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ABSTRACT: Habitat restoration efforts in the upper San Francisco Estuary, including the Sacra-
mento-San Joaquin Delta, California, move forward, despite a paucity of information on the envi-
ronmental requirements of many targeted species. The endemic delta smelt Hypomesus transpaci-
ficus, protected under the federal Endangered Species Act, is a primary focus of those efforts
despite uncertainties regarding many aspects of its relationship with the estuary's physical and bi-
otic resources. Here we use time-series data from 4 trawl surveys and data on environmental at-
tributes collected from throughout the delta smelt’s distribution to identify ranges of conditions ac-
ceptable to delta smelt for each of 5 environmental attributes: water-body type, temperature,
turbidity, salinity, and prey availability. Low turbidity and elevated water temperatures render a
large portion of the estuary seasonally unsuitable for delta smelt. Within areas in which water
quality is suitable, patterns of delta smelt occurrences indicate that habitat is found in subregions
where channels of intermediate depth adjoin shallow water. In certain subregions, conditions are
inadequate for at least one of the environmental attributes for periods up to several months. We
suggest a habitat-restoration strategy that can achieve adequate habitat conditions for delta smelt
regardless of through-Delta flow levels, and which can be carried out at a number of locations, but
not necessarily the same locations, during each life stage.
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1. INTRODUCTION

It is a common understanding among conservation
planners that the need for reliable knowledge regar-
ding the habitat requirements of imperiled species
frequently outstrips available relevant data (Kareiva
et al. 1998, Johnson et al. 1999, Reed et al. 2006).
Planning for species with particularly narrow distri-
butions, low abundances, and cryptic life stages and
behaviors is often challenged by the few observations
linking them to their habitats. For many species,
descriptions of habitat requirements are inferred
from species occurrence data, combined with suppo-
sition regarding resource requirements. That infor-
mation base for conservation planning is inadequate
for the task. But how then do resource managers
employ limited data to draw inferences regarding
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resource requirements of endangered and threat-
ened species in order to identify and characterize
their habitats and guide resource management and
habitat restoration? Importantly, how can data on a
species' distribution and co-occurring environmental
conditions be mobilized into reliable knowledge that
can be used to assure that limited resources for con-
servation efforts are availed to management actions
that actually benefit targeted species?

We answer those questions with a case study of the
imperiled delta smelt Hypomesus transpacificus. We
describe an analytic approach that draws from avail-
able survey data on delta smelt and the dynamic and
degraded estuarine ecosystem that supports it. The
diminutive delta smelt's ecological relationships are
obscured under the turbid waters of the upper San
Francisco Estuary. Accordingly, the identity of its
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habitat and the essential resources and the environ-
mental conditions that that habitat provides have
been the subject of surmise, rather than informed by
data. Almost 3 decades after its listing as a threat-
ened species under the federal Endangered Species
Act, a limited understanding of essential habitat
attributes of the imperiled delta smelt has contribu-
ted to strident disagreement regarding management
actions necessary to protect the species, culminating
in serial litigation involving federal and state govern-
ments, public water agencies, agricultural interests,
environmental organizations, and other concerned
stakeholders. Conservation planners intend to re-
store and enhance delta smelt habitat in order to bol-
ster fish numbers and enhance the likelihood of its
persistence. Meeting that objective is inhibited by an
absence of relevant information —the delta smelt's
actual numbers can only be speculated upon (see
Bennett 2005, Kimmerer 2008, Newman 2008, Kim-
merer et al. 2009), its patterns of dispersal are the
subject of ongoing debate (Sommer et al. 2011, Mur-
phy & Hamilton 2013, Hobbs et al. 2019), and the
causes of its imperilment appear to be many (e.g.
Feyrer et al. 2007, Nobriga et al. 2008, Grimaldo et al.
2009, Winder & Jassby 2011). A just-released biolog-
ical opinion from the US Fish and Wildlife Service
(USFWS 2019) calls for restoration of delta smelt
habitat that is projected to cost hundreds of millions
of dollars over decades. Yet what habitat restoration
actions should be carried out, where, and how they
might be prioritized is uncertain (National Research
Council 2011).

The purpose of this study is to draw inferences
from publicly available survey data on delta smelt
and data concurrently gathered on environmental
factors that appear to contribute to the quality of its
habitat. Sommer & Mejia (2013) have provided a
general description of delta smelt habitat. We expand
and resolve that information base, providing more
clarity on certain environmental attribute ranges that
are suitable and unsuitable for delta smelt and
extending the quantitative analysis to all life stages
at spatially meaningful scales. Other investigators
have considered the roles of salinity, turbidity, and
temperature in determining the distribution of delta
smelt in the low-salinity zone of the estuary (Feyrer
et al. 2007, 2011, Nobriga et al. 2008, Manly et al.
2015). Multiple multivariate analyses indicate that an
array of environmental factors may contribute to
determining delta smelt numbers—reductions in
turbidity and the increases in the volume of water
exports in winter months (Thomson et al. 2010),
water temperature in the summer (Mac Nally et al.

2010), prey density along with effects from density
dependence, predators, temperature in the late
spring and early summer, and entrainment (Maunder
& Deriso 2011), and stock, entrainment, water tem-
perature, prey densities, and predation from April
through June (Miller et al. 2012). While these studies
identify a number of attributes of delta smelt habitat,
and the physical and biotic resource conditions that
may contribute to determining habitat extent and
quality, these previous investigations were deficient
in neither geographically subdividing the upper estu-
ary, nor apportioning the life stages of delta smelt.

To assess the importance of individual habitat
attributes to delta smelt, we applied habitat affinity
analysis, adapting the approach of Guay et al. (2000),
who developed preference curves for juvenile
Atlantic salmon for several environmental factors by
comparing the percentage utilization by the fish of
areas with certain habitat attributes with the percent
availability of those areas. Here we draw on agency-
generated conceptual models (IEP MAST 2015) that
depict hypothesized, inferred, and established rela-
tionships between delta smelt and environmental
variables. We identify candidate environmental attri-
butes that appear to contribute to the extent and
quality of habitat for delta smelt. We then use affinity
analyses, in which we compare the frequency of
delta smelt co-occurrence with range segments of
physical and biotic conditions to infer associations
between environmental attributes and the distribu-
tion of delta smelt at each of its life stages. Having
identified important habitat attributes, we are able to
identify circumstances where environmental factors
are frequently inadequate, providing essential guid-
ance in the selection and prioritization of locations for
habitat restoration projects.

2. APPROACH AND METHODS

The San Francisco Estuary is the largest of its
kind along the US Pacific Coast. The upper estuary
(Fig. 1) including the Sacramento-San Joaquin
Delta, the confluence of rivers that drain nearly
40% of California's surface area (van Geen &
Luoma 1999, Sommer et al. 2007). The upper estu-
ary is highly altered from its pre-settlement phys-
iognomy, existing now as a network of mostly forti-
fied waterways surrounding a patchwork of subsided
islands behind earthen levees. The extensive marsh-
lands that previously dominated the estuary and the
floodplains that surrounded it have largely been
replaced by cultivated agriculture. The upper estu-
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and Spring Kodiak Trawl, which sam-
ple extensive areas of the upper Estu-
ary and historically collected delta
smelt in meaningful numbers (www.
dfg.ca.gov/delta/data). The methods
for these surveys have been docu-
mented previously (Moyle et al. 1992,
USFWS 2004, Bennett 2005). The vary-
ing strengths and weaknesses of sev-
eral of these surveys as population as-
sessment tools for delta smelt have
been described by Bennett (2005) and
sampling biases in the surveys for
delta smelt and other species have
been explored by Latour (2016). We
used data from these publicly available
fish surveys, delineating life stages as

Fig. 1. The upper San Francisco Estuary and its subregions. The Sacramento—
San Joaquin Delta includes the Confluence and subregions to the east

ary supports a limited assemblage of native fishes;
some are resident, some are anadromous transients,
and several are endemic, notably the federally pro-
tected delta smelt. But delta smelt and the rest of
the native fishes now exist in communities domi-
nated by non-native competitors and predators,
supported by a highly altered food web and local
shortages of essential habitat-defining environmen-
tal features and resources.

The California Department of Fish and Wildlife con-
ducts multiple surveys of estuarine fishes and species
that occupy lower trophic levels, returns from which
include delta smelt in samples that span its annual life
cycle. Surveys include the 20 mm Survey, Summer
Townet Survey (STN), Fall Midwater Trawl (FMWT),

depicted in Table 1, to assess the distri-
bution in local densities of delta smelt.
The time period represented for each
life stage reflects the months when that life stage is
most abundant.

2.1. Candidate habitat attributes

Environmental attributes that have been observed
or surmised to contribute to habitat quality for estuar-
ine fish include turbidity, salinity, temperature, dis-
solved oxygen, pH, aquatic vegetation, prey density,
water depth, substrate composition, and water-body
type (see Pardue 1983, Stier & Crance 1985, Wein-
stein 1986, Brown 2000). Previous studies of delta
smelt indicate that water temperature has an influ-
ence on spawning (Wang 1986, Meng & Matern

Table 1. Delineation of life stages and time periods used to examine habitat conditions for delta smelt as reported in 4 surveys:

20 mm, Summer Townet (STN), Fall Midwater Trawl (FMWT), and Spring Kodiak Trawl (Kodiak). Monitoring program data

used for each life stage description (either fish length or reproductive stage), and months and years of sampling data used in

our study are described. Gonadal stages of male and female delta smelt found in the Spring Kodiak Trawl database were clas-

sified by CA Department of Fish and Game (CDFG) following Mager (1986). Descriptions of reproductive stages are available
at www.dfg.ca.gov/delta/data/skt/eggstages.asp

Subjuveniles Juveniles Subadults Mature adults

pre-spawning spawning

Monitoring program 20 mm STN 20 mm STN FMWT Kodiak Kodiak

Life stage distinction >15, <29 mm 30-55 mm >55 mm Reproductive Reproductive

stages: stages:
females 1-3, females 4,

males 1-4 males 5

Time period May-Jun  Jul-Aug Jun-Jul Jul-Aug Sep-Oct Nov-Dec Jan-Feb Mar-Apr
Years of data used 1995-2011 1987-2011 1995-2011 1987-2011 1987-2011 2002-2011 2002-2011
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2001, Feyrer 2004, Grimaldo et al. 2004, Sommer et
al. 2004, Bennett 2005), embryo survival (Moyle
2002, Mager et al. 2004), available habitat during the
summer (Nobriga et al. 2008), and adult survival
(Swanson et al. 2000), and is a key element of the
bio-energetics of the fish (Rose et al. 2013). Hieb &
Fleming (1999) found delta smelt across a near estu-
ary-wide range of salinity conditions. It has been
asserted that delta smelt prefer turbid water, perhaps
for successful feeding and because it may reduce
susceptibility to predation (Baskerville-Bridges et al.
2004, Mager et al. 2004). Investigators have de-
scribed the calanoid copepod prey that support delta
smelt (Nobriga 1998, IEP MAST 2015). The fish
moves along the shoal-channel interface during
flood tides and the shoreline during ebb tides (Ben-
nett & Burau 2015) and has been described as fre-
quenting shoals adjacent to deeper channels (Moyle
2002), with an assumption that emergent wetlands
contribute to productivity at the base of the food web
that supports the delta smelt. Other studies have rec-
ognized the potential importance of fish access to
wetlands and floodplains (see Lindberg & Marzuola
1993, Mclvor et al. 1999, Hobbs et al. 2006). Moyle et
al. (1992) and Bennett (2005) have indicated that
spawning likely occurs near estuary and river shore-
lines and adjoining sloughs. Substrate composition
may be important in determining spawning habitat
(Moyle 2002). McGowan (1998) found that areas
inhabited by the invasive water-weed Egeria densa
are not typically inhabited by native fishes in the
estuary, including delta smelt, and areas supporting
higher concentrations of submerged aquatic vegeta-
tion of all types are generally associated with low
abundance of delta smelt (Sommer & Mejia 2013).
Lehman et al. (2010) documented low delta smelt
abundances in areas subject to episodic blooms by
the toxic blue-green alga Microcystis. From these
sources, we have generated a list of candidate envi-
ronmental attributes for consideration in habitat
affinity analyses for delta smelt (Table 2).

2.2. Covariate specification

We divided the upper Estuary into 10 subregions
on the basis of landscape and ecological differences,
flow dynamics, the distribution of delta smelt, and the
presence of monitoring stations (Fig. 1). We found in-
sufficient data to allow the inclusion of some variables
in the affinity analyses—we were unable to obtain
suitable data in time series or covering the full geo-
graphic range of delta smelt for dissolved oxygen,

Table 2. Candidate habitat attributes that may affect the
distribution and abundance of delta smelt

Aquatic/hydraulic attributes of waters of the upper

Estuary

1. Physical water-quality properties (turbidity, salinity,
temperature)

2. Chemical water-quality properties (dissolved oxygen,
pH)

3. Presence, concentration, absence of contaminants

Biological attributes of the estuary

1. Prey availability (types and densities of food source
items)

2. Predation pressure

3. Areal extent, type, and density of aquatic vegetation

4. Presence of Microcystis

Physical attributes of the estuary

1. Type of water body

2. Depth of channel/water body

3. Substrate structure and composition (grain size,
organic content)

pH, contaminants, predation pressure, aquatic veg-
etation, or presence of Microcystis. For variables for
which sufficient data exist, we aggregated those data
from individual monitoring stations, of which there
were approximately 120 in the FMWT and approxi-
mately 40 in other surveys, either as data that were
taken along with fish samples (temperature, salinity,
and turbidity), or as geographic and bathymetric data
drawn from areas adjacent to those stations (depth)
by averaging station data within a subregion. Data on
other covariates were only available or applicable at
the subregional scale (water-body type, prey avail-
ability, and predation pressure). The resulting attrib-
utes available for analysis include: turbidity as Secchi
depth; salinity as electrical conductivity (EC) in mi-
crosiemens (pS) cm™!; water temperature as °C; water
body type as bay, river, or channel; depth as average
depth within 1 km of station; and prey density as car-
bon weights derived from the number of calanoid
copepods in ngC m at zooplankton stations. Chan-
nel depth and water-body type were combined. In or-
der to assess the influence of environmental factors
that operate to determine delta smelt occurrences,
we considered habitat associations at subregional
spatial scales (Fig. 1).

2.3. Affinity analyses

Affinity analyses compare the availability of an
environmental resource or physical characteristic
with the use of that resource by or co-occurrence
with that physical characteristic of a target species,
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allowing for 'preferences’ for resource conditions to
be ascertained (Lechowicz 1982, Grost et al. 1990,
Monaco et al. 1998, Cardona 2006). Affinity analysis
provides a means of correcting sampling bias by
relating species occurrences to the availability of a
resource, habitat characteristic, or environmental
attribute. For example, if 70 % of the individuals of a
certain fish species in a survey are sampled from
sites located in deep water, and 50 % of the survey
sites are in deep-water circumstances, that would
indicate that the fish has an affinity for deep water —
‘use’ exceeds ‘availability’. However, if 70 % of fish
are sampled in a survey with 90 % of its sites located
in deep water, that would indicate that the fish has an
affinity for shallower-water circumstances, or an
aversion to deep water — 'availability’ exceeds 'use’.
When little is known about a species, an affinity
analysis can offer insights into the nature of the rela-
tionship between an environmental attribute and the
target species, depending on whether the species
exhibits an affinity with, or aversion to, the environ-
mental attribute, and whether an affinity, if found, is
strong or weak. It does not require the a priori speci-
fication of a functional ecological relationship; there-
fore, it does not presuppose the nature of a relation-
ship that may exist. Graphical depictions of the
results can assist in identifying threshold phenomena
and other non-linear relationships that may be inher-
ent to the fish—factor interaction. Care should be
taken to consider collinearity between variables
(Table S2 in the Supplement at www.int-res.com/
articles/suppl/n043p103_supp.pdf).

In conducting the affinity analyses for biotic and
abiotic attributes, we divided the full range of data for
each attribute into 10 segments. The delineations of
the 1st and 10th segments were set at the attribute
values associated with the 5th and 95th percentile of
the cumulative distribution of the fish. The intermedi-
ate 8 segments were delineated so that each segment
had approximately the same availability. The discrete
nature of most attributes prevented the segments
from having exact equal availability. For water-body
type, the segments were the categories of each type
of water body. We compared the percentage of fish
observed in each segment to the percentage of times
each segment was sampled. That is, for each 2 mo pe-
riod during which a life stage was most abundant, we
used pivot tables (in Microsoft Excel) to sum the num-
ber of delta smelt individuals recorded and the num-
ber of observations in each attribute segment. (For
example, of 3127 subjuveniles caught in surveys in
May 1995, 950 were caught in Secchi depth segment
3: 20 to 25 cm. In that same month, 175 surveys were

conducted, 28 of which occurred in waters falling in
the range of Secchi depth segment 3.) We then con-
verted these to a percentage value for each month (in
our example a use of 30% versus an availability of
16 %) and averaged them across years. For each at-
tribute segment, we calculated the percentage of
times each segment was sampled, average use of
each segment, average difference between the 2, and
standard deviations of each difference to determine a
90 % confidence interval.

We present affinity analyses as graphs for each life
stage showing the average percentage of delta smelt
in each attribute segment (use) compared to the
average percentage of times each attribute segment
was sampled (availability). We display the difference
between resource availability and its use, along with
the 90 % confidence interval surrounding the differ-
ence. The difference between use and availability
was considered statistically significant if the differ-
ence exceeded the critical ‘tlevel” at the 90 % level of
confidence (Hamburg 1970). This is depicted graphi-
cally when the 90% confidence interval does not
intersect with the zero line (see the right axis in the
column graphs in Fig. 2). We describe a range of
affinity conditions for delta smelt ranging from ‘never
observed' to ‘strong affinity’ (where use is statisti-
cally greater than availability) and associate those
with a corresponding range of environmental condi-
tions (Table 3).

2.4. Derivation of affinity functions

Suitability indices are hypothetical models that are
developed from a review and synthesis of existing
information on use of a resource by a species. The
relationship is scaled to produce an index of habitat
quality between 0 (low-quality habitat) and 1 (high-
quality habitat) (see Weinstein 1986). Guay et al.
(2000) utilized affinity studies to develop attribute
indices for juvenile Atlantic salmon, which they
referred to as ‘preference indexes'. We largely follow
that approach by employing average use-to-avail-
ability ratios across months and years for each attrib-
ute segment and life stage to assess affinities for a
range of environmental factors for delta smelt. In
contrast with the approach of Guay and colleagues,
we did not rescale the use-to-availability ratio once it
was calculated. Rescaling affinity scores results in
inferences being lost—numbers greater than 1 re-
flecting adequate conditions and numbers less than
1 reflecting inadequate conditions. We therefore use
the term ‘affinity index’ to distinguish the unscaled
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Table 3. Reference terms

tions because the affinity functions pro-
vided interpolation between data points.

Difference between use Affinity Description of
and availability reference environmental
(use minus availability) term condition 2.5. Identification and prioritization
Significantly positive Strong affinity Suitable of restoration actions
(90 % confidence)
Positive but not significantly Weak affinity Adequate Because delta smelt distribution and
different from zero environmental conditions change with
Negative but not significantly Weak aversion Inadequate through-Delta flows, we calculated
different from zero the frequency with which each attrib-
Significantly negative Strong aversion Unsuitable . .
Use always equals zero Never observed Uninhabitable ute was in é_m inadequate rangfa. for
each subregion and flow condition.

use-to-availability ratios from the preference index
values calculated by Guay et al. (2000), which range
from 0 to 1. We recognize that a weakness of affinity
analyses is that the expressed affinity by species to a
specific environmental condition is relative —indi-
viduals may actually inhabit a location because con-
ditions there are 'better’ than at alternative locations,
not necessarily because the location offers environ-
mental conditions that might be described as suitable
or even adequate. When this phenomenon occurs,
increased ‘noise' in the data results in increased vari-
ability in use-to-availability ratios, making statistical
significance harder to detect.

Calculating the ratio of use to availability for each
segment of each attribute shows patterns of affinity
to which curves can be fitted. Curves fitted over the
range of a habitat attribute we term ‘affinity func-
tions'. We fitted a cubic-spline curve through calcu-
lated affinity index points using XLStat (Addinsoft
2020). By their nature, affinity functions should
monotonically increase to a maximum, and if an opti-
mal level is reached and surpassed, then monotoni-
cally decrease. It is not biologically reasonable that
fish have discontinuous suitable ranges for environ-
mental attributes; therefore, points that caused the
fitted spline to diverge from monotonic were aver-
aged with nearby points, and outliers —anomalous
points not consistent with prevailing patterns — were
not considered. In a few cases where different curves
may be fit, preference was given to the curves which
were most biologically plausible. We report the R?
value to describe the fit of each curve to the points
derived from the affinity analysis.

We used affinity analyses to distinguish suitable
conditions from adequate conditions, and unsuitable
conditions from inadequate conditions, these being
statistical distinctions (see Table 3). We used affinity
functions to delineate the range of adequate condi-

For this analysis, we divided through-

Delta flows estimated at the Delta's
western boundary, net of tidal effects, into deciles.
We then looked to the attributes that are most fre-
quently observed in inadequate ranges in any subre-
gion and considered flow condition as a guide to cir-
cumstances in which habitat quality could be
improved.

The relative ease with which environmental attrib-
utes in the upper Estuary can be manipulated or
managed varies considerably. Water temperature is
most strongly influenced by ambient air tempera-
ture, although relief from high temperatures may be
provided by creating more riparian shading, provid-
ing more tidal marshland that can lead to night-time
cooling, or creating areas with deep, cooler water.
While a trend for decreasing turbidity in the Delta
has been recognized for some time, a practical solu-
tion remains elusive. Turbidity might be enhanced in
some subregions by providing more turbulent flows
across floodplains and increasing sediment loading
into the Delta from upstream. Salinity management
and prey enhancement are currently more accessible
management tools. The salinity field can be man-
aged subregionally through control-gate operations
and regionally through reservoir releases; sophisti-
cated models exist to assess the effects of such
actions on the salinity field (www.rmanet.com/
services/numerical-modeling/rma-bay-delta-model/),
although a recent study suggests that moving the
salinity field bay-ward may deplete prey throughout
the areas occupied by the fish (Hamilton et al. 2020).
Regarding prey availability, the trophic linkages in
the food web for delta smelt are well established
(Kimmerer & Orsi 1996, Nobriga 1998). The relation-
ship between wetlands and primary productivity in
adjacent waters (see Alpine & Cloern 1992) has
prompted recognition that ecosystem rehabilitation
at the land-estuary interface can enhance the ‘pro-
duction, transport, and transformation of organic
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matter that constitutes the primary food supply to the
base of the food web’ (Jassby & Cloern 2000). Al-
though ‘the production and distribution of phyto-
plankton can be highly variable within and between
nearby habitats of the same type, due to phytoplank-
ton sources, sinks, and transport’ (Lucas et al. 2002),
the restoration of tidal wetlands and floodplains has
been identified as the primary means for enhancing
habitat for delta smelt (USFWS 2019).

Based on the frequency of attributes in inadequate
circumstances, the ease with which they may be cor-
rected, and delta smelt's affinity for specific subre-
gions, we present preliminary suggestions for priori-
tizing habitat restoration that is spatially, temporally,
and hydrologically specific.

3. RESULTS

The affinity analyses for subregions of the upper
estuary showed significant differences that were
generally consistent between delta smelt life
stages (Table 4, and Fig. S1 in the Supplement).
Delta smelt showed strong affinity for the Lower
Rivers and North Delta subregions during all life
stages. Delta smelt showed aversion for the West
Bays, South Suisun, East Delta, and South Delta
subregions during all life stages. Affinities for en-
vironmental conditions in the North Suisun, Suisun
Marsh, and Confluence subregions varied by life
stage. The affinities for subregions varied slightly
with different levels of through-Delta flow, with
subadults expressing greater affinity for the East
Delta during periods of low flows and subjuve-

niles, juveniles and pre-spawning adults demon-
strating greater affinity for the South Suisun and
Napa River subregions during periods of high flow
(Table 5).

3.1. Affinity analyses for habitat attributes

Delta smelt associations with 5 environmental
attributes of the estuary for 5 life stages during 6
sampling periods are presented as ranges of habitat
conditions in Table 6, as histograms in Fig. 2 (and in
Figs. S2-S6), and comparative affinity functions in
Fig. 3. These environmental attributes—turbidity,
salinity, temperature, prey availability and water-
body type —are features of, or environmental condi-
tions that contribute to, habitat quality for delta
smelt. The delta smelt life stages show varying affini-
ties for environmental attribute conditions, where
utilization (the height of the red column in the histo-
grams) exceeds that of the attribute's availability (the
height of the blue column with which it is paired)
(Fig. 2). Delta smelt are averse to environmental cir-
cumstances in which that relationship is reversed.
Life stage-specific affinities and aversions for the
suite of environmental attribute conditions can be
summed to shape a multi-dimensional description of
delta smelt habitat.

Subjuvenile delta smelt are sampled while dis-
persing from shallow spawning areas to the open
water areas in which they then feed and grow. Hav-
ing less-developed swimming abilities, they do not
express associations with environmental attributes
as closely as they appear to do in later life stages.

Table 4. Results of regional affinity analyses. Ratios of delta smelt use-to-availability by subregion, where availability is the

percentage of samples taken and use is the percentage of delta smelt caught, corrected for effort. Values where delta smelt

use is significantly different from availability are shown in bold with the total number of significant life stages (No. sig.) in

each subregion shown in the final column. Strong affinity (dark green), weak affinity (light green), weak aversion (light
orange), and strong aversion (darker orange). na: not avaiable. Refer to Table 1 for survey abbreviations

Region — Subjuveniles — ——Juveniles —  —— Subadults — Pre-spawners Spawners Average No.
May-Jun Jul-Aug Jun-Jul Jul-Aug Sep-Oct Nov-Dec Jan-Feb Mar-Apr sig.
20 mm STN 20mm  STN FMWT FMWT SKT SKT
West Bays 0.10 0.00 0.11 0.28 0.01 0.00 na na 0.08 6
Napa River 1.05 0.02 0.48 0.37 0.08 0.00 0.70 0.79 0.44 7
South Suisun 0.53 0.29 0.73 [223WW  0.38 0.09 0.26 0.02 0.57 7
North Suisun 0.60 1.47 NSHANNNSR27EN  1.00 1.05 0.45 0.21 1.45 5
Suisun Marsh [EG4EE 0.63 0.69 0.36 1.08 N7 175 6
Confluence 1.28 0.79 [NEoNN 1.08 2210 1.39 0.35 0.18 1.10 4
Lower Rivers NG5S0 S TSR 70 o5 2.89 8
North Delta [INSHONE 337 250 3238 E27NRNSEN2EONNs228m 3.30 6
East Delta 0.26 0.13 0.01 0.01 0.25 0.39 0.05 0.15 0.16 8
South Delta 0.18 0.27 0.01 0.00 0.00 0.00 0.06 0.05 0.07 8
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Table 5. Affinity values for subregion/flow combinations. Flow is grouped into deciles from R01 (low outflow) to R10 (high outflow)
for each 2 mo period. Orange: values <0.05; green: values >1.0. Other values are not shaded. na: not available

RO1 RO2 RO3 RO4 RO5 RO6 RO7 RO8 RO9 R10
Pre-spawning adults in Jan-Feb
Napa River 0.00 na 0.00 0.13 0.00 0.00 0.00 0.00 0.71 5.87
South Suisun 0.44 0.00 0.00 0.29 0.12 0.00 0.20 0.26 0.07 1.73
North Suisun 1.66 1.38 0.75 1.97 0.39 0.15 0.84 0.30 0.29 0.60
Suisun Marsh 3.64 1.07 4.33 3.45 10.62 4.13 8.70 7.63 4.83 4.12
Confluence 0.54 0.03 0.23 0.17 0.51 1.57 0.16 0.35 0.70 0.42
Lower Rivers 0.65 298 22072 0.81 3.53 0.28 1.24 0.56 0.73 0.16
North Delta 2.61 3.38 2.10 2.50 0.66 28377 1.90 0.24 2.12 1.05
East Delta 0.00 0.00 0.00 0.02 0.04 0.03 0.09 0.12 0.13 0.00
South Delta 0.00 0.00 0.00 0.00 0.00 0.00 0.09 0.02 0.07 0.23
Spawning adults in Mar-Apr
Napa River 0.00 na 0.39 0.00 0.00 0.00 0.00 0.00 6.07 0.00
South Suisun 0.00 0.00 0.00 0.00 0.28 0.00 0.00 0.18 0.31 0.00
North Suisun 0.00 0.55 0.09 0.00 1.01 0.54 0.00 0.00 0.33 0.58
Suisun Marsh 0.00 0.41 4.04 0.26 2.03 1.35 0.00 1.16 7.86 1.63
Confluence 0.00 0.12 0.28 0.00 0.32 0.00 2.57 0.62 0.00 0.59
Lower Rivers 1.81 0.23 0.97 1.36 2.44 0.71 0.00 1.61 1.91 0.00
North Delta 5.06 8.35 2.09 4.47 4.70 4.48 5.92 4.57 1.40 3.96
East Delta 0.00 0.12 0.70 0.00 0.21 0.08 0.00 0.03 0.14 0.75
South Delta 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.32 0.00 0.00
Subjuveniles in May-Jun
West Bays 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.38
Napa River 0.00 0.01 0.00 1.09 0.03 0.14 0.26 0.43 1.21 4.89
South Suisun 0.00 0.04 0.01 0.00 0.04 0.07 0.53 1.27 1.20 1.81
North Suisun 0.00 0.01 0.04 0.05 0.06 0.82 0.95 37® 2.49 0.76
Suisun Marsh 0.01 0.02 1.88 0.29 0.28 1.01 2.70 2.61 3.22 2.26
Confluence 0.89 1.73 1.39 1.45 2.28 2.62 1.39 1.04 1.08 0.50
Lower Rivers 5.60 5.26 8i8Y 3.33 1.91 1.38 0.50 0.38 0.42 0.02
East Delta 0.04 0.27 0.05 0.37 0.11 0.20 0.49 0.10 0.09 0.00
South Delta 0.00 0.15 0.09 0.15 0.03 0.14 0.62 0.17 0.03 0.02
North Delta 2.34 0.71 2.75 1.47 7.72 2.72 3.42 1.79 2.05 0.30
Juveniles in Jun-Jul
West Bays 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.52 0.09 0.00
Napa River 0.00 0.01 0.00 0.13 0.41 0.29 0.15 0.11 1.97 6.57
South Suisun 0.13 0.52 0.54 0.12 0.16 0.21 3.18 1.61 1.27 0.00
North Suisun 0.75 1.31 1.83 3.35 0.81 2.53 3.76 6.93 2.87 1.03
Suisun Marsh 0.09 0.24 2.47 0.80 0.46 0.55 0.96 1.02 3.00 2.77
Confluence 1.95 1.95 2.25 1.85 2.06 2.03 0.00 0.21 0.79 0.02
Lower Rivers 4.19 2.69 1.40 1.40 1.95 0.57 0.19 0.82 0.01 0.00
East Delta 0.00 0.15 0.14 0.01 0.01 0.05 0.21 0.00 0.00 0.00
South Delta 0.00 0.00 0.00 0.00 0.00 0.07 1.19 0.00 0.00 0.00
North Delta 1.67 2.78 1.51 3.05 6.08 4.22 2.56 1.31 1.93 0.31
Subadults in Sep-Oct
West Bays 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.09 0.00
Napa River 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.57
South Suisun 0.01 0.00 0.00 0.46 0.00 0.23 0.13 0.12 0.98 1.71
North Suisun 0.00 0.16 1.83 0.60 1.47 1.02 0.61 0.20 0.82 2.84
Suisun Marsh 0.35 0.50 0.83 1.31 1.50 0.90 0.67 0.46 1.03 2.65
Confluence 1.84 0.62 1.32 0.44 1.96 3.43 1.47 3.09 5.87 2.90
Lower Rivers 9.19 5.10 6.33 8.58 5.44 2.38 6.26 5.25 1.48 0.96
East Delta 0.51 1.65 0.18 0.21 0.03 0.20 0.23 0.03 0.00 0.02
South Delta 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
North Delta 0.00 5.68 6.38 0.78 1.00 7.51 8.61 4.59 2.14 0.36
Subadults in Nov-Dec
West Bays 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04
Napa River 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
South Suisun 0.00 0.00 0.00 0.14 0.00 0.11 0.17 0.08 0.23 0.22
North Suisun 0.01 0.13 0.57 0.32 0.88 1.25 1.69 1.09 3.06 2.68
Suisun Marsh 1.33 2.90 4.53 4.80 0.80 1.66 3.49 3.69 3.81 6.92
Confluence 1.74 0.61 1.19 0.74 2.42 0.95 1.52 1.98 J39 0.44
Lower Rivers 7.61 7.97 5.94 4.03 5.76 5.52 6.67 3.40 3.77 1.68
East Delta 1.25 1.01 0.10 0.64 0.46 0.28 0.27 0.04 0.21 0.12
South Delta 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

North Delta 227 0.17 4.90 3.87 0.82 2.93 0.07 2.62 3.54 2.64
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Table 6. Affinity ranges for delta smelt for 5 environmental attributes in the estuary, presented as a summary of the affinity
analyses presented in Figs. S2-S6 in the Supplement (refer to Table 3 for determination of affinity terms). A dash (-) indicates
that there were no attribute range segments in the specified affinity categories

Affinity Jan-Feb Mar-Apr May-Jun Jun-Jul Jul-Aug Sep-Oct Nov-Dec
Life stage Pre-spawning Spawning  Subjuveniles Juveniles Juveniles Subadults Subadults
adults adults
Clarity (Secchi depth, cm)
Suitable 18-28 - 25-39 24-31 14-31 31-38 27-39
Adequate 13-34 18-52 15-45 <38 <42 <58 <60
Unsuitable >42 <18 >53 >49 >47 >44 >64 >75
Uninhabitable >81 >78 >79 >60 >61 >97 >97
Temperature (°C)
Suitable 11.1-12 - - 20.4-20.8 20.5-20.7 - -
Adequate 6-14 11-17 18-21.7 19.1-21.8 20.0-22.4 <20.4 <18.0
Unsuitable - <11.5 <16.1>219 <18.6>219 <18.4 >22.1 >20.6 -
Uninhabitable - - >23.6 23.1 >24.0 >21.7 -
Salinity (EC, puS cm™)
Suitable 350-6100 500-730 250-1380 470-4550 1270-5330 860-5500 960-7110
Adequate 350-10000 300-1300 250-2450 300-5300 500-6300 300-8700 500-10500
Unsuitable <200 <365>1630 <165>4015 <150>7800 <140>15140 <180>9150 <180 >14600
Uninhabitable >14850 >5900 >10200 >18750 >28400 >19500 >16340
Prey (ngC m™)
Suitable >560 - >8300 - - >6840 >1750
Adequate >300 >1250 >6000 >3000 >2000 >4000 >800
Unsuitable <85 <730 <4450 <890 <500 <1430 <330
Water-body type and depth (m)
Suitable Channels Channels Rivers >8 Bays <4 Bays <4 Rivers Rivers
4-8 4-8 Rivers 4-8 Rivers 4-8 4-8 4-8
Adequate - - Rivers <4 Bays >8 Bays >8 Bays >8 Bays <4
Channels 4-8 Channels 4-8
Unsuitable Bays Rivers >4 Bays Bays 4-8 Bays 4-8 Bays 4-8 Bays 4-8 Bays 4-8
Channels <4 Rivers >8 Channels <4 Rivers <4 Channels 4-8 Rivers <4 Rivers <4
Channels <4 Channels <4

Subjuveniles express a strong affinity for moderate
turbidity (Secchi depth of 25 to 39 cm) and strong
aversion to clearer waters (Secchi depths above
49 cm, Fig. S3c). Water temperatures are rarely in
the ranges that could induce stress in this early life
stage, but subjuveniles seem to have a strong aver-
sion to waters in excess of 21.9°C (Fig. S4c). Sub-
juveniles are frequently found in near-freshwater
conditions typical of spawning areas with suitable
conditions ranging from 250 to 1380 pS cm™;
unsuitable conditions occur when salinities are
greater than 4000 pS cm™. (Fig. S5¢). Strong affinity
exists for prey density above 8300 ugC m™
(Fig. S6¢), perhaps reflecting poor delta smelt sur-
vival in areas with lower prey densities, and in deep
river circumstances (Fig. S2c).

Juvenile delta smelt show strong affinity for turbid
water less than 31 cm Secchi depth and strong aver-
sion above 44 cm (Fig. S3d,e). They exhibit a strong

aversion to water greater than 22°C and are never ob-
served in circumstances exceeding 24°C (Fig. S4d,e).
Juveniles appear more tolerant of salinity as the sum-
mer progresses, with suitable conditions ranging from
470 to 5330 pS cm™! and strong aversion being ex-
pressed below 150 and above 7800 pS cm™! in June-
July (Fig. S5d). By July—August, strong aversion is
not expressed until salinity exceeds 15000 pS cm™
(Fig. S5e). Juveniles do not express a strong affinity
for areas with dense prey but express a strong aver-
sion to areas with little prey —less than 890 ngC m
early in the summer, and less than 850 pgC m™ later
in the summer (Fig. S6d,e). A strong affinity for shal-
low-water bays is apparent (Fig. S2d). The primary
area where these conditions co-occur is in Grizzly
Bay, a large area of shallow water into which (pre-
sumably) nutrient-rich water from Montezuma Slough
and Suisun Slough empty. A strong affinity also exists
for rivers of intermediate depth (4-8 m).
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Fig. 2. Affinity analyses and functions for (a) water clarity, (b) water temperature, (c) salinity, and (d) prey availability for sub-

juvenile delta smelt sampled by the 20 mm Survey in May and June 1995-2011. Similar graphical displays for juveniles,

subadults, and pre-spawning adults are available in Figs. S2-S6 in the Supplement. Differences between the paired columns

are depicted with green dots bracketed by a 90 % confidence interval and referenced by the right axis. In the bottom graphs,

blue dots depict differences between use and availability in range segments that were significantly different from zero. Red
dots depict non-significance

Subadult delta smelt tolerate somewhat clearer
water than earlier stages (Fig. 3b). Strong aversion to
clear water is not expressed until Secchi depths
exceed 64 cm in September—October and 75 cm in

November—-December (Fig. S3f,g). Strong aversion to
water temperatures occurs above 20.6°C in Septem-
ber—October and subadult delta smelt do not inhabit
water exceeding 21.7°C (Fig. S4f). Suitable salinity
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additional information

conditions range from 860 to 5500 pS cm™! in Sep-
tember—October and 960 to 7110 puS cm™ in Novem-
ber-December (Fig. S5f,g). Subadults express a

Fig. 3. Comparison of affinity functions by environmental attribute and delta smelt life stage. Life stage, survey months, and
survey are denoted in the legend. These graphs are intended to convey general relationships rather than precise ones. Habitat
attribute values that have corresponding affinity index values greater than 1 indicate adequate conditions. See Table 1 for

strong affinity for prey densities above 6840 pgC m=
in September—October, this number dropping to
1750 ngC m™ in November-December as water
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cools and bioenergetic demands decrease (Fig. S6f,g).
Subadults express a strong affinity for rivers of inter-
mediate depths (4-8 m) (Fig. S2f,g).

Pre-spawning adult delta smelt are presumably
taken while dispersing to spawning areas (Murphy &
Hamilton 2013). They show strong affinity for water
with less than 28 cm Secchi depth (Figs. 3b & S3a),
but show no influence of water temperature on their
distribution (Fig. S4a). Pre-spawning adults are rela-
tively insensitive to salinity (Figs. 3d & S5a). Pre-
spawning adults express an affinity for locations with
prey availability above 560 pgC m™3, lower than ob-
served for previous life stages (Figs. 3f & S6a). They
show affinity for the channels of intermediate depth
(4-8 m), but not for the bays or rivers (Fig. S2a).

Spawning adults sampled in trawl surveys number
the fewest from all life stages. Since the reduction in
abundance from pre-spawning to spawning adults is
far greater than would be expected due to natural
attrition, it is likely that the spawning adults are mov-
ing away from the monitoring sites. Spawning adults
express a strong aversion to clear water (greater than
53 cm Secchi depth) (Fig. S3b). Temperature seems
to play no apparent role in the distribution of spawn-
ing delta smelt (Fig. S4b). They exhibit a very narrow
range of suitable salinity, 500 to 730 puS cm™, sug-
gesting a need to move to fresh water to spawn
(Figs. 3d & S5b). Spawning adults still express strong
aversion to areas with low food densities, in this case
areas with prey less than 730 pgC m= (Fig. S6b).
They demonstrate a strong affinity for channels of
intermediate depths (4-8 m) (Fig. S2b).

Comparing between life stages, affinity functions
for water clarity for subjuveniles and juveniles are
similar (Fig. 3a)—adequate conditions are waters
with Secchi depths generally less than 40 cm. Sub-
adults are observed in clearer water with adequate
ranges less than 60 cm (Fig. 3b). Pre-spawning adults
appear the most sensitive of all life stages to turbidity,
with adequate ranges being less than 35 cm. Ade-
quate ranges for spawning adults occur at Secchi
depths less than 55 cm. Both pre-spawning adults
and spawning adults display an aversion to very tur-
bid water (Secchi depths less than 13 to 17 cm). Delta
smelt show no affinity for water temperatures during
the cooler months of October to April (Fig. 3g). In the
warmer months, delta smelt display acclimatization
to warmer water with adequate conditions occurring
at less than 22.5°C. Delta smelt display decreasing
sensitivity to salinity with age. For subjuveniles, ade-
quate conditions occur in waters with salinity less
than 2500 pS cm™'. This increases to 6300 pS cm™ for
juveniles, 8700 puS cm! for subadults in September

and October, and 10000 pS cm™ for pre-spawning
adults; however, spawning adults appear to seek fresh
water. Adequate salinity conditions for spawning
adults occur at less than 1300 pS cm™. All life stages
display aversion to very fresh water. All life stages
also display aversion to low densities of prey, the
threshold varying with bioenergetic demands. Ade-
quate prey densities range from 300 pgC m=3 for pre-
spawning adults to 6000 pgC m™ for subjuveniles.

3.2. Identification of inadequate conditions and
management implications

The results in Table 5 indicate that there are spe-
cific subregions in which delta smelt are likely to be
found under varying flow conditions. But affinity
analyses showed that areas that are frequently occu-
pied by delta smelt are not occupied at certain times
due to inadequate attribute conditions, indicating
that delta smelt will move from favored areas when
conditions become inadequate. We report the fre-
quency with which attributes are inadequate for
delta smelt by life stage, subregion, and flow condi-
tions (see Table 8 and Table S1 in the Supplement).
For example, Table 7 shows that salinity was in inad-
equate ranges in Suisun Marsh (the water was too
saline) in 100 % of the times it was sampled in the
July-August period when flow was in the first decile
(lowest 10% of May to July flow conditions). Zeros
indicate that no attribute was in an inadequate
range. This table should be interpreted to depict gen-
eral circumstances when attributes are frequently,
infrequently, or never in unsuitable ranges. Table S1
provides this information for each attribute individu-
ally. For example, water clarity is frequently inade-
quate in the Confluence and Lower Rivers subre-
gions from January through July. Water temperature
can be inadequate in numerous subregions in July
under nearly any flow conditions. Salinity is fre-
quently inadequate in the Suisun Bay and Suisun
Marsh during low flow conditions in all months. And
prey availability appears inadequate in multiple sub-
regions under most flow conditions from September
through April.

From Table S1, we identified a minimum set of core
subregions and the habitat attributes that could be
modified to assure that at least the North Delta and 1
other subregion would provide adequate conditions
for delta smelt under any hydrologic circumstance
(Table 8). The North Delta was suggested as a prior-
ity subregion for restoration due to the year-round
presence of delta smelt in that location (recorded on
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Table 7. Frequency (%) with which habitat attributes are
above or below adequate ranges for juvenile delta smelt in
July and August by subregion and Delta outflow decile.
Darker shading shows frequencies when attribute values
are above the adequate range. Light shading shows fre-
quencies when attribute values are below the adequate
range. Conditions for which no data are available are blank
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Lower North
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trawl surveys). Other subregions were identified due
to low frequency of inadequate conditions for water
temperature and turbidity — attributes that are con-
sidered difficult to modify through management
actions. Zero values in Table 8 indicate that under a

wide range of flow conditions and across months, no
directed management actions are necessary to ele-
vate delta smelt habitat quality. Habitat could be
enhanced during lower-flow periods by lowering
salinity in Suisun Marsh from March through Decem-
ber and improving prey availability in the North
Delta and Suisun Marsh. During higher-flow periods,
habitat can be enhanced by improving salinity in
Suisun Marsh from November through June and in
North Delta in June through December, and by
improving prey availability in those areas year-
round. Turbidity and water temperature are occa-
sionally in inadequate ranges, and directed research
would be required to determine whether manage-
ment actions could be developed to address those
specific circumstances.

4. DISCUSSION

The affinity analyses performed here confirm 2 rea-
sonable assumptions regarding relationships between
delta smelt and their habitats that are foundational to
designing restoration projects and management ac-
tions, and prioritizing implementation of them. The
analyses confirm that habitat requirements for delta
smelt vary by life stage and that the upper San Fran-
cisco Estuary exhibits diverse and fluctuating en-
vironmental conditions that influence habitat quality.
Ecosystem variability manifests as a constantly shift-
ing geographic mosaic of habitat quality that confronts
maturing delta smelt, presenting a moving and chal-
lenging target for conservation management. The re-
sults presented in Table 8 indicate delta smelt are
challenged by months during which no subregion in
the estuary offers environmental conditions that are
in adequate ranges for all environmental factors. Such
circumstances set the stage for bottlenecks in region-
wide habitat quality; circumstances, for example,
wherein food and turbidity may be inadequate for a
period in their life cycle, forcing delta smelt to forage
forlong durations in places where they are vulnerable
to predation, with consequential and substantial im-
pacts on mortality rates.

The first objective of a habitat restoration strategy
should be to identify a set of locations where habitat
conditions are adequate for delta smelt throughout
their life cycle, regardless of Delta through-flow vol-
umes, including the extremes of flood and drought.
Priority for environmental restoration efforts should
be given to locations where delta smelt are most fre-
quently found, and where directed actions can effec-
tively and efficiently elevate all relevant habitat
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Table 8. Frequency (%) with which attribute circumstances are less than adequate for delta smelt in the five frequently popu-
lated subregions under higher-flow and lower-flow circumstances. Positive numbers show the frequency (%) with which con-
ditions exceed adequate environmental-factor ranges. Negative numbers show the frequency (%) with which conditions occur
in lower-than-adequate ranges. Red shading indicates temperature or clarity conditions that are frequently inadequate (more
than 20 % of the years for which data are available). Green shading indicates conditions that are frequently adequate (inade-
quate in less than 20 % of those years). Yellow shading indicates the lowest frequency of inadequate conditions for tempera-
ture or clarity across regions during a 2-month period when all regions experience conditions that are frequently inadequate.
Subregions that should be considered a higher priority for restoration are those with attribute circumstances outlined with
boxes: the North Delta, because of the year-round presence of delta smelt, and other subregions where conditions might be
readily enhanced through restoration efforts. na: data are not available

Months Higher flow circumstances Lower flow circumstances
Temperature Clarity  Prey Salinity Temperature  Clarity  Prey  Salinity
Jan-Feb  North Suisun 0 -25 0 0 -86 29
Suisun Marsh 0 0 20 0 | \ 0 —40 20 |
Confluence 0 -75 -75 0 —-86
Lower Rivers 0 -100 -89 0
North Delta na -75 | \ 0
Mar—-Apr North Suisun 0 0 =71 14 0 0 -100 100
Suisun Marsh 0 0 —57 57 | ] 0 -63 100 |
Confluence 0 —-86 -86 0 -88 25
Lower Rivers 0 -100 -100 0 -63 -63
North Delta | 0 14 na -71 | | 0 na
May-Jun North Suisun 0 0 —67 6 0 -94 100
Suisun Marsh 6 —6 -1 0 | 0 —69 94 |
Confluence 0 -32 -74 13 20 -20 40
Lower Rivers 0 -58 -95 0 =13 -20
North Delta -37 -58 | \ 20 20 -20 -53 ]
Jul-Aug  North Suisun 0 0 -65 52 0 -88 100 \
Suisun Marsh | 10 5 0 0o | 3 -35 94
Confluence 10 0 -24 0 -33 19
Lower Rivers =11 -95 -4 -25
North Delta —i3 -75 | -25 20 |
Sep-Oct  North Suisun 14 5 -86 64 ] 0 19 -100 100
Suisun Marsh 4 -65 39 -81 96 |
Confluence -33 0 —46 23
Lower Rivers -23 -31 =13 0
North Delta —42 -73 | —13 -84 |
Nov-Dec North Suisun 0 -76 67 0 -86
Suisun Marsh 0 —57 54 | \ 0
Confluence 0 -38 4 0
Lower Rivers 0 -45 =19 0
North Delta 0 -28 -86 | \ 0

attributes into adequate ranges throughout their life
cycle. After that, a successful restoration strategy
would contribute to expanding habitat availability
spatially and temporally to adjacent areas, growing
the extent of habitat patches and providing connec-
tivity between them. The subregions that are occu-
pied by delta smelt throughout their life cycle war-
rant high priority for restoration. Where individuals
move between subregions during their life cycle,
areas need to be restored such that habitat patches
and connectivity exist throughout their range. Those
circumstances requiring the least and easiest modifi-
cation should be prioritized for restoration.

The development of a restoration strategy incorpo-
rating these design features begins with an under-
standing of the distribution of the target species in
space and time. That fundamental step is essential to
identifying the spatial, temporal, and hydrodynamic
circumstances that are inadequate to support delta
smelt, and which should therefore be excluded as
targets of restoration planning. Five subregions were
frequently occupied under nearly all flow conditions:
Suisun Marsh, North Suisun, the Confluence, Lower
Rivers, and North Delta. To these subregions could
be added East Delta in the spring during low-flow
conditions, and the Napa River and South Suisun in
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the spring and summer during high flows. Within
that limited geographic range, the environmental
management challenge is to provide a suite of biotic
and abiotic conditions that allow the species to
thrive.

By working from the results in Tables 8 and S1, itis
possible to articulate relevant management actions
within this focal geographic range. To illustrate how
specific restoration objectives might be identified,
consider the January-February period. On the one
hand, water clarity conditions are frequently inade-
quate in the Confluence and Lower Rivers, making
these subregions poor targets for habitat restoration
to enhance occupancy by delta smelt during that
period. On the other hand, Suisun Marsh rarely has
inadequate conditions in January and February and
habitat in that subregion might be enhanced by
improving prey availability and salinity. If successful,
this would make Suisun Marsh suitable for delta
smelt in January and February under all flow condi-
tions except the 2 lowest flow deciles. Salinity condi-
tions in North Suisun could be improved through
management actions during lower flow conditions.
Therefore, while not achieving circumstances where
conditions are adequate under all flow regimes, the
conditions for delta smelt would be substantially
improved by focusing management actions on the
locations where specific attributes are just infre-
quently inadequate. A preliminary set of subregions
that could be high priority for habitat restoration are
identified in Table 8; primarily the North Delta and
Suisun Marsh, subregions physiographically and
ecologically most similar to the historic upper San
Francisco Estuary. Such a spatiotemporally resolved
restoration strategy requires that delta smelt be able
to disperse successfully to find suitable conditions.

If the first objective of a habitat restoration strategy
is implemented successfully, sensible biogeographic
design rules can follow. In conservation manage-
ment, it is generally recognized that restoration
efforts should be focused in and around core sanctu-
aries. Qualitatively, the first phase may only seek to
restore conditions to a level that is ‘adequate’, while
later phases may seek a higher standard — condi-
tions that are ‘suitable’ (see Table 6). Quantitatively,
later phases may target adjoining subregions, or per-
haps more distant subregions if connectivity can be
achieved.

The results of the affinity analyses presented here
appear to have immediate application. The proposal
to restore habitat for delta smelt is advanced in a bio-
logical opinion produced by the USFWS (2019),
which determined that ongoing water export opera-

tions from the estuary by state and federal pumping
projects adversely impact critical habitat for delta
smelt. While recognizing that a broad array of physi-
cal and biotic factors contributes to delta smelt habi-
tat, the USFWS chose to use the location of the low-
salinity zone in the estuary as a surrogate measure
for the extent and quality of habitat for delta smelt.
That assumed relationship asserts that habitat for
delta smelt becomes increasingly available at higher
freshwater outflow levels, when the low-salinity zone
in the estuary is at its greatest areal extent. The
assumptions underlying that relationship have been
shown to not be valid (Murphy & Weiland 2019) and
evidence that some delta smelt freely move between
higher-salinity and lower-salinity situations in the
upper estuary has been documented (Hobbs et al.
2019). The analyses presented here indicate that
delta smelt have no affinity for South Suisun
(Table 4) and that while salinity conditions in high-
flow circumstances are frequently limiting in North
Suisun, prey availability is more frequently limiting
there (Table 8), such that improving salinity condi-
tions and not prey availability will not improve habi-
tat quality. A management action proposed by
USFWS, which increases outflow through the Delta
under prescribed conditions, generally diminishes
prey availability for delta smelt in much of the estu-
ary, exacerbating the problem (Kimmerer et al. 2019,
Hamilton et al. 2020).

The absence of well-resolved environmental vari-
ables, beyond the ones used in the habitat affinity
analyses carried out here, has implications for resto-
ration planning. Geographic patterns of predation on
delta smelt are not known, but areas to which delta
smelt show a strong affinity appear to host higher
densities of non-native fish species, many of them
documented to prey on delta smelt (Feyrer 2004,
Sommer et al. 2004, Schreier et al. 2016). Cohen &
Carlton (1998) contend that in the San Francisco
estuary, up to 97 % of the total number of organisms
and 99 % of the biomass are alien invasive species,
leading Grimaldo et al. (2004) to opine that manage-
ment efforts should ‘create or restore wetlands that
only flood during winter and spring, the period when
native fishes spawn and recruit into the estuary'. Cer-
tainly, restoration actions that might benefit predators
over the imperiled delta smelt should be avoided.

The use of affinity analyses provides a number of
advantages when developing restoration strategies.
Affinity analyses can provide quantitative ranges for
suitable and unsuitable environmental conditions by
life stage, which can be used to set restoration goals.
While recognizing noise in the sampling and analysis
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creates uncertainty, the articulation of inadequate
attribute ranges allows conservation managers to
identify and target specific places and times (sub-
regions, months, and flow conditions) when environ-
mental attributes are in inadequate ranges. Resour-
ces do not need to be expended in circumstances
where the conditions of all attributes are adequate.
Beyond correcting specific circumstances, the use of
affinity analyses facilitates the development of resto-
ration strategies that confront the varying habitat
needs of the targeted species across its life stages.
Affinity analyses can be used to develop ‘affinity
functions’ that are neither linear nor symmetrical.
This finding offers evidence to support the concept
that optimal ranges of environmental attributes
affect the distribution and abundance of species, and
that considering those attribute ranges is essential to
successful habitat restoration. Affinity functions can
depict species responsiveness to circumstances, sim-
ilar to results from more traditional techniques. In our
application here, the shapes of the response func-
tions for the June-July period, for example, were
similar to the GAMS results attained previously by
Sommer & Mejia (2013).

Five factors related to habitat quality —turbidity,
temperature, salinity, prey availability, and certain
physical water-body characteristics—while alone
not competent to characterize the habitat space
available to delta smelt, contribute to defining the
geographic spaces suitable for them. The ability for
management actions to influence those habitat fac-
tors varies by attribute and subregion. A restoration
strategy should seek to achieve conditions that are
adequate for delta smelt, regardless of outflow levels,
at a minimum number of locations, but not necessar-
ily the same location, in every month. Later stages in
habitat restoration would further improve habitat
quality for delta smelt in those areas and expand the
geographical extent of adequate conditions. All res-
toration projects require direct engagement of re-
sources which are frequently limited. The inability to
recognize when and where circumstances are inade-
quate for a target species results in the redirection of
resources away from beneficial applications and has
both ecological and economic consequences. The
affinity analysis approach to conservation planning
offers a remedy.

Acknowledgments. We gratefully acknowledge the Califor-
nia Department of Fish and Wildlife, United States Fish and
Wildlife Service, and the Interagency Ecological Program
for many years of data collection and dissemination. Patty
Rueger generated Fig. 1. Three anonymous reviewers pro-
vided insights and guidance on the penultimate draft of

this manuscript. Funding for this project was provided
by the Center for California Water Resources Policy and
Management.

LITERATURE CITED

Addinsoft (2020) XLSTAT statistical and data analysis solu-
tion. Addinsoft, New York, NY

’\,i Alpine AE, Cloern JE (1992) Trophic interactions and direct

physical effects control phytoplankton biomass and pro-
duction in an estuary. Limnol Oceanogr 37:946-955

Baskerville-Bridges B, Lindberg C, Doroshov SI (2004) The
effect of light intensity, alga concentration, and prey
density on the feeding behavior of delta smelt Hypome-
sus transpacificus larvae. In: Feyrer F, Brown LR, Brown
RL, Orsi JJ (eds) Early life history of fishes in the San
Francisco Estuary and Watershed. Am Fish Soc Symp 39,
Bethesda, MD, p 219-228

Bennett WA (2005) Critical assessment of the delta smelt
population in the San Francisco Estuary, California. San
Francisco Estuar Watershed Sci 3:1

]\<Bennett WA, Burau JR (2015) Riders on the storm: Selective

tidal movements facilitate the spawning migration of
threatened delta smelt in the San Francisco Estuary.
Estuar Coasts 38:826-835

ﬁg Brown LR (2000) Fish communities and their associations

with environmental variables, lower San Joaquin River
drainage, California. Environ Biol Fishes 57:251-269

]\(Cardona L (2006) Habitat selection by grey mullets (Oste-

ichthyes: Mugilidae) in Mediterranean estuaries: the role
of salinity. Sci Mar 70:443-455

]\'{ Cohen AN, Carlton JT (1998) Accelerating invasion rate in a

highly invaded estuary. Science 279:555-558

Feyrer F (2004) Ecological segregation of native and alien
larval fish assemblages in the southern Sacramento—-San
Joaquin Delta. In: Feyrer F, Brown LR, Brown RL, Orsi JJ
(eds) Early life history of fishes in the San Francisco Estu-
ary and Watershed. Am Fish Soc Symp 39, Bethesda,
MD, p 67-79

Feyrer F, Nobriga M, Sommer T (2007) Multi-decadal trends
for three declining fish species: habitat patterns and
mechanisms in the San Francisco Estuary, California,
USA. Can J Fish Aquat Sci 136:1393-1405

HFeyrer F, Newman K, Nobriga ML, Sommer TR (2011) Mod-

eling the effects of future outflow on the abiotic habitat
of an imperiled estuarine fish. Estuaries Coasts 34:
120-128

Grimaldo LF, Miller RE, Peregrin CM, Hymanson ZP (2004)
Spatial and temporal distribution of ichthyoplankton in
three habitat types of the Sacramento-San Joaquin
Delta. In: Feyrer F, Brown LR, Brown RL, Orsi JJ (eds)
Early life history of fishes in the San Francisco Estuary
and Watershed. Am Fish Soc Symp 39, Bethesda, MD,
p 81-96

]\'{Grimaldo LF, Sommer TR, Van Ark N, Jones G and others

(2009) Factors affecting fish entrainment into massive
water diversions in a freshwater tidal estuary: can fish
losses be managed? N Am J Fish Manage 29:
1253-1270

A Grost RT, Hubert WA, Wesche TA (1990) Redd site selection

by brown trout in Douglas Creek, Wyoming. J Freshwat
Ecol 5:365-371

]\viGuay JC, Boisclair D, Rioux D, Leclerc M, Lapointe M,

Legendre P (2000) Development and validation of


https://doi.org/10.4319/lo.1992.37.5.0946
https://doi.org/10.1007/s12237-014-9877-3
https://doi.org/10.1023/A%3A1007660914155
https://doi.org/10.3989/scimar.2006.70n3443
https://doi.org/10.1139/f00-162
https://doi.org/10.1080/02705060.1990.9665249
https://doi.org/10.1577/M08-062.1
https://doi.org/10.1007/s12237-010-9343-9
https://doi.org/10.1126/science.279.5350.555

Hamilton & Murphy: Affinity analysis to guide habitat restoration

119

numerical habitat models for juveniles of Atlantic salmon
(Salmo salar). Can J Fish Aquat Sci 57:2065-2075
Hamburg M (1970) Statistical analysis for decision making.
Harcourt, Brace and World, New York, NY
Hamilton SA, Bartell SM, Pierson JJ, Murphy DD (2020)
Factors controlling calanoid copepod biomass and distri-
bution in the upper San Francisco Estuary and implica-
tions for managing the imperiled delta smelt (Hypome-
sus transpacificus). Environ Manage 65:587-601
Hieb K, Fleming K (1999) Summary chapter. In: Orsi J (ed)
Report on the 1980-1995 fish, shrimp, and crab sampling
in the San Francisco Estuary, California. Interagency
Ecological Program for the San Francisco Estuary Tech
Rep 63
Hobbs JA, Bennett WA, Burton JE (2006) Assessing nursery
habitat quality for native smelts (Osmeridae) in the low-
salinity zone of the San Francisco estuary. J Fish Biol 69:
907-922
Hobbs JA, Lewis LS, Willmes M, Denney C, Bush E (2019)
Complex life histories discovered in a critically endan-
gered fish. Sci Rep 9:16772
IEP MAST (2015) An updated conceptual model of delta
smelt biology: our evolving understanding of an estuar-
ine fish. Interagency Ecology Program, Management,
Analysis, and Synthesis Team. Tech Rep 90, January
2015, prepared for the San Francisco Bay/Delta Estuary
]\(Jassby AD, Cloern JE (2000) Organic matter sources and
rehabilitation of the Sacramento-San Joaquin Delta
(California, USA). Aquat Conserv 10:323-352
Johnson NK, Swanson F, Herring M, Greene S (1999) Biore-
gional assessments: science at the crossroads of manage-
ment and policy. Island Press. Covelo, CA
Kareiva P, Andelman S, Doak D, Elderd B and others (1998)
Using science in habitat conservation plans. National
Center for Ecological Analysis and Synthesis, Santa Bar-
bara, CA
Kimmerer WJ (2008) Losses of Sacramento River Chinook
salmon and delta smelt to entrainment in water diver-
sions in the Sacramento-San Joaquin Delta. San Fran-
cisco Estuar Watershed Sci 6:2
Kimmerer WJ, Orsi JJ (1996) Changes in the zooplankton of
the San Francisco Bay estuary since introduction of the
clam Potomocorbula amurensis. In: Hollibaugh JT (ed)
San Francisco Bay: the ecosystem. Pacific Division,
American Association for the Advancement of Science,
San Francisco, CA, p 403-424
FKimmerer WJ, Gross ES, MacWilliams ML (2009) Is the
response of estuarine nekton to freshwater flow in the
San Francisco Estuary explained by variation in habitat
volume? Estuar Coasts 32:375-389
ZKimmerer WJ, Gross ES, Slaughter AM, Durand JR (2019)
Spatial subsidies and mortality of an estuarine copepod
revealed using a box model. Estuar Coasts 42:218-236
ﬁ<Latour RJ (2016) Explaining patterns of pelagic fish abun-
dance in the Sacramento-San Joaquin Delta. Estuar
Coasts 39:233-247
]\(Lechowicz MJ (1982) The sampling characteristics of elec-
tivity indices. Oecologia 52:22-30
A Lehman PW, Mayr S, Mecum L, Enright C (2010) The fresh-
water tidal wetland Liberty Island, CA, was both a
source and sink of inorganic and organic material to the
San Francisco Estuary. Aquat Ecol 44:359-372
Lindberg JC, Marzuola C (1993) Delta smelt in a newly cre-
ated, flooded island in the Sacramento-San Joaquin
Estuary, Spring 1993. BioSystems Analysis. Prepared for

California Department of Water Resources, Sacramento,
CA

Lucas LV, Cloern JE, Thompson JK, Monsen NE (2002) Func-
tional variability of habitats within the Sacramento—-San
Joaquin Delta: restoration implications. Ecol Appl 12:
1528-1547

]\( Mac Nally R, Thompson JR, Kimmerer WJ, Feyrer F and
others (2010) An analysis of pelagic species decline in
the upper San Francisco Estuary using multivariate auto-
regressive modeling (MAR). Ecol Appl 20:1417-1430

Mager RC (1996) Gametogenesis, reproduction and artifi-
cial propogation of delta smelt, Hypomesus transpacifi-
cus. PhD dissertation, University of California, Davis

Mager RC, Doroshov SI, Van Eenennaam JP, Brown RL
(2004) Early life stages of delta smelt. In: Feyrer F, Brown
LR, Brown RL, Orsi JJ (eds) Early life history of fishes in
the San Francisco Estuary and Watershed. Am Fish Soc
Symp 39, Bethesda, MD, p 169-180

AManly BFJ, Fullerton D, Hendrix AN, Burnham KP (2015)
Comments on Feyrer et al. ‘Modeling the effects of
future outflow on the abiotic habitat of an imperiled estu-
arine fish'. Estuar Coasts 38:1815-1820

,"{ Maunder MN, Deriso RB (2011) A state-space multistage
life cycle model to evaluate population impacts in the
presence of density dependence: illustrated with appli-
cation to delta smelt (Hyposmesus transpacificus). Can J
Fish Aquat Sci 68:1285-1306

McGowan MF (1998) Fishes associated with submerged
aquatic vegetation, Egeria densa, in the Sacramento—San
Joaquin Delta in 1998 as sampled by pop nets. Romberg
Tiburon Center, San Francisco State University. Unpub-
lished report prepared for the California Department of
Boating and Waterways, Sacramento, CA

Mclvor C, Brown LR, Hymanson Z (1999) Shallow water
habitat workshop summary. IEP Newsl 12(1)

Meng L, Matern SA (2001) Native and introduced larval
fishes of Suisun Marsh, California: the effects of fresh-
water flow. Trans Am Fish Soc 1309:750-765

Merz JM, Hamilton SA, Bergman PS, Cavallo B (2011) Spa-
tial perspective for delta smelt: a summary of contempo-
rary survey data. Calif Fish Game 97:164-189

FMiller WJ, Manly BF, Murphy DD, Fullerton D, Ramey RR
(2012) An investigation of factors affecting the decline of
delta smelt (Hypomesus transpacificus) in the Sacra-
mento—San Joaquin Estuary. Rev Fish Sci 20:1-19

]% Monaco ME, Weisberg SB, Lowery TA (1998) Summer habi-
tat affinities of estuarine fish in US mid-Atlantic coastal
systems. Fish Manag Ecol 5:161-171

Moyle PB (2002) Inland fishes of California. University of
California Press, Berkeley, CA

AMoyle PB, Herbold B, Stevens DE, Miller MW (1992) Life
history of delta smelt in the Sacramento-San Joaquin
Estuary, California. Trans Am Fish Soc 121:67-77

Murphy DD, Hamilton SA (2013) Eastward migration or
marsh-ward dispersal: exercising survey data to elicit an
understanding of seasonal movement of delta smelt. San
Francisco Estuar Watershed Sci 11:12

A Murphy DD, Weiland PS (2019) The low-salinity zone in the
San Francisco Estuary as a proxy for delta smelt habitat:
a case study in the misuse of surrogates in conservation
planning. Ecol Indic 105:29-35

National Research Council (2011) A review of the use of sci-
ence and adaptive management in California's draft Bay
Delta Conservation Plan. National Academies Press,
Washington, DC


https://doi.org/10.1002/1099-0755(200009/10)10%3A5%3C323%3A%3AAID-AQC417%3E3.0.CO%3B2-J
https://doi.org/10.1007/s12237-008-9124-x
https://doi.org/10.1007/s12237-018-0436-1
https://doi.org/10.1007/s12237-015-9968-9
https://doi.org/10.1007/BF00349007
https://doi.org/10.1007/s10452-009-9295-y
https://doi.org/10.1016/j.ecolind.2019.05.053
https://doi.org/10.1577/1548-8659(1992)121%3C0067%3ALHASOD%3E2.3.CO%3B2
https://doi.org/10.1046/j.1365-2400.1998.00079.x
https://doi.org/10.1080/10641262.2011.634930
https://doi.org/10.1139/f2011-071
https://doi.org/10.1007/s12237-014-9905-3
https://doi.org/10.1890/09-1724.1

120

Endang Species Res 43: 103-120, 2020

Newman KB (2008) Sample design-based methodology for
estimating delta smelt abundance. San Francisco Estuar
Watershed Sci 6:3

Nobriga ML (1998) Evidence of food limitation in larval
delta smelt. [IEP Newsl 11:20-24

Nobriga ML, Sommer TR, Feyrer F, Fleming D (2008) Long-
term trends in summertime habitat suitability for delta
smelt (Hypomesus transpacificus). San Francisco Estuar
Watershed Sci 6:1

Pardue GB (1983) Habitat suitability index models: alewife
and blueback herring. US Fish and Wildlife Service
FWS/OBS-82/10.58

Reed JM, Akcakaya HR, Burgman M, Bender D, Beissinger
SR, Scott JM (2006) Critical habitat. In: Scott JM, Goble
DD, Davis FW (eds) The Endangered Species Act at
thirty: conserving biodiversity in human-dominated
landscapes. Island Press, Covelo, CA

Rose KA, Kimmerer WJ, Edwards KP, Bennett WA (2013)
Individual-based modeling of delta smelt population
dynamics in the upper San Francisco Estuary: I. Model.
Trans Am Fish Soc 142:1238-1259

ﬁi Schreier BM, Baerwald MR, Conrad JL, Schumer G, May B

(2016) Examination of predation on early life stage delta
smelt in the San Francisco estuary using DNA diet analy-
sis. Trans Am Fish Soc 145:723-733

Sommer TR, Harrell WR, Kurth R, Feyrer F, Zeug SC,
O'Leary G (2004) Ecological patterns of early life stages
of fishes in a river-floodplain of the San Francisco Estu-
ary. In: Feyrer F, Brown LR, Brown RL, Orsi JJ (eds) Early
life history of fishes in the San Francisco Estuary and
watershed. Am Fish Soc Symposium 39, Bethesda, MD,
p 111-123

Sommer TR, Mejia FH (2013) A place to call home: a synthe-
sis of delta smelt habitat in the upper San Francisco Estu-
ary. San Francisco Estuar Watershed Sci 11:4

Sommer TR, Harrell WR, Kurth R, Feyrer F, Zeug SC,
O'Leary G (2004) Ecological patterns of early life stages
of fishes in a river-floodplain of the San Francisco Estu-
ary. In: Feyrer F, Brown LR, Brown RL, Orsi JJ (eds) Early
life history of fishes in the San Francisco Estuary and
Watershed. Am Fish Soc Symp 39, Bethesda, MD,
p 111-123

]\<Sommer TR, Armor C, Baxter RD, Breuer R and others

(2007) The collapse of pelagic fishes in the upper

Editorial responsibility: Eduardo Martins,
Vancouver, British Columbia, Canada

.
2

<
2

<
2

.,

San Francisco Estuary. Fisheries (Bethesda, MD) 32:
270-277

Sommer TR, Mejia FH, Nobriga ML, Feyrer F, Grimaldo L
(2011) The spawning migration of delta smelt in the
upper San Francisco Estuary. San Francisco Estuar
Watershed Sci 9:2

Stier DJ, Crance JH (1985) Habitat suitability index models
and instream flow suitability curves: American shad. US
Fish Wildl Serv Biol Rep 82(10.88)

Swanson C, Reid T, Young PS, Cech JJ (2000) Comparative
environmental tolerances of threatened delta smelt
(Hypomesus transpacificus) and introduced wakasagi
(Hypomesus nipponensis) in an altered California estu-
ary. Oecologia 123:384-390

Thomson JR, Kimmerer WJ, Brown LR, Newman KB and
others (2010) Bayesian change point analysis of abun-
dance trends for pelagic fishes in the upper San Fran-
cisco Estuary. Ecol Appl 20:1431-1448

USFWS (US Fish and Wildlife Service) (2004) Five-year
review of the delta smelt. August 1, 2003. Fed Regist 68:
45270-45271

USFWS (US Fish and Wildlife Service) (2008) Delta smelt
biological opinion on the coordinated operations of the
Central Valley Project and State Water Project. www.fws.
gov/stbaydelta/Documents/SWP-CVP_OPs_BO_12-15_
final OCR.pdf

USFWS (US Fish and Wildlife Service) (2019) Biological
opinion: For the reinitiation of consultation on the coordi-
nated operations of the Central Valley Project and State
Water Project. https://ecos.fws.gov/tails/pub/document/
16479107

van Geen A, Luoma SN (1999) The impact of human activi-
ties on sediments of San Francisco Bay, California: an
overview. Mar Chem 64:1-6

Wang JC (1986) Fishes of the Sacramento-San Joaquin
Estuary and adjacent waters, California: A guide to the
early life histories. Interagency Ecological Study Pro-
gram for the Sacramento—-San Joaquin Estuary Tech Rep
9. FS/B10-4ATR 86-9

Weinstein MP (1986) Habitat suitability models: inland
silverside. US Fish Wildl Serv Biol Rep 82(10.120)

]< Winder M, Jassby AD (2011) Shifts in zooplankton community

structure: implications for food web processes in the upper
San Francisco Estuary. Estuar Coasts 34:675-690

Submitted: March 23, 2020; Accepted: July 8, 2020
Proofs received from author(s): September 5, 2020


https://doi.org/10.1080/00028487.2016.1152299
https://doi.org/10.1577/1548-8446(2007)32%5b270%3ATCOPFI%5d2.0.CO%3B2
https://doi.org/10.1007/s004420051025
https://doi.org/10.1007/s12237-010-9342-x
https://doi.org/10.1016/S0304-4203(98)00080-2
https://doi.org/10.1890/09-0998.1



