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Abstract Off-channel habitat has become increasingly
recognized as key for migratory fishes such as juvenile
Chinook salmon (Oncorhynchus tshawytscha). Hence,
floodplain habitat has been identified as critical for the
continued persistence of California’s Central Valley
salmon, particularly the Yolo Bypass, the primary flood-
plain of the Sacramento River. To provide insight into
factors supporting juvenile salmon use of this 240 km2,
partially leveed floodplain, we examined inter- and
intra-annual relationships between environmental corre-
lates and residency time, apparent growth, emigration,
migratory phenotype, and survival over more than a
decade for natural-or igin (Bwild^) f ish and
experimentally-released hatchery fish. Flood duration
was positively associated with hatchery juveniles resid-
ing longer and achieving larger size. Wild juveniles
grew larger and emigrated later with cumulative tem-
perature experience (accumulated thermal units) and
warmer average annual temperatures during flood years.
Within years, both wild and hatchery salmon departed
the floodplain as flood waters receded. Parr-sized juve-
niles dominated outmigrant composition, though fry and
smolt-sized juveniles were also consistently observed.
Survival to the ocean fishery was not significantly dif-
ferent between hatchery fish that reared in the Yolo
Bypass versus those that reared in the main stem

Sacramento River. Our study indicates improved fre-
quency and duration of connectivity between the Sacra-
mento River and the Yolo Bypass could increase off-
channel rearing opportunities that expand the life history
diversity portfolio for Central Valley Chinook salmon.
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Introduction

Central Valley Chinook salmon in California’s
Sacramento-San Joaquin Delta (Delta) have declined
precipitously in recent decades (Yoshiyama et al.
2000), and their long-term persistence is uncertain
(Katz et al. 2013). Two of the four Central Valley runs
are listed under the federal Endangered Species Act. The
Fall-run population, the most numerous of the four, has
shown considerable instability, underscored by the sud-
den collapse and closure of the U.S. West Coast fishery
in 2008 (Lindley et al. 2009). There are many causes of
salmon decline, but the loss of wetland and floodplain
rearing habitat is amongst the most important stressors
(NMFS 2014). Frequent and widespread flooding was
once an integral part of the Delta, but the construction of
dams and levees along with other activities that
Breclaimed^ lowlands for agriculture and development
eliminated 97% of historic wetlands (Whipple et al.
2012). This dramatic landscape transformation has dec-
imated juvenile salmon rearing habitat, resulting in re-
duced life history diversity (Lindley et al. 2009; Waples
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et al. 2009) and an eroded ability to buffer against
variable conditions (Carlson and Satterthwaite 2011).

In an effort to support struggling Central Valley sal-
monid populations, substantial restoration projects are
planned to create, reconnect, and augment floodplain
habitats in the Delta. Growth benefits of off-channel
floodplain rearing have been documented (Sommer
et al. 2001a; Jeffres et al. 2008; Limm and Marchetti
2009) and some basic information is known about fish
use of floodplain habitat (Sommer et al. 2005). Howev-
er, more comprehensive information is needed to help
guide restoration design, particularly with respect to
how fish respond to the dynamic physical and hydro-
logical conditions of the floodplain environment. To-
wards this goal, we examined over a decade of data on
juvenile Chinook salmon survival, growth, residency,
and emigration patterns in the Yolo Bypass – the largest
remaining off-channel floodplain in California.

The Yolo Bypass is a 240 km2 partially-leveed flood-
plain that inundates in years with high flow during the
winter or spring (Fig. 1). Originally designed to protect
the urban areas of Sacramento by directing floodwaters
around the city, the Bypass occupies a portion of the
historic Central Valley flood basin in the northern Delta
(Whipple et al. 2012). When the Sacramento River
reaches a stage of 9.2 m, it spills over Fremont Weir, a
concrete sill located at the northern end of the flood-
plain. Localized flooding can also occur from four
smaller tributaries to the west, Knights Landing Ridge
Cut, Cache Creek, Willow Slough, and Putah Creek,
creating flooded habitat in the absence of overtopping at
Fremont Weir. Prolonged connectivity with the Sacra-
mento River, however, can lead to complete inundation
of the Yolo Bypass, doubling the wetted surface area of
the entire Delta, and providing an expansive shallow
water habitat for floodplain-adapted fishes (Sommer
et al. 2001b, 2005). Overtopping at Fremont Weir also
allows migrating juvenile salmon direct access from the
Sacramento River into Yolo Bypass, where they are one
of the most frequently captured native species in the
floodplain (Sommer et al. 2004a; Feyrer et al. 2006).
Fish can also enter the Yolo Bypass through a tidal
slough complex at the base of the floodplain, though
primarily during non-flood conditions.

In this study, we examined long-term patterns in
juvenile Chinook salmon habitat use in the Yolo Bypass.
Specifically, we focused on relationships between envi-
ronmental and biological covariates and demographics
of juvenile salmon habitat use in the floodplain. We

addressed the following questions: 1) How do environ-
mental factors (flow, water temperature, accumulated
thermal units, or flood duration) affect inter-annual fish
growth and use of the Yolo Bypass floodplain (e.g.
residence time, growth, size, and timing at emigration)?,
2) Which environmental covariates influence the rela-
tive annual abundance of juvenile Chinook salmon uti-
lizing the Yolo Bypass?, 3) What is the relative contri-
bution of different migratory phenotypes (e.g. fry, parr,
and smolts) from the floodplain?, 4) Do juvenile Chi-
nook salmon rearing on the floodplain have enhanced
survival compared to fish rearing in the adjacent Sacra-
mento River?, and 5)What are environmental triggers of
emigration from the Yolo Bypass?

Methods

Fish data

Juvenile Chinook salmonwere captured eachwinter and
spring using a 2.6 m diameter rotary screw trap (RSTR)
located near the base of the Yolo Bypass floodplain from
1999 to 2011 (Fig. 1) (Sommer et al. 2005). The trap
was typically operated 5–7 days per week January
through June. The sampling location was strategically
located near the downstream end of the Toe Drain, a
perennial tidal channel which empties the Bypass along
its eastern edge following flooding events. To compare
survival between juvenile salmon rearing in the Yolo
Bypass and the Sacramento River, we conducted paired
releases of approximately 50,000 to 100,000 hatchery-
origin fall-run Chinook salmon from the Feather River
Fish Hatchery. Releases were conducted at the northern
end of the Yolo Bypass in the Toe Drain and at an
adjacent location in the mainstem Sacramento River
(Fig. 1) (Sommer et al. 2001a, 2005). One or two release
events were conducted in February each year during
1999–2009 (Table 1). During very large flood events,
the Toe Drain release location was not accessible and
Yolo Bypass releases were carried out at the Fremont
Weir, approximately 10 km to the north (Fig. 1)(Table 1).
All fish in the paired releases received an adipose fin
clip and a coded-wire-tag (CWT) with a code specific to
the release location. Hereafter, we refer to these release
events as BCWT releases^.

We also examined within and among year patterns of
habitat use by juvenile Chinook salmon from CWT
releases as well as those of unmarked individuals
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captured at the RSTR. Though not all hatchery-
produced salmon in the California Central Valley are
marked, most unmarked fish in our samples were of
natural origin. During our study years, the vast majority
of unmarked hatchery fish were released downstream of
Fremont Weir or were released after overtopping had
ceased (California Hatchery Scientific Review Group
2012; Huber and Carlson 2015). We therefore refer to
fish with intact adipose fins as Bwild^ in this study, but
acknowledge that a there is some chance a small portion
may be unmarked fish of hatchery origin. We included
only unmarked juvenile Chinook salmon in analyses
involving Bwild^ fish. We also only included data from
years when the Sacramento River flowed into the Yolo

Bypass via Fremont Weir at some point from January
through April, giving wild fish the opportunity to enter
and rear within the Bypass. These years were 1999,
2000, 2002, 2003, 2004, 2006, 2010, and 2011. Analy-
ses involving CWT fish growth and habitat use in the
Yolo Bypass included years when releases were recov-
ered in the RSTR (Table 1, Table 2). Data from 2006
was excluded because CWT recaptures were very low.

Environmental covariates

Environmental parameters were collected concurrently
with fish sampling or were obtained for coincident time
periods. Daily water temperature (°C) was collected

Fig. 1 Map of the Yolo Bypass
floodplain, with coded wire tag
(CWT) release sites and the rotary
screw trap indicated (circles).
Triangles denote inflow stations
used to compute the Yolo Bypass
component of DAYFLOW. Putah
Creek inflow measurements were
taken approximately 8 km to the
west of the map extent
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during fish collections at the RSTR in the Toe Drain,
and accumulated thermal units (ATUs, °C) were calcu-
lated as sum of daily mean temperature (Sykes et al.
2009). We obtained daily Yolo Bypass flows from the
California Department of Water Resources DAYFLOW
program (http://www.water.ca.gov/dayflow/), which
computes daily outflow for the whole Sacramento San-
Joaquin Delta (California Department of Water
Resources 2014). The Yolo Bypass component of
DAYFLOW is based on the combination of flows in
the Yolo Bypass at Woodland, CA, the overspill at the

Sacramento Weir, and inflow from the South Fork of
Putah Creek (Fig. 1). Given the importance of the inun-
dation duration to floodplain adapted fishes (Agostinho
et al. 2004), we also calculated flood duration (days) and
included it as a covariate in our analyses. We
calculated duration of flooding as the number of
days that mean Yolo Bypass flows met or
exceeded 4000 cfs, as this corresponds to periods
when water flows over the banks of the Toe Drain
(Sommer et al. 2001b), producing flooded habitat
available to fish.

Table 1 Annual temporal and size information for juvenile salmon included in analyses

Year CWT Wild Release Date
(CWT)
or First
Overtopping
Date (Wild)

Yolo Bypass Sacramento River

#
Released

Mean
Release FL
(mm)

Mean Capture FL
(mm) (SD) at RSTR

# Captured
at RSTR

50th Percentile
Capture Date

#
Released

Mean
Release FL
(mm)

1999 x 2/11a 103,471 61 85.0 (8.5) 41 4/7 103,882 52

x 2/9 – – 65.9 (16.4) 6494 4/7 – –

2000 x 2/4 53,406 56 82.8 (7.6) 26 2/23 N.A. N.A.

x 2/22a 54,552 57 74.9 (2.8) 19 3/24 52,886 56

x 2/14 – – 68.1 (12.7) 1941 3/24 – –

2001 x 2/15 47,291 59 58.6 (9.1) 32 2/23 46,523 59

x 2/27 48,259 59 67.3 (8.9) 21 3/7 49,251 59

2002 x 2/5 49,666 59 69.0 (7.5) 21 3/2 50,946 54

x 2/21 49,653 59 66.8 (6.8) 21 3/2 50,410 59

x 1/4 – – 63.2 (16.2) 164 3/2 – –

2003 x 2/5 53,133 57 70.9 (12.3) 32 2/28 51,964 57

x 2/20 51,386 60 66.4 (7.7) 73 2/26 51,388 60

x 1/1 – – 73.2 (12.7) 430 3/5 – –

2004 x 2/11 50,225 47 81.3 (5.5) 3 3/19 50,738 47

x 2/24a 50,213 54 73.3 (5.6) 7 3/19 47,934 54

x 1/2 – – 69.9 (15.5) 1561 3/22 – –

2005 x 2/4 54,365 56 64.6 (7.5) 14 2/22 52,619 56

x 2/17 51,106 52 60.3 (8.1) 34 2/22 54,324 55

2006 x 1/1 – – 75.2 (15.6) 3814 5/9 – –

2007 x 2/6 52,287 57 75.2 (18.5) 5 3/4 51,518 56

2008 x 2/7 54,844 51 76.7 (10.3) 21 3/5 52,855 55

x 2/21 55,537 60 70.8 (8.0) 17 3/4 53,524 61

2009 x 2/10 51,805 64 73.5 (7.5) 20 2/20 51,560 64

2010 x 1/23 – – 76.3 (12.4) 19 3/30 – –

2011 x 1/1 – – 70.1 (8.9) 192 4/28 – –

Mean release size for coded wire tag (CWT) fish was provided by the hatchery without variance estimates. BRSTR^ is the abbreviation for
the rotary screw trap
a denotes Yolo Bypass releases conducted at Fremont Weir. The BN.A.^ entry for the 2/4/2000 Sacramento River CWT release is due to a
tagging error that prohibited identification in the ocean fishery. For wild fish, Bdate of first overtopping^ is the first day of the calendar year
when the Sacramento River overflowed Fremont Weir, allowing juvenile salmon access to the Yolo Bypass floodplain
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Analytical methods

How do environmental factors affect inter-annual fish
growth and use of the Yolo Bypass floodplain?

Flow, water temperature, ATU, and duration of flooding
for each year were averaged over rearing periods when
the majority of juvenile Chinook salmon would have
resided in the Yolo Bypass. For CWT juveniles, we
constrained the environmental variables to the period
between the date of fish release to the date when the 50th
percentile of the total seasonal catch was captured at the
RSTR (Table 1; del Rosario et al. 2013). For wild
juveniles, we presumed floodplain rearing began on
the date that the Sacramento River overflowed Fremont
Weir, allowing migrating salmon access to the Yolo
Bypass floodplain. Covariates for wild fish were thus
constrained from the first overtopping event of the cal-
endar year to the date when the 50th percentile of the
total seasonal catch was captured at the RSTR (Table 1).

We used multiple linear regression analysis to exam-
ine relationships between environmental covariates and
residence time, daily apparent growth rate (mm/d), ap-
parent total growth over the entire period of residency

(mm), size at emigration, and emigration timing against
suites of independent environmental and biological var-
iables hypothesized to influence those demographics
(Table 2). Prior to inclusion into models, we calculated
the Pearson’s correlation coefficient (r) between all var-
iables to identify multicollinearity. If multiple variables
exhibited r values likely to distort model predictions
(r > |0.7|, Dormann et al. 2013), the variable of highest
biological relevance to the response variable in question
was included and the other(s) excluded. Candidate var-
iables were added to the regression model in a stepwise
fashion until remaining variables did not improve model
fit at α = 0.05 or less. We log-transformed environmen-
tal covariates to address non-normality (Anderson-Dar-
ling test, p < 0.05) and variance heterogeneity.

We performed these multiple regressions separately
for CWT fish and wild juveniles captured in the RSTR
near the exit of the floodplain. Juvenile Chinook salmon
captured with missing adipose fins, indicating the pres-
ence of a coded wire tag, were collected, measured, and
euthanized. Tags were later removed and read to verify
fish origin. Apparent growth and residence time analy-
ses utilized data from CWT releases only, because
values for mean initial fish length and date of release

Table 2 Analytical methods and independent variables used to examine inter-annual (among year) and intra-annual (biweekly) juvenile
Chinook habitat use patterns. Strongly collinear variables were excluded

Response Variable Fish Covariates Years Analytical Method

Inter-annual

Residence time (days: capture
date – release date)

CWT T, Fld 1999–2005, 2007–2009 Multiple Regression

Total growth (mm: capture
FL – mean release FL)

CWT T, Fld 1999–2005, 2007–2009 Multiple Regression

Growth rate (mm/day: total
growth/residence time)

CWT T, Fld 1999–2005, 2007–2009 Multiple Regression

Size at emigration (mm) CWT
Wild

T, Fld
T, ATU, Fld

1999–2005, 2007–2009
1999, 2000, 2002–2004, 2006, 2010, 2011

Multiple Regression

Emigration timing (day of year) CWT
Wild

T, Fld
T, ATU, Fld

1999–2005, 2007–2009
1999, 2000, 2002–2004, 2006, 2010, 2011

Multiple Regression

Relative abundance (CPUE) Wild T, ATU, Fld, Esc 1999, 2000, 2002–2004, 2006, 2010, 2011 Multiple Regression

Migratory phenotype Wild N.A. 1999, 2000, 2002–2004, 2006, 2010, 2011 Hierarchical Clustering,
Similarity Profile Test

Survival (estimated ocean fishery
catch/number released)

CWT N.A. 1999–2005 Paired Sample t-Test

Intra-annual

Emigration (CPUE) Wild ATU, Flo 1999, 2000, 2002–2004, 2006, 2010, 2011 Generalized Linear Model

Emigration timing (day of year) Wild
CWT

Flo, Fld
Flo, Fld

1999, 2000, 2002–2004, 2006, 2010, 2011
1999–2005, 2007–2009

Qualitative Graphical

Abbreviations for independent variables were: water temperature (T), accumulated thermal units (ATU), flooding duration (Fld), flow (Flo),
and spawner escapement (Esc). FL = Fork length
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were known a priori. We included both CWT and wild
juvenile Chinook salmon in emigration timing and size
at emigration analyses (Table 2).

Which environmental covariates influence the relative
abundance of juvenile Chinook salmon utilizing the Yolo
Bypass?

We related inter-annual abundance of wild juvenile
salmon captured at the RSTR to environmental covari-
ates and the number of spawning adults for each year.
We standardized the annual catch of wild fish by the
number of hours the trap was fished, making catch per
hour (CPUE) the response variable in analyses. In addi-
tion to using the same environmental covariates calcu-
lated in analyses of growth and habitat use metrics, we
included escapement of the Sacramento River spawning
cohort to evaluate whether the adult spawning popula-
tion affected abundance of juveniles rearing in the flood-
plain. Escapement data was obtained from the GrandTab
dataset managed by the California Department of Fish
and Wildlife (Azat 2015). GrandTab is a long-term
compilation of Chinook salmon escapement estimates
from surveys conducted throughout the Sacramento-San
Joaquin basin. Though different methods were used
across time and space, GrandTab is the only continuous
historical dataset available for California Chinook salm-
on escapement estimates (Albertson et al. 2013), and it
is the primary source used by fishery management agen-
cies (Carlson and Satterthwaite 2011). Only estimates of
in-river spawning adults in the Sacramento River main

stem and its main tributaries were included in our anal-
ysis, and hatchery returns were excluded. We used mul-
tiple linear regression to evaluate relationships between
predictors and annual CPUE. Strongly collinear inde-
pendent variables were identified and excluded as de-
scribed for growth and habitat use analyses above
(Tables 2 and 3).

What is the relative contribution of migratory
phenotypes from the floodplain?

To evaluate the relative contribution of juvenile pheno-
types migrating from the floodplain to the downstream
Delta, we categorized unmarked juvenile Chinook salm-
on captured at the RSTR based on Miller et al. (2010)
during the years when the Sacramento River flooded the
Yolo Bypass. Juvenile phenotype (fry, parr, smolt) was
assigned based on fork length: ≤55mm, 55–75mm, and
>75 mm, respectively. We compared phenotype compo-
sition amongst years through multivariate hierarchical
agglomerative clustering and group-average linking,
using the Primer 6 program (Clarke and Gorley 2006).
Because annual catch varied, we standardized data by
total annual catch before performing a cluster analysis
on Bray-Curtis similarities. We tested if some year-
groups exhibited similar and distinct phenotypic com-
position using the Primer 6 Similarity Profile
(SIMPROF) routine, which compares cluster results
with a randomly generated null distribution (Clarke
et al. 2008).

Table 3 Mean, range and standard deviation (SD) for indepen-
dent variables included in quantitative inter-annual (yearly) and
intra-annual (biweekly) analyses of coded wire tag (CWT) and
wild juvenile Chinook salmon. Variables in intra-annual analyses

were averaged over periods when the majority of Chinook salmon
resided in the Yolo Bypass floodplain. Variables excluded due to
strong collinearity are not depicted

Independent Variables Coded Wire Tag Releases Wild

x
Range SD

x
Range SD

Inter-annual Comparisons

Flooding Duration (days) 7.4 0–40 13 38 15–100 25

Water Temperature (°C) – – – 11.9 10.3–14.0 1.05

Accumulated Thermal Units 274.2 77.75–645.4 152.6 854.0 482.8–1572 410.0

Escapement – – – 273,063 32,674–641,711 200,471

Intra-annual Comparisons (Wild Only)

Accumulated Thermal Units – – – 1131 11.89–2821 818.3

Flow (CFS) – – – 5247 50.36–76,936 12,222
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Do juvenile Chinook salmon rearing on the Yolo Bypass
floodplain have enhanced survival compared to fish
rearing in the adjacent Sacramento River?

We evaluated inter-annual survival through estimated
recoveries of the paired Yolo Bypass and Sacramento
River CWT releases in the ocean fishery where most
fish are harvested at ages 2 and 3. Regional coordination
and management of tagging and recovery data for Unit-
ed States west coast CWT releases is conducted by the
Regional Mark Processing Center (RMPC), operated by
the Pacific States Fishery Commission. Total estimated
catch for CWT release groups is calculated from the
total number of fish tagged and an expansion factor
based on the proportion of catch sampled each year.
These values are then summed for a given tag code
across all port and time strata sampled, to yield total
estimated catch (Nandor et al. 2010; Johnson 2004). To
estimate survival, we calculated a recovery fraction as
the estimated number of fish recovered in the ocean
fishery, divided by the total number released for each
system. Recovery fractions were compared using a
paired T-test to determine if overall survival differed
between the Yolo Bypass and Sacramento River re-
leases. We assumed that ocean fishing effort was the
same for fish from releases conducted on the same date
(Newman and Brandes 2010).

What are environmental triggers of emigration
from the Yolo Bypass floodplain?

For the analysis of intra-annual juvenile Chinook salm-
on emigration patterns, we averaged independent vari-
ables over bimonthly (twice a month) periods to address
temporal autocorrelation. Variables were Yolo Bypass
flow (CFS), water temperature (°C), and ATU (°C). At
the time scale of this analysis, rotary screw trap catches
exhibited a high frequency of low and zero counts, so
we evaluated relationships using generalized linear
modeling specified with a Poisson error distribution
(Maunder and Punt 2004) and the glmulti package in
R (R Development Core Team 2008; Calcagno and de
Mazancourt 2010). We specified effort as an offset term
in the model because screw trap operations varied de-
pending on safety conditions. Main effects models were
compared using Akaike’s Information Criteria adjusted
for small sample datasets (AICc) and Akaike weights
(wi). We included only years when the Sacramento
River overtopped Fremont Weir, as these were periods

when wild juveniles would have access to inundated
floodplain habitat. As explained for among-year analy-
ses, we calculated Pearson’s correlation coefficient (r)
for all covariate pairs and retained only variables of
higher biological relevance in instances of high
correlation.

We also examined patterns of emigrationwith respect
to flow in the Yolo Bypass through qualitative exami-
nation of cumulative catch curves at the RSTR. Both
CWT and wild salmon were examined during years
when wild juveniles could access the Bypass via
overtopping at Fremont Weir. During years without
overtopping, only CWT juveniles released in the Bypass
were evaluated (Tables 2 and 3).

Results

Hydrographs of the 13 years we examined were highly
variable and complex, spanning a range of overtopping
dates, flood durations, and flow magnitudes (Fig. 2).
The Sacramento River connected to the floodplain via
overtopping at Fremont Weir during 9 years (69%),
generally during the winter and early spring. Connec-
tivity was longer than 10 consecutive days during six of
these events, with the longest continuous overtopping
event lasting 65 days in March–May of 2006. In one
year, 2005, a brief four day event occurred very late in
the season, when the majority of wild juvenile salmon
transiting through the Sacramento River were likely
downstream of Fremont Weir. There was no connectiv-
ity with the Sacramento River in four years, though
flooding sourced exclusively from western tributaries
to the Yolo Bypass occurred during two of these years.
The rearing period of six of the 17 CWT releases coin-
cided with the availability of flooded habitat (Fig. 2).

Several environmental variables exhibited collinear-
ity at both inter- and intra-annual time scales. Among-
years, flowwas highly correlated with flood duration for
both wild (r = 0.82) and CWT (r = 0.75) juveniles.
Because of the importance of flood duration for flood-
plain adapted fishes (Agostinho et al. 2004), we retained
the duration variable and excluded flow from both sets
of analyses. For analyses involving only CWT fish,
flood duration was also strongly correlated with ATU
(r = 0.80), and the latter variable was excluded. For the
analysis of within-year emigration of wild fish at the
bimonthly time scale, water temperature was highly
correlated with ATU (r = 0.94) (Table 2). Other studies
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have found ATU to be a better predictor of downstream
migration in juvenile salmonids, so we excluded tem-
perature (Zydlewski et al. 2005; Sykes et al. 2009).

How do environmental factors affect inter-annual fish
growth and use of the Yolo Bypass floodplain?

Flood duration was significantly related to several
habitat use demographics for CWT fish in multiple
regression models. Apparent total growth, emigra-
tion date, size at emigration, and residence time
were positively correlated with the duration of
flooding (p < 0.01 for all variables; R2 = 0.4–
0.8) (Fig. 3). The addition of other covariates did
not significantly improve model fits. Apparent dai-
ly growth rate of CWT juveniles was not signifi-
cantly related to any predictor variables. For wild
fish, average temperature was a significant predic-
tor of size at emigration (p = 0.022, R2 = 0.61,
Fig. 4a), but flood duration and ATU were not good
predictors. Annual emigration timing for wild fish was
positively related to ATU but not to other variables
(p = 0.018, R2 = 0.64, Fig. 4b).

Which environmental covariates influence the relative
abundance of juvenile Chinook salmon utilizing
the Yolo Bypass?

Annual catch of wild juvenile Chinook salmon at the
RSTR ranged widely across Fremont Weir overtopping
years, from 19 individuals in 2010 to nearly 6500 in
1999 (Table 1). CPUE of wild fish was significantly
related to duration of flooding (p = 0.020, R2 = 0.62,
Fig. 4c), but not to any of the other independent
variables.

What is the relative contribution of migratory
phenotypes from the floodplain?

We consistently captured wild juvenile Chinook salmon
of all developmental stages exiting the Yolo Bypass
floodplain during Fremont Weir overtopping years.
With the exception of 2006 and 2010, parr made up

the largest proportion of outmigrants (46–70%), and fry
compromised the smallest proportion in all years except
2002 (6–13%). In 2002, fry were captured slightly more
frequently than smolts (29% vs. 21%). In 2006,
parr and smolts were captured in similar propor-
tions (46%), and in 2010 smolts were captured in
slightly higher proportions than parr (50% and
44%, respectively)(Fig. 5). Cluster analysis identi-
fied 3 year-groups with similar outmigrant compo-
sition (90–95% similarity): 2003, 2006 and 2010;
2000, 2004 and 2011; 1999 and 2002. However,
these groups were also similar to each other
(77%), and the SIMPROF test did not detect sig-
nificant differences between them (p = 0.07).

Do juvenile Chinook salmon rearing on the floodplain
have enhanced survival compared to fish rearing
in the adjacent Sacramento River?

Inter-annual survival of CWT fish to the ocean fishery
did not exhibit obvious patterns between rearing sys-
tems. Estimated recoveries of paired CWT releases in
the ocean fishery ranged between 0.01%–0.15% for
Sacramento River release groups and 0.01%–0.13%
for Yolo Bypass release groups. Overall survival was
not statistically different between release locations
(paired t-test, p = 0.75) (Fig. 6).

What are the environmental triggers of emigration
from the Yolo Bypass?

Generalized linear modelling indicated that neither ATU
nor flow predicted intra-annual emigration at the bi-
monthly time scale. Of the main effects models, the null,
intercept-only model received the best (lowest) AICc
score, and all remaining models were within 2.5ΔAICc
indicating similar fit. Low model probabilities and co-
efficients that approached zero in parameterized models
indicated that none may be very ecologically relevant
(Table 4).

Graphical examination of cumulative catch curves
for CWT and wild juvenile Chinook salmon cap-
tured at the RSTR indicated that fish delayed
emigration from the Bypass while flooded habitat
was available and would move out after flood
waters receded (Fig. 2). We observed a spike in
emigration following floodwater recession for
CWT fish in 1999, 2000, and 2004, when releases
coincided with flooded periods. In years when

�Fig. 2 Flow, flooding periods, and Fremont Weir overtopping
periods with cumulative catch curves of coded wire tag (CWT)
and wild juvenile Chinook salmon collected at the rotary screw
trap. Only years with overtopping at Fremont Weir include wild
fish curves (dotted lines). Catches of CWT fish in 2006 were
excluded due to low catch. Note that scales for y-axes vary
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overtopping at Fremont Weir allowed wild juveniles
access to the floodplain, wild fish also appeared to delay

emigration until after recession (1999, 2000, 2002,
2003, 2004, 2006, 2010, 2011).

Fig. 3 Coded wire tag (CWT)
juvenile Chinook inter-annual
growth and habitat use demo-
graphics were significantly ex-
plained by flood duration at the
among-year time scale (α ≤ 0.05).
Each point denotes a CWT release
in the Yolo Bypass. Zero values
denote CWT releases with rearing
periods that did not overlap with
flooding (>4000 CFS). Indepen-
dent variables that did not con-
tribute significantly to regression
model fit are not depicted
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Discussion

There is growing international recognition of the impor-
tance of off-channel, floodplain habitat for the conser-
vation of native riverine fishes, particularly in highly
altered, highly managed systems (Agostinho et al. 2004;
Lanse et al. 2007; King et al. 2008). For salmonids, the
benefits of such habitats include more abundant food
resources (Sommer et al. 2001a; Eberle and Stanford
2010; Bellmore et al. 2013), increased rearing habitat

(Sommer et al. 2005; Cordell et al. 2011), and faster
growth rates (Jeffres et al. 2008; Limm and Marchetti
2009). However, floodplains are among the most spa-
tially and temporally variable freshwater habitats on the
planet, so fishes rearing in these areas face increased
risks such as stranding after floodwaters recede
(Sommer et al. 2005). These sorts of risk-reward trade-
offs are relatively common among many populations
(Stearns 1989). Our observations from the expansive
Yolo Bypass floodplain provide insight into how

Fig. 4 Inter-annual habitat use
and catch demographics for wild
juvenile Chinook salmon
significantly related to
independent covariates. Points
denote years when the
Sacramento River connected to
the Yolo Bypass floodplain via
overtopping at Fremont Weir.
Non-overtopping years were ex-
cluded. Independent variables
that did not contribute signifi-
cantly to regression model fit are
not depicted

Environ Biol Fish



Chinook salmon may manage this risk in order to max-
imize benefits. Specifically, our results reveal that the
duration of flooding positively affects fish growth and
habitat use in the floodplain, without negatively affect-
ing survival. Although our results did not demonstrate
survival advantages from the Yolo Bypass, collections
of fish emigrating from the floodplain suggest that this
seasonal habitat type helps support life history diversity,
including larger size at emigration with longer rearing

periods as flooding duration increases, which may con-
vey benefits beyond the survival on a cohort by cohort
basis.

Factors affecting habitat use, growth, emigration and
abundance Hydrologic regime is recognized as one of
the most critical drivers for the functioning of floodplain
ecosystems (Junk et al. 1989). Specifically, patterns of
connectivity, flooding and recession shape how fish
utilize these habitats (Mims and Olden 2012; Gido
et al. 2013). In our study, hydrologic regime, specifically
the duration of flooding, was the most important driver
for juvenile Chinook salmon inter-annual growth and
floodplain habitat use at both inter- and intra-annual
scales. Among years, fish from our CWT releases spent
progressively longer periods rearing on the Yolo Bypass
during years with longer periods of flooding, with one
release group spending 50.6 days (median) following
the start of a 40-day flood event in 1999. Lengthier
rearing periods also resulted in CWT fish achieving
larger overall size before departing. These results sup-

Fig. 5 Migratory phenotypes of
wild juvenile Chinook Salmon
captured at the rotary screw trap
near the exit of the Yolo Bypass
during years when the floodplain
connected to the Sacramento
River via overtopping at Fremont
Weir

Fig. 6 Recovery fractions for paired coded wire tag releases
conducted in the Sacramento River and Yolo Bypass. The fraction
is calculated as the estimated number recovered in the ocean
fishery divided by the number of fish released. The diagonal 1:1
line indicates where ratios were equivalent for the two systems.
Points above the line denote release pairs (conducted on the same
date) where Yolo Bypass recoveries exceeded Sacramento River
recoveries

Table 4 Coefficients, AICc values, ΔAICc values, and model
probabilities (wi) for main effects GLM models of bimonthly
CPUE with independent variables of temperature and flow

ATU Flow Intercept AICc ΔAICc wi

— — −0.4* 1388.1 – 0.50

−0.0007* — 0.3* 1389.7 1.6 0.23

— 0.00002* −0.5* 1390.1 1.9 0.18

−0.0007* −0.000003* 0.3* 1391.6 2.5 0.09

Variables with p-values less than 0.05 are denoted with *
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port short-term studies indicating that juvenile Chinook
salmon, like other floodplain-adapted species, respond
dependably to floodplain hydrology by occupying inun-
dated habitat as long as waters remain high and then
departing as floodwaters recede (Sommer et al. 2005;
Moyle et al. 2007; Lyon et al. 2010). This general
pattern was also apparent on intra-annual time scales,
where both hatchery and wild fish consistently delayed
emigration during periods while flooded habitat
remained available and departed in a pulse when flood-
waters receded.

Emigration from freshwater rearing areas have been
related to thermal variables for juvenile Chinook salmon
(Sykes et al. 2009), and in our study, temperature and
ATU appeared to also play a role influencing
outmigration from the floodplain. Among-year emigra-
tion size and timing of wild juvenile Chinook salmon
was positively correlated to annual temperature and
ATU, respectively. While our analysis on wild fish did
not identify flood duration as a significant covariate for
habitat use as we had found for CWT fish, these differ-
ences are more likely due to the limited environmental
variability captured by our data set rather than fish
rearing origin (hatchery vs. wild). Wild juveniles are
primarily captured during years when the floodplain
connected to the Sacramento River via Fremont Weir
and flooded habitat is abundant. CWT releases, in con-
trast, occurred over a broader range of conditions in-
cluding several dry years without flooding. However,
our study does suggest that given the availability of
significant flooded habitat, temperature, and tempera-
ture experience are also important correlates for size and
timing of emigration for wild juvenile Chinook salmon.
The onset of migration in salmonids is a complex inter-
play between physiological readiness and environmen-
tal factors that optimize survival (Sykes et al. 2009). In
some studies, fish remain longer in areas with higher
growth opportunity (Dodson et al. 2013), and the warm-
er winter temperatures in the Yolo Bypass are more
favorable for feeding and growth than the adjacent
Sacramento River (Sommer et al. 2001a). Thus, positive
relationships between size at emigration, emigration
timing, and thermal variables in our study indicate that
growth opportunity may play a role in juvenile emigra-
tion under flooded conditions in the Yolo Bypass.

In addition to affecting apparent growth and resi-
dence, hydrologic regime also emerged as a key predic-
tor for juvenile Chinook salmon abundance on the
floodplain. Our results indicate that the duration of

connectivity with the Sacramento River is the most
important variable influencing the abundance of wild
juvenile Chinook salmon able to access and utilize the
Yolo Bypass floodplain for rearing. Relative seasonal
catch of wild juveniles was significantly related only to
flood duration, indicating that the temporal window
during which flooding occurs (e.g. how long Fremont
Weir overtops) may govern how many wild fish can
gain access to and rear on the floodplain. The strength of
the spawning population (i.e. escapement) did not
emerge as a significant covariate, a pattern similar to
findings for the abundance of Winter Run Chinook
salmon in the adjacent Sacramento River (del Rosario
et al. 2013).

Effects of floodplain rearing on life history diversity and
survival There is growing recognition that wide life
history diversity is crucial for long-term persistence of
salmon populations under variable environmental con-
ditions (Hilborn et al. 2003; Greene et al. 2010;
Schindler et al. 2010). Studies examining the life history
diversity of Chinook salmon in the Central Valley spe-
cifically have demonstrated that life history diversity is
essential to maintaining sustainable Chinook salmon
populations (Carlson and Satterthwaite 2011). The re-
connection of wetland rearing habitats can facilitate this
diversity by expanding the geographic and temporal
ranges for freshwater rearing, expand variation in mi-
gration timing, and increase body size for juvenile Chi-
nook salmon (Bottom et al. 2005). Our study suggests
that the Yolo Bypass supports a diversity of migratory
phenotypes and could play a role augmenting the juve-
nile life history portfolio for the larger Central Valley
Chinook salmon population. For example, all three mi-
gratory phenotypes (fry, parr, smolt) were consistently
observed exiting the Yolo Bypass floodplain, with mid-
sized parr accounting for the largest proportion of
outmigrants in all but one year. Although we did not
have data from the parallel reach of the Sacramento
River captured with a similar gear type (RSTR), the
general pattern in Yolo Bypass appears somewhat dif-
ferent than the adjacent Delta region where unmarked
outmigrants are often dominated by fry and smolt-sized
juveniles (Miller et al. 2010; USFWS 2016). Thus, the
broad array of migratory phenotypes observed on the
Yolo Bypass floodplain compared to riverine locations
suggests that increasing Yolo Bypass accessibility to
juvenile salmonids would support a more robust portfo-
lio of life history types overall, andmay contribute to the
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resilience of the Central Valley Chinook salmon
population.

Despite the known growth advantages of floodplain
rearing (Sommer et al. 2001a; Jeffres et al. 2008), we did
not detect significant differences in survival to the ocean
fishery between our paired CWT releases in the Yolo
Bypass and Sacramento River. However, our results
may have been a consequence of limited power from a
relatively small dataset. The closure of the ocean fishery
in 2008 restricted our survival analyses to 12 paired
releases over seven years (1999–2005), and we likely
could not capture a robust range of the environmental
variability possible in the floodplain habitat within those
limited releases. For example, though flooding was
prolonged during some years (e.g., 100 days in 2006),
the timing of only five of our CWT releases overlapped
with flooded habitat. At the very least, our results indi-
cate that rearing in the Yolo Bypass does not impart
disproportionately negative impacts to survival in com-
parison to rearing in the Sacramento River, as might be
expected if risk factors associated with the floodplain
such as stranding, low flow, or warm temperatures, were
problematic. There is evidence that juvenile Chinook
salmon may be capable of negotiating these risks by
avoiding areas with high temperatures, and moving out
of shallow tidal wetlands and floodplains as waters
recede (Sommer et al. 2005; Moyle et al. 2007; Hering
et al. 2010).

Management implications Our study adds to a growing
body of evidence that off-channel regions are a key
component of fish management for species such as
salmonids. In California, where nearly all high quality
wetland rearing habitat has been eliminated (Whipple
et al. 2012), evidence that the Yolo Bypass provides an
expansive, highly productive nursery for juvenile Chi-
nook salmon (Sommer et al. 2001a, 2004b) has helped
make this region an important component of region-
wide habitat restoration efforts to recover threatened
and endangered salmon stocks (NMFS 2014).

Our investigation provides insight into specific man-
agement actions that could improve floodplain rearing
opportunities. Namely, connectivity between the Sacra-
mento River and Yolo Bypass is currently poor, with
limited or no flooding in many years. Results from over
a decade of Yolo Bypass sampling indicate that in-
creased frequency and duration of floodplain connectiv-
ity should be a primary target to increasing rearing
opportunities for juvenile Chinook salmon to maximize

life history diversity. Such improvements could yield
multiple benefits. For example, better connectivity be-
tween the Sacramento River and Yolo Bypass can help
widen the life history diversity of a stock complex
suffering from a narrowing life history portfolio
(Carlson and Satterthwaite 2011), declining population
(Yoshiyama et al. 2000), and increasingly volatile pop-
ulation dynamics (Lindley et al. 2009). In addition,
longer, more frequent flooding events on the Yolo By-
pass can increase the quantity of juvenile Central Valley
Chinook salmon that rear on the floodplain, offering an
alternative route for outmigrants which promotes an
increase in size diversity, and variable, possibly delayed,
emigration timing. Given that a widened portfolio is
critical to buffer against spatial or temporal mismatch
as well as against variable sources of mortality
(Schindler et al. 2010), the Yolo Bypass has the potential
to play a unique and beneficial role supporting a larger
species complex at risk in the face of increasing human
disturbance and environmental change (Katz et al.
2013).
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