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Variation of Fish Habitat and Extent of the Low-Salinity
Zone with Freshwater Flow in the San Francisco Estuary

Wim J. Kimmerer*, Michael L. MacWilliams', and Edward S. Gross?

ABSTRACT

We used the UnTRIM San Francisco Bay-Delta
hydrodynamic model to examine the spatial distribu-
tion of salinity as a function of freshwater flow in
the San Francisco Estuary. Our particular focus was
the covariation of flow with the spatial extent of the
low-salinity zone (LSZ: salinity = 0.5 to 6), and with
the extent of habitat for common species of nekton
as defined by their salinity ranges. The UnTRIM
model has an unstructured grid which allowed us

to refine earlier estimates of the availability of suit-
able salinity ranges, particularly for species resident
in low salinity. The response of the salinity field to
flow was influenced by the bathymetry of the estu-
ary. Area and volume of the LSZ were bimodal with
X2, the distance up the axis of the estuary to a near-
bottom salinity of 2, roughly the middle of the LSZ.
The smallest area and volume occurred when the
LSZ was in the Delta or Carquinez Strait, moderate
values when it was in Suisun Bay, and the highest
values when it was in broad, shallow San Pablo Bay.
Resource selection functions for the distributions

of common nekton species in salinity space were
updated from previous values and used to calculate
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salinity-based habitat indices using the UnTRIM
results. These indices generally increased with
decreasing X2 (increasing flow), but the slopes of
these relationships were mostly inconsistent with cor-
responding relationships of abundance to flow. Thus,
although the salinity range used by most nekton
expands as flow increases, other mechanisms relat-
ing population size to flow are likely more important
than the physical extent of suitable salinity.
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INTRODUCTION

Salinity is crucial in determining the distributions
of nearly all species that inhabit estuaries. Although
salinity (or conductivity) is but one of many attri-
butes that define habitat, most estuarine species are
abundant within a limited range of salinity. As this
salinity range moves with freshwater and tidal flows,
attributes of this habitat may change, including its
spatial extent, local bathymetry, exchange processes,
and biotic interactions. These changes may, in turn,
alter population dynamics of the species so as to
cause abundance to covary with freshwater flow on
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an annual time scale (Kimmerer 2002b). Here we ask
how the extent of habitat defined by salinity varies
with freshwater flow, and whether this covariation
may cause variation in abundance with flow.

A river-dominated estuary can be considered an
ecocline with two ecotones, i.e., ecosystem proper-
ties such as species composition vary slowly with
salinity within the gradient but the ends of the gra-
dient can be a sharp barrier for both freshwater and
marine species (Attrill and Rundle 2002; Greenwood
2007). Efforts to classify estuarine salinity ranges
into discrete units on the basis of distributions of
biota, beginning with the Venice classification sys-
tem, have met with mixed success (Bulger et al. 1993,
Greenwood 2007). Nevertheless, many such systems
identify a low-salinity or oligohaline zone as an
important region for a variety of physical, chemical,
and biological properties (Postma and Kalle 1955;
Morris et al. 1978; Baross et al. 1994; North and
Houde 2003). Influences of freshwater flow on the
biota of estuaries often occur indirectly through the
response of salinity and its covariates. For example,
salinity stratification can stimulate primary produc-
tion (Cloern 1984). Shifts in the salinity field can
alter the distribution and abundance of benthic filter
feeders, resulting in variation of phytoplankton with
flow (Nichols 1985; Wilber 1992). In addition the dis-
tributions of marsh and submerged plants can shift
during long periods of altered salinity (Watson and
Byrne 2009).

The salinity field of a tidal estuary with strong river
flow is influenced by freshwater flow into the estu-
ary, and by mixing processes that lead to salt intru-
sion from the ocean. These mixing processes include
tidal dispersion (Zimmerman 1986) and gravitational
circulation (Monismith et al. 2002). The relative
strength of each of these processes varies spatially
because of the spatially variable bathymetry of the
estuary, and it varies in time and space depending
on the location and movement of salinity gradients
(Gross et al. 2010). In the vertical direction, turbu-
lent mixing is the dominant mixing process and

it interacts strongly with gravitational circulation
(Monismith et al. 2002). The result of the interplay
between net seaward advection by tributary inflows
and horizontal and vertical mixing processes is a

complex and time-varying circulation and salin-
ity field that can include both stratified and verti-
cally well-mixed conditions at different times and
locations.

The spatial distribution of salinity in a river-domi-
nated tidal estuary is, therefore, difficult to determine
using monitoring data alone. This is clearly the case
in the San Francisco Estuary (estuary), with its long
records of salinity measurement. Continuous monitor-
ing gives good temporal resolution but poor spatial
resolution, and measurements can vary with small
differences in positions of the sensors. Vessel-based
sampling confounds space and time and usually
results in a relatively small number of measurements.
Although continuous spatial records have been taken
(e.g., Powell et al. 1989), they have proved difficult to
interpret and have not contributed much to knowl-
edge about the estuary.

Three-dimensional (3-D) hydrodynamic models pro-
vide an alternative means to determine patterns of
salinity in an estuary. Field measurements are used
for calibration but otherwise the model can be run
independently of measurements if suitable boundary
conditions are available. If the model is calibrated
over the range of salinity conditions in the region of
interest, the salinity predictions should be as accurate
as the calibration.

Previously we used the 3-D version of the TRIM
model (Casulli and Cattani 1994; Gross et al. 2010)
to examine salinity distributions in the estuary and
in particular how the availability of habitat for vari-
ous species of nekton, based on salinity and depth,
varied with freshwater flow (Kimmerer et al. 2009).
The principal conclusion was that increases in the
extent of this habitat with flow were probably unre-
lated to increases in population size of most of the
species examined. At that time, the TRIM model was
the best-calibrated 3-D model of the estuary, but it
lacked resolution in narrow channels and represented
most of the Sacramento-San Joaquin Delta as a pair
of shallow tidal lagoons. This was a drawback for
analyzing the habitat of fish species that spend much
of their time in freshwater.

In this paper we re-examine the distribution of
salinity in the estuary using UnTRIM (Casulli and



Zanolli 2002, 2005), a successor to TRIM that uses an
unstructured grid and is therefore capable of repre-
senting the network of narrow channels in the Delta.
This model has been implemented and calibrated for
the Estuary and used in several management-related
applications (MacWilliams et al. 2008, unpublished).
We ran the model with nine different steady values
of Delta outflow, supplemented with output from a
3-year period from April 1994 through March 1997
that included the calibration period (MacWilliams et
al. unpublished). Our particular focus was on the low-
salinity zone (LSZ), defined here by a salinity range
of 0.5 to 6 (Practical Salinity Scale), because of its
importance as habitat for delta smelt (Bennett 2005)
and because it has been the focus of numerous stud-
ies of circulation, organism retention, and plankton
dynamics (e.g., Arthur and Ball 1979; Burau 1998;
Kimmerer et al. 1998, 2012). We asked how the spa-
tial extent (volume, area, depth) of this zone varied
with flow, and whether a better-defined and more
extensive analysis of the extent of the salinity ranges
of various nekton species would cause us to alter our
earlier conclusions (Kimmerer et al. 2009).

We use X2, the distance in km up the axis of the
estuary to a near-bottom tidally averaged salinity of
2, as a measure of the physical response of the estu-
ary to freshwater flow. X2 is related to abundance
indices of several estuarine nekton species (Jassby et
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al. 1995; Kimmerer 2002a). The LSZ is centered at a
salinity of about 2; thus, X2 is a measure of the posi-
tion of the LSZ. However, it is important to distin-
guish between the LSZ as a particular habitat and the
numerical value of X2 as a measure of the wide vari-
ety of the physical responses of the estuary to flow
(Kimmerer 2002b). In particular, abundance of vari-
ous fish species may respond to X2 or its correlates
through mechanisms that are not directly related to
LSZ characteristics (Kimmerer 2002b; Kimmerer et al.
2009).

This paper examines the distribution of salinity from
several perspectives. We examined the influence of
both steady and time-varying flows on the area and
volume of the LSZ. Steady flows used to set up this
analysis were based on values for summer-fall (July
through October) because of current interest in this
period in the life cycle of delta smelt (Bennett 2005),
but the results apply to the range of flows regard-
less of season. We also refined the previous analyses
of the relationship of resource selection functions

to flow and X2 (Manly et al. 2002; Kimmerer et al.
2009) using the finer resolution provided by UnTRIM
to investigate the low-salinity end of the system. We
analyzed data for species included in the previous
study (Table 1), selected because they are abundant or
because they have relationships of abundance to X2
as described in Jassby et al. (1995) and Kimmerer et

Table 1 Species analyzed with sampling programs that provided data for each of the habitat indices, and months included in each
analysis. Sampling programs are: the 20mm survey (20mm, Dege and Brown 2004), Summer Townet Survey (TNS, Turner and Chadwick
1972), Fall Midwater Trawl Survey (FMWT, Moyle et al. 1992), and the San Francisco Bay Study midwater trawl (Bay MW) and otter

trawl (Bay OT, Armor and Herrgesell 1985).

Common name Scientific name Sampling program Months

Bay shrimp Crangon franciscorum Bay OT May—Nov

Starry flounder Platichthys stellatus Bay OT May—Nov

Northern anchovy  Engraulis mordax MWT, Bay MW Sep-Dec, Apr—Nov

Longfin smelt Spirinchus thaleichthys MWT, Bay MW Sep-Dec, May-Dec

Delta smelt Hypomesus transpacificus ~ 20mm, TNS, MWT Mar-Jul, Sep-Dec

American shad Alosa sapidissima MWT, Bay MW Sep-Dec , May-Nov

Threadfin shad Dorosoma petenense 20mm, TNS, MWT Mar-Jul, Jun-Aug, Sep-Dec

Striped bass Morone saxatilis 20mm, TNS, MWT, Bay MW, Bay OT  Mar—Jul, Jun-Aug, Sep-Dec, May-Dec
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al. (2009). In this study we included threadfin shad,
which could not be analyzed before because its habi-
tat is mainly in freshwater, and omitted Pacific her-
ring, which lacks a significant relationship with X2.

METHODS

Model Summary

UnTRIM (Casulli and Zanolli 2002, 2005) is an exten-
sion of the 3-D hydrodynamic model TRIM, which
has been widely used in the estuary and elsewhere
(Gross et al. 1999, 2010; Kimmerer et al. 2009).
UnTRIM uses an unstructured grid, which has several
advantages over the Cartesian grid used in TRIM. The
grid can be made finer to resolve narrow channels
and other small features of interest and coarser else-
where, focusing computer resources where they are
needed. Grid cells can be oriented along the axes of
sinuous channels, making the model’s representation
of spatially continuous flow more accurate. In addi-
tion, grid cells can be made narrow enough to repre-
sent even small channels with at least a few rows of
cells, improving accuracy in narrow channels.

The UnTRIM Bay-Delta model represents the entire
San Francisco Estuary from the landward reaches of
the Sacramento-San Joaquin Delta to the Gulf of the
Farallones (MacWilliams et al. unpublished). In our
application of the model, the grid is coarse in the
ocean and gradually becomes finer, with the finest
resolution in the Delta. The model has been calibrated
using water level, velocity, flow, and salinity data
collected throughout the estuary (MacWilliams et al.
2008, unpublished). The calibration period of April
1994 through March 1997 was selected because sub-
stantial field data on salinity and velocity were avail-
able from the Entrapment Zone study (Burau 1998;
Kimmerer et al. 1998, 2002; Bennett et al. 2002). This
period also encompassed a wide range of freshwa-
ter flows, from daily Delta outflow of 20 m? s™! in
October 1994 to 11,500 m3 s™! in March 1995.

Following the approach used by Kimmerer et al.
(2009), nine steady outflow scenarios were simu-
lated that spanned a range of outflows. Six flows
were selected to achieve an approximately even

distribution of calculated X2 values, resulting in a
roughly log-equal interval of flow spanning 100 to
2,810 m3 s™1. Three additional intermediate flow val-
ues (140, 265, and 520 m3 s™!) were added to better
represent changes in salinity-based habitat as a func-
tion of X2 through Suisun Bay (Table 2). The lowest
flow is in the 12th percentile of daily flows from the
DAYFLOW! data set from water years 1956 through
2011 and the 17th percentile of dry-season (May
through November) flows. The high flow is in the

Table 2 Outflow and steady-state X2 for each constant flow
scenario and the time (d) for X2 to move halfway from an initial
position to its steady-state value.

Outflow (m3s™) X2 (km) T1/2
100 89.8 25.4
140 84.8 23.1
190 79.4 22.8
265 72.8 18.3
370 67.4 14.6
520 62.5 9.4
730 57.9 7.0

1440 50.6 4.3
2810 42.7 2.1

94th percentile of flows for the whole year and the
99.5th percentile of dry-season flows. The times to
reach steady state in these model runs were inversely
related to outflow (Table 2).

Boundary Conditions

MacWilliams et al. (unpublished) describe all of the
boundary conditions used in the UnTRIM Bay-Delta
model. The discussion here summarizes the boundary
conditions specific to the steady outflow scenarios.
These were designed to use repeating conditions
over each day, eliminating the need to average over
the spring-neap tidal cycle to represent steady-state
conditions. We used a constant salinity of 33.5 at

1 DAYFLOW is a DWR developed program to estimate average daily
flows for the Delta and its tributaries through measurements and cal-
culations http://www.water.ca.gov/dayflow/ [accessed 30 April 2011].
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Table 3 Inflows (m3s™") from each river for each steady outflow scenario. All values based on DAYFLOW.

Outflows (m3s™1)
River flows 100 140 190 265 370 520 730 1440 2810
Cosumnes 0.8 0.8 0.9 1.1 1.3 1.5 1.9 3.2 5.8
Calaveras 4.0 4.4 4.9 5.7 6.7 8.2 10 17 31
Mokelumne 6.8 7.5 8.4 9.6 11 14.0 18 30 b4
Sacramento 332 364 405 467 553 676 848 1431 2555
San Joaquin 56 62 69 79 94 115 144 244 435
Yolo 4.6 5.0 5.6 6.5 7.6 9.3 12 20 35
Total inflow 404 444 494 569 674 824 1034 1744 3114

the ocean boundary and a repeating daily tide com-
prising the M2 lunar semidiurnal tidal component
modified to a 12-hr period and the K1 lunar diurnal
component modified to 24 hr. These were phased
such that lower low water followed higher high water
as in the estuary. Wind and evaporation also varied
repetitively over each 24-hr period to represent the
average summer daily pattern of meteorological con-
ditions. Historical data from July through October
during water years 1980 through 2010 were used
except as noted below. Output from the DAYFLOW
program for July through October during water years
1980 through 2010 was used to calculate the pro-
portion of total inflow from each river (Table 3), the
long-term mean export rate (237 m> s7!), and the
proportion of total water exports attributable to each
export facility (Table 4). Export rates for the Contra
Costa Water District diversion were apportioned
between the Rock Slough (39%) and Old River (61%)
intakes. Delta Island Consumptive Use (DICU) was
determined for the same period for each of 257 DICU
nodes, with a total net withdrawal of 67 m3 s~!. For
all scenarios, Delta exports and DICU remained con-
stant, and inflow was calculated to achieve the target
outflow. Mean discharges of streams flowing directly
into the estuary west of the Delta were estimated
from available gage data from July through October
of 1990 through 2010, adjusted by the ratio of total-
to-gaged watershed area of each stream. The total

of these inflows was 6.9 m? s~!, about 94% of which
flows into South Bay and most of the remainder into
San Pablo Bay.

Table 4 Average Delta export flows for July through October
of water years 1980 to 2010 used in the steady-flow scenarios.
Export flows are for water pumped out of the Delta for
agricultural and municipal uses.

Average Percent (%)
Export facility flow (m®s1)  contribution
State Water Project 121 51
Central Valley Project 110 46
Contra Costa Water District 5.5 2.3
North Bay Aqueduct 1.7 0.7
Total export flow 237

For the steady outflow scenarios, we assumed typical
summer operating conditions for all control struc-
tures in the Delta. The Delta cross-channel and
Suisun Marsh salinity control gate were open; the
barrier at the head of Old River was open; and the
three temporary barriers on Grant Line Canal, Middle
River, and Old River at the Delta-Mendota Canal
were in place with culverts and weirs operating
under typical summer configurations.

Model Runs and Analysis

For each steady flow, the model was run for 180
days to reach steady state. X2 for each steady flow
was determined from the distribution of bottom
salinity during the steady-state run. Model results
were averaged over the last day of each simulation.
The distributions of salinity and depth in each of six
model regions (one region—the ocean—was not used
in most of the calculations) were summarized from
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the model as matrices of surface area in the region
for each combination of 80 bins of salinity and 56
bins of depth. Salinity bins were in increments of 1
above 5, and 0.1 below 5. Depth bin increments were
1 m from 0 to 40 m (encompassing 97% of the vol-
ume of the estuary), and 5 m from 40 m to 100 m.

Areas of each bin in the matrix were multiplied by
the midpoint depths of the bins to determine volumes
which were summed over all depths in the salinity
range. To analyze the characteristics of the LSZ, we
summed volumes and areas of all cells in San Pablo
Bay, Suisun Bay, and the Delta with salinity between
0.5 and 6, and calculated the mean depth as the ratio
of volume to area. A similar calculation using model
output from April 1994 through March 1997, which
included the calibration period, was used to compare
the steady-state and time-varying cases. We also
developed a hypsograph of area vs. depth for each
region at an intermediate flow (370 m> s71).

Resource selection functions to estimate area and
volume of the salinity ranges used by species of nek-
ton were updated from Kimmerer et al. (2009) using
monitoring data through 2010. Briefly, generalized
additive models (GAMs) were fit to data on catch per
trawl or frequency of occurrence as a function of
salinity. GAMs were fit using a loess smoother with
degree=2 and span=0.5, and either a Poisson (catch
per trawl) or binomial (frequency of occurrence) error
distribution. In the previous analysis we used depth
as a covariate with data from the Bay Study otter
trawl (Kimmerer et al. 2009). We did not do so here
because that analysis showed effects only in deep,
saline waters (Kimmerer et al. 2009) and here we
focused more on the freshwater end of the system.
We calculated resource selection functions using data
from all stations except that data from the 20-mm
Survey and Summer Townet Survey (TNS) were
restricted to Suisun Bay and the Delta because of
limited coverage in San Pablo Bay. Twenty-five boot-
strap samples were taken for each resource selection
function to allow for approximate error estimates.

Resource selection functions were standardized to the
range (0,1) and used as weighting factors with the
data on total volume by salinity to calculate salinity-
based habitat indices (hereafter, habitat indices) for

the entire estuary for each species at each of the nine
steady-flow levels. Combinations of species and sam-
pling programs were included only if the sampling
programs covered most of the salinity range of the
species; for example, northern anchovy collected by
the TNS was excluded since most of the fish occur
seaward of the region sampled by this program.

The statistic of interest from this analysis was the
slope of the relationship between the log of the
habitat index and X2. To the extent that this slope
matched that of the corresponding relationship of
log of abundance index to X2 (Jassby et al. 1995;
Table 2 in Kimmerer et al. 2009), the result would
support the flow-based change in extent of suit-

able salinity (the habitat index) as a mechanism for
the response of abundance index to flow (under the
assumption that population size would scale with
area of suitable salinity). A more negative slope for
the log abundance-X2 relationship would imply that
other mechanisms besides variation in extent of suit-
able salinity were contributing to the flow response
of abundance. A more negative slope for the log hab-
itat-X2 relationship would imply that fish abundance
was unresponsive to volume or area of the habitat as
defined by the salinity field.

RESULTS

The hypsographs show the predominance of shal-
low water in all regions of the estuary (Figure 1). The
median depth is 6.3 m in Central Bay and <4 m in
the other regions. Even the Delta is predominantly
shallow, although the western Delta near the conflu-
ence of the Sacramento and San Joaquin rivers is
deeper than farther eastward (not shown).

Spatial distributions of salinity with flow (Figure 2)
show both the movement of the salinity field and the
change in its shape and characteristics. At a low flow
of 140 m> s™! (X2=85 km) the low-salinity zone is in
the western Delta, Suisun Bay has salinity up to ~15,
and San Pablo to Central Bay are at salinity close

to seawater. At a flow of 1,440 m3s™! (X2=51 km)
Suisun Bay is fresh and the LSZ is in the shoals of
San Pablo Bay. Although stratification cannot be
seen in these maps of depth-averaged salinity, it can
be inferred from the higher salinity in channels than
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percentiles, respectively, of monthly mean Delta outflow from
water years 1956 through 2011.
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Figure 3 Top: cumulative volume by salinity bin from the
UnTRIM model at 9 steady flows (solid lines) and the TRIM
model at 5 steady flows (dashed lines). Bottom: volume

by salinity in increments of 1 unit from UnTRIM. Flows

and corresponding X2 values are color-coded with red
representing the driest and blue the wettest conditions.
Volumes are relative to mean sea level, binned according
to water-column mean salinity. Lines for TRIM results have
an additional volume of 0.6 km3 added to account for the
unresolved portion of the Delta, assumed to be freshwater.

adjacent shoals in southern San Pablo Bay during the
high-flow period.

The distribution of volume by salinity throughout the
estuary (Figure 3) reveals several key features using
both the UnTRIM results and our previous results
with TRIM. First, the largest part of the total volume
of the estuary is in deep channels of Central Bay,
indicated by the peaks in volume in the lower panel
of Figure 3. Second, the total volume of the estu-

ary is bimodal with respect to salinity: about half is
within 10 of the maximum salinity, 10% to 20% is
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fresh, and the remainder is spread over the remain-
ing salinity range. As flow increases the volume of
the freshwater pool increases, the maximum salinity
in the estuary decreases, and the salinity in the deep
channels of Central Bay decreases still further. Third,
as flow increases there is no consistent response of
volume in salinity between 1 and 10, and a modest
increase in volume between 10 and 25. The volume
of freshwater grows faster with flow in results using
UnTRIM than in those from TRIM because the Delta
is fully resolved in UnTRIM.

The distribution of salinity by basin shows the pro-
gressive freshening moving down-estuary as X2
decreases (Figure 4). The Delta is essentially fresh-
water except at very low flows when brackish water
intrudes into the western Delta from Suisun Bay.
Suisun and San Pablo bays have the widest range of
salinity from freshwater during moderate to high-
flow periods to polyhaline during low flow periods.
Central and South bays have similar salinity patterns
consisting primarily of near-oceanic salinity at low to
moderate flows with progressive freshening as flow
increases.

The relationships of area and volume of the LSZ to
flow or X2 are bimodal (Figure 5). As expected, vol-
ume and area of the LSZ increase as the LSZ moves
from the western Delta (X2 > 75) into the center of
Suisun Bay (X2 ~ 65). However, area and volume
then decrease as the LSZ moves further westward
through Suisun Bay into Carquinez Strait and then
increase sharply around X2 < 50 km. Defining the
LSZ by bottom salinity instead of depth-averaged
salinity makes little difference in these patterns
(Figure 5). Mean depth—the ratio of volume to area—
shows a roughly inverse pattern to area, which is
more variable than volume. The steady-flow and
historical model runs corroborate each other at X2
above about 65km. At higher flows the area and vol-
ume of the LSZ vary widely for a given X2 from the
historical run, and this variation is greatest and most
divergent when X2 is changing rapidly. In addition,
there is a sharp discontinuity in area and volume in
the historical model output around X2 =40.

Updated resource selection functions were similar
to those developed previously except that the func-

Percent of Volume
S g 8 g 8 g
| I | I | I

a
o
|

0 T T T T T
40 50 60 70 80 90

X2, km

Figure 4 Volume in each region (as percent of the maximum
total volume in that region) by X2 with contours indicating
depth-averaged salinity. Regions are from northeast to south-
west: Delta (DL), Suisun Bay (SU), San Pablo Bay (SP), and
Central (CB) and South (SB) San Francisco bays.

tion for threadfin shad was not developed previously
(Figure 6). This shows that threadfin shad is the most
freshwater-oriented species of the abundant species
in the data set. In many cases the resource selection
functions based on catch were more tightly confined
to a salinity range than those based on frequency of
occurrence because of the occasionally high catches
in that salinity range.

Examples of the relationships of salinity-based
habitat volume to X2 show a reasonably tight fit
(Figure 7). Error bars based on bootstrap resampling
of the raw data used to develop the GAM curves were
small relative to variability across X2 values for most
species.

We compared the slopes of log-transformed habi-
tat volume vs. X2 (examples in Figure 7) to corre-
sponding slopes of log abundance vs. X2 simply by
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Figure 5 Volume, area, and mean depth (volume * 1000/area) of
the Low-Salinity Zone (salinity 0.5 to 6) vs. X2 from the UnTRIM
model under nine steady flow scenarios using water-column
mean (open circles) or bottom (closed diamonds) salinity. Also
shown are daily values based on variable flows during April 1994
through March 1997 (triangles; MacWilliams et al. unpublished).
Upper axis gives the Delta outflow corresponding to flow bound-
ary conditions used in the model. Regions of the estuary are indi-

Figure 6 Resource selection functions for
abundant species in each of the five sampling
programs. The x axis has been broken to
emphasize patterns at S < 5.5. Each pair of panels
includes lines for a single species based on catch
per trawl (left) and frequency of occurrence
(right). Species are: a, bay shrimp; b, starry
flounder; ¢, American shad; d, threadfin shad; e,
delta smelt; f, longfin smelt; g, northern anchovy;
h, striped bass. Sampling programs (legend) are
the 20mm Survey, the Summer Townet Survey
(TNS), the Fall Midwater Trawl Survey (FMWT),
the Bay Study midwater trawl (Bay MW), and the
Bay Study otter trawl (Bay OT).
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Figure 7 Examples of relationships between X2 and habitat
indices. These are for catch per trawl in the Fall Midwater
Trawl Survey with salinity averaged through the water col-
umn. Each point is the volume by salinity bin, weighted by the
resource selection function (Figure 6). Error bars are ranges
of each habitat index determined from bootstrap sampling

(N = 25) of the raw data in producing the resource selection
functions. Lines are least-squares fit to the log-transformed
data.

determining whether the habitat slopes fell in or out
of the 95% confidence limits of the abundance-X2
slopes (Figure 8). We did not perform statistical tests
since the different surveys and different measures
(catch vs. frequency of occurrence) have different
assumptions and we have no criteria for choosing
one over the others. Habitat indices based on the
resource selection functions responded to flow as
previously observed, i.e., there was a small nega-
tive relationship to X2 (positive to flow) for most
species in most sampling programs (Figure 7). The
principal exception was northern anchovy, because
its high-salinity habitat decreases in volume within
the estuary as flow increases. Among species known
to respond to flow (Kimmerer et al. 2009), habi-
tat-X2 slopes fell within the error bounds of abun-
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Figure 8 Slopes of relationships between habitat indices
based on catch per trawl (blue filled symbols) or frequency of
occurrence (green open symbols) vs. X2, from sampling pro-
grams indicated by shapes of symbols. The values for catch
per trawl from the Fall Midwater Trawl Survey (filled triangles)
are the slopes of the lines in Figure 7. Habitat indices were
determined by weighting the volume in each salinity interval
by the resource selection functions in Figure 6, then calculat-
ing total weighted habitat volume for each of the nine steady
flows. Confidence limits for slopes of habitat vs. X2 are con-
tained within the symbols except where shown. Red horizontal
lines indicate slopes of abundance—-X2 relationships with 95%
confidence intervals (Kimmerer et al. 2009).



dance-X2 slopes for starry flounder, striped bass, and
American shad (Figure 8). Slopes of habitat index to
X2 for longfin smelt were much less negative than
abundance-X2 slopes. The slopes of habitat index to
X2 for delta smelt and threadfin shad were usually
lower than the lower 95% confidence limit of the
corresponding abundance-X2 relationships, except
for those for catch of threadfin shad in the Summer
Townet Survey (TNS) and Fall Midwater Trawl Survey
(FMWT). Bay shrimp had flatter relationships of habi-
tat index to X2 than abundance to X2.

DISCUSSION

This study may be the first to examine in such detail
the distribution of salinity throughout an estuary as a
function of freshwater flow, although similar analy-
ses have been conducted for coastal regions (e.g.,
Lacroix et al. 2004). It is the first to examine the
salinity field at sufficient resolution to quantify the
extent of suitable salinities for estuarine organisms
throughout their ranges. This kind of analysis in a
large estuary of complex bathymetry requires the use
of a highly resolved hydrodynamic model, because
the necessary spatial resolution could not be obtained
with any reasonable number of monitoring stations.
The excellent calibration of UnTRIM across a wide
range of freshwater flows (MacWilliams et al. unpub-
lished) ensures that model results are suitable for this

purpose.

All of the figures taken together illustrate the dyna-
mism and complexity of the spatial-temporal dis-
tribution of salinity and conditions in the LSZ. The
basin-wide distributions of salinity (Figure 4) indicate
that at the scale of whole basins the transitions in
salinity are smooth, and that both Suisun and San
Pablo bays encompass wide ranges of salinity under
most flow conditions. The salinity map for high flow
(Figure 2 bottom) shows intrusion of saline water
into San Pablo Bay, while low-salinity water spreads
throughout the shallows. Deep areas are important
as conduits for landward movement of high-salinity
water and in promoting stratification (Monismith et
al. 2002).

Previous views of the relationship of area and vol-
ume of the LSZ to X2 have focused on movement
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of the LSZ into the shallows of Suisun Bay, and a
consequent increase in its area and decrease in its
mean depth (Cloern et al. 1983). Depth has two key
biological consequences. A decrease in mean depth
can increase phytoplankton growth rate if turbid-

ity does not change, so that shallow areas can be
sources of high phytoplankton productivity (Cloern

et al. 1983; Lucas et al. 1999). However, grazing by

a given biomass of clams removes a greater fraction
of phytoplankton biomass in shallow than in deep
water, and, since the introduction of Potamocorbula,
the relationship of phytoplankton production to depth
may be positive or negative (Lucas and Thompson
2012). Phytoplankton primary production and specif-
ic growth rate in the LSZ did not change appreciably
as flow decreased and X2 moved into central Suisun
Bay through spring-summer of 2006-2007 (Kimmerer
et al. 2012). Thus, the change in shape of the LSZ
with its movement does not appear to result in sub-
stantial changes in phytoplankton productivity.

Different estuarine species use shallow and deep
habitat differently (e.g., Hobbs et al. 2007; Sommer
et al. 2008; Grimaldo et al. 2009). Pelagic organ-
isms orient principally to salinity or its covariates
(e.g., turbidity, food availability) and geographic
features of the habitat may be less important (Dege
and Brown 2004). Benthic or littoral species orient to
geographic features and their covariates (e.g., depth
distribution, aquatic vegetation), although they may
shift positions through movement, or by dying back
where salinity becomes unfavorable and colonizing
elsewhere. Therefore, movement of a water mass with
a given salinity range into a shallow area will alter
the feeding and predatory environments for pelagic
fish through an increase in average light level in that
water mass and changes in the relative abundance
of food and predators. Thus it is conceivable, though
not actually demonstrated, that some fish species
may find more favorable conditions for growth when
their salinity range is in a predominantly shallow
area.

The possibility of higher fish production in shal-

low than deep water guided our expectation of an
increase in area and volume of the LSZ with decreas-
ing X2. However, the observed relationships were
more complex and less monotonic than expected
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(Figure 5). As the LSZ moved from the Delta into
Suisun Bay, area and volume increased and mean
depth decreased as expected. However, further
increases in flow moved the LSZ into Carquinez
Strait, squeezing the LSZ into narrow, deep channels
and increasing its mean depth. At the highest flow,
when the LSZ was in San Pablo Bay, the area and
volume of the LSZ were substantially higher than
when it was in Suisun Bay.

No species of fish occupies the LSZ completely or
exclusively, but several are most abundant in the LSZ
(Figure 6). If abundance of these fish tracked their
available habitat, the relationship of log abundance
index to X2 should resemble the graphs of either
area or volume vs. X2 (i.e., Figure 5). However, all

of the non-zero relationships of log species abun-
dance index to X2 were linear with no indication

of a bimodal pattern (Figure 3 in Kimmerer et al.
2009). This may reflect the infrequent occurrence of
very low X2 values over long periods in the histori-
cal record: daily X2 was <50 km on only 7% of days
in January through June of 1967 through 2010. In
addition, the months-long averaging periods used in
those analyses would have smoothed the X2-abun-
dance relationships. For example, the averaging peri-
od used in the X2-abundance relationship for longfin
smelt was January through June, over which there
were no values <50 km. Nevertheless, the observed
X2-abundance relationships are inconsistent with a
mechanism that involves extent of low-salinity habi-
tat, which has a strongly nonlinear relationship to X2
(Figure 5).

The steady-state values of area, volume, and depth
of the LSZ generally agreed with those based on

the 1994 through 1997 historical model simulation
(MacWilliams et al. unpublished). The largest dif-
ferences occurred during large excursions in flow
(Figure 5). These differences mainly resulted from the
growing responsiveness of the salinity field to flow
at higher values of flow, a feature not previously
captured in the flow-X2 relationships (Jassby et al.
1995; Monismith et al. 2002; MacWilliams et al.
unpublished). There are also differences at lower flow
(higher X2) which probably reflect the autocorrelated
response of X2 and, therefore, the entire salinity field
to unsteady flow.
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The refinements provided by UnTRIM include the
ability to represent more accurately the movement
of water in channels, both because of the smaller
cell sizes relative to models with structured grids,
and because the cells can be aligned with the prin-
cipal local axis of the channels. This means that
stratification and salt transport should be captured
better in UnTRIM than in models such as TRIM. For
example, the distribution of salinity in longitudinal
profiles is represented considerably better in UnTRIM
(MacWilliams et al. unpublished) than in TRIM (Gross
et al. 2010; Figures 6 and 7) for similar hydrologic
conditions. Nevertheless, it is encouraging that the
differences in results of this analysis and those using
TRIM (Kimmerer et al. 2009) were fairly subtle.
Threadfin shad lives mainly in freshwater regions of
the Delta (Figure 6) and could not be analyzed at all
using TRIM because of this lack of resolution in the
Delta. The other species whose salinity distributions
indicated high abundance in freshwater (Figure 6,
e.g., delta smelt, American shad, striped bass) had
similar slopes of habitat index to X2 to those in

the previous analysis except that the values in this
analysis varied less across life stages. This likely also
resulted from the better resolution in freshwater,
since all of these species shift ontogenetically toward
brackish water (Figure 6). The slopes for northern
anchovy in this analysis were positive, while in the
TRIM analysis they were close to zero or slightly
negative. This is probably a consequence of better
representation of stratification and therefore the geo-
graphic distribution of salinity in this analysis than
in the previous one (Kimmerer et al. 2009).

The relationships of habitat indices to X2 were
remarkably similar among the species with predomi-
nantly freshwater or low-salinity affinities (Figure 8).
Slopes had 10th and 90th percentiles of —0.1 to
—-0.22 for species not in the first row of Figure 8.
This was a consequence of a general trend toward
larger volume of water when volume was weighted
using the resource selection functions. This contrasts
with the bimodal distribution of volume within the
LSZ. These resource-selection functions were either
high in freshwater, and therefore responsive to the
increase in volume of freshwater with increasing
flow; or they were high across a broad range of



salinity, which likely averaged across the pattern
observed for the LSZ (Figure 5).

Despite the similarity among the relationships of
habitat index to X2, the abundance-X2 relationships
(Kimmerer et al. 2009) differed greatly among the
species (Figure 8). This finding, together with the lack
of correspondence for some species between the habi-
tat-X2 and abundance-X2 relationships (Figure 8),
suggest that variation in the volume (or area, not
shown) of physical habitat as defined by salinity is
not a strong influence on abundance of many of
these fish.

The lack of consistent parallels between the avail-
ability of salinity-based habitat and abundance could
have had several causes. First, our use of salinity as
the only variable that defines habitat is clearly inad-
equate. For example, turbidity is consistently impor-
tant as a covariate in analyses of delta smelt distribu-
tions (Feyrer et al. 2007; Nobriga et al. 2008). Given
the difficulty in determining the controls on the delta
smelt population, it is not surprising that such a sim-
ple descriptor of habitat is inadequate for this species.
Threadfin shad is more abundant in clearer water
(Feyrer et al. 2009), which may limit its response to
increases in freshwater flow and attendant changes in
habitat. Other, unmeasured attributes of habitat such
as food supply are likely to be important, but were
outside the scope of our modeling effort.

Second, the mechanisms relating abundance to X2
may not involve the extent of suitable salinity. For
example, longfin smelt are more abundant near the
bottom than in the water column at high salinity,
but not at low salinity. The mechanism behind this
is unknown, but one possible result of this pattern is
strong landward movement of the smelt in the deep
channels, which may serve to retain the fish against
net seaward flow.

As before, striped bass and American shad had rela-
tionships of habitat index to X2 that were similar

to those for abundance. This is consistent with a
mechanism by which abundance responds to quantity
of habitat and thereby to flow (Jassby et al. 1995).
However, the population of young striped bass does
not expand spatially as X2 moves seaward, and sev-
eral other mechanisms have been proposed for the
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response of this species to freshwater flow (Kimmerer
et al. 2001).

Many aspects of habitat and its response to fresh-
water flow are missed or ignored by our analysis.

As noted above, turbidity is related to abundance or
feeding success of many visually-feeding estuarine
fishes (e.g., Breitburg 1988; Aksnes and Utne 1997,
Feyrer et al. 2007), but we lack a suitable turbid-

ity model. Small-scale features such as fronts and
bathymetric discontinuities are often sites of aggrega-
tion for fish and their prey (e.g., Cowen et al. 2000),
and interactions between the salinity field and these
features could be an important feature of habitat.
Another important mechanism for the effects of flow
on habitat for fish is stimulation of foodweb produc-
tivity, for example, through nutrient loading (Nixon
1988) or stratification (Skreslet 1997). Previous
analyses have suggested that stimulation of phyto-
plankton production is an unlikely mechanism for the
responses of nekton populations to flow (Kimmerer
2002b).

Despite the complexities, salinity is the most impor-
tant variable for determining the locations of pelagic
estuarine organisms and therefore their physical hab-
itat (Mouny and Dauvin 2002; Jung and Houde 2003;
Dege and Brown 2004; Kimmerer 2004). Our findings
generally imply that extent of suitable salinity by
itself is not a major determinant of the responses of
abundance to flow for most of the estuarine species
we examined. Dynamic attributes of habitat that vary
with flow, such as retention by estuarine circulation
or transport to rearing areas, may be more important
than quantity of habitat for some fish species.
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