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Fig. 2. Chinock salmon size versus physical conditions in Yolo
Bypass and the Sacramento River during winter and spring in
1998 and 1999. () Mean daily flow (m*s™!) in Yolo Bypass
(solid line} and the Sacramento River (circles). (5) Mean water
temperature (°C) in Yole Bypass (solid symbols) and the Sacra-
mento River (open symbols). (c) Mean daily chinook salmon FL
for Yolo Bypass (solid symbols) and Sacramento River {open
symbols) beach-seine stations. For presentation purposes, only
the daily mean FLs are shown; however, individual observations
for February-March were used for statistical analyses.

@

bt

Flow {1000 m*.s™)
2

!

5 , . :
125
. |© )
Ewu- ol .
;E-:'IS- .o :{ .

LA
* -

38 C 0 o g

50 o] i 9 o
%ﬁ?ﬁ% 14 Trstes QPae® s

25 4 - . r 5
Jan. Feb. Mar. Apr. May Jan. Feb Mar. Apr. May
1998 1999 '

formaldehyde, for later identification to genus using a dissecting
MICToscope.

Bioenergetics

Feeding success was examined in two ways: (1) prey biomass
estimated from stomach contents and (2) prey biomass estimated as
a function of maximum theoretical consumption. For the first mea-
sure, we used the previously described stomach-content data to cal-
culate total-prey biomass for individual fish.

A limitation of using prey biomass as a measure of feeding suc-
cess between locations is that thermal history affects how con-
sumption alters growth rate (Hewett and Kraft 1993). As will be
discussed in further detail, water temperatures were significantly
higher in the Yolo Bypass floodplain than in the Sacramento River.
To correct for this problem, our second approach used bioenergetic
modeling to incorporate the metabolic effects of water temperature.
We used methods similar to those of Rand and Stewart (1998) to
calculate a wet weight ration index, which uses prey biomass for
each sampled individual as a proportion of the theoretical maxi-
mum daily consumption. The stomach-content data were used as
our estimate of prey biomass for individual fish. The theoretical
maximum daily consumption rate (C,,,) was modeled using Fish
Bioenergetics 3.0 (Hanson et al. 1997), using observed body size
and water temperature at the time each beach-seine sample was
collected. The model input also required fish mass, which we esti-
mated from FL data, using length-weight relationships from Sacra-
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Table 1. Robust regression statistics for Yolo Bypass and Sacra-
mento River salmon FLs for 1998 and 1999,

1998 1999

Paramecter + SEM ¢ Parameter = SEM ¢
Intereept 29.420.6 46.8 23.5+0.5 43.7
Location 6.4+0.6 10.2 11.1£0.5 20.6
Day 0.3+£0,01 345 0.3:0.01 48.5
Location:day  —-0.14%0.01 -18.4  —-0.21+0.01 -33.6

Note: The # values arc all highly significant (@ -2 0.0001).

mento River juvenile salmon (Petrusso 1998). The caloric value of
the prey was taken from weight conversion factors provided by
Hanson et al. (1997). Model parameters were derived from those
of Stewart and Ibarra (1991) for chinook salmon. The model was
runi for individual fish collected at each sampling location in 1998
and 1999,

We emphasize that the second approach provides an index,
rather than an absolute measure of feeding success. The wet
weight ration index is conceptually analogous to “P” in Hanson et
al. (1997), a model parameter that indicates what fraction of Gan
is obtained over the course of the day. The major difference is that
P is based on prey consumption over a 24-hour period, whereas
our wet weight ration index is based on instantaneous measure-
ments of stomach contents, which may not represent mean trends
over the entire day. An additional limitation is that the Stewart and
Tbarra (1991) model parameters were developed for adult salmon
and we applied the model to juveniles. We did not have sufficient
field or laboratory data to develop bioenergetic-model parameters
specific to the earliest life stages. Nonetheless, other studies (Rand
and Stewart 1998) have demonstrated that similar wet weight ra-
tion indices can provide an effective technique for comparing rela-
tive salmonid feeding success between seasons and years.

Statistical analysis

Overlapping temperature measurements from continuous record-
ers and the discrete measurements during 26 March — May 1998
were analyzed with Wilcoxon’s matched-pairs test, to determine
whether the two methods yielded different results. Mean water
temperature for Yolo Bypass and the Sacramento River during the
primary period of floodplain inundation (February-March) was an-
alyzed with a generalized linear model with a variance function
that increased with the mean squared, since variances were not ho-
mogeneous (Venables and Ripley 1997). Salmon FL measurcments
for Yolo Bypass and the Sacramento River during February—March
of 1998 and 1999 were compared with a robust iteratively re-
weighted least squares regression procedure (“rlm™ Venables and
Ripley 1997), because we detected substantial numbers of outliers
in preliminary graphical evaluations of the data. Initial analyses re-
vealed a substantial difference in the effects of location between
years, so years were analyzed separately. Results from the CWT
and bioenergetic studies. were analyzed using a factorial-design
analysis of variance, to evaluate the effects of location (Yolo By-
pass, Sacramento River) and year (1998, 1999). Residuals from
each model were examined graphically, to confirm that they met
the assumption of normality and homogeneity of variance. Cochran
and Levenc’s tests were also used, 1o test the assumption of homo-
geneity of variance. Logarithmic transformation was performed
where necessary.

Results
Physical conditions

Yolo Bypass was inundated in 1998 and 1999 but the hy-
drology was substantially different in the two years (Fig. 2).
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Table 2. Results of salmon collections at Chipps Island for 1998 and 1999 coded-wire-tagged groups released
concurrently in Yolo Bypass and the Sacramento River.

1998 1999

Yolo Bypass  Sacramento River  Yolo Bypass  Sacramento River
Fork length (mm} 93.7£2.0 85.7+1.4 89.0:2.6 82.1x1.7
Migration time (days) 46.2+2.3 55.4+3.5 58.242.8 58.6::4.1
Apparent growth rate (mm-day™')  0.80+0.06 0.52:+0.02 0,55+0.06 0.43+0,03
Survival index 0.16 0.09 0.09 0.07
Sample size 9 10 9 8

Note: Values for FL, migration time, and apparent growth rate are mean # standard error (SEM).

The first year was extremely wet, with multiple flow pulses
and a peak flow of 7200 m*s!. In 1999, floodplain hydrol-
ogy was more moderate, with a peak of 1300 m*s~!, Flows
in the Sacramento River were much less variable than in the
floodplain and generally remained at or below 2000 m>s™!, a
level within the design capacity (3100 m*s™) of the channel.
Overlapping sampling between the continuous-temperature re-
corders and the discrete measurements during March-May
1998 showed a mean difference of 0.9°C between the two
approaches, but this disparity was not statistically significant
(Wilcoxon’s matched-pairs test, p > 0.25). In 1998 and
1999, temperatures increased fairly steadily throughout the
study period; however, in both years, temperature levels in
Yolo Bypass were up to 5°C higher than those in the adja-
cent Sacramento River during the primary period of inunda-
tion, February—March. Temperature in the Yolo Bypass was
described in 1998 by 7, = ~7.7 + 2.1 + (1.9 + 0.2)T, and in
1999 by T, =35+ 1.2+ (1.5 % 0.1)T,, where T, is the tem-
perature of the Yolo Bypass, T, is the temperature of the
Sacramento River, and the range for each value is the 95%
confidence limit.

Fish growth, migration time, apparent growth rate. and
survival

Salmon increased in size substantially faster in the Yolo
Bypass than in the Sacramento River during each of the
study years (Fig. 2). Robust regression results showed that
the effect of location was highly significant (p < 0.00001) in
each year (Table 1). This result is consistent with the CWT
data (Table 2), which showed that the 1998 and 1999 Yolo
Bypass CWT release groups had significantly larger mean
length (F = 14.34, p = 0.0006) and higher apparent growth
rates (F' = 20.67, p = 0.0007) than the Sacramento River re-
lease groups. There was also a statistically significant effect
of year: both release groups had larger mean sizes (F = 442,
p = 0.04) and higher apparent growth rates (F = 16.47, p=
0.0002) in 1998 than in 1999. The 1998 Yolo Bypass CWT
group showed the fastest migration time, arriving an average
of at least 9 days ahead of any other release group. However,
there was no statistically significant (F = 2.22, p = 0.15) ef-
fect of release location on migration time in the analysis of
variance (ANOVA). As for fish size and apparent growth
rate, mean migration time was slower in 1999 than in 1998
(#=5.60, p = 0.02). There was no statistically significant
interaction between location and year for salmon size (F =
0.07, p = 0.78), apparent growth rate (F = 1.62, p = 0.21), or
migration time (F = 1.8, p = 0.18). The survival indices were
somewhat higher for CWT groups released in the Yolo By-

Fig. 3. Chinook salmon diet during February and March of 1998
and 1999 in Yolo Bypass (a) and the Sacramento River {b). The
index of relative importance (y-axis) is defined in the text.
Diptera (solid bars), zooplankton (open bars), other aquatic prey
(shaded bars), and other terrestrial prey (striped bars) are shown
for each month.
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pass than for those released in the Sacramento River for
both 1998 and 1999. However, the lowest coefficient of
variation based on a Poisson distribution of the CWT recap-
tures is 32%, and the actual (unknown) distribution of
counts is likely to have higher variance than a Poisson distri-
bution. Clearly the confidence limits of the paired survival
indices would overlap, so the differences are not statistically
significant.

Diet

The diet of young salmon in the Yolo Bypass was domi-
nated by dipterans, principally chironomid pupae and adults
(Fig. 3). The second most common prey item was zooplank-
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Fig. 4. Log,y-scaled weekly abundance (individuals'm~) of zoo-
plankton and Diptera in Yolo Bypass (circles) and the Sacra-
mento River (squares) during 1998 and 1999. Note that 1998
zooplankton data were not available for the Sacramento River.
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ton, mostly cladocerans and copepods. Except for March
1998, zooplankton comprised less than 15% of the Yolo
Bypass diets. Other aquatic (mainly amphipods and
collembola) and terrestrial (mainly ants and arachnids) prey
were relatively minor diet items. As for the floodplain sam-
ples, dipterans and zooplankton comprised over 90% of the
diets of Sacramento River salmon; however, zooplankton
were the dominant prey item in all months. Other aquatic
(mostly amphipods, oligochactes, and collembola) and ter-
restrial (mostly ants and other terrestrial insects) prey were
consumed infrequently.

Prey availability

The drift samples contained many of the same taxa ob-
served in the salmon diets, with Diptera (principally chi-
ronomids) as the major type at both sampling locations.
However, the density of Diptera was much higher in the
Yolo Bypass than in the Sacramento River (Fig. 4), particu-
larly in 1998, when densities were consistently an order of
magnitude higher. In general, dipteran drift densities were
higher at each location in 1998 than in 1999, There was little
difference in zooplankton density in the Yolo Bypass be-
tween 1998 and 1999 or between Yolo Bypass and the Sac-
ramento River in 1999,

Bioenergetics

Young salmon from the Yolo Bypass had higher total-prey
weights (F = 39.2, df = 1, p < 0.0001) than those from the
Sacramento River (Fig. 5). The bioenergetic-modeling re-
sults showed that Yolo Bypass salmon also had higher wet
weight ration indices than those from the Sacramento River
(F =193, df = 1, p < 0.0001). The interaction between loca-
tion and year was significant for both the wet weight ration
indices (F = 10.0, df = 1, p = 0.02) and the prey weights
(F=47df =1, p =0.03).

Discussicn

Chinook salmon that rear in the Yolo Bypass floodplain
have higher apparent growth rates than those that remain in
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the adjacent Sacramento River channels. Mean length in-

creased faster in the Yolo Bypass during each study year,

“and"CWT Tish released in the Yolo Bypass were larger and
had higher apparent growth rates than those released_in_the
Sacramiento River..It is possible that these observations are
due to_higher mortality rates of smaller_individuals in the

olo Bypass or of larger individuals in_the Sacramento
River; however we have no daia or reasonable mechanism to
support this argument,

Apparent growth differences between the two areas are
consistent with water temperature and stomach-content re-
sults. We found that the Yolo Bypass floodplain had signifi-
cantly higher water temperatures and that young salmon

- from the floodplain ate significantly more prey than those

from the Sacramento River. The wet weight ration indices
calculated from bioenergetic modeling suggest that the in-
creased prey availability in Yolo Bypass was sufficient to
offset increased metabolic requirements from higher water
temperatures. Higher water temperatures in the Yolo Bypass
are expected as a result of the shallow depths on the broad
floodplain. Increased feeding success in the Yolo Bypass is
consistent with trends in prey availability. While Yolo By-
pass and the Sacramento River had similar levels of zoo-
plankton, Yolo Bypass had more dipteran prey in the drift,
particularly in 1998. Studies of juvenile chinook salmon di-
ets by Rondorf et al. (1990) showed that zooplankton were
the least-favored prey items. Therefore, the dominance of
zooplankton in the diets of Sacramento River salmon proba-
bly reflects a relatively low availability of other more ener-
getically valuable prey items.

Recoveries of paired releases were too few to determine
whether the higher survival indices for the Yolo Bypass re-
I& TPS Tepresent actual survival differences or random
variation. Additional validation is needed from new release
studies and from CWT recoveries in the adult ocean fishery
and escapement. Nonetheless, the hypothesis that floodplain
rearing could improve survival is substantiated by the
growth data and bioenergetic modeling. Faster growth rates
reflect improved habitat conditions, which would be ex-
pected to lead to improved survival, both during migration
and later in the ocean. Elevated Yolo Bypass survival rates

are also consistent with significantly faster migration rates in
1998, the Tikely result of which would be reduced exposure
time to mortality 1isks in the delta, including predation and
water diversions,

“Tmproved survival is consistent with other habitat differ-
ences between the Yolo Bypass floodplain and the Sacra-
mento River channel. We estimate that complete inundation
of the Yolo Bypass creates a wetted area approximately 10
times larger than the reach of the Sacramento River we stud-
ied. This level of inundation is equivalent to a doubling of
the wetted arca of the entire delta portion of the San Fran-
cisco Estuary. Much of the floodplain habitat consists of
broad shoals composed of soil and vegetation that are typical
of the low-velocity conditions selected by young salmon
(Everest and Chapman 1972). An increase in Tearing area
should reduce competition for food and space and perhaps
reduce the probability of encountering a predator. In con-
trast, the Sacramento River channel is relatively narrow, with
steep rock-reinforced banks and little shallow habitat, Mi-
gration through the Yolo Bypass corridor would also prevent
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fish from entering the channels of the central delta, in which
there are various risks, including major water diversions
(Brandes and McLain 2001). However, the Yolo Bypass is a
less-stable environment, with stranding risks when flood wa-
ters recede. The relatively well-drained topography of the
Yolo Bypass floodplain may help to reduce the magnitude of
this problem. This is not to say, however, that access to
floodplain rearing habitat represents the only mechanism to
account for possible improvements in juvenile salmon sur-
vival in wetter years. Other covariates, such as reduced wa-
ter temperature (Baker et al. 1995), reduced predation losses
from higher turbidity (Gregory and Levings 1998), and re-
duced water diversion effects (Kjelson et al, 1982), also con-
tribute to improved wet-year survival of salmon that migrate
through the San Francisco Estuary.

The results from this study suggest that hydrology may af-
fect salmon feeding success, migration, and survival in_both
floodplain and river habitat. The CWT results_indi hat
salfion grew faster, migrated faster, and may have had better
Survival Tates it 1998 than in 1999, One clear difference be-
tween the years is that the flow pulses were higher and _of
longerduration in 1998 than in 1999._Higher flow_could.di=

rectly increase migration rates through higher water veloci-

ties and have multiple indirect effects on growth through
factors such as food supply or water temperature. The abun-
darce of Dipteta ini drift samples was substantially higher in
1998 thani in 1999 i both locations. The significant interac-
tion between locatiomand year 1 hprey weights and_the
Wwet weight ration index indicates that the combined effects
of diet and water temperature under 1998 hydrology should

have resulted in higher growth rates. Higher growth rates
and faster migration times in 1998 may, in turn, have im-

proved survival by reducing predation risk. Higher-flow
conditions in 1998 increaﬁt%ﬂﬁﬁa‘ﬁﬁty and duration of

tloodplain rearing area, perhaps reducing resource competi-

‘tion and predator encounter rates. Increased flow duration
and magnitude in 1998 could also have improved survival on

‘the floodplain by reducing stranding risks.

" These results provide new insight into the significance of
seasonal floodplain habitat for salmon rearing, which has
been studied primarily in perennial waterways such as estu-
aries and rivers (Healey 1991; Kjelson et al, 1982). Indeed,
this is the first study we are aware of demonstrating that off-
channel floodplain provides major babitat for chinook
salmon. We do not believe that the benefits of the floodplain
to chinook salmon are unique to Yolo Bypass. Initial results
from the Cosumnes River, an undammed watershed in the
delta, show similar growth enhancements for Jjuvenile chi-
nook salmeon that rear on the floodplain rather than in adja-
cent river channels (Peter Moyle, University of California,
Davis, CA 95616, personal communication). Moreover, the
benefits of the floodplain to salmon are consistent with find-
ings for other fish species. Sommer et al. (1997) found that
the Yolo Bypass provides major spawning, rearing, and for-
aging habitat for the native cyprinid Sacramento splittail
(Pogonichthys macrolepidotus). The spawning and rearing of
fish on floodplains has been reported in diverse locations
that range from small streams (Halyk and Balon 1983; Ross
and Baker 1983) to large rivers (Copp and Penaz 1988) in
both temperate (Gehrke 1992; Turner et a). 1994) and tropi-
cal (Winemiller and Jepsen 1998) locations. The growth ef-
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Fig. 5. Feeding success results for Yolo Bypass (open bars) and
Sacramento River (solid bars) juvenile salmon during 1998 and
1999. (a) Estimated prey weights in stomach contents. (b) Wet

weight ration indices. Means and standard errors are shown.
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fects of floodplain habitat have been described for several
tropical locations (Welcomme 1979); however, the present
study and the results of Gutreuter et al. (2000) represent the
only examples from temperate rivers of which we are aware.

Differences between the invertebrate communities in
floodplains versus river channels have been reported by Cas-
tella et al. (1991). The exceptional production of drift inver-
tebrates on the Yolo Bypass floodplain is consistent with the
results of Gladden and Smock (1990), who found that inver-
tebrate production was one to two orders of magnitude
greater on the floodplain than in adjacent streams. Although
we did not monitor benthic invertebrates, results from other
studies of large rivers indicate that benthic biomass may be
up to an order of magnitude higher in the floodplain (Junk et
al. 1989). The Yolo Bypass drift invertebrate results contrast
with the results for zooplankton, which were not particularly
abundant on the floodplain. This finding is comparable with
that of Welcomme (1979), who reported that densities of
zooplankton in natural floodplains are frequently low, except
for low-water periods and localized concentrations near hab-
itat interfaces such as shorelines.

The mechanism for greater abundance of drift inverte-
brates in the Yolo Bypass remains unclear, but is unlikely to
be an artifact of land use on the floodplain. Possible expla-
nations for increased drift abundance include increased food
supply (e.g., primary production or detritus), more habitat,
and longer hydraulic residence times. For each of these
mechanisms, Yolo Bypass probably provides functions simi-
lar to more “natural” floodplains. Improved food supply is
supported by the work of Jassby and Cloern (2000), whose
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modeling studies suggest that the Yolo Bypass should have
enhanced phytoplankton production as a result of its large
surface area and shallow depth. Inputs of fertilizers from ag-
riculture in the Yolo Bypass would not be important contrib-
uting factors, as nitrogen and phosphorous are rarely
limiting to phytoplankton production in the delta (Ball and
Arthur 1979). Like less-disturbed floodplains in other re-
gions (Junk et al. 1989), invertebrate production in the Yolo
Bypass may be stimulated by an increased availability of de-
tritus in the food web. Alternatively, the trends in inverte-
brate abundance we observed may be a consequence of
physical differences between floodplain and channel habitat.
Inundation of the floodplain may increase the amount of
habitat for benthic invertebrates, 2 major source of drift bio-
mass. Given the larger surface area and lower velocities in
Yolo Bypass, the floodplain probably has a much longer hy-
draulic residence time than the Sacramento River, reducing
the rate at which drift invertebrates would be flushed out of
the system. Increased habitat area and hydraulic residence
time would also have been functional characteristics of the
historical floodplain.

In the broader context, the results for salmon and drift in-
vertebrates are consistent with the flood pulse concept,
which predicts that floodplains should yield greater fish and
invertebrate production than channel habitat (Junk et al,
1989). This finding is significant in that the flood pulse con-
cept was developed primarily on the basis of relatively un-
disturbed rivers, whereas our study was conducted in a
regulated river with a floodplain dominated by agricultural
uses. Gutreuter et al. (2000) showed similar enhancements in
fish growth from floodplain inundation in the Upper Missis-
sippi River, another large regulated river. These studies sug-
gest that floodplains can maintain important functional
characteristics even in heavily modified rivers. In the case of
the San Francisco Estuary and its tributaries, we do not
claim that floodplain inundation is the primary factor regu-
lating the productivity of the system. The Yolo Bypass
floodplain may be seasonally more productive than the

Sacramento River for some fish and inveriebrates, but we
have no data regarding ifs contribution during dry months or
years. Nonetheless, the results of the present study and of

ommer et al. (1997) are sufficient to demonstrate that the
floodplain represents one of the most biologically important
habitat types in the region. We believe that proposed large-
scale restoration activities in the San Francisco Estunary and
its tributaries (Yoshiyama et al. 2000) that would increase
the area and connectivity of the floodplain offer particular
promise for native fish populations such as chinook salmon
and Sacramento splittail.
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a Seasonal Floodplain
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salmon were present in the Yolo Bypass during winter—spring; fish were collected in all regions
and substrates of the floodplain in diverse habitats, Experimental releases of tagged hatchery salmon
suggest that the fish reared on the floodplain for extended periods (mean = 33 d in 1998, 56 d in
1999, and 30 d in 2000). Floodplain rearing and associated growth are also supported by the
significantly larger size of wild salmon at the floodplain outlet than at the inlet during each of the
study years. Several lines of evidence suggest that although the mejority of young salmon suc-
cessfully emigrated from the floodplain, areas with engineered water control structures had com-

paratively high rates of stranding. Adult ocean recoveries of tagged hatchery fish indicate that
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salmon, making foodplain restoration an important tool for enhancingﬁsalmon production.

A large downstream movement of fry to provide
dispersal to rearing areas is typical of ocean-type
Chinook salmon Oncorhynchus tschawytcha (Hea-
ley 1991). Rearing areas include channel and off-
channel habitat in natal and nonnatal streams and
their estuaries (Bjornn 1971; Kjelsen et al. 1982;
Levy and Northcote 1982; Swales et al. 1986;
Swales and Levings 1989; Healey 1991; Shreffler
et al. 1992). Recently, Sommer et al. (2001b) ob-
served that juvenile Chinook salmon also live on
seasonal floodplains. Large rivers and streams typ-
ically have dynamic floodplains varying in size
from several to thousands of hectares, unless their
channels are heavily confined by topography (e.g.,
streams at high elevation or confined by canyons
or levees). Floodplains are known to be of major
importance to aquatic ecosystems in most regions;
large rivers typically favor the development of a
fauna adapted to colonize this habitat (Welcomme
1979; Junk et al. 1989; Sparks 1995). As a result,
it is reasonable to expect dispersing salmonid fry
show some ability to use seasonal habitat. In sup-
port of this hypothesis, Sommer et al. (2001b) re-
ported that food resources and water temperatures
on the seasonal floodplain of a large river were
superior to those in an adjacent perennial channel,
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resulting in enhanced growth rates of young salm-
on. Despite some evidence that enhanced growth
on the floodplain improved fry-smolt survival in
the estuary, Sommer et al. (2001b) did not address
any effects on adult production.

Intuitively, rearing in seasonal floodplains or in-
termittent streams seems risky because these hab-
itats are among the most dynamic on earth (Power
et al. 1995). It is still unknown whether seasonally
dewatered habitats are a net ““source” or a “sink”’
for salmonid production relative to production in
permanent stream channels (Brown 2002). In par-
ticular, the high degree of scasonal flow fluctuation
characteristic of floodplain habitat could cause ma-
jor stranding events and increase mortality rates
of young salmon (Bradford 1997; Brown 2002).
For resident taxa in intermittent streams, the ben-
efits of very large flow fluctuations appear to out-
weigh costs associated with a variable environ-
ment (Spranza and Stanley 2000). This issue con-
tinues to be a key concern for regulatory agencies
that evaluate off-channe! restoration projects or
proposed flow fluctuations for possible effects on
fishes (Brown 2002; Bruce Oppenheim, NOAA
Fisheries, personal communication).

Here, we describe spatial and temporal trends
in juvenile Chinook salmon habitat use and strand-
ing in a large California river floodplain. Our study
was conducted in the Yolo Bypass, the primary
floodplain of the Sacramento River, the major pro-
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FiGURE 1.—Location of Yolo Bypass in relation to the
San Francisco Bay-Delta and its tributaries. Fremont
Weir is the upper (northern) edge of the Yolo Bypass.
The major regions of the floodplain are delincated from
north to south and correspond to the following codes:
(A) Fremont Weir; (B) Cache Creek sinks; (C) Yolo
Bypass Wildlife Area; (D) Sacramento Bypass; (E} Pu-
tah Creek Sinks; and (F) Liberty Island. The sampling
locations are identified as follows: beach seine sites {sol-
id circles); screw trap (star); and purse seine transects
(dotted lines).

ducer of salmon in the San Francisco estuary (Fig-
ure 1). Because the Yolo Bypass can convey 75%
or more of the total flow from the Sacramento
River basin (Sommer et al. 2001a), this floodplain
can be expected to be a migratory pathway for a
substantial number of juvenile Chinook salmon. A
major objective of our study was to collect basic
information about the timing, duration, and habitat
use of salmon on floodplains. We hoped that these
data would provide insight into whether a flood-
plain is a net source (i.e., with rearing benefits) or
a net sink (i.e., with high mortality because of
stranding or predation) for salmon populations.
The major hypotheses evaluated were as follows:
(1) salmon occur in all major habitat types and
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geographic regions; (2) floodplains provide rearing
habitat for salmon and are not simply a migration
corridor; and (3) stranding of juvenile salmon does
not have a major population-level effect on sur-
vival of the fish that use floodplain habitat. We
addressed these hypotheses by sampling wild fish
throughout the floodplain, experimentally releas-
ing tagged fish, and using hydrologic modeling and
measurements of physical conditions to describe
how habitat varied over the study period.

Study Area

The San Francisco Estuary and its two com-
ponent regions, Sacramento—San Joaquin Delta
and downstream bays (Figure 1), make up one of
the largest estuaries on the Pacific coast of North
America. Major changes to the system have in-
cluded diking and isolation of about 95% of the
wetlands, introduction of exotic species, channel-
ization, sediment inputs from hydraulic mining,
and discharge of agricultural and urban chemicals
(Nichols et al. 1986; Kimmerer 2002). The Estuary
receives most freshwater via the Delta, which
drains approximately 100,000 km?. Most precip-
itation occurs upstream of the Delta during winter
and spring, resulting in a greater than 10-fold sea-
sonal range of daily freshwater flow into the es-
tuary. However, the hydrograph is substantially al-
tered by dams on each of the major rivers. Peak
flow pulses typically occur during winter, but dam
operations can reduce the magnitude of the pulses,
particularly in dry years, when much of the inflow
is captured behind reservoirs (Mount 1995; Kim-
merer 2002). The historically prominent spring
flow puise from snowmelt is at present muted ex-
cept during heavy, late-season storms. For the past
several decades, much of the spring snowmelt has
been stored in reservoirs and released during sum-
mer and autumn, periods of historically lower flow.
As much as 65% of the net Delta flow during sum-
mer and autumn is diverted from the channels by
two large water diversions (the State Water Project
and the Central Valley Project); additional water
is diverted by 2,200 pumps and siphons for irri-
gation (Kimmerer 2002).

The 24,000-ha Yolo Bypass is the primary flood-
plain of the Delta (Sommer et al. 2001a). The ma-
jority of the floodplain is leveed to protect sur-
rounding cities from floodwaters, but levees con-
fine flow through the bypass only under very high
flow events. The Yolo Bypass currently floods an
average of every other year, typically under high-
flow periods in winter and spring. The Yolo Bypass
has a complex hydrology, with inundation possible
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from several different sources. The floodplain typ-
ically has a peak inundation period during Janu-
ary-March but can flood as early as October and
as late as June. The primary input to the Yolo
Bypass is through Fremont Weir in the north,
which conveys floodwaters from the Sacramento
and Feather rivers. During major storm events
(e.g., >5,000 m¥s), additional water enters from
the east via the Sacramento Weir, adding flow from
the American and Sacramento rivers. Flow also
enters the Yolo Bypass from several small streams
on its western margin, including Knights Landing
Ridge Cut, Cache Creek, and Putah Creek. During
much of the winter, water-suspended sediment lev-
els in the Yolo Bypass and Sacramento River are
high, generally resulting in secchi depths of less
than 0.25 m. However, hydraulic residence times
are typically longer in the Yolo Bypass than in the
Sacramento River (Sommer et al. 2004). Flood-
waters recede from the northern and western por-
tions of the bypass along relatively even elevation
gradients of 0.09% west—east and 0.01% north—
south into a perennial channel on the eastern edge
of the Bypass; they then rejoin the Sacramento
River near Rio Vista. The majority of the Yolo
Bypass is at present managed for wildlife in a mo-
saic that includes riparian, wetland, upland, and
perennial pond habitats; however, a dominant land
use during the past two decades, agriculture has
decreased in recent years because of habitat res-
toration activities.

Our data collection focused on the fall-run ju-
venile Chinook salmon, currently the numerically
dominant race in the Sacramento Valley (Yoshi-
yama et al. 2000). There are four races of Chinook
salmon in the Sacramento Valley: winter, spring,
late-fall, and fall-run. Like many other native fish,
Chinook salmon in the San Francisco estuary and
its tributaries have been adversely affected by such
factors as habitat loss, water diversions, and spe-
cies introductions (Bennett and Moyle 1996); as a
result, the Sacramento River winter and spring run
Chinook salmon are protected under the Federal
Endangered Species Act. The typical life history
pattern is for young fall-run salmon fry (approx-
imately 35-70 mm fork length) to migrate from
the tributaries during winter and spring to the es-
tuary (Brandes and McLain 2001).

Methods

Physical habitat.—Because seasonal hydrologic
variability is a key characteristic of floodplain hab-
itat, we reasoned that detailed data on changes in
physical habitat would be necessary to evaluate
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the responses of young salmon. Daily flow data
were obtained from gauging stations in the flood-
plain, and temperature data were collected using
continuous temperature recorders (Sommer et al.
2001b). However, the vast area of Yolo Bypass
made it impractical to directly measure other pa-
rameters, such as depth and surface area. As an
alternative, we used a hydrologic model to esti-
mate these parameters (Sommer et al. 2004). To
summarize, the model treated Yolo Bypass as a
“reservoir” described by (1) basin geometry and
(2) flow and stage time series. The Yolo Bypass
floodplain geometry was developed from 200
cross-sections with data collected at 300-m inter-
vals by standard rod and level survey techniques.
Mean daily stage and flow data were obtained from
five gauging stations in the Yolo Bypass. For each
date in the time series, we used linear interpolation
between the gauging stations to estimate the stage
at each cross-section. The estimated stage value
was then used to calculate conveyance character-
istics of each cross-section: area, width, and wetted
perimeter. The daily results for each cross-section
were used to estimate total surface area and mean
depth. The large scale of the study reach did not
allow validation of the depth estimates. As a partial
validation of the model, Sommer et al. (2004) es-
timated total inundated area for the Yolo Bypass
by using aerial photographs on days when the
floodplam was inundated (February 8 and March
2, 1998) and when the floodplain was draining
(April 28, 1998). To provide additional informa-
tion about areas where fish stranding and conse-
quent losses could occur, we estimated the portion
of the area that was isolated ponds versus inun-
dated area that was actively draining to the Delta
(i.e., perennial channels and adjacent inundated
area) on April 28, 1998.

Fish habitat use—We used beach seine sam-
pling to examine which regions and substrates of
the floodplain were used by young salmon (hy-
pothesis 1). During January through April of each
year, a 15-m seine (3.2-mm mesh) was used to
sample six regions of the Yolo Bypass (Figure 1).
Fixed stations were used in each region during
flooded periods. After floodplain drainage, sam-
ples were collected randomly within each region.
For all periods, the primary substrate type of the
habitat (sand, mud, gravel, pavement, or vegeta-
tion). fish species and size, and an estimate of the
surface area swept by the seine were recorded.
Habitat use during flood events was summarized
in terms of the percentage of samples that con-
tained salmon for each region and substrate type.
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To provide additional information about habitat
use, we conducted purse seine sampling along two
transects (Figure 1). This sampling, performed in
1998 when the Yolo Bypass flow was relatively
high (>850 m%s), used purse seines (30.5 m X
4.6 m, 4.75-mm mesh) set from a jet boat. Purse
seining was conducted at 1-2 transects up to five
times weekly, depending on hydrology. Hauls
were made at random points in each of three hab-
itat types (riparian, agricultural fields, and wet-
lands), the boundaries of which were established
from aerial photographs taken before the Bypass
was inundated. In the case of riparian habitat, hauls
were made in clearings adjacent to trees to avoid
snagging. We also recorded transect side (east or
west half) for each haul because the western side
of the Yolo Bypass was shallower and flow was
dominated by inputs from westside streams rather
than from Fremont or Sacramento weirs (Sommer
et al. 2004). Most of these hauls were performed
in areas exposed to at least a modest current. Ad-
ditional limited paired sampling was conducted to
examine possible differences between areas with
and without velocity refuges. Low-velocity habi-
tats sampled included downstream edges of levees,
islands, and clusters of trees. Water velocities in
randomly selected areas were approximately 0—
0.05 m/s compared with greater than 0.33 m/s in

adjacent exposed areas. Water depths were similar

for each sampling pair. Differences in salmon den-
sities for each habitat type were examined by using
a Kruskal-Wallace test. A randomization rtest
with 1,000 iterations (Haddon 2001) was used to
compare salmon density on the east and west sides
of the floodplain.

Migration trends.—To examine temporal trends
in salmon migration through the floodplain (hy-
potheses 2 and 3), we operated a rotary screw trap
(EG Solutions, Corvallis, Oregon) near the base
of the Yolo Bypass during each study year, This
technique was intended to provide an indication
of the timing and duration of migration, rather than
an absolute measure of the number of salmon em-
igrating the floodplain. During much of the sam-
pling period the inundated width of the floadplain
was 1-5 km, an area we considered too large for
the traditional mark-recapture evaluations re-
quired to measure trap efficiency and total emi-
gration (Roper and Scarnecchia 1996), A 1.5-m-
diameter trap was used for the first 3 weeks of
sampling in February 1998, after which a 2.4-m
trap was used for all other sampling. We operated
traps as often as 7 days each week, the daily effort
varying from 1 to 24 h, depending on debris load
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and safety considerations. Fish number and size
were recorded in all years. In 1998, young salmon
were classified as fry (prominent parr marks) or
transitional fish/smolts (faded parr marks, silver
appearance).

Floodplain residence time and growth—We
used experimental releases of salmon with coded
wire tags (CWTs) as our primary method to eval-
uate fish residence time on the fioodplain (hy-
pothesis 2). Fry (mean size = 57 mm fork length)
from the Feather River Fish Hatchery (Figure 1)
were tagged by using coded-wire half tags (North-
west Marine Technologies) and released in the
Yolo Bypass below the Fremont Weir on March 2,
1998 (53,000 fry); February 11, 1999 (105,000
fry); and February 22, 2000 (55,000 fry). We as-
sessed residence time in the Yolo Bypass from
recoveries of tagged fish in the screw trap at the
base of the floodplain.

We also examined, using the previously de-
scribed beach seine data, whether there was evi-
dence of long-term rearing of wild salmon in the
floodplain. We compared the slopes of weekly fork
length measurements for the two northern beach
seine regions (“North™) to the southernmost re-
gion (“South™), using a generalized linear model
(GLM) with a Poisson distribution and log link
variance function. We reasoned that major signif-
icant differences between the sizes of fish in the
two areas provided evidence of extended rearing
and growth of fish in the floodplain.

Salmon survival and stranding —We used sev-
eral independent data sources to examine whether
salmon successfully emigrated from the floodplain
(hypothesis 3). First, we compared survival of
each of the Yolo Bypass CWT hatchery-reared
salmon release groups with the survival of parallel
CWT groups containing the same number of fish
released into the Sacramento River (Sommer et al.
2001b). Recapture rates at the smolt stage of the
1998 and 1999 release groups had previously been
analyzed by Sommer et al. (2001b); in the present
study, we evaluated adult recoveries in the com-
mercial and recreational ocean fisheries through
2003. Second, we examined stranding by using
beach seine data (described previously) collected
within a few weeks after the Sacramento River
stopped flowing into the Yolo Bypass. Densities
of salmon were compared with a randomization £
test (Haddon 2001) for (1) isolated earthen ponds
(2) perennial channels, and any sites immediately
adjacent to these water sources. The results for all
years were pooled because of relatively low sam-

ple sizes for individual years. Data for each year
ot
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for 1998 and 2000 are from Sommer et al. (2004).

were first standardized for possible annual differ-
ences in abundance by conversion to z-Scores; we
then ran the randomization analysis using 1,000
iterations. We hypothesized that abundance of
salmon would be equal in isolated ponds and con-
tiguous water sources; that is, they would show no
distinct “preferences.” Our reasoning was that
similar abundance levels would indicate successful
emigration, because most of the water drains from
the floodplain. To further understand factors that
could affect stranding, we also used a randomi-
zation t-test to compare densities of fish in two
types of isolated ponds: isolated earthen ponds and
concrete weir scour ponds at Fremont and Sacra-
mento weirs (Figure 1). Sampling effort was much

mean water temperature. The surface area data

greater in the isolated earthen ponds, so the ran-
domization r-test was performed after randomly
subsampling the earthen pond data from through-
out the floodplain to provide equal sample sizes.
We predicted that flood control structures would
cause higher stranding than “natural” ponds. In
addition, we examined trends in the catch of salm-
on in the screw trap data. We predicted that salmon
catch would increase substantially during drainage
because fish successfully emigrated the floodplain.

Results

Physical Habitat

The hydrographs varied substantially during the
years of study (Figure 2A). In 1998 the hydrology
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was wet (4.4-year recurrence flood event) and the
Yolo Bypass was inundated during mid-January
through mid-April and again in early June. The
flow was lower in the other 2 years, when inun-
dation occurred between mid-February and mid-
March, peak flood events being at the 1.7-year
recurrence interval in 1999 and at the 2.4-year
recurrence interval in 2000. Surface area in the
Yolo Bypass closely followed the flow peaks, the
amounts of inundated area being successively
smaller in each of the study years (Figure 2C). For
the April 28, 1998, photographs, the total surface
area of 5,050 ha was slightly lower than the model
estimate of 6,700 ha. Based on the aerial photo-
graphs, we estimated that only 600 ha of the 5,050
ha comprised isolated ponds, the remainder being
water that drained to the Delta. For all but peak
flood events, mean water depth remained less than
1 m (Figure 2B). During peak flood events, mean
depths did not exceed 2 m except in February
1998. Water temperature showed gradual increases
throughout each study year (Figure 2D).

Fish Habitat Use

We captured salmon in all regions of the flood-
plain and on all substrate types. During 1998-2000
flood events, salmon were captured in a high per-
centage of samples in each region (Figure 1) of
the floodplain: (1) Fremont Weir (100%, n = 13
samples); (2) Cache Creek Sinks (50%, n = 16
samples); (3) Yolo Bypass Wildlife Area (77%, n
= 22 samples); (4) Sacramento Bypass (100%, n
= 7 samples); (5) Putah Creek Sinks (94%, n =
11 samples); and (6) Liberty Island (100%, » = 7
samples). Similarly, during 1998-2000 flood
events we collected salmon on a high percentage
of substrate types: (1) mud (70%, # = 47 samples);
(2) sand (100%, » = 3 samples); (3) pavement
(100%, n = 8 samples); (4) vegetation (97%, n =
. 32 samples); and 5) gravel (89%, n = 9 samples).

Salmon densities as estimated by purse seine
sampling were not significantly different between
riparian (mean abundance = 46.9/ha, SE = 10.4,
n = 23), agricultural (mean abundance = 20.9/ha,
SE = 6.1, » = 35), or natural vegetated habitat
types (mean abundance = 27.5/ha, SE = 5.6, n =
31) based on a Kruskal-Wallis test (H = 4.38, df
= 2, P = 0.112). There was also no statistically
significant difference between the east (mean
abundance = 29.5/ha, SE = 6.0, # = 53) and west
(mean abundance = 29.9/ha, SE = 6.7, n = 36)
sides of the Bypass as shown by a randomization
t-test (P = 0.95). Salmon were collected in six
hauls in low-velocity habitat (mean abundance =
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189/ha, SE = 24/haj, but none were collected in
adjacent areas exposed to a current.

Floadplain Migration Trends

Salmon migration as indicated by trends in
screw trap catch was highly variable over the
course of the study, but there were prominent
peaks in Chinook salmon catch coincident with
floodplain drainage during late March-April (Fig-
ure 3B). Additional smaller peaks in salmon catch
also paralleled flow, mostly during February and
March. The life history stage of salmon during
1998 was exclusively parr through the end of
March, after which the majority showed signs of
smoltification,

Floodplain Residence Time

Based on recoveries of tagged fish in the screw
trap, the mean residence time of CWT salmon was
33 d (range, 16-46 d; » = 10) in 1998, 56 d (range,
4-76 d; n = 49) in 1999, and 30 d (range, 2837
d; » = 25) in 2000. The size of fish was signifi-
cantly larger (P<<0.001; GLM) at the outlet of the
floodplain than at the top (Figure 3C) during each
of the study years.

Salmon Survival and Stranding

The numbers of CWT fish recovered for the Yolo..
Bypass were higher than in the Sacramento River

n 1998, similar in 1999, and lower in 2000 (Table
1). Densities of wild Chinook salmon were highly
vaniable during floodplain drainage events, with
no statistically significant difference between den-
sities in isolated earthen ponds and contiguous wa-
ter sources (Table 2). However, densities of salmon
were significantly higher (P < 0.0001; randomi-
zation f-test) in concrete weir scour ponds than in
isolated earthen ponds (Table 3).

Discussion
Research on migratory fishes reveals that these
species frequently have alternative life histories
that may be influenced by habitat use at early life

- stages (Clark 1968; Secor 1999). Under Clark’s

(1968) “‘contingent hypothesis,” migratory taxa
have divergent migration pathways that could help
the species deal with environmental variability and
heterogeneity. This theory is consistent with our
understanding of Chinook salmon, which are
adapted to the extreme hydrologic variability in
western North America and show a range of life
histories (Healey 1991; Bottom ct al. 2005). In this
context, the use of multiple habitats—including
natal and nonnatal streams (Bjornn 1971; Scriv-



CHINOOK SALMON ON A SEASONAL FLOODPLAIN

1493

1998 1999 2000
— 4
g (&
%g )
Q
L= 2
I
g 1
E
i —
85
s IB
=
gg«
o
882
£ &
Oe 1
éo_ M A .
100 =
E
E 80 *R
5 i
g 60 5N ’
% 40 §‘,0 o
ts] L J
(18
20

Jan Feb Mar Apr May Jsn Feb Mar Apr May Jan Feb Mar Apr May
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ener ct al. 1994), side channels and off-channel
ponds (Swales ct al. 1986; Swales and Levings
1989), low-elevation rivers (Kjelsen et al. 1982;
Brown 2002), and estuaries (Healey 1991; Shref-
fler et al. 1992)—can be considered as part of an
overall “bet-hedging™ strategy that spreads risk
across a variable environment. Despite the fact that
seasonal floodplain represents perhaps the single
most variable habitat available to salmon, our
study suggests that floodplains are a viable rearing
location for young fish.

TaBLE 1.—Number of coded wire tags recovered in the
ocean and commercial fisheries for Chinook salmon re-
leased in the Yolo Bypass and Sacramento River. The total
number of tagged fish released in each location for each
year is shown in parentheses. The survival ratio is calcu-
lated as the number of Yolo Bypass recoveries divided by
the number of Sacramento River recoveries.

Release group 1998 (53,000) 1999 ( 105,000) 2000 (55,000)
Yolo Bypass 75 136 27
Sacramento River 35 138 47
Survival ratio 2.14 0.99 0.57

size for beach seine samples near the Yolo Bypass intake (solid

At the beginning of our study, our conceptual
model for floodplain habitat use was that young
salmon move into the floodplain during high-flow
events and spread throughout the broad expanse
of seasonally inundated habitat. Among the wide
variety of suitable substrates and habitat types for
rearing, young salmon appear to seek out low-
velocity areas. Moreover, floodplain habitat ap-
parently is not simply a migration corridor; many
young salmon actively rear on the highly produc-
tive floodplain habitat for extended periods of
time, resulting in high growth rates. Our findings
suggest that salmon emigrate from the seasonally
inundated habitat both during flood events and dur-
ing drainage. Juvenile Chinook salmon do not ap-
pear to be especially prone to stranding mortality;
E—deed, survival may actually be enhanced by
floodplain rearing in some years. Our conceptual
model was supportéd by our results and has a va-
riety of management implications.

Salmon were present in a broad range of habitat
and substrate types and were collected in all re-
gions and sides of the Yolo Bypass floodplain. The
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TABLE 2.~Densities of Chinook salmon (number/ha * SE, with sample size in parentheses) collected in beach seine

sampling during drainage events in 1998-2000. The sample locations are divided into isolated earthen ponds and

contiguous water sources. Density differences were not statistically significant between the two pond types based on a
randomization r-test of the pooled data for all years (P = 0.79; n = 43 for isolated ponds; » = 59 for contiguous water

sources).

Location type 1998 1999 2000
Isolated ponds. 206 * 112 30) 890 + 491 (8) 126 * 65 (5)
Contiguous water sources 167 £ 79 (33) 310+ 104 (13) 463 + 123 (13)

fact that they were present on the western half of
the Bypass, where flows are dominated by Knights
Landing Ridge Cut and Cache and Putah creeks,
suggests that salmon spread throughout the flood-
plain after entering the basin by way of Fremont
and Sacramento weirs. A few of these fish may
have originated from a modest spawning popula-
tion in Putah Creek (Marchetti and Moyle 2001),
The fact that salmon were present in a wide range
of habitat and substrate types and in different re-
gions of the Yolo Bypass indicates that many areas
of habitat were suitable, although this does not
mean that there were no habitat preferences. Like
many young fishes, much of the distribution of
Jjuvenile Chinook salmon can be explained by their
association with shallow depths and low velocities
(Everest and Chapman 1972; Roper et al. 1994;
Bradford and Higgins 2001). The physical mod-
eling indicated that mean depths were generally 1
m or less during all but peak fiood periods, so much
of the thousands of hectares of inundated habitat
was probably within the shallow range typically
preferred by young Chinook salmon (Everest and
Chapman 1972). Our limited purse seine sampling
suggested that young salmon were most abundant
in low-velocity areas, which is consistent with pre-
vious studies in river and stream habitat (Everest
and Chapman 1972; Roper et al. 1994; Bradford
and Higgins 2001). We did not directly simulate
water velocity in the present study; however, the
relatively shallow water depth during flood events
reflects the broad area of low-velocity rearing hab-
itat created during flood events. We expect that
this increase in rearing habitat in the Yolo Bypass

provides foraging opportunities (Sommer et al.
2001b), reduced energy expenditure, and perhaps
reduced probability of encounter with a predator
(Ward and Stanford 1995).

Our results also suggest that fish rear in the Sys-
tem for extended periods rather than simply using
it as a migration corridor. The mean residence time
0f 3056 d for the 44-km reach between the flood-
plain release location and the screw trap is sub-
stantially longer than one would expect, given that
(1) fingerlings are capable of migrating at rates of
at least 6-24 km/d in low-elevation reaches of oth-
er large rivers (Healey 1991) and (2) one of our
1999 CWT fish was recovered just 4 days after
being released, having traveled an estimated rate
of 11 km/d. The fish were significantly larger at
the base of the Yolo Bypass, suggesting that their
period of residence in the floodplain was long
enough to support substantial growth. Similarly,
Sommer et al. (2001b) found that salmon showed
higher growth rates in the Yolo Bypass than in the
adjacent Sacramento River, primarily because of
higher levels of invertebrate prey in the floodplain.
A long period of rearing is also supported by the
screw trap data, which showed that the densities
of salmon were greatest during drainage of the
floodplain. We believe that these peaks are a result
of rearing salmon being forced off of the floodplain
by receding flows. Temperature and salmon life
history stage do not provide good alternative ex-
planations for the emigration trends. In 1998, for
example, water temperatures were relatively high
by late March and salmon began smoltification
shortly thereafter; yet the screw ttap data indicate

TaBLE 3.—Densities of Chinook salmon (mumber/ha + SE, with sample size in parentheses) collected in beach seine
sampling for earthen ponds and adjacent concrete weir ponds. Density differences were statistically significant between
the two pond types based on a randomization r-test of the pooled data for all years (P < 0.0001; # = 26 for each pond
type). Note that we vsed a randomly sampled subset of the earthen pond data to provide equal sample sizes for the

comparison,

Location type 1998

1999 2000

Earthen ponds
Conerete weir ponds

186 = 67  (63)
2,717 £ 1,115 (14)

531 + 200 (21)
14,208 + 3,898 (12)

36997 (18)
4,181 * 1,275 (3)
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that emigration did not peak until the end of April,
when the floodplain drained. Perhaps the emigra-
tion trends are partially confounded by seasonal
variation in salmon abundance. In the absence of
trap efficiency data, we cannot estimate the pro-
portion of the population that emigrated in winter
versus spring events.

Several lines of evidence suggest that the ma-
jority of fish successfully emigrated from the
floodplain. One important observation was that the
area of isolated ponds was small relative to the
overall area of the floodplain during both peak
flood and drainage periods. As an example, in
1998, the wettest year we studied, the peak area
of inundation was 24,000 ha, but the total inun-
dated area dropped to 5,000 ha by late April. Of
the 5,000 ha remaining at this point, our estimates
from aerial photographs showed that isolated
ponds took up only 600 ha. Put another way, iso-
lated ponds represented just 12% of the wetted area
in April and only 2.5% of the peak inundated area
in winter. The same trend is evident in the area
simulations for 1999 and 2000, when the peak area
was 20,000 ha, but dropped to about 2,000 ha with-
in a month. These results demonsirate that the Yolo
Bypass drains fairly efficiently, leaving little iso-
lated area where stranding can occur. This finding
was somewhat unexpected, because many parts of
the Yolo Bypass have natural topographic features
or agricultural levees that could potentially impede
drainage and fish emigration. Even if the area of
isolated ponds is low, stranding could still be a
substantial source of mortality if densities of fish
in the remaining ponds were very high. However,
we found no evidence that densities of fish strand-
ed in isolated ponds were significantly higher than
those in contiguous water sources that were drain-
ing to the Delta. The key point here is that most
of the water drains from the floodplain and ap-
parently the majority of the fish are leaving with
the receding floodwaters. To help illustrate this
issue, if we assume that mean densities of fish
observed in Table 2 were representative of the en-
tire wetted area of floodplain in April 1998, then
the total number of fish in the 600 ha of isolated
ponds would have been 123,600 salmon, lower
than an estimate of 835,000 fish in the 5,000 ha
of contiguous water sources. This conservative es-
timate also does not include the large numbers of
fish that emigrated from the floodplain before
April,

In addition to the beach seine and surface area
data, we believe that trends in screw trap data sup-
port the hypothesis that stranding is not consis-
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FiGurRe 4.—Four conceptual models of expected
screw trap catch (dotted line) relative to flow (solid line).
See the Discussion for further details about each model.

tently a major problem on the floodplain. The
screw trap data are somewhat ambiguous, because
the large area of the floodplain makes it unrea-
sonable to measure the efficiency of the trap.
Therefore, we cannot accurately estimate the ab-
solute number of salmon emigrating from the
floodplain. However, we can at least examine the
patterns of trap catch to evaluate likely mecha-
nisms. Some of the possible patterns that we would
expect to see for different factors are summarized
in Figure 4. First, under the ““trap efficiency’’ mod-
el, we would have expected dual peaks in the ear-
liest and latest portions of flood events, when the
screw trap would be sampling the highest portion
of total flow (Figure 4A). If young salmon follow
the “go with the flow” model, catch and flow
peaks should be well-correlated (Figure 4B). Al-
ternatively, if floodplains represent an important
rearing habitat, we would expect catch trends to
follow the ““loitering™ model, in which catch does
not increase until drainage, when fish are forced
from their rearing habitat by receding floodwaters
(Figure 4C). Finally, if stranding were a major
factor controlling catch trends, we would expect
an early increase in catch as fish moved through
the floodplain during inundation, but then catch
should drop earlier than flow as young salmon be-
came isolated from draining floodwaters (Figure
4D; “bathtub” model), Of these patterns, our data
for the Yolo Bypass provide the strongest support
for both the “go with the flow” and “loitering™
models. In each year we saw obvious screw trap
catch peaks associated with fow events, and ad-
ditional prominent peaks associated with drainage.
To summarize, apparently some of the fish move
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through the floodplain in direct association with
flow, whereas others remain as long as possible to
rear on the floodplain. The screw trap trends show
no cvidence that stranding had a major influence
on patterns of emigration.

Relatively low stranding rates on the Yolo By-
pass floodplain are supported by observations from
other seasonal floodplain habitat in the San Fran-
cisco estuary (Peter Moyle, University of Califor-
nia—Davis, personal communication) and other
studies. Higgins and Bradford {1996) and Bradford
(1997) report that juvenile salmonids are relatively
mobile and that most avoid being stranded during
moderate rates of stage change. Higgins and Brad-
ford (1996) state that maximum recommended
stage reduction levels for gravel bars of regulated
rivers are typically 2.5-5 cm/h, much more than
the 1 cm/h or less rates of change in mean water
depth we observed during drainage in the present
study. In his review of the ecology of fishes in
floodplain rivers, Welcomme (1979) noted that the
majority of fish emigrate from floodplain habitat
during drainage.

Even if stranding is not a major source of mor-
tality, this does not necessarily mean that flood-
plaimns are not sinks for salmon production. Of the
possible sources of mortality, birds and_piscivo-.
rous fishes may have benefited from stranded salm-
on (Brown 2002), As noted by Sommer et al.
(2001a), major avian predation is unlikely because
densities of wading birds are low relative to the
thousands of hectares of rearing habitat available
during flood events. ‘We did not measure densities
of fish predators, but believe that ation of
large areas of rearing habitat should create more
refuges for young fish and decrease the probability
of encounter with a predator.

Ultimately, it is survival data that allow us to
differentiate source from sink habitat. The size and
complexity of the San Francisco estuary made it
very difficult to directly measure survival rates
with statistical rigor (Newman and Rice 2002);
however, our CWT release studies at least provide
an indication of whether survival rates in the Yolo
Bypass were substantially different from those in
the Sacramento River, the adjacent migration cor-
ridor. The limited results suggest that fry—adult

survival rates were at least comparable in the Yolo
Bypass and the Sacramento River. Morcover, the
¥9YR results suggest that in some years, survival
may actually be substantially higher for salmon
that migrate through the floodplain. Although none
of these CWT releases were replicated, the fact
that Sommer et al. (2001b) reported similar results

SOMMER ET AL.

for fry-to-smolt survival for the same releases in
1998 and 1999 increases our confidence that the
survival data are not spurious.

Our data indicate that floodplains are a viable
rearing habitat for juvenile Chinook salmon,.
Hence, the most important management implica-
tion of our study is that seasonal habitat should be
considered as part of restoration plans for this spe-
cies. Despite frequent concerns that off-channel
habitat could increase stranding mortality (Brown
2002; Bruce Oppenheim, NOAA Fisheries, per-
sonal communication), our results for a hydrolog-
ically variable seasonal floodplain suggest that one
should be able to design restoration projects that
do not create a population sink because of exces-
sive mortality. This is not to say, however, that
stranding mortality is never an issue on floodplain
habitat. For example, in the Yolo Bypass we saw
significantly higher stranding rates in the concrete
weir scour ponds of Fremont and Sacramento
weirs than in earthen ponds. This finding suggests
that artificial water control structures can create
unusual hydraulics that promote stranding. How-
ever, the total area of these concrete weir ponds
was only 3 ha, much smaller than our estimate of
600 ha for total isolated pond area for April 1998
and insignificant compared with the peak inun-
dated area of 24,000 ha area. Fixing the poor hy-
draulics at these water-control structures may,
nonetheless, be an attractive option, particularly if
the cost of the solution is relatively low or if it
helps to address other fisheries issues such as adult
fish passage. In the Yolo Bypass, the concrete
weirs not only create stranding problems for ju-
veniles but also frequently block upstream passage
of adult salmon, sturgeon, and steelhead trout
(Sommer et al. 2001a), thus creating an incentive
to resolve both issucs simultanecusly.

Finally, we wish to acknowledge that even pat-
ural floodplain or well-designed restored flood-
plain babitat could at least occasionally be a pop-
ulation sink because of stranding or predation loss-
es. Qur study was conducied over 3 years for a__
single, large floodplain; we cannot rule out the
possibility that floodplains may not have net ben-
efits in other years or locations. As an example,
fish densities in the Yolo Bypass were relatively
low compared with those reported in some other
studies (Levy and Northcote 1982; Swales et al.
1986; Swales and Levings 1989); perhaps young
salmon behavior could be different at higher den-
sities. However, the potential for such losses can
still be consistent with effective management of
salmon populations. Diverse life history strategies
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provide bet-hedging for salmon populations in the
highly variable environment of coastal tributaries
(Secor 1999; Bottom et al. 2005). We therefore
expect that young salmon will not thrive in a

‘habitals in every year. In the case of highly vari.
able seasonal environments such as floodplains, _
stranding losses might cause excessive mortality

in"some years, but the risks may be offset by in-

1503

Department of Fish and Game Fish Bulletin 179(2):
39-138,

Brown, T. G. 2002. Floodplains, flooding, and salmon
rearing habitats in British Columbia: a revicw. Ca-
nadian Science Advisory Secretariat, Research Doc-
ument 2002/007. Awvailable: http://www.dfo-mpo.
ge.ca/Library/274333 pdf. (May 2005)

Clark, J. 1968, Seasonal movements of striped bass con-
tingents of Long Island Sound and the New York

Creased réaring habitat and food resources in other
years (Sommer et al. 200Tb; Brown 2002).
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From 1996 through 2010, Natural Resource Scientists, Inc. conducted 22 separate research
pmjectsunjuvenilesalmon(mchldingﬁouzsmdiesofpredam:yﬁsh)inthe Delta using acoustic
or radio telemetry as a means to gain an improved understanding of fish movements and
mortality (Vogel 2010a). The reason juvenile salmon telemetry studics were initiated in the
Delta was to acquire detailed data on fish behavior, fish route selection through complex
channels, and estimate fish survival in discrete reaches. Past efforts using traditional coded-wire
tagging could not answer those critically important questions. Research findings from the
telemetry investigations indicate that smolt survival assumptions and models must incorporate
these new conclusions to avoid misinterpretation of data and improve quantitative estimates of
fish survival and movements (Vogel 2010a).

The first successful use of telemetry on juvenile salmon in the Central Valley was conducted by
Natural Resource Scientists, Inc. on behalf of EBMUD in 1996 and 1997, At that time, the
speciﬁchﬁwiorofjuvmﬂesalmonhtheDehnwaslugelymhwwn The initial studies
qﬁcﬂydetuminedﬁattheﬁshdidmtmweasamhooLhnhstdeiaPMambiﬁnga
wide range in migratory behaviors in the complex Delta environment. Salmon moved many
milcsbackandﬁmhmhdaywithtlmebbandﬂoodﬁdesandﬂnesidcchamels(whmﬂow
was minimal) were largely unused. Site-specific hydrodynamic conditions present at flow splits
‘when the fish arrived had a major affect in initial route selection. Importantly, some of the
salmmchrcbeﬁwedmhavebempreyeduponbasedmverymusuﬂbehnﬁorpm(Vogel
2010s).

Subsequent, additional juvenile salmon telemetry studies were conducted by Natural Resource
Scientists Inc. on behalf of the USFWS and CALFED in the north Delt2 (V ‘ogel 2001, Vogel
2004). Triangniating radio-Tagged fish locaBions in real Bme (Figure 61) clearly demonstrated

—
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Tigure 62. Right picture, telemetered locations of approximately 100 radio-tagged salmon moits reicased in the
lower Sacramento River near Ryde (data from Vogel 2001 and Vogel 2004).

More recently, a 2007 study conducted by releasing acoustic-tagged Juvenile salmen in the San
Joaguin River found 116 motionless juvenile salmon transmitiers in the lower San Joaquin River
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Jjuvenile salmon). Fewer native fish species are found in Egeria stands compared to introduced
fish species (Grimaldo and Hymanson 1999). Additionally, it has been hypothesized that high
densities of Egeria in portions of the Delta may restrict juvenile salmon access to preferred
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STATE OF CALIFORNIA
DEPARTMENT OF PUBLIC WORKS

PUBLICATIONS OF THE
DIVISION OF WATER RESCURCES
EDWARD HYATT, State Engineer

SACRAMEBENTO-SAN JOAQUIN
WATZER SUPERVISOR?'S
REPORT

FOR YEAR

1931

: By
HARLOWE M. STAFFORD
Water Supervisor

Under the supervision of
HAROLD CONKLING
Deputy State Engineer

Awgust, 1932

Exhibit “T”




TABLE 74

USE OF WATER BY CAT-TAILS GROWN IN TANKS, NEAR CLARKSBURG,
RECLAMATION DISTRICT 999, fo31

135

78 00 02 0090 0090 ¢SS 4 IR 00 TE 00 00 B AW o

T TANK: USE OF WATER — ACRE~FEET PER ACRE
¢ NO,: H H H . . H H H H H H .
i i JANy: FEB.: MARe: APRej MAY § JUNe: JULe: AUGs: SEP.: OCT.: NOVa: DEC.: YEAR
: 1 ; ? : 3 : 3 : 3 : : ; :
i 2 t 0,22 0,22} 0,58; 1,08} 2428} 2.28f 2,961 2,511 1,66} 0,013 0,43; 0.23: 15.36
£ 31 0.207 0uF 0,403 14127 1,941 2411} 2,511 1923 1,363 0,683} 051F 0,22{ 13,42
P4 10,208 0,211 0,52] 1,30f 2,511 2,78} 3.34} 2,783 1,901 1,043 0,541 0,291 17,41
Ps 5aa§ma§mm§nw.:%'um:&m'IQSsmimm.mw.mw:ma4
{6 ¢ o.za§ 0.24f 0,60} 1444} 2,80F 2,773 3.513 —-:unosn'resr FOR LEAKAGE:
tMEANS o.ea- 0.22} o.'54§ 122! 2,30: 2.35. 2.87.*2. 6""!.55‘"0.94“"0.462"'0.22:"'I4.63
¢ . : :
*MEAN OF FOUR TANKS
TABLE 75
USE OF WATER BY TULES GROWN IN TANKS, NEAR CLARKSBURG,
RECLAMAT{ON DISTRICT 999, 1931
;TANK ; USE OF WATER — ACRE—FEET PER ACRE
§ MOe 1 JANJY FEB.T WMAR.D APR.} MAY § UUN.! JUL.. AuG, } SEP. ; acr.. Nov.: DEC.} YEAR
M ¥ ¥ L " v T ¥ L] * :
I 7 1 0.213 0,23} 0,54} 1.32} 3.02; 2,88} 4,35  —UNDER TEST FOR LEAKAGE—
§ 8 10,201 0,24} 0,481 1,18} 2,45! 2,30 3,02% 2.59% l.783 1,01} 0,513 o.zo' 16405
{0 10,208 0,261 0,48} 1,12} 2,147 2,20} 2,761 1,98 1437; 0,82 0,41} 0,20} 13,94
§10 30,198 0,24} 0,513 1408} 2,073 2,263 2,888 1371} 1.23' 0,663 043} 0n23 13,49
P11 10,213 0,497 0,40 0.90% | 345»:.65: 1,631 1232} 1.16} 0,72} 0,39% 0,19} 10,60
§12 13 0,20 0,20¢ 0,25 0,847 1,75} 1.26} 2.75. 2.36. 1a72] 1,00 0,613 0,273 13,30
IMEANS: 0,207 0,23; 0,441 |.o7§ 2,218 2,118 2, o-*: 99-*1.455 0.861%0.471%0., 22} 13,48

9900 209020 2900 2000 0090 0EES 08 30 06 08 ca ©5 00

WMEAN OF FIVE TANKS
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STATE OF CALIFORNIA
DEPARTMENT OF PUBLIC WORKS

PUBLICATIONS OF THE .
DIVISION OF WATER RESCURCES
EDWARD HYATT, State Engineer

SACRAMENTO-SAN JTOAQUIN
WATER SUPERVISOR'S
REPORT

FOR YEAR

1931

By
HARIOWE M. STAFFORD
Water Supervisor

Under the supervision of
HAROLD CONKLING
Deputy State Bngineer

Avgust, 1932
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