information needed to perform these 
evaluations. Incorporated into this section is an 
evaluation of the effectiveness of current Federal and 
State forest practice rules for Washiion, Oregon. 
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California, and Idaho in protecting riparian functions. 
Chapter 15 proposes a monitoring strategy to ensure 
that habitat conservation plans are both implemented 
and produce the desired outcome. In Chapter 16, we 
suggest a framework for implementing this 
conservation strategy. The volume concludes with an 
Appendix listing sources of data and information that 
landowners and agencies may find useful in 
developing and evaluating HCPs and other 
conservation efforts. 

The recommendations made in this document are 
intended as guidelines for conservation planning, not 
formal requirements. Each planning situation is likely 
to be unique, and not all planning elements may be 
warranted in each case. Nevertheless, a conservation 
strategy for nonfederal lands will be most successful 
if it fosters consistency among conservation planning 
effons. builds on or complements existing programs 
that promote ecosystem management, and integrates 
into a broader regional recovev program for both .-
Federal and nonfederal lands. Succeeding in this 
effon will require close coordination and cooperation 
among Federal, State, Tribal, and local governments. 
and the private landowners or watershed councils 
who engage in salmonid conservation efforts. 



Part Il-Planning Elements and Monitoring Strategies 13 Goals of Salmonid Conservation-

13 Goals of Salmonid Conservation 
L 

An effective restoration strategy to ensure the 
long-term persistence of salmonids must be grounded 
in principles of watershed dynamics. ecosystem 
function, and conservation biology (Frissell 1993). 
Pan I of this document was intended to provide the 
technical foundation from which such a strategy 
could be deve1oped. We presented a derailed 
discussion of physical, chemical, and,biological 
processes operating upon the landscape, within 
riparian areas, and within aquatic ecosystems that 

'influence the abiiity of these ecosystems to support 
saimonids. We also discussed how land-use activities 
alter salmonid habitats by disrupting these natural 
pmcesses, particularly the rate of delivery of water, 
sediment. fine and coarse organic debris, and 
dissolved substances to streams, rivers, lakes, and 
estuaries. 

From this review of the literature, we have 
identified five ecological and biological goals as 
central to salmonid conservation: 

Maintain and restore natural watershed processes 
that create habitat characteristics favorable to 
salmonids. It is essential that whole, contiguous 
landscapes be managed to protect natural 
processes (i.e., the natural rates of deiivery of 
water, sediment, heat, organic materials, 
nutrients, and other dissolved materials), rather 
than specific srares (Reeves n al. 1995). 
Ecosystems are dynamic, evolving entities that 
must be managed to retain their capacity to 
recover from natural disturbances (e.g., climate 
change, fire, disease, floods). Active, in-channel 
habitat restoration is recommended only for 
severely degraded systems where failure lo act 
may cause imparable harm to the aquatic system: 
such restoration should be an interim measure, 
not a measure to mitigate damage to streams and 
riparian areas or to exempt them from protection 
(FEMAT 1993). 

In stating that an imponant goal of salmonid 
conservation is to maintain and restore natural 
processes, we recognize that an expectationof 
returning ecosystems to pristine conditions is 
unrealistic, particularly on private lands, given 
the current degree of human dismrbance to the 
landscape and the continued demand for other 
natural resources. Nevenheless, substantial 
progress toward the goal of naturally functioning 
aquatic ecosystems and salmonid habitats can be 

made by identifyiig portions of the landscape 
where the signatures of key processes arc 
strongest and employing management practices 
that are appropriate for the level of sensitivity. 
Imponant in this approach is considering how 
multiple activities, in space and time, interact to 
influence salmonid habitats. 

Maintain habitats required by salmonids during all 
life stages-from embryos and alevins through 
adults-and functional comdors linking these 
habitats. The complex life histories of salmonids 
frequently demand a wide array of habitat types. 
Different portions of a watershed may 
accommodate spawning and rearing. and these 
habitats vary with species. Large lowland rivers 
are rearing habitats for some species and serve as 
imponant migration cnmdors through which 
anadromous fish pass on their way to and from 
the sea. These migration routes must be 
ecologically healthy with high water quality, the 
physical attributes required for holding, feeding, 
or hiding, as well as the biological elements 
favorable to salmonids during these 
physiologically demanding transition periods. 

Maintain a welldispersed network of high-quality 
refugia to serve as centers of population 
expansion. Conservation biologists suggest that 
the most fundamental goal of species (and 
ecosystem) protection is to preserve those habitats 
that retain a high degree of ecological integrity. 
Populations within these "healthy" habitats have 
the greatest probability of surviving namral 
disturbance events or long-term shifts in 
environmental conditions. 

Maintain connectivity &tween high-quality 
habitats to allow for reinvasion and population 

. expansion. The high degree of landscape 
fragmenration thar has resulted from human 
activities has left many salmonid populations in 
relative isolation. Long-term persistence of 
salmonid metapopulations depends on developing 
connectivity between subpopulations through 
restoration and maintenance of comdors, so that 
these populations can interact in a natural fashion. 

Maintain genetic diversity and integrity within 
and among salmonid stocks and species. 
Preserving natural genetic diversity at the level of 
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individuals, stocks, and species enhances the 
ability of salmonids to respond to and survive 
natural environmental change, as well as human- 
caused pembations. The loss of life-history 
types or stocks diminishes the ability of salmonids 
to persist over the long term. Wild salmonid 
stocks are subtly adapted to local environmental 
conditions; alteration of the genesic integrity of 
these stocks through planting of hatchery fish. 
exploitation, construction of barrins, or other 
means renders them less adapted to their 
environme-nts. 

We believe that these ecological goals for 
attaining regional recovery of salmonids should 
underlie conservation efforts at all levels, from site- 
specific prescriptions to watershed, basin, and 
regional plans. Activities that main* natural 
watershed and ecological processes, facilitate the 
expansion of refugia, enhance connectivity between 
refugia or from headwaters to the ocean,and allow 
full expression of the genetic potential of the species 
should be encouraged: those activities that do 
otherwise should be discouraged. 

The National Marine Fisheries Service has 
indicated that Federal lands and Federal activities 
shall bear as much of the burden as possible for 
conserving listed salmonid populations and the 
ecosystems upon which they depend (NMFS 19951, 
b). Yet nonfederal lands account for more than 50% 
of the total land area in the Pacific Northwest and 
they include some of the most productive waters; 
consequently, conservation on nonfederal lands must 
be an integral pan of a regional salmon recovery 
program. The goals listed above cannot be met 
entirely on Federal lands for a number of reasons. 
First, the wide range of habitats demanded by the 
complex life histories of anadromous salmonids 
cannot be provided on Federal lands alone. Second, 
persistence of salmonids requires preservation of 
eenetic and life-historv diveniw of salmonid stocks 
across the landscape; ioss of saimonid stocks on 
private lands diminishes the overall capacity of the 
species to persist in the face of natural environmental 
change (e.g., climatic shifrs). Third, connenivity 
between relatively intact refugia on Federal lands can 
be maintained or restored only by conserving 
ecologically healthy conidors on nonfederal lands. 
And founh, many of the most productive salmonid 
habitats once occurred in low-gradient river reaches 
and estuaries. areas that are largely in private or 
municipal ownership; consequently, recovery of 
salmonids to healthy or ftshable levels will require 
restoration of these biologically imponant waters. 

In addition to the ecological goals discussed 
above. habitat conservation on private lands should 
consider important societal goals as well. The harvest 
of salmonids is an integral part of many cultures in 
the Pacific Nonhwest. Salmonids have significant 
ceremonial and economic importance to Native 
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American cultures of the region. Funhermore, 
anadromous salmonids have until recently supported 
tens of thousands of commercial fishers along the 
coasts of California, Oregon, and Washington. Spon 
fshing provides an important source of recreation 
and food as well as diversifying local economies in 
the region. The loss of salmonid stocks in Pacific 
Nonhwest riven diminishes the rich cultural heritage 
unique to this region. In addition, the local 
economics of many small communities in the 
Nonhwest are based on the use or extraction of 
natural resources. Conservation activities may affect 
the ability of private landowners to continue to 
extract commodities to sustain their livelihoods. 
Suppon for conservation programs by private 
landowners is essential for attaining the ecological 
goals outlined above. 

Because many private landowners and 
municipalities have been or an likely to be affected 
by ESA listings. this document focuses on HCPs; 
however, the recommmdations are equally 
appropriate for other habitat conservation activities 
intended to allow owners of nonfederal lands to 
proceed with land-use or water-use activities while 
satisfying endangered species, clean water, or other 
legal mandates. As noted above, many ecological and 
social issues related to salmonid conservation involve 
region- or basin-level considerations. Private 
landowners, municipalities, States, or other 
nonfederal landowners should be made aware of 
these considerations, but cannot reasonably be 
expected to technically address all of these concerns 
within a conservation plan. Thus, the 
recommendations provided in tbir document are 
intended to aid both owners of nonfederal lands 
engaged in conservation p lming  and the Federal 
agencies responsible for administering HCPs and 
broader conservation programs. 

Finally, we emphasize that the pmcess of 
developing and approving habitat conservation plans 
should be an evolvine one. L i t s  to scientific ~ ~ - --- ~~ ~p- .-~~"~-~ ~~-~ 

knowledge have precluded us from making specific 
recommendations on many aspects of conservation 
planning. Furthermore, specific criteria proposed in 
this document may not be appropriate in all 
circumstances, owing to the inherent variation in 
aquatic ecosystems across the landscape and at any 
one location through time. Consequently, these 
criteria should be viewed as indicators of ecosystem 
or habitat condition, not rigid standards. New 
information. some of which may be gained W u g h  
the extensive monitoring strategy suggested herein, 
should be incorporated into the pmcess as these data 
become available. The specific planning and 
monitoring elements proposed in this document 
represent our best professional judgement. Review 
and revision of this document among the Agencies. 
the scientific community, and the public is essential 
to funher develop credible restoration strategies. * 
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14 Planning Elements 


Ecosystem-oriented appmaches to land and 
resource management are being recommended by 
scientists and the managemmt agencies that oversee 
activities on public and private lands (FEMAT 1993; 
FS and BLM 1994a. 1994~). Although the term 
"ecosystem management" has been defined a number 
of different ways in the literature, the goal of 
preserving ecosystem integrity while deriving 
sustained benefits for human populations is common 
to most definitions (Montgomery et al. 1995). 
Ecosystem management represents a substantial 
depamve from historical management approaches 
that 1) attempted to maximize the efficiency with 
which a limited number of commodity values were 
extracted or developed, 2) focused on single species 
rather than on biological comrnuuities or 
assemblages, and 3) were based on administrative 
units or areas of single ownership rather than on 
more ecologically meaningful units, such as 
watersheds, basins, and ecoregioas. 

As a society, our thinking about applied 
ecosystem management is in the early stages. Not 
only is our scientific understanding of ecosystem 
processes incomplete, but our cumnt institutional 
structure-with responsibilities for resource 
protection and production fragmented among various 
Federal, State, and local agencies-can make regional 
ecosystem planning difficult. Although them are 
encouraging signs of greater interdiscipiimry 
research and interagency cooperation, the 
development of regional strategies for salmonid 
conservation will be an ongoing and evolving activity 
for decades. Nevenheless, society can begin working 
immediately toward larger ecosystem goals by im- 
plementing sound management practices at the scales 
of watersheds and local sites. Habitat conservation 

' 

ecosystem-oriented appmaches to land management 
plans (HCPs) offer an oppormnity to begin to 
integrate habitat conservation efforts on nonfederal 
lands with similar efforts on Federal lands. 

Section 10 of the Endangered Species Act (ESA), 
which specifies conditions permitting the incidental 
take of species, contains several key provisions that 
are designed to ensure that the intent of the Act is 
realized and that reasonable alternatives to the 
proposed activities are considered. Specifically, ESA 
requires that HCPs address 

1) the impact that will likely result fmm the 
taking (of a species or its habitat), 

2) the steps that the applicant will take to 
minimize and mitigate such impacts and the 
fundig that wiU be available to implement 
such steps. 

3) the alternative actions to such taking that the 
applicant considered and the reasons why such 
alternatives are not being utilized, 

4) such other measures that the Secretary may 
require a.being necessary or appropriate for 
purposes of the plan. 

To satisfy the intent of ESA, it is imponam thar 
HCPs be developed and evaluated within the context 
of larger ecosystem restoration strategies. In this 
regard, a broad spectrum of issues should be 
addressed in HCPs: site-specific impacts; cumulative 
effects of multiple activities (in space and time) 
throughout a watershed; the distribution and status of 
salmonid species or population segments at region, 
basin, watershed, and site levels; and the status of 
other biota and resource values. Montgomery et al. 
(1995) and the Federal Ecosysrem Analysis Guide 
(RE0 1995)' suggest that implementation requires a 
hierarchy of planning scales, including regions, 

The Federal watershed analysis protocols were first published by the Regional Ecosystem Office (REO) 
under the title Federal Agency Guide for Pilot Watershed Analysis (RE0 1994). which we hereafier refer to a s  the 
Pilot Watershed Analysis Guide. A revised version. Ecosystem Analysis at the Watershed Scale: The Revised 
Federal Guide for Watershed Analysis, version 2.1 (RE0 1995), contains additional analytical modules as  well as  
revised protocols for existing modules. In this document, we cite the revised guide under the shortened name 
Federal Ecosystem Analysis Guide; however, because the revised version is supplemental to the original, the 
reader should obtain both of these documents. 
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basins or provinces (i.e., groups of smaller basins 
with similar characteristics, such as small coastal 
streams in Oregon, Washington, or Califomia), 
watersheds, and individual sites (Figure 14-1). 
Watershed analyses and site prescriptions that are the 
most likely components of conservation plans should 
be imbedded within analyses at larger spatial scales. 
As suggested earlier, most planning activities at the 
regional and provincial levels are beyond what can 
reasonably be expected of private landowners 
developing HCPs; thus responsibility will fall 
primarily on State and Federal management agencies 
for ensuring that HCPs for sites or watersheds satisfy 
larger ecosystem restoration goals. 

The hierarchical approach for conservation 
planning1 on public lands suggested by Montgomery 
et al. (1995), FEMAT (1993). and the Federal 
Ecosystem Analysis Guide (RE0 1995) is both 
necessary and appropriate for protecrion of salmonids 
on private lands as well. 

Each of these scales of analysis and 
planning are necessary for implemenring 
ecosystem management because: ( I )  the 
distriburion and environmental 
requirements of a number of species are 
not organized on a watershed basis, and 
thus need ro be considered across levels 
of rhe analysis and planning hierarchy; 
and (2) the spatial contev within which 
the wafershed lies is an important factor 
in evaluaring the ecological significance 
of land management alremarives. 

(Montgomery et al. 1995) 

In the remainder of this chapter. we identify what we 
believe to be key planning elements at various levels 
in the planning hierarchy that should be involved in 
the preparation and evaluation of HCPs or other 
conservation effons. Again we note that this list of 
planning elements is purposely broad to cover a wide 
range of activities and conservation issues; the 
specific elements to be considered in an HCP or 
other conservation plan will vary depending on the 
specific activity proposed and relevant ecological 
issues. 

14.1 Region and Basin Levels 
14.1.7 Key Issues 

This chapter identifies issues and analyses to be 
conducted at the scale of regions and basins (or 
provinces) to determine whether watershed- and site- 
level conservation effons will facilitate attainment of 
regional conservation goals outlined in Chapter 13 of 
this document. As stated earlier, analyses at these 
scales will be conducted by Federal. State, and Tribal 
agencies. Typically, basins and provinces encompass 
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areas of thousands to tens of thousands of square 
miles, e.g., the Willamette, Deschutes, Yakima, 
Clearwater, and other major sub-basins of the 
Columbia River system. and the Smith and Eel 
Rivers of northern Califomia. Several biological and 
ecological issues are relevant at these large spatial 
scaies. Biodiversity, species or stocks at risk, 
cumulative effects, habitat fragmentation and 
connectivity, metapopulation dynamics, and total 
salmonid production are all issues that transcend 
watershed boundaries and thus cannot be 
satisfactorily addressed wirhout basin-level and 
regional assessrients. Similarly, issues related to the 
estuarine and marine environments into which 
anadromous salmonids enter also need to be 
addressed at this level (e.g., pollutants, sediment 
loading, fish harvest management) because the 
perpernation of populations within a watershed or 
basin depends on maintaining these habitats and 
limiting mortality from fishing. 

We believe three initial steps by the managing 
agencies arc essential to address these issues: 1) 
establish a network of key watersheds on private 
lands that complements Federal key watersheds 
designated in FEMAT (1993) for westside 
ecosystems and those currently being developed for 
eastside systems F S  and BLM 1994b); 2) adopt 
riparian protection standards for all riparian areas 
acmss the four-State area (we do not imply that 
uniform standards would be appropriate); and3) 
delineate evolutionarily significant units (ESUs) for 
all species of anadromous and resident salmonids. 
FEMAT (1993) recommends that key watersheds 
should include watersheds that currently contain 
habitats or water of high quality, that in the future 
could provide highquality habitats, or that are 
currently habitats for at-risk stocks. We suggest 
additional criteria: include watersheds with high 
biodiversity (fish and nonfish species), watersheds 
that have unique attributes that favor salmonids (e.g., 
biological "hot spots"), and watersheds or corridors 
that are important for linking existing refugia, as 
proposed by the Oregon Chapter of the American 
Fisheries Society (Henjum et al. 1994). Minimum 
riparian-protection standards are desired because 
human activities within the riparian zone have the 
most direct and damaging effects on salmonids. 
Protection of the riparian zone is essential for 
protecting many stream processes, moderating the 
influence of upland management on aquatic systems. 
re-establishing co~ectivi ty between habitat fragments 
and biotic refugia. and maintaining ecologically 
functional migration corridors from headwater 
streams to the ocean. The delineation of ESUs is 
needed to clarify biodiversity objectives that in tum 
should be considered in the establishment of key 
watersheds. NMFS is in the process of defining 
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Figure 14-1. A spatial hierarchy for salmonid conservation planning. From RE0 (1994). 
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ESUs for all of the anadmmous salmon and for 
steelhead and sea-run cutthroat trout, as pan of 
region-wide status reviews (NMFS1994). Similar 
analyses are needed for resident salmonid s p i e s ,  
pmicularly bull trout. 

14.1.2 Evaluations 
In evaluating habitat conservation plans, the 

Agencies need to address a series of questions at the 
region and basin scales that relate to the conservation 
goals suggested earlier. These are listed by issue 
below. 

~iodliversih 
Is the basin or province an area of high diversity 
for hsh species or stocks, other aquatic species, 
or terrestrial biota? 
Does the basin possess unique physical attributes 
that would suggest corresponding unique 
biological attributes that may not have been 
identified? 
Does the basin contain narrow endemic 
populations, or populations with unique genetic or 
life history anributes? 
Do hatchery populations of salmonids threaten the 
integriry of wild stocks? 

Stocks or Species At Risk 
Are there threatened, endangered, or other at-risk 
species or stocks in the basin that would be 
affected by the proposed activities? 
If at-risk stocks are not present in the watershed 
but present in the basin, could the proposed 
activity limit the expansion or recovny of at-risk 
stocks? 

Connectivity and Metapopulations 
What is the watershed's location relative to key 
watersheds on Federal lands? Is it immediately 
adjacent to or l i e d  to key watersheds on 
Federal lands? 
Is the area or pan of the area covered under the 
conservation plan used as a migration conidor by 
anadromous stocks? 
Is the area a potential dispersion corridor for 
resident stocks? 
Are existing salmonid populations likely "seed 
sources" for recolonization of degraded habitats? 
Are there physical, chemical, or biological 
barriers that prevent or inhibit movement of fish 
to and from the basin? 

Salmonid Production 
What is the current impomce of the stream or 
watershed in the overall production of wild 
salmonids in the basin and region? 
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What was the historical importance of the stream 
in the overall production of salmonids? 
Does the basin have high or low restoration 
potential? -
Does the area affected by the proposed activity 
contain any biological "hot spots" (i.e., reaches 
that support a disproportionate number of fish 
relative to surrounding reaches)? 

Cumulative Effects and Fragmentation 
What are the primary stressors in the watershed? 
Are these stressors of natural origin or a 
consequence of human activities? 
Are the proposed activities addressed by the 
conservation plan likely to exacerbate or mitigate 
these swssors? 
Would the proposed aaivities result in further 
fragmentation of aquatic habitats, thereby 
diminisbig prospects for recovery? 
What are the anticipated future developments 
(e.g., urbanization and water development) in the 
basin and region? 

Estuarine and Marine Environments 
' What are the primary stressors affecting 

salmonids in the estuarine and marine 
environments? 
Would the activities proposed in the conservation 
plan exacerbate or alleviate those stressors? 
What role is fish harvest playing in the health of 
the affected populations? 

We fully recognize that information constraints 
may prevent many of the above questions from being 
answered satisfactorily. Frequently, the data for 
performing these analyses may nor exist. (One 
objective of the regional monitoring program 
proposed in Chapter 15 of this document is to 
address these gaps in o w  information base.) For 
other issues, data may exist but are not readily 
available to the managing agencies (see Appendix A). 
The time and cost of acquiring and interpreting these 
data for analysis of individual conservation plans is 
almost certain to be prohibitive. Therefore, it is 
essential that a centralized database be developed 
containing information relevant to salmonid 
conservation at the basin or regional level in useful 
forms, such as maps of species distributions, land-use 
patterns, water withdrawals, and barriers to 
migration (physical, chemical,and biological). 
Development of a regional database management 
system in support of salmonid conservation planning 
must be a cooperative effort with other Federal, 
State, and Tribal agencies. These issues are discussed 
at length in Chapters 15 and 16. 
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14.2 Watershed Level 
Watersheds with areas of approximately 20-200 

square miles are generally the most practical for 
planning and analysis (FEMAT 1993; Montgomery et 
al. 1995). It is at this lwel that linkages between 
physical and biological processes can be addressed 
most effectively. In Part I of this document, we 
identified numerous physical and chemical processes 
that affect salmonids and their habitats, as well as 
biological processes that may be altered by changes 
in physical-chemical habitat characteristics. Important 
physical-chemical processes include morphological 
development of stream channels, sediment transport, 
hydrology, heat transfer in streams, nutrient cycling, 
and'various functions provided by standing or 
downed ripar~an vegetation (e.g., bank stabilization, 
sediment control. snading, coarse and fine organic 
inputs, microclimate, physical structure, nc.). 
Important biological considerations include the 
physiological and biological requirements of 
individual fish (e.g., food, space, migration routes), 
population-level processes (e.g., local adaptation, 
life-history patterns and diversity), and community- 
level interactions (e.g., predator-prey, competitor, 
and disease-host relationships). As reflected in the 
ecological goals outlined in Chapter 13, maintaining 
these processes within the natural range of variability 
should be a primary goal of watershed-level 
planning. 

The concept of "watershed analysis" evolved out 
of concern that site-by-site planning of land-use 
activities has generally failed to adequately address 
the cumulative effects on these complex processes of 
multiple human activities occurring throughout a 
watershed. Thus, an important goal of watershed 
analysis is to assess the potential effects of site-level 
activities, given the historical and projected future 
patterns of land use, development, and ecological 
function. In addition to addressing cumulative effects, 
watershed analysis serves other important functions. 
It provides an assessment of current conditions within 
the watershed, which allows existing resource 
problems to be identified and future activities to be 
planned in a more ecologically sound manner. 
Watershed analysis also helps identify specific 
portions of the watershed that are highly sensitive to 
human disturbances, such as areas prone to mass- 
wasting or surface erosion. Climate, soils, geology, 
topography, vegetation, and many other factors 
influence how materials and energy are detivered 
from the hillslope to thb stream channel. Each 
watershed is unique and will respond differently to 
land-use practices; thus, no simple prescriptions can 
be applied uniformly across the landscape to ensure 
salmonids and their habitats are protected. Watershed 
analysis allows prescriptions to be dweloped that 
account for this inherent variability. Finally, 

watershed analysis can provide information that helps 
to refine our understanding of physical and biological 
processes and how these vary across the landscape. 
This infonnation can then be used to develop 
ecoregion- or basin-level standards that more 
accurately reflect the spatial and temporal variability 
in ecological processes. 

We recommend that watershed analysis be a key 
component of conservation planning on nonfederal 
lands. Specifically, we suggest that HCPs and other 
conservation efforts incorporate evaluations of how 
proposed activities will potentially affect hydrology 
(total water yield, peak flow, base flow, and seasonal 
timing), sediment transport (mass wasting and 
surface erosion), riparian functions (LWD 
recmitment, small organic litter inputs, stream 
shading, bank stabiliition, and nutrient cycling), 
channel condition (bed morphology, substrate type, 
and physical structure), and water quality (stream 
tempmnues and pollutants). Watershed-level 
analyses should also be conducted to assess biological 
conditions in the watershed, including fish 
distributions, habitat condition, and population 
viability. For HCPs covering other aquatic and 
temsrrial biota, additional analyses beyond those 
recommended here would be warranted. The 
evolving watershed analysis protocols outliner' in the 
Federal Ecosystem Analysis Guide (RE0 199. ) and 
the State of Washington (WFPB 1994) addreir many 
critical watershed, riparian, and aquatic processes. 
The reader is referred to these guides for specific 
protocols and res~l thg  products. 

In each of the sections that follows, we discuss a 
specific process that may be dismpted by human 
activities. Each discussion begins with a summary of 
key issues that we believe should be addressed in 
HCPs based on our review of the literature (Pan I of 
this document). We then provide recommendations 
regarding the elements that should be included in the 
HCP. The intent is to offer general guidelines, not 
the specific protocols for performing those analyses. 
The Agencies, and other State, Tribal, and private 
interests will ultimately need to develop standardized 
protocols for field sampling and data analyses to 
ensure consistency among conservation plans to the 
extent possible. We then present recommendations 
regarding numeric or narrative criteria that may be 
used to evaluate whether HCPs or other conservation 
activities are likely to adequately address resource 
concerns. These recommendations are made only 
where they can be supported with existing scientific 
information. Where such data are deficient, we 
discuss factors that are likely to influence the 
responses to land management activities so that 
management agencies have some technical basis for 
evaluating the adequacy of HCP provisions. We also 
note that, because of inherent variability in ecological 
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conditions across the landscape and at any one 
location through time, establishing fued numeric 
standards for habitat parameters (e.g.. temperature, 
pool frequency, large woody debris, etc.) may fail to 
accommodate this variability and lead to inadequate 
protections or unwarranted constraints on 
management activities. Nevertheless, without 
quantitative ambient criteria. conservation objectives 
will prove difficult to achieve. Thus we emphasize 
that where numeric criteria are presented in chis 
repon, they are intended to serve as benchmarks or 
targets. If analysis demonstrates such criteria are 
inappropriate for the particular region or situation. 
then,rhese standards should be modified. 

An assumption underlying recommendations made 
in the fpllowing sections is that the aquatic habitats 
affected by the proposed activities suppon salmonid 
populations (or influence downstream areas that 
suppon salmonids) that are listed, or likely to 
become listed if not protected, as threatened or 
endangered under ESA. Consequently, the 
recommendations an generally conservative in nature 
and each rmmendation may not be appropriate in 
all circumstances. We also note that because the 
focus is on salmonids, the recommendations 
contained herein do not ensure protection of other 
resource values and in fact may contribute to their 
degradation. For example, hydrologic effects of 
timber harvest may be minimized by dispersing 
numerous small clearcuts over a wide area; however, 
this may result in a highly fragmented landscape, to 
the detriment of various wildlife species that would 
be better protected by employing a few large 
clearcuts. 

14.2.I Hydrology 
Key Issues 

Land- and water-uses can substantially influence 
the amount and timing of water delivered to the 
scream channel. Our review of the literature 
identified four principal ways in which human 
activities may influence stream discharge patterns: 1) 
changes in total water yield; 2) increases in peak 
flows (particularly during rain-on-snow events); 3) 
increases or decreases in summer base flows; and 4) 
altered seasonal timing of flows. In most instances, 
land-use activities result in an incrcase in total water 
yield due to decreases in evapotranspiration demand 
following the removal of vegetation (Bosch and 
Hewlett 1982: Sanerlund and Adams 1992). 
However, in one study in the Cascade Range of 
Oregon, total water yield decreased slightly after 
vegetation removal, apparently through loss of fog 
drip (Harr 1982). Increases in peak flows can be 
caused by the reduced evapotranspiration demands 
(primarily in the fall), changes in the distribution and 
melting rate of snow. increased efficiency with which 
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water is muted to the sueam channel, or any 
combination of these mechanisms. Summer low flows 
may increase in response to reduced 
evapotranspiration demands, but may also decrease in 
areas where 1) soil compaction reduces infiltration 
and, hence, subsurface storage, 2) channel incision 
causes a lowering of the water table (Rhodes et al. 
1994). 3) natural vegetation is replaced with species 
having greater wapouanspiration demand (Hicks et 
al. 1991b). and 4) sediment accumulations in rhc 
channel force the stream to flow subsurface. Seasonal 
timing of flows is affected by many of the above 
mechanisms, as well as through storage and 
withdrawal of water for irrigation and hydropower 
generation. 

Sueam discharge strongly influences the amount 
of habitat available to salmonids and the physical 
characteristics of those habitats; thus hydrologic 
changes influence salmonids in a variety of ways. 
Increases in peak flows can scour spawning gravels, 
change substrate size, redistribute large woody debris 
within the channel, facilitate channel incision or 
widening, and accelerate bank erosion. Reduced 
summer low flows can dewater stream reaches, 
prevent or inhibit fish migration, and produce higher 
summer temperatures. Changes in the seasonal timing 
of flows may disrupt the migration of salmonid 
juveniles and adults, and may increase the frequency 
with which disturbances occur during specific life 
stages (e.g., the incidence of spawning gravel 
scouring during early fall). In addition, natural flood 
and drought cycles are imponant for normal 
establishment of riparian vegetation. Hydrologic 
changes in watersheds may indirectly affect salmonid 
habitats by altering soil moisture content and 
stability, which affect the rate of sediment delivery to 
streams via mass failures and surface erosion. 

Recommendations 
We recommend that HCPs and other conservation 

plans contain a strategy for preventing cumulative 
hydrologic effects within the watershed or 
watersheds. Ideally, the conservation plan should 
specifically address each of four hydrologic issues 
identified above: total water yield, peak flows, 
summer low flows, and seasonal timing. For forest. 
agricultural, and range lands, the following 
provisions may be appropriate in an HCP: 
minimizing the areal extent of vegetation disturbance: 
minimizing the area in hydrologically "immature" 
condition and deferring further activities until 
hydrologic recovery has occurred (panicularly in 
areas prone to rain-on-snow events); and minimizing 
the areal extent of roads and skid trails. For urban 
areas, provisions for minimizing impervious surfaces 
would be desirable. Where water storage or 
withdrawals for irrigation or mining occur, 
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provisions should be included for protecting summer disturbance all influence the hydrologic response and 
low flows, flows needed for migration, and seasonal confound the ability to predict change. The most 
flushiig flows (flows resembling natural peak flows frequently used method for assessing cumulative 
for scouring substrates), as well as for reducing hydrologic impacts is the equivalent clearcut a m  
irrigation withdrawals where inadequate flows are of (ECA) method, the application of which is limited to 
concern. In most instances, this will involve reducing forested ecosystems. The ECA method involves 
summer usage and winter storage. developing coefficients that express the effects of 

Developing a thorough and defensible various forest practices in terms of the equivalent 
management strategy for minimizing hydrologic clearcut area that would yield a comparable 
effects will require a thorough assessment of current hydrologic response. The model accounts for site 
waterahcd conditions. For all land uses, basic characteristics such as vegetation type, elevation. 
information on climate, soils, geology, topography type of disturbance, and time elapsed since the 
and vegetation will be needed. For forested lands, the management activity occurred. 
analysis should include mapping and assessment of Several recent reviews have found the ECA 
cumnt hydrologic maturity of stands withiin the method to be deficient in many respects (Beschta et 
water&&, mapping of existing roads, skid trails, al. 1995; Rho& u al. 1994; Murphy 1995). Rhodes 
landings, and other areas where ground disturbance et al. (1994) recommend against using the ECA 
has occurred; and identifying hydrologically sensitive method because it fails to account for many factprs 
zones, including areas whm rain-on-snow events are that influence the amount of degradation caused by 
likely 40 occur. Protocols for evaluating potential the disturbance, includii proximity to the stream or 
changes in peak flow may be found in the Federal riparian zone, geomorphic sensitivity, and cumulative 
Pilot Watershed Analysis Guide (RE0 1994) and in affects of other activities, such as grazing and 
the Washington watershed analysis guide (WFPB mining. Their objenions pertain primarily to using 
1994) though modification of the WFPB protocol is the ECA method alone to determine all cumulative 
under consideration. In California, Sustained Yield effects (e.g., sedimentation. shade, LWD 
Plans may also provide information on potential recruitment), not just hydrologic effects. Beschta et 
hydrologic effects in forested systems. For al. (1995) address hydrologic aspects of the ECA 
agricultural lands, rangelands, and urban areas, approach more dire*ly. They note that although 
assessment of the cumnt anal extent of disturbance increases in water yield in response to logging are 
(vegetation, roads, other impervious surfaces) is also well documented, the assumed cornlation between 
important. The Natural Resource Conservation increases in water yield and increases in channel- 
Service (formerly Soil Conservation Service) has modifying peak flows has not been firmly 
developed hydrologic models that can be used to established. They also suggest that simple coefficients 
estimate effects of changes in land use (agriculture, are inadequate to represent the different mechanisms 
range, and urban) on peak flows in streams (SCS by which peak flows may be generated (e.g.. rain, 
1982, 1986). rain-on-snow, and snowmelt systems), though they 

Regardless of land-= type, HCPs should also acknowledge that because c~efficients vary with 
identify areas where evidence of human-caused elevation, these effects may be incorporated into the 
hydrologic disturbance exists (e.g., channel incision procedure. In addition to these problems, the 
or widening, dewatering of stream reaches, gullying hydrologic response to clearcutting depends on the 
of incoming drainage channels) and include size and distribution of the harvest areas; a few large 
provisions for mitigating those impacts and reversing patch cuts are likely to produce greater increases in 
the processes that create them to the maximum extent yield than many small cuts of equivalent total area. 
possible. For irrigated agricultural lands. information Finally, clearcuts of similar size may exhibit different 
regarding total withdrawals for the watershed should hydrologic responses depending on the specific 
be presented. harvest and yarding practices and the resulting degree 

of soil compaction. 
Evaluation Criteria Despite these l i tat ions,  the ECA method may 

Our review of the literature found no widely be useful as a coarse-level indicator of potential 
accepted method for determining thresholds for hydrologic problems within forested watersheds. 
minimizing cumulative hydrologic effects. The Bosch and Hewlett (1982) and Satterlund and Adarns 
probability of significant hydrologic changes resulting (1992) both conducted extensive literature reviews 
from land-use activities generally increases with the regardig changes in water yield associated with 
percentage of the watershed that has been disturbed logging and other forest treatments in coniferous 
(Bosch and Hewlett 1982); however, numerous forests and found that in most instances, water yield 
factors, including climate, vegetation type, soils, increased if 15%-30% or more of the watershed was 
geology, land surface fom, elevation, and type of disturbed. It should be noted that these reviews 
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uncovered few studies in which less than 20% of the 
watershed was disturbed, so changes in yield may 
occur with less extensive disturbance as well. 
McCammon (1993 in Murphy 1995) concluded that 
the level of risk was low in coniferous stands where 
ECA levels w a e  less than 15% of forest stands less 
than 30 years in age. but increased at higher ECA 
levels. His assessment considered several processes 
in addition to hydrology, dad assumed that 
hydrologic recovery occurs in 15-30 years. Together 
these observations suggest that no more than 
15%-20% of the watershed should be in a 
hydrologically immature state at any given time. 
Given the Dncenainties associated with the ECA 
approach, this threshold value should be used only as 
a general guidepost, not as an absolute measure of 
cumulative effect. For example, if significant 
onions of the watershed lie in the transient snow 

zone, or if past harvest has occurred in hydrologic 
source areas, more conservative ECA threshold 
values may be appropriate. Similarly. more 
conservative measures would be appmpriate where 
channel condition has already been degraded by 
hydrologic changes, or in watersheds where lack of 
large wood increases the potential for damage durins 
high flows. In two recent evaluations, the ECA 
model underestimated changes in total water yield 
observed in the field (King 1989; Belt 1980 in Reid 
1993), underscoring the need to exercise caution in 
using this method as anything other than a general 
indicator. 

Little information exists regarding possible 
thresholds of hydrologic disturbance on range and 
agriculturd lands. Although the potential for 
incre&ed water yields is generally less where 
precipitation is lower, the greater likelihood for 
overland flow and rapid routing of water to the 
stream channel suggest these landscapes may be just 
as likely to produce channel-modifying peak flows in 
response to human disturbances. Methods analogous 
to the ECA method arc difficult to apply for range 
and agricultural lands because the nature of the land 
disturbance. On forested landscapes, particularly 
where clearcuning is the primary harvest method, it 
is relatively easy to defme discrete areas of 
disturbance. On rangelands, the intensity of 
disturbance is generally lower than for logging, 
except perhaps in the riparian zone; however, the 
areal extent of disturbance is usually high and the 
alteration persists as long as grazing continues. In 
agricultural areas, both the intensity and areal extent 
of disturbance are high and the hydrologic response 
is confounded by the effects of irrigation withdrawals 
and storage, as well as differences in 
evapotranspiration demand of crops compared with 
natural vegetation. Because of the lack of scientific 
information, we cannot make specific 
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recommendations regarding thresholds of dismrbance 
for these land uses. 

In urban areas, the magnitude of peak flows and 
frequency of high flow events generally increases as 
a function of the percent area with impervious 
surfaces (e.g., rooftops, roads, sidewalks, parking 
lots, etc.). Two studies in urban areas of the Pacific 
Northwest suggest that increased frequency of peak 
flows resulting in significant changes in stream 
channel stability can occur when the percent 
imperviousness exceeds 10% (Booth 1991; Booth and 
Reinelt 1993). Other studies have shown decreases in 
macminvenebrate diversity (Klein 1979; Steedman 
1988; Schueler and Galli 1992: Shaver et al. 1995). 
fish diversity (Schueler and Galli 1992), and 
degradation of fish habitat or declines in abundance 
(Steward 1983; Shaver et al. 1995) when percent 
imperviousness exceeds 7 %-12%. These changes are 
not entirely due to hydrologic stress, because 
pollutants and other factors may also contribute to 
degradation. Nevertheless, thwe studies suggest that 
HCPs developed for urban areas should seek lo 
minimize percent impervious area, preferably below 
the apparent 7%-10% threshold. 

We found no established methodologies for 
addressing cumulative watershed effects on summer 
low flows or changes in seasonal timing of stream 
discharge and therefore cannot recommend 
watershed-level numeric criteria related to these 
issues. Landowners should strive to minimize 
changes relative to natural flow regimes in the 
drainage. In systems where reduction in summer flow 
and the resultant higher temperatures may adversely 
reduce salmonid production or prevent existence, 
construction of dams or increases in water 
withdrawals should be avoided. 

14.2.2 Sediment Transport 
Key Issues 

Land-use activities substantially alter the rate at 
which sediment is delivered to streams via both mass 
wasting and surface erosion processes (reviewed in 
Chapter 6). Acceleration of mass wasting and surface 
erosion occurs in response to removal of vegetation 
or groundcover. disturbance to soils, and disruption 
of hydrologic processes (primarily chanses in soil 
moisture content and water routing). In disturbed 
forested systems, mass wasting events (e.g., 
landslides, debris avalanches, eanhflows, bank 
failures) are the most important source of sediment 
inputs to streams and most often occur in association 
with roads, because of failure of cut and fill slopes, 
stream crossings, and culverts (Furniss et al. 1991). 
Surface erosion is generally less important on 
forested lands because of the high infiltration 
capacity of forest soils; however, significant surface 
erosion may occur in certain geologic types and on 
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mad surfaces, skid trails, landings, and burned or 
scarified areas where soils are exposed or compacted 
and where a lack of adequate drainage suumres 
results in channelized surface flows. In grazed and 
row-crop agricultural systems, the degree of soil 
disturbance and vegetation removal is typically more 
extensive than occurs during timber harvest; 
consequently, the potential for surface erosion is 
generally greater than on forest lands. In these 
systems, surface erosion is l i l y  to be a more 
important source of sediment inputs than mass 
failures, except on steep terrain or along stream 
banks. 

Increases in sediment delivery to streams can 
influence salmonids and their habitats in numerous 
ways. Increased inputs of sediments can result in 
increased fractions of fine sediments in spawning 
gravels that may both reduce inmagravel flow of 
oxygen to developing embryos and entomb alevins. 
Increased fine sediments may also reduce interstitial 
spaces in cobble that juvenile salmonids use as winter 
cover. Large amounts of sediment delivered to 
streams can effectively reduce pool volume, 
decreasing rearing habitat for juvenile and resting 
pools for migrating adults. Elevated sediment loads 
also increase the frequency of channel scour and fill 
events, increase channel width through aggradation, 
and decrease stability of large woody debris. 
Sedimentation of bottom substrates interferes with the 
production and diversity of macrobenthos by 
eliminating rearing space and preventing hyporheic 
movement. Finally. increases in turbidity and 
suspended sediments can interfere with normal 
feeding by salmonids and cause gill damage. 

Recommendations 
We recommend that HCPs and other co~lse~-vation 

plans develop a long-term plan for minimizing 
cumulative sediment delivery to streams. Important 
provisions of a conservation plan should include 
minimizing or avoiding land-use activities (logging. 
yarding, grazing, farming, mining, road construcrion) 
in areas susceptible to mass wasting and surface 
erosion and in riparian zones; minimizing total road 
density within the watershed, including limited entry 
to madless areas: developing a road maintenance 
schedule to prevent, identify, and mitigate sediment 
impacts; and active restoration of mads and skid 
trails no longer in use. particularly those in riparian 
areas. 

Plans for minimi- ,sediment impacts should be 
based on a thorough r~sment of existing eroston 
and mass wasting pr ;ms withiin the watershed and 
their association with specific sire conditions and 
land-use activities. Each watershed contains unique 
vegetative, soil, geologic, and climatic atuibutes. 
Consequently, recognizing specific combinations of 
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characteristics that have led to mass failures o r  
surface erosion in the past provides the best means 
for identifying areas where risk of future erosion is 
high. Information on past mass wasting events and 
surface erosion can be obtained from on-the-ground 
surveys, aerial photographs, and historical reports. 
Mapping these areas can assist in developing long- 
term roading and harvest plans. Analytical 
approaches for assessing potential for landslides, 
debris tonents, gully erosion, sheet and rill erosion, 
bank erosion, and for estimating total sediment yield 
can be found in the Pihr Watershed Analysis Guide 
(RE01994) and the Washington watershed analysis 
guide (WFPB 1994). Additional methods for 
assessing erosion on forested lands can be found in 
EPA (1980a) and in Knighton and Soloman (1989). 
Methods also exist for modeling sediment yields from 
small watersheds in agriCUlNrd and urban areas 
(Wischmeier and Smith 1978). The goals of these 
analyses are to estimate the spatial extent of these 
erosional processes within the watershed, to relate 
their occurrence to land-use type or watershed 
characteristics, to assess the resulting delivery of 
sediment to streams, and to identify areas within the 
watershed that are high risk for specific types of 
erosion. 

Evaluation Criteria 
Because complex interactions among many factors 

determine the rates of surface erosion and mass 
failure, it is difficult to develop specific guidelines 
for determining the adequacy of HCPs or other , 
conservation efforts in relation to erosion. We found 
little information in the literature that would support 
the development of numeric criteria for the purposes 
of preventing cumulative sediment impacts at the 
watershed level. Nevertheless, the relative risk of 
erosion from an area may be assessed based on 
qualitative and quantitative descriptions of climate, 
geology, soils, topography, and vegetation. In 
addition, historical information on landslides in 
unmanaged or old-growth basins may offer additional 
insights into appropriate criteria. In the paragraphs 
below. we discuss specific amibutes that have been 
identified in the literature as important in determining 
mass soil movement and surface erosion risk. 

Mass Wasting. The factors most often 
associated with mass failures are slope steepness 
exceeding the angle of internal friction, wet soils, 
geology and soil texture susceptible to failure, and 
removal of vegetation. 

w.Slope gradient is generally the most 
important determinant of mass failure risk, although 
critical thresholds for slope vary with the type of 
mass soil movement. For debris avalanches and 
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flows (rapid-shallow mass soil movements), 
Swanston et al. (1980) suggest that risk is high on 
slopes greater than 34". medium on slopes between 
29 and 34". and low on slopes less than 2g0. 
Satterlund and Adams (1992) suggest that a critical 
slope threshold for mass failures under a variety of 
conditions lies around 30". Based on an extensive 
review of the literature, Sidle et al. (1985) conclude 
that most slopes greater than 35' are subject to rapid 
mass soil movements (i.e.. debris avalanches, 
landslides) and many slopes greater than 25* are 
susceptible to failure, particularly if the soil mantle is 
poorly bound to the underlying rock. 

Slo' wer nhss soil movements, including rotational 
slumps. earthflows, and soil creep, may occur on 
more gelltle terrain. Swanston et al. (1980) conclude 
that risks of slumps and earthflows are high on 
slopes > 30'. medium on slopes from 15-30", and 
low on slopes < 15'. Sidle et al. (1985) suggest that 
lower limits for initiation of mass failures are 7-18' 
for rotational slumps. 4-20' for eanhflows, and 
1.3-25" for soil creep. They also note that extensive 
mass soil movements have been observed on 
gradients of 12-25O in northern California and that 
these slower movement processes may contribute 
more sediments to these streams than rapid failures 
on steeper slopes. 

The above reviews suggest that for all types of 
mass soil movements, the risk of mass soil 
movements is high on slopes > 30"; we therefore 
recommend that activities be minimized or avoided 
on slopes exceeding this gradient except where a 
slope stability assessment conducted as pan of a 
watershed analysis indicates the risks of mass wasting 
and delivery of material to stream channels is low. 
For lesser slopes, risks of mass failure may also be 
high and final decisions regarding appropriate land 
management practices should be based on site- 
specific analyses of precipitation and hydrologic 
characteristics, soil type. geology, and oher site 
conditions discussed below. In general, increasingly 
conservative standards should be adopted with 
increasing likelihood that sediments generated by 
mass failures will enter the stream channel. 

Soil Moisture. The risk of mass failure typically 
increases as soil moisture increases. As soils become 
saturated, positive pore water pressure exerts force 
that can allow shear stress to overcome resistant 
forces of cohesion, friction, and binding strength of 
m t s .  Consequently. the probability of mass failures 
increases with intensity of precipitation. Satterlund 
and Adams (1992) suggest that landslide hazard 
increases substantially when storm precipitation 
exceeds 12.5 cm (4.9 in). but note that less intense 
storms can trigger landslides when soils are already 
wet from previous precipitation events. Swanson 
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(1991) suggests that critical rainfall intensities for 
debris avalanches lie between 7.6 and 15.2 cm (3-6 
in) in a 24-hour period. Other types of mass failures, 
including slumps and eanhflows, depend more on 
long-term water accumulation (seasonal and annual) 
than on individual storm events. Swanston et al. 
(1980) concluded that risks of debris avalanches and 
debris torrents are high for areas receiving more than 
203 crn per year (80 inches per year) total 
precipitation or 102 cm per year (40 inches per year) 
distributed over a clearly defined rainy season. 
moderate for areas receiving between 51 and 102 an 
per year (20-40 inches per year), and low for areas 
with less than 51 cm per year (20 inches per year). 
Thus, both the potential for high-intensity rainfall 
events (or rainan-snow events) and total annual 
precipitation should be weighed when evaluating 
mass failure risk. 

Landform and subsurface drainage characteristics 
also influence the relationship between soil moisture. 
and the likelihood of mass failure. Convex slopes 
tend to disperse water, whereas concave slopes 
concentrate water into smaller areas, facilitating 
rapid, localized increases in soil moisture during 
storms (Sidle et al. 1985). In addition, because water 
tends to drain both downward and laterally towards 
the stream channel. soil moisture tends to be highest 
towards the base of slopes and near the sueam 
channel. Landslide risks are also high where the 
density of drainage depressions is great. Risk also 
increases where bedrock or other impervious 
materials underlie a shallow soil mantle (Swanston et 
al. 1980). which causes subsurface waters to 
concentrate. The presence of permeable lowdensity 
zones above impervious layers indicates saturated 
flow parallel to the slope, which confers a higher risk 
of hillslope failure. Springs on hillslopes are also 
indicative of near-surface flow. More conservative 
land management is warranted on slopes exhibiting 
on or more of these characteristics. 

Geolow and Soil Twe. The geologic factors that 
tend to predispose hillslopes to various kinds of mass 
failures are generally well known (Sidle 1985). 
Shallow, rapid mass soil movements (e.g., debris 
avalanches and torrents) are typically associated with 
one or more of the following conditions: shallow 
soils overlying hard, impermeable surfaces; 
parallelism between the slope and underlying planar 
rock structures (bedding planes, fractures, joints, and 
faults); and unconsolidated or weakly consolidated 
soils. Eanhflows, slumps, and soil creep occur most 
frequently where sofi, clay-rich rocks form a thick. 
plastic soil mantle (Swanston et al. 1980; Sidle et al 
1985; Satterlund and Adams 1992). Like debris 
avalanches, these slower moving failures are also 
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more likely where underlying planar structures run 
parallel to h e  hillslope. 

Specific soil textures chat influence susceptibility 
of hillslopes to debris avalanches and torrents have 
been summarized by Swanston et al. (1980). They 
conclude that risk of debris avalanches is high for 
unconsolidated, noncohesive soils and wlluvial 
debris, including sands and gravels, mck fragments, 
weathered granites, pumice, and noncompacted 
glacial tills with low silt content (< 10%) and no 
clay. They suggest that the risk of failure is 
intermediate for unconsolidated, noncohesive soils 
and colluvial debris that have moderate silt content 
(10%-20%) and low (< 10%) clay content. Fine- 
grained, cohesive soils with greater than 20% clay or 
mica content are considered low risk soils for rapid 
mass failures. Soil texture depends on interactions 
between parent rock type and climatic conditions. 
Siltstones, shales, mudstones, pyrodastics 
(volcanoclastics), and serpentines generally wearher 
rapidly into clays; consequently. soils derived from 
these materials may be less prone to sliding. In 
contrast, soils derived from granites and sandstones 
are typically shallow and cohesionless and, therefore, 
more susceptible to landslides and debris avalanches 
(Satterlund and Adams 1992) 

Soil texture is also a critical factor in regulating 
eanhflows and slumps, although the characteristics 
that result in slumps and eanhflows differ from those 
typically associated with rapid mass soil movements. 
Swanston et al. (1980) summarize the relative risks 
of slumps and eanhflows in relation to soil teXNre as 
follows. They suggest that fme-grained, cohesive 
soils derived from sedimentary rocks. volcanics, 
aeolian and alluvial silts, aad glaciolacustrine silts 
and clays are prone to slower eanh movements. In 
addition, soils with high clay content (>20%) or 
with clay minerals that swell upon wetting (e.g., the 
smectite group) also an at relatively high risk of 
eanhflows and slumps, as are the amorphous clays 
(Sanerlund and Adams 1992); thus, soil types 
associated with slumping may differ from those that 
lead to more rapid mass movements. Soils of variable 
texture with both fine and coarse grained components 
arranged in layers or lenses, and soils with clay 
fractions derived from illite and kaolinite groups are 
at medium risk of slower mass movements. Soils 
with variable texture and low or widely dispersed 
clay fractions generally have low risk of failure. 

Vegetation Removal. The removal of vegetation 
influences mass failure processes in two ways. First, 
the reduction in evapotranspiration demand increases 
the amount of water within the soil, which may 
elevate soil water tables (Chamberlain et al. 1991). 
Second, the root network of vegetation may help 
stabilize soils by creating a laterally strong matrix of 

roots and soil. by anchoring the soil mantle to more 
stable underlying rock or soil, and by providing local 
reinforcement in the immediate vicinity of trees 
(Sidle et al. 1985). As mots decompose following 
logging, these stabilizing effects diminish. It is 
unclear which of these mechanisms is most imponant 
in stabilizing soils (Sidle et al. 1985) and. 
consequently. it is difficult to make recommendations 
regarding management practices related to vegetation 
removal. Nevmheless, in areas with shallow soils 
and steep slopes, retention of both large conifers and 
deciduous understory is advised. Procedures for 
assessing root strength influence on landslide risk arc 
available (see Sidle et al. 1985). 

Swanston et al. (1980) note that the sire and 
location of timber harvest units, as well as 
subsequent land treatments, can greatly influence the 
incidence of debris avalanches and torrents, as well 
as eanhflows and slumps. Thcy suggest that large 
clearcuts that create continuous downslope openings 
have higher risk of failure than smaller patch cuts (< 
20 acres) or panial cuts because of the combined 
effects of increased soil moisture and, for shallow 
slides, reduced mot strength. lky also suggest that 
failure risk can be reduced by avoiding post-harvest 
broadcast burning on sites with slopes > 34". 

Surface Erosion. The vulnerability of areas to 
surface erosion depends on several site characteristics 
including slope, soil type (infdtration rate and degree 
of compaction), drainage characteristics, and the 
presence of vegetation or organic litter. 

w.The erosive force of water increases with 
the velocity of runoff; consequently, the rate of 
surface erosion increases with both the gradient and 
length of the slope. EPA (1980a) reported that soil 
loss increases approximately as the 1.4 power of 
percent slope for slopes less than 20% (1 1") and as a 
power of slope length that increases with gradient. 
On rangelands, Heady and Chiild (1994) State that a 
doubling of the slope doubles the erosive power of 
water and increases the amount of material eroded by 
a factor of 16. Consequently, incremental increases 
in slope gradient result in a disproponionately greater 
risk of surface erosion. We found no published 
reference to critical slope thresholds for minimizing 
surface erosion. However, Henjum et al. (1994) 
concluded that in order to control sedimms on 
eastside forests, no logging should be conducted on 
slopes with gradients steeper than 17* on pumice 
soils (highly erosive) and 31" on other soil types. 
They also recommended that on slopes between 17" 
and 31'. 40% of the basal area should be retained 
with half of this area consisting of trees larger than 
the mean diameter. n e s e  recommendations also 
offer a basis for agricultural, range, and urban lands 
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to limit erosion, although the greater frequency and 
areal extent of disturbance on these lands may call 
for more protective measures. 

&&. Soil structure and composition are also 
imponant factors in erosion. Although there are a 
large number of soils wirhin thc range of Pacific 
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salmon, typical soil types offer linle instructive 
information. EPA (1980a) describes erosive soils as 
those with low organic matter, high amounts of silt 
or fine sand (e.g., loss), a blocky strucnue (e.g., 

I ' 	 clay), and low permeability (e.g., calichi). In 
contrast, the least erosive soils conrain high levels of 
organic matter, are low in silt or fme sand, have a 

I fine granular or crumbly structure, and are highly 
permeable. Thus soil type should be incorporated 
into the assessment of surface erosion risk. 

Drainaee Characteristics. The two types of soil 
erosion of concern in this subsection are rill or gully 
erosion and splash or sheet erosion. The former is 
more impressive and more easily observed. but the 
laner may be equally damaging, especially on 
rangelands and farmlands; however, it is more 
difficult to assess. It is best to prevent both types by 
proper land management. Where gullies exist they 
can be mitigated by sets of check dams and 
revegetation with stem-sprouting vegetation. Splash 
erosion is best controlled by revegetation and 
mulching. Because roads are vulnerable to both sheet 
and gully erosion, we recommend that information 
describing road density and mitigation be included in 
conservation plans (see Section 14.2.5). 

Veeetative Cover and Organic Liner. Rainfall, 
slope, and soil texture and structure can be controlled 
relatively little; however, vegetarian cau be managed 
and proper management of plant cover also improves 
surticial soil texture and structure. For example, 
Packer and Laycock (1969, in Heady and Child 
1994) repon that plant and liner cover account for 
50%-80% of the variance in erosion studies on 
rangelands. For the erosive granitic soils of 
southwest Idaho, Packer (1951, in Heady and Child 
1994) recommends 70% covet with vegetation and 
litter where perennial grasses dominate and 90% in 
landscapes dominated by annual grasses. This 
translates to bare soil patches an average of < 10 cm 
in diameter in the f o m r  w e  and C 5 cm in the 
laner. Ground cover of 70% is also recommended 
for the sagebrush-wheatgrass assemblage of western 
Wyoming to reduce soil compaction and bulk densiry 
(Packer 1963, in Heady and Child 1994). On more 
humid grasslands, Ellison (1950, in Heady and Child 
1994) reported a yield of 1.2 tons per hectare of 
splash erosion when there was 7 tons per hectare of 
herbage and liner, but 170 tons per hectare from 

bare soil. Clearly, increases in the amount of bare 
ground, soil bulk density, and devegetation-whether 
by over grazing, agriculture, or deforestation- 
produces increased runoffand soil erosion. Over 
sufficient time and at sufficient intensities, these uses 
have led to desenification in arid and semiarid 
environments. 

14.2.3 RiparianBuffers 
Riparian Functions in Relation to Buffer 
Width 

Key Issues. Our review of the literature 
(Section 3.9) revealed six specific functions of 
riparian zones that hat essential to the development 
and maintenance of aquatic habitats favorable to 
salmonids. Riparian vegetation provides shade to 
stream channels, contributes large woody debris to 
streams, adds small organic matter to streams, 
stabilizes streambanks, controls sediment inputs from 
surface erosion, and regulates nutrient and pollutant 
inputs to streams. In addition to these functions that 
directly influence aquatic habitats, riparian areas arc 
critical habitats for a variety of terrestrial and semi- 
aquatic organisms and serve as migration or 
dispersion corridors for wildlife species (FEMAT 
1993). Many of these benefits derive from the 
availability of water and unique microclimates in 
these zones. Long-term conservation of salmonids 
requires protecting not only the immediate functions 
that riparian vegetation provides, but the ecological 
conditions within the riparian zone needed to 
maintain natural vegetation communities (e.g., soil 
productivity, microclime) as well. Although 
riparian buffers alone are insufficient to ensure 
healthy salmonid habitats, there is consensus in the 
scientific community that protection of riparian 
ecosystems should be cenual to all salmonid 
conservation effons on both public and private lands 
(FEMAT 1993; Cederholm 1994; Cummins et al. 
1994; Rhodes u al. 1994; Murphy 1995; and others). 

Removal of riparian vegetation through logging. 
grazing, agriculture, or other means can diminish 
each of the imponant funnions listed above (see 
review in Chapter 6). The removal of overhead cover 
results in more extreme temperatures during b o b  the 
summer and winter through greater radiative heating 
and cooling. The lack of recruitment and active 
removal of large woody debris has left many streams 
in the Pacific Northwest depleted of large wood that 
is essential in creating pool and off-channel habitats, 
retaining sediments and organic materials (including 
salmon carcasses), creating hydraulic and physical 
complexity, and providing overhead cover for 
salmonids. The loss of root matrices of riparian trees 
and shrubs destabilizes streambanks, allowing banks 
to slough and collapse during high flow events. 
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Reductions in undcrsto~y vegetation and disturbance riparian wnditions, long-term recruitment of large 
to the organic liner layer permits raindrops to woody debris, and canopy closurelaream 
directly hit the soil, facilitating detachment and tempnarures. The functions of nutrient cycling, liner 
transport of soil to the sueam channel. Alteration of inputs, sediment control, bank stabilization, and 
riparian vegetation can also increase nutrient loadings microclimate protection are not explicitly addressed 
to streams and allow chemical (e.g., pesticides, in the riparian modules of either the Federal or State 
fertilizers) and biological (e.g., bacteria) of Washington guides. 
contaminants associated with land-use practices to 
enter the stream. Evaluation Criteria. The establishment of 

Fish-bearing streams axe influenced not only by riparian buffer zones is generally accepted as the 
the condition of adjacent riparian areas, but most effective way of protecting aquatic and riparian 
conditions of upstnam reaches as well, including habitats (Cummius n al. 1994). We defme buffer 
ephemeral and perennial nonfish-bearing streams. zones as areas adjacent to the stream channel or 
Sediments generated from unprotected upstream floodplain in which land-use activities are prohibited 
reaches are transported and deposited downstream, or substantially restricted. In most instances, riparian 
filling pools and decreasing channel stability. management can be divided into two components: 
Removal of large trees from headwater areas may delineation of appropriate riparian buffer widths and 
reduce recruitment of wood to downstream areas. determination of allowable activities within the 
Temperature increases caused by canopy removal in riparian buffer zone. Both of these components can 
small streams can also affect downstream reaches. be addressed by considering the funnional roles of .. 
Because these influences of land management the riparian zone, and particularly those of riparian 
propagate downstream, protection of riparian zones vegetation. 
along nonfish-bearing sueam and ephemeral A functional approach to riparian protection 
channels is also needed to maintain salmonid habitats. requires a consistent definition of riparian ecosystems 

based on "zones of influence" for specific riparian 
Recommendations. We recommend that processes. In constrained reaches, the active stream 

habitat conservation plans and other conservation channel remains relatively stable through time and 
agreements include a comprehensive plan for riparian zones of influence may be defined based on 
protecting riparian areas along all fish-bearing and site-potential tree heights and distance from the active 
nonfish-bearing streams, including ephemeral channel. In unconstrained reaches with braided or 
channels. Riparian buffers should be established for shifting channels and broad floodplains, the riparian 
all land-use types and should be designed to maintain area of influence is more difficult to define. In these 
the full array of ecological processes (i.e., shadimg, reaches, it is more appropriate to define the riparian 
organic debris inputs, bank stability. s e d i i t  zone based on the extent of the floodplain, rather 
control, and nutrient regulation) needed to create and than the active channel, because movement of the 
maintain favorable conditions through time. active channel across the floodplain through time 
Consideration should also be given to protecting may render buffer strips ineffective. Consequemly, it 
rnicrocIimaric conditions (temperature. humidity, is reasonable to propose buffers of varying absolute 
wind speed, soil moisture, etc.) to ensure the widths based on specific reach-level characteristics. 
persistence of natural vegetation communities and, Riparian Reserves for Federal lands (FEMAT 1993; 
where applicable, other ripariandependent tenatrial FS and BLM 1994c) incorporate these ideas by 
and semi-aquatic species. defining riparian reserves based on multiple criteria. 

Conservation plans should include an assessment For example, the boundaries for Riparian Reserves 
of current and historical riparian conditions for the surrounding fish-bearing streams are defmd by five 
entire watershed (or in the case of very large potential criteria: 91 m (300 ft) slope distance on 
watersheds, the portion reasonably affected by the each side of the channel, two site-potential trees, the 
HCP) with the objectives of determining the degree outer edges of the 100 year floodplain, the distance 
to which riparian functions have been altered (if at from the active channel to the top of the inner gorge, 
all) by past land-use pracfices, projecting rccove~~ or to the outer edges of riparian vegetation, 
periods for various riparian functions, and identifying whichever is greatest. 
strategies for accelerating recovery. This analysis The effectiveness of riparian buffers can be best 
should include an overall assessment of cumulative evaluated within the context of specific protection 
effects and maps of current riparian conditions. The goals. For example, riparian standards designed to 
Federal Agencies are cumntly in the process of protect only salmonid habitats would differ 
developing analytic modules that specifically address substantially from standank to protect other riparian- 
riparian functions. Washington State has developed a dependent species, including amphibians, birds, 
riparian function module bat addresses current mammals, and reptiles. Consequently, it is 
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reasonable to expect more conservative riparian 
protection strategies for a multi-species HCP than for 
one designed for protecting only salmonids. In the 
sections below, we review literature pertaining to the 
buffer widths required to provide full protection to 
specific riparian functions identified as critical in the 
technical foundation (Section 3.9). For some 
functions, these relationships are not entirely clear 
and these uncertainties an noted. 

Stream Shading. The ability of riparian forests to 
provide shade to s t m  channels is a function of 
numerous site-specific facton including vegetation 
comfiosition! stand height, stand density, latitude 
(which determines solar angle), topography, and 
orientathn of the stream channel. These factors 
influence how much incident solar radiation Mches 
the forest canopy and what fraction passes through to 
the water surface. The shading influence of an 
individual tree can be expressed geometrically as a 
function of tree height, slope, and solar angle. For 
example, Broderson (1973) notes that in mid-July at 
45'N latitude, a 61 m (200 ft) high me on level 
terrain provides shide 27 m from its base. The same 
tree provides shade a slope distance of 41.6 m from 
its base (i.e.. 36.6 m measured horizontally from the 
stream edge) on a 31' slope and 68.8 m (48.9 m 
horizontal) from its base on a 45' slope. These 
values represent the maximum potential zone of 
influence for a tree of this height at this latitude and 
time of year. h natural forests, stand density and 
composition may moderate the shadiing influence of 
trees within this zone with trees closer to the stream 
channel and understory shrubs providing the majority 
of stream shade. 

The most thorough studies of the effectiveness of 
riparian buffer strips have been conducted in the 
Cascade and Coast Ranges of western Oregon. 
Brazier and Brown (1973) found that angular canopy 
densities comparable to old-growth stands (i.e., 
80%-90%) could be attained with buffers of 
approximately 22-30 m for coniferous forests in the 
southern Cascades and Oregon Coast Range. Data 
from Steinblums et al. (1984) suggests buffers 
greater than 38 mare needed to retain 100%of 
natural shading in coniferous forests of the western 
Cascades (610-1220 m elevation). Based largely on 
these data, severaI authors have concluded that 
buffers of 30 m or more provide adequate shade to 
stream systems (Murphy 1995; Johnson and Ryba 
1992; Beschta et al. 1987). The gencraliued curves 
presented by FEMAT (1993) suggest that cumulative 
effectiveness for shading approaches 100% at a 
distance of approximately 0.75 tree heights from the 
stream channel (see Figure 3-2). This translates to 
25.1 m and 38.9 m for forests with average tree 
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heights of 33.5 m (110 ft) and 51.8 m (170 ti), 

respectively. 


The apparent consensus that buffers exceeding 30 
m are needed for stream shading has been based 
largely on studies in the Cascade and Coast Ranges. 
Thcre is little published information regarding buffer 
widths needed to provide natural levels of shade for 
streams in eastside forest, rangeland, and agricultural 
systems. Eastside forests, particularly old-growth 
ponderosa pine forests. have lower stem densities and 
crown-closure than westside Douglas-fir-dominated 
systems and frequently lack the dense understory 
vegetation typical of many westside riparian areas. 
Consequently, the width of buffers needed to 
maintain full shading may differ. For hardwood- 
dominated riparian forests that were once common 
along streams east of the Cascades, appropriate 
buffer widths for shade are even less certain, in part 
because examples of intact riparian ecosystems are 
extremely rare. More research on riparian influences 
on shading for all ecosystems east of the Cascades is 
needed before specific criteria can be recommended; 
however, in most instances, buffer widths designed 
to protect other riparian functions (e.g., LWD , 
recruitment) are likely to be adequate to protect 
stream shading. 

LWD Recruitment. Large wood enters stream 
channels by a variety of mechanisms, including 
toppling of dead trees, windthrow, debris avalanches, 
deep-seated mass soil movements, undercutting of 
streambanks, and redistribution from upstream 
(Swanson and Lienkamper 1978). Most assessments 
of buffer widths required for maintaining natural 
levels of large wood have considered only wood 
delivered by toppling, windthrow. and bank 
undercutting. Yet in some systems, wood delivered 
from upslope areas (via mass wasting) or upstream 
reaches (via floods or debris torrents) may constiture 
a significant fraction of the total wood present in a 
stream reach. In attempting to identify sources of 
large wood pieces in 39 stream reaches, McDade et 
al. (1990) failed to account for more than 47% of the 
woody debris pieces, suggesting that upslope and 
upstream sources potentially may be quite important. 
These mechanisms of delivery are more difficult to 
model, thus the discussion below focuses on 
recruitment from thc immediate riparian zone. 
Nevertheless, in evaluating habitat conservation 
plans. consideration should be given to potential 
recruiunent of wood from upslope areas and nonfish- 
bearing channels. 

The potential for a tree or portions of a tree to 

enter the stream channel by toppling, windthrow, or 

undercutting is primarily a funnion of slope distance 

from the stream channel in relation to tree height and 

slope angle. Consequently, the zone of influence for 
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large wood recruitmat is d e f d  by the particular 

stand characteristics rather than an absolute distance 

from the stream channel or floodplain. Other factors, 

including slope and prevailing wind direction, may 

influence the proponion of trees that fall in the 

direction of the stream channel (Steinblums et al. 

1984; Robison and Beschta 1990b; McDade et al. 

1990); however, if the goal is to maintain full 

recruitment of large wood to the channel, then 

protection of all trees witbin the zone of influence is 

desirable. 


FEMAT (1993) concluded that the probability of 
wood entering the active stream channel from greater 
than one tree height is generally low (see Figure 3- 
2). Exceptions occur in alluvial valleys, where 
stream channels may shin in response to sediment 
deposition and high flow events. Two models of 
large wood recruitment also assume that large wood 
from outside of one tree height seldom reaches the 
stream channel (Van Sickle and Gregory 1990; 
Robison and Beschta 1990). Murphy and Koski 
(1989) found that 99% of all identified sources of 
LWD were within 30 m of the stream chanuel in 
hemlock and S i b  spruce forests of southeastern 
Alaska with site potential tree heights of 
approximately 40 m (131 fi) (M.Murphy. personal 
communication). Their study deiined LWD as pieces 
greater than 3 rn length and 10 cm diameter and thus 
excluded smaller fractions classified as large wood in 
other studies. In addition, because trees far from the 
stream channel generally contribute smaller 
individual pieces (i.e., the tops of trees) that are 
more easily transported downstream, the authors' 
abilities to identify sources likely decreased with 
increasing distance from the channel. Consequently, 
protecting all LWD recruitment may require slightly 
larger buffer zones. McDade et al. (1990) examined 
LWD recruitment to streams at 37 sites in the 
Cascade and Coast Ranges of Oregon and 
Washington and found that source distances were as 
far as 55 m in old-growth (> 200 years) coniferous 
forests and 50 m in unrnanaged, mature (80-200 year 
old) conifer stands. Tree heights averaged 57.6 m in 
old-growth stands and 48 m in mature stands; thus, 
source distances were approximately equal to one 
site-potential tree height. In this study, woody debris 
was defined as pieces greater than 1 m length and 
0.1 m diameter at the small end. Cederholm (1994) 
reviewed the literature regarding recommendations of 
buffer widths for rnaintainiing recruitment of LWD to 
streams and found most authors recommended 
buffers of 30-60 m for maintaining this function. In 
summary, most recent studies suggen buffers 
approaching one site-potential tree height are needed 
to maintain natural levels of recruitment of LWD. 

An additional consideration in determining 
appropriate activities in riparian zones relative to 
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large wood recruitment is the potential size 
distribution of LWD. Murphy (1995) notu that 
larger pieces of wood form key st~uctural elements in 
streams, serving to retain smalles debris that would 
otherwise be transported downstream during high 
flow events. Bisson et al. (1987) suggest that the size 
of these key pieces is approximately 30 cm or more 
in diameter and 5 m in length for streams less than 5 
m in width and 60 cm or more in diameter and 12 m 
in length for streams greater than 20 m in width. 

For making Endangered Species Act 
determinations of effect, NMFS (198%) uses large- 
size fractions of wood to define properly function 
habitats. These key pieces are defined as greater than 
60 cm in diameter and 15 m in length for westside 
systems and greater than 30 cm in diameter and 11 m 
in length for eastside systems. Consequently, riparian 
protection plans need to ensure not only an 
appropriate amount or total volume of wood, but 
pieces of sufficient size to serve as "key pieces" 
(Murphy 1995). 

Fine Orzanic Litter. Smaller pieces of organic 
litter (leaves, needles, branches, tree tops, and other 
wood) enter the stream primarily by direct leaf or 
debris fall, although organic material may also enter 
the stream channel by overland flow of water, mass 
soil movements, or shitiig of stream channels in 
unconstrained reaches. Linle research has been done 
relating litter contributions to streams as a function of 
distance from the stream channel; however, it is 
assumed that most fine organic liner originates within 
30 m, or approximately 0.5 tree heights from the 
channel (FEMAT 1993). In deciduous woodlands, 
windborne leaf litter may travel farther from source 
trees than needles or twigs from coniferous 
vegetation; consequently, riparian buffers may need 
to be wider than suggested above to protect natural 
levels of organic inputs. Nevenheless, in most cases 
buffen designed to protect 100% of LWD 
recruitment will likely provide close to 100%of 
small organic liner as well. 

Bank Stabilization. Roots of riparian vegetation 
help to b i d  soil panicles together, making 
streambanks less susceptible to erosion. In addition, 
riparian vegeration provides hydraulic roughness 
elements that dissipate stream energy during high or 
overbank flows, further reducing bank erosion. In 
most instances, vegetation immediately adjacent to 
the stream channel is most important in maintaining 
bank integrity (FEMAT 1993); however, in wide 
valleys with shifting stream channels. vegetation 
throughout the floodplain may be important over 
longer time periods. Although data quantifying the 
effective zone of influence relative to root strength is 
scarce, FEMAT (1993) concluded that most of the 
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stabilizing influence of rip& root structure is 
probably provided by trees withii 0.5 potential tree 
heights of the stream channel. Consequently. buffer 
widths for protecting other riparian functions (e.g., 
LWD recruitment, shading) are likely adequate to 
maintain bank stability. In addition, consideration 
should be given to the composition of riparian 
species within the area of influence because of 
differences in the mot morphology of conifers, 
deciduous trees. and shrubs varies. Specific 
relationships between root tybes and bank 
stabilization have not been documented; however, if 
the purpose of riparian protection is to restore natural 
bank 'charactCristics. then retaining natural species 
composition is a reasonable target for maintaining 
bank stabilization function of riparian vegetation. 

Sediment Control. The ability of riparian buffers 
to control sediment inputs from surface erosion 
depends on severfiite characteristics including the 
presence of vegetation or organic litter, siope, soil 
type, and drainage characteristics. These factors 
influence the ability of buffers to trap s e d i i t s  by 
determining the infdtration rate of water and the 
velocity (and hence the erosive energy) of overland 
flow. Several recent reviews have e h e d  the 
relationship between buffer width and sediment 
retention (Belt et al. 1992; Castelle e.t al. 1992; 
Johnson and Ryba 1992) and the information below 
is taken primarily from these sources. 

Several studies have examined effectiveness of 
buffers in controlling sediments from forested lands. 
Bmderson (1973) concluded that buffer widths of 15 
m controlled most sediments on slopes less than 50% 
(26') and that buffers of 61 m were effective on 
extremely steep slopes in watersheds of western 
Washington. Corbett and Lynch (1985) recommended 
buffers of 20-30 m for controlling sediments. In 
Pennsylvania, Lynch et al. (1985) concluded that 
buffers of 30 m removed 75%-80% of suspended 
sediments in stonnwater draining areas that had been 
clearcut and burned, but that greater sedimentation 
occurred in areas that were logged and subsequently 
treated with herbicides. FEMAT (1993). citing these 
same studies, concluded that buffers of approximately 
one site potential tree were probably adequate to 
control sediments from overland flow. 

Belt et al. 1992 provide a thorough review of 
studies examining sediment transport below roaded 
areas on forested soils and drew four conclusions 
related to riparian buffers strip design: 1) riparian 
buffers should be greater where slopes are steep, 2) 
riparian buffers an ineffective in controlling 
sediments resulting from channelized flows that 
originate outside of the riparian buffer, 3) sediments 
rarely travel more than 91 m, unless flows are 
channelized, and 4) removal of natural obstructions 
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to flow-vegetation, woody debris, rocks, 
etc.-withii the buffer increases the travel distance of 
sediments. Johnson and Ryba (1992) reviewed three 
studies of buffer effectiveness in reducing sediments 
in ~ n o f f  from agricultural lands and found 
recommendations ranging from 3 m for sandy soils 
up to 122 m for clay soils (Wilson 1967). Gilliam 
and Skaggs (1988) reported 50% deposition of 
sediments within the first 88 m of a vegetated buffer 
adjacent to agricultural fields. Recommendations of 
the Soil Conservation Service (SCS 1982) call for 
buffers in agricultural lands of 8 4 6  m depending 
upon slope. Belt et al. (1992) concluded that while 
studies support the use of buffer strips as a means of 
filtering sediment from agricultural lands, they 
provide no definitive means for determining 
appropriate buffer widths. 

Because of the high degree of variability in the 
effectiveness of buffers, we cannot draw any 
definitive conclusions regarding buffer widths 
required for sediment control. On gentle slopes, 
buffers of 30 m may be sufficient to filter sediments, 
whereas on steeper slopes, buffers of 90 m or more 
may be needed. In addition, riparian buffers are ,most 
effective in controlling sediments from sheet erosion 
and have less influence on s e d i i t s  that reach the 
stream channel via channelized flow (Broderson 
1973; O'Laughlin and Belt 1994; Murphy 1995). 
although Megahan and Ketcheson (1996) reported 
that obsuuctions (logs, trees, and rocks) significantly 
reduced the travel distance of granitic sediments in 
concentrated flows below forest roads on Idaho. We 
suggest that, except on steep slopes, buffers designed 
to protect other riparian functions will generally 
control sediments to the degree that they can be 
controlled by riparian vegetation. It is essential, 
however, that riparian protection be complemented 
with practices for minirniziing s e d i i n t  conmbutions 
from outside the riparian area, particularly those 
from roads and associated drainage st~~ctures, where 
large quantities of sediamt are ofwn produced. In 
addition. activities withii the riparian zone that 
disturb or compact soils, destroy organic litter. 
remove large down wood, or otherwise reduce the 
effectiveness of riparian buffers as sediment filters 
should be avoided. 

Nutrients and Other Dissolved Materials. Riparian 
vegetation takes up nutrients and other dissolved 
materials as they are transported through the riparian 
zone by surface or near-surface water movement. 
However, the relationship between buffer width and 
filtering capacity is less well understood than other 
riparian functions. Those studies that have been 
published indicate substantial variability in the 
effectiveness of buffer strips in controlling nutrient 
inputs (reviewed in Castelle 1992; Johnson and Ryba 
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1992). The required buffer width for filtering proposed that buffer strip width should be a function 
nutrients and other disolved materials depends on of the total area affected by animal wastes. A 1:1 
the specific type and intensity of laud use, type of buffer area to waste area ratio has been suggested as 
vegetation, quantity of organic litter, infiltration rate sufficient to reduce nutrients from poultry manure to 
of soils, slopes, and other site-specific background levels (Bingham et al. 1980). Similarly. 
characteristics. Overcash et al. 1981 reported that a 1: 1 buffer area 

Lynch et al. (1985) obsemed significant increases to waste area reduced animal waste concentrations by 
in levels of nitrate-nitrogen following logging of a 90%-100%. 
mixed-deciduous forest in Pennsylvania wbere 30 m Little information exists regarding the 
buffers were retained; however, they concluded that effectiveness of buffers in filtering runoff in urban 
these levels were not detrimental to stream biota. In areas. One exception is the study of Phillips (1989). 
the northern Rockies, increases in numerous chemical who modeled pollutant removal efficiencies from 
parameters (pH. bicarbonate, nitrate, sulfate, residential areas. He found that buffers of 22.9 m 
potassium, calcium, and magnesium) were recorded required for estuarine shorelines in Nonh Carolina 
in surface waters adjacent to three areas that were were inadequate for reducing nitrogen, phosphorous, 
clearcut and burned, but where undisturbed buffers and BOD of runoff from residential areas. 
measuring 30-61 m were retained (Snyder et al. Because of the variability observed in the 
1975). These results suggest that even fairly wide effectiveness of buffers in controlling input of 
buffer strips may not prevent elevation of some nutrients and other dissolved materials, it is difficult 
chemicals following logging, particularly if water is to recommend specific criteria for buffer widths for 
routed to the stream via channelized flow, rather than this function. Belt et al. (1992) concluded that 
overland flow bough the riparian buffer strip. although the utility of buffer strips in reducing 

Several studies have examined the potential nutrient loadiig has been demonstrated for forested 
effectiveness of vegetated filter strips in retainiig and agricultural systems, existing studies do not 
nutrients from agricultural systems. Dillaha et al. provide an adequate basis for determining effective 
(1989) reported that 9.1 m vegetated filter strips buffer widths. The studies of Snyder et al. (1975) 
removed 79% of phosphorous and 73 % of nitrogen and Lynch et al. (1985) cited above indicate that 
on experimental plots in Virginia. Madison et al. nutrient increases from logging and burning may 
(1992; cited in Castelle 1994) reported that 9.1 m occur even with fairly large buffers (30-60 m). 
grass buffer strips removed approximately however, these nutrient increases represent whole- 
96.0%-99.9% of phosphate phosphorous, nitrate- watershed responses to logging and larger buffers 
nitrogen, and ammonium-nitrogen. Xu et al. (1992: may have littie value in funher reducing nutrient ,
cited in Castelle 1994) reported greater than 99% loads. Based on the above review, we suggest that 
reduction in nitrate-nittoga in soils in a 10 m mixed for most forest lands, buffers designed to protect 
herbaceous and forested buffer strip in Nonh other riparian functions (e.g., LWD recruitment, 
Carolina. Nutrient and bacteria levels in runoff from shading) are probably adequate for controlling 
poultry and dairy iarms or direct manure applications nutrient inputs to the degree that such increases can 
may be substantially higher than from other be controlled by buffers. Exceptions may occur when 
agricultural lands; consequently, buffers may need to fertilizer or other chemical applications result in high 
be wider. Vanderholm and Dickey (1978) monitored concentrations of nutrients in surface mof f .  
natural tunoff from feedlots and found that buffer For rangelands, agricultural systems, and urban 
widths of 91 m on a 0.5% slope and 262 m on a areas, we believe cumnt understanding is insufficient 
4.0% slope removed 80%of nutrients. suspended to make specific buffer recommendations. The 
solids. and oxygen demanding substances from review of Johnson and Ryba (1992) suggests that 
surface runoff (cited in Johnson and Ryba 1992). effective buffers for nutrient control on forest and 
Shisler et al. (1987) reponed that wooded riparian grasslands range from approximately 4-42 m, but 
buffers in Maryland removed 89% of excess nitrogen that substantially wider buffers are needed to control 
and 80% of excess phosphorous from animal wastes nutrients and bacteria (fecal wliform) from feedlot 
with most of the removal being achieved within 19 runoff. We recommend that buffer widths for 
m. Doyle et al. (1977) found that forest and grass nutrient and pollution control on these lands be 
buffer strips of approximately 4 m reduced nitrogen, tailored to specific site conditions, including slope, 
phosphorous, potassium and fecal bacteria levels in degree of soil compaction. vegetation characteristics. 
runoff from manure applications, but they did not and intensity of land use. In many instances, buffer 
indicate the percent reduction in these materials. widths designed to protect LWD recruitment and 
Young et al. (1980; cited in Johnson and Ryba 1992) shadig may be adequate to prevent excessive 
recommended buffer widths of 36 m for controlling nutrient or pollution concentrations. However, where 
nutrients in runoff from feedlots. Two studies have land use activity is especially intense, buffers for 
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protecting nutrient and pollutaut inputs may need to 
be wider than those designed to protect other riparian 
functions, panicularly when land-use activities may 
exacerbate existing water quality problems. Buffers 
need to be accompanied by other protective measures 
when drainage structures (e.g., irrigation canals, 
drain tiles) bypass the riparian zone. 

Ri~arian Microclimate and Productivity. Changes 
in microclimatic conditions within the riparian zone 
resulting fromremoval of adjacent veg&ion can 
influence a variety of ecological processes that may 
affect the long-term integrity of riparian ecosystems. 
However, the relationship between buffer width and 
riparian microclimate has not b.xn documented in the 
literate. FEMAT (1993) presented generalized 
curves relating protection of minoclimatic variables 
relative to distance from stand edges into forests (see 
Figure 3-3). These curves suggest that buffers need 
to be extended an additional one-to-two tree heights 
outside of the riparian zone to maintain natural levels 
of soil moisture, solar radiation, and soil temperature 
withiin the riparian zone and even larger buffers (up 
to three tree heights) to maintain natural air 
temperature, wind speeds, and humidity. The 
recommendations of FEMAT (1993) were based on 
studies in upland forests in the Cascades (Chen 
1991). and their applicability to riparian zones is 
uncertain (O'Laughlin and Belt 1994). Therefore, 
additional research is needed before we can 
confidently suggest buffer widths that are likely to 
protect riparian microclite.  

The long-term productivity of riparian habitats 
may also be affected by management in adjacent 
upland forests. Decaying logs in the riparian zone 
may be irnportant sites for germination of many types 
of vegetation because they retain moiswre and tend 
to shed leaf litter that can bury seedlings (reviewed in 
Harmon et al. 1986). In particular, rotting logs in 
forests of westem hemlock and sitka spruce appear to 
be key sites for germination. McKee ct al. (1982) 
found that 94%-98% of all seedlings in forests of 
hemlock and spruce on the Olympic Peninsula were 
growing on LWD that consti~ted only 656-1 1% of 
the forest floor. Chrisry and Mack (1984) found that 
98% of all western hemlock seedlings were 
associated with rotting large wood in a mixed old- 
growth forest of hemlock and Douglas-fir. In this 
study, only 6% of the total forest floor area was 
covered with LWD. Harmon et al. (1986) urge some 
caution in interpreting these results because the 
relationship between seedling establishment and long- 
term survival is not known. 

Large wood is also an important source of 
nutrients and organic matter in riparian forests. In an 
old-growth. Douglas-fir forest in the western 
Cascades, Sollins et al. (1980; cited in Maser et al. 
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1988) found that stems of fallen trees contained 468, 
30%. and 12% of the total nitrogen, potassium, and 
phosphorous, respectively. found on the forest floor. 
Means et al. (unpublishebdata; cited in Maser et al. 
1988) found that about 30% of all soil organic matter 
in two old-growth Douglas-fu forests was contained 
in downed trees of 500 years age or  older. Sollins et 
al. (1980) found that proportion of soil organic 
matter from LWD was four-fold higher than in other 
forms of forest litter. These studies suggest that long- 
term integrity of riparian areas may be dependent on 
adequate recruitment of large wood to the forest floor 
from within the riparian zone and adjacent uplands. 
They also suggest that the practice of removing down 
logs from within the riparian zone and placing them 
in channels may affect long-term riparian 
productivity. Maintaining recruitment of wood to the 
riparian zone (not just the stream channel) would 
require extending buffer zones beyond the edge of 
the defined riparian zone. 

Wildlife Habitat. The importance of riparian areas 
to m y  wildlife species is well documented (see 
review Section 3.9.8). However, generic 
recommendations for riparian buffers to protect 
wildlife are not justifiable because each species has 
unique habitat requirements. Johnson and Ryba 
(1992) reviewed the literature related to buffer widths 
for wildlife protection and found recommended 
buffer widths to be highly variable, ranging from 
10-200 m. Suggested buffer widths by taxa included: 
30-100 m for beaver, 67-93 m for small mammals. 
100 m for large mammals, and 75-200 m for birds. 
Requirements for amphibians and reptiles were not 
included in their teview; however, most amphibians 
require cool, moist habitats throughout their life 
cycles and many species arc commonly found 
associated with large woody debris (FEMAT 1993). 
Consequently, maintaining microclimatic conditions 
and reauitment of LWD within the riparian m e  
may be essentid for protecting amphibians. FEMAT 
(1993) also conducted a review and found studies 
recommend'q buffers from 30-183 m in width for 
wildlife protection; they did not, however, base 
riparian reserve widths on wildlife needs. Cumrnins 
et al. (1994) also noted the importance of riparian 
zones for wildlife but did not incorporate wildlife 
needs into their buffer width recommendations. 

Buffers and Windthrow. Trees within riparian 
buffers that are immediately adjacent to clearcuts 
have a greater tendency to topple during windstorms 
than trees in undisturbed forests. Extensive 
blowdown can potentially affect aquatic ecosystems 
in a number of ways, both positive and negative. In 
stream systems that lack wood because of past 
management practices, blowdown may immediately 
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benefit salmonids by providing structure to the 
channel. Over the long-term, however, blowdown of 
smaller trees may hinder the recruitment of large 
wood pieces that an key to maintaining chamel 
stability and that provide habitats for vegetation and 
wildlife within the riparian zone. In addition, soil 
exposed at the root wads of fallen trees may be 
transported to the stream channel, increasing 
sedimentation. Other riparian functions, including 
shading, bank stabiilization, and maintenance of 
riparian microclimates may also be affected. Rhodes 
et al. (1994) suggest that buffers need to mend to a 
distance of two site-potential tree heights (or > 91 
m) to protect r ipark  huffers from windthrow; 
however, local site conditions dictate vulnerability of 
stands to windthrow and appropriate buffer widths 
would vary accordingly. -

Effectiveness of Federal and State Forest 
Practices in Maintaining Riparian Functions 

The review in the preceding section provides a 
framework for assessing the relative protection 
afforded specific riparian processes by riparian 
management guidelines currently in effect on Federal 
and nonfederal lands. Riparian management 
guidelines have been most completely developed for 
forested lands on both public and private lands. 
Riparian management guidelimes for Federal lands 
within the range of the northern spotted owl are 
detailed in the Record of Decision (ROD) for the 
President's Forest Plan (FS and BLM 1994~); t h e  
guidelines apply to much af the region in western 
Oregon, Washington, and California. Interim riparian 
protection measures for managing anadromous fish- 
producing waters on Federal lands outside the range 
of the nonhern spotted owl (i.e.. eastern Washington, 
Oregon, and California. and all salmon-bearing 
steams in Idaho) an contained in PACFISH (FS and 
BLM 1994a). Interim riparian protection measures 
for streams with resident (nonaoadromous) native fish 
in eastern Oregon, eastern Washington, Idaho, 
western Montana, and ponions of Nevada are 
detailed in INFISH (FS 1995). Forest practices in 
riparian areas on nonfederal lands are regulated by . 
forest practices rules specific to each State. At 
present, no comparable protections exist for range, 
agricultural, and urban lands. 

ROD, PACFISH, INFISH, and the States each 
define the width of riparian management wnes and 
allowable activities within the riparian zone based on 
water-lype classifications. Streams on Federal lands 
are classified based on presence or absence of fA, 
whether the stream is intermittent, and whether the 
stream is in a'key or nonkey watershed (Table 14-1). 
Ponds, lakes, and wetlands are classified based on 
size and whether they are natural or constructed. 
Water classification systems for Idaho. Washiion,  
Oregon, and California are more variable. All of 
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these Stares use presence or absence of fish to 
classify streams, but additional classification 
variables are used, including other beneficial uses 
(e.g., domestic water supplies: all States) stream 
width (ID, WA), mean annual flow (OR), substrate 
type (WA), bank side-slope angle (CA), and whether 
the sueam is capable of downs- sediment 
transport (CA) (Table 14-1). 

Federal riparian reserves (ROD) or riparian 
habitat conservation areas (PACFISH, INFISH) 
differ from the riparian management wnes of the 
States both in terms of how riparian zone widths are 
defined and the level of activity allowed within the 
riparian zone. ROD, PACFISH, and INFISH define 
riparian reserve widths based on site-potential tree 
heights, whereas all of the State forest practice rules 
have fued-width riparian management wnes, though 
in some states these widths may be increased on 
steep slopes or highly erodible soils (ID, CA, WA). 
The Federal strategies allow timber harvest and other 
activities within riparian reserves (ROD) or riparian 
habitat conservation areas (PACFISH, INFISH) only 
if such activities will not compromise Aquatic 
Conservation Strategy (ROD) or Riparian 
Management (PACFISH. INFISH) objectives or if 
such activities are needed to attain these objectives. 
In contrast, all four States generally allow greater 
activity within the riparian management zone. State 
forest practice rules seek to protect riparian shading 
and LWD recruitment through mention of 1) a 
percentage of overstory and understory vegetation 
(all States), 2) a specified basal area of conifers per 
length of stream or per acre (OR), 3) a specified 
number of trees per length of stream (ID, CA, WA, 
OR), or 4) a specified number of trees of various 
dimensions per length of stream (ID). The width of 
the riparian zone and the degree of human 
disturbance allowed within the wne for each stream 
class varies by State (Table 14-1). In addition, some 
States have different buffer widths or leave tree 
requirements depending on the district or region 
(WA, OR) or the type of harvest (clearcut vs. panial 
cut or thinning, OR) or yarding method (CA). In 
Washington State, watershed analysis can be used to 
justify smaller or larger buffers and more or less 
harvest within riparian zones as long as riparian 
functions are not impaired. Similarly. California 
allows increases or decreases in riparian management 
wne width and canopy retention requirements based 
on site characteristics or proposed forestry practices, 
provided they do not degrade beneficial uses. These 
changes must be approved by a Registered 
Professional Forester or the Director of Forestry and 
Fire Protection. 

Because of the different classification schemes 
and inconsistent leave-tree requirements, it is not 
possible to quantitatively compare the effectiveness of 
the State forest practice rules in protecting ripanan 
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Table 14-1. Rioarian management regulations for Federal. State, and private forest lands in idaho. Oregon, 
Washingt&. and cal i fhia. SPT ;site potential tree. SPZ = slream proledionzone. RMA =riparian 
management area. WLPZ =water course and lake proledion zone. RR = riparian reserve. RHCA = riparian 
habits conservation area. Modified from Stephen P'hillips, Pacific States ~ a r i n e  ~isheriesCommission. 
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Table 14-1. Riparian management regulations for Federal. State, and private forest lands in Idaho. Oregon. 
Washington, and California. SPT = site potential tree. SPZ = stream protection z m .  RMA = riparian 
management area. WLPZ =water course and lake protection zone. RR = riparian reserve, RHCA = riparian 
habitat conservation area. Modifiedfmm Stephen Phillips. Pacific States Marine Fishcries Commission. 
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functions. Nevertheless, a qualitative sense of the 
level of protection afforded to specific processes can 
be gained based on riparian buffer width and the 
allowable level of activity. Figures 14-2 and 14-3 
illustrate the differing buffer widths and protection 
levels for each class of water on Federal and 
nonfednal lands for eastside and westside systems. 
To facilitate comparison between Federal and State 
regulations, we convened fixed buffer widths into 
site-potential tree heights. We assumed a site- 
potential tree height of 170 feet for westside forests 
(Figure 14-2) and 110 feet for eastside forests 
(Figure 14-3) based on FEMAT (1993) designations. 
Howtver, foksts in the Olympics of Washington. the 
Siuslaw National Forest of Oregon, and the redwood 
zone of California contain site-potential trees in 
excess of 200 ft; consequently, the riparian zones of 
influence extend farther from the stream channel in 
these systems. Below we evaluate Federal and State 
riparian zones for Oregon. California, Idaho and 
Washington in t e r n  of the protection they provide to 
shading, LWD recruitment, organic liner inputs, 
bank stability, sediment control, and nutrient control. 
Riparian buffer widths required to maintain 100% of 
each function are shown on the top of each figure 
and were based on the review in the preceding 
section. Assessing the degree of protection based on 
site-potential tree heights poses some difficulties. For 
cenain functions (LWD recruitment, shading, organic 
litter inputs), site potential tree height is the best 
yardstick for assessing protection because tree height 
directly influences these functions. However, for 
other functions (e.g., bank stabilization and perhaps 
sediment control and nutrient regulation) absolute 
width of the buffer may be more imponant than 
width relative to site-potential tree height. Thus 
comparing westside and eastside systems directly 
should be done with caution for these latter 
functions. Furthermore, the bars shown in Figures 
'14-2 and 14-3 should not be construed as 
representing the percent of function maintained. For 
example. most LWD is recruited within 30 m of the 
stream channel; consequently, in a westside system 
an unharvested buffer measuring one-half site 
potential tree may provide substantially more than 
50% function with respect to wood inputs. 

Stream Shadine. Leaf Litter Inouts. Nutrient 
Regulation. Based on the review in the previous 
section, we conclude that buffer widths of 
approximately 0.75 site-potential tree heights are 
needed to provide full protection of stream shading, 
litter inputs, and nutrient regulation. FEMAT, 
PACFISH, and INFISH require riparian buffers 
along both fish-bearing and nonfish-bearing streams 
that are sufficient to protect these functions with the 
exception of intermittent and nonkey (PACFISH) and 

December 1996 

nonpriority (INFISH) watersheds in eastside systems. 
Eastside streams in nonforested areas may also be an 
exception because PACFISH and INFISH define 
buffer widths based on the 100-year floodplain; thus, 
the level of protection depends on whether the reach 
is constrained or unconstrained. 

State forest practice rules generally provide less 
complete protection of shading, litter inputs, and 
nutrient control than do Federal standards and 
guidelines. In addition to having narrower buffers, 
the State forest practice rules allow activity within 
the riparian zone that may diminish riparian 
functions. For westside systems in California, buffer 
widths arc sufficient to provide full protection of 
these functions only for fish-bearing streams (Class I) 
with side slopes exceeding 50%; buffer widths for all 
other States and stream classes are inadequate for 
maintaining full protection (Figure 14-2). For 
eastside systems in California, buffers are generally 
wide enough to maintain full function along fish- 
bearing streams with slope > 30% and steep (side 
slopes > 50%) nonfish-bearing tributaries that drain 
into fish-bearing streams, but not for streams on 
lesser slopes in each class (Figure 14-3). In addition. 
California allows substantial reduction in overstory 
conifers (75% removal), which may alter the 
composition of leaf litter as well as nuuient 
dynamics. Buffer widths for both fish-bearing and 
nonfish-bearing streams in western Oregon and 
Washington do not assure full shading, organic litter, 
and nutrient control functions, both because buffers 
are insufficiently wide and because removal of trees 
is allowed within the riparian zone (Figure 14-2). For 
eastside systems, however, these fixed-width buffers 
provide greater relative protection since site-potential 
tree heights are smaller compared to those in 
westside systems. Larger fish-bearing streams in 
Oregon (TypeFI) appear to be fully protected. 
whenas medium-sized fish-bearing streams (OR FII) 
are marginally protected and small fish-bearing 
streams are less so. Idaho's forest practice rules 
provide buffers for fish-bearing streams that 
approach the fully protective width; however, 25% of 
existing shade may be removed. Washington's 
riparian buffers for eastside fish-bearing stream are 
generally the narrowest of the four Srates, although 
they may be extended to 300 feet where riparian 
vegetation reaches that far from the active channel 
(Table 14-1). As with Idaho, 25% (or more if 
expected temperature increase is < 2.8'0 of canopy 
can be removed. Nonfish-bearing streams in 
Washington and Idaho receive little protectton. 

Bank Stabilization. Retention of riparian 
vegetation within 0.5 site-potential tree heights of the 
active stream channel appears necessary to mainrain 
streambank stability. Buffers required by FEMAT. 
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PACFISH, and INFISH for Federal lands generally 
provide full protection for thii function along all fish- 
bearing and nonfish-bearing streams (Figures 14-2 
and 14-3). Riparian buffers required by State forest 
practice rules an generally wide enough to protect 
bank stability along most fsh-bearing wafers in 
eastside systems. Little protection is provided for 
Idaho Class 11 and Washington Class IV waters. For 
westside systems, forest practice rules provide less 
complete protection of strcambanks, though we again 
note that absolute distance may be a more appropriate 
metric for evaluating effectiveness of riparian buffers 
in maintaining bank stability. Only Oregon's large 
fish-bearing streams and California's steep-sided (> 
30% Class 1, > 50% Class II), fish-bearing streams 
are well protected if buffers of 0.5 site potential trees 
an assumed to provide full protection. Because all 
States allow some harvest within the riparian zone, 
bank stability may be funher compromised, although 
Oregon provides a 20-foot, no-harvest wne 
immediately adjacent to fish-bearing channels. which 
provides an additional measure of protection to bank 
integrity. 

LWD Recruitment. Full recruitment of LWD by 
toppling, windthrow, or swam undercutting will 
generally occur if no-harvest riparian buffers of one 
site-potential tree height are retained. (Exceptions 
may occur in second growth stands where hardwoods 
have excluded regeneration of coniferous trees, 
leading to depletion of large size classes of debris). 
Riparian reserves provided by ROD, PACFISH, and 
INFISH are generally adequate to ensure close to 
100% recruitment of LWD from riparian sources to 
both fish-bearing and permanent non-fish bearing 
streams on Federal lands, with the exception of 
intermittent streams in non-key watersheds of eastside 
systems (Figures 14-2 and 14-3). For nonforested 
streams on the eastside, the adequacy of riparian 
buffers for maintaining wood inputs varies depending 
upon valley and c h m l  type, since riparian buffers 
are defined based on the 100-yr flcodplain. 

In contrast, buffers on private lands are generally 
inadequate to maintain full LWD recruitment to the 
stream channel, both because buffers are insufficient 
in width and because removal of conifers is allowed 
l~ithin the buffer wne (Figures 14-2 and 14-3). Only 
California Type I and I1 streams (side slopes > 
30%) and Oregon Type FI streams require buffer 
widths approaching the dimensions needed for full 
recruitment and then only for eastside systems: 
however, long-term recruitment may be diminished 
by removal of conifers within the riparian zone. 
Murphy (1995) analyzed the effectiveness of State 
riparian buffers based on buffer widths and leave tree 
requirements along fish-bearing streams and 
concluded that the percent of LWD source trees 
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remaining in the riparian zone after harvest in the 
four States are approximately 23% for California 
(Class I), 49% for Idaho (Class IB), 58% for western 
Oregon (Type FD, and 32% for western Washington 
(Type 1 & 2, c 75 feet width), if minimum 
standards are followed. These values indicate a 
substantial reduction in long-term ability of the 
riparian wne to provide wood to the stream channel 
under State forest practice rules. Botkin et al. 
(1994a) concluded that Oregon's Forest Practice 
Rules protect all riparian functions except that of 
supplying LWD, particularly large-sized pieces. 
Differences in each State's management allowances 
funher influence the quality and quantity of conifer 
recruitment to streams. Oregon and California 
specify that leave trees must be conifers while Idaho 
and Washington permit hardwoods as well as conifers 
to qualify as leave uees. The lack of conifer 
retention will generally reduce the size and longevity 
of LWD that is recruited to the stream channel. Little 
protection is provided for recruitment of wood into 
nonfish-bearing channels. This wood is imponant in 
retaining sediments produced in headwater reaches 
(see below) and may be an imporrant source of 
debris for downstream reaches if uansponed by high 
flows or debris torrents. 

Sediment Control. Because mass wasting and 
channelized erosion are responsible for much 
sediment delivered to streams, management practices 
in upsiope areas may be just as imporrant as those 
used in the riparian zone. Considering only sediments 
generated by surface erosion within the riparian 
zone, buffers of approximately one site-potential tree 
would likely be effective in trapping most sediments, 
provided that slopes are not excessively steep (see 
above review). Under ROD,PACFISH, and 
INFISH. sediment retention is probably adequate for 
most streams except intermittent sueams in non-key 
watersheds in eastside systems (Figure 14-2 and 14- 
3). State-required buffers are substantially n m w e r  
than those for Federal streams and as a consequence 
have a lower probability of providing full protection, 
although for gentle slopes buffers narrower than one 
site-potential tree may be sufficient to remove the 
majority of sediments. California is the only State 
that has explicit rules for increasing buffer widths 
based on slope steepness; forest practice rules for 
Idaho indicate buffers should be wider where slopes 
are steeper but provide no specific dimensions for 
steeper areas. Effectiveness of State riparianbuffers 
for s e d i a t  control is also influenced by specific 
requirements for retaining groundwver or downed 
wood, both of which can reduce the impact of 
management activities on sediment retention 
capability. California requires retaining a minimum 
of 75 % surface cover within the riparian zone and 
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treatment (mulching, seeding, rip-rapping, chemical 
stabilizers) of large bare patches created by forest 
practices. Oregon requires all vegetation withiin 10 
feet and all trees withii 20 feet of the stream channel 
be retained (except as allowed for road construction, 
yarding corridors, or stream crossings); in addition, 
Oregon requires operators to leave all downed wood 
within the riparian management zone along fish- 
bearing streams. Id* forest practice mles state that 
logging and yarding within the stream protection 
zone of Class I streams should be conducted in a way 
to "minimize stream bank vegefation and channel 
disturbance" and to ensure "[sediment] filtering 
effects are nM destroyed" but does not provide 
specific criteria for meeting these objectives. 
Similarly1 Washington requires that logging and cable 
yarding within the riparian zone be conducted with 
"reasonable care" so as to minimize disturbing soils; 
use of tractor and wheeled skiddig systems within 
the riparian zone must be approved by the 
Depanment of Natural Resources. 

Based on site-potential tree heights, State forest 
praaice rules would appear to provide somewhat 
greater protection for eastside stream than westside 
streams; however, this is probably not the case. The 
ability of riparian buffers to retain sediments is likely 
more a function of absolute distance (and slope) than 
distance relative to site-potential tree heights. 
Furthermore, overland flow likely occurs more 
frequently in eastside systems because forests are 
more open and the amount of organic duff and 
vegetative groundcover is typically less. State forest 
practice rules generally provide minimal protection 
for intermittent and nontish-bearing streams. Yet 
these streams are extremely imponant in controlling 
sediment delivery because of their greater density 
(over 50% of the total length of stream channels in a 
watershed, Reid and Ziemer 1994, in Murphy 1995). 

Other Ri~arian Function$. Riparian buffers 
required on Federal lands by ROD and PACFISH 
provide some protection of other riparian 
characteristics, including riparian micr~climate, site 
productivity, and some ripariandependent wildlife 
species. although degree of protection for these 
functions is uncertain. The level of protection is 
greatest for ROD Class 1 and 111 waters, PACFISH 
Type 1 streams, and INFISH Type I streams, which 
require buffers a minimum of two site-potential trees 
in width. No State regulations have fured widths to 
address these additional functions. However, all 
States indicate that wildlife resources must be 
considered in planning timber harvest activities, 
particularly where sensitive species are potentially 
affected. California's forest praaices rules 
specifically list microclimate modification as one 
potential wildlife concern to be evaluated. In 
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addition, some States have snag (ID), downed wood 
(OR), or wildlife reserve tree (WA) retention 
requirements designed to protect certain wildlife 
needs. Oregon encouragw retention of vegetation 
along small stteanu (including non-fish bearing) to 
protect amphibians that may inhabit these reaches, 
and Washington requires maintaining conifer1 
hardwood ratios similar to natural vegetation 
communities along fish-bearing streams, in pan to 
protect wildlife values. 

Summary a n d  Conclusions 
As noted above, specific recommendations for 

riparian buffer widths can only be made with a clear 
defiition of riparian management goals. If the goal 
is to maintain insfreamprocesses over a relatively 
shon time frame Cyean to decades), then fully 
protected riparian buffers of approximately one site 
potential tree (30-45 m in most Pacific Northwest 
forests) are likely adequate to maintain 90%-100% 
of most key functions, including shading. LWD 
recruitment (excluding wood recruited from upslope 
and upchannel areas), small organic litter inputs, 
nutrient regulation, and sedimeat control (for surface 
erosion in the riparian zone only). If the goal is to 
maintain natural microclimatic conditions within the 
riparian zone as well as large wood for nurse logs 
and nutrient contributions-conditions that may be 
essential for long-term (decades to centuries) 
maintenance of natural species composition and 
production of riparian vegetation as well as a number 
of wildlife species-then buffers need to be 
substantially wider. Similarly, prevention of 
blowdown within the riparian zone requires buffers 
of greater width. Cederholm (1994) has suggested 
that if the goal of management is to protect riparian 
ecosystems, thm is a need to first define riparian 
areas from a functional perspective, and then 
maintain buffers around these ecosystems. 

Based on the above review and analysis, we 
conclude that Federal riparian reserves outlined in 
ROD (FS and BLM 1994~). PACFISH (FS and BLM 
1994a). and INFISH (FS 1995) in general provide 
adequate proteaion to riparian processes critical to 
maintaining salmonids in most instances. In addition, 
these riparian reserves provide some protection to 
microclimatic conditions withiin the riparian zone, 
help maintain recruitment of wood into the ripanan 
zone, and provide greater protection for other 
ripariandependent wildlife species along fish-bearing 
streams than do State forest practice rules, Protection 
for these laner functions is less along nonfish-bearing 
streams. In contrast, State forest practice rules do not 
ensure 100% protection for most critical riparian 
functions. Buffer widths are in most instances 
sufficient to protect bank stabilization and leaf liner 
inputs, but insufficient to provide 100% of LWD 
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recruitment, shading, and perhaps sediment control. 
In addition, the allowance of timber harvest within 
the riparian zone further diminishes the capacity of 
the riparian zone to provide all of these functions. 

Because of the critical condition of many wild 
salmonid populations, we recommend that 
management activities be avoided within the riparian 
buffer zone under HCPs or other conservation 
agreements, particularly in old-growth and late- 
successional forests. Riparian forests that have not 
been disturbed by land-use activities provide the 
greatest level of protection for aquatic habitats and 
should generally not be disturbed until a significant 
percentage of riparian areas across the landscape has 
been restored. In second growth forests, particularly 
when natural vegetation has been replaced with 
hardwood trees and shrubs, management in the form 
of hardwood removal, thinning of small-diameter 
conifers in crowded condition, and planting of 
conifers may help accelerate the recovery of riparian 
forests, particularly with respect to recmiunent of 
large wood (Berg 1995). These activities should be 
performed carefully so as not to diminish other 
riparian functions, including shading, sediment 
control, and bank stabilization. The overall goal 
should be to restore the riparian zone to a "natural" 
condition, not to maintain timber production within 
the riparian zone over the long term. For other land 
uses, including grazing and agriculture, riparian 
conditions likely bear linle resemblance to natural 
conditions. In these areas, activities that are 
contributing to riparian degradation should be 
curtailed or avoided to allow these systems to 
recover. Where possible, effons should be made to 
restore and reclaim wetland and floodplain areas that 
have been separated from riverine systems. 

Although protection of riparian areas is essential 
to the conservation of salmonids, it is important to 
reiterate those functions for which riparian buffers 
have limited utility. These include hydrologic 
changes caused by alteration of upland vegetation and 
soil conditions in the catchment; sediment inputs 
from mass wasting and channelized erosion; nutrient 
or pollutant inputs that result from catchment 
modification or that reach the stream by channelized 
flow; and recruitment of large wood via processes 
other than toppling and windthrow. Consequently, 
riparian buffers should be viewed as one element of 
an overall watershed management plan. These buffers 
will only be effective if steps are taken to minimize 
cumulative impacts from upland areas as outlined 
elsewhere in this document. 

14.2.4 Watei Quality 
Key Issues 

High water quality is importam not only for 
protecting salmonids and other aquatic organisms, but 

for preserving other beneficial uses as well, includiig 
recreational values, and agricultural, industrial, and 
domestic water supplies. Deterioration of water 
quality due to land use activities-diminishes each of 
these values. 

Water temperature influences all aspects of 
salmonid physiology, behavior, and ecology. 
Temperatures approaching or erceeding the 
physiologically tolerable range can cause d i m t  
mortality or acute stress in salmonids. In addition, 
relatively small increases in stream temperature at 
any time of year can adversely affect salmonids by 
changing metabolic requirements, behavior, rate of 
development of embryos and alevins, migration 
timing, competitive interactions, predator-prey 
interactions, disease-host relationships, and other 
imponant ecological functions (reviewed in Sections 
4-6). Changes in both physiological and ecological 
processes may also occur with increases in die1 
temperature fluctuations. These adverse effects may 
occur even when temperatures are well within the 
physiologically tolerable range for the panicular 
species. Because salmonids are adapted to the 
specific thermal regimes encountered throughout their 
life histories, maintaining natural temperature 
regimes is critical for their protection. 

Salmonids require high levels of dissolved oxygen 
(DO) throughout most of their life stages with early 
life stages being most sensitive to reduced DO levels 
(reviewed in Section 5.2). Dissolved oxygen may be 
lowered in streams and rivers as a result of industrial 
and municipal discharges, nutrient-induced algal ' blooms, temperature increases, and increased 
siltation, which hiders exchange of water between 
surface and inwagravel waters. Low DO levels 
influence developing eggs and aievins in a number of 
ways including reduced survival, retarded or 
abnormal Ievelopment, delays in time to hatching 
and emery. dce, and reduced size of fry. In juveniles 
and adults low DO impairs swimming performance, 
reduces g .a&, and inhibits migration. 

Salmonids can also be adversely affected by a 
variety of toxic pollutants. These contaminants can 
enter streams as chronic inputs, such as industrial 
effluent or runoff from agricultural and mining areas, 
or  as episodic inputs, such as chemical spills during 
tramportation or failure of containment structures. 
Effects vary depending upon the chemicals, 
exposure, and interactions with other chemical, but 
can range from direct mortality and behavioral or 
morphological abnormalities to bioaccumulation of 
substances in tissues, making fish unfit for human 
consumption. 

Recommendations 
We recommend that HCPs and other conservation 

effons include a strategy for maintaining levels of 
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temperature. DO, nutrients, and othu dissolved 
materials within the n a ~ r a l  range of variability for 
the panicular body of water and time of year. 
Development of such a strategy will be most effective 
if it is preceded by a thorough assessment of current 
conditions within the watershed. This assessmat 
should have three goals: to identify acute water 
quality problems within the watershed (e.g., areas 
where temperatures or DO levels violate State criteria 
or the tolerable range for extant salmonids during a 
particular life stage), to identify specific factors that 
contribute to these problems, and to compare current 
temperature regimes with reference conditions 
derijed eithdr from either historical data or data from 
relatively undisturbed watershedf within the region. 
In some'watersheds, data for establishing appropriate 
reference standards for water quality parameters will 
be lacking. In these instances, reference standards 
may have to be infemd based on howledge of 
presettlement conditions compared with current land 
and water uses. C m t  conditions should not be 
used except in undisturbed watersheds. The regional 
monitohg strategy outlined in Chapter 15 would, 
over time, assist in developing reference standards. 

Maps identifying water-body types and uses can 
be compiled from State agencies with responsibility 
for water quality and fishery resources. Water quality 
data are available from Federal. State, and Tribal 
records, as well as from ambient monitoring by the 
applicant, and thm related to land uses in the 
watershed. Specific water quality attributes that 
should be examined include temperature, dissolved 
oxygen, nutrients, ~rbidity, acidity, alkaliity, heavy 
metals, and other toxicants if there is reason to 
expect they may be entering aquatic ecosystems. 
Detailed analytic procedures for temperature, 
dissolved oxygen, turbidity, and nutrients are given 
in the Fedeml Ecosystem A M ~ ~ s ~ sGuide (RE0 
1995). The Federal guidelines for temperature 
generally address only summer maximum 
temperatures. We recommend that analysis of die1 
temperature fluctuations and winter temperatureslice 
formation also be conducted using historical records, 
comparisons of sites in perturbed versus unperturbed 
systems, and local knowledge. Where salmonid 
spawning occurs, monitoring of intragravel oxygen 
dissolved oxygen during the incubation period can 
help identify water quality problems, though 
sedimentation and bedload movement may also lead 
to low dissolved oxygen on salmonid redds. 

Evaluation Criteria 
The primary objective of the Clean Water Act 

(CWA) is to "restore and maintain the chemical, 
physical, and biological integrity of the Nations' 
waters." To this end, CWA directs States to establish 
water quality standards that describe beneficial uses 
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of water in each drainage basin, numeric and 
narrative criteria necessary to protect these uses. and 
various policies to be implemented when managing 
State water quality (RE01995). The Endangered 
S p i e s  Act (ESA) requires that any activitia 
authorized by Federal agencies (including HCPs and 
other agreements) cannot jeopardize listed species. 

We recommend that HCPs and other conservation 
efforts consider how new activities may adversely 
affect water quality in water bodies containii 
threatened or endangered species. In areas where 
existing water quality problems are impairing 
ecological function, conservation plans should seek to 
alleviate the causes of water quality degradation and 
maintain all water quality parameters within the 
range required for specific species and life stages. 
Conservation mearures will be most effective if they 
are designed not only to ensure compliwe with State 
water quality criteria but to maintain or restore water 
quality parameters to natural background levels. 

Tempemtore. We believe that it is imporrant to 
consider three fundamental questions in evaluating 
potential effects of temperature alterations on t 

salmonids Do temperatures exceed the maximum 
tolerable level for the particular species? Are 
temperatures within the preferred tempemnue range 
during each speafic life stage? And do temperatures 
depart significantly from the natural range of 
variability for the particular body of water? This 
latter question is critically imponant because of local 
adaptation of individual salmonid stocks to the 
specific t h d  regimes in their spawning and 
rearing streams. The importance of local adaptation 
to t h d  regimes was highlighted by The Technical 
Advisory Committee of the Oregon Department of 
Environmental Quality (ODEQ 1995). who concluded 
that "It is not desirable to homogenize the 
temperature regimes of Oregon rivers if we want to 
preserve @ifchistory] diversity. " 

State water quality criteria generally consist of 
two components: an absolute numeric criterion for 
maximum summer tempenfures (usually defined as 
the average daily maximum temperature over some 
defined time period) and maximum allowable 
increases (or decreases) for individual point sources 
or nonpoint source activities. Some States have 
maximum thresholds that vary depending on the 
presena or absen~e of particular species, with lower 
criterion in waters used by salmonids for spawning 
and rearing. In addition, maximum criteria in some 
States (OR, CA) vary with drainage basin or region 
in order to account for narural differences in 
temperature regimes. For example, under the 
proposed Oregon criteria, the lower Willamette and 
Columbia Rivers would be 204C, 2.2'C higher than 
for the rest of the State (see below). Similarly, some 
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States have varying criteria for allowable increases, 
depending on a classification of the water body. For 
example, Washington wafer quality standards allow 
greater temperature increases in high-elevation 
waters. State water quality criteria, therefore, 
primarily target the first two questions listed above. 
Although minimizing the incremental change 
associated with a given activity somewhat addresses 
the need to maintain natural temperature regimes, it 
fails to prevent cumulative effects of multiple 
activities that may raise temperatures several degrees 
above natural levels, to the detriment of salmonids. 

The available evidence suggests that most 
salmonids stocks are adversely affected by 
temperatures above 15.6-17.8"C; although fish may 
survive these warm temperatures, populations 
typically do not thrive under 'such conditions. The 
ODEQ (1995) recommended an absolute maximum 
criterion of 15.6"C for all waters, measured as the 7- 
day average daily maximum; a maximum threshold 
of 12.8"C for waters used by salmonid species for 
spawning and rearing; and a maximum threshold of 
10'C for waters serving as habitat for bull trout. 
Based on an extensive literature review, Rhodes et 
al. (1994) recommended that no new activities that 
would increase water temperawes should be allowed 
on Federal lands where summer maximum 
temperatures exceed 15.6OC in waters that presently 
or historically suppotted spawning and rearing 
salmonids listed as threatened or endangered. We 
suggest that in evaluating HCPs for listed species or 
stocks, waters with maximum summer temperatures 
above 12.8-15.6°C should be considered potentially 
degraded, and that assessment of potential causes of 
degradation should be performed. Streams in certain 
regions (e.g., low-elevation, nonforested areas) may 
naturally experience temperatures exceeding these 
levels and thus are not necessarily impaired; 
however, temperatures above this range warcant a 
close look at potential human impacts. 

Temperature tolerances of various salmonid 
species during each life stage have been fairly well- 
documented in the literamre (reviewed in Tables 5-3 
and 5-6). Figures 14-4, 14-5, and 14-6 summarize 
the temperature requirements of spring chinook 
salmon, coho salmon, and bull trout. We recommend 
that these published ranges be used as a coarse 
screen for identifying temperature-related problems. 
If temperatures are above or below the preferred 
range, further assessment of potential anthropogenic 
causes is warranted. 

Evaluating temperatures in relation to natural 
temperature regimes for the water body is more 
problematic. Ideally, reference standards should be 
established for each basin and water quality should 
be evaluated relative to those standards. Depanures 
from reference conditions, even if State standards are 
not exceeded, would indicate potential i m p d e n t  of 
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aquatic ecosystem function. For example, if 
maximum stream temperatures exceed by more than 
1-3°C those in a stream of similar size, elevation, 
and aspect in an unmanaged system, it may indicate 
rhe potential for indirect effects on salmonids. The 
difficulty lies in establisbig appropriate reference 
standards, since few watersheds remain in 
undiswbed condition. Even streams in wilderness 
areas are subjected to grazing and may not be 
reliable indicators of n a n d  temperature regimes. 
Therefore selection of reference sites and 
establishment of temperature standards should be a 
rigorous process. Sampled reaches must be randomly 
selected to ensure their representativeness and 
knowledge of all land uses upstream is needed. The 
ODEQ (1995) concluded that there is insufficient 
information to establish specific temperature 
requirements for the different stocks of salmonids 
and other cold-water fish in Oregon. The monitoring 
program outlimed in Chapter 15would aid in 
developing such standards. 

In addition to the above temperature standards, 
we recouanend that for all waters containing 
threatened or endangered stocks, no new activities be 
initiated that would result in measurable increases in 
stream temperawe. This recommendation is 
consistent with the threatened and endangered 
provisions of the Oregon's proposed water quality 
standards recornmended by the Technical Advisory 
Commiuee (ODEQ 1995). In addition, because of 
local adaptation of salmonids and the value of high- 
quality cold streams as h a b i i ,  we recommend 
against temperature criteria that allow greater 
anthropogenic warming in colder, high-elevation 
waters. F i l y ,  we suppon the ODEQ (1995) 
recommendation that special protection be provided 
for coldwater refugia. 

Dissolved Oxygen. Next m temperature, 
dissolved oxygen (DO) is the most frequently limiting 
water quality variable for aquatic life. State and 
Federal water quality criteria for salmonids vary with 
designated use, life stage, measurement, and statistic. 
For example, the criterion for intergravel DO needed 
in egg incubation varies from a minimum of 5 mgL" 
and a 7day mean of 6 mg.L' in Idaho to a minimum 
of 6 mg.L" and a 7day mean of 11 mg.L" in the 
water column for Oregon. The EPA criterion is a 
minimum of 8 mgL" and a 7day mean of 9.5, both 
measured in the water column. Washington does not 
distinguish between incubation and other uses. Idaho 
requires 6 mg.L" or 90% saturation for all other 
uses. Oregon mandates a 30day mean of 8 mg.L1, a 
7-day minimum of 6.5 rng.L-',and a minimum of 6 
mg.L-' for cold water communities. In Washington, 
waters are classified by their minimum DO as fair (4 
mg.L"), good (6.5 mg.L1), excellent (8 mgL"). or 
extraordinary (9.5 mg.L1). 
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Laboratory and field studies indicate that 
intergravel DO concentrations < 8 mg.L1 reduce 
survival and size at emergence of fry, and that 
embryo survival is negligible below 6 8ng.L". 
Salmonid rearing, the next most sensitive life stage, 
is affected at DO levels < 8 mg.L1, which decrease 
swimming speed and growth and alter insect 
emergence timing (affecting a critical food source). 
DO concentrations 5 6  mg.L1 result in avoidance, 
reduced metabolic dlifiency. monality of sensitive 
invertebrates, and decreased salmonid harvest rates. 

As with temperature, any change from natural DO 
concentrations places salmonids at greater risk. In 
addition, most of the studies upon which these results 
are based were derived from short-term laboratory 
research where cumulative effects from many other 
stressors were purposely eliminated. For both 
reasons. plus the fact that threatened and endangered 
species require extra protection, we recommend an 
intergravel DO concentration of 8 mg-L1 measured 
as a spatial median minimum in egg pockets during 
incubation. For salmonid rearing. we recommend a 
30-day mean of 8 mg.L1, and a 7day mean of 6.5 
mg.L1, both measured by continuous monitors with a 
30 min. recording interval. 

Nutrients. The principal problem with nutrients 
(nitrogen and phosphorus) in most salmonid waters is 
their role in promoting excessive algal growths in 
streams and lakes. The result in both cases is reduced 
DO when the plants respire in the dark, or when they 
die and decompose. Nutrient enrichment may result 
from municipal and industrial point sources, livestock 
wastes, and agricultural wastes. Excessive loading of 
dissolved or fine particulate carbon can also deplete 
DO. In all these cases, oxygen and temperature 
criteria should suffice in place of separate nutrient 
criteria. Two possible exceptions to this are the 
protection of estuaries and lakes from eutrophication 
and avoidance of ammonia toxicity. Although 
nutrient enrichment may be of minimal concern in 
streams, when the nutrients eventually reach ponded 
rivers, lakes, and esmaries these systems may 
become overloaded and depleted of sufficient oxygen 
for salmonids or other uses. This is another reason 
for basin-scale plauning and waste load allocation, 
but here again low DO concentrations are among the 
early indicators of concern. Ammonia toxicity is 
another matter. Any measurable concentrations of 
ammonia are indicators of potential chronic or acute 
toxicity. Because ammonia toxicity varies 
considerably with temperature, DO, and pH 
(primarily), we cannot recommend a single value; 
instead we advise referring to the EPA criteria 
document (EPA 1986). We do recommend that 
applicants with agricultural. municipal, and industrial 
discharges provide data on ammonia. 
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Toxicants. There are hundreds of toxic organic 
chemicals, and even more with unknown toxicities, 
as well as many metals and metalloids that are toxic. 
However, with a few exceptions; these are unlikely 
to occur in most salmonid waters. Metals are likely 
to be a problem only in the vicinity of mines and 
municipal and industxial point and nonpoint 
discharges. Toxic organics are likely to occur in the 
same discharges, as well as runoff from agricultural 
lands. Where toxic substanws are believed to be a 
problem, we recommend that HCPs or  other 
conservation effow include sampling of fish for 
analysis of toxic effect (See Chapter 15 and Table 
15-2). Chemical concentration data from composite 
whole fish samples are appropriate. Simple ICP scans 
should suffice for metals; GC scans for panicular 
organic wxics should be based on usage and 
discharge rates in a particular crop or industry 
instead of an entire scan. Because many pesticides 
now in use are shon lived, the best indicators of 
potential problems are use rates and direct 
bioassessments (see Chapter 15). 

14.2.5 Roads 
Key Issues 

Roads can contribute to aquatic habitat 
degradation in several ways. Roads are frequently the 
dominant human-caused source of sediments 
delivered to st- due to mass failures of cut and 
fill slopes and channel i i  surface erosion. In 
addition, both paved and unpaved roads result in 
more rapid routing of water !O the stream channel, 
potentially increasing the magnitude and frequency of 
peak flow events, which in turn can result in 
downstream transport of LWI), scouring of the 
stream bed and banks, and other structural 
modification of the stream channel. Placement of 
roads near streams frequently necessitates 
constmction of revetments, which simplify channels, 
alter hydraulic processes, and prevent natural channel 
adjustments. Finally, runoff from roads in urban 
areas can contain significant concentrations of 
substances that are toxic to fish. 

Recommendations 
For HCPs or other conservation efforts that 

encompass whole watersheds or significant portions 
of watersheds, we recommend that a watershed-level 
strategy for m i n i i g  impact of roads on aquatic 
ecosystem be developed. (Such a plan would l i y  
be excessive for small landowners; however, the 
Agencies may wish to consider road density in 
evaluating conservation plans.) The strategy should 
include a long-term transportation plan for the 
watershed, a maintenance schedule for all existing 
roads, replacement of road culverts that are 
inadequate to allow adult and juvenile fish passage 
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during both high- and low-flow events, and removal 
and rehabilitation of roads that are no longer needed 
or that are contributing to the degradation of sensitive 
salmonid habitats. Issues gennane to road design, 
construction, and maintenance at the site level are 
discussed in Section 14.3.1. 

heparation of a strategy for minimizing impacts 
of roads will require information on the current 
distribution and use of roads withii the watershed, 
identification of existing drainage and erosion 
problems, and identification of all stream crossings 
and culverts. Road distribution information can be 
obtained through aerial photographs. whereas 
ideniificatioh of erosion problems or inadequate 
culverts will require field surveys. Maps showing all 
roads add any associated resource problems within 
the area covered by the conservation plan should be 
generated. 

Evaluation Criteria 
Evaluation of the effects of roads on aquatic 

systems is confounded by the fan that roadiig 
virtually always accompanies other land uses, making 
it difficult to distinguish between causal agents. 
Nevertheless, some studies linking aquatic habitat 
conditions to cumulative effects of roadiig have been 
published. Cederholm et al. (1981) reponed 
increased sediments in salmonid spawning gravels in 
watersheds where roads exceeded 346 of the total 
land area. Dose and Roper (1994) examined 
historical and current description of stream channels 
in nineteen watersheds in southern Oregon and found 
significant changes in channel morphology (widening 
and shallowing) in most streams where road density 
exceeded 0.84 kmkm2. In contrast, changes in 
morphology were not significant in untoaded 
wilderness areas and drainages with lower road 
density. In both of these studies, logging was the 
predominate land use and was l i i y  an imponant 
contributor to the observed degradation. Although 
these studies are insufficient for developing specific 
targets for road density or percent roaded area, they 
suggest that roads may serve as a general indicator of 
human disturbance and habitat quality. 

14.2.6 Salmonid Distributions and Status 
Key Issues 

The ultimate goal of habitat conservation plans is 
to ensure the long-tern persistence and health of 
salmonid populations through protection of their 
habitats. This entails protecting habitats required for 
all life stages, including adult migrations, spawning. 
incubation, winter and summer and rearing for 
juvenile and resident fish, and juvenile migrations. 
Effective conservation pianning at the watershed level 
depends on knowledge of the distribution of 
salmonids within the watershed, the capacity of 

different portions of the watershed to sustain 
salmonids during Mlious life stages, and the relative 
health of these populations. Identifying anas 
important to salmonid production is critical to the 
development of specific management strategies and 
prescriptions.. 

Recommendations 
We recommend that HCPs and other conservation 

plans include a thorough assessment of salmonid 
distributions and status within the planning area. The 
goals of this assessment should be 1) to identify all 
habitats accessible (existing or potential) to 
salmonids. 2) to document the distribution and 
abundance of wild salmonids by species and life stage 
(including threatened and endangered stocks). 3) to 
identify areas of high productivity or importance for 
specific life stages (i.e., "hot spots"), 4) to determine 
trends in salmonid abundance withii the watershed. 
and 5) to document past and present hatchery 
introductions to waters within the watershed. This 
information, together with information generated 
from the analysis of channel conditions and physical 
habitat (see Section 14.2.7). can then be used to 
develop specific management prescriptions that 
protect relatively undisturbed habitats, avoid sensitive 
or biologically Important teaches, and restore 
degraded reaches. 

Informarion on the present and historical 
distribution and abundance of salmonids withii the 
watershed may be obtained from State and Tribal 
agencies, past stream surveys, historical records, and 
local residents. Because utilization of many streams 
by salmonids is poorly documented, field sampling 
may be needed to confirm recorded data. Field 
sampling may be especially important to document 
spawning habitats, particularly those in small and 
ephemeral streams. Information on the use of 
particular scream reaches by salmonids and their 
relative productivity is most likely to be obtained 
from local biologists, although such information may 
not be readily available. In these instances, field 
surveys may be needed. Historical records (e.g., 
biological surveys, migrant trapping data) may be 
useful in determining the cause of salmonid declines, 
such as the loss of specific life-history types within a 
population (see e.g., Lichatowich et al. 1995). In 
general, estimates of population size are unlikely to 
be available. The most likely source of data for 
population trends is counts from State-operated traps 
or surveys (e.g., juvenile migrants, escapement 
estimates, redd counts) or counts at fish passage 
facilities at major dams. 

Specific products of the analysis should include 
maps of species presence and distribution withii the 
watershed, maps of habitat use by species and life 
history slage, descriptions of the current status of 



Part Il-Planning 
-

Elements and Monitoring Strategif ?S 14 Planning Elements 

populations in the watershed, descriptions of mnds 
in abundance (when possible), identification of 
habitats used by threatened and endangered species or 
stocks, and narrative summaries of stocking history. 

Evaluation Criteria 
Because the purpose of this analysis is primarily 

to gather infotmation, no evaluation criteria are 
proposed. Assessments of habitat condition are 
discussed in the following section. 

74.2-7 Channel Condition and Physical 

Habitat 

Key Issues 

Channel conditions and physical habitats of 
salmonids have been substantially degraded by land- 
use practices throughout much of the Pacific 
Nonhwest. Stream channels have been altered 
directly through channelization, revetments, stream 
cleaning, and dam construction, and indirectly 
through changes in hydrology, sediment loading, and 
large woody debris recruitment (reviewed in Chapter 
6). In many instances. cumulative effects of 
numerous land-use practices have resulted in streams 
that lack structural and hydraulic complexity, pool 
and off-channel habitats used for rearing and refugia, 
and high-quality spawning gravels. Artificial 
constraints on stream channels, changes in hydrology 
and sediment loading, and the loss of large wwdy 
debris together have destabilized stream channels, 
making them more susceptible to scouring during 
high flows, further altering substrate composition. 
These changes in turn influence spawning and rearing 
habitats of salmonids, a well as production of 
invertebrates that salmonids require for food. 

Recommendations 
Because the physical habitat degradation most 

often results from changes in other watershed 
processes, measures designed to minimize changes in 
watershed hydrology, sediment loading, and 
recruitment of large wood are likely to result in 
improved physical habitat for salmonids. However, 
where channel conditions have already been degraded 
it may be necessary to apply more conservative 
measures to facilitate recovery and prevent further 
damage. Therefore, we recommend that HCPs 
include a watershed-wide assessment of channel and 
habitat conditions. The putpose of this assessment 
should be several fold: to characterize channel forms 
and geomorphic processes directly affecting channels 
in the watershed; to identify reaches that are sensitive 
to large variation in runoff, sediment supply, and 
large woody debris: to identify reaches that have 
been subject to human-caused and natural 
disturbances (e.g., land use, flow diversions, stream 

cleaning, splash dams, channel incision, 
fhaanelition, floods, and wildfires) and, where 
relevant, the land use practices associated with those 
disturbances; and to evaluate thezffects these 
disturbances have had on sensitive reaches and how 
long it rakes sensitive reaches to recover from 
disturbances (RE0 1994). 

Characterizing channel forms and geomorphic 
processes involves mapping of hillslope and valley 
features in the watershed, including floodplains, 
terraces, estuaries, alluvial fans, streamside slides, 
eanhflows, and debris-flow termini, lakes, dams, and 
glacial moraines. The identification of sensitive 
reaches entails identifying and evaluating the 
condition of alluvial valleys or other reach types that 
are typically imponam to salmonid production. To 
evaluate past disturbance events, data on 
streamflows, landslides, vegetation cover, and land 
use can be obtained. Agency records and interviews 
with local residents provide information about past 
human disturbances, including timber harvesting, 
splash damming, mining, grazing, water diversions, 
stream channelization, and other activities that have 
likely modified channel attributes. Field sampling 
should be conducted to characterize specific habitat 
attributes including channel width and depth, bank 
condition, substrate composition. LWD abundance 
and size, pool frequency and size, and presence of 
beaver ponds and bff-channel rearing habitats. 
Procedures for performing channel assessments can 
be found in the channel condition and physical habitat 
modules in the Federal Ecosysrem Analysis Guide 
(RE0 1995) and the stream channel assessment 
module of the Washington watershed analysis manual 
(WFPB 1994). 

In assessing habitat conditions, a number of 
habitat concerns related to specific life stages should 
be considered (Table 14-2). For adult migration, key 
objectives include identifying barriers to migration. 
assessing frequency and condition of holding pools, 
and identifying imponant cold-water rehgia, 
particular for species such as spring c h i i k  that 
oversummer within streams. For spawning and 
incubation, HCPs should address the availability and 
condition of spawning gravels (including intergravel 
dissolved oxygen), as well as evidence of erosion. 
scouring, and dewatering of spawning redds. 
Summer and winter rearing habitats for juveniles and 
resident fishes should be idenrifted and their 
conditions documented; habitat concerns include 
diminished frequency, size, and depth of pools, loss 
of off-channel habitats, reduced s:mctural and 
hydraulic complexity (e.g., LWD),elimination of 
beaver ponds, and loss of both summer and winter 
cover. Habitat issues related to juvenile migration 
include water quality and quantity, instream cover, 

8 
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Table 14-2. Habiit concems, by salmonid life stage. ,mat should guide consewation efforts. 

Life stage 

Adult migration 

Spawning and incubation 

I 

Juvenile rearing 

Juvenile migration 

Habitat concerns 

Impassible or poorly designed culverts 
lmpassible dams or diversions 
lmpassible because of water quality (high temperatures. 

pollutants)
Reduced freauencv of holding nools 
Lack of cove; in holding pock ' 
Reduced wid-water refugia 

Availability of spawning gravel 
Siltation of spawnlng gravels 
Emsion of spawning gravels 
Evidence of redd scour 
Evidence of redd dewatering 

Evidence of d~minished pool frequency, area, or depth 
Reduced cover for summer rearing habitats 
Poor water quality (high temperatures, pollutants, low DO) 
Pewatering.of stream reaches 
Reduced hydraulic heterogeneity 
Reduced ~nvertebrate pmducbon -
Reduced pool frequency (winter refugia) 
Reduced off-channel rearing areas 
LOSS of winter cover in substrate interstices (increased cobble 

embeddedness) 

Poor water quality (high temperatures, gas supersaturatlon) 

Lack of instream cover 

lmpassible bamen (physical, chemical, biological) 


and migration barriers. Each of these habitat 
concerns should be discussed relative to historical 
and current conditions. The Federal Ecosystem 
Analysis Guide (RE0 1995) includes a moduie for 
assessing physical stream habitats, with emphasis on 
needs of salmonids. 

Evaluation Criteria 
Evaluation of salmonid habitats is complicated by 

the fact that there is substantial mural variability in 
habitat attributes. This variability arises from 
differences in the rates of watershed processes 
(water, sediment, and wood delivery) as well as 
differences in channel morphological feamres that 
control the fate of those materials once in the 
channel, including stream gradient, channel width, 
degree of constrainment, and bed material. We 
believe that, for most habitat attributes, existing data 
are insufficient to justify numeric criteria for various 
habitat elements, panly because there are so few 
unmanaged systems remaining in the Pacific 
Northwest (especially nonforested systems) to 
provide appropriate reference points, and panly 
because methods of measuring and reponing habitat 
characteristics have rarely been consistent between 
studies. Nevenheless, published data on habitat 
attributes in unmanaged systems may provide wane- 

level metrics for assessing whether specific stream 
segments may be in degraded condition. 

Channel Type. Channel type is an imponant 
variable for stratifying data related to physical habitat 
(e.g.. pools, LWD frequency), chaunel conditions. 
channel sensitivity, and salmonid distribution 
information. Channel segments should be classified 
as erosional or depositional, constrained or 
unconstrained, and by stream gradient. No specific 
criteria are relevant since these attributes are 
determined entirely by landform. 

Large Woody Debris. The frequency and 
volume of large woody debris within stream charnels 
is influenced by a number of factors including stream 
size and gradient and the age and structure of 
riparian vegetation, which determine loading rates of 
large wood. Figure 14-7 illustrates the high degree of 
variability in rhe frequency of large wood pieces in 
relation to stream width for unmanaged systems in 
the Pacific Northwest. Bilby and Ward (1989) 
reported that the mean size (measured as diameter. 
length, and volume) of individual wood pieces 
increased with increasing stream width, but that the 
frequency of LWD pieces decreased with increasing 
stream size. They atuibuted these trends to the 
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Figure 14-7. Abundance of large woody debris in relation to channel width for streams in the Padfic Northwest 
and Alaska. Data compiled from Robison and Beschta (1990), Cederholm et al. (1989). Murphy and Koski 
(lQ89),Fox (1992), Bllby and Ward (1991), Leinkamper and Swanson (1987). Long (1987), Fausch and 
Northcote (1991). Ralph et al (1991), Ralph et al. (unpublished data). and Dinwla (1979). 
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greater stability of smaller size fractions in narrower 
strearas. Other studies have indicated higher 
frequencies of wood in larger streams (e.g., Robison 
and Beschta 1990; Murphy and Koski 1989) or no 
trend in wood frequency with stream size (Ralph et 
al. 1991). Studies relating LWD frequency to stream 
gradient have been similarly variable. Murphy and 
Koski (1989) and Robison and Beschta (1990) found 
that LWD counts were highest in low-gradient 
(0.5%) teaches, but that at gradients of 1%-2.5% 
there was no consistent trend. Similarly, data from 
Sullivan et al. (1987) suggest no obvious trend in 
LWD frequency for gradients ranging from 3%-5%. 

Peterson et al. (1992) stressed the need to 
establish target conditions for LWD in streams as a 
means of determining habitat condition. We concur 
that establishing targets is an important goal; 
however, in most instances data for developing such 
targets are generally not available. Peterson et al. 
(1992) recommended using regression equations 
developed by Bilby and Ward (1991) relating 
frequency and volume of LWD to stream width to set 
targets for LWD. These equations represent the most 
complete data available that we know of for Pacific 
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Northwest stteams; however, we suggest that they 
only be applied to the types of streams for which 
they were derived, namely forested streams in 
western Washington with widths of 4-19m and 
gradients from 1%-18%, and even then with 
considerable caution because of the high nawral 
variation within this data set. 

In addition, LWD counts alone may be poor 
indicators of habitat condition and effects of 
rnauagement. Ralph et al. (1991) found no difference 
in the number of LWD pieces between streams in 
managed and unmanaged forests, but that the average 
size of LWD pieces was significantly smaller in 
harvested systems. They therefore concluded that 
counts of LWD pieces alone are not useful as 
management objectives because they fail to account 
for important differences in the size (and therefore 
stability) of wood pieces. Biby and Ward (1991) 
reported significantly higher frequencies of LWD in 
streams in old-growth forests than in second-growth 
or recently clearcut stands. As noted earlier, larger 
sized "key pieces" perform a critical function in 
retaining smaller debris. NMFS (1995) has developed 
provisional criteria for larger pieces of LWD for 
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streams in the Coast Range and east of the Cascades. 
They concluded that streams in the Coast Range 
should be considered "properly functioning" when 
they exceed 80 pieceslmile of wood larger than 61 
cm (24 in) in diameter by 15.2 m (50 ft) in length, 
and where adequate sources for woody debris 
recruitment are present in the adjacent riparian zone. 
East-side streams are considered properly functioning 
where LWD exceeds 20 pieceslmile of wood greater 
than 30.5 cm (12 in) and 10.7 m (35 ft) in length and 
where adequate sources of recruitment exist. 
The regression equations of Bilby and Ward (1989) 
indicating increasing avenge volume of individual 
debris pieced with increasing stream size reflects the 
greater ability of larger systems to transport smaller 
wood. ?'his trend should not be COnSt~ed to mean 
that larger pieces are unimportant in small streams or 
that large diameter trees could be removed without 
impairing ecological function. Pool area and sediment 
retention are both related to the size of wood pieces 
(Bilby and Ward 1989). In addition. small sueams, 
even those without fish, may be important sources of 
LWD for downstream, fish-bearing reaches. 

In developing LWD criteria. we therefore suggest 
that stream reaches need to be stratified by width, 
gradient, and ecoregion (or other indicators of 
vegetation type), and that both counts by size class 
and volumetric measures be employed. Rhodes et al. 
(1994) recommend against establishing specific 
numeric standards for in-channel LWD and instead 
recommend full protection of LWD recruitment from 
the riparian zone. We concur with the 
recommendation of Peterson et al. (1992) that a 
common definition of large woody debris be adopted 
throughout the region so that, over time, 
comparability of studies will be enhanced, allowing 
more meaningful targets to be defmed. They 
recommended wood greater than 10 cm diameter by 
2 m length be classified as LWD because the 
majority of studies have used this definition. We 
recommend that this definition be used to define 
minimum piece size for LWD but believe it is 
imponant to sytematically quantify larger-size 
fractions as well. The frequency distribution of 
different size classes is likely to be more imponant 
than total number (or total biomass) of all pieces 
exceeding some minimum length. 

Pool  Frequency and Quality. Pool habitats 
are required by most salmonids at one or more life 
stages (reviewed in Chapter 5). The loss and 
reduction in quality of pool habitats has been 
identified as a major source of habitat degradation 
through large portions of the Pacific Northwest 
(McIntosh et al. 1994a). These alterations have 
resulted from removal and lack of recmitment of 
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large woody debris, combined with increased 
sediment delivery to streams. 

Pool formation depends on a wide variety of 
factors, including gradient, channel width, and LWD 
or other physical obstructions. Consequently, there is 
a high degree of natural variability in pool frequency 
and volume, even in unmanaged systems. 
Furthermore, methods for defining pool habitats have 
varied substantially among studies, making 
comparisons difficult. The most frequently used 
metric of pool habitats is the percent of total surface 
area in pools. Other indices include pool frequency, 
volume, and residual depth, the latter two of which 
may provide a better indication of pool quality than 
percmt pool area or frequency. Pool frequencies for 
managed and unmanaged streams in Washington are 
shown in Figure 14-8 (see review in Peterson et al. 
1992). In eastern Oregon and Washiigton, 
frequencies of deep pools (> 1.6 m) in unmanaged 
systems ranged from 2.7 to 14.3 per kilometer of 
stream (B. Mclntosh, USDA Forest Service, Pacific 
Northwest Station, personal communication). 

Based on an extensive review of the literature, 
Peterson et al. (1992) recommended a target 
condition for percentage area of the stream surface 
area comprised of pools-of 50% for Washington 
screams with gradients < 3%. MacDonald et al. 
(1991) concluded that total area, depth, or frequency 
of pools may not always be a reliable indictor of 
anthropogenic effects. Because of the high degree of 
natural variation, we conclude that available data are 
inadequate to recommend specific criteria for pool 
frequencies that would be indicative of stream 
condition. The 50% target recommended by Peterson 
et al. (1992) may be useful as a fmt  indicator of 
potential degradation, but should not be widely 
applied outside of the region. NMFS (1995) has 
adopted provisional guidelines for pool frequency 
based on channel width. These are shown in Table 
14-3. Again, we suggest that these values be used as 
general indicators. rather than absolute measures of 
habitat cnndition. The monitoring strategy suggested 
in Chapter 15 would produce consistent and reliable 
data from which regional targets could be derived. 

Bank Stability. Erosion and slumping of 
streambanks can be an important cause of 
sedimentation and channel degradation in streams. 
Thus, bank stability can be a useful indicator of 
channel condition. However, we found no published 
information that would support establishment of 
specific numeric criteria for bank condition. Some 
bank instability is likely even in unmanaged systems. 
In wide alluvial valleys, lateral migration of the 
stream occurs through bank erosion and point bar 
accretion (MacDonald et al. 1991). In constrained 
reaches, temporary bank instability may follow the 
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Figure 14-8. Relationship between fraction of Ule stream area comprised of pools and gradient for slreams in managed and 
unmanaged forests in Washington. Afler factoring out the eflect of gradient, pools area was significantly higher in 
unmanaged systems. From Ralph et at. (1991) in Peterson el at. (1992). Reprinted with permission of the author. 



Ecosystem Approach to Salrnonid Conservation 

Table 143. Provisional minimum pool-frequency 

standards for determining properly functioning 

salmonld habitats. Proposed by NMFS (1995a). 


Channel width (feet) 

5 

10 

15 

20 

1 25 

50 
I 

75 

100 

input of LWD that redirects hydraulic energy. 
Rhodes et al. (1994) and NMFS (1995) recommend 
that watersheds containing threatened and endangered 
species be managed so that 90% of streambanks are 
stable, although they provide no quantitative 
infomion to support this target. They suggest that 
for areas where this standard is not met, activities 
that would decrease stability of forestall recovery 
should not be permined until the standard is reached 
or a trend of improvement is statistically 
demonstrated. We found no additional published 
information recommending criteria for bank stability, 
nor did MacDonald et al. (1991). 

Substrate Composition. Excessive 
concentrations of fine sediments in spawning and 
rearing habitats can reduce survival of embryos and 
alevins by entombing embryos and reducing flow of 
dissolved oxygen, decrease the availability of 
interstitial hiding places, alter production of 
macroinvenebrates, and reduce total pool volume. A 
number of different methods have been proposed for 
quantifying substrate composition and assessing the 
degree of sedimentation on substrate composition. 
For spawning gravels, fine sediments are commonly 
expressed as the percentage of sediments by weight 
or volume smaller &an a panicular panicle size, 
usually < 0.85 mm or < 6.4 mm, two standard 
dimensions of substrate sieves. The effect of tine 
sediments of a particular fraction on incubating 
embryos and alevins depends on percenrages of other 
size fractions (reviewed in Peterson et al. 1992), 
consequently, there can be substantial difference in 
results between studies. Bjomn and Reiser (1991) 
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reviewed data from four laboratory studies and found 
that percent emergence of swim-up fry begins to 
decnasewhen percent h e  sediment smaller than 
2-6.4 mm (definition differed among studies) 
exceeded 15%. They also presented data for five 
salmonids indicating that embryo survival begins to 
decrease when peKMtage fmes exceed 10%-25% 
@anicle size < 6.4 mm),with rainbow and cutthroat 
trout beiig more sensitive than steelhead trout, 
kokanee, and chinook salmon (Figure 4.9 in Bjomn 
and Reiser 1991). Rhodes et al. (1994) concl~ded 
that survival to emergence for chinook salmon in the 
Snake River Basin is probably substantially reduced 
when fine sediment concentrations (< 6.4 mm in 
size) in spawning gravel exceed 20%. They 
recommended suspension of ongoing activities and 
prohibition of new activities where this standard is 
exceeded. Peterson et al. (1992) reviewed eleven 
laboratow and field studies of survival to emergence 
and concluded that in most instances an increase in 
percent fm s e d i i n t  (< 0.85 mm in size) from 
11% to 16% would result in a reduction in swival  
to emergence. Reported value were estimated by eye 
from figures and summary data from these studies. 

Natural levels of fine sediment in spawning 
gravels vary with gradient and underlying geology. 
In western Washington, percent fme sediments (< 
0.85 mm in size) in spawning gravels in unmanaged 
basins have been reported to range from 6.4% to 
14.5% (reviewed in Peterson et al. 1992). Based on 
this review, Peterson et al. (1992) proposed a target 
of 11 % fine sediments in spawning gravels for low- 
to-moderate gradient streams in Washington. They 
noted that this target should nor be indiscriminately 
applied across geologic boundaries and that higher 
levels do not necessarily indicate degraded 
conditions. Rather, they suggest that where sediment 
levels exceed this target, the potential causes of 
sedimentation should be thoroughly examined. We 
concur with these recommendations. 

Cobble embeddedness has frequently been used as 
an indicator of the quality of over-wintering habitat 
for juvenile salmonids, which hide in coarse substrate 
interstices dunng periods of low temperature and are 
adversely affect if these spaces become filled with 
sediment. MacDonald et al. (1991) provide a review 
of merhods for measuring embeddedness in streams 
and difficulties associated with these methodologies. 
The State of Idaho is currently proposing 
embeddedness standa~& for protecting salmonid fry 
over-wintering habitat (MacDonald et al. 1991). 
These standards would call for cobble embeddedness 
not to exceed natural baseline levels at the 95% 
confidence level, where baseline levels are 
determined for unmanaged watershed with similar 
characteristics. Rhodes et al. (1994) recommended 
that watersheds should be managed so that cobble 
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embeddedness averages less than 30% in winter 
rearing habitats; however, they provided no empirical 
suppon for this particular threshold value. Peterson 
et al. (1992) suggested that an interstitial space index 
(ISI) developed by Vadenboncouer (1988) is more 
sensitive to change and bean a closer relationsh~p to 
juvenile habitat requirements than cobble 
embeddedness; however, they concluded that data on 
interstitial space in Washingon was lacking and 
therefore made no recommendations regardiig 
appropriate standards. Because of the lack of 
available information, we make no specific 
recommendations regardiig targets for interstitial 
space in rearing habitats. Nevertheless, monitoring of 
cobble embeddedness or interstitial space m y  allow 
detection of trends at a particular site (see Chapter 
15). 

14.2.8 Summary and Conclusions 
Watershed-level planning has four importaut 

goals: 1) to address cumulative effects through time 
and space of multiple human activities and natural 
variation on aquatic habitats, 2) to assess cumnt 
conditions within the watershed and identify existing 
resource problems, 3) to relate existing resoilrce 
problems to site conditions and land management 
practices, and 4) to use the knowledge gained to 
avoid future activities in m a s  that a~ sensitive to 
perturbations. Watershed analyses can also help 
identify and prioritize habitat restoration 
opportunities. In the preceding sections, we have 
reviewed specific processes that have been identified 
as important in affecting salmonids and their habitats. 
For ease of discussion, these processes were 
reviewed individually; however, it is important to 
recognize that upland, riparian, and aquatic processes 
interact in complex ways and that, consequently. 
conservation plans need to address all processes in a 
comprehensive and integrated manner. For example, 
improvements in large woody debris recruitment 
resulting from riparian buffers may be negated if 
peak flows or debris torrents increase in frequency in 
response to poor upland management. In addition, 
many factors may act synergistically to the detriment 
of salmonids. Lower stream flows, higher light levels 
(and photosynthesis), and warmer temperatures may 
combine to reduce oxygen levels in streams to levels 
that would not be reached by each factor alone. 
Similuly. the resistance of salmonids to disease is 
influenced by many water quality attributes (e.g., 
temperature, pollutants, oxygen levels). These 
examples represent only a few of the many possible 
ways in which multiple stressors may in tern  to 
produce effects greater than would be anticipated 
based on any single factor. 

14.3 Site Level 
The regionallbasin and watershed-level aialyses 

proposed in Sections 14.1 through 14.2 are designed 

to provide the context from which site-level 
prescriptions can be made that will effectively protect 
salmonids and, if desired, other resource values. 
Knowledge of existing watershed conditions and 
resource problems, as well as the potential sensitivity 
of diierent areas of the basin or watershed to land 
use activities, will enable owners of nonfederal lands 
to better avoid undesirable effects on aquatic 
ecosystems and the salmonids they support. 
Nevertheless, it is the cumulative effect of activities 
occurring at the site level that ultimately determine 
the health of aquatic and terrestrial ecosystems. 

In this section, we briefly review specific 
management practices applied at the site level that 
afford the greatest protection to salmonids and their 
habitats. By site level, we mean the specific portions 
of the landscape upon which land-use activities are 
carried out by a landowner, such as harvest units. 
grazing units, agriculnual fields, mining sites, and 
areas of urban development. We begin with a 
discussion of practices that are common to more than 
one land-use rype and conclude by identifying 
practices specific to logging, grazing, agriculture, 
urbanization, and mining. We reiterate that the 
recommendations contained in the following sections 
assume rhat the affected watersheds suppon 
salmonids that are either listed or likely to become 
listed as threatened or endangered under ESA. 
Recommendations for protection of other species or 
resource values would likely differ. As specified in 
Section 10 of ESA, approval of an HCP requires that 
landowners discuss alternatives to a "taking" of a 
species that were considered and why these 
alternatives were not implemented. 

14.3.1 General Practices 
Riparian Buffers 

Riparian buffers' along all streams should be 
maintained, regardless of the type of land use. 
Specific dimensions of riparian buffers and 
management prescriptions will likely vary with site 
conditions and conservation objectives. A detailed 
discussion of riparian buffers can be found in Section 
14.2.3. Aspects of riparian management relevant to 
specific land uses are discussed in subsequent 
sections. 

Road Design, Construction, and 
Rehabilitation 

Roads frequently constitute the dominant source 
of sediments delivered to streams. As discussed in 
Section 14.2.2, a long-term transportation plan for 
the watershed is desirable to minimize total disturbed 
area. Thus cumulative effects need to be considered 
when planning site-level activities. 

It is beyond the scope of this document to 
recommend specific engineering standards for roads, 
however, we recommend the following general 
guidelines for road construction regardless of land 
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use type. Roads should be located away from 
streams, riparian arcas, wetlands or other moist 
areas, and unstable hillslopes. Stream crossings 
should be avoided across or above reaches identified 
by watershed analysis as critical habitats for salmonid 
spawning. If crossings are unavoidable. they should 
be constructed in locations where the least amount of 
change in channel structure is needed and where 
potential for upslope impacts is minimal. Long-span 
skylines can be used to transport logs across steep- 
walled canyons, eliminating'the need for creek 
crossings altogether, while minimizing construction 
costs. Culverts should be installed at angles and 
heights that, allow passage during both high- and low- 
flow conditions. They should be placed below the 
original stream bed and have gradients less than 1%. 
Capacity should be sufficient to withstand 100-yr 
floods and care should be taken to ensure that water 
velocities in culverts are not excessive for fish 
passage. 

New road construction should be minimized or 
avoided in areas where sediment-related degradation 
of salmonid habitat$ is identified in watershed 
analysis until the sources of that degradation have 
been alleviated. However, there may be instances 
where construction of new roads may reduce total 
sediment loads if it allows other, erosion prone roads 
to be retired and reclaimed. Construction methods for 
roads should seek to minimize the areal extent of soil 
disturbance. Landowners should adhere to minimum 
standards for width and gradient to reduce the 
amount of site disturbance. The height of cut slopes 
should be minimized to reduce the risk of failure, 
and materials should be end hauled rather than side 
cast where risks of slope failure are high. Areas 
disturbed during construction should be stabilized and 
reseeded following completion. Water needed for 
construction should not be withdrawn from streanis 
bearing or upstream of habitats of threatened or 
endangered salmonids. Fuel should be stored away 
from streams and riparian areas, where the risk of 
contamination from spills is negligible. On slopes and 
soils where erosion potential is high, roads should be 
built only dwing the dry season. 

Adequate drainage from road surfaces is critical 
to minimizing fluerosive energy of water. Drainage 
control for new road construction should seek to 1) 
disperse, rather than concentrate, runoff: this can be 
accomplished using outsloped roads, cross drainage 
structures, and frequent relieving of drainage 
ditchlimes; 2) avoid altering natural drainage panems 
or discharging of water into nondrainage areas or fill 
slopes; 3) design drainage structures to withstand 
100-yr-interval floods; 4) control scouring at culvert 
outlets using energy dissipators. All drainage ditches 
and culverts should be routinely maintained to 
prevent clogging with debris and sediments. Where 
drainage structures along existing roads are 
inadequate and causing erosion problems, these roads 
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should be reconstructed with appropriate drainage or 
removed and reclaimed. A more complete list of 
recommendations for minimizing impacts of roads on 
aquatic systems is given in Table 8-1. 

Active Restoration 
Most of the recommendations in this document 

are designed to reduce or eliminate anthropogenic 
stresson that disrupt natural watershed processes and 
result in aquatic habitat degradation. These "passive 
restoration" techniques include such practices as 1) 
riparian buffers that preclude logging, grazing, 
agriculture and urban development; 2) cessation of 
irrigation withdrawals; 3) elimination of chemical use 
in farming, logging, and agriculture; and other 
practices that require no direct human intervention, 
other than alleviating the stress on the ecosystem. 
There are occasions, however, where direct 
mechanical, chemical, or biological intervention may 
be needed to accelerate the recovery of salmonid 
habitats or prevent further degradation. These "active 
restoration" techniques include such things as 
obliteration and revegetation of roads, removal or 
replacement of inadequate culverts or other barriers 
to migration. addition of logs or other strucnues to 
streams, removal of dams or riprap structures, 
gravel cleaning. vegetation manipulations (e.g., 
juniper removal, thinning, herbicide applications), 
use of prescribed ftre, reintroduction of native 
spccies, and application of piscicides. 

Kauffman et al. (1993) note that the greatest 
failure of many active restorafion techniques occurs 
when these methods are implemented before the 
primary anthropogenic stressors have been 
e l i i a t e d .  Funhermore, active restoration 
techniques frequently fail because factors limiting 
salmonid production are incorrectly identified. In 
each of these instances, costly restoration practices 
may fail to provide the presumed benefits to 
salmonids, or worse, may result in additional damage 
to stream ecosystems. F i l y ,  many instream 
manipulations fail because the geomorphic context of 
a particular site is not considered. 

Instream structural additions, in particular, have 
been widely employed throughout the west as a 
means of restoring structure to streams that have 
been degraded by past logging, splash damming, 
stream cleaning. mining, and grazing practices. 
Large sums of money have been devoted to instream 
restoration techniques, despite the frequent failure of 
structures to achieve desired biological outcomes or 
to withstand high flow events (Beschta et al. 1991; 
Frissell and Nawa 1992). Moreover. artificial 
structures can have significant negative effecfs on 
fish habitats. Hard structures can prevent natural 
channel adjustments, facilitate changes in channel 
morphology through changes in channel hydraulics 
(e.g., channel incision or widening), and exacerbate 
bank eroslon and sediment inputs (Beschta et al. 
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1991). A common refrain in the literature related to 
active restoration, and instream manipulatioas in 
particular, is that these methods should be interim 
measures until natural fuoctions can be restored; they 
should not be viewed as substitutes for or exemptions 
from habitat protection (Reeves et al. 1991; FEMAT 
1993; Rhodes et al. 1994; Murphy 1995). We concur 
with this assessment. Placement of strucrurcs in 
streams should occur only as an emergency measure 
for preventing additional degradation, and then only 
after activities responsible for the degradation have 
ceased. Other active channel restoration techniques, 
such as reconnecting streams to off-channel mas, 
have greater potential for restoring salmonid 
abundance.. These activities should be carefully 
planned and should not be considered subnitutes for 
sound riparian management. Upland restoration 
techniques, sllch as erosion control programs, 
stabilization and revegetation of unused roads, and 
replacement of dysfunctio~al culverts have a higher 
likelihood of success with minimal risk to aquatic 
habitats. 

14.3.2 Forest Practices 
The impacts of forest practices can be reduced 

through a variety of practices (reviewed in Section 
8.3). Emphasis should be given to minimizing the 
areal extent and intensiry of disturbance to vegetation 
and soils. The site prescriptions discussed below 
provide high levels of protection for aquatic 
ecosystem. 

Riparian Buffer Zones 
Riparian buffers on all permanent and ephemeral 

streams are recommended for protecting salmonid 
habitats. The specific dimensions of riparian buffers 
should depend on the specific ecological functions for 
which protection is desired (reviewed in Section 
14.2.3). Once appropriate buffer widths are 
determined, we recommend that no forestry activities 
be allowed within these buffers in old-gmwtb or late- 
successional forests. In second-growth forests, 
limited harvest, thiiing, planting, or other 
manipulations may be appropriate in order to 
facilitate recovery and protection of key functions 
that have been identified through watershed analysis. 
These activities may be particularly appropriate in 
coastal forests where nantral coniferous vegetation 
has been replaced by dense suds  of alder and 
salmonberry, leaving little opportunity for conifer 
regeneration (Berg 1995). These activities shouid 
only be allowed when tbey can be performed without 
adversely impacting other riparian functions or 
values; use of ground-based equipment within the 
ripatan zone should be avoided or minimized. 

Silvicultural System 
Rotation schedule in upland fore& can be 

adjusted to minimize the total v a  in a disturbed 

state at any given time to minimize cumulative 
hydrologic effects (see Section 14.2.1). 
Sedimentation and soil compaction can be minimized 
if timber harvest, road consuuchn, and site 
preparation activities are conducted during seasons of 
the year when potential for erosion is lowest. In most 
areas this will be the dry season; however, harvesting 
on snowpack may be effective in minimizing soil 
disturbance. 

Harvest methods should be determined based on 
site-specific conditions. logging should be avoided 
on heas identified in the watershed analysis as high 
risk for mass failures. In general, high risk areas will 
be those with steep slopes (> 30') and unsfable soil 
where there is a high probability that material will be 
delivered to the stream (see Section 14.2.2). 
Selective harvest, rather than clearcutting, is 
recommended for areas identified as moderately 
sensitive. Clearcutting is recommended only in areas 
of low sensitiviry (i.e., low slopes, stable soils, far 
from stream). 

Harvest System 
Harvest systems should be determined based on 

site-specific conditions. On highly sensitive sites, 
helicopter logging minimizes disturbance to mils. 
Cable systems that partially or fully suspend logs off 
the ground (e.g.. skyline) cause less disruption to 
soils than those when logs are not suspended (e.g., 
skiddig)., Use of ground-based equipment is advised 
only in low-risk arras. 

For ground-based logging operations. designated 
skid trails can be established to minimize total area 
subject to compaction. Beschta et al. (1995) suggest 
that the percent compacted area can be reduced to 
5%with careful planning. Careful planning of skid 
trails not only reduces soil disturbancebut helps 
maintain high site productiviry. 

Site Preparation 
Site preparation involves treatment of slash from 

logging operations and management of vegetation 
prior to planting. Appropriate treatment of slash 
depends on the specific resource concerns at the site. 
Where sediment delivery to streams, compaction of 
soils @y equipment used), and retention of nuuients 
on site are concern, we recomead against burning 
of slash. Instead, we recommend scattering, 
mechanically chopping, or windrowing slash to 
control surface erosion. In some instances, such 
activities may be inappropriate if build-up of fuels 
would increase the risk of fins. Vegetation 
management entails removal of shrubs or trees by 
mechanical, chemical, and fire treatments. 
Mechanical treaunents involving heavy equipment 
and scarification of soil should be avoided where 
sediment delivery and hydrologic alterations are of 
concern. Chemical treatments should be applied only 
outside of riparian buffer areas, including those of 
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headwater streams; for aerial spraying of herbicides 
and fertilizers, applications should be conducted to 
prevent drift into the riparian wne (apply parallel to 
riparian zone and under low wind conditions). 
Mixing of chemicals and washing of equipment 
should be conducted only where contamination of 
waters will not occur. Low-intensity prescribed fws 
may be appropriate in eastside forests for vegetation 
management. 

Reforestation 
To minimize the duration of hydrologic and 

erosion impacts, replaniig of harvested areas should 
occur within two years of harvesting. Where 
reforestation occurs in the riparian wne, the goal 
should be to maintain n a n d  vegetative assemblages 
in order to restore natural quantities, compositions, 
and seasonality of leaf liner inputs. 

14.3.3 Grazing 
Grazing impacts can be minimized by controlling -livestock disuibution, animal numbers, timing of 

forage use, kind and class of livestock, and total 
forage use, as well as by allowing complete rest from 
grazing (Platts 1991). The effectiveness of grazing 
strategies in protecting salmonids depends on the 
potential vegetation at the site; consequently, grazing 
strategies need to be tailored to the site and specific 
habitat concerns identified in the watershed analysis. 

Riparian Buffer Zones 
Riparian buffers arc rewmmended for all 

permanent stream that support salmonids, as well as 
ephemeral streams that influence salmonid habitats 
downstream. The specific dimensions of riparian 
buffers should depend on the specific ecological 
functions for which protection is desired (reviewed in 
Section 14.2.3). We recommend that grazing be 
excluded in all riparian areas where function of 
riparian vegetation (shading, LWD,leaf litter inputs. 
sediment and nut~ient control, bank stabilization) is 
currently impaired until such time as these functions 
are restored. This can best be accomplished by 
removing livestock or fencing of riparian areas. Once 
recovery has occurred, riparian grazing should be 
limited in duration and intensity to ensure these 
functions are mainrained. Specific grazing straregies 
and their relative effectiveness in protecting aquatic 
habitats are shown Table 8-2. Only those with good- 
to-excellent ratings for all functions should be 
employed. Where riparian vegetation has been lost or 
reduced by livestock grazing, planting of native 
shrubs and trees is recommended to accelerate 
recovery. 

Watering Facilities 
Watering facilities should be located away from 

the stream channel and riparian zone, where possible. 
Where riparian areas are fenced. small access areas 
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that allow livestock to take water directly from the 
stream may be appropriate where such access is not 
likely to degrade the stream. 

Upland Grazing Strategies 
Upland grazing should be managed to minimize 

surface erosion and disruption of hydrologic 
processes. Watershed analysis should identify 
portions of the range in poor, fair, good and 
excellent condition. Where range conditions are in 
other than good-to-excellent condition, we 
recommend temporary suspension of grazing until 
vegetation has recovered. Once conditions have 
improved, grazing strategies should be adjusted to 
ensure that conditions do not deteriorate again. This 
may be done by controlling grazing intensity by 
reducing the number or changing the class of 
livestock, reducing duration of grazing, or limiting 
total forage utilization (i.e., residual biomass). 

Sediment  Control 
In areas where s e d i i t s  are reaching he stream 

channel by surface erosion, steps should be taken to 
reduce surface erosion. Restoring vegetative cover 
(through comrol of grazing) should be given the 
highest priority. Where surface erosion is evident, 
mulching is recommended until vegetative'wver is 
restored. Retentive structures may be appropriate for 
controlling rill and gullying erosion; however, design 
of thwe smc tum is critical, since poorly 
constructed dams or other devices may accelerate 
rather than alleviate erosion. 

Chemical Applications 
Application of chemical fertilizers and pesticides 

should be conducted to prevent contamination of 
wareways. No spraying should be conducted within 
the riparian wne or over surface waters. Aerial 
spraying should be conducted to prevent drin into rhe 
riparian zone (apply parallel to riparian zone and 
under low wind conditions). Mixing of chemicals and 
washiig of equipment should be conducted only 
where contamination of waters is unlikely. 

Channel  Restoration 
Where channel conditions have been degraded by 

grazing, replanting of riparian vegetation is 
rewmmended in order to accelerate recovery. 

14.3.4 Agricultural Practices 
Although specific methods for conserving 

salmonid habitats on agricultural lands are not as well 
developed, the principles for protecting streams on 
agricultural lands are similar to those for forest and 
grazing practices. Habitat conservation plans should 
emphasize protecting riparian zones, reducing 
sedimentation, minimizing f e n i l i r  and pesticide 
inputs, and minimizing disruption of hydrologic 
processes. 
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Riparian Buffer Zones 

Riparian buffers are mmnmmded for all 
permanent streams on agriculturd lands that suppon 
salmonids. as well as ephemeral streams that 
influence salmonid habitats downstream. The 
dimensions of riparian buffers should depend on the 
specific ecological functions for which protection is 
desired (reviewed in Section 14.2.3). Use of 
agricultural machinery withiin the riparian zone or 
disturbance to vegetation or soils within the riparian 
zone should be avoided. Where channels have been 
degraded, by agricultural activities, planting of 
riparian vegetation native to the region is 
recommended. Conservation can be'funher enhanced 
by retiring convened wetlands from agriculture. 

I 

Sedimentation Control 
Watershed halysis should be used to identify 

areas that are susceptible to surface erosion. Areas 
identified as highly erosive, with high probability of 
delivering sediments m srqms, should be retired 
from agriculture. For moderately susceptible areas, 
various practices can be employed to reduce soil loss, 
including minimizing the area or frequency of tillage, 
mulching, use of covei crops during the rainy 
season, and temcing of hillslopes. Construction of 
settling basins in drainages susceptible to chmlized 
erosion may further reduce sediment inputs. 

Water Use 
In circumstances where water has been over 

allocated or water quality issues identified, new water 
allocations should be approached with caution. This 
is particularly applicable where threatened or 
endangered stocks are present. All diversions of 
water from streams used by salmonids for spawning, 
rearing. or migration should be screened to prevent 
entrainment. For streams where water quality or 
quantity have been diminished by agricultural 
practices, a watershed conservation strategy should 
be developed to reduce the volume of water needed 
for agriculture, thereby increasing the amount 
available for aquatic resources. Components of this 
strategy should include one or more of the following: 
replacement of water-intensive crops with drought- 
resistant crops or crops appropriate for the 
precipitation regime within the region; elimination of 
water diversiom; use of drip irrigation instead of 
high spray systems; S i g  of irrigation ditches; and 
maintenance of instream flows during critical stress 
periods (i.e., low flows, high temperatures). Where 
drainage ditches and tiles exist, intensive use of 
fenilizers or pesticides should be avoided because 
these structures are direct conduits to streams, In 

. addition, drainage suuctum reduce summer water 
availability by routing water rapidly from the system 
and therefore should not be used unless combined 
with irrigation from deep groundwater. 
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Chemical Applications and Pest Control 
Application of chemicals and pesticides should be 

conducted in a manner that minimizes contamination 
of aquatic systems.No chemicals should be applied 
within the riparian zone or over surface waters, and 
aerial applications should be conducted parallel to the, 
riparian zone and under low-wind wndicions to 
prevent drifi into the riparian zone. Where water 
quality has been degraded by agricultural chemicals, 
organic farming and integrated pest management are 
recommended. 

14.3.5 Mining Practices 
Habitat protection measures for mining operations 

vary depending on the typc of mining (e.g., surface 
mining, pit mining, underground mining, instream or 
floodplain aggregate miniig). The goals of 
conservation practices at mining sites are similar to 
those of other activities (i.e., minimizing disturbance 
to soils and vegetation); however, the issue of 
potential contamination from toxic runoff and site 
reclamation also deserve special attention. The 
discussion below encompasses all types of mining, 
though not all HCPs will necessarily need to address 
each p i f i c  element. 

Riparian Buffer Zones 
We recommend that mineral or aggregate mining 

be avoided in streams or riparian areas of streams 
containing salmonids or that drain into salmonid 
habitats. Riparian buffm alone are likely inadequate 
to prevent chemical contamination of streams from 
untreated waste waters and runoff, thus, wastewaters 
should be Mated before being released into streams 
(see below). Where channels have been degraded by 
past activities, active restoration including planting of 
riparian vegetation should be conducted. 

Water Use 
Water for mining purposes should not be 

withdrawn from streams supporting at-risk salmonids 
or habitats identified during watershed analysis as 
critical for salmonid production. Elsewhere, a waw 
consentation strategy should be developed, including 
treatment and recycling of wastewaters and 
reductions in groundwater pumping where 
streadlow may be affected. 

Sediment Control 
Disturbance of soils is unavoidable during mining 

operations, however, care should be taken to 
minimize the aerial extent of ground disturbance. 
Lands that are denuded of vegetation should be 
stabilized as quickly as possible to reduce erosion. 
and methods such as contouring, mulching, and 
construction of settling ponds should be employed to 
minimize detachment and transpon of soils. 
Disturbed sites should be revegetated as quickly as 
possible, and topsoil should be overlaid on mining 
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sites to assure successful regeneration. Where 
chemical ~nstituenls of mine spoils (e.g., pH. 
salinity, toxic metals) are likely to inhibit recovery of 
vegetation, spoils should be treated to ensure 
successful reestablishment of vegetation. 

Water Quality 
Mining should be avoided where tailings and 

wastewater have the possibility of entering aquatic 
systems. Wastewaters should be tnaced (acid 
neutralization, sulfide precipitation, reverse osmosis, 
electrochemical. or biological treatments) and 
recycled on site to minimize discharge to streams. 
Waters that are not clean enough to be re-used should 
not be discharged into streams. Pumping of 
groundwater should be avoided where lowering of 
the water table may facilitate transport of toxic 
materials. Control structures (barriers, ponds) should 
be constructed to retain toxic materials and should be 
built to withstand extreme precipitation events. Spoils 
containing toxic materials should be buried below the 
rooting zone of plan6 so that these materials are not 
taken up by plants and subsequently released into the 
environment. 

14.3.6 Urban Land Use 
Urban land use poses the most difficult challenge 

to salmonid conservation planning, both because 
ownership is distributed among many individuals and 
because in most instances the landscape alteration 
approaches permanence. The most effective means 
for minimizing impacts is through county and city 
land-use planning. 

Riparian Buffer Zones  
Riparian buffers are perhaps even more critical in 

urban areas than in agricultural, range and forest 
lands because of the intensity of disturbance in 
surrounding uplands. Those riparian areas and 
wetlands that have not been paved or otherwise 
developed should be preserved and no new 
development allowed. Where feasible, impervious 
surfaces, such as parking lots and abandoned 
buildings, should be removed and vegetation 
restored. 

Hydrology 
Recommendations for minimizing the percent of 

landscape with impervious services is equally 
germane at the site and watershed levels (see Section 
14.2.1). A program for reducing impervious surfaces 
is currently being developed for Olympia. 
Washington, and should serve as a model for other 
urban environments (PWD 1995). Similarly. 
alternative forms of transportation (cycling, mass 
transit) should be promoted to reduce the need for 
additional roads. Where urban water withdrawals are 
degrading salmonid habitats, water conservation and 
recycling should be promoted. Further channelization 
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of degraded streams should be avoided and wetlands 
should be maintained or restored. 

Sediment  Control -
Nnv wnstnlction of roads and buildings should 

be avoided on steep hillslopes that are susceptible to 
surface erosion and mass wasting. Sediment control 
measures, including matting, mulching, seeding, and 
construction of sediment traps should be employed at 
all new consmction sites. Erosion can also be 
avoided by performing new construction during the 
dty season. 

Water Quality 
It is assumed that urban runoff is a major 

potential source of contaminants for salmonid-bearing 
streams, lakes, and estuaries. In such cases, urban 
stormwater should be routed through waste treatment 
facilities. In addition, use of chemical pesticides and 
fertilizers should be discouraged. 

14.4 Data Needs 
To perform the analyses outlined in the preceding 

sections, a substantial amount of information is 
needed, including data on ecoregion, climate, 
hydrology, geology, soils, stream channel networks, 
vegetation, disturbances (natural and anthropogenic), 
land use, and water use. Aerial photographs are 
particularly important in assessing historical and 
current watershed conditions. Potential data needs for 
watershed-level analyses related to physical and 
chemical processes are indicated in Table 14-4. In 
some instances, data are readily available in useable 
form from Federal or State agencies. Other data can 
be derived from existing data (e.g., slope stability 
will be based on topography, soil type, vegetation, 
etc.). Additional data are likely to be obtained only 
through field surveys and historical archives. 

Data potentially nwded for analyses of biological 
processes at the regional, basin, and watershed levels 
are listed in Table 14-5. Some of this information 
will already have been gathered for analyses of 
physical and chemical habitat attributes. Biological 
data needs include historical and current information 
on salmonid production; species distribution maps for 
salmonids, as well as other aquatic and terrestrial 
biota; distribution maps for threatened and 
endangered species of fishes and other taxa; species 
diversity maps; and genetic analyses. Some of this 
information can be obtained from Federal and State 
agencies, although in some regions, biological 
information may be sparse. Other data, including key 
watershed designations for private lands and ESU 
delineation for salmonids, are currently not widely 
available and it will be the responsibility of the 
agencies ta develop this mfomation for HCPs and 
other conservation efforts. A listing of sources for 
physical and biological data and how this information 
may be obtained can be found in Appendix A. 
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Table 144. Potential data needs for performing analyses of relationships between land-use practices and 
physical-chemical processes In watersheds, riparian zones, and streams. Data availability codes: 1= maps or .Ldata usually available. 2 = poor coverage in some regions. 3 = maps or data generally derived from other 
data or field surveys. 
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Table 14-5. Potential data needs for performing analyses of relationships between land-use practices and biological 
pmcesses in streams, riven, and riparian zones. Data availability codes: 1=maps or data usually available. 2 = 
poor coverage in some regions. 3 = maps or data generally derived from other data or field surveys. Asterisk C) 
indicates agencies will most likely be responsible for data preparation. 
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15 Monitoring Salmonid Conservation Activities 


Monitoring plays a critical role in all commercial, 
ecological, and social anivities. It is the process that 
researchers use to obtain data and develop procedures 
through which a society assesses how well it is 
achieving its objectives. Ignorance of those 
objectives, or failure to adequately measure progress 
toward goals, guarantees they will not be met and 
increases the probability of undesirable consequences. 
This chapter presents monitoring elements that enable 
assessment of condition and detection of statistical 
trends in aquatic ecosystems at spatial scales from 
site to region. Sampling designs and indicators are 
proposed to track trends in physical, chemical. and 
biological conditions in uplands as well as riparian 
areas and streams so that critical planning elements 
can be monitored at appropriate spatial scales and 
temporal frequencies. Although there are many types 
of monitoring to obtain information for many 
purposes, we focus on two major types: 
implementation monitoring and assessment 
monitoring (sensu FS et al. 1994). Planners and 
managers use implementation monitoring to 
determine compliance with the terms of HCPs and 
other conservation agreements, and they. like 
scientists, use assessment monitoring to determine the 
effectiveness of activities in protecting or restoring 
salmonids and their habitats. Assessment and 
implementation monitoring are proposed both for 
individual HCPs and for providing the regional 
context to evaluate the overall effectiveness of 
salmonid conservation activities. Section 15.1 offers 
general guidelines for both types of monitoring 
programs. Specific issues for implementation and 
assessment monitoring are described in Sections 
15.2.1 and 15.2.2, respectively. Sections 15.2.3 and 
15.2.4 discuss me recommended sampling design and 
indicators. 

1 5 .  General Guidelines for 
Monitoring Ecosystems 8 Salmonids 
for Consewation Planning 

Because the Pacific Northwest now lacks an 
integrated approach for monitoring salmonids and 
aquatic ecosystems, we have difficulty determining 
whether changes in characteristics reflect fundamental 
changes in ecosystem function and stmcnue, 
identifying the stressors associated with the changes. 

and quantifying the degree to which ecological 
problems are increasing regionally (Messer et al. 
1991; Botkin et al. 1994). An effective program for 
monitoring salmonid conservation activities, as 
suggested in Chapter 10, would be long-term, 
multiscale, interdisciplinary, and interinstitutional. In 
addition to the above concerns, we offer four general 
guidelines based on our own experience and that of 
other monitoring programs. 

15.1.1 Long-Term Monitoring 
Monitoring over the long term documents trends 

in ecosystem conditions that occur in response to 
natural and anthropogenic disturbances, and it allows 
separation of the effects of human activity from 
natural variation. Over short time periods, natural 
variation in climatic conditions can produce strong 
signals that may mask anthropogenic effects. 
Funhermore, the effects of many human aaivities 
manifest themselves long after an activity has ceased, 
often in response to extreme environmental events 
(e.g., mass wasting associated with major storm 
events). 

We recommend developing a common set of 
quantitative indicators for the Pacific Nonhwest and 
standardized methods of data wllection. Annual 
monitoring (though not necessarily at the same sites 
each year) is best conducted by technically trained 
crews and ideally should continue for centuries. 
Issues important to successful implementation of a 
long-term monitoring program include ensuring 
adequate funding, scheduling of monitoring activities, 
archiving and retrieval of monitoring data, periodic 
reporting of monitoring results, and application of 
monitoring results to management situations (e.g.. 
adaptive management). These issues are discussed in 
greater detail elsewhere in this chapter. 

15.1.2 Multiscale Monitoring 
Monitoring across many scales measures the 

effects of site- or reach-scale management activities 
as well as cumulative effects at the level of 
watersheds, basins, ecoregions, and multi-State 
regions. Monitoring crosses disciplines because 
ecosystems are complex aggregations of biotic and 
abiotic components, and those involved represent 
those areas of ecological expertise. Statistical 
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sampling designs used at both the population and site 
levels facilitate the condun of monitoriag at 
appropriate spatial and temporal scales. Compliance 
can also be evaluated at local and regional scales to 
ensure that planned pmices  are. implemented as 
outlined in conservation agreements across the 
region. When management practices are also 
monitored at local and Pacific Nonhwest scales, 
cenain results can be determined: 1) the site-specific 
effects on salmon of conservation activities, 2) trends 
in regional distribution of salmon species and 
populations, and 3) the effects of salmon 
conservation on human soc iq .  A subset of 
indicators applied at the site, stream section, 
catchment, and region scales would facilitate data 
integration and analysis. If multiscale monitoring is 
allied with long-term monitoring over many decades 
or centuries, integrated observations about trends 
would amplify today's piecemeal knowledge about 
salmon populations, ecosystem conditions, land use, 
and the productivity of the lands for commercial 
resources. 

Although this region presently lacks the program? 
implementation and assessment monitoring suggested 
above, it does have many of the necessary pieces in 
place at the private, State, and Federal levels-at 
least for indicators. Differences in the perceived 
acceptability of qualitative versus quantitative 
indicators seem resolvable; however, fundamental 
differences in sampling designs h ider  comparisons 
across institutions. As suggested by FS et al. (1994). 
a proposal to test instream and riparian indicators and 
designs could bring the Federal agencies and their 
cooperating State agencies closer together (Mulder et 
al. 1995). 

15.1.3 lnterlnstituiional Monitoring 
Monitoring becomes interinstitutional because 

lands are held by many different instimtions, both 
public and private, and because many agencies have 
regulatory and management missions hat directly or 
indirectly relate to salmonid conservation. Given the 
roughly 200,000 stream miles and 400,000 square 
miles of land eventually involved, at least three 
scenarios can be described for implementation and 
assessment monitoring. 

First, employ a cadre of field and laboratory staff 
to periodically census the whole resource; this 
approach would be. expensive aad funded probably 
over a short tern, if at all. Alternatively, self- 
monitoring and reporting by all landowners could be 
instituted. Self-monitoring is conducted by many 
States for point-source discharges, but may result in 
pooriy implemented programs of questionable 
integrity (Chapter 10). Self-monitoring programs 
typically generate additional compliance monitoring .-""_-^:^_ 1 2  -_-.I _--C- .. 
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check reports. F i l y ,  a survey with sampling of 
selected sites could be started to infer m l t s  across 
the population. Whatever the choice, it will require 
close coopaation among many Federal and State 
agencies, as well as nongwernment organizations. 
district conservationists, and landowners. 

The Research and Monitoring Committee of the 
Regional Ecosystem Oftice in Portland (REO) has the 
authority and provides the foundation for integrating 
Federal monitoring efforts in this region. Given the 
regional scale of the salmonid issues, the extensive 
Federal holdings in the region, current funding 
levels, and the previous leadership in monitoring 
protocols shown by Federal research laboratories, the 
Federal agencies appear to be a logical choice for 
coordinating this effort. However, it is essential that 
states, Tribal and other governmental parties be 
involved in developing the core monitoring strategy 
to ensure comprehensiveness and support for 
implementation. Once agreement is reached on a 
sampling design, indicators, and database 
management, there should be periodic reviews by, 
and consultations with, nonfederal technical staff 
from the agencies, as well as universities, industries, 
and environmental groups. This might best be 
accomplished through technical working groups such 
as described by Hayslip (1993). 

Critical Agency concerns include what should be 
monitored and how ( i l u d i g  by whom, where, and 
when), and whether individual and aggregate 
conservation plans are protecting and restoring 
salmonids. The where and when of monitoring are 
discussed under monitoring design in Section 15.2.3; 
the what of monitoring is outlined in Section 15.2.4, 
which focuses on indicators and sampling. 
Recommendations on whom should conduct 
monitoring in various instances are covered in the 
implementation portion of this document (Chapter 
16). 

15.1.4 Cooperative Support 
A useful monitoring program needs the suppon of 

a computerizeddatabase management system for 
timely data entry, storage, retrieval, analysis, and 
reporriilg. Such a system will be more responsive if 
it S i  Federal and nonfederal lands and draws 
support from both Federal and nonfederal 
institutions. Given the scope and complexity of the 
porenu data, it is essential that data be convened 
quickly and accurately into relevant information 
(MSG 1993; Paulsen et al. 1991). Moreover, digital 
databases (icludiig geographic information systems) 
ought to be easily retrievable by all interested parties. 

Organizing a successfui monitoring program of 
such complexity requires considerable Federal 
coordination and leadership. Such organization' 

.. . .. .. . . . . .,. '....... .,. 3 
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more knowledge than we have now will accrue 
concerning our effects on these systems. 

Owners of private lands and managers of public 
lands will need to cooperate in conservation planning 
and monitoring activities because they will be the 
important users of the monitoring information. For 
example, biological integrity and sustainable levels of 
natural resource production (Figure 15-1, Paulsen 
and Linthurst 1994) are ecological and social goals 
that now concern to some degm the community of 
landowners, maaagm, and scientists. Common 
objectives can be attained with cooperative 
monitoring activities and practical ecosystem 
management. We recommend that a coordiied 
private-State-Federal monitoring and assessment 
program be implemented in the PNW on both 
Federal an nonfederal lands. Henjum et al. (1994) 
and McCu!lough and Espinosa (1996) have made 
similar calls for rigorous monitoring programs. The 
Research and Monitoring Committee for the 
President's Forest Plan is currently examining how to 
implement such a program on Federal lands: 
extendig this effon to nonfederal lands in the Pacific 
Northwest would greatly enhance salmonid 
conservation planning. 

15.2 Recomniended Strategy for 
Monitoring Salmonid Conservation 
Activities 

in the remainder of Chapter 15 we propose a 
strategy with eight activities for monitoring salmonid 
conservation. This monitoring strategy is based on 
the discussion of existing monitoring programs in 
Chapter 10 and the preceding general guidelines. 

I. Develop a ser of assessmenr quatiom or 
objectives rhar the monitoring should address. 
MacDonald et al. (1991) consider this the most 
critical step in monitoring. For example, determine 
the proponion of stream miles in the region (or a 
panicular basin) that suppon summer salmonid 
populations (or salmonid spawning); determine the 
relationship of riparian buffer width (or condition) 
and various measures of stream condition (e.g., 
sedimentation, temperature, LWD,channel 
complexity); assess whether prohibited activities are 
occurring and with what frequency (e.g.. harvest 
activities in riparian buffers). 

2. Determine rhe indicarors rhar will be used to 
assess bioric and abiotic conditions: e m r e  rhar these 
indicators can be relared to the ecological values, the 
natural and antkropogenic stressors, or bork. Include 
biological, habitat, and stressor indicators to assess 
biological condition, diagnose the site's 
environmental conditions, and evaluate the 
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management and landscape conditions that affect the 
more proximal indicators (Karr and Dudley 1981; 
Karr et al. 1986; Messer 1990; Hughes et al. 1992; 
Fore et al. 1996). If hydrology and sediment 
t r ~ p o nare critical planning elements, 
implementation and assessment monitoring should 
include land-use types and extents within the 
watershed. If biodiversity is a concern, indicators 
should focus on ecosystem smclure and function 
from the genetic to the landscape levels versus 
focusing on an indicator spezies (Noss 1990; Landres 
1992: NRC 1992). If early detection of stress and 
nwvery are concerns, changes in species 
composition of r-selected species and disappearance 
of sensitive species may be the most useful indicators 
(Schiidler 1987). MacDonald et al. (1991). Rappon 
(1992). and Cairns et al. (1993) stated that good 
indicators are sensitive to multiple stressors and 
responsive to general disturbances yet have relatively 
low sampling etror. They should also be easily -
measurable, interpretable, and cost-effective. In 
addition, useful indicators are biologically and 
socially relevam, anticipatory of fuiure changes, and 
diagnostic of particular stressors. Such indicators are 
integrative of a number of different stressors. Hughes 
(1993) demonstrates how stream indicators were 
evaluated through use of these characteristics. 

3. Use the inda concept in selecting the sampling 
period, sampling sites (e.g.. srreams) and sampling 
locarions at the sires, as well as in darn analysis. 
Indexing is the process by which data collection and 
analysis are logically focused on particular times, 
places, and indices (Hughes et al. 1992). 

Index Period. Although aquatic systems change 
markedly with seasons, many variables generally 
look the same from year to year during the same 
season, unless pemrbed. Thus aquatic systems 
can be sampled when they are 1) least varying. 2) 
most likely to be stressed by pernubations of 
concern. and 3) safely and economically sampled. 
This period (an index period) will be the summer 
or early fall for most Pacific Northwest streams, 
but may be other seasons if spawning or sediment 
loadiig are wncerns (Platkin et al. 1989). 

Index Sites. In the same manner, a subset of all 
stream miles or lakes can be sampled to avoid 
taking a census of them all (see the following 
guideline). These sites should include reaches on 
rivers as well as streams, especially when dealing 
with anadromous and potamodromous fishes. A 
set of these sample data can be statistically 
assembled to represent the total stream or lake 
population. (Note that here and in subsequent 
cases the tenn "population"is used in a 
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Fishability 

Biological 
Condition 
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Social 
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Chemical Land Use 
Biological Water Use 

Figure 15-1. Relationships between societal values, policy, and stressor, abiotic condition (hab'tet), and biological 
condition indicators. Biological wndiion indicators are linked to societal values and biological condition 
assessments influence policy only through societal values. Also, biological condition indicators determine our 
choice of habitat indicators, which are Me proximate determinants of biological condition. From Paulsen and 
Linthurst (1994). 

statistical sense and refers to all sfream miles or lakes 
of interest in j e  region.) This process has been very 
successful in assessing human opinions through 
political polls and market surveys, but has received 
remarkably little attention in ecological monitoring. 

Index Stations. At a single stream site, reach, 
lake, or watershed there are numerous macro-
and microhabitat characteristics that could be 
evaluated. If a single sample inadequately 
captures the complexity of a sire. as is the case 
with most biological and physical habitax 
indicators, it is useful and cost effective to index 
the site by randomized systematic samples of 
different variables. These may be composited by 
habitat type to represent the site. The rationale 
for this sampling protocol is to assess the 
complexity of the site while limiting the cost of 
sampling and processing. On the other hand, 

because stream water is usually well mixed, a 
single index sample may suffice for estimating 
water quality for an entire reach. 

Numerical Indexes. The large amounts of data 
that may be generated from each site are often 
most useful if they can be convened or reduced 
into readily understood, summarized information. 
This is the role of numerical indexes. A 
numerical index, l i i  a composite sample, 
synthesizes large amounts of information so that it 
can be easily displayed and understood. It is 
intended for nonspecialists more than for 
specialists, but it can offer considerable ecological 
insight when examined from the perspective of 
many sites through time. Examples are indexes of 
biological integrity (Karr et al. 1986; Kerans and 
K m  1994; Fore et al. 1996) and an index of 
landscape stressors (Hughes et al. 1993). The 
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ecological merit of an index is a famion of the 
quality and type of variables used to generate it 
(Barbour et al. 1995. Karr et al. 1986). 

4. Develop a sampling design thnt is appropriate 
for answering assessment questions (i1em I above). If 
the ecosystem or region is the appropriate level for 
management or reporting, the monitoring and 
assessment also must be at these levels (Landres 
1992; Paulsen et al. 1991; FS and BLM 1994a). 
Assessing whether HCP conditions are being met or 
if aquatic ecosystem conditions are improving or 
degrading across large regions requires data sampled 
at long temporal and large spatial scales (Hughes et 
al. 1992; Barren et al. 1993; FS and BLM 1994a). 
Populations of sites, rather than individual sites, must 
be emphasized. Status-and-trend estimates must 
demonstrate a strong statistical foundation so 
uncenainty can be explicitly represented in 
confidence t e w  (Stevens 1994). These requirements 
suppon use of a probability sample of streams, which 
would be clearly representative and free of 
subjectivity in comparison with hand-picked sites. 
Populations should be stratified after sampling; this 
allows multiple interpretations of the data, permits 
detection of unanticipated issues, and improves 
precision if the misclassification rate of streams in 
various possible strata approaches 20% (Stevens 
1994). Hall et al. (1978) also s u p p n  an extensive 
poststratified design because it provides the greatest 
temporal and spatial perspective and takes the least 
time for eq/aluating condition and assessing cause- 
effect relationships. According to the RE0 (1995) 
and Botkin et al. (1994). the monitoring design 
should offer efficiencies of scale across large areas, 
distribute sites to reveal significant spatial variability, 
and include enough sites to determine statistical 
reliability. 

5 .  Establish reference condirions (e.g.. historical 
or natural. relatively undisturbed watershed and 
stream segments) as standards against which 
conservarion tffons may be measured. The goal of 
conservation need not be to achieve the reference 
condition. Frequently, the goal will be to reverse 
trends in resource condition so that they begin 
heading towards natural conditions. Because of the 
great diversity and multiple scales of the landscape 
and salmonid conservation issues, as well as variation 
in natural rates of disturbance, reference conditions 
will likely be derived from a variety of methods. 
including regional reference sites with minimal 
human disturbance, historical conditions, and models 
developed from such information (Plans et al. 1987; 
EPA 1990; Messer 1992; NRC 1992; Barren et al. 
1993; Hughes 1995). In general. naturalness can be 
estimated from the presettlement species complement, 

15 Monitoring Salmonid Conservation 

from the predicted degree that the system would 
change if humans were removed, or from the amount 
of cultural energy needed to retain the current system 
(Anderson 1991). -

Natural disturbances of the landscape (e.g., fire, 
floods, drought, mass wasting) and variable oceanic 
and atmospheric conditions (El Nifio, coastal 
upwelling intensity, climate) complicate the use of 
reference sites for establishing salmonid habitat or 
ecosystem standards. Even in undisturbed systems, 
streams may attain a variety of stares in response to 
periodic disturbances and subsequent recovery 
(Reeves et al. 1995). Consequently, reference 
conditions should be defined to include the natural 
range of conditions occurring across the region or 
basin. Defning reference conditions to include the 
range of natural variation proteas us from attempting 
to make all watersheds and rivers behave in the same 
manner. It also offers a disturbance gradient and 
spatio-temporal framework against which the extent 
of anthropogenic disturbances can be compared and 
with which the relationship between watershed 
conditions and salmonid responses can be modeled. 
This does not mean that because watersheds 
experience natural disturbances that human 
dis~rbancesare insignificant. It simply provides a 
reference for evaluating the various degrees of the 
two sources of disturbance, as well as the conditions 
occurring in the absence of disturbance. Given the 
extent of human disturbance in the region, locating 
reference sites may be difficult with a probability 
sampling design so it will likely need to be am~lified 
with subjectively chosen sites. A principal goal of the 
regional monitoring program outlined below is to 
produce a database from which the Agencies can 
better develop reference conditions for HCPs. 

6. Apply the data in awering resource 
management questions, or in developing new 
assessment quesrions. Although this seems obvious, 
data are frequently collected but lefl unused. 
Certainly, data can be used to identify watersheds or 
stream sections where habitat has improved. 
remained the same, or degraded, and to determine 
the association of such changes with stressors. The 
focus here should be informational rather than 
punitive, assuming that management guidelines were 
followed. Monitoring information is also useful in 
assessing the successes and failures of the 
conservation program and validating or invalidating 
the principles incorporated in the planning efforts. 
These assessments will probably take decades for 
many issues. On the other hand, implementation 
monitoring can and should produce rapid alterations 
in land use if prohibited activities are violated. 
detected. and corrected. 
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Finally, the information is useful for 
demonstrating increased or decreased biological 
integrity and salmonid populations and coniparing 
such changes to changes in habitat. Here again, the 
focus is more on research (e.g., validation of 
conservation principles) than compliance as long as 
approved conservation practices are implemented. 
The Watershed Analysis Coordination Team (WACT 
1995) states that "existing data [are] adequate to 
accurately detwnine the current and historical status 
and distribution of aquatic biota: for low intensity 
analyses. However, current databases and 
distributional ififormation for salmonids are spotty 
and based largely on presence information or 
subjective kssessments. Data for other biota are even 
less reliable. Reliance on salmonids alone to assess 
biological integrity ignores many of the indicator 
concepts discussed above. 

7. Evaluate the ef/octiveness of the srrategy and 
its results. Using the results of monitoring, we 
recommend that the Agencies produce brief annual 
reports for public review and periodic mearch 
synthesis papers that are prepared by scientists 
trained in statistics and ecology. Regular program 
peer-and-participant reviews and recommendations 
for modifications are another essential part of 
monitoring. Because the implementation and 
assessment monitoring constitute the necessary data- 
acquisition phases for ecosystem mearch and 
management, evaluating the level of effon 
periodically becomes crucial: stable fundiig is 
needed to support the program with competent and 
dedicated staff. 

8. Identify ecosystem elements and processes 
requiring additional research. Although this is not a 
major objective of monitoring on nonfederal lands, it 
is an activity that validates the implemented scientific 
and management practices; hence, it is recommended 
that suggestions for future research be pan of a 
monitoring program and the issues identified be 
passed on to research institutions if not funded by the 
program. 

15.2.1 Monitoring implementation of 
HCPs and other Conservation Activities 

HCPs and other salmonid conservation plans will 
probably contain a variety of provisions because of 
differences in current and attainable conditions 
among ecoregions and basins. We expect that 
virtually all HCPs prepared using this guidance will 
involve monitoring 'rhe implementation of land-use 
controls to reduce hydrological modifications, 
sediment transpon, and riparian disturbance. Many ... . . . .  . . .  . . 

December 1996 

water quality and physical habitat suucture. Some 
HCPs may involve removal of non-native fish species 
or inuoduction of beaver and LWD. 

HCPs should include an approved and consistent 
implementation monitoring program; implementation 
monitoring is the process by which the Agencies 
determine if landowners are complying with 
provisions in their HCPs. To be most effective, 
baseline data should be collected before conservation 
activities begin. All data should be GIs compatible 
and entered into the databsse along with an indication 
of its sources (landowner, agency) to facilitate 
tracking of progress. Implementation monitoring is 
needed to ensure that prohibited activities do not 
occur and that permitted activities follow specific 
guidelines in the plan. Table 15-1 recommends a 
number of indicators potentially needed for an 
implementation monitoring program. Not all. 
indicators will need to be monitored in every 
instance, but others may need to be added to suit 
specific conditions and objectives. Most 
recommended indicators are based on land use and 
land cover, resource extraction practices, pollution 
controls, and physical habitat structure. Indicators are 
discussed in more detail in Section 15.2.4. 

15.2.2 Monitoring Effectiveness of HCPs 
and other Conservation Activities 

The objectives of assessment monitoring will vary 
somewhat because of differences in land use and 
attainable conditions throughout the region, although 
there should be consistency in design and indicators 
to the greatest degree possible. If all HCPs involve 
monitoring to assess the effectiveness of their land- 
use controls. then ultimately we can determine the 
degree to which salmonids and their habitat have 
been restored or protected. To accomplish this goal, 
the focus of the monitoring should be on the aquatic 
and riparian ecosystems and include physical, 
chemical, and biological indicators. In addition, 
assessment of watershed conditions, which is a focus 
of implementation monitoring, will also provide 
information for adaptive management. 

Because rapid detection of trends depends on 
early and precise assessments of condition, HCPs 
should encourage assessment monitoring that is 
started as soon as a consistent and rigorous program 
is developed by the Agencies. As with 
implementation monitoring, a large database will be 
produced requiring a large databasc-management 
system. These data will be useful for quantifying the 
relationships between various land uses and the 
response of salmonids and their habitats. Thus, both 
remote senslng and site visits are complementary in 
assessment monitoring. For example, to determine 
the extent and duration of riparian protection from 
farming, grazing, and logging, remote imagery . 3 . . .-,..A*--- L-
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Table 15-1. Recommended indicators for implementation monitoring: 

Assessed 	 Indicator 

HCP description LatPude, longitude, or VTM coordinates, area affected, initiation and 
completion dates [Rl 

Hydrology %catchment with old uneven growth, closed and open canopy, nonforest. 
banen (forestland) It71 

%catchment forested. sh~bland. arassed. mw-cronued (cropland) IR1 . . . 
% ffltChMd grassland, sh~b1and:bamn (rangskd) [Rl 
%catchment forested, grassed, barnn, itnpewmus (urban, mining) IR] 
% stream m k s  channelhed, d'Med, piped (urban.uopland, mining) [R] 
% weUand : 
Wetland condition [S] 
Range mndilion [S] 
Water withdrawals [R.S] 

Sediment transport 	 Sb caWlment w'm mass wasting [R] 

%eroding stream banks (id specified in HCP) m.S] 

Road density and proximity to streams [R] 

Harvest, mading, and restoration techniques [S] 

Tillage techniques [S] 

Mine site location and reclamation [R.S] 

Consbucihn site sediment retention [RJ 

Range wnddion [S] 


Energy transfer and temperature 	 % cnannels with riparian forest within 10, 100, and 1000 m [Rl 

Water quali: nutrients and toxics 	 Lagoon capacity and integrity (confined livestock facilities, point source 
discharges, mines) IS] 

Emuent chemistry (point sources, irrigation return flows, storm drains) [S] 
Random, multirpeclss, whole effluent bloassays (point source discharges. 

mines. inigation return Rows) [S] 
Chemical applications [S] 
Irrigation techniques [S] 

Physical habitat structure 	 Oh riparian zone within 100 m with natural riparian woody plank [R] 
% road crossings with inadequate culverts [S] 
% unscreened diversions [S] 
Oh hpaasable dams [R. S] 
Ske, number, and location of LWD (if required in HCP) [S. R in large rivers] 
Frequelq of off-channel hastats and LWD in riparian zone [R.S] 
Lwestc 4 density and liming [S] 
Livest; :n watering locations [S] 
Riparian fencing and forage cond'Son [S] 

Stream and riparian biota 	 Nonnative species and stocks (id required by HCP) [S] 

Beaver sign (8 in HCP) IS1 

W h  stocking kveb [A] 

Aquatic vertebrate species pnsenm [S] 


--	 - -~~p~ p~ ~ 

' A  =Agency data. R = remote sensing. S = site inspeciion. 

employed: then, site visits are needed to assess the 15.2.3 Sampling Design for Monitoring 
intensity o f  those land uses as well as their impact on Implementation and Assessment of HCPs 
aquatic l i fe and physical and chemical habitat. Table and other Conservation Activities 
15-2 recommends a number o f  indicators for an Because of continued declines in widely ranging 
assessment monitoring program; others will likely be salmonids, a substantial proportionof the hundreds of 
added and some may be found inaccurate or thousands o f  stream miles and square miles o f  
imprecise in some ecoregions. As with watersheds in the Pacific Northwest may eventually 
implementation monitoring, we recammend several be covered under HCPs or other types o f  salmonid 
indicators representing each o f  the six monitoring conservation agreements. To contain costs for 
categories listed in the table. Indicators are discussed agencies and landowners, technical innovations and 
ingreater derail in Section 15.2.4. 	 training are employed. For example, a combination 
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Table 15-2. Recommended indicators for assessment monitoring.' Assumes indicators as described in 

Table 15-1 are provided. 


-

Assessed 	 Indicator 

H ~ d r o l ~ p ~  	 ouantlty and ttming of peakand low ~ o w r(ca~brated staff gage) 

Channel swur (swur chains) 

Discharge (measure) 

Valky type (map) [Rl 


Sediment transpotl 	 %fines (Wohlman pebbk wunt at 100 intervals) 

Substrate see (Wohlman pebble wunt at 5 locations along 11 transeds) 

K eroding bank (visual wunt at ends of 11 transem) 


I 
~nergytransfer and %channelwith r i p a ~ nforest at 10. 100, and 1000 m [R] 


temperature Extent and type of riparian vegetation in canopy, mid-layer, and ground aver 

1 (visuaGy estimate classes at ends of 11 tranwds) 

%canopy wver (densiometer at ends of 11 transeds) 
% cbnnai and banks with anthropogenic diitufbance (visual wunt bt ends of 11 

tragem) 
Intensily of anthmpogenio disturbances along channel and banks (visual wunt at ends 

Of I 1  transacts) 
Exlent of open channel with algal or mauophyte blooms (5 locations on 11 transects) 

Water quailty Temperature (rewrding thenograph, summer low Row. 7day. 0.5 hour recording 

frequency) 


Nuthnts (N 8 P forms, lab analysis) 

Dksohd oxygen (rewrding thermograph, summer low Row, 7day. 0 5  hour reading 


frequency) 

Turbidity & chloride (lab analysis) 

Toxica (whok-~htissue wntamination; for mines, point sources and irrigation return 


Row only; fows on suspected heavy metak and organics) 

Conduetivilv (meter) 

Intergraveldissolved oxygen (subset of snes only where FPOM is Prevalent: stratmed 


random sampb of egg pockets during incubatbn, syringe sampling) 


Physical habitat structure 	 Channel sinuosity and aspect (bearing wmpaos at centers of 11 transem) 

On-channel habitats (visual and measurements at ends of 11 transem) 

Residual pool volurni (thalweg profile: depth measurements at 100 intervals along 


entim site) 
Channel cross sedion dimensions (measure width and depth at 5 points along each 

of 11 transeds) 
Substrate size and complexity (Wohlman pebbk count and % h e s  c 1 mm at 5 points 

abng each of 11 tranzam) 
Bank undercutting, height, erosion, slope (measure with clinometer and rod at ends of 

11 transacts) 
LWD (record sbe, placement in bankful channel, number of piems via running tally) 
Cover (indude off-channel pook, undercut banks. LWD. overhanging and instream 

vegetation at 5 points along each of 11 tmnsactr) 
Gradimnt (dinometer, at centers of 11 transacts) 
Riparian vsgetatbn structure (specks wmposition. DBH measurements across 

transem or plots within riparian zone of influence) 

Stream and riparian biota M'cmbial respiration (only where toxics and organic enrichment expected; sediment 
dksoived oxygen consumption with ficld respirometer) 

Periphyton (enrichad streams only; quantitative sample from I 1  transects; species 
wmposition and abundance) 

Benthic macroinvertebrates (quanMat~e samples from 11 transeds: specks 
wmposition and abundance) 

Fish and amphibians (systematic sample of a reach length that ir 40-50 times the wetted 
stream 

width) 
Riparian birds (only for muaispecies HCPs; systematic sampk of 1 km reach at 11 

sites during breeding season; species composition and abundance) 

'R = remote sensing, ail others require site inspection. 
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of remote sensing, using both aerial photography and 
satellite imagery, with site visits for s e l d  
indicators would facilitate moniitoring. The use of 
such technology could save hundreds of work years 
and millions of taxpayer dollars. Similarly, data 
gathered by trained field staff following a sampling 
design are more reliable, less costly, and less 
disruptive for the landowners. These examples reveal 
again the necessity for cooperation. 

Initially, one might logically focus monitoring on 
an individual drainage or set of reaches covered in an 
HCP. Commonly, the drainage or reaches are 
subjectively selected to be representative or typical. 
but rarely is the assumption that such sites are 
representative tested though statistical evaluation. 
Subjective site selection is a common approach for 
persons concerned with a particular place. However. 
because of the variability in streams in the Pacific 
Northwest one must either cmsus all st- reaches 
in an HCP or region, or have a large sample size. A 
rule of thumb in survey sampling designs advises a 
minimum of 20-50 sites to adequately represent a 
population. If that population contains streams of 
markedly different sizes, gradients, and substrates, a 
sufficient number of sites is needed so that each class 
contains 20-50 sites. Note that this does not mean 
20-50 samples are needed within each reach. 

A regional sample s w 9  or cmsus is also 
important for placing individual conservation 
activities into an ecoregional and basin context. 
Because of widespread deterioration in salmonid 
habitats, it will frequently be necessary to establish 
reference conditions from information acquired from 
outside the area covered by the HCP. Reference 
conditions are essential for determining desired 
directions and outcomes for restoration, for setting 
quantitative criteria for evaluating progress, and for 
assessing the effectiveness of the HCP. Minimally 
disturbed reference sites offer a means for 
determining if trends in assessed variables result 
from the effects of the HCP or from changes in 
climate, passage, harvest, and hatcheries. Although 
establishment of reference conditions is desirable, 
reference sites are likely to be scam or absent from 
extensively disturbed regions. In these instances, 
reference conditions may be established by other 
means, including historical data, quantitative models, 
and professional judgement (Hughes 1995). 

Even if few HCPs are implemented 'for 
nonfederal lands, it will be useful to determine 
regional conditions and trends via a regional sample 
survey or census. Both landowners and the Agencies 
will need to know whether various watersheds and 
reaches in HCPs are in markedly better or worse 
condition than others in the basin and ecoregion. 
Such information is also useful for developing 

planning elements of the initial HCP. An ecosystem 
approach to salmonid conservation involves tailoring 
management prescriptions to the specific capacities of 
particular systems. Unformnately, as the preceding 
sections have shown, we Dfien lack the iaforrnation 
to develop ecoregional standards, let alone 
watershed- or site-specific standards. Regional-scale 
monitoring can provide data for establishing these 
standards before conservation activities in such places 
are developed. 

Another argument for regional HCP monitoring is 
that salmonid conservation and biodiversity are 
fundamentally regional issues. Whether conservation 
planning becomes commonplace, the xsponsible 
State and Federal agencies are beginning to recognize 
that their current assessment and compliance 
monitoring programs are inadequate. The various 
programs have differing assessment questions, 
indicators, reference standards, and database 
management systems. Consequently, tbeir sampling 
designs, sampling methods, and reponed results 
appear contradictory or biased. A good deal of the 
responsibidity for the "salmon problem" rests with the 
management agencies responsible for the salmon and 
their habitats, and the inadequacies of their 
monitoring and reporting. Correcting these 
shoncomings requires developing a more rigorous 
and consistent regional monitoring program. 

We recommend a multi-State regional sample 
survey for several reasons. 1) There are ecoregional 
patterns in biotic and abiotic factors at both multi- 
State and basin scales (Hughes et al. 1994) and it 
takes a regional approach to assess them. 2) 
Summariziag segment level information in an 
organized manner facilitates making landscape-level 
statements (Conquest et al. 1994; Yoder and Rankin 
1995). Landscape-level statements are needed for 
regionally distributed organisms l i e  salmon. 3) It 
would be prohibitively expensive to inventory or 
census all nonfederal lands and stream miles in the 
region with the quantitative indicators needed to 
accurately and precisely assess status and trends. 4) 
Regional assessments of status and trends should be 
conducted in a stattstically consistent and unbiased 
manner to instill public confidence and to avoid not 
identifying a problem when one exists (Type I1 error; 
Rhodes et al 1994). 5) Fragmentary monitoring 
fosters fragmentary ecosystem management and 
social systems (i(arr 1994). 6) F'rcvious emphasis on 
site- and watershed-specific assessments is a k 9  
reason that it took so long to determine the regional 
extent of deteriorating salmon stocks, although many 
would argue that signs have been evident for 
decades. 7) A multi-state and multi-agency survey 
elevates monitoring to a regional concern and makes 
results less easy to ignore. 



lhere are several advantages of a randomized 
sample survey over other sampling designs. If we 
infer aquatic conditions from nonrandomly picked 
sites, we cannot estimate the uncertainty of our 
assessments or the biases of our inferences (Larsen et 
al. 1995). A randomized sample survey is necessary 
to determine population characteristics (Larsen et al. 
1994) and to allow unbiasedcondition and trend 
estimates. A randomized survey sample also allows 
data assessment by basin, ecoregion, political unit, 
ownership class, or any other regional phenomenon. 

We propose ,that the Agencies adopt something 
like EPA's EMAP sampling design. The EMAP 
design is easily intensified (Serveiss 1995: Stevens 
1994) if dedailed information is needed for a single 
HCP or basin, yet it offers great cost savings by not 
requiring intensive inventorying'of entire drainages. 
In addition, the EMAP design facilitates accurate and 
precise inference about resources throughout the 
region of concern, something that the currently 
popular stream inventories or subjectively chosen 
fixed sites cannot offer. Equally imponant, EMAP's 
randomized design and monitoring frequency offer 
rapid assessment of regional status and trends, which 
would be exceedingly costly or time consuming via 
an inventory approach. 

EMAP pilots suppon using several sampling 
design features. 1) Use arandomized grid (e.g., 
Ovcnon et al. 1990) to select approximately 200 
stream points from digitized versions of GS 
1:100,000 scale topographic maps. 2) Use a 
classification or weighting process to ensure that all 
channels of interest are represented and that the 
smallest and most numerous ones are not over 
represented. 3) Check maps and conduct field visits 
to ensure that the strrams are target systems. 4) 
Determine ownership and obtain access permission. 
5) Record reasons for non-targets and inaccessibility, 
and draw a replacement from the stream population. 

For implementation monitoring, it may be 
possible to census all watersheds with HCPs or other 
conservation agreements as long as the number or 
areal extent remains small. As the areas in 
conservation agreements increase, a randomized 
sample of watersheds should be obtained through use 
of a grid design (Stevens 1994). These are &pled 
without replacement to ensure that the maximum 
number of watersheds are eventually monitored. 
Digitized watershed boundaries are overlain by 
classified land-use and land-cover data, such as that 
from thematic mapper with a 30 meter pixel size, 
from 1:40,000 scale color infrared air photos, or 
both. Site visits should'include focused inspections at 
points of panicular concern (e.g. feed lots, treatment 
facilities, extraction practices) as well as random 
inm-rt;nnc nf avrencirrr a r t i v i t i r r  lcrrnnrn ~ m c c i n o c  
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the sample size, this sampling design is oriented 
towards assessing condition and it facilitates 
assessments of subpopulations of waters. 

For assessment monitoring, representative 
samples may be obtained by sampling a stream 
section equivalent to 40 channel widths long that is 
centered on the stream point designated by the 
computer; locations can be wnfmed with maps and 
a GPS unit. At the site, we recommend using a 
randomized systematic sample design to collect 
quantitative data on physical, chemical, and 
biological variables at multiple stations. We also 
suggest compositing of multiple biological samples 
for each assemblage by major habitat type, although 
there remains disagreement in the scientific 
community regarding the benefits of compositing 
samples (see e.g.. Fore et al. 1996). During the 
index period(s) of interest, sampling variances 
(temporal, crew, measurement) can be evaluated by 
resamplig 10-15 randomly selected sites. Land use 
and land cover within watersheds shouid be assessed 
via remote sensing dala as described above. For the 
following three years, repeat this process at 
approximately 200 new stream points selected each 
year, including the resampling. In year five, 
resampie all sites sampled in year one, in year six all 
those sampled in year two, and so on. This sampling 
design balances our abiliry to assess status, the 
precision of which is increased by increased sample 
size. and to deten trends, the sensitivity of which is 
improved by sampling the same waters annually 
(Larsen et al. 1995). More detailed sampling designs 
than are possible to develop herein must be 
developed by the Agencies following consultation 
with other nonfederal and Federal partners. 

15.2.4 Physical, Chemical, and Biological 
Indicators 

Quantitative indicators like those proposed by 
EMAP (Hughes 1993) and McCullough and Espinosa 
(1996) are needed to ensure that ecological signals 
are discriminated from spatial, temporal, and 
methodological variances, thereby aiding rapid 
detection of trends and accurate estimates of status. 

A set of variables is recommended to measure the 
implementation and effects of wnservation activities 
on the attributes and processes identified as critical 
(Tables 15-1 & 15-2). These variables include 
several representing each of the major plamiig 
elements discussed in Chapter 14. In addition. they 
were chosen to assess how well the conservation 
activities produce the desired changes in physical and 
chemical habitat. Not all variables need m be 
monitored in all situations; instead appropriate 
variables depend on the type of impact and ------.-..-..-Zt..-- -------A ,.--""---.he.:-", 
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biological variables is included because the biota are drainage (Rhodes, et al. 1994: Paulsen, et al. 1991). 
the fundamental indicators of concern. Also, It is used to assess the type,condition, and extent of 
monitoring landscape, habitat and biota will enable woody riparian vegetation, both for the site and for a 
the Agencies to validate whether the activitie~ are random sample of upstram stream sections. Types, 
having the desired effects. Linkages between major intensity, and extent of watershed, basin, or regional 
planning elements and the recommended indicators land use and land cover are used to estimate areal 
should facilitate adaptive management and HCP disturbance,mad density, stream crossings, stream 
modifications when results are contrary to proximity, and migration barriers. Fish stocking and 
expectations. harvest rates, livestock stocking rates, water 

Based on EMAP pilots (Hayslip et al. 1995; withdrawals, and historical information about 
Klemm and Lazorchak 1995). such data could be resource exploitation are also useful, but often more 
collected with about 6000 work hours per year (3 difficult to acquire. We recommend monitoring land 
persons x 10 hours per site X 200 sites per use, land cover, and historical and present resource 
summer). A similar number of hours is needed extraction rates through use of remote and print data. 
annually for geographers to conduct the land-use and In addition, site inspections are needed for ground 
landcover investigations. Additional resources would truthing and for the indicators listed in Table 15-1, 
be required for air photos, gear, travel, and sample which vary with land use. 
processing. Additional indicators (riparian birds, Physical Habitat Structure. There is 
salmonid spawning, salmonid genetics) or additional considerable agreement among State and Federal 
sites would add xo the costs. A substantial investment agencies in the XI& to monitm many StrucNral 
is also needed for database management, data components of streams and riparian ecosystems. 
analysis, and reporting, but these additional costs are Riparian indicators include valley type, riparian 
common to all current monitoring programs. This vegetation suucmre, human diimbance, and canopy 
could be a vexy cost-effective investment compared cover. Channel indicators indude sinuosity, aspect, 
with the cost of cui~ent Federal programs (e.g., gradient, bank erosion or channel incision. bank 
EMAP, NAWQA). height, bar& undercutting, thalweg profile, depth, 

The following discussion supports assessment of and width. An additional set of i n d i i r s  of habitat 
panicular indicators or indicator groups. All are complexity include large woody debris, fish cover, 
commonly monitored by various institutions, though and a number of substrate variables (size, 
not in the same ways. In pilot variance studies in complexity, percentage of fmes). Because t. 
various paw of the country and in the hands of typically determine the basic capacity and cu. .;It 
specialists, they have all been found to be precise and character of the site, we recommend quantitative1 
responsive to stressors, especially when data arc measurements of these ind'1cators wherever possible. 
composited and metrics are integrated into Current research on the relationships between these 
multimetric or multivariate indices. Although field variables and fish populations promise to make them 
methods have been widely tested (Baker et al. 1994; even more useful in the future. 
Hayslip et al. 1995; KIemm and Lazorchak 1995). Water Quality. The chemical condition of the 
the results of these studies are mostIy in preparation water offers a useful means to classify streams by 
for submission to journals. The data demonstrate that their mineral type and nuvient status, and water 
different indicators respond differently to different quality is a powerful signal for landscape scale 
strusors, revealing the need for multiple indicators stressors. Highly mobile indicators like chloride and 
of different types. At a minimum, we recommend nutrients are among the first signals of landscape 
consistent, quantitative monitoring of the landscape, level permrbations and they arc useful measures of 
physical and chemical habitat variables, benthic landscape revegetation and nutrient retention. 
macroinvertebrates, and aquatic vertebrates at all Although water chemistry may be of less importance 
assessment monitoring sites. In addition, we in many forested watersheds, it is critical where land 
recommend monitoring microbial respiration in urban uses include human settlements, agriculture, and 
and mining streams; periphyton in agricultural and livestock grazing. At a minimum, we recommend 
rangeland streams; and riparian birds and salmon monitoring temperam, nuuienls, Nrbidity. 
genetics, spawning, and rearing in random subsets of conductiv~ty, chloride, and dissolved oxygen. If 
streams. Monitoring multiple indicators at as many salmonid spawaing is of c o r n .  then intergravel 
sites as possible is recommended. dissolved oxygen should also be monitored at a 

S ~ ~ ~ S S O ~ S .  subset of sites during the incubation season. Human uses of the landscape and 
riparian zone in large pan govern the condition of Continuous monitoring of dissolved oxygen and 
the water body. This informarion is available from temperature may be recommended in areas likely to 
digitized land-use and land-cover data for each experienm reduced concentration or supersaturation 
watershed and available remote imagery for each during late summer. In the vicinity of mines and 
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point soutces, monitoring for toxics contained in fish 
tissue is advised. 

Microbial Respiration. This is an assemblage 
and community-level measure of the reach's carbon 
processing rate that can be rapidly and inexpensively 
evaluated on site with simple techniques. It is 
especially sensitive to the amount of fine pmiculate 
organic matter in the system. as well as to the 
presence of toxics that are likely to result fmm past 
Or present mining and urban activities. Because most 
carbon processing in streams results from microbes, 
this is a useful assemblage to evaluate. It also offers 
a direci, quantikative measure of a biological 
ecosystem function. We recommend monitoring 
microbial tespiration for distinguishing chronically 
toxic or organically enriched waters from a 
population of streams. 

Periphyton. Periphyton assemblages are key 
primary producm in stream ecosystems, and streams 
with high rates of primary production are typically 
our most productive salmonid waters. On the other 
hand, excessive levels of periphyton signal nutrient 
enrichment. Composition of periphyton assemblages 
is also an excellent indicator of low-level or chronic 
sedimentation in streams, which is determined from 
the relative abundances of motile and nonmotile 
diatoms. We recommend monitoring periphyton 
where fish are absent or in regions where nutrient 
enrichment is likely. 

Benthic Macroinvertebrates. Benthic 
assemblages are a popular and easily monitored set 
of stream organisms. Thry occupy a key position 
between the algal and detrital food base and fish. 
Also they are species rich and numerous enough to 
occupy a large array of habitats and niches. This 
diversity in structun and function facilitates their use 
in assessing the effects of numerous permrbations, 
from water quality changes to sedimentation. 
Benthos, l i e  periphyton, are especially useful for 
assessing aquatic biological integrity in fishless 
waters. They should be monitored in all strcams. 

Aquatic Vertebrates. Aquatic vertebrates are 
typically the top carnivores in PNW streams. 
Forested streams support 0-5 fish species and 0-3 
amphibian species, all of which can be effectively 
sampled with the same gear and methods. Although 
headwater streams occasionally contain no 
vertebrates, most larger coastal streams support 2-3 
lamprey species, 2-3 sculpin species. and at lower 
elevations and inland 1-3 minnow species, in 
addition to salmonids. Each species provides 
information about the biological integrity of the reach 
and each is susceptible to different types of 
anthropogenic stressors. Protocols focusing only on 
salrnonids miss key information about ather 
anadromous soecies and resident venehrarec An~iar i r  

December 1996 

vertebrate monitoring is recommended for all 

Streams.  


Salmon Spawning and Rearing. A primary 

concern of this document is restoration and protection 

of salmon populations in the PNW. The most 

appropriate methods to determine achievement of that 

objective is to monitor spawner abundance or redds 

and smolt production. The former can be 

accomplished by aerial surveys, traps, or stream 

walks, depending on stream size, and the latter is 

best monitored through use of outmigrant traps. In 

cooperation with the State fishery agencies, a 

randomized subset of streams should be monitored 

for salmon rearing and spawning. 


Riparian Birds. Birds provide an easily 

sampled indicator of how a terrestrial vertebrate 

assemblage responds to riparian conditions as well as 

to conditions in the stream and watershed. They are 

best sampled by competent ornithologisrs during the 
 -breeding season, when popularions are most stable 

and censuses easily taken through sightings and 

songs. Birds are of great interest to the public and 

are monitored by Federal agencies through the , 

Partners in Flight Program, the National Breeding 

Birds Survey. and Christmas bird counts. We 

recommend monitoring birds wherever multi-spec~es 

HCPs are developed and at a subset of sites as an 

indicator of riparian integrity. 


Several steps facilitate data collection, analysis, 
and reporting. At the site, portable data recorders or 
standardiid field sheets facilitate data entry in the 
database management system. Verification and 
validation checks on the data are needed for quality 
control. Measurement data converted m numerical 
indicators are usem for compating resample variancd 
with population variance. By running explotatory 
analyses (scatter plots, principal components analysis, 
regression analysis, correlations) indicator patterns 
and behaviors can be easily assessed. To express 
status and track mends, we recommend selecting 
ecologically meaningful indicators that posws 
relatively little sampling variance but considerable 
responsiveness to stmsors. Such indicators should be 
plotted as histograms, cumulative frequency 
distributions. maps, or pie graphs for interpretation 
by interested persons. These indicators are also used 
to demonstrate regional patterns, temporal patterns, 
and proportions of the stream population that exceed 
or fail to meet various criteria. Criteria and reference 
conditions should be developed from regional 
reference sites, historical information, models, and 
expert judgement (Rhodes et al. 1994: Hughes 1995). 
The ecological acceptability of conditions and trends 
is a value judgement (Kay and Schneider 1992), but 
marked changes from reference conditions can be 
considered marginal or severely impaired (Barbour et 
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database also facilitates examination of the effects of 
natural variability among ecoregions and basins as 
well as the effects of floods, droughts, fire, and 
ocean conditions. 

15.2.5 Other Monitoring Issues 
A similar sampling and analysis design is 

recommended if the Agencies choose to sample only 
at the watershed scale. In such cases the stream 
population is n:cessarily smaller and less variable, so 
a smaller random sample can be obtained. For 
statistical consistmcy and reliability, a general rule is 
a minimum of 30 sites for each class of interest. 
Because of greater site proximity, there may be 
advantages in dropping some indicators so that crews 
can sample more than one site per day. Note, 
however, that it only takes swen watershed-specific 
monitoring programs to result in the 200 sites 
recommended for monitoring in a regional program, 
but without the regional applicability. Clearly, if 
regional information is desired it is most cost 
effective to design a regional survey as proposed. If 
the interest is both regional and watershed-specific, 
then the grid an simply bt intensified where needed 
to provide both. Whatever the landscape scale, a 
probability sampling design is essential for reliably 
assessing status and trends, unless the entire resource 
can be rapidly and quantitatively cmsused. 

Regardless of whether the monitoring is 
conducted at the watershed or regional scale most 
indicators and monitoring protocols should be the 
same so that resuits can be integrated. It is essential 
to include stressor information in implementation and 
assessment monitoring. Riparian and instream 
biological, physical, and chemical indicators are 
needed if the monitoring objectives involve ecological 
assessment. 

Streams and watersheds that are found to be in 
vety good condition or highly productive of 
salmonids deserve protection as reference sites, 
biological refugia. sources of high quality water, or 
locations for studying natural process rates. 
Conservation activities that connect these refugia with 
others ate more likely to be successful in protecting 
and restoring salmonids and biodiversity in general. 

Several programmatic concerns should be 
incorporated into an effective monitoring program. 
All monitoring personnel must receive consistent 
training and repeat sampling should be conducted at a 
subset of locations by other persons to msure among- 
watershed comparability and to assess sampling 
variance. To evaluate ecoregional and basin patterns. 
watershed-scale data must be aggregated to the larger 
spatial scales. This requires common indicators 
among watersheds and Agency coordination to 
analyze and integrate the data. Regional results 

should be regularly reported through workshops, the 
media, and informational brochures. 

A successful monitoring program depends on 
adequate, long-term funding.Contributions from both 
Federal and nonfederal sources, including landowners 
and the general publi, might coasist of money, staff, 
or equipment. We encourage the maximum amount 
of cwperation possible in the collection, analysis, 
and reporting of the data because of the great value 
of salmonid ecosystems and the importance of high 
quality information for making rational decisions 
about natural resources. Two issues, identifying 
funding sources for long-term monitoring and 
designating a lead agency (or agencies) for database 
management and reporting, need to be resolved if 
salmonid conservation activities are to be accurately 
evaluated and if monitoring information is to be used 
effectively both to adaptively manage and to guide 
future planning efforts. 

In addition to the monitoring discussed above, 
other forms of monitoring and assessment are 
desirable. 1) There is a substantial need for rigorous 
stock assessment through use of genetic and 
morphomerric analyses of salmonids in all sub-basins 
of the Pacific Northwest; this data will aid in 
delineating ESUs and addressing biodiversity issues. 
Also, it could be coupled with the other forms of fish 
monitoring. 2) We need to assess salmonid diseases 
within basins and at distribution breaks. Disease is a 
poorly studied limiting factor, and information on 
disease may also assist in defining ESUs. 3) In 
addition to those in Oregon, aquatic diversity areas 
and spawning "hot spots" should be located in the 
other States and in other regions of Oregon. These 
areai serve as foci for protection and restoration, and 
they ate useful for setting recovery expectations for 
disturbed sites. 4) Continued monitoring of adults 
and smolts is needed at dams and hatcheries, 
especially the effects of these perturbations on the 
timing and abundance of salmonid migrations. As 
dams are removed and hatchery practices modified, 
pre- and post-modification monitoring will provide 
useful information on their effects. 5) Monitoring of 
salmon harvest is needed to document the successes 
and failures of the various options. 6) A central fish 
database of historical information is needed. Such a 
database was developed fiom museum data for 
Oregon (Hughes et al. 1987). but it needs 
amplification with other forms of less rigorous data 
on fish species and abundances (e.g., collections 
without museum specimens, probable distributions). 
To our howledge, the other States in the region lack 
even the museum database, despite the importance of 
knowing the fish species to expea in any watershed 
of the region, as well as the range and probable 
abundance of a species. Clearly, the monitoring of 
these more regional components of the salmonid 
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environment requires integration with the monitoring 
program discussed in the preceding subsections. 

15.3 Summary 
Considerable information exists about the 

successes and failures of compliance monitoring and 
the benefits and shortcomings of various assessment 
monitoring designs (reviewed in Chapter 10). In 
addition, there are sufficient examples of the 
advantages of quantitative indicators and indicators of 
biological condition. in particular. These are all only 
briefly examin? in this volume. 

To evaluate compliance and assess the 
effectiveness of management practices at both local 
and regional scales, a comprehensive interagency, 
Federal-nonfederal monitoring program is strongly 
recommended. It should be entered into only after a 
thorough examination of long-term objectives and 
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goals. We need rigorous sampling designs and 
quantitative data (from physical, chemical, and 
biological indicators) to make informed decisions 
about those goals and objectives and to practice 
adaptive management in a rational manner. 
Unfomately, if we continue to develop ecological 
and economic policies without monitoring strategies 
to measure their effects, it is likely 'that we will 
ultimately guarantee ecological and economic failure. 
Perhaps these shortcomings partially explain why 
Karr (1995). McCullough and Espinosa (1996). and 
Henjum et al. (1996) feel our current regulatory 
agencies do not respond to degradation in an 
effective and timely manner. We have the potential 
and the toois to do much better; we recommend 
committing the monitoring and management 
resources necessary to do so. 
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16 Implementation Strategy 

'My grandfather taught me how to. . .mend net, to close a gaping hob one knot 
at a time, measuring each mesh. . .Fishing was all small acU, practiced wirh chc 
devotion of rhc religious. . .Weowe following generan'ons no less than 
restorarion of rhe N o r r h w ' s  wild salmon runs. 'Ours must be small acts 
practiced wirh the s m e  devotion of my grandfither mending web." 

James B. Petit 
Solid Faith in Small Acts in Ilhhee. 1994 

Conservation and restoration of salmonid habitat . c'orporations, municipalities, or Federal agencies. If 
in the Pacific Northwest will require that a series of more salmonid stocks are listed under ESA, the need 
small acts be integrated into a comprehensive will increase to develop conservation plans for 
program. A successful conservation program aims to watersheds with multiple ownerships, including 
restore the natural hc t ion  of landscapes-at least watersheds with many small private landowners that -
sufficiently to restore the processes and habitats share ownership, as well as watersheds with mixed 
supporting salmonids. Each action can be viewed in private, State, Federal, and Tribal ownership. In 
the context of how well it protects or enhmces 	 these instances, conservation planning becomes 
salmonids and their habitats. Similarly, the increasingly complex. Federal-nonfederal land 

conservation activities of individual landowners can exchanges could facilitate planning and land 

be made most effective if they are woven into a management in some of these cases, especially within 

regional habitat and salmon conservation program. the checkerboard ownership patterns that resulted 


An implementation strategy involves the large from the last cenmry's railroad lands. The scientific 

temporal and spatial scale issues in salmonid principlis guiding conservation of aquatic and 

conservation. In preceding sections of this document riparian habitats should not differ between Federal 

we have presented much information about why, and nonfederal lands; however, conservation 

where, and how we need to restore and protect 	 standards may be more conservative on Federal i 

salmonids and their habitats. We have also lands. Because of the desired size of the planning 
recommended why, where, and how monitoring units, 20-200 square mile watersheds, we expect that 
should be implemented. In this chapter we discuss most HCPs will eventually involve multiple 
who needs to do what and when they need to do it. landowners. The strategy in such cases is likely to 
In Section 16.1 we recommend how a regional take one of two courses. Where there are dominant 
conservation plan should be developed. Section 16.2 or codomimnt owners, we recommend that they take 
discusses the implementation of site andregional the lead in HCP preparation, with contributions from 
monitoring programs. Finally, Section 16.3 fellow landowners proportionate to ownership. Where 
summarizes additional issues that need to be ownership patterns are more heterogeneous, 
considered when implementing a successful watershed councils or cooperatives can be formed to 
conservation strategy. either produce a plan via existing county or 

municipal staff or contract for one, as many of the 
16.1 Development of HCPs and a large landowners do now. A growing number of 
Regional Salmon Conservation watershed councils appear to be following this tack. 
Strategy A regional plan or program is similarly 

The "what" portion of an implementation strategy problematic, but it involves a much larger spatial 

includes developing HCPs and other conservation scale (region versus warershed). ?he Federal land 

practices, monitoring the implementation and effects management agencies through the Record of Decision 

of those practices. and developing and evaluating the (ROD) for the President's Forest Plan (FS and BLM 
overall conservation program. Clearly, it is the 1994~)have established'a program for Forest Service 

responsibility of landowners and land managers, with and Bureau of Land Management lands west of the 

Agency guidance, to develop conservation plans at Cascades. PACFISH (FS and BLM 1994a) proposes 

the site or catchment scale. To date, HCPs for planning guidelines for anadromous 

salmon have been developed primarily by large 	 salmonids on Federal lands east of the Cascades and 
INFISH (FS 1996) nrnvides similar euidelines for 
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resident salmonids on Federal lands in the interior 
ponion of the Northwest. An Ecosystem Approach lo 
Salmonid Comewarion covers nonfederal, salmonid- 
bearing streams throughout major portions of 
California, Idaho. Oregon, and Washington. All of 
these reports document programs that would be 
enhanced if they were linked with one another and 
with other Federal, State, and Tribal entities into a 
comprehensive regional salmonid conservation 
program. Such a program should include l i d  
species, at risk but currently unlisted species, and 
their ecosystems. In other words, the Agencies 
should work1 to ensure that this program and 
individual conservation plans incorporate an overall 
conservation strategy for Federal. as well as 
nonfederal, lands in the four-State region. 

A strategy to implement a salmon conservation 
program on nonfederal lands requires a new 
perspective for Federal fisheries agencies. Many 
private landowners have demonstrated a willingness 
to change management practices. For example, many 
improvements in agricultural practices. range 
management, forestry management, and mining have 
occurred in the past 50-1M) years, but these changes 
occurred slowly. As innovations proved effective and 
profitable, they wen disseminated through the 
affected community. The Natural Resources 
Conservation Service (NCRS), formerly the Soil 
Conservation Service (SCS), practices a method that 
serves as one model for resource conservation 
planning on nonfederal lands. It is based on mutually 
identifying and discussing issues, identifying options 
or guidelines, and providing individual landowners 
sufficient information to change their actions 
voluntarily. The EPA practices an alternative model. 
EPA develops science-based criteria and besf 
treatment practices that States can accept or modify 
with sufficient scientific support. The States list 
desired uses for water bodies and apply the necessary 
criteria to protect those uses. EPA and the States 
regulate the dischargers through permits, monitoring. 
and if necessary, fmes. This process has been 
successful at markedly reducing point source 
pollution by private and public dischargers over the 
past 25 years. Both approaches involve substantial 
Federal investments either in field staff in the case of 
the SCS or in matching funds for municipal waste 
treatment in the case of EPA. 

We recommend an implementation strategy that 
combines the best of both models. It should be 
science based and include a regulatory component 
because of the urgent need to change m e n t  
practices in order to restore salmonids. In addition, 
there should be sufficient field staff to aid 
landowners in developing and 
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implementing HCPs because of the fundamental 
philosophical and technical changes needed. Because 
salmonids are resources of national concern, Federal 
aid for planning, implementation, and monitoring is 
merited. 

16.2 Monitoring Conservation Efforts 
Locally and Regionally 

As discussed in Chapter 15, conservation 
planning must be monitored at both the site and 
regional levels. In addition to implementation and 
assessment monitoring, the process of developing 
HCPs must also be monitored to assure quality and 
regional consistency. But who should do the 
monitoring, and who should pay for it? Chapter 10 
discusses some of the failures of well known 
monitoring programs. Given concerns with losing 
wild salmonids from the Pacific Northwest for their 
own sake, as well as for the enormous economic 
consequences that entails. we must strive to do a 
much better job of monitoring and enforcement. 

16.2.1 Program Monitoring 
At the level of program implementation and 

development of HCPs and other conservation 
agreements, we recommend two different activities. 
First, the HCPs themselves should be largely 
reviewed by Agency staff. We recommend at least 
bi-agency review if the HCP waters do not drain 
contiguous Federal land. If they do drain comiguous 
Federal land, the appropriate Federal land 
management agency should review the HCP and the 
Agencies should review the Federal conservation 
plan. These reviews should be conducted by staff that 
are professionally trained in the disciplines of 
geology. hydrology, soil science, aquatic ecology, 
riparian forest ecology, f~heries ecology, and where 
necessary, toxicology and engineering. Consistent 
plans should be the goal, at leas within ecoregions 
and regardless of ownership. In addition, HCPs 
should complement existing State conservation 
programs, and the most complete analyses should be 
considered adequate for both purposes. Second, 
public comment, as required by Section 10 of ESA. 
should be requested before HCP approval. The 
comments and recommendations, along with the 
Agency responses, should be entered and tracked in 
the computer database. We also recommend that the 
overall conservation program itself undergo periodic 
peer review, similar to those already wnducted by 
the Science Advisory Board for EPA, with reviewers 
representing other agencies, academia, and the 
private senor. This is common practice for ensuring 
the integrity of science and will add to the credibility 
of the Agency's conservation efforts. 
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16.2.2 HCP Implementation Monitoring 
Implementation monitoring should mostly be 

conducted by Agency staff. This monitoring could be 
accomplished by contract or by State employees, with 
results entered directly into the Agencies central 
database. Although some State agencies have a better 
record than the Federal govenunent in enforcing 
land-use and pollution laws, this creates interstate 
inconsistency, an unnecessary additional layer of 
bureaucracy, and added overhead costs. In addition, 
an HCP is a contract with the Agencies, not with a 
State, although States may be integrally involved in 
other conservation efforts. Ideally, persons 
conducting the HCP reviews will also perfonn some 
of the implementation monitoring, especially site 
inspections. Because of the array of expertise 
involved, site visits are expected to require more than 
one staff member. The remote sensing portion of the 
implementation reviews require geographers and 
landscape ecologisrs with skills in GIS analysis and 
airphoto interpretation, but they too should be 
expected to conduct some ground truthiig. Results 
and comments should be entered into the cenualiid 
computer database. 

16.2.3 HCP and Regionaf Assessment 
Monitoring 

Development of a regional assessment monitoring 
system for salrnonid ecosystems is clearly an Agency 
responsibility. although if properly coordinated, it 
could include other Federal. State, Tribal, and 
private crew members. The same is true of crews 
monitoring HCPs, although in this case private 
landowners are likely to show more interest in the 
monitoring. Whatever the scale of the monitoring and 
whomever the employer, the crews should be trained 
consistently, use the same sampling methods and 
quality assurance protowls, and be dispersed 
randomly in the region to the greatest degree 
possible. Along with the assurance of repeat 
sampling by different crews, this will minimize 
biased results. If State crews are prohibited by their 
employers from crossing State lines to sample, if 
other Federal crews cannot sample on nonfederal 
lands. or if private crews can only sample on their 
own lands, mixed crews are not recommended. As 
with the orher two types of monitoring. data should 
be stored in the centralized computer database. 

16.3 Additional Issues in 
Implementing a Salmon Consewation 
Strategy 

As discussed above in the monitoring subsections, 
here is a clear need for a cooperative Federal, State, 
and Tribal effon in developing the computer database 
as well as suppon for the necessary database 
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managers, computer programmers, and statisticians 
to ensure effective and responsive operation. The 
Agencies and others will also need to suppon a 
substantial database containing digitized remote 
sensing data as well as a periodically updated library 
of topographic maps and air photos, together with a 
librarian ro coordinate them. Much of this 
information will also be useful to other persons 
interested in developing future HCPs. 

Although the proposed program incorporates 
some of the highest technology and planning in 
landscape ecology and conservation biology, the 
results of the planning and monitoring should not be 
reported only to scientists. The public must remain 
actively engaged in this pmcess. This may be best 
accomplished by preparing annual repons in an easily 
read and understood format for public consumption. 

The databases, including the HCP implementation 
and monitoring results, should be used to improve 
our ability to develop ecoregion-specific management 
programs. A critical aspect of rhis entire strategy is 
to position ourselves to learn from and correct past 
and future mistakes. We recommend that 
conservation measures be reviewed and revised if 
monitoring or new research suggests inadequacies: 
the frequency of review would depend on specific 
concerns or issues, but adaptive management requires 
strong linkages berween monitoring and the 
modification of conservation strategies. 

We also see three issues relating to equitable 
treatment of landowners that are I i i y  to be concerns 
in successful conservation planning. 1) Landowners, 
that have previously managed their lands to conserve 
ecological inlegrity or biological diversity may be 
expected to restrict fuNre resource exploitation more 
than those who have intensively and extensively 
exploited resources, panicularly if these lands contain 
habitats critical to the persistence of salmonid stocks. 
This also is an issue in comparing foresdand 
restrictions with urban, agricultural. and rangeland 
restrictions. No single land use should shoulder a 
disproportionate sham of the burden in restoring 
salmonid habitats. We have attempted to make 
consistent recommendations for all land uses but 
suspect situations will arise where comparable 
restrictions are impractical. Alternative conservation 
trade-offs, land exchanges, tax breaks, or other 
incentives may provide means for rewarding good 
stewardship. 2) In contrast, multi-owner conservation 
efforts will occasionally include individual 
landowners that have been poor stewards and whose 
acttons may limit salmon and ecosystem recovery 
throughout a planning area. Strategies (e.g., 
education, removal of Federal subsidies) will be 
needed to deal with these instances. 3) Violations of 
the antidegradation clause of the Clean Water Act, as 
well as listed species, occur on Federal lands. This is 
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another reason we recommend implementation and 
assessment monitoring of both Federal and 
nonfederal lands. 

Salmon conservation and the enforcement of ESA 
come at a time when choices are increasingly limited. 
Marsh (1965[1864]) predicted this very condition for 
Pacific salmon over LOO years ago. Now we have the 
choice of driving more stocks and species toward 
threatened and endangered status or of managing our 
lands to avoid that situation. Given some present 
trends in the Pacific Northwest, salmonids not 
currently listed as threatened or endangered under the 
Endangered Species Act are at risk of listing in the 
future. Conservation efforts are far more likely to 
succeed if we conserve remaining relatively healthy 
salmonids-rather than drive them to listing and then 
attempt to restore them. For this reason, we strongly 
recommend development of HCPs or other forms of 
conservation planning and monitoring throughout the 
region. regardless whether a particular stock or 
species is listed. Agency staff are mandated by other 
laws than ESA (e.g., Clean Water Act, National 
Environmental Policy Act), as well as by their 
knowledge of conservation biology, to manage 
proactively and to seek to prevent species from 
becoming threatened or endangered. 

We also have two broader strategic concern. 
First, a focus on the immediate physical and 
chemical habitat of salmonids and the land uses that 
affect them is insufficient to conserve salmon. Other 
activities, including hatchery and harvest practices, as 
well as water withdrawals and the operation of dams, 
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need to be included in a successful conservation 
strategy. Even if conservation efforts eventually 
restore habitats throughout the region, salmonids may 
still decline unless we modify hatchery operations, 
promote terminal instead of mixed-stock fheries, 
limit water withdrawals from thermally and low-flow 
stressed rivers, and modify or remove dams that 
impede upstream and downstream migration. Second, 
continuation of current growth rates in human 
population and resource consumption in the Pacific 
Northwest indicate that demands for resources-and 
the incumbent effects on salmonids-are likely to 
intensify. Ultimately, these root causes of 
environmental deterioration will need to be addressed 
as pan of our conservation planning efforts. 

These recommendations acknowledge that 
ecosystem management will be accomplished through 
many individual and independent actions.. But they 
also acknowledge that if ecosystem management and 
salmon conservation are to succeed, each independent 
action must be integrated into a comprehensive 
program with a regional conservation objective. The 
science underlying landscape management and 
salmonid conservation is constantly changing; thus, 
implementing an effective strategy requires adapting 
to new information as it is developed. It is our belief 
that the planning elements contained in this document 
provide a foundation from which to build a 
successful strategy by applying what we already 
know about ecosystem function, as well as facilitating 
the collection of information that will allow us to 
improve planning efforts in the future. * 
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Appendix: lnformation Sources 


A.l Introduction 
This appendix suppons Pan 11, "Planning 

Elements and Monitoring Strategies," which itself 
builds on Pan I, "Technical Foundation" of An 
Ecosystem Approach to Salmonid Conservarion. 
Within Section A.2, we identify selected sources of 
information that may assist resource managers, 
regulators, and landowners in obtaining the 
necessary background data to develop comprehensive 
habitat conservation plms or to critically evaluate 
such plans. We have not compiled an exhaustive list 
of all sources, but we have provided examples of 
sources that individuals may use directly or may use 
as a guide for seeking o k  sources to meet thek 
panicular data needs. For each type of dam, 
information is lined in a tabular format: the data 
coverage (i.e., regional or state) appears in the left 
column with the form of available data (e.g., maps. 
documents, information, GIS coverages, and other 
electronic databases); the data source appears to the 
right. along with a brief description of the data (in 
iralics), if available. Following this description is an 
alphabetical list of all addresses and Internet 
addresses of sources included in this appendix. 

Users are cautioned about the changeability of 
electronic access to information. Because electronic 
information changes frequently, access to the World 
Wide Web universal resource locators (URLs), email 
addresses, and telephone area codes with numbers 
below may have changed since publication of this 
document. Consequently, as many access points as 
possible via many media have been provided. One 
strategy to recapture access is to enter an address 
using one less segment of it in the hopes of entering 
a server at one or two levels of specificity above the 
location of the sought information. 

In Section A.3 we provide brief sketches of 
relevant Federal and State laws and regulations that 
may be of concern or use to landowners involved in 
conservation planning for salmonids and their 
habitats. This is not an exhaustive list, but we sought 
relevant information in the areas of land use. 
forestry, agiculture and pesticides, range, mining, 
water quality. instream flows, and channel alteration 
for the four States in the Pacific Northwest. Persons 
need'xng funher infomtion are encouraged to visit a 
university law library or appropriate web sites. 
Section A.4 presents a list of mailing addresses, 

phone numbers. FAX numbers. and internet 
addresses for various Federal and State govenunent 
oftices in the Pacific Nonhwest. 

A.2 Regional Venus State-Specific 
Data and Sources 

Data or data sources that apply to more than one 
of the States of California, Idaho, Oregon, and 
Washington an lisred first under "Regional." If there 
are any State-specific sources (e.g., State offices of 
Federal agencies) or exclusively State-specific data 
(e.g., State of Washington Watershed Analysis Units 
Map), those entries follow. State-specific data that 
are available from one source for multiple States are 
included under "Regional," as are sources that apply 
generally to all locations regardless of the specificity 
of the data itself. Just because there are no "State- 
specific" entries does not mean there are no State- 
specific data from a source that also has data for 
other States in the region (and is thus listed under 
"Regional"). 

Data sources by category are illustrated in Table 
A. Data may be available in differem f o m  (e.g., 
GIS layers, maps, digital, print) and sources may 
use different criteria for determining land or  regional 
characteristics (e.g., Bailey's ecoregions versus 
Omemik's ecoregions). In addition, the same data 
may be available in various forms from different 
sources (e.g., 1:250,M)O hydrology maps are 
available in hard copy from the Geological Survey's 
Map Distribution Center or in digital form from the 
Geological Survey's Node of the Gcospatial Data 
Clearinghouse on the Internet). Finally, some data 
may be available from multiple vendors (e.g., hard-
copy GS 7.5 minute topographic maps). In some 
cases, sources are addresses (postal or Internet) of 
sources that distribute data. In other cases, sources 
are citations to literature: documents must be 
obtained from a library or the publisher. Some data 
are identified with an asterisk (*) indicating tbar data 
are known to exist, but a specific data source, data 
availability (whether it is published or is available 
for public release), or the content of the data 
(whether the data source contains the data type) is 
not known. 

Users are cautioned to evaluate the applicability 
of any data source relative to their specific needs. 

1 
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This appendix is not meant to be a comprehensive 
list of all available sources; other sources of 
applicable data may be available. The user may 
identify these when beginning with the provided 
examples and staning points. It is likely that once 
some of these sources of information an contacted 
by a user with data needs for a specific location or 
application. other, more specific data forms will be 
suggested. It is highly recommended that the user 
consult with identified lo,& and State agencies and 
offices or local field offices of Federal agencies prior 
to acquiring data; less expensive or more site- 
specific data and information may be available at the 

Table A. Data source overview. 

Data Type 

1. Ecoregion 

2. Hydrologic unit 

3. Topography (and aspect') 

4. Geology 

5. Soils 

6. Vegetation (current) 

7. Vegetation (historical) 

8. Aerial photographs (current) 

9. Land-use (or environmentalt) history 

10. Precipitation 

11. Streamflow 

12. Stream and sulface water type 

13. Water quality 

14. Species distribution--fish 

15. Endangeredtlhreatened species 
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local or State level given a specific data requirement 
for a specific location. 

Thii appendix presents one table for each of 
fifteen types of data that may be useful for 
developing and evaluating habitat consemation plans: 
1) Ecoregion, 2) Hydrologic Unit. 3) Topography, 
4) Geology, 5) Soils, 6) Current Vegetation, 7) 
Historical Vegetation. 8) Aerial Photographs, 9) 
Land Use History, 10) Precipitation. 11) 
Streamflow, 12) Stream and Surface Water Type, 
13) Water Quality, 14) Fish Species Distribution, 
and 14) Threatened and Endangered Species. 

States 

R R R.S R 


R.S R S  R.S R.S 


R R R.S R 


S R' S S 

R.S k.S R.S R.S 

R,S S R.S R 

R S  R.S R.S R 

'Aspect can be derived from topographic map data. 
Environmental history may be derived from land-use history and historical vegetation. 
Surface water type for Idaho may be available from regional sources under "Streamflow." 

R Reg~onal. State affiliates or oflices of Federal agencies or data sources are included with regional 
sources. 

S State-specific. 
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Table A-1. Sources for ewregion data. 

Data Data -
coverage form Source 

Regional Map Bailey. R. G. 1978. Description of the emregions of the United 
States. U.S. Department of Agriculture. Forest Service, 
Intermountain Reseanh Station. 324 25th St.. Ogden. UT 
84401-2310. (801) 625-5437. 

Developed initially to provide a spatial framework for the U.S. 
Department of Me Interior, Fish and Wdlife Service (FWS), 
National Wetlands Inventory. 

FS (Forest Service). 1993. National hierarchical framework of 
ecological units. ECOMAP. U.S. Deparlment of Agriculture, Forest 
Service, Washington. D.C. 

Developed to provide a consistent framework for the 
implementation of ecosystem management by the Forest Service 
at the national, regional, and forest planning levels. The map 
units are differentiated by multiple factors including climate, 
physiography, geology, soils, water, and potential natural 
communities. 

MapIGlS Omemik, J. M. 1987. Ecoregions of the conterminous United 
Digital States. Annals of the Association of American Geographers 

77:118-125. 

Electronic copy available (no fee) on the lntemet (World Wde 
Web) through the Geological Survey's node of Me National 
Geospatial Data Clearinghouse as an ARCANFO export file: 
httpY/nsdi.usgs.gov/nsdihai~ater/ecoregion~htrnl.Initially 
developed to classify streams for water resource management, 
derived fmm those factors considered most important in 
controlling water qualiiy in a given area, including landsurface 
form, land use, soils. and natural vegetation. 

Thiele. S. A., C.W. Kilsgaard, and J. M. Omemik. 1993. The 
subdivision of the Coast Range Ewregion of Oregon and 
Washington. On file at U.S. Environmental Protection Agency. 200 
SW 35th St.. Corvallis. OR 97331. 

State 

Oregon Maps 	 Clarke. S. E., D. White, and A. L. Schaedel. 1991. Oregon. USA. 
ecological regions and subregions for water quality management. 
Environmental Management 15:847-856. 

Bryce. S. A, and S. E. Clark. 1996. Landscapdevel ecological 
regions: linking state-level ecoregion frameworks whh stream 
habitat classifications. Environmental Management 20:297-311. 
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Table A-2. Sources for hydrologic unit data. 

Data Data 
coverage form Source -

Regional Map GS (Geological Survey). 1994a. Hydrology map of the 48 
conterminous UnRed States. Map scale 1:250,000. U.S. 
Department of Ule Interior, Geological Survey. Washington, D.C. 

This map is available (no fee) on the Internet (World Wide Web 
IWWWI) through Ule GS node of the National Geospatial Data 
~leari&jhouse, http:llnsdi.usgs.govlnsdi/wais/waterkuc25O.Mml, 
as an ARCllNFO export file. See also GS-lnfo.lMaps below. 

GS (Geological Survey). 1994b. Hydrologic unit map of the United 
States. Map scale 1:7.500.000. U.S. Department of the lnterior, 
Geological Survey, Washington. D.C. 

Hydrologic units are watersheds defined by topographic drainage 
divides. 

State 

California Map GS (Geological Survey). 1978. Hydrologic unit map. 1978, State of 
California. Map scale 1:500.000. U.S. Department of the lnterior, 
Geological Survey. Reston. Virginia. 

Idaho Map GS (Geological Survey). 1982. Hydrologic unit map. 1981, State of 
Idaho. Map scale 1:500,000. U.S. Department of the lnterior. 
Geological Survey. Reston. Virginia. 

Oregon Map GS (Geological Survey). 1976. Hydrologic unit map. 1974. State of 
Oregon. Map scale 1:500.000. U.S. Department of the interior. 
Geological Survey. Reston. Virginia. 

Washington Map GS (Geological Survey). 1976. Hydrologic unit map. 1974. State of 
California. Map scale 1:500.000. U.S. Department of the lnterior, 
Geological Survey, Reston. Virginia. 

Map WDNR (Washington Department of Natural Resources). N.y. 
Watershed Analysis Unit (WAU) map. Map scale 1:100.000. 
Washington Department of Natural Resources. Photo 8 Map 
Sales, P.O. Box 47013, Olympia, WA 98504-7013, (360) 902-1234. 
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Table A-3. Sources for topography data. 


Data Data 
coverage form 

Regional Maps 

GIs-lnfo.1 
Maps 

MapslGIS 
Digital 

1 
information Sources 

Sounx 

U.S. Department of the Interior. Geological Survey, Map 
Distribution Section, Map Sales. Federai Center, Box 25286. 
Denver. CO 80225. (303) 236-7477. 

The Geological Survey produces 1:24,000 (7.5 minute) 
topographic quadrangles for all areas within the conterminous 
United States. Topographic maps may be ordered from the Map 
Distribution Section at the above address or from local vendors; 
the Map Distribution Section can provide a list of local and 
regional vendors. 

U.S. Department of the Interior. Geological Survey, Public Inquiries 
Office (PIO). Building 3, Room 3128, Mail Stop 522. 345 
Middiefield Road. Menlo Park. CA 94025. (415) 3294390. 

PI0 assists the public in selecting and ordering of all GS products 
and provides counter service for GS topographic, geologic, and 
water-resources maps and reports. The Menlo Park office covers 
the States of California, Idaho, Oregon, and Washington. 

GS node of the Naknal Geospatial Data Clearinghouse, W 
address at http:lhsdi.usgs.govlnsdi/. 

Metadata that describe geology, water, and mapping sets 
available on the World Wlde Web. Many data sets are available 
on-line, including digital elevation model, land use/land cover, and 
water resources. An interactive search can be pedomed using 
States or latitude and longitude of a specitic location. The 
program will search for all GS spatial data available for that 
location. 

http:lhsdi.usgs.govlnsdi/


Ecosystem Approach to salmonid Conservation - December 1996 

Table A-4. Sources for geology data. 

Data Data 
coverage form Source 

Reg~onal Infolmaps U.S. Department of the interiw. Geological Survey. Geological 
lnqu~ries Group (GIG). 907 National Center, Reston. VA 22092. 
(703) 648-4383. 

GIG provides information and answers inqurries concerning all 
aspects of geology, such as the geology of specirk areas, energy 
and mineral resources, earthquakes, volcanos, geochemistry, 
geophysics, and geologic map coverage. GIG produces Geologic 
Map Indexes, by State. Geologic maps show the underlying 
geology of a specific area and offen include other infornabon 
such as the presence of rock outcrops, unstable sorls (sometimes 
deternrned by bumpy, uneven ground surface using aerial 
photographs), etc. 

GS-info U.S. Department of the Interior. Geological Survey, Public Inquiries 
/maps Ofice (PIO), Building 3.Room 3128,Mail Stop 522.345 

Miidlefield Road. Menlo Park. CA 94025, (415) 3294390. 

PI0 assists the public in the selection and ordering of all GS 
products, and provides counter service for GS topographic, 
geologic, and water-fesoumes maps and reports. The Menlo Pa* 
office covers the States of California, Idaho, Oregon, and 
Washington). 

Maps1 GS node of the National Geospatiai Data Clearinghouse. WWW 
GIs address at http:llnsdi.usgs.govInsdii. 
Digital 

Metadata fhat describe geology, water. and mapping sets are 
available on the World Wde Web. Many data sets are available 
on-line, including digital elevation model, land uselland cover, and 
water resoumes. 



Table A-5. Sources for soils data. 

Data Data 
coverage form Source 

Regional Soil U.S. Deparlment of Agriculture. National Resource 
surveys Conservation Service (NRCS) (formerly Soil Conservation 
(books) Service [SCS]). West Regional Office. Sacramento. CA. 

Additional soil information for sDecific States or counties can 
be obtained through the N R C S . S ~ ~ ~ ~Conservatbnist or 
Resource Inventorv S~ecialist at the aDoroDriate NRCS State 
office, or through iocai NRCS field offices. Addresses and 
phone numbers for State offices are as follows: California. 
2121-C 2nd Street. Davis. CA 95616. (916) 757-8200; Idaho. 
3244 Elder Street. Room 124. Boise, ID 83705-471 1. (208) 
378-5700: Oregon. 1220 S. W. Third Avenue. Room 1640. 
Portland. OR 97204-2881. (503) 414-3028; Washington, Rock 
Pointe Tower II. Suite 450 W. 316 Boone Avenue, Spokane. 
WA 99201-2348. (509) 353-2337. 

Provides Soil Surveys in book form by County, primarily 
covering agricultural areas, which include aerial photographs 
and soil maps. Soil type descriptions include slope, 
permeability, and other useful information. Contact the 
Regional or State office and request the phone number of the 
field office for your County. Field offices generally distribute 
the Soil Surveys for that County free of charge. Inquire as to 
whether the survey covers your area of interest before 
requesting the survey book itself. Staff may also assist you in 
determining ,the soil type for your location. 

Database National Soil Characterization Database. The database of the 
Soil Survey Laboratory (SSL), National Soil Survey Center. 
currently wntains analytical data for more than 20.000 pedons 
of U.S. soils. The data are available on one standard CD-ROM 
disk. To obtain technical information about these data, contact 
Steven L. Baird. USDA, Natural Resources Conservation 
Service. National Soil Survey Center, Soil Survey Laboratory. 
Federal Building. Room 152. MS 41, 100 Centennial Mall 
North. Lincoln, NE 685083866, (402) 437-5363. 

To order the data. contact the USDA, Natural Resources 
Conservation Service. National Cartography and Geospatial 
Center, 501 Felix St.. Bldg. 23 (P.O. Mail 6567). Fort Worth. 
TX 76115, (800) 672-5559. Current Price: $50.00 for single 
CD-ROM disk. 

The National Soil Characterization Database is composed of 
the SSL working computer files. It includes data that may or 
may not represent the central concept of a soil series or map 
unit and pedons sampled to bracket a range of soil propedies 
within a series or a landscape: ail such data are retained in 
the database. Usem unfamiliar with a given soil may want to 
consult a knowledgeable soil scientist to determine how well 
the data represents a soil series; the database has not been 
edited to remove all of the erroneous or sometimes 
misleading data. Users are responsible for assessing the 
accuracy and applicability of the data. The characterization 
data are stored in a fixed length, column positional, 
tabdeiimited file structure, with a Werecord freeform header. 
in master and State data sets, ASCII format. 
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Table A-5. Sources for soils data. 

Data Data 

coverage form Source -


GIs 	 USDA Natural Resources Conservation Service (NRCS), 
Digital 	 National Cartography and Geospatial Center (NCGC), Fort 

Worth. TX 76115-0567. (800) 672-5559. For information on 
the availability of GIS coverages of soil information for specific 
States, contact the NRCS State Conservationist or Resource 
Inventory Specialist at Ule appropriate NRCS State office. 
(Addresses and phone numbers are listed under "Soil surveys" 
above.) 

The NRCS maintains three soil spatial (GIs) databases 
including the Soil Survey Geographic Data Base (SSURGO), 
the State Soil Geographic Data Base (STATSGO), and the 
National Soil Geographic Data Base (NATSGO). Components 
of map units in each database are generally phases of soil 
series. Information such as particle size distribution, bulk 
density, available water capacity, soil reaction, salinity, and 
oganic matter is included for each major layer in the soil 
profile. Also included are data on flooding, water table, 
bedrock, subsidence characteristics of the soil, and 
interpretations for erosion potential, engineering, building and 
recreational development, and cropland, woodland, wildlife 
habitat, and rangeland management. 

SSURGO provides the most detailed level of information and 
is used primarily for farm and ranch conservation planning; 
range and timber management; and county and parish, 
township, and watershed resource planning and management. 
These data are digitized hum original soil survey maps (see 
Soil Survey Reports above). Data are collected and archived 
h 7.5 minute topographic $uadrangle units (scale 1:15,840 to 
1:31,680). Digital coverage for many areas in the United 
States is cunently limited. 

STATSGO is used primarily for river basin, State, and 
multicounty resource planning. Soil maps for STATSGO are 
made by generalizing more detailed soil survey maps or, 
where detailed maps are not available, by integrating data on 
geology, topography, vegetation, and climate, as well as 
Landsat images. The GS l:250,000scale topographic 
quadrangle series is used as a map base; data are collected 
and archived in one degree by two degree topographic 
quadrangles. 

NATSGO is used primarily for national, rsgional, and 
multistate resource appraisal, planning, and monitoring. The 
NATSGO map was digitized at a scale of 1:7,500.000 and is 
distributed as a single data unit for the conterminous United 
States koverage. 

The NCGC operates both a Geographic Resource Analysis 
. 	 Support System (GRASS) and an ARCANFO GIs. Other 

formats may be available. 
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Table A-5. Sources for soils data. 

Data Data 
coverage form 

Database 
inventory 

-Source 

The National Resources Inventory (NRI) is a database form of 
the inventory of land cover and use, soil erosion, prime 
farmland, wetlands, and other natural resource characteristics 
on nonfederal rural land in the United States. For more 
informatbn on datacollection methods and results for specific 
States or regions, contact the NRCS State Conservationist or 
Resource lnventory Specialist at the appropriate NRCS State 
office. (Addresses and phone numbers are listed under "Soil 
Suweys" above.) Data can be ordered off the World W d e  Web 
at hnp:lEwww.ncg.nrcs.usda.govlnri.html. To obtain the data 
analysis software or for additional information on the NRI 
program, contact USDA-Natural Resources Conservation 
Setvice. Resources lnventory and Geographic lnformation 
Systems Division. P.O. Box 2890. Washington. D.C. 20013, 
(202) 720-4530. To order data write the USDA-Natural 
Resources Consenration Senrice. National Cartoara~hv and 
Geospatial Center, Fort Worth Federal Center, Bidg: 23. Room 
60. P.O. Box 6567. Fort Worth. TX 76115-0567. (8001 

Inventories are conducted at 5-year intervals by the U.S. 
Department of Agriculture's Natural Resources Conservation 
Service (NRCS), formerly the Soil Conservation Service 
(SCS), to determine the conditions and trends in the use of 
soil, water. and related resources nationwide and statewide. 
The NRI is linked to NRCS's extensive Soil Interpretations 
Records database lo provide additional soils information, Data 
elements consistent wifhin the NRI database among the last 
three (1982, 1987, and 1992) NRls: 1) farmstead, &an, and 
built-up areas; 2) streams less than 1/8 mile wide and water 
bodies less than 40 acres 3) type of land ownership; 4) soils 
information-soil classification, soil properties, and soil 
interpretations such as prime farmland: 5) land 
cover/use--cropland, pasture land, rangeland, forest land, 
banwn land, rural land, urban and built-up areas: 6) copping 
history; 7) irrigation--type and source of water; 8) erosion 
data-whd and water; 9) weUands-cIassification of wetlands 
and deep-water habitats in the U.S.(1982 and 1992 only); 10) 
conservation practices and treatment needed; 11) potential 
conversion to cropland. 

The 1992 NRI is the most extensive inventory yet conducted, 
covering 800,000 sample sites, representing the Nation's 
nonfederal land-some 75% of the Nation's land area. Data 
conected in the 7992 NRI provide a basis for analysis of 5- 
and 1Oyear trends in resource conditions. New data elements 
added for the 1992 NRI include 1) streams greater than 1/8 
mile wide and water bodies by kind and size greater than 40 
acres; 2) Conservation Reserve Program land under contract: 
type of earth cover--cmp, tree, shrub, grass-herbaceous, 
banen, artificial, water; 3) forest type gmup: 4) primary and 
secondaiy use of land and water; 5) wildlife habitat diversity: 
6) imgation water delivery system; 7) Food Security Act (FSA) 
wetland classification. 

For a more detailed understanding of the data element 
characteristics, request a copy of the "Instructions for 
Collecting 1992 NRI Sample Data." Many data items in the 
1992 NRI are consistent with previous inventories. 
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Table 'A-5. Sources for soils data. 

Data Data 
coverage form 

State 

California Info1 
Database 

GIs 
Digital 

Idaho GIs 
Digital 

Oregon GIs 
Digital 

Washington Map 

GiS 
Digital 

Source 

Database Availability: The NRI database is available to the 
public on four CD-ROMs (IS0 9660 format) at $50 per disk. 
Each disk contains data for a collection of States that form a 
contiguous region (CD #I includes Arizona, California, 
Colorado, Hawaii, Idaho, Montana, Nevada. New 
Mexico,Oregon, Utah, Washington, WyomingJ. Each disk 
includes separate files containing the Soils interpretations 
Records and spatial data sets for mapuing NRI data (see 
"Spatial Data Sets," below). All files a& flat ASCII f i is .  Data 
can be downloaded on a State-by-State basis if disk storage 
space is limited. Database documentation is provided. 

Spatial Data Sets: Spatial data sets of boundaries of Major 
Land Resource Areas, 8digit hydrologic units, and counties 
are provided on each CD for the region corresponding to the 
NRI data with and without Federal lands. These 'data sets 
contain the same spatial identifiers used in the NKI database 
allowing NRI users to create interpretive maps. The data are 
provided in Geological Survey, DLG-3 formatted files on the 
four data CDs for the appropriate region. GRASS-GIs vector 
formatted files are included on the data analysis sobare. 
Documentation on spatial databases is provided. 

National Resource Conservation Service (NRCS): USDA, 
Natural Resources Conservation Service. 2121-C Second 
Street. Suite 102. Davis. CA 95616. (916) 757-8262. NRI 
Information via email: nri@ca.nrcs.usda.gov. 

In California, over 8,000 sample sites ware used. Nonfederal 
land represents 94% of the State's land base. At each sample 
point, information is available for three years: 1982, 1987, and 
1992. From this time series, changes and trends in land use 
and resource characteristics can be estimated and analyzed 
for a 10-year period. 

Natural Resources Conservation Service (NRCS) SSURGO 
and STATSGO spatial databases. See entry under "Regional" 
above. 

Natural Resources conservation Service (NRCS) SSURGO 
and STATSGO spatial databases. See entry under "Regional" 
above. 

Natural Resources Conservation Service (NRCS) SSURGO 
and STATSGO spatial databases. See entry under "Regional" 
above. 

Soil Erosion Potential Map for WAU. Washington Department 
of Natural Resources. Photo 8 Map Sales. P.O. Box 47013. 
Olympia, WA 98504-7013. (360) 902-1234. 

Natural Resources Conservation Service (NRCS) SSURGO 
and STATSGO spatial databases. See entry under "Regional" 
above. 

http:nri@ca.nrcs.usda.gov
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Table A-6. Sources for data on current vegetation. 

Data Data 
coverage form 

Regional Land-
cover 
maps 

MapslGIS 
digital 

Database 
inventoty 

Database 
survey. 
biological 

-

Source 

U.S. Department of the Interior, Geological Survey. National 
Cartographic Information Center Cover (NCIC). Western Mapping 
Center, 345 Middlefield Road. Menlo Park. CA 94025. (415) 328-
4309. 

NCIC ofices accept orders for aerial photographs and satellite 
imagery and sell custom cartographic products such as GS 
digital data, color and feature map separates, orthophotoquads, 
and land-use and land-cover maps. 

Geological Survey (GS) node of the National Geospatial Data 
Clearinghouse at http:llnsdi.usgs.govlnsdil. 

Metadata that describe geology, water, and mapping sets are 
available on the World Wide Web. Many data sets are available 
on-line, including digital elevation model, land uselland cover, 
and water resources. The Land Use and Land Cover (LULC) 
data files describe the vegetation, water, natural surface, and 
cultural features on the land surface. GS provides these data 
sets and associated maps as a part of its National Mapping 
Program. 

The National Resources Inventory (NRI) is an inventory of land 
cover and use, soil erosion, prime farmland, wetlands, and other 
natural resource characteristics on nonfederal rural land in the 
United States. 

See NRI annotations in Table A-5 for description and soutce. 

National Biological Service (NBS), Gap Analysis Program (GAP). 
These data are meant to be used at a scale of 1:100,OM) or 
smaller (such as 1:250.000 or 1:500,000) to assess the 
conservation status of vertebrate species and vegetation cover 
types-over large geographic regions. The data may ormay not 
have been assessed for statistical accuracy. Data evaluation and 
improvement are ongoing. NBS makes no claim as to the data's 
suitability for other purposes. Contact Michael D. Jennings. 
Coordinator. GAP Analysis Project. National Biological Service, 
Idaho Cooperative Fish and Wldlife 'Research Unit. University of 
Idaho. Moscow. Idaho. GAP Data Sets are available on -me onI' 
the Internet via the World Wlde Web at 
http:l~.nr.usu.edulgap~mapIpreus.html.See also: NBS 
homepage at http:llwww.its.nbs.govlnbs and the National 
Biological information infrastructure. Directory of Biological Data 
and Information at h~p:l/ww.its.nbs.govlnbii/directory/html. 

http:llnsdi.usgs.govlnsdil
http:l~.nr.usu.edulgap~mapIpreus.html
http:llwww.its.nbs.govlnbs
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Table A-6. Sources for data on current vegetation. 

I.-; Data 	 Data 
coverage form 	 Source ‘ , . 

NBS is part of the USGS, and it began GAP to map species 
diversity and identi@ priority areas containing species cunently 
not represented in areas managed for their natural values. The 1,: 	 basic GAP data layers are 7') land cover, 2) vertebrate species 
distributions. 3) land ownership, and 4) land management. 
Vegetation maps are constructed from Landsat imagery. For 

1 1 .  	 each species of terrestrial vertebrates in an area, e habitat 
association model is used to identi@ polygons on the vegetation 
map considered suitable habitat. Known occurrences of each 
species are compiled by county from published literature and 
museum records. 

Range maps for the species are then estimated as those 
polygons with vegetational classes considered suitable'habitat 
that occur in counties with known species occumnce. GAP is 
primarily organized at the State level, as a cooperative effort of 
the NBS wi7h other public and private organizations. This and 
other data may be available thmugh the lnformation Transfer 
Center, Mr. Rich Gregow, Director, 1201 Oak Ridge Drive, Suite 
200, Fort Collins, CO 80525, (970) 226-9401 or (970) 223-9709, 
FAX (970) 226-9455 or the Technology Transfer Center, Mr. 
Phil Wondra, Director, P.O. Box 25287, Denver, CO 80225-0287, 
(303) 969-2590. FAX (303) 969-2160. email 
Phil_Wondra@nbs.gov. These offices form the core of the 
Information and Technology Sewices branch of the National 
Biological Service at h l t p Y ~ . i t s .  nbs.gov. 

The Infomation Transfer Center responds to the information 
needs of the natural resource community in three major ways: 
by providing references to the scientific literature on a topic of 
interest; by functioning as a research liaison behveen scientists 
and anyone needing assistance with a challenging natural 
resource problem; and by editing, publishing, and distributing 
manuscripts written by NBS scientists. A critical information 
transfer tool is the compilation of references to the scientXc 
literature. This service is the responsibility of the Bibliographic 
lnformation Branch of the lnformation Transfer Center. More 
than 300,000 citations are contained in the databases, indexed 
and distributed as WIdIife Review and FiSheries Review. Some 
24,000 citations are added to the database each year. 

Wldlife Review and Fisheries Review is available by 
subscription thmugh the U.S. Government Printing Office. The 
databases are also available in CD-ROM format from a private 
vendor. Libraries and other information sources now have the 
capability of conveniently conducling their own literature 
searches using the databases on CD-ROM. The Biological 
Assistgnce Branch pmvides technical assistance to agency 
personnel throughout the United States. 

See also Table A-8. Aerial Photographs (current). 

http:Phil_Wondra@nbs.gov
http:nbs.gov
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Table A-6. Sources for data on current vegetation. 

Data , Data 
coverage form Source 

-- 

California Maps NClC State Affiliate: Map and Imagery Laboratory Library. 
University of California. Santa Barbara. CA 93106. (805) 961- 
2779. 

Data sets 	 National Biological Service (NBS). Gap Analysis Pmgram (GAP). 
See entry under 'Regional" above. GAP Data Sets are available 
on-line on the Internet via the World Wide Web at 
http:/lwww.nr.usu.edu/gapfimap/preus.html for the following 
California ecoregions: Cascade Ecoregion. Central West 
Ewregion. East Sierra Nevada Ecoregion, Great Valley 
Ecoregion. Modoc Plateau Emregion. Mojave Emregion, North 
West Ecoregion. Sierra Nevada Ecoregibn. Sonoran Ecoregion. 
and South West Emregion. 

ldaho Info NClC State Affiliate: Idaho State Historical Library. 610 N. Julia 
Davis Dr.. Boise. ID 83702. (206) 334-3356. 

Data sets National Biological Service (NBS). Gap Analysis Program (GAP). 
See entry under "Regional" above. GAP Data Sets are available 
on-line for the State of ldaho on the lntemet via the World Wide 
Web at http:lhrvww.nr.usu.edulgapfimap/preus.html. 

Oregon Info NClC State Affiliate: Oregon State Library. Public Services. 
Salem. OR 97310. (503) 378-4368 . 

Data sets National Biological Service (NBS). Gap Analysis Program (GAP). 
See entry under "Regional" above. Oregon GAP Vegetation GIs 
coverage. In Oregon, the NBS, through the ldaho Cooperative 
Wildlife Unit, is working with the Oregon Department of Fish and 
Wildlife. The Nature Conservancy, and Defenders of Wildlife. 
GAP Data Sets are available on-line on the lnternet via the World 
W~de Web http:/Ewww.nr.usu.edu/gapfimaplpreus.html for the 
State of Oregon. 

Washington Info NClC State Affiliate: Washington State Library, Information 
Services Division. Olympia. WA 98504, (360) 7534027. 

Map Forest stand age map in 10-year increments: hydrologic maturity 
map, Washington Department of Natural Resources. Photo 8 
Map Sales. P.O. Box 47013. Olympia. WA 98504-7013. (360) 
902-1234. 

Data sets Natmnal Biological Sewice (NBS). Gap Analysis Program (GAP). 
See entry under "Regional" above. GAP Data Sets are available 
on-line for the State of Washington on the Internet via the World 
Wide Web at http:lEwww.nr.usu.edu/gapfirnapIpreus.html. 

http:/lwww.nr.usu.edu/gapfimap/preus.html
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I Table A-7. Sources for data on historical vegetation. 

I 
Data Data 

coverage form Source -

Reglonal Aerial U.S. Department of the Interior, Geological Survey. 

I 
photographs Photographic Library (LIB-P). Mail Stop 914, Building 20. Box 

25046, Federal Center. Denver. CO 80225. (303) 236-1010. 

The Photographic Library contains a collection of over 250,000 
photographs (predominantly black-and-white) taken during GS 
studies. A few photographs taken before the founding of the 
GS (1879) are included in the collection. Libracy staff will 
prepare lists of selected photographs in response to specific 
requests. Photographs are indexed by subject and location. 

Scientific 
literature 

Franklin. J. F.. and C. T. Dyrness 1973. Natural vegetation of 
Oregon and Washington. U.S. Department of Agriculture. 
Forest Service, Pacific Northwest Research Station. Oregon 
State University Press. Cowallis. Oregon. 

This book describes the natural vegetation communities (plant 
associations) in the Pacific Northwest, and could be used to 
identify the indigenous plant communities likely to have 
inhabited a given general area. Consult your State Library or 
State University Library for availability. I t  is no longer printed 
by the Federal government. 

'Shultz. S. T. 1990. The Northwest coast: a natural history. 
Timber Press. Podand, Oregon. 

Wdta are known to exist but a specific source for the data is 
not known, the availabilily is not known, or the content of the 
data is not known. 

State 

Oregon 'Historical maps from OSU Map Library, Valley Library. Oregon 
State University. Co~allis. OR 97331. (541) 737-3331. 

'Historic vegetation maps of Oregon counties, digitized by FS. 

I 

Scientific 
literature 

Teensma, P. D.. J. T. Rienstra, and M. A. Yeiter. 1991. 
Preliminary reconstruction and analysis of change in forest 
stand age classes of the Oregon Coast Range from 1850 to 
1940. Technical Note OR-9. U.S. Department of the Interior. 
Bureau of Land Management 825 NE Multnomah Street: P.O. 
Box 2965; Portland. OR 97208 (503) 231-6274. 
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Table A-8. Sources for aerial photographs. 

Data Data 

coverage form 


Regional Photographs 	 WAC Corporation (Aerial Photography). 520 Conger Street. 

Eugene. OR 97402-2795. (800) 845-8088 or (541) 342-5169 


WAC can provide coverage of westem Oregon, western 
Washington, and northern California. 

U.S. Department of the Interior, Geological Survey. National 
Cartographic \nfonnatmn Center (NCIC). Western Mapping 
Center. 345 Middlefield Road. Menlo Park, CA 94025, (415) 
328-4309. 

NCtC oh7ces accept orders for aerial photographs and satellite 
imagery, and sell custom cartographic products such as GS 
digital data, color and feature map separates, orthophotoquads, 
and land-use and land-cover maps. 

Landsat 	 U.S. Departwent of the Interior. Geological Survey. EROS Data 
data 	 Center (EDC), Sioux Falls, SD 57198, (605) 594-6151 (Aerial 

Photographs); and EOSAT. Landsat Customer Service clo 
EROS Data Center (EDC), Sioux Falls, SD 57198, (605) 594- 
2291 (Landsat Data). 

EDC sells high- and lowaltitude photographs; and also 
re~roduces and distributes Landsat data through a coo~erative 
apreement with NOAA (National Oceanic and Atmospheric 
Administration) and EOSAT (Earth Observation Satellite 
Company). 

State 

California Maps 	 NClC State Affiliate: Map and Imagery Laboratory Library. 
Unive~ity of California, Santa Barbara. CA 93106. (805) 961- 
2779. 

Idaho Maps 	 NClC State Affiliate: Idaho State Historical Library, 610 N. Julia 
Davis Dr.. Boise, ID 83702. (208) 334-3356. 

Oregon Maps 	 NClC State Affiliate: Oregon State Library, Public Services. 
Salem, OR 97310, (503) 378-4368. 

Washington Maps 	 NClC State Affiliate: Washington State Library, Information 
Services Division. Olympia. WA 98504, (360) 753-4027. 
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Table A-9. Sources for data on land-use history. 

Data Data 

I : coverage form 	 Source -
Reg~onal Land-use U.S. Department of the Interior. Geological Survey. National 

I ' 
maps 	 cartographic Information Center (NCIC). Westem Mapping 

Center. 345 Middlefield Road. Menlo Park. CA 94025. (415) 328- 
4309. 

NCIC oflces accept orders for aerial photographs and satelite 
imagery, and they sell custom cartographic products such as GS 

I ! 
I digital data, color and feature map separates, orthophotoquads, 

and landuse and land-cover maps. 
I 

I ' 	
County County planning and development departments. 
zoning 

I 
mapsiinfo These local depadments may have zoning or land-use maps 

available. Zoning regulates acceptable uses for land and onen is 
based generally on land-use history. These depamnents may 
also have cun'ent or historical aerial photographs, as well as 
geologic maps showrng underlying geology and areas of 
unstable soils, GS topographic maps, and many other types of 
maps of that specifrc county. Contact your counfy's plannrng, 
zoning, or development department. 

MapsIGIS GS node of the National Geospatial Data Clearinghouse at 
digital http:llnsdi.usgs.govInsdii. 

Metadata that describe geology, water, and mapping sets are 
available on the World Wide Web. Many data sets are available 
on-line, including digital elevation model, land use/land cover, 
and water resources. The Land Use and Land Cover (LULC) 
data files describe the vegetation, water, natural surface, and 
cultural features on the land surface. The Geological Survey 
provides these data sets and associated maps as apart of its 
National Mapping Program. 

National The National Resources Inventory (NRI) is an inventory, or 
Resources catalog. of landcover and use, soil erosion, prime farmland, 
Inventory wetlands, and other natural resource characteristics on 

nonfederai rural land in the United States. 

See NRI annotations in Table AS, Soils. 

See also entries in Table A-7, Vegetation-historical. 

State 

I California Maps NClC State Affiliate: Map and Imagery Laboratory Library, 
University of California, Santa Barbara, CA 93106, (805) 961- 
2779. 

Idaho Info NClC State Afiliate: Idaho State Historical Library. 610 N. Julia 
Davis Dr.. Boise. ID 83702. (208) 334-3356. 

http:llnsdi.usgs.govInsdii
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Table A-9. Sources for data on land-use history. 

Data Data 
coverage form Soum 

Oregon Info NClC State Affiliate: Oregon State Library. Public Services. 
Salem. OR 97310. (503) 378-4368. 

The State of Oregon, thmugh the Land Conservation and 
Development Commission (LCDC) set land-use zoning criteria 
for the entire State; each County developed a plan or code to 
comply with the LCDC guidelines. County Planning or 
Development Departments in Oregon can indicate how land is 
zoned. State of Oregon Land Conservation and Development 
Department, 1175 NE Court St., Salem, OR 97310, (503) 373- 
0050. 

Washington Info NClC State Affiliate: Washington State Library, Information 
Services Division. Olympia, WA 98504, (360) 753-4027. 
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Table A-10. Sources for precibitation data. 

Data Data 
coverage form 

Regional Mapslinfo 

Maps 

State 
Oregon Maps 

Washington Maps 

Source 

Oregon Climate Service. Stand Agricultural Hall. Room 316. 
Oregon State University. Corvallis DR. 97331-2209. (541) 737- 
5705. FAX (541) 737-2540, email to oregon@ats.orst.edu. George 
Taylor, State Climatologist 

Can provide hadcopy Annual Precipitation Map for the Westem 
United States and States of Oregon, Washington, Idaho, Nevada, 
Montana, and Utah ($5.00 fee for 11" x 17" color-coded State 
map), and can provide other climatology information regarding a 
specific location. Phone responses and simple mailings have no 
fees. FRYs, diskettes, letters with data interpretation and GIs 
layers have fees. Data can be requested by phone, mail, or email. 
Access also provided to the NOA4 atlas of precipitation 
frequency. Wodd Mde Web homepage is on the Internet at 
httpY/ocs.ats.orstedu, and from this page annual precipitation 
maps of Oregon and the Pacific Northwest can be downloaded. 
These maps were generated by the PRISM model by Chris Daiy 
and are color coded in 100 mm increments. 

New PRISM maps for Ule United States are now available via fip. 

These are 1961-1990 monthly mean precipitation grids, modeled 
at 2.5-min (-5 km) spatial resol~~tion. Spatial domain is the lower 
48 States. AN but a few State maps are highly preliminary, but the 
peer-review and revision process is progressing. The maps will be 
updated periodically to reflect recent changes. To download the 
maps: (1) I@ fsl.orst.edu, (2) anonymous, (3) <your email 
address>, (4) cd pub/daly/prism, (5) binary, (6) get prism-us.Z 
(about 10 MB), (7)get prism-us.doc, (8) quit. Use'the 
'uncompress' command to extract the prism-us file. The file will 

expand to nearly 70 MB, so make sure you have disk space! 

Read the documentation carefuly. It will indicate the status of the 

various State and regional sections of the maps, and provide 

important geographic information. The PRISM file is in a generic 

ASCII format that should be accessible by everyone. 


Oregon Climate Service. Strand Agricultural Hall. Room 316. 

Oregon State University, Corvallis OR. 97331-2209. (541) 737- 

5705. FAX (541) 737-2540. email to oregon@ats.orst.edu. {see 

above). 


For Oregon, annual precipitation maps are available for each 

County. 


Washington Department of Natural Resources. Photo & Map 

Sales. P.O. Box 47013. Olympia, WA 98504-7013. (360) 902-1234. 


Can provide Annual Precipitation Map for the State of Washington 

(fee). 


http:oregon@ats.orst.edu
http:fsl.orst.edu
http:oregon@ats.orst.edu
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Table A-1 1. Sources for streamflow data. 

Data 
coverage 

Data 
form Source 

-

Regional 
USWEST Digital GS Gaging Station Records. Available on CD-ROM from USWEST 

Optical Publishing, Boulder, CO. Also available on the Internet via 
the World Wide Web at 
htlp:/lwwwdwatcrn.wr.usgs.gov~historical.html for WA. OR, and ID. 

lnfo GS National Water Data Storage and Retrieval System 
(WATSTORE). , 

AN types of water data are accessed through WATSTORE. 
including an index of sites, daily water values with more than 
240,000 daily parameters (e.g., streamflow, water temperatures, 
ground-water levels), peak flow file, water quality file, and ground- 
water site inventory file. lnfonnation on specific types of data. 
acquisition of data or products, and user charges can be obtained 
from the Water Resources Division Distdct Ofices (see State 
entries, below). 

MapsIGIS 
digital 

GS node of the National Geospatial Data Clearinghouse at 
http://nsdi.usgs.gov/nsdi. 

Metadata that describe geology, water, and mapping sets are 
available on the Wodd Wde Web. Many data sets ere available 
on-line, including dig$al elevation model, land useAand cover, and 
water resources. 

State 
California Info GS Water Resources Division District Office. Federal Building. , 

Room W-2235, 2800 Cottage Way. Sacramento. CA 95825, (916) 
978-4633. 

WATSTORE. 

lnfo 	 Califomia Department of Water Resources (DWR) World Wide 
Web site at httpJ/wwwdru.water.ca.gov. 

Oiiision of Local Assistance (DLA) District Offices. Division of 
Local Assistance-Headquarters, Department of Water Resources, 
P.O. Box 942836. Sacramento, CA 94236-0001 or 1020-9th Street, 
Sacramento. CA 95814: Ray Hart. Division Chief (916) 327-1646. 
Northem District, 2440 Main Street. Red Bluff. CA 96080-2398: 
Linton A. Brown. District Chief (916) 529-7342. Central District. 
3251 S Street. Sacramento. CA 95816-7017: Dennis Letl. District 
Chief (916) 445-5631. 

Since 1988, when the Division was formed, staff has provided 
technical and financial assistance to State. Federal and 
particularly local agencies for developing, managing, and 
improving water resources in California. A variety of programs is 
offered through the headquarters office in Sacramento end the 
Northem, Central, San Joaquin, and Southern Districts located in 
Red BluK Sacramento, Fresno, and Glendale, respectively. The 

k 

8 :  
I :  

a' 


http:httpJ/wwwdru.water.ca.gov
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Table A-11. Sources for streamflow data. 

Data Data 

coverage form Source -


Division has over 300 people wotking around the State who are 
skilled in various disciplines and who can answer questions on 
water quality, water rights, surface and ground water, 
geohydrology, desalination, reclamation and reuse of water, water 
conservation, land and water use, recreation planning, floodplain 
management, environmental review, agricultural drainage, water 
transfers, and long-range water supply and demand. The Division 
also administers loan and grant programs designed to restore 
urban streams and to make more emcient use of surface and 
ground water resources. 

info 	 GS Water Resources Division District Office, 230 Collins Road. 
Boise. ID 83702. (208) 334-1750. 

WATSTORE. 
& 

Info 	 Geological Survey (DOI) Idaho District hornepage is the World 
Wide Web source for ldaho water information at 
http://wwwidaho.wr.usgs.gov. 

Links to the ldaho Dism'ct Water Data Page at 
http~~daho.wr.usgs.gov/publiclh2odata.html,which contains 
information on surface-water data, water-use data, the National 
Water Summary, national hydrologic conditions, and other 
resources. Includes an on-line ldaho District Data Request Form. 

Info 	 The Idaho Department of Water Resources (IDWR) has its main 
office at 1301 North Orchard Road. Boise. ID. (208) 327-7900. 
FAX (208) 327-7866. IDWR has four full-service regional offices 
that can assist with water and adjudication matters. For help. 
contact the regional office in your area. Northern Region: 1910 
Northwest Blvd.. Suite 210. Coeur d'Alene, ID 83814-2615. (208) 
769-1450. FAX (208) 769-1454; Westem Region: 2735 Airport 
Way. Boise. ID 83705-5082. (208) 334-2190. FAX (208) 
334-2348: Southem Region: 222 Shoshone St. East. Twin Fails. ID 
83301-6105, (208) 736-3033, FAX (208) 736-3037: and Eastem 
Region: 900 North Skyline Drive, ldaho Falls. ID 83402-6105. 
(208) 525-7161. FAX (208) 525-7177. Also can be accessed via 
the World Wide Web at http:lAvww.state.id.u~dwr/idwrh~rne~html. 

The ldaho Department of Water Resources (IDWR) is responsible 
for the administration and allocation of water rights and permit 
and licensing systems to control beneficial use of ldaho waters. 
IDWR is also concerned with conservation and development of 
waters thmugh planning, and it can provide information regarding 
endangered species, minimum streamflows, river flow information, 
floodplain management, stream channel alteration permits, etC. 

Oregon info 	 GS Water Resources Division District Office. 847 NE 19th Avenue. 
Suite 300. Portland, OR 97232. (503) 231-2009. 

WATSTORE. 

http://wwwidaho.wr.usgs.gov
http:lAvww.state.id.u~dwr/idwrh~rne~html
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Table A-1 1. Sources for streamflow data. 

Data Data 
coverage form Source 

Washington Info GS Water Resources Division District Office. 1201 Pacific Avenue, 
Suite 600. Tacoma. WA 98402. (206) 593-6510. 

WATSTORE. 

GS Water Resources Inventory. Public inquiries can be made of 
the GS regarding water resources of Washington State via the 
World Wde Web at htlp:lhYwwdwatcm.wr.usgs.gov/inquirieslhtml or 
via email (all lntemet mail sent to 
pubinfo@maildwatcm.wr.usgs.gov will be delivered directly to the 
Public lnformation Officer). The on-line form allows messages to 
be sent to the Public Information Officer; questions and comments 
may also be sent to other GS contacts. 

Historical water resources data available and services provided by 
the Public Information Officer (PIO) include: 

Loan copies of open-file reports, water-resources 
investigations, and water-supply bulletins for studies 
conducted in the State of Washington. 

Limited loan copies are available on selected professional 
papers, water-supply papers, geohydmlogic monographs, 
circulars, teachers' educational packets, techniques of 
water-resources investigations, miscellaneous field 
investigations, and hydrologic atlases. 

Field measurement notes of streamflow for continuous, partial, 
and crest stage gage stations operated by the Tacoma Field 
Office. 

- Summary of field measurements of streamflow (mostly 
post-1983 for Tacoma Field Office. For surface water unit 
values (transmission via satellite every 15, 30, or 60 minute 
values) of streamflow, gage height, reservoir elevation, or 
temperature preceding the current Water Year: all available 
data needs to be restored into the computer data base. A fee 
will be assessed based on the amount of restoration and 
review process needed. 

Plots of streamflow peaks of interest. 

Limited statistical analyses of flow duration, high- and low-flow 
frequency as well as peak flow frequencies. There is a fee for 
custom analyses. 

Station description, quality of records, location of 
instrumentation, datum of gage, and remarks from old water 
supply papers. 

Card catalogue information of old water quality data showing 
probable sources of unpublished data or data published in 
interpretive reports but not in data bases. 
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Table A-11. Sources for streamlow data. 

Data Data 
coverage form Source -

Source programs of groundwater or surface models developed 
by the Washington Dishict personnel. lnfonnation for all other 
GS modeling programs available to the public through Reston 
Headquarters or private companies. 

- Temperature records of selected gaging stations operated for 
State of Washington, DepaNnent of Ecology. 

Field data, nofes, correspondence and other pertinent project 
records from Federal archbes or the National Archives in 
response to onqoing research studies, consulting services, 
and Freedom of Information Act requests. 

Cross-sectional survey notes from streams and rivers where 
sediment studies have been done. 

Fonvards requests to GS Regional Office for certification of all 
types of records for official use in court testimonies. As 
NAWDM (National Water Data Exchange) Assistance Center, 
responsibilities are limited to accessing GS data bases in the 
State of Washington. Requests for information contained in 
other State databases or related to other States are forwarded 
to the headquarters office of NAWDEX in Reston, Virginia. 

.Miscellaneous field measurements of streamflow in the State 
of Washington since 1890. There may be a charge for some 
requests, depending on the size and urgency. 
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Table A-12. Sources for data on stream and surface-water type. 

Data Data 
coverage form 

Regional 

Data 

State 
Caiifomia Info 

Idaho info 

info 

Source 

See entries under "Streamflow" above. 

'FS Stream Survey Database. 

'Data are known to exist, but a specific source for the data is not 

known, the availability is not known, or the content of the data is 

not known. 


CA Department of Water Resources (DWR) World Wide Web site 

at http:Ilwwwdrw.water.ca.gov. 


Division of Local Assistance (DLA) District offices. Division of Local 

Assistance-Headquarters. Department of Water Resources. P.O. 

Box 942836. Sacramento. CA 94236-0001 or 1020-9th Street. -
Sacramento. CA 95814; Ray Hart. Division Chief (916) 327-1646. 

Northem District. 2440 Main Street. Red Bluff. CA 96080-2398: 

Linton A. Brown. District Chief (916) 529-7342. Central District 

3251 S Street, Sacramento. CA 95816-7017: Dennis Letl. District 

Chief (916) 445-5631. 


See annotations above. 

Geological Survey (DOI) ldaho District homepage. World Wide 
Web Source for ldaho water information at 
http:llwwwidaho.wr.usgs.gov. 

Links to the ldaho District Water Data Page at httpAwwidaho. 
' wr.usgs.gov/pubiic/h2odata.html, which contains information on 


surface water data, water use data, the National Water Summary, 

national hydrologic conditions, and other resources. Includes an 

on-line ldaho District Data Request Form. 


ldaho Department of Water Resources (IDWR). IDWR has it's main 

office located at: 1301 North Orchard Road. Boise. ID. (208) 

327-7900. FAX (208) 327-7866. IDWR has four full-service 

regional offices to assist with water and adjudication matters. For 

heip, contact the regional office in your area. Northem Region: 

1910 Northwest Blvd.. Suite 210. Coeur d'Alene. ID 83814-2615. 

(208) 769-1450. FAX (208) 769-1454; Westem Region: 2735 

Airport Way. Boise. ID 83705-5082. (208) 334-2190. FAX (208) 

334-2348: Southern Region: 222 Shoshone St. East. Twin Falls, ID 

83301-6105, (208) 736-3033, FAX (208) 736-3037: and Eastern 

Region: 900 North Skyline Drive, idaho Falls. ID 83402-6105. (208) 

525-7161. FAX (208) 525-7177. Also can be accessed via the 

World Wide Web site at http:llwww.state.id.usiidw4dwr.home. 

html. 


See annotations above. 

http:Ilwwwdrw.water.ca.gov
http:llwwwidaho.wr.usgs.gov
http:llwww.state.id.usiidw4dwr.home
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Table A-12. Sources for data on stream and surface-water typa. 

Data Data 
coverage form Source 

Oregon Info Oregon Depaltment of Forestly, 2600 State Street, Salem, OR 
97310. (503) 945-7200; Jim Brown. State Forester, (503) 
945-7211; Mike Beyerle, Deputy State Forester, (503) 945-7202; 
Fred Robinson. Assistant State Forester. (503) 945-7205. 

NORTHWEST OREGON AREA. Lee Oman, Area Director. 
Area Office. 801 Gales Creek Road. Forest Grove. Oregon 
97116-1199. (503) 357-2191. FAX (503) 3574548. District 
Headquarten: Forest Grove District. Dave Johnson. District 
Forester, 801 Gales Creek Road, Forest Grove. Oregon 
97116-1199. (503) 357-2191. FAX (503) 3574548); Tillamook 
District, Mark Labhart, District Forester, 4907 E.Third Street, 
Tillamook, Oregon 97141-2999, (503) 842-2545, FAX (503) 
842-3143; Astoria Distrid, Stan Medema. District Forester, 
Route 1. Box 950. Astoria. Oregon 97103. (503) 325-5451. 
FAX (503) 325-2756: Clackamas-Marion District. Dan 
Christensen. District Forester. 14995 S. Hwy. 211. Molalla. 
Oregon 97038. (503) 829-2216. FAX (503) 8294736; West 
Oregon District, Mike Templeton, District Forester. 24533 Alsea 
Hwy., Philomath, Oregon 97370, (541) 929-3266, FAX (541) 
929-5549: South Ford District. Fred Stallard. Administrative 
Supervisor. 48300 Wilson River Hwy.. Tillamook. Oregon 
97141. (503) 842-8439, FAX (503) 842-6572. 

SOUTHERN OREGON AREA. Craig Royce, Area Director. 
Area Office, 1758 N.E. Airport Road. Roseburg. Oregon 
97470-1499. (541) 440-3412. FAX (541) 440-3424. District 
Headquarters: Southwest Oregon District. Cliff Liedtke. District 
Forester. 5286 Table Rock Road. Central Point. Oregon 97502, 
(541) 664-3328, FAX (541) 776-6260; Coos District, Rick 
Rogers. District Forester. 300 Fiih Street. Bay Park. Coos Bay. 
Oregon 97420. (541) 2674136, FAX (541) 269-2027; Western 
Lane District, Darrel Spiesschaert. District Forester. P.O. Box 
157, Veneta, Oregon 97487-0157, (541) 935-2283, FAX (541) 
935-0731: Eastem Lane District, Dan Shults. District Forester, 
3150 Main Street. Springfield. Oregon 97478. (541) 726-3588. 
FAX (541) 726-2501; Unn District, Dan Shults, District 
Forester, 4690 Highway 20, Sweet Home, Oregon 97386, (541) 
367-6108. FAX (541) 367-5613. 

EASTERN OREGON AREA. Jeff Schwanke. Acting Area 
Director. Area Office. 3501 E. 3rd. Street, Prineville. Oregon 
97754. (541) 447-5658. FAX (541) 447-1469. District 
Headcluarters: Northeast Oregon District. Gary Rudisiil. District 
Forester. 611 20th Street. La Grande, Oregon 97850. (541) 
963-3168. FAX (541) 9634832; Central Oregon District. Mike 
Howard. District Forester. 220710 Ochow Hwy.. Prineville, 
Oregon 97754. (541) 447-5658. FAX (541) 447-1469: 
Klamath-Lake District, Roy Woo. District Forester, 3400 
Greensprings Drive. Klamath Falls. Oregon 97601, (541) 
883-5681. FAX (541) 883-5555. 
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Table A-12. Sources for data on stream and surface-water type. 

Data Data 
coverage form Source 

The Oregon Depahent of Forestry, authorized by Oregon 
Revised Statute 526.008 and established in 1911, is under Me 
direction of the State Forester, who is appointed by the Oregon 
Board of Forestry. The statutes direct the State Forester to act on 
all matters pertaining to forestry in the protection of forest lands 
and the conservation of forest resources. The department 
administers the Oregon Forest Practices Act, Log Patrol Act, Log 
Brand Act, Small Tract Optional Tax Law, forest land 
classzcation, forestry assistance to Oregon's 24,000 
non-industrial private woodland owners, forest resource planning, 
and community and urban forestry assistance. Staff can access 
data which identifies the type of surface Water which may be 
present on a speck5c panel of land. 

ODFW stream surveys of private land. 

'Data is kpown to exist, but a speclfic source for the data is not 
known, the availability is not known, or t M  content of the data is 
not known. 

Washington Map 

Info 

Washington Department of Natural Resources; Photo 8 Map 
Sales. P.O. Box 47013. Olympia. WA 98504-7013, (360) 902-1234 

DNR Water Type Map. 

Public inquiries of the Water Resources Inventory can be made to 
the GS about water resources of Washington State via the World 
Wide Web at http:llwwwdwatcm.wr.usgs.gov~inquiries~htmlor via 
email (all Internet mail sent to pubinfo@maildwatcm.wr.usgs.gov I 

will be delivered directly to the Public Information Officer). 

The on-line form allows messages to be sent to the Public 
Information Officer; questions and comments may also be sent to 
other GS contacts. See annotations above. 
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Table A-13. Sources for waterquality data. 

Data Data 

coverage form Source -


Regional Electronic 	 U.S. Department of Agriwlture, National Resource Conservation 

Service. National Resources Inventory (NRI) at 

http:lhYww.ncg.nrc~.usda.gov/nri.html. 

State 

Califomia 	 California Department of Water Resources (DWR), Division of 
Local Assistance @LA) District Offices. Division of Local 
Assistance-Headquarters, Department of Water Resources. P.O. 
Box 942836. Sacramento. CA 942360001: or 1020-9th Street. 
Sacramento: CA 95814: Rav Hait. Division Chief 1916) 327-1646. - ~ 

Northern ~ i s s c t ~  Stredt,~RedBluff, CA'~e;d80-2398; 2440 ~ a i i  
Linton A. Brown. District Chief (916) 529-7342. Central District 
3251 S Street. Sacramento. CA 95816-7017; Dennis Letl. District 
Chief (916) 445-5631 

US. Department of the lnterior. Geological Survey. Water 
Resources Division District Office. Federal Building. Room W- 
2235. 2800 Cottage Way. Sacramento. CA 95825. (916) 978-4633. 

Califomia Department of Water Resources ( D m )  at 
htlpJhYwwd~w.water.ca.gov. 

ldaho 	 ldaho Department of Water Resources (IDWR). IDWR main office: 
1301 North Orchard Road. Boise. ID. (208) 327-7900. FAX (208) 
327-7866. IDWR has four regional offices: Northem Region: 1910 
Northwest Blvd.. Suite 210. Coeur d'Alene. ID 83814-2615. (208) ' 
769-1450. FAX (208) 768-1454: Westem Region: 2735 ~irport 
Wav. Boise. ID 83705-5082. 12081 334-2190. FAX 1208) 334-2348: ~~,. ~~. -	 - - - ,---,~ . - ~ ~ ,  	 -. 
Southem Region: 222 ~ h o s a n e  St. East.-Twin ~al ls. ID 
83301-6105, (208) 736-3033. FAX (208) 736-3037; and Eastern 
Region: 900 North Skyline Drive. ldaho Falls. ID 834026105, 
(208) 525-7161. FAX (208) 525-7177. 

U.S. Depaitment of the lnterior. Geological Survey. Water 
Resources Division District Office. 230 Collins Road. Boise, ID 
83702. (208) 3341750. 

ldaho Department of Water Resources at 
htlp:/hYww.state.id.us~idwrf~dw~.html. 

Oregon 	 U.S. Department of the lnterior. Geological Survey. Water 
Resources Division District O h ,  847 NE 19th Avenue. Suite 
300, Portland. OR 97232. (503) 231-2009. 

Oreaon Rivers Information Svstem (ORIS). Northwest 
~ - , ~ ~ -

~nvknmentaiDatabase. Brent 0. ~orsbeig. coordinator at 
fonberg@dfw.or.gov. ORlS can be accessed Ulrough the Oregon 
Department of Fish and Wldlife (ODFW), homepage at 

Washington 	 Washington Department of Natural Resources, Photo & Map 
Sales. P.O. Box 47013. Olvmoia. WA 98504-7013. (360) 902- 
1234.U.S. Department of the interior. Geological Shey .  Water 
Resources Division District Office. 1201 Paclfic Avenue. Suite 600. 
Tacoma. WA 98402. (206) 593-6510. 

U.S. Department of the lnterior. Geological Survey. Water 
Resources Division District Office. 1201 Pacific Avenue. Suite 600. 
Tacoma. WA 98402. (206) 593-6510. 

-Geological Survey. Water Resources Inventory: Water 
Resources of Washington State at 

http:lhYww.ncg.nrc~.usda.gov/nri.html
http:htlpJhYwwd~w.water.ca.gov
http:fonberg@dfw.or.gov
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Table A-14. Sources for data on fish species distributions. 

Data 
coverage 

Regional 

State 
California 

Idaho 

Data 
form 	 Source 

GIs 	 'EPA River Reach Database. 

'Data is known to exist, but a specilc source for the data is not 
known, the availability is not known, or the content of the data is 
not known. 

Maps 	 U.S. Department of the lnte"or, Geological Survey (GS). 

GS markets four series of maps depicting the distribution of 
certain fish and wildlife species and other ewlogical elements 
along the coastal areas of Me conterminous 48 States. Produced 
bv the Fish and Mldlife Service (FWSJ from GS base data, the 
maps are designed to help in making iocation and design 
decisions about development along the coasts. The maps cover 
broad geographic areas with limited topographic detail and depict 
the habitats of fish and wildlife. Of particular interest are the 
coastal habitats of endangered species, migratory waterfowl, and 
commercially important fish. The maps also show certain land-use 
designations, such as national wi1dlife refuges, State waterfowl 
management areas, and parks. The five-color maps are printed on 
24- by 35-inch sheek, each covering 2 degrees of longitude by 7 
degree of latitude. The Pacifc Coast maps are the first 
comprehensive series of natural resource maps of the West 
Coast. The maps depict fish and wild!ife and their habitats and 
major land-use designations. m e  3 h a p  series covers the entire 
40,750 square-mile PaMc coastal zone from Mexico to Canada, 
including Puget Sound. The 159-page nanative report provides 
detailed explanations and addnional technical infonation about 
the ecological data displayed on each map. The ecological data ' 
plofted on the maps is derived from FWS ecological inventories. 
These maps can be obtained from any of the GS map sources 
listed under "Topography," above. 

GIs 	 California Department of Fish and Game. For further information 
about the Geographic Information System contact John Ellison. 
1730 1 Street. Suite 100 Sacramento. CA 95814. (916) 323-1477. 
email to jellison@dfg.ca.gov. 

Info 	 ldaho Department of Fish and Game. Headquarters, 600 S. 
Walnut. P.O. Box 25. Boise. ID 83707, (208) 3343700; Panhandle 
Region, 2750 Kathleen Avenue. Coeur d'Alene. ID 83814, (208) 
769-1414; Clealwater Region. 1540 Warner Avenue. Lewiston. ID 
83501. (208) 799-5010: Southwest Region. 3101 S. Powerline 
Road. Nampa, ID 83686. (208) 465-8465 (From Boise. call: 
887-6729); McCall. 555 Deinhard Lane. McCall. ID 83638. (208) 
634-8137; Magic Valley Region. 868 East Main Street. P.O. Box 
428. Jerome. ID 83338, (208) 324-4350; Southeast Region, 1345 
Barton Road. Pocatello. ID 83204. (208) 232-4703; Upper Snake 
Region, 1515 Lincoln Road, ldaho Falls. ID 83401. (208) 
525-7290; Salmon Region. 1214 Hwy 93 N.. P.O. Box 1336. 
Salmon. ID 83467, (208) 756-2271. Also available is a homepage 
on the World Wide Web at 
htipYhyww.state.id.us/fishgamelftshgame.html. 

http:jellison@dfg.ca.gov
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Table A-14. Sources for data on fish species distributions. 

Data Data 
coverage form Source -
Oregon Data 	 Oregon Rivers Information System (0RIS)--Northwest 

Environmental Database. Coordinator: Brent 0. Forsberg: email to 
forsberg@dfw.or.gov. ORlS can be accessed on-line on the World 
Wtde Web through the ODFW homepage at 
http:llwww.dfw.state.or.us). 

The Oregon Rivers Information System is a comprehensive 
collection of data on the rivers in the State of Oregon. The data is 
part of a four-State collection effort by the Bonneville Power 
Administration called the Northwest Environmental Database. 
These other States include Washington, Idaho, and Montana. The 
search program allows the user to view data on the following 
Oregon river resourws: anadromous fish, resident fish, wildlife, 
natural features, recreation, cultural features, institutional 
constraints, and other associated resources. The user will be 
presented with a series of menus allowing searches by a specific 
river, a drainage basin, or a county of interest: a specifrc resource 
type in any drainage basin or county; a spec& township and 
range for resources; and a specific river reach by Environmental 
Protection Agency reach number. By selecting one of the on-line 

' 
options, you may read the Operation Manuat down load the 
search program and data files; or use the ORIS program to 
search data on-line. 

Data 	 'Oregon Department of Fish and Wildlife (ODFW), Oregon Species 
lnformation Database. ODFW, Northwest Region. Corvallis, OR, 
(541) 757-4186. Contact: Wanda McKenzie. 

'Data is known to exist, but a specific source for the data is not 
known, the availability is not known, or the content of the data is 
not known. 

Data 	 Oregon State University Museum of Ichthyology. Co~aliis, OR. 
Contact Dr. Doug Matide, (541) 737-1970.' 

http:forsberg@dfw.or.gov
http:llwww.dfw.state.or.us)


Appendix - Information Sources 

Table A-15. Sources for data on threatened and endangered species (fish and other biota). 

Data Data 
coverage form 

. . source 

Regional Lists U.S. Department of the Interior, Fish and Wildlife Service. Portland, 
OR (503) 231-6118. NVS also maintains a homepage on the 
World Wlde Web with a sub-directory for lists of endangered 
species in Region I (indudes Pacific Northwest) a t  
hnp:lhvww.fws.govlstaU.rl .html. 

i 
Lists are maintained by the FWS; they include endangered and 
thmatened species under FWS jurisdiction, and species listed 
(added) under a memorandum of understanding behveen FWS 
the U.S. Department of Commerce, National Oceanic and 
Atmospheric Adminisfration (NOAAJ, National Marine Fisheries 
Service (NMFS). : 

Species or stocks under the sole jurisdiction of NMFS are not 
listed. For freshwater habitats in the PaMc Northwest, those 
species/stocks are Sacramento R. winter run chinook salmon; 
Snake R. spring/summer tun chinook salmon: Snake R. fall N n  
chinook salmon; Snake R.. (ID, stock) sockeye salmon; Shortnose 
sturgeon (Acipenser bTevimSt~m). 

State 
California Lists 	 California Department of Fish and Game, Natural Diversity Data 

Base (NDDB). The NDDB can be accessed through the World 
Wlde Web at http:/1spock.dfg.ca.gov1Endangered1endangered.html, 
and B provides lists of endangered and threatened species. 

The NDDB is constantly being updated and expanded. All 
locational data entered into the NDDB are based on actual field 
sightings. There is an on-line disclaimer 7 h e  absence of a listed 
species from the county accounts does not necessarily mean it is 
absent from the county, only that no occumnce data are cumntly 
entered into the NDDB. Data hum the Data Base does not 
constitute an official response hum a State agency, will not in 
itself meet the requirements of the California Environmental 
Quality Act and does not replace Me need for conducting field 
work." There are several categories of endangefed species. Both 
Federal and State categories are defined and listed. 

Idaho Info 	 ldaho Department of Fish and Game. Headquarters. 600 S. 
Walnut. P.O. Box 25. Boise. ID 83707. (208) 334-3700; Panhandle 
Region. 2750 Kathleen Avenue. Coeur d'Alene. ID 83814. (208) 
769-1414; Cleatwater Region. 1540 Warner Avenue. Lewiston. ID 
83501. (208) 799-5010; Southwest Region, 3101 S. Powerline 
Road. Nampa. ID 83686. (208) 465-8465 (fmm Boise call 
887-6729); McCall, 555 Deinhard Lane. McCall. ID 83638. (208) 
634-8137: Magic Valley Region. 868 East Main Street, P.O. Box 
428, Jerome. ID 83338, (208) 324-4350; Southeast Region. 1345 
Barton Road. Pocatello. ID 83204. (208) 232-4703; Upper Snake 
Region. 1515 Lincoln Road. ldaho Falls, ID 83401. (208) 
525-7290; Salmon Region, 1214 Hwy 93 N.. P.O. Box 1336. 
Salmon. ID 83467. (208) 756-2271. Also has a homepsge on the 
World hide Web at http:llwww.state.id.us/fishgame/fishgame.html. 

http:/1spock.dfg.ca.gov1Endangered1endangered.html
http:llwww.state.id.us/fishgame/fishgame.html
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Table A-15. Sources for data on threatened and endangered species (fish and other biota). 

Data Data -

coverage form Source 


Info 	 Idaho Department of Water Resources. ' ~ a i n  office: 1301 North 
Orchard Road, Boise. ID. (208) 327-7900. FAX (208) 327-7866. 
IDWR has four full-sewice regional oftices to assist with all of 
water and adjudication matters. For, contact the regional office In 
your area. Northern Region: 1910 Northwest Blvd.. Suite 210. 
Coeur d'Alene. ID 83814-2615, (208) 769-1450. FAX (206) 
769-1454: Westem Region: 2735 Airport Way, Boise. ID 
83705-5082. (208) 334-2190. FAX (208) 334-2348: Southern 
Region: 2.22 Shoshone St. East. Twin Falls. ID 83301-6105, (208) 
736-3033. FAX (208) 736-3037: and Eastern Region: 900 North 
Skyline Drive, ldaho Falls. ID 83402-6105, (208) 525-7161, FAX 
(208) 525-7177. Also. IDWR can be accessed via the World Wide 
Web at http:l~.state. id.us/idwr/idw~e.html.  

The ldaho Department of Water Resources (IDWRJ is responsible 
for the administration and allocation of water rights and permit 
and licensing systems to control beneficial use of ldaho waters. 
IDWR is also concerned with conservation and development of 
waters through planning, and can provide information regarding 
endangered species, minimum streamflows, river How information, 
floodplain management, stream channel alteration permits, etc. 

Oregon Info 	 Oregon Department of Fish and W~ldlife (ODNV). 2501 SW First 
Ave., P.O. Box 59: Portland, OR 97207. General Phone Number: 
(503) 229-5406; General Information: (503) 229-5222; Habitat 
Conservation Division: (503) 229-6967; W ~ l d l i i  Division: (503) 
229-5454. ODFW Regional Offices: Northwest Region. Corvallis. 
(541) 757-4186: Southwest Region. Roseburg. (541) 440-3353: 
Central Region. Bend. (503) 388-6363; Northeast Region. 
LaGrande, (541) 963-2138; Southeast Region. Ontario. (541) 
573-6582: Marine Region. Newport (541) 867-4741: Columbia 
Region, Clackamas, (503) 657-2000. ODFW can be accessed 
through the World Wide Web at http://www.dfw.state.or.us. The 
Executive Summary of the Biennlal Report on the Status of Wild 
Fish in Oregon is available and can be downloaded from this 
source. 

This summary provides an overview of selected anadromous and 
game fish species of concern and their locations, as well as a 
table of Oregon endangered, threatened, and sensitive nongame 
fishes. The executive summary addressed the status of selected 
species while the full report includes Information on all wild 
freshwater and estuarine fish species in Oregon. Most of the 
information in the report comes from ODFWfiIes, particularly 
annual reports filed by ODFW district biologists or from State 
research projects. For more information about this report contact 
Kathryn Kostow at ODFW; email to kostowk@dfw.or.gov. 

http:l~.state.id.us/idwr/idw~e.html
http://www.dfw.state.or.us
http:kostowk@dfw.or.gov
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A.3 Laws and Regulations 
By means of laws and regulations, cooperative 

leadership and funding are provided to States and 
local landowners to accomplish stated goals of the 
laws and their programs. These laws, regulations. 
and programs, in Nm,need scientific information to 
accomplish their objectives. Moreover, many of the 
laws incorporate clauses that emphasize the 
importance of citizens and recognize that 
environments diverse and safe for other living things 
provide healthy physical and economic environments 
for people. 

Four sets of rules need to be examined to 
understand the effecf of laws and regulations on 
salmonid habitat: the U.S. Code (which include the 
public laws and,the statutes), Federal regulations 
(pursuant to the USC, laws, and statutes), state 
codes (statues), and state regulations. 

Federal legislation is developed when Congress 
passes bills; after signing by the President (or the 
override of a veto), the bill becomes law. First 
published in "slip" form (usually saddle-stapled 
sheets), it is called a Public Law and is given a 
number that designates the session of Congress and 
then the sequential order in which the bill was signed 
into law. Statures Ar Large are bound collections of 
Public Laws ordered sequentially; the U.S. Code 
(USC) integrates laws and their amendments with 
related laws by subject into bound volumes (called 
titles) that are periodically updated. Unfonunately, 
the sections of each particular law are numbered 
differently from one form to the next; also, all 
public laws do not ultimately become published in 
the USC. Laws transfer power ("authorize') and 
they designate levels of funding ("appropriate"); 
often one law authorizes cenain action and suggests 
a level of suppon while another law actually 
appropriates funds-the mot cause of so-called 
"unfunded mandates." Laws may be adjudicated in 
civil or criminal couns. 

Federal regulations originate in the Executive 
branch as a response by the department or agency 
authorized to implement a particular public law; 
these regulations are usually published first in the 
Federal Register for public comment. Regulations 
are revised, republished as final, and ultimately 
codified-collected, bound, and published-in the 
Code of Federal Regularions (CFR). Regulations 
make laws operative, they have the force of law, and 
their purposes are administrative or related to 
enforcement. In addition to civil and criminal couns, 
regulations may also be adjudicated in the Federal 
administrative coun system. 

Forms and function of State laws and regulations 
follow those of the Federal government: State laws 
originate in legislatures and are collected into books 
of statutes; regulations are then promulgated by State 

executive agencies to implement the laws. Access to 
the law largely depends on understanding its 
srmcrure, purpose, and function. 

In many ways, laws and regulations prescribe 
ideals. Couns, however, play a pivotal role in 
applying law to actual situations: coun cases and 
decisions shape the interpretation and direct the 
meaning a law assumes over time. Regardless of 
legislative intent and executive management goals, 
law can come to mean what the courts say it means, 
a result of selected information, situational evidence, 
savvy argument, and persuasion. These meanings are 
socially derived, and they have come to be one 
documented expression of social values tied to a 
panicular time and place. Unlike the law, coun 
cases clarify how people will act (not how they 
should act) with respect to property, land. other 
people, other species, and so on. As a result, an 
accurate analysis of how law and regulations effect 
salmon habitat must ultimately review decisions of 
the civil, criminal, and administtative couns of both 
State and Federal systems. 

This section lists and describes briefly Federal 
and State laws related to salmon habitat restoration 
both implicitly and explicitly. References to 
regulations have been collected only when they were 
encountered; further research and analysis in this 
literature would yield prescribed practices. Finally, 
coun case literature would yield information on 
whether practices in laws and regulations were 
accepted and applied or were challenged and 
changed. We do nor review case law herein. 

A.3.1 Federal Laws 
The pre-eminent Federal laws used to protect 

salmonids and their habitats include the Endangered 
Species Act (ESA), the Clean Water Act (CWA), the 
National Environmental Policy Act (NEPA), and the 
Food Securities Act (FSA). ESA was created to 
conserve the ecosystems upon which threatened and 
endangered species depend and to provide a program 
to conserve listed species and their ecosystems. 
Various sections of ESA obligate Federal agencies to 
minimize putting listed species in further jeopardy, 
and it outlines permit conditions including take. 
CWA is intended to restore and maintain the 
chemical, physical, and biological integrity of the 
Nation's waters by eliminating the discharge of 
pollutants into waters and by attaining water quality 
suitable for fish and wildlife. EPA has developed 
guidelines that decree protection from discharges 
from agriculture, forestry, mining, constmcrion and 
hydrologic modifications. NEPA has a policy section 
that identifies the rights and responsibilities of each 
person to enjoy, preserve, and enhance the 
environment. The Federal government is responsible 
for coordinating Federal programs to help people 
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preserve a diverse environment and act as tmstees 
for future generations. FSA provides incentives for 
farmers and ranchen to conserve riparian areas and 
wetlands in order to continue receiving Federal 
subsidies. Each of these four laws is discussed in 
greater detail in Pan I. Chapter 9 of this document. 

Other Federal laws explicitly extended to private 
landowners include the Forest Stewardship Act (PL 
102-574, 16 USC 1600 et seq.), which amends the 
Federal Forest and Rangeland Renewable Resources 
Planning Act (PL 102-574. 16 USC 2101). and the 
Coastal Zone Management Program (CZMP). The 
Forest Stewydship Act allows local foresters to 
develop a programfor management of nonfederal 
lands, and the CZMP was developed to protect 
beneficib public uses including biological resources 
and water quality, but it does not apply to streams 
with flow less than 20 cfs. Three other relevant 
Federal programs are the Conservation and Wetland 
Reserve Programs, which compensate farmers who 
protect sensitive lands by removing them from 
production, and the Surface Mining Control and 
Reclamation Act (PL 98-409). which regulates open 
pit mining. 

A.3.2 State Laws 
Numerous State laws and programs have been 

enacted that directly or indirectly relate to the 
protection of salmonids (and other fishes) and their 
habitats or other beneficial uses of streams and 
rivers. The following section briefly describes laws 
and regulations related to general land use, forestry, 
agriculture and pesticides, range, mining, water 
quality, instream flows, and channel alteration. 

California 
The sources for most of our legal information for 

California was West's Annotated Califomia Codes 
(WACC). 

General Land Use. One of the most far 
reaching laws is the California Coastal Act (CCA, 
Public Resources Sections 30,000-31.405). which 
creates state-local partnerships for comprehensive 
land-use planning. The CCA requires protection of 
public access to the shore, conservation of 
environmentally sensitive habitats, and preservation 
of scenic beauty. through development restrictions. 

Forestry. Forest Practices in California are 
mandated by the 2-Berg-Nejedly Forest Practices 
Act (1973). California's Forest Practice Rules (Title 
14, Subchapters 4-6, California Code of 
Regulations) covers silvicultural methods (Article 3). 
harvest practices and erosion control (Article 4). site 
preparation (Article 5). water course and lake 
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protection (including riparian protection zones; 
Anicle 6), and roads (including water crossings; 
Article 12). 

Agriculture. Pesticide-uses are restricted by 
Food and Agriculture Sections 12971-12979, while 
pesticide monitoring is covered in Section 13148. 
Screens at diversions are also required (Fish & 
Game 5900-6028). 

Mining. Permits are required for suction 
dredging (Fish and Game Section 5653). placer 
mining requires pollution controls (Public Resources 
Section 2555). and protection and reclamation of 
mined land is ensured (Public Resources Section 
2710). 

Endangered Species. State endangered and 
threatened species are protected (Public Resources 
Code Section 2050) and public funds (separate from 
fish and game or nongame funds) are authorized for 
native species conservation and enhancement (Fish 
and Game Section 1750). -

Water Quality. Water quality laws are outlined 
in two areas. Fish and Game Section 5650 makes it 
"unlawful to deposit in, permit m pass into, or place 
where it can enter waters, any material deletenous to 
fish, plant, or bird life." The Water Quality Control 
Act (Water Section 13,000 et seq.) authorizes 
standards for point and diffuse pollution, combines 
quality and quantiry issues, requlres permits for 
dischargers, including dredging and filling (Section 
13,376). Unpermitted discharges are subject to civil 
penalties (Section 13,385). while intentional or 
negligent violations are subject to criminal penalties 
(Section 13,387). Section 13,050 defines a waste as 
any waste substance associated with human 
habitation or of human or animal origin. Pollution 
includes wastes that unreasonably affect beneficial 
uses, while beneficial uses include recreation, 
esthetic enjoyment, and preservation or enhancement 
of fish, wildlife, or other aquatic resources. Th~s  Act 
is available on the internet: 
http://agency.resource.ca.gov/wetlands 

/permitting/tbl-cnmtsjoner.hunl. 


lnstream Flows. California Fish and Game 
sets rmnimum flows to assure continued viability of 
stream fish and wildlife (Public Resources Code 
Section 10001). 

Channel Alterations. Devices that prevent or 
impede fish passage, or tend to do so, are prohibited 
(Fish and Game Sections 5901 and 12015). 
Additional protections against channelization and 
other disturbances of the bed, bank, and channel are 
covered in Public Resources Code Section 1600 et 
seq. 

http://agency.resource.ca.gov/wetlands
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ldaho 
Relevant laws for ldaho were gleaned from the 

Idaho Code. 

Forest Practices. Rules and regulations 
pertaining to the Idaho Forest Practices Act, Title 
38, Chapter 13, Idaho Code are given in Idaho 
Administrative Rules IDAPA 20.15 -- Depanment of 

' State Lands. Rule 2 includes general rules. Rule 3 
regulates timber harvest activities, including those in 
riparian areas. Rule 4 prescribes restrictions for 
stream crossings. If stream beneficial uses are not 
fully protected and the activity is deemed a 
substantial threat, the activity can be halted (Section 
38-1314). 

Agriculture. Pesticide restrictions are outlined 
in Section 22-3420. Fish screens are required on 
irrigation diversions (Section 36-906). 

Mining. Surface mining is regulated under the 
Idaho Surface Mining Act (Title 47, Chapter 15, 
Idaho Code). The purpose of the Act is to protect 
the public health, safety, and welfare by requiring 
reclamation of all lands disturbed by mineral 
exploration and surface mining operations (Section 
47-1501). It requires the operator to, among other 
things, provide maps and diagrams of the mining site 
identifying access and haul roads. nearby creeks or 
other water bodies, mining pis. mineral stockpiles, 
and tailings, as wdl as to develop a reclamation plan 
(Section 47-1506). Dredge and placer mining must 
also be conducted in a manner hat protects stream 
and watercourses for the enjoyment , use. and 
benefit of all people (Section 47-1312) 

Water P o / / u ~ ~ o ~ .  Existing instream beneficial 
uses of each water body and the level of water 
quality necessary to protect those uses must be 
maintained and protected (Section 39-3601 to 3603). 
Water pollution is defined as alteration of the 
physical. thermal, chemical, or biological properties 
of State waters that will (or is likely to) render 
waters detrimental to recreational and esthetic uses 
or to fish or aquatic life (Section 39-103). The State 
has the authority to enter private propeny to conduct 
monitoring. 

ln~tream Flows. Minimum flow is considered 
a beneficial use to protect fish, wildlife habitat, 
aquatic life, water quality. esthetics, or recreation. 
Minimum flows are h e  amounts of water needed to 
protect such uses (Section 42-1501). 

Channel Alterations. No person may 
construct or maintain a dam or other obstruction 
without installing a proper fishway (Section 36-906). 
Fish screens are required on all canals and conduits 
(Section 36-906). Unpermitted channel alterations are 
prohibited (Section 42-3801-3813) and they are also 
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restricted by the general nuisance law (Section 52- 
101-111). 

Oregon 
Laws and regulations for Oregon were taken 

from the Oregon Revised Statutes (ORS), the Oregon 
Administrative Rules (OAR), and Butterwonh's 
Oregon Revised Statutes Annotated. 

General Land Use. All land in Oregon is 
wned by counties to meet land use criteria set by the 
Land Conservation and Development Commission. 
Zoning is designed to protect forest and agricul~ral  
land from residential developments and the Oregon 
coast from recreational home developments that 
preclude easy public access to the State's beaches 
and estuaries. OAR 603-70 and 72 grant funds to 
surface water, flood, and municipal districts for 
erosion control, water conservation, water quality 
enhancement, stream bank stabilization. and riparian 
m a n a g e m  projects. Substantial damage to wildlife, 
flora, aquatic or marine life, or habitat is considered 
an environmental crime (ORS 468.920). 

Forestry. Oregon's Forest Practices Act (44 
ORS 527-610-770) mandates protection of fishery 
resources during forestry activities. Rules for 
channel alterations, riparian conditions, chemical 
application, harvest, road consauction and 
maintenance. and forested wetlands are described in 
OAR 629. OAR 629-57-2000-2660 specifically 
address water protection. The Board of Forestry 
directed that monitoring of water quality and fish 
habitat receive high priority and adequate funding 
(OAR 629-57-2005). Forest practices rules require 
rhat stream crossing SINCNRS provide passage for 
adult and juvenile fish, both up- and downstream 
(OAR 629-24-522). 

A g r i ~ ~ l t ~ r e .Pesticide restrictions are outlined 
in OAR 603-57. Basins designated as total maximum 
daily load (TMDL) waters are subject to water 
quality management plans (ORS 568.900-.933). 
These plans are designed to prevent and control 
water pollution from agriculture by restricting land 
clearing and cropping practices. Confined animal 
operations are regulated under OAR 340-51, which 
prohibits animai wastes from waters without a permit 
and requires manure to be collected. stored. and 
distributed so as to prevent pollution. Civil penalties 
are assessed for failure to submit plans, violation of 
permit compliance schedules, failure to provide 
access, placing wastes where thcy are likely to enter 
waters, unpermitted discharges, water pollution, 
standards violations, or use impairment. OAR 603- 
90 protects water uses required by State and Federal 
law. Adversely affected water uses are listed, the 
necessary pollution control measures are described, 
and a strategy and schedule for implementation are 
developed. Violations are the same as for confined 
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animal operations and each day's violation is 
considered a separate offense. Fish screens are 
covered in 41 ORS 498.705-750. 

Rangelands. This regulation is designed to 
restore properly functioning ecosystems and 
ecosystem processes on State lands by maintaining. 
restoring, or enhancing water quality and rangeland 
health (OAR 141-110). Health is defined as soil 
integrity and sustainable ecological processes. 
Rangelands'vulnerable to adverse transitions are to 
be monitored. 

Mining. A permit is required for chemical 
process mining (OAR 690-78). It must depict the 
duration, location, diversions, and measures to avoid 
damaging aquatic life or public water uses. 

Water Quality. ORS 468B defines pollution as 
the alteration of physical, chemical, or biological 
properties of waters, including temperature and 
turbidity that renders such waters detrimental to fish, 
aquatic life, or their habitat. It also prohibits 
pollution, placing wastes where they are likely to be 
carried to waters. and discharge of wastes if they 
reduce water quality standards. Water quality 
violations include causing major harm or risk to the 
environment and failure to provide access when 
required (OAR 340-12-055). Detrimental change in 
biological communities is prohibited (OAR 340-41- 
027). Miscellaneous provisions on water rights, uses, 
and protection are treated in 45 ORS 541.605.990, 
chapter 54 1. 

lnstream Flows. OAR 340-56 allows the 
Department of Environmental Quality (DEQ) to 
apply for instream water rights for pollution 
abatement, while OAR 690-77 allows DEQ, the 
Department of Fish and Wildlife, and the Parks 
Department to obtain instream rights for aquatic life. 
recreation, wildlife, ecological values, and pollution 
abatement. Water control structures and water 
diversions are not required to obtain these rights. 

Channel Alterations. Removal and fill for all 
waters and wetlands of the State requires a permit 
and plan (OAR 141-85). The plan must describe the 
public value of the project, its duration, hydrological 
and fish impacts, and potential effects on rare. 
threatened or endangered species. Wetland fill and 
removal requires mitigation that exceeds or equals 
the value of the wetland. 

Washington 
Laws for this State are summarized primarily 

from West's Revised Code of Washingron, Annorared. 
General Land Use. The State Growth 

Management Act (WAC 365-195) requires counties 
with human populations of 50,OM) or more to 
develop plans for urban growth following standards. 
Urban growth areas can also be designated in rural 
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areas. The Shoreline Management Act (90.58 RCW) 
protects State over local interests, long- versus short- 
term issues, shoreline ecology, increased public 
access, and recreational values through land-use 
planning. 

Forestry. Timber harvesting regulations. 
including riparian protections, are derailed in WAC 
222-30. WAC 222-24 describes requirements for 
road construction and maintenance, including stream 
crossings (WAC-24-040). Use of forest chemicals is 
covered in WAC 222-38. Sections 76.42.030 RCW 
and 76.42.060 RCW, respectively. authorize wood 
debris removal and prohibit its deposition in 
channels. A program to reduce hazards from mass 
eanh movements by identifying sensitive sites and 
restricting uses is described in 76.09.300-320 RCW. 
The Department of Ecology can modify forest 
practice regulations (90.48.420 RCW) that result in 
pollution. The Departments of Forestry and Ecology 
have right of entry at any reasonable time 
(76.09.150, 160 RCW). 

Agriculture. Pesticide uses and users are 
restricted (15.58 RCW). The Depanment of Ecology 
can issue pollution violation notices for agricultural 
activities (90.48.450 RCW). 

Mining. Section 78.56 RCW requires an 
environmental impact statement before mining. The 
Departments of Ecology and Fish and Wildlife 
incorporate mitigation measures in the permit to 
reduce impacts on fish and wildlife. Mine and mill 
tailings and effluents must be reduced by 
stabilization, removal, or reuse. Quarterly 
inspections are required and citizen reviews and suits 
are allowed. Aggregate mining is covered under 
WAC-220-1 10-130. 

Water Quality. The State Water Protection ~ c t  
(WAC 173-20) requires that beneficial uses of water 
be maintained and allows no further degradation of 
these uses. Pollution is defined as alteration of the 
physical, chemical, or biological environment. 
including temperature, ~ rb id i ty  or any substance 
likely to be detrimental to fish and aquatic life 
(90.48.020 RCW). Pollution is unlawful (90.48.080 
RCW), including that from fish hatcheries 
(90.48.210 RCW), and entry rights are provided 
(90.48.090 RCW). A coastal protection fund is 
authorized (90.48.390-400 RCW). 

lnstream Flows. The Department of Ecology 
may establish minimum flows to protect fish. 
esthetics, recreation, and water quality (90.22.010 
RCW). Water flows are also covered in 75.20.50 
RCW. 

Channel Alterations. The Hydraulics Code 
provides guidelines for bank protection (WAC 220- 
110-050). dredging (WAC 220-110-130), treatment 
of large woody material (WAC 220-1 10-150). and 
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culvert installation (WAC-220-110-070). Channel 
obstructions are prohibited on waters that are 
boatable or that can float logs or posts (88.28.050 
RCW) and fishways are required around dams or 
obstructions (72.20.060 RCW). Section 86.16 RCW 
regulates construction and operations in floodplains 
that adversely influence flow regimes or health and 
property. Practices on aquatic lands must preserve 
and enhance water dependent uses, giving nonwater 
dependent uses low priority (79.90.450-545 RCW). 
Wildlife habitat and spawning values must be 
considered before leasing. 

A.4 Federal and State Government 

Offices 


Below are qddresses, phone numbers, FAX 
numbers, and internet addresses for Federal and 
State Agencies that may be able to provide assistance 
or data related to conservation planning. Because 
electronic information changes frequently, access to 
the World Wide Web (URLs), email addresses, and 
telephone area codes with numbers below may have 
changed. 

A.4.1 Federal Oftices 
U.S. Department of Agriculture. -Forest Service, 316 E. Myrtle, Boise. ID 83702. 
(208) 364-4340. 

-Forest Service, 630 Sansome 3..San Francisco. 
CA 94111 (415) 556-8551. 

-Forest Service, 319 SW Pine. Portland. OR 97208 
(503) 221-3418. 

-- Namral Resources Conservation Service, National 
Cartography and Geospatial Center. M1Felix St.. Bldg. 
23 (P.O. Mail 6567), Fort Worth. TX 76115, (800) 
672-5559. 

-Natural Resources Conservation Service. National 
Soil Survey Center, Soil Survey Laboratory. Federal 
Building, ~ o b m  152, MS 41. 100 Centennial Mall Nonh, 
Lincoln, NE 68508-3866. (402) 437-5363. 

-Natural Resources Conservation Service, 101 SW 
Main Suire 1300. Portland. OR 97204 (503) 414-3094. 

---National Resource Conservation Service 
(California). 2121-C Second Street. Suite 102. Davis. CA 
95616 (916) 757-8262 

---Natural Resources Conservation Service, Resources 
Inventory and Geographic Information Systems Division. 
P.O. Box 2890. Washington. D.C. 20013. (202) 
7204530. 

Information Sources 

U.S. Department of Commerce. 
-National Marine Fisheries Service. 3773 Martin 

Way E., Building C. Olympia, WA. 98501, (360) 534- 

9330. 


-National Marine Fisheries Service. 525 NE Oregon 

St., Portland. OR 97232-2.737. (503) 230-5400. 


-National Marine Fisheries Service NW Regional 

Office, 7600 Sand Point Way, N.E.BIN C15700, Bldg. 1, 

Seaale. WA 981156070, (206) 526-6150. 


--National Marine Fisheries Service. Boise Field 

Office, 1387 S. Vinnel Way. Ste 377, Boise. Idaho. 

83709. (208) 378-5696. 


--National Marine Fisheries Service, SW Region, 

501 West Ocean Blvd.. Ste 4200. Long Beach, CA 

908024213, (310) 980-4001 


---National Marine Fisheries Service, Santa Rosa Field 

Office. 777 Sonoma Ave.. Rm 325. Santa Rosa. CA 

95404-6515. (707) 575-6050 


U.S. Department of the Interior. 

----Bureau of Land Management, 825 N. E. 

Mulmomah. Portland. OR 97208. (503) 952-6002 (OR & 

WA). 


-Bureau of Land Management. 316 E. Myrtle. Boise. 

W 83702. (208) 3644340. 


-Bureau of Land Management, Federal Office 

Building Room E-2841.2800 Cottage Way. Sacramento. 

CA 95825, (916) 4844676. 


----Fish and Wildlife Service. 500 NE Mulmomah Suite 

1692. Portland. OR 97232, (503) 231-6118 (CA, ID, OR+ 

WA). 


-Fish and Wildlife Service, Klamath River Office 

(California), 1215 S Main. Suite 212, Yreka. CA 

96097-1006, (916) 842-5763. 


-Fish and Wildlife Service. Coastal Office 

(California), 1125 16th St.. Rwm 209, Arcata, CA 

95521-7201. (707) 822-7201. 


--Fish and Wildlife Service. Idaho Stare Oftice, 4696 

Overland Rd., Room 576. Boise. ID 83705. (208) 

334-1931. 


--Fish and Wildlife Service, Oregon State Office. 

2600 SE 98th Ave.. Suite 100. Portland. OR 97266. (503) 

231-6179. 


-Fish and Wildlife Service, HCP-Forest Resources 

(Oregon). 333 SW 1st Ave.. Portland. OR 97208-3623, 

(503) 326-6218. 
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-Fish and Wildlife Service, Consultation & 
Conservation Planning (Oregon). 91 1 NE I lth Ave, 

Portland, OR 97232-4 181. (503) 231-6241.. 


-Fish and Wildlife Service, HCP Program. 3704 
Griffin Lane. Suite 102. Olympia. WA 98501. (360) 

753-4474. 


---Fish and Wildlife Service. Upper Columbia River. 
11103 E. Montgomery Dr., Suite 2. Spokane, WA 99206. 
(509) 891-6839. 

-- Geological Survey, EROS Data Center (EDC). 
Sioux Falls, SD 57198. (605) 594-6151 (Aerial 
Ph0togrdphs)l and EOSAT. Landsat Customer Service c/o 
EROS Data Center (EDC), Sioux Falls, SD 57198, (605) 
594-229) (Landsat Data). 

-- Geological Survey. Geological Inquiries Group 
(GIG), 907 National Center, Reston, VA 22092, (703) 
648-4383. 

-- Geological Survey, Map Distribution Section 
RUIDS). Map Sales, Federal Center. Box 25286. Denver. 
CO 80225. (303) 236-7477. 

-- Geological Survey, National Cartographic 
Information Center (NCIC).Western Mapping Center, 345 
Middlefield Road. Menlo Park. CA 94025. (415) 328- 
4309. 

-Geological Survey. Photographic Library (LIB-P). 
Mail Stop 914. Building 20. Box 25046, Federal Center. 

Denver. CO 80225. (303) 236-1010. 


---Geological Survey. Public Inquiries Office (PIO), 
Building 3. Room 3128, Mail Stop 522. 345 Middlefield 
Road. Menlo Park. CA 94025. (415) 329-4390. 

-Geological Survey. National Camgraphic 
Information Center (NCIC) California State Affiliate: Map 
and Imagery Laboratory Library. Universiry of californil. 
Santa Barbara. CA 93106, (805) 961-2779. 

-- Geological Survey. National Camgraphic 
Information Center (NCIC) Idaho State Affiliate: Idaho 
State Historical Library. 610 N. Julia Davis Dr., Boise, 
ID 83702. (208) 334-3356. 

-- Geological Survey. National Cartographic 
Information Center (NCIC) Oregon State Affiliate: Oregon 
State Library, Public Services, Salem, OR 97310 (503) 
378-4368. 

-Geological Survey. National Cartographic 
Information Center (NCIC) Washington State Affiliate: 
Washington State Library, information Services Division. 
Olympia. WA 98504. (206) 753-4027. 

-Geological Survey. Water Resources Division 
District Office (California). Federal Building, Room W- 
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2235. 2800 Coaage Way. Sacramento, CA 95825. (916) 

978-4633. 


-Geological Survey, Water Resources Division 
District Office (Idaho). 230 Collins Road. Boise. ID 

83702, (208) 334-1750. 


-Geological Survey. Water Resources Division 
District Office (Oregon), 847 NE 19th Avenue, Suite 300, 
Ponland. OR 97232. (503) 231-2009. 

-Geological Survey. Water Resources Division 

District Office (Washington), 1201 Pacific Avenue, Suite 

600. Tacoma, WA 98402, (206) 593-6510. 

U.S.Environmental Protection Agency. -Region IX.75 Hawthorne St., San Francisco. CA 
(415) 744-1305. 

-Region X, 1200 Sixth Ave., Seattle, WA 98101. 
(206) 553-1200. 

-Idaho Office, 1435 N. Orchard St.. Boise, ID 83706 
(208) 378-5746. 

-Oregon'Office. 811 SW Sixth Ave, Ponland. OR 
97204 (503) 326 3250. 

-Washington Office. 300 Desmond Dr. SE. Lacey. 
WA (360) 753-9437. 

A.4.2 State Offices 
Califomia 
Califomia Department of Fish and Game. -Headquarters. 1416 Ninth St. Sacramento. CA 
95814, (916) 653-7664. For funher information about the 
Geographic Information System contact: John Ellison. 
1730 I Street. Suite 100 Sacramento, CA 95814. (916) 
323-1477, email to jellison@dfg.ca.gov. 

-Region 1. Nonhern California-Nonh Coast, 60 1 
Locust St.. Redding, CA 96001. (916) 225-2300. 

-Region 2, Sacramento Valley-Central Sierra. 1701 
Nimbus Dr.. Rancho Cordova. CA 95670. (916) 358- 
2900. 

-Region 3. Central Coast. P.O. Box 47, Yountville, 
CA 94599, (707) 944-5500 

-Region 4, San Joaquin Valley-Southern Sierra, 1234 
Shaw Ave.. Fresno. CA 93710. (209) 222-3761. 

-Region 5, Southern California-Eastern Sierra. 330 
Golden Shore. Suite 50. Long Beach, CA 90802, (310) 
590-5132. 

Califomia Department of Forestry. 
----Administrative Unu. 1416 Ninth St.. Sacramento. 
CA 94244-2460, (916) 653-5121, 

http:jellison@dfg.ca.gov
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-Coast-Cascade Region. 135 Ridgway Ave, Santa 
Rosa. CA 95402. (707) 576-2275. 

-- Sierra-South Region. I234 East Shaw Ave.. Fresno. 
CA 93710, (209) 222-3714. . 

California Department of Water Resources. 
-Headquarters. P.O. Box 942836, Sacramento, CA 
942364001; or 1020-9th Street. Sacramento. CA 95814; 
Division Chief (916) 327-1646. 

-- Division of Local Assistance, Nonhern District. 
2440 Main Street. Red Bluff. CA 96080-2398; District 
Chief (916) 529-7342. 

-Division of Local Assistance. Central District 3251 
S Street. Sacramento, CA 95816-7017; District Chief 
(916) 445-5631, 

Califomia Regional Water Quality Control 

Board.
-North Coast Region (1). 5550 Skyline Blvd.. Suite 
A. Santa Rosa. CA 95403, (707) 576-2220. FAX (707) 

5236135. 


-- San Francisco Bay Region (2). 2102 Webster St.. 
Suite 500. Oakland, CA 94612. (510) 286-1255. FAX 
(510) 286-1380. 

-- Central Coast Region (3). 81 Higuera St., Suite 
200, San Luis Obispo, CA 93401-5427. (805) 549-3147. 
FAX (805) 5434397. 

---Central Valley Region (SS), 3443 Routier Rd.. Suite 
A. Sacramento. CA 95827-3098. (916) 255-3000. FAX 
(916) 255-3015. 

-- Central Valley Region (5F). 3614 East Ashlan Ave.. 
Fresno. CA 93726. (209) 445-5116, FAX (209) 445-5910. 

---Central Valley Region-Redding Office (5R). 415 
Knollcrest Dr.. Redding. CA 96002. (916) 224-4845. 
FAX (916) 224-4857. 

-- Lahontan Region (6SLT). 2092 South Lake Tahoe 
Blvd.. Suite 2, South Lake, Tahoe, CA 96150. (916) 542- 
5400, FAX (916) 544-2271. 

ldaho 

ldaho Department of Fish and Game. 
-- Headquarters. 600 S. Walnut. P.O. Box 25, Boise, 
ID 83707. (208) 334-3700. 

-Panhandle Region. 2750 Kathleen Avenue. Coeur 
d'Alene. ID 83814. (208) 769-1414. 

-Clearwater Region. 1540 Warner Avenue. 
Lewiston. ID 83501. (208) 799-5010. 

Information Sources 

-Southwest Region. 3101 S. Powerline Road. 
Nampa. ID 83686. (208) 465-8465 (from Boise call 

887-6729). 


-McCall Region, 555 ~einhard 'hne .  McCall. ID 

83638. (208) 634-8137. 


-Magic Valley Region. 868 East Main Street. P.O. 

Box 428, Jerome. ID 83338. (208) 324-4350. 


Southeast Region. 1345 Barton Road, Pocatello, ID 

83204, (208) 232-4703. 


Upper Snake Region. 1515 Lincoln Road, Idaho 

Falls, rn 83401. (208) 525-7290. 


-Salmon Region. 1214 Hwy 93 N., P.O.Box 1336, 

Salmon, ID 83467. (208) 756-2271. 


ldaho Department of Lands. -- Coeur d'Alene Staff Headquaners, 701 River Ave., 
P.O. Box 670. Coeur d'Alene, ID 83816, (208) 769-1525. 

-Priest Lake Area Office. Cavanaugh Bay #132, 

Coolin ID 83821. (208) 443-2516. 


-Pend Preille Lake Area Office, P.O. Box 909, 
Sandpoint, ID 83864, (208) 263-5104. 

-- St. Joe Area Office. 1806 Main Ave.. St. Maries. 
ID 83861, (208) 2454551. 

-Clearwater Area Office, 10230 Highway 12, 
Orofino, ID 83544. (208) 4764587. 

-Payeae Lakes Area Office, 555 Deinhard Lane, 
McCall, ID 83638. 

-Southwest Idaho Area Office. 8355 W. State St., 
Boise. ID 83703, (208) 334-3488. 

-South Central Idaho Area Office, P.O. Box 149. 
Gooding, ID 83330, (208) 934-5606. 

-Eastern Idaho Area Office. 3563 Ririe Highway. 
Idaho Falls, ID 83401.. (208) 523-5398. '. 

ldaho Department of Water Resources. 
--Main office. 1301 North Orchard Road, Boise. ID 
(208) 327-7900. FAX (208) 327-7866. 

-Northern Region. 1910 Northwest Blvd., Suite 210, 
Coeur d'Alene. ID 83814-2615. (208) 769-1450. FAX 
(208) 769-1454. 

---Western Region, 2735 Airport Way, Boise, ID 
83705-5082. (208) 334-2190. FAX (208) 334-2348. 

-- Southern Region: 222 Shoshone St. East. Twin 
Falls. ID 83301-6105, (208) 736-3033. FAX (208) 
736-3037. 
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----Eastern Region: 900 Nonh Skyline Drive, Idaho 
Falls. ID 83402-6105. (208) 525-7161. FAX (208) 
525-7177. 

Idaho Division of Environmental Quality. 
Main office, 1410 Hilton, Boise. ID 83702. (208) 

3344250. 

Oregon 

Oregon Climate Service. 
-- Strand Ag Hall. Room 316, Oregon State 
University, Corvallis OR, 97331-2209. (541) 737-5705, 
FAX (541) 737-2540, email oregon@ats.orst.edu. 

I 

Oregon Department of Environmental 

Quality.
-Main office, 811 SW Sixth Ave, Portland, OR 
97204. (503) 229-6121. 

Oregon Department of Fish and Wildlife. -- Main office. 2501 SW First Ave.. PO Box 59; 
Portland. OR 97207: General Phone Number. (503) 
229-5406; General Information, (503) 229-5222; Habitat 
Conservation Division, (503) 229-6967: Wildlife Division. 
(503) 229-5454. 

-- Northwest Region. 7118 Vandenberg Ave.. 

Corvallis. OR 97330. (541) 7574186. 


-Southwest Region. 4192 N Umpqua Hwy., 

Roseburg. OR 97470. (541) 440-3353. 


---Central Region. 61374 Parrell Rd.. Bend. OR 

97702, (503) 3886363. 


-- Northeast Region, 107 20th Street, LaGrande, OR, 
97850, (503) 963-2138. 

-Southeast Region. 237 S. Hines Blvd.. P.O. Box 8, 
Hines, OR 97738, (503) 573-6582. 

-- Marine Region, Marine Science Drive. Bldg. 3. 
Newport. OR 97365. (541) 8674741. 

-Columbia Region. 17330 SE Evelyn St., 
Clackamas. OR 97015. (503) 657-2000. 

Oregon Department of Forestry. -Main office. 2600 State Street. Salem. OR 97310. 
(503) 945-7200; Stare Forester (503) 945-7211: Deputy 
State Forester (503) 945-7202; Assistant State Forester 
(503) 945-7205. 

---Northwest Oregon Area Office. Area Director, 801 
Gales Creek Road, Forest Grove, Oregon 97116-1199, 
(503) 357-2191. FAX (503) 3574548. 

---Northwest Oregon Area, Forest Grove District, 
District Forester. 801 Gales Creek Road. Forest Grove, 
Oregon 971 16-1 199. (503) 357-2191. FAX (503) 
3574548. 

December 1996 

-Northwen Oregon Area, Tillamook District, District 
Forester. 4907 E. Third Street, Tillamook, Oregon 

97141-2999, (503) 842-2545. FAX (503) 842-3143. 


-Nonhwest Oregon A&. Astoria District. District 
Forester. Route 1. Box 950. Asroria, Oregon 97103, (503) 
325-5451. FAX (503) 325-2756. 

-Northwest Oregon Area. Clackamas-Marion 
District, District Forester, 14995 S. Hwy. 211. Molalla, 

Oregon 97038. (503) 829-2216. FAX (503) 829-4736. 


-Northwest Oregon Area. West Oregon District, 

District Forester. 24533 Alsea Hwy., Philomath, Oregon 

97370, (541) 929-3266, FAX (541) 929-5549. 


-Nonhwest Oregon Area, South Ford District, 

Administrative Supervisor. 48300 Wilson River Hwy., 

Tillamook, Oregon 97141, (503) 842-8439, FAX (503) 

8426572. 


-Southern Oregon Area Office, Area Director. 1758 
N.E. Airport Road. Roseburg. Oregon 97470-1499,' (541) 

440-3412. FAX (541) 440-3424. 


-' Southern Oregon Area, Southwest Oregon District, 

District Forester, 5286 Table Rock Road. Central point, 

Oregon 97502, (541) 664-3328. FAX (541) 776-6260. 


-Southern Oregon Area, Coos District, District 

Forester, 300 Fifh Street. Bay Park. COOS Bay, Oregon 

97420, (541) 2674136, FAX (541) 269-2027. 


-Southern Oregon Area, Western Lane District, 
District Forester. P.O. Box 157. Veneta. Oregon 

974874157. (541) 935-2283, FAX (541) 935-0731. 


-Southern Oregon Area, Eastern Lane District, 
District Forester. 3150 Main Street. Springtield, Oregon 

97478, (541) 726-3588, FAX (541) 726-2501. 


Southern Oregon Area, Linn District, District 
Forester. 4690 Highway 20, Sweet Home, Oregon 97386, 
(541) 367-6108. FAX (541) 367-5613. 

Eastern Oregon Area Office. Area Director. 3501 
E. 3rd. Street, Prineville, Oregon 97754. (503) 447-5658. 
FAX (503) 447-1469. 

Eastern Oregon Area. Nonheast Oregon District. 
District Forester. 611 20th Street. La Grande. Oregon 
97850, (503) 963-3168. FAX (503) 9634832. 

-Eastern Oregon Area. Central Oregon District. 
District Forester, 220710 Ochoco Hwy.. Prineville, 
Oregon 97754. (503) 447-5658. FAX (503) 447-1469. 

-- Eastern Oregon Area, Klamath-Lake District, 
District Forester. 3400 Greensprings Drive. Klamath 
Falls. Oregon 97601. (541) 883-5681, FAX (541) 
883-5555. 

http:oregon@ats.orst.edu
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Land Conservation and Development 
Department. 
-1175 NE Coun St.. Salem. OR 97310. (503) 373- 
0050. 

Washington 
Washington Department of Fish and 
Wldlife. 
-Region 1. 8702 N. Division St.. Spokane. WA 
99218, (509) 4564082. 

-- Region 1. 8702 N. Division St.. Spokane. WA 
99218. (509) 4564082. 

-Region 2. 1550 Alder St. N.W.. ~phrata. WA 
98823, (509) 754-4624. 

---Region 3, 1701 S. 24" Ave., Yakima. WA 98902. 
(509) 575-2740. 

-- Regmn 4. 16018 Mill Creek Blvd.. Mill Creek. WA 
98012. (206) 775-1311. 

-- Region 5 .  5405 NE Hazel Dell. Vancouver. WA 
98663. (360) 696-6211. . 

-Region 6. 48 Devonshire Rd.. Montesano. WA 
98563, (360) 586-6129. 

Washington Department of Ecology 
---Main office, P.O. Box 47600. Olympia. WA 98504. 
(360) 407-6000. 

-- Central Regional Office. I5 West Yakima Ave.. 
Suite 200, Yakima. WA 98902-3401, (509) 575-2490. 
FAX (509) 575-2809. 

--Eastern Regional Office, N. 4601 Monroe. Suite 
100. Spokane WA 99205-1295. (509) 456-2926, FAX 
(509) 456-6175. 

Information Sources 

-Northwest Regional Offce, 3190-160h Ave. 
S.E., Bellevue. WA 98008-5452, (206) 649-7000, FAX 
(206) 649-7098. 

-Southwest Regional Ofice, P.O. Box 47775. 
Olympia. WA 98504-7775. (360) 407-6300. FAX (360) 
407-6305. Washington Department of Natural Resources. 

-Habitat Conservation Planning Team, 11 11 
Washington St. S.E., MS-47011.Olympia. WA 98504- 
7011. (360) 902-1481. FAX 360-902-1790. 

-Photo &Map Sales, P.O.Box 47013. Olympia, 
WA 98504-7013. (360) 902-1234. 

Internet Sources 
California Depanment of Water Resources @WR) at 
ht~://wwwdnv.water.ca.gov. 

California Depanment of Fish and Game. Natural 
Diversity Data Base (NDDB) at 
hnp://spock.dfg.ca.gov~Endangeredl endangered.hunl. 

Idaho Depamnent of Fish and Game at 
http://www.state.id.us/fishgame/fishgame.html. 


Idaho Depamnent of Water Resources at 
http://www.s~ate.id.uslidwr/idwrhome.hunl. 


Oregon Depamnent of Fish and Wildlife (ODFW). 
homepage at hDp://www.dfw.state.or.us. Oregon Rivers 
Information System (ORIS), Northwest Environmental 
Database, can be accessed through Brent 0. Forsberg. 
Coordinator at forsberg@dfw.or.gov. or the ODFW 
homepage. 

U.S. Depanment of Agriculture. 

--National Resource Conservation Service, National 

Resources Inventory (NRI) at http://www.ncg.nrcs. 

usda.govlnri.hml. 
 -

http:ht~://wwwdnv.water.ca.gov
http://www.state.id.us/fishgame/fishgame.html
http://www.s~ate.id.uslidwr/idwrhome.hunl
http:forsberg@dfw.or.gov
http://www.ncg.nrcs
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