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Estimating spatial–temporal differences in Chinook salmon
outmigration survival with habitat- and predation-related
covariates
Mark J. Henderson, Ilysa S. Iglesias, Cyril J. Michel, Arnold J. Ammann, and David D. Huff

Abstract: Low survival rates of Chinook salmon (Oncorhynchus tshawytscha) smolts in California’s Central Valley have been
attributed to multiple biological and physical factors, but it is not clear which factors have the largest impact. We used 5 years
of acoustic telemetry data for 1709 late-fall Chinook salmon smolts to evaluate the effect of habitat- and predation-related
covariates on outmigration survival through the Sacramento River. Using a Cormack–Jolly–Seber mark–recapture model, we
estimated survival rates both as a function of covariates (covariate model) and as a function of river location and release year
(spatial–temporal model). Our covariate model was overwhelmingly supported as the preferred model based on model selection
criteria, suggesting the covariates adequately replicated spatial and temporal patterns in smolt survival. The covariates in the
selected model included individual fish covariates, habitat-specific covariates, and temporally variable physical conditions. The
most important covariate affecting salmon survival was flow. We describe the importance of these parameters in the context of
juvenile salmon predation risk and suggest that additional research on predator distribution and density could improve model
estimates.

Résumé : Si les faibles taux de survie des saumoneaux de saumon chinook (Oncorhynchus tshawytscha) dans la vallée centrale de
la Californie ont été attribués à différents facteurs biologiques et physiologiques, l’identité des facteurs exerçant la plus grande
influence demeure incertaine. Nous avons utilisé 5 années de données de télémétrie acoustique pour 1709 saumoneaux de
saumon chinook de la fin de l’automne pour évaluer l’effet de covariables associées à l’habitat et à la prédation sur la survie
durant la dévalaison dans le fleuve Sacramento. En utilisant un modèle de marquage–recapture de Cormack–Jolly–Seber, nous
avons estimé les taux de survie en fonction de covariables (modèle des covariables) et en fonction de l’emplacement dans le
fleuve et de l’année du lâcher (modèle spatiotemporel). Le modèle de covariables s’est avéré, de loin, le modèle à privilégier sur
la base de critères de sélection de modèles, ce qui donne à penser que les covariables reproduisent adéquatement les motifs
spatiaux et temporels de survie des saumoneaux. Les covariables dans le modèle sélectionné comprennent des covariables
associées aux poissons individuels, des covariables propres à l’habitat et des conditions physiques variables dans le temps. La
covariable ayant la plus importante influence sur la survie des saumons est le débit. Nous décrivons l’importance de ces
paramètres dans le contexte du risque de prédation de saumons juvéniles et suggérons que d’autres travaux sur la répartition et
la densité des prédateurs pourraient améliorer les estimations découlant du modèle. [Traduit par la Rédaction]

Introduction
Salmon smoltification and outmigration from freshwater rear-

ing habitats is a time of increased mortality as fish undergo phys-
iological changes and encounter new stressors (Connor et al. 2003;
Welch et al. 2008; Nislow and Armstrong 2012). Much of the re-
search on outmigration mortality has examined the effect of dam
passage on survival (Skalski et al. 2001; Williams et al. 2001; Welch
et al. 2008; Elder et al. 2016), with relatively few studies focusing
on how other environmental conditions affect survival. Environ-
mental conditions that have been linked to outmigration mortal-
ity include flow (Connor et al. 2003; Smith et al. 2003; Michel et al.
2015; Courter et al. 2016), temperature (Connor et al. 2003; Smith
et al. 2003), turbidity (Gregory and Levings 1998; Smith et al. 2003),
and predation (Beamesderfer et al. 1996; Friesen and Ward 1999;

Schreck et al. 2006). Some of these factors, such as water temper-
ature and flow, are expected to increasingly affect juvenile salmon
survival and population production as the climate changes
(Jonsson and Jonsson 2009; Mantua et al. 2010; Katz et al. 2013;
Russell et al. 2012). Many of the published correlations between
outmigration survival and environmental characteristics have ex-
amined survival over relatively large temporal and spatial scales,
whereas individual fish experience mortality at a particular time
and place. To understand better how habitat- and predation-
related covariates influence salmon smolt mortality, it is neces-
sary to look at the conditions experienced by fish as they are
migrating through a habitat.

Most Chinook salmon (Oncorhynchus tshawytscha) spawned in the
Sacramento River have long outmigrations (�500 km) through
multiple habitats, and it is believed that the precipitous decline of
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multiple salmon populations in this system is partially due to
anthropogenic habitat modifications and poor outmigration sur-
vival (Yoshiyama et al. 1998; Katz et al. 2013; Michel 2019). Cur-
rently, survival of Chinook salmon smolts from the Sacramento
River to the ocean is markedly lower than smolt outmigration
survival from the Columbia and Fraser rivers in the Pacific North-
west region of the United States and Canada (Welch et al. 2008;
Michel et al. 2015; Buchanan et al. 2018), but it is unclear what
factors cause this increased mortality. Previous research has found that
interannual variability in smolt survival is much greater in the
Sacramento River than in the Sacramento–San Joaquin delta or
the San Francisco Bay, suggesting that the river has a large influ-
ence on outmigration success (Michel et al. 2015). Within the river,
outmigration survival rates vary both spatially and interannually
(Singer et al. 2013; Michel et al. 2013). This spatial and temporal
variability is likely driven by changes in the underlying environ-
mental and habitat features comprising the river landscape.

Identifying the main factors that affect smolt mortality is im-
portant to establish restoration priorities and give managers
quantitative data on how to optimize survival of threatened sal-
monids. This is especially important given recent findings that
suggest outmigration survival has a larger effect on smolt-to-adult
ratios than marine survival does (Michel 2019). To identify which
factors had the largest influence on outmigration survival, we
developed a series of mark–recapture models using 5 years of
acoustic telemetry data for late-fall Chinook salmon. We then
used model selection to identify which covariates had the largest
influence on survival. Our analysis builds upon the research con-
ducted by Singer et al. (2013) and Michel et al. (2015), whose pri-
mary objective was to identify temporal and spatial differences in
the mortality of outmigrating juveniles. In contrast, our objective
was to model survival solely as a function of covariates that were
hypothesized to affect salmon survival through habitat modifica-
tion and increased predation risk.

Methods

Study area
The northernmost extent of our study was the release location

for late-fall run smolts at the Coleman National Fish Hatchery
(Fig. 1). We included all detections of acoustically tagged fish from
the release location to the ocean, but we only included covariates
for reaches between the release location and the I-80 bridge in
Sacramento. This was for two reasons: (i) hydrodynamic model
estimates for temperature and flow below the city of Sacramento
were not as reliable as the upstream estimates, and (ii) survival
variability was much larger in the reaches upstream of Sacra-
mento than in the Sacramento–San Joaquin delta or San Francisco
Bay (Michel et al. 2015). Riverine habitat varied spatially across the
�300 km of Sacramento River that defined our study area. There
was a general upriver to downriver gradient in habitat features
associated with human influence. For example, diversion density,
amount of armored bank, and agriculture and developed land use
increased from the upper to lower reaches.

Acoustic tagging
Late-fall run Chinook salmon were obtained from the United

States Fish and Wildlife Service (USFWS) Coleman National Fish
Hatchery, implanted with acoustic tags, and released annually
during the winter months (December and January) from 2007
through 2011. Details regarding the surgical procedures and initial
acoustic tag study design are documented in Michel et al. (2013)
and Ammann et al. (2013). Briefly, small acoustic tags (Vemco
69 kHz, 7 mm diameter × 20.5 mm long, weighing 1.8 g in air and
1.0 g in water) were surgically implanted into the peritoneal cavity
of anesthetized fish through a 12 mm incision. The incision was
then closed with two simple interrupted stitches with nonabsorb-
able nylon cable-type suture. All fish were allowed to recover for a

minimum of 24 h before release. During the first year of this study
(2007), smolts were tagged and released directly into Battle Creek,
a tributary of the Sacramento River where the Coleman Hatchery
is located (Fig. 1). From 2008 to 2010, tagged smolts were released
concurrently from three locations along the mainstem Sacra-
mento River: Jelly’s Ferry, Irvine Finch, and Butte City to increase
sample size of fish detected throughout the river and to estimate
differences in survival between newly released fish and those re-
leased upstream (Fig. 1). In 2011, all fish were released at Jelly’s
Ferry due to a slightly reduced sample size. In addition to the
acoustic tag data (n = 1350) utilized in Michel et al. (2013) and
Michel et al. (2015), we used acoustic tag data provided by the
USFWS (n = 359). These fish were tagged in accordance with the
procedures described above, but released directly into Battle
Creek in 2010 and 2011, simultaneous to the release of the
remaining hatchery stock (batch released). The mean hatchery
release during these dates was approximately 600 000 fish
(range: 155 000–889 000).

Acoustic receivers were located from the fish release sites in the
upper Sacramento River to the Golden Gate Bridge at the entrance
to the Pacific Ocean. We divided the Sacramento mainstem study
region into 19 reaches demarcated by 20 acoustic receiver loca-
tions along the mainstem Sacramento River (Fig. 1). These reach
locations were selected based on interannual consistency in re-
ceiver location throughout the 5-year study period; however, de-
tections from inconsistently deployed receivers were retained to
improve precision of survival and detection probabilities (see sec-
tion on Mark–recapture analysis).

Acoustic telemetry data processing
We used a series of algorithms to ensure our acoustic telemetry

data did not include any false detections. The acoustic receivers
automatically processed detection data by dropping incomplete
codes from the detection file. To ensure that we removed any false
detections due to acoustic pulse train collisions, we performed
several additional quality control procedures. First, we removed
all detections that occurred prior to the release date and time. We
then removed all detections from fish that had only a single de-
tection throughout the study. We required three or more detec-
tions within 10 days at a single receiver location to verify those
detections were not the result of pulse train collisions. We also
examined the encounter history of each individual fish and re-
moved any detections that indicated upstream movements. Fur-
thermore, we calculated the transit time between receivers
(number of river kilometres between receivers divided by the dif-
ference in seconds between the last upstream detection and first
downstream detection) and removed any detections resulting
from a fish traveling at speeds greater than 10 km·h−1 (2.78 m·s−1).
We also assumed that any tag consistently detected at a single
receiver location for more than 4 weeks, and not subsequently
detected downstream, was a mortality. We selected the 4 weeks
cutoff after a preliminary examination of the data indicated fish
detected at a single location for more than 4 weeks were never
detected at another receiver. These fish (n = 58) were considered
known mortalities (i.e., treated the same way as a harvested fish in
a standard mark–recapture model) and did not have any impact
on the estimated survival or detection probabilities downstream
from where the presumed mortality occurred.

Mark–recapture analysis
To estimate survival of outmigrating late-fall run Chinook

salmon, we fit a Cormack–Jolly–Seber (CJS) survival model
(Cormack 1964; Jolly 1965; Seber 1965) using the marked (Laake
et al. 2013) and RMark package (Laake and Rexstad 2008; Collier
and Laake 2013) within the R programming language (version 3.3.1;
R Core Team 2017). We used the marked package for the initial
model selection due to its computational efficiency and RMark for
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parameter estimation due to better analytical functionality (see
Appendix A). The CJS model was originally conceived to calculate
survival of tagged animals over time by recapturing individuals
and estimating survival and recapture probabilities using maxi-
mum likelihood. A spatial form of the CJS model can be used for
species that migrate unidirectionally, and are recaptured, throughout a
migratory corridor (Burnham 1987). Using this space for time sub-
stitution, we used individual fish encounter histories to estimate

the likelihood that a fish would survive and be detected at each
receiver (Lebreton et al. 1992). In the standard formulation of the
CJS model, detection probabilities are estimated for a single
resampling occasion (i) in time or space. However, our encounter
histories included detections both from receivers at the reach
boundaries as well as from receivers within the reach. Thus, our
estimated detection parameter represents the probability of de-
tection from receiver (i) to receiver (i + 1).

Fig. 1. Map of the mainstem Sacramento River. Our study area extended from above Red Bluff in the north to the city of Sacramento in the
south. Late-fall run Chinook salmon yearling smolts were released at Battle Creek, Jelly’s Ferry, Irvine Finch, or Butte City during the winter
(December–January) of each of our study years. The locations of the 20 acoustic receivers that delineated our 19 river reaches are shown as
triangles. [Colour online.]
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Spatial–temporal model
Prior to fitting a covariate model, we fit a model that estimated

a different survival for every reach in every year. This spatial–
temporal model provided a means to evaluate how well our cova-
riate model replicated outmigration survival. We assumed that
differences between the spatial–temporal model and the covari-
ate model were the result of unaccounted variance due to missing
covariates. Owing to the inherent complexity of the Sacramento
River ecosystem, it was not feasible to measure or estimate all
potential covariates that influence salmon survival. For example,
there is no hydrodynamic model currently capable of estimating
turbidity levels throughout the river.

The spatial–temporal smolt survival estimates were converted
to survival per 10 km values to allow for comparisons between
reaches via

�10 �
l

��R

where �10 is the survival estimate per 10 km, �R is survival per
reach, and l is reach length divided by ten.

Covariate model
We included multiple individual, release group, reach-specific,

and time-varying covariates in our analysis to identify the factors
contributing to the mortality of outmigrating smolts. Each of the
covariates included in the analysis had an a priori hypothesized
relationship with smolt survival (Table 1).

The individual covariates we included were length, condition,
and transit speed. Fish size has been known to influence juvenile
salmon survival (Zabel and Achord 2004); thus, we included both
length and condition factor (Fulton’s k = (W/L3)·100) as individual
covariates. Length was hypothesized to affect survival through
predator gape limitation, whereas condition factor is an indicator
of fish health and stamina. We also included individual fish tran-
sit speed within each reach, which we estimated with a mixed
effects model (see details below), because faster fish would have
less exposure to predators.

Release group effects included release group size, a release
reach effect, and the mean annual flow at Bend Bridge (see Fig. 1
for location) in the release year. We included a binary group co-
variate for release group size to distinguish fish released in syn-
chrony with thousands of other hatchery fish from those released
in small (e.g., 50–100 fish) batches based on the hypothesis that

Table 1. A description of the covariates included in the mark–recapture model.

Category Covariate Range Definition Hypothesized relationship with survival

Individual Fish lengtha 135–204 mm Fork length Larger fish may exceed gape width of
predators

Fish conditiona 0.59–1.32 Fulton’s k Increased condition improves predator
escape capability

Transit speedb 0.02–8.25 km·h−1 Reach-specific transit speed Faster fish have less exposure to
predators

Release group Batch releaseb Binary Tagged fish released concurrently
with large hatchery releases

Predator swamping

Release reacha Binary Difference in survival between newly
released fish and those released
upstream

Newly released hatchery fish are naïve
and susceptible to predation

Annual flowc 179–499 cm·s−1 Mean flow measured at Bend
Bridge throughout outmigration
(December–March)

Increased flows produce more habitat
and predator refugia throughout the
river

Reach-specific Sinuosityd 1.04–2.74 River distance divided by Euclidean
distance

More natural habitats have more
predator refugia

Diversion densitye 0–1.05 number·km−1 No. of diversions per reach length Increased predator densities near
diversions

Adjacent cover densityf 0.2%–0.76% Percentage of nonarmored river
bank with adjacent natural woody
vegetation

Increased cover produces more
predator refugia

Off-channel habitat densityf 0%–1.62% Off-channel habitat within 50 m of
river expressed as percentage of
river area

Increased off-channel habitat produces
more predator refugia

Time-varying Temperatureg 6.2–12.9 °C Mean water temperature per reach Increased temperatures results in
increased predation due to higher
metabolic demands of predators

Interannual reach flowg 215–447 cm·s−1 Mean water flow per reach Higher flows within a reach will
produce more habitat and predator
refugia within that reach

Intra-annual reach flowg 129–902 cm·s−1 Mean water flow per reach and year Higher intra-annual flows (e.g.,
precipitation or dam releases)
decrease predation due to increased
turbidity and increased predator
refugia

aMeasured during tagging and release.
bObserved travel times and mixed effects model estimates.
cCalifornia Water Data Library.
dNational Hydrography Dataset.
ePassage Assessment Database — verified by field survey.
fDepartment of Water Resources.
gRiver Assessment for Forecasting Temperature (RAFT) model.
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large releases would result in increased survival due to predator
swamping (Fritts and Pearsons 2008; Furey et al. 2016). To test the
hypothesis that the potential survival advantage of large releases
would diminish as fish diffused downstream, we also included an
interaction between release group size and distance from release
site. We included a release reach effect to test whether survival in
the first reach after release differed from fish released upstream
of the release site. We hypothesized survival rate in the release
reach would be lower because newly released hatchery fish are
naïve and more susceptible to predation (Alvarez and Nicieza
2003; Huntingford 2004; Jackson and Brown 2011). The final re-
lease group-specific covariate was the mean annual flow mea-
sured at the Bend Bridge gauge during the months of smolt
outmigration (December–March). This covariate was included to
test whether survival decreased in low flow (e.g., drought) condi-
tions. Bend Bridge was selected to represent mean annual flow
because it was upstream of the major tributaries and diversions
and was collinear with the flow measurements throughout the
river.

The reach-specific covariates included in the model were sinu-
osity, diversion density, adjacent cover density, and off-channel
habitat density. We selected these features because we hypothe-
sized they would influence survival by affecting predation risk.
More natural habitats with increased sinuosity, adjacent cover
density, and off-channel habitat density are hypothesized to pro-
vide more predator refuge (reviewed by Roni et al. 2014). Further-
more, agricultural and municipal water diversions along the
Sacramento River pose a risk to outmigrating salmon through
direct entrainment (Hanson 2001; Kimmerer 2008; Mussen et al.
2014), as well as indirectly by providing structure for salmonid
predators (Sabal et al. 2016). We hypothesize that the latter has
more of an effect on Chinook smolt survival since the diversions
are typically not in operation during the months of outmigration.
These reach-specific data were derived from GIS layers available
from multiple sources (Table 1) and plotted in a geographic infor-
mation system (using ESRI ArcGIS 10.3). Because we were using
static GIS layers, we were unable to determine whether the avail-
able off-channel habitats were connected to the main stem under
different flow regimes. We were also unable to measure interan-
nual differences in adjacent cover density.

The time-varying covariates we included in the model were flow
and temperature, which we obtained from the river assessment
for forecasting temperature (RAFT) model. The RAFT model is a
one-dimensional physical model that estimates temperature and
flow every 15 min at a 2 km spatial resolution (Pike et al. 2013). We
included temperature as a covariate because predator metabo-
lisms and predation rates increase at higher temperatures (Petersen
and Kitchell 2001). We included multiple aspects of flow (see below)
derived from the RAFT model because flow is important to smolt
survival (Kjelson and Brandes 1989; Cavallo et al. 2013; Zeug et al.
2014; Michel et al. 2015; Courter et al. 2016). We associated values
for each of these variables with each tagged fish in space and time
at the 2 km spatial resolution and then calculated the reach-level
means for each fish for each variable. We assumed that RAFT
model predictions were accurate (i.e., we did not propagate RAFT
model uncertainty into the mark–recapture model) based on re-
sults from model validations (Pike et al. 2013; Daniels et al. 2018).

Owing to the importance of flow to outmigrating salmon sur-
vival, we fit a variety of models with different flow standardiza-
tions to test which aspects of flow had the largest influence on
survival. We scaled (subtracted the mean and divided by the stan-
dard deviation) the time-varying estimates of flow in two ways:
(i) by reach and (ii) by year and reach. We scaled by reach to detect
within-reach patterns of survival relative to interannual flow

conditions. In other words, is reach-specific survival dependent
on whether flows are above or below average compared with
other years? Since this parameter could distinguish between an-
nual differences in flow (i.e., low-flow versus high-flow year), we
did not include the annual flow at Bend Bridge in any models that
included flow scaled only by reach. Thus, we could test whether
the spatially explicit estimates of flow added any additional infor-
mation beyond a single measure of mean annual flow. The year
and reach scaling tested whether intra-annual changes in flow
within a reach were important to salmon survival. In other words,
we wanted to determine whether periods of higher flows within a
reach, such as those after large precipitation events, would in-
crease survival relative to periods of lower flows within the same
year. This hypothesis was based on previous studies that have
observed large increases in survival due to controlled changes in
flow rate (Cavallo et al. 2013; Courter et al. 2016). Scaling by both
year and reach removes the effect of annual differences in flow
such that it is impossible to distinguish high-flow years from low-
flow years with this parameter. Thus, models in which flow was
scaled by year and reach could also include the mean annual flow
at Bend Bridge. We also fit models that included an interaction
between the mean annual flow and the time-varying flow stan-
dardized by year and reach to test the hypothesis that precipita-
tion events would have a larger impact on survival in years with
lower flows. We tested this hypothesis based on work by Courter
et al. (2016) that suggested flow has a large impact on survival in
reaches with relatively low flow but has a negligible impact in
reaches with high flow.

To estimate the effect of a covariate (e.g., flow) on fish survival
throughout a reach, it is necessary to have a covariate value for
every fish in every reach. When we did not detect an individual
fish at a receiver, there was uncertainty as to when that fish might
be within that reach and, thus, what covariate value should be
used. To impute covariate data in locations where fish were not
detected, we fit a mixed-effects model where the response was
transit speed of individual fish detected at both upstream and
downstream acoustic receivers of a single reach. Our independent
covariates were release year, release week, reach, and fish condi-
tion. We also included a random intercept for each individual fish
to account for individual behavioral variability. We fit the model
using the “lme4” package (Bates et al. 2015) and selected the model
with the lowest Akaike’s information criterion (AIC; Burnham
and Anderson 2002). To verify that the mixed-effects model did
not unduly violate any assumptions, we examined model diagnos-
tics (QQplot and residuals) using the DHARMa package (Hartig
2018). We then used the results from the mixed-effects model
based on detected fish to estimate the dates and times undetected
fish were present within each reach.

Prior to fitting the CJS models, all continuous covariates were
standardized by subtracting the mean and dividing by the stan-
dard deviation. Standardized coefficients could then be inter-
preted as the estimated change in survival predicted from one
standard deviation increase in the covariate value. We also con-
ducted pairwise comparisons of all continuous individual, habi-
tat, and physical covariates to determine whether any covariates
were collinear (see online Supplementary material, Fig. S11). From
pairs that had correlation coefficients greater than 0.7 (Dormann
et al. 2013), we selected a single covariate that we hypothesized
would have the largest influence on survival based on results from
previous studies.

Model selection
We fit a series of CJS models to determine which covariates

(individual, release group, reach-specific, or time-varying) had the
greatest impact on outmigrating smolt survival. With the excep-

1Supplementary data are available with the article through the journal Web site at http://nrcresearchpress.com/doi/suppl/10.1139/cjfas-2018-0212.
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tions of collinear variables and the restrictions noted above, we fit
models with all possible combinations of covariates and selected
the most appropriate models with adequate support using Quasi-
Akaike’s information criterion (QAICc) (Burnham and Anderson
2002). QAIC adjusts the AIC value based on an overdispersion
parameter (ĉ), which we estimated using the median ĉ method for
the spatial temporal model within program MARK (White and
Burnham 1999). If the observed data has no overdispersion, ĉ will
be approximately equal to 1. Values of ĉ greater than 4 indicate the
model structure is inadequate and does not account for a suffi-
cient amount of variation in the data (Burnham and Anderson
2002). Our median ĉ was 1.45, indicating the model was satisfac-
tory but slightly overdispersed. We selected the most appropri-
ate model by examining the difference in QAIC values between
each model and the model with the lowest QAIC (�QAIC). We
assumed models with �QAIC < 2 had equal support (Burnham
and Anderson 2002); thus, if multiple models had a �QAIC < 2,
we selected the one with the fewest parameters.

Covariate plots
To determine which covariates had the largest influence on

survival, we plotted the �QAIC between the selected covariate
model and the same model without a single covariate. In the case
of covariates that were included as main effects and in an inter-

action, we also removed the interaction. We will refer to these
models as our covariate importance analysis.

We used marginal model plots to evaluate the effect of individ-
ual covariates on outmigrating smolt survival. To produce these
plots, the �̂ parameter coefficients from the selected covariate
model were used to simulate what survival would be for the 95%
observed range of a single covariate. With the exception of reach
length, covariates not included in the individual response plots
were set to 0 for binomial covariates or to their mean for contin-
uous covariates. Reach length was set to 10 km for all plots except
the one that explicitly focused on the effect of reach length.

Results

Spatial–temporal model
Based on the model that included a reach by year interaction,

we observed that survival was not consistent spatially or tempo-
rally. We saw a general trend of lower per-reach survival in the
upper and middle reaches compared with the more downstream
reaches, but the location and severity of mortality varied interan-
nually (Fig. 2). The high flows in 2011 negatively impacted our
detection efficiencies, rendering 12 receivers without reliable de-
tection data; however, the detection efficiencies in the lower river
and the estuary remained high and provided sufficient data to

Fig. 2. Map depicting reach-specific survival estimates (per 10 km) for 2008–2010. Colours represent per-reach survival risk, and standard
error is represented as the grey buffer surrounding each reach. The values adjacent to each reach represent the survival estimate for a given
reach (per 10 km) from our full survival model. [Colour online.]
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estimate outmigration survival through the river. The receiver
locations with low detection efficiencies often resulted in survival
estimates of 1 due to numerical boundary issues.

Covariate model
The selected covariate model had 15 survival parameters and fit

the data nearly as well as the spatial–temporal model that had 110
survival parameters. As a result, the covariate model had a much
lower QAICc value (�QAICc = 55.90), implying it was more parsi-
monious. Although the covariate model showed some deviation
from the spatial–temporal model, especially in the most upstream
reaches, these tended to be relatively small and not significantly
different from zero (Fig. 3).

The top covariate model included a combination of an individ-
ual covariate (transit speed), group covariates (batch release, in-
teraction between batch release and distance from release site,
release reach, and the mean annual flow recorded at Bend Bridge),
reach-specific covariates (reach length, sinuosity, and diversion
density), and time-varying covariates that were estimated for
when a fish passed through a specific reach (reach flow, interac-
tion between reach flow and annual flow, and water temperature).
Based on the standardized beta coefficients for the covariates
(Table 2) and the results from the covariate importance analysis
(Fig. 4), annual flow and reach length had the largest influence on
survival. Flow was the most important covariate in predicting

outmigration success, with increased levels of annual flow corre-
lating to increased smolt survival (Fig. 5a). Above average reach
flows within a year (e.g., large precipitation events) helped im-
prove survival much more in low-flow years than in high-flow
years. As would be expected, longer reaches had lower survival
rates (Fig. 5b). Based on the covariate importance analysis, the
next most important variables affecting survival were diversion
density, release reach, and the interaction between release group
size and distance from release location. Survival increased relative
to diversion density (Fig. 5c), was lower in the first reach after
release (Fig. 5d), and increased for approximately the first 200 km
from the release site when fish were released concurrently with
thousands of hatchery fish (Fig. 5e). Finally, the covariates that had
the least effect on survival were sinuosity (increase), transit speed
(increase), and water temperature (decrease) (Figs. 5f–5h).

Discussion
Conservation of salmonid populations depends on understand-

ing what physical and biological factors have the largest impact
on mortality during different life history stages. Recent research
has shown that the outmigration period may have the largest
influence on smolt to adult survival rates and cohort strength
(Michel 2019). Therefore, identifying the primary factors that af-
fect survival of outmigrating smolts can help prioritize manage-

Fig. 3. Difference between survival estimates in the spatial–temporal model and the covariate model for each reach (labeled as the distance
(River km) between the upstream boundary and the Golden Gate Bridge). Negative values represent occasions when the covariate model had a
larger estimate of survival and was presumably missing covariates that increased smolt mortality. Error bars represent the 95% confidence
interval estimated with the delta method.
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ment actions that will be most beneficial to the conservation of
imperiled populations. While we could not include all possible
sources of mortality in our analysis, we conclude that flow re-
mains the single most influential factor for determining survival
of late-fall Chinook salmon smolts outmigrating from California’s
Central Valley.

Spatial and temporal survival heterogeneity
The spatial–temporal model indicated that survival through dif-

ferent reaches varied interannually, which is likely a result of the
dynamic nature of the Sacramento River system. Overall, we can
conclude from our reach-specific survival estimates that in-
creased mortality rates occurred most frequently in the upper and

Table 2. Beta estimates (standard errors) of covariates included in mark–recapture models with a delta QAICc < 2.

Covariate Model 1 Model 2 Model 3 Model 4 Model 5 Model 6 Model 7

Intercept 2.918 (0.050) 2.900 (0.049) 2.899 (0.049) 2.917 (0.050) 2.943 (0.049) 2.942 (0.049) 2.936 (0.049)
Battle Creek −2.000 (0.141) −1.986 (0.140) −1.957 (0.141) −1.969 (0.142) −2.023 (0.141) −1.992 (0.142) −2.013 (0.141)
Sac–SJ Delta −2.673 (0.096) −2.656 (0.095) −2.659 (0.095) −2.678 (0.096) −2.695 (0.096) −2.698 (0.096) −2.691 (0.096)
SF Bay −2.888 (0.260) −2.868 (0.259) −2.899 (0.261) −3.042 (0.240) −2.926 (0.259) −2.959 (0.261) −2.913 (0.259)
Reach length −0.463 (0.047) −0.446 (0.046) −0.444 (0.045) −0.461 (0.047) −0.445 (0.049) −0.442 (0.049) −0.457 (0.049)
Sinuosity 0.168 (0.050) 0.147 (0.049) 0.145 (0.049) 0.167 (0.050) 0.181 (0.051) 0.181 (0.051) 0.188 (0.051)
Adjacent cover — — — — 0.073 (0.053) 0.076 (0.053) 0.089 (0.052)
Diversion density 0.421 (0.057) 0.382 (0.052) 0.379 (0.052) 0.418 (0.057) 0.423 (0.056) 0.421 (0.056) 0.419 (0.056)
Off-channel habitat 0.118 (0.062) — — 0.120 (0.062) 0.143 (0.065) 0.147 (0.065) 0.147 (0.065)
Fish condition — — 0.050 (0.030) 0.054 (0.030) — 0.054 (0.030) —
Annual flow 0.404 (0.039) 0.406 (0.039) 0.405 (0.039) 0.402 (0.039) 0.387 (0.038) 0.387 (0.038) 0.396 (0.038)
Reach flow (year) 0.320 (0.047) 0.320 (0.047) 0.315 (0.047) 0.314 (0.047) 0.309 (0.047) 0.304 (0.047) 0.327 (0.046)
Annual flow: reach flow −0.112 (0.046) −0.113 (0.046) −0.107 (0.046) −0.106 (0.046) −0.115 (0.046) −0.109 (0.046) −0.106 (0.046)
Temperature −0.079 (0.041) −0.080 (0.041) −0.078 (0.041) −0.077 (0.041) — — —
Transit speed 0.079 (0.034) 0.078 (0.034) 0.081 (0.034) 0.083 (0.035) 0.069 (0.035) 0.073 (0.035) —
Release reach −0.821 (0.131) −0.857 (0.130) −0.865 (0.130) −0.829 (0.131) −0.781 (0.135) −0.787 (0.135) −0.781 (0.135)
Batch release 0.694 (0.147) 0.701 (0.146) 0.689 (0.147) 0.679 (0.147) 0.637 (0.143) 0.625 (0.143) 0.651 (0.143)
Batch release: distance −0.003 (0.000) −0.003 (0.000) −0.003 (0.000) −0.003 (0.000) −0.003 (0.000) −0.003 (0.000) −0.003 (0.000)

Survival covariates 16 15 16 17 16 17 15
�QAICc 0 0.29 0.71 1.20 1.27 1.38 1.63

Note: The Battle Creek, Sacramento–San Joaquin Delta (Sac–SJ Delta), and San Francisco Bay (SF Bay) covariates are beta estimates for the three reaches where
habitat- and predation-related covariates were not included in the model. See Table 1 for definitions of the other covariates. The selected model is in bold.

Fig. 4. A barplot depicting the results of covariate removal analysis to determine the importance of each variable to the final model. Delta
QAIC values represent the change in QAIC when specific variables are removed from the full model.
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middle regions of the Sacramento River, and decreased rates oc-
curred through the lower reaches. We compared the observed
values for the covariates included in the selected model to deter-
mine whether fish had different behaviors in the upper reaches
and whether any aspects of the physical habitat differed. The most
striking difference between the upper reaches and the lower
reaches was the diversion density. This implies that increased
diversion density, and the coincident anthropogenic habitat mod-
ifications of the lower river, reduced mortality of outmigrating
smolts. Much of the previous work that has examined the effects
of habitat modification and restoration on salmonid populations
has focused on egg incubation, freshwater–estuarine rearing, and
available spawning habitat (reviewed in Roni et al. 2014) or the
effects of fish passage on outmigration mortality (Skalski et al.
2001; Williams et al. 2001; Welch et al. 2008; Elder et al. 2016). We
do not know of any studies that have explicitly looked at the effect
of channel alteration on salmon outmigration survival. A valuable
future study would be to examine whether channelized habitats
have lower predator densities or whether the deeper waters make
it easier for salmon to avoid predators.

In addition to the higher mortality rates in the upper reaches,
the biggest discrepancies between the spatial–temporal model
and the covariate model also occurred in the upper reaches. This

suggests our covariate model would benefit from including addi-
tional covariates that contributed to smolt mortality in the upper
reaches. Based on previous research, we believe that including
covariates such as turbidity and predator density would likely
improve our explanatory power. Turbidity likely improves salmon sur-
vival by decreasing predation risk (Gregory and Levings 1998). Like-
wise, high predator densities in the upper and middle reaches
may partially explain the increased mortality rates in these loca-
tions. Naïve, hatchery-raised fish are more susceptible to preda-
tion after release (Alvarez and Nicieza 2003; Huntingford 2004;
Jackson and Brown 2011). This was reflected in our covariate
model where newly released fish had a lower survival rate than
fish released upstream. Including turbidity and predator density
in a mark–recapture model could improve model fit and provide
important information necessary to develop a purely mechanistic
model to estimate outmigration mortality.

Time-varying covariates
Model selection for the covariate model provided insight into

which time-varying physical covariates had the largest influence
on survival of outmigrating late-fall Chinook salmon. Flow ex-
erted the greatest overall effect on outmigration success, with
increased annual flow positively related to increased smolt sur-

Fig. 5. Covariate response plots showing the effect of the individual covariates on the apparent survival rate through a 10 km reach. The grey
shaded region represents the 95% confidence interval.
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vival. Studies have repeatedly demonstrated that flow is the most
important factor affecting survival of Chinook salmon (Connor
et al. 2003; Smith et al. 2003; Zeug et al. 2014; Michel et al. 2015). In
addition to the effect of annual flow, we also found that variability
in flow within a reach affected survival rates, particularly in low-
flow years. If flow within a reach was well above the annual aver-
age, as it would be after a precipitation event, there was relatively
little (1.6% per 10 km) difference between survival in low- and
high-flow years. In contrast, below average flows within a reach
resulted in large (5% per 10 km) differences in survival between
low- and high-flow years. This provides a potential explanation for
results observed by Courter et al. (2016), where survival was highly
dependent on flow within a low-flow (<125 cm·s−1) reach, but had
no effect in a reach with higher flows (100–300 cm·s−1).

Our study also builds on previous work by including measure-
ments of both spatially explicit flow and transit speed as covari-
ates in our model. This allowed us to separate the effect of flow
from transit speed, suggesting that there are features inherent to
flow itself, not just its effect on travel time, which affects survival.
Flow has been significantly reduced and homogenized in the Sac-
ramento River system from historic levels (Buer et al. 1989), in
particular during the winter months when runoff from storm
events is captured behind dams. Flow magnitude affects the
amount of off-channel and floodplain habitat available for juve-
nile salmon rearing (Nislow and Armstrong, 2012; Merenlender
and Matella 2013). Fish residing in these habitats have accelerated
growth rates that may aid individuals in predator avoidance and
survival (Sommer et al. 2001; Limm and Marchetti 2009). Further-
more, the highest sediment loads for the Sacramento River were
observed with the highest peak flows (Stern et al. 2016), which can
increase turbidity rates and decrease predation rates (Gregory and
Levings 1998). Whatever the specific mechanism, flow was clearly
the most important factor influencing the outmigration success
of late-fall run Chinook smolts in 2007–2011. Perhaps more impor-
tantly, the effect of flow propagates throughout a cohort’s life
history and can be used to estimate smolt-to-adult ratios (Michel
2019). Threshold flow values could be determined through com-
bined controlled-release and tagged-release studies in the Central
Valley.

We also found survival was higher at lower water temperatures.
We hypothesize that this effect was the result of increased pred-
ator metabolism, and thus consumption, at increased tempera-
tures (Petersen and Kitchell 2001). This effect was relatively minor
(1.3% per 10 km) over the small range of temperatures we observed
during the fall-run winter outmigration months. However, we
expect this effect will be more pronounced for fall and winter run
fish that are outmigrating during warmer months and may ex-
hibit adverse responses to warmer temperatures (Baker et al. 1995;
Lehman et al. 2017).

Release group covariates
Acoustically tagged fish had higher survival rates when they

were released concurrently with thousands of hatchery fish.
Based on the interaction between release size and distance from
release location, this effect persisted for approximately 200 km
from the release location. One explanation for this improved over-
all survival is the theory of “predator swamping”, whereby pred-
ators, inundated by prey, pose less of a threat to individual smolts.
This effect has been demonstrated for Chinook salmon in the
Yakima River (Fritts and Pearsons 2008) and juvenile sockeye
salmon (Oncorhynchus nerka) in British Columbia (Furey et al. 2016).
We examined the difference in arrival times at the acoustic re-
ceiver locations for each of the release groups and found that fish
from the same release group arrived at the same location within
approximately 24 h for the first 100 km (Supplemental Fig. S21).
After the first 100 km, the river has more channel alterations and
fish arrival times were more dispersed. However, fish survival
rates in these lower sections of the river were generally higher

than survival rates in the upstream reaches, most likely due to
decreased predation rates in the channelized portions of the river.

Individual covariates
Predicted transit speeds were also an important factor, with

increasing transit speeds corresponding to increased survival. For
outmigrating yearling smolts, it is likely that transit speed in the
context of our study is a proxy for duration of exposure to mor-
tality factors. Previous studies have found that survival rates de-
cline over longer migration distances (Bickford and Skalski 2000;
Muir et al. 2001; Smith et al. 2002). However, these studies have
primarily found that survival was related to distance traveled but
not to travel time. Anderson et al. (2005) explained this apparent
discrepancy by suggesting that survival was a function of both
migration distance and predation risk. This provides further mo-
tivation to study the factors that influence the spatial distribution
and density of salmon predators throughout the Sacramento
River.

Reach-specific characteristics
Model selection results provided evidence that reach length,

diversion density, and sinuosity were associated with outmigrat-
ing smolt survival. After accounting for all other covariates, sur-
vival was higher with increasing sinuosity, suggesting that more
natural river conditions were better for smolt survival than the
deeper and more armored portions of the river. This result is in
contrast with our other finding that the highest survival rates
were in the lower, more channelized sections of the river. We
suspect that the larger covariate effect of diversion density ac-
counts for the variation associated with increased survival in the
lower reaches. Because the diversions are typically not opera-
tional during the period when late-fall Chinook are outmigrating,
we suspect this effect is more a function of the habitat conditions
in locations where diversions are more abundant. Diversions were
highly correlated to other habitat variables typical of agricultural
zones, namely depth, armored banks, and agricultural and devel-
oped land use (Supplemental Fig. S11). Because we did not wish to
obfuscate the results of our analysis, we withdrew these collinear
factors from our modeling efforts, but the role of “diversions” on
survival could be equally viewed as the role of depth, agriculture
and developed land, and armored banks. These modified habitats
may result in reduced predator densities and predation mortality.

Conclusions
Flow, diversion density, and release strategy had the strongest

influence on survival of outmigrating, hatchery origin, late-fall
run Chinook salmon during the 2007–2011 water years. For years
with high flow, gains in in-river survival can lead to a threefold
increase in total outmigration survival, while survival in the delta
and estuary remain the same (Michel et al. 2015). There is limited
natural habitat remaining for Chinook salmon in the Central Val-
ley as a result of human activities, and increasingly managers are
turning to habitat restoration efforts to restore salmon popula-
tions. When we compare physical covariates, metrics for habitat
features, and individual covariates, flow remains the most impor-
tant factor affecting outmigration survival of late-fall run hatchery-
raised smolts. Although our study used hatchery fish, which have
limitations as wild fish surrogates, these results suggest that
maintaining flow during periods of salmon outmigration is an
important step towards conserving Chinook salmon in the Cen-
tral Valley.

Acknowledgements
This project would not have been possible without the insight-

ful contributions and generosity of the following: George Edwards,
Veronica Larwood, and the California Department of Fish and
Wildlife Fish Screen Fish Passage Program for collaboration on
water diversion surveys; Anne Elston of the Passage Assessment

1558 Can. J. Fish. Aquat. Sci. Vol. 76, 2019

Published by NRC Research Press

C
an

. J
. F

is
h.

 A
qu

at
. S

ci
. D

ow
nl

oa
de

d 
fr

om
 c

dn
sc

ie
nc

ep
ub

.c
om

 b
y 

U
SD

A
 N

at
io

na
l A

gr
ic

ul
tu

ra
l L

ib
ra

ry
, A

gr
ic

ul
tu

ra
l R

es
ea

rc
h 

Se
rv

ic
e 

on
 0

2/
11

/2
1

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.
 



Database (PAD) for fielding our PAD data request and serving as a
great resource; Adam Henderson and Department of Water Re-
sources for sharing their knowledge and GIS data on habitat map-
ping in the Sacramento River, especially revetment, shaded
riverine aquatic cover, and bankwidth data; Kevin Niemela, Rob-
ert Null, Kurt Brown, Scott Hamelberg, and the staff of USFWS
Coleman National Fish Hatchery for assistance and support of the
tagging efforts for this project; Sara John of the Southwest Fisheries
Science Center for extracting the requisite RAFT data; and Nyssa
Silbiger and our internal NOAA reviewers for feedback on the
manuscript. Sean Hayes was instrumental in obtaining funding
and initial study design. We especially thank Dan Meier of the
USFWS for funding and support. Fish handling was conducted
under University of California – Santa Cruz IACUC No. KIERJ1604.
Any use of trade, firm, or product names is for descriptive pur-
poses only and does not imply endorsement by the US Govern-
ment.

References
Alvarez, D., and Nicieza, A.G. 2003. Predator avoidance behavior in wild and

hatchery-reared brown trout: the role of experience and domestication.
J. Fish Biol. 63: 1565–1577. doi:10.1111/j.1095-8649.2003.00267.x.

Ammann, A.J., Michel, C.J., and MacFarlane, R.B. 2013. The effects of surgically
implanted acoustic transmitters on laboratory growth, survival and tag re-
tention in hatchery yearling Chinook salmon. Environ. Biol. Fishes, 96: 135–
143. doi:10.1007/s10641-011-9941-9.

Anderson, J.J., Gurarie, E., and Zabel, R.W. 2005. Mean free-path length theory of
predator–prey interactions: application to juvenile salmon migration. Ecol.
Modell. 186: 196–211. doi:10.1016/j.ecolmodel.2005.01.014.

Baker, P.F., Ligon, F.K., and Speed, T.P. 1995. Estimating the influence of temper-
ature on the survival of chinook salmon smolts (Oncorhynchus tshawytscha)
migrating through the Sacramento – San Joaquin River Delta of California.
Can. J. Fish. Aquat. Sci. 52(4): 855–863. doi:10.1139/f95-085.

Bates, D., Maechler, M., Bolker, B., and Walker, S. 2015. Fitting linear mixed-
effects models using lme4. J. Stat. Softw. 67(1): 1–48. doi:10.18637/jss.v067.i01.

Beamesderfer, R.C.P., Ward, D.L., and Nigro, A.A. 1996. Evaluation of the biolog-
ical basis for a predator control program on northern squawfish (Ptychocheilus
oregonensis) in the Columbia and Snake rivers. Can. J. Fish. Aquat. Sci. 53(12):
2898–2908. doi:10.1139/f96-225.

Bickford, S.A., and Skalski, J.R. 2000. Reanalysis and interpretation of 25 years of
Snake–Columbia River juvenile salmonid survival studies. N. Am. J. Fish.
Manage. 20: 53–68. doi:10.1577/1548-8675(2000)020<0053:RAIOYO>2.0.CO;2.

Buchanan, R.A., Brandes, P.L., and Skalski, J.R. 2018. Survival of juvenile fall-run
Chinook salmon through the San Joaquin River Delta, California, 2010–2015.
N. Am. J. Fish. Manage. 38: 663–679. doi:10.1002/nafm.10063.

Buer, K., Forwalter, D., Kissel, M., and Stohler, B. 1989. The Middle Sacramento
River: human impacts on physical and ecological processes along a meander-
ing river. In Proceedings of the California Riparian Systems Conference:
Protection, Management, and Restoration for the 1990s, Davis, Calif. Gen.
Tech. Rep. PSW-GTR-110. 22–24 September 1988, Pacific Southwest Forest and
Range Experiment Station, Forest Service, US Department of Agriculture,
Berkeley, Calif. pp. 22–32.

Burnham, K.P. 1987. Design and analysis methods for fish survival experiments
based on release–recapture. American Fisheries Society, Bethesda, Md., USA.

Burnham, K.P., and Anderson, D.R. 2002. Model selection and multimodel
inference: a practical information-theoretic approach. 2nd ed. Springer-
Verlag, New York.

Cavallo, B., Merz, J., and Setka, J. 2013. Effects of predator and flow manipulation
on Chinook salmon (Oncorhynchus tshawytscha) survival in an imperiled estu-
ary. Environ. Biol. Fishes, 96(2–3): 393–403. doi:10.1007/s10641-012-9993-5.

Collier, B.A., and Laake, J.L. 2013. RMark: an R interface to capture–recapture
analysis with MARK. Mark Workshop Notes, Ft. Collins, Colo.

Connor, W.P., Burge, H.L., Yearsley, J.R., and Bjornn, T.C. 2003. Influence of flow
and temperature on survival of wild subyearling fall Chinook salmon in the
Snake River. N. Am. J. Fish. Manage. 23: 362–375. doi:10.1577/1548-8675(2003)
023<0362:IOFATO>2.0.CO;2.

Cormack, R.M. 1964. Estimates of survival from the sighting of marked animals.
Biometrika, 51: 429–438. doi:10.1093/biomet/51.3-4.429.

Courter, I.I., Garrison, T.M., Kock, T.J., Perry, R.W., Child, D.B., and Hubble, J.D.
2016. Benefits of prescribed flows for salmon smolt survival enhancement
vary longitudinally in a highly managed river system. River Res. Appl. 32:
1999–2008. doi:10.1002/rra.3066.

Daniels, M.E., Sridharan, V.K., John, S.N., and Danner, E.M. 2018. Calibration and
validation of linked water temperature models for the Shasta Reservoir and
the Sacramento River from 2000 to 2015. US Department of Commerce,
NOAA Technical Memorandum NMFS-SWFSC-597. doi:10.7289/V5/TM-SWFSC-
597.

Dormann, C.F., Elith, J., Bacher, S., Buchmann, C., Carl, G., Carré, G.,
Marquéz, J.R.G., Gruber, B., Lafourcade, B., Leitão, P.J., Münkemüller, T.,

McClean, C., Osborne, P.E., Reineking, B., Schröder, B., Skidmore, A.K.,
Zurell, D., and Lautenbach, S. 2013. Collinearity: a review of methods to deal
with it and a simulation study evaluating their performance. Ecography,
36(1): 27–46. doi:10.1111/j.1600-0587.2012.07348.x.

Elder, T., Woodley, C.M., Weiland, M.A., and Strecker, A.L. 2016. Factors influ-
encing the survival of outmigrating juvenile salmonids through multiple
dam passages: an individual-based approach. Ecol. Evol. 6: 5881–5892. doi:10.
1002/ece3.2326. PMID:27547362.

Friesen, T.A., and Ward, D.L. 1999. Management of Northern Pikeminnow and
implications for juvenile salmonid survival in the lower Columbia and Snake
Rivers. N. Am. J. Fish. Manage. 19: 406–420. doi:10.1577/1548-8675(1999)
019<0406:MONPAI>2.0.CO;2.

Fritts, A.L., and Pearsons, T.N. 2008. Can non-native smallmouth bass, Micropterus
dolomieu, be swamped by hatchery fish releases to increase juvenile Chinook
salmon, Oncorhynchus tshawytscha, survival? Environ. Biol. Fishes, 83: 485–
494. doi:10.1007/s10641-008-9375-1.

Furey, N.B., Hinch, S.G., Bass, A.L., Middleton, C.T., Minke-Martin, V., and
Lotto, A.G. 2016. Predator swamping reduces predation risk during nocturnal
migration of juvenile salmon in a high-mortality landscape. J. Anim. Ecol. 85:
948–959. doi:10.1111/1365-2656.12528. PMID:27159553.

Gregory, R.S., and Levings, C.D. 1998. Turbidity reduces predation on migrating
juvenile Pacific Salmon. Trans. Am. Fish. Soc. 127: 275–285. doi:10.1577/1548-
8659(1998)127<0275:TRPOMJ>2.0.CO;2.

Hanson, C.H. 2001. Are juvenile chinook salmon entrained at unscreened diver-
sions in direct proportion to the volume of water diverted? Contributions to
the Biology of Central Valley Salmonids, 2: 331–342.

Hartig, F. 2018. DHARMa: residual diagnostics for hierarchical (multi-level/
mixed) regression models. R package version 0.1.6 [online]. Available from
https://CRAN.R-project.org/package=DHARMa.

Huntingford, F.A. 2004. Implications of domestication and rearing conditions
for the behaviour of cultivated fishes. J. Fish Biol. 65: 122–144. doi:10.1111/j.
0022-1112.2004.00562.x.

Jackson, C.D., and Brown, G.E. 2011. Differences in antipredator behaviour be-
tween wild and hatchery-reared juvenile Atlantic salmon (Salmo salar) under
seminatural conditions. Can. J. Fish. Aquat. Sci. 68(12): 2157–2165. doi:10.1139/
f2011-129.

Jolly, G.M. 1965. Explicit estimates from capture-recapture data with both death
and immigration-stochastic model. Biometrika, 52: 225–247. doi:10.2307/
2333826. PMID:14341276.

Jonsson, B., and Jonsson, N. 2009. A review of the likely effects of climate change
on anadromous Atlantic salmon Salmo salar and brown trout Salmo trutta,
with particular reference to water temperature and flow. J. Fish Biol. 75:
2381–2447. doi:10.1111/j.1095-8649.2009.02380.x. PMID:20738500.

Katz, J., Moyle, P., Quiñones, R., Israel, J., and Purdy, S. 2013. Impending extinc-
tion of salmon, steelhead, and trout (Salmonidae) in California. Environ. Biol.
Fishes, 96: 1169–1186. doi:10.1007/s10641-012-9974-8.

Kimmerer, W.J. 2008. Losses of Sacramento River chinook salmon and Delta
Smelt to entrainment in water diversions in the Sacramento–San Joaquin
Delta. San Francisco Estuary and Watershed Science, Vol. 6, Issue 2, Article 2.
Retrieved from https://escholarship.org/uc/item/7v92h6fs. doi:10.15447/sfews.
2008v6iss2art2.

Kjelson, M.A., and Brandes, P.L. 1989. The use of smolt survival estimates to
quantify the effects of habitat changes on salmonid stocks in the
Sacramento–San Joaquin River, California. In Proceedings of the National
Workshop on the Effects of Habitat Alteration on Salmonid Stocks. Edited by
C.D. Levings, L.B. Holtby, and M.A. Henderson. Canadian Special Publication
of Fisheries and Aquatic Sciences. pp. 100–115

Laake, J., and Rexstad, E. 2008. RMark — an alternative approach to building
linear models in MARK.

Laake, J.L., Johnson, D.S., Conn, P.B., and Isaac, N. 2013. marked: an R package for
maximum likelihood and Markov Chain Monte Carlo analysis of capture–
recapture data. Methods Ecol. Evol. 4: 885–890. doi:10.1111/2041-210X.12065.

Lebreton, J.-D., Burnham, K.P., Clobert, J., and Anderson, D. 1992. Modeling
survival and testing biological hypotheses using marked animals: a unified
approach with case studies. Ecol. Monogr. 62: 67–118. doi:10.2307/2937171.

Lehman, B., Huff, D.D., Hayes, S.A., and Lindley, S.T. 2017. Relationships between
Chinook salmon swimming performance and water quality in the San
Joaquin River, California. Trans. Am. Fish. Soc. 146: 349–358. doi:10.1080/
00028487.2016.1271827.

Limm, M.P., and Marchetti, M.P. 2009. Juvenile Chinook salmon (Oncorhynchus
tshawytscha) growth in off-channel and main-channel habitats on the Sacra-
mento River, CA using otolith increment widths. Environ. Biol. Fishes, 85:
141–151. doi:10.1007/s10641-009-9473-8.

Mantua, N., Tohver, I., and Hamlet, A. 2010. Climate change impacts on stream-
flow extremes and summertime stream temperature and their possible con-
sequences for freshwater salmon habitat in Washington State. Clim. Change,
102: 187–223. doi:10.1007/s10584-010-9845-2.

Merenlender, A.M., and Matella, M.K. 2013. Maintaining and restoring hydro-
logic habitat connectivity in Mediterranean streams: an integrated modeling
framework. Hydrobiologia, 719: 509–525. doi:10.1007/s10750-013-1468-y.

Michel, C.J. 2019. Decoupling outmigration from marine survival indicates out-
sized influence of streamflow on cohort success for California’s Chinook

Henderson et al. 1559

Published by NRC Research Press

C
an

. J
. F

is
h.

 A
qu

at
. S

ci
. D

ow
nl

oa
de

d 
fr

om
 c

dn
sc

ie
nc

ep
ub

.c
om

 b
y 

U
SD

A
 N

at
io

na
l A

gr
ic

ul
tu

ra
l L

ib
ra

ry
, A

gr
ic

ul
tu

ra
l R

es
ea

rc
h 

Se
rv

ic
e 

on
 0

2/
11

/2
1

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.
 

http://dx.doi.org/10.1111/j.1095-8649.2003.00267.x
http://dx.doi.org/10.1007/s10641-011-9941-9
http://dx.doi.org/10.1016/j.ecolmodel.2005.01.014
http://dx.doi.org/10.1139/f95-085
http://dx.doi.org/10.18637/jss.v067.i01
http://dx.doi.org/10.1139/f96-225
http://dx.doi.org/10.1577/1548-8675(2000)020%3C0053%3ARAIOYO%3E2.0.CO;2
http://dx.doi.org/10.1002/nafm.10063
http://dx.doi.org/10.1007/s10641-012-9993-5
http://dx.doi.org/10.1577/1548-8675(2003)023%3C0362%3AIOFATO%3E2.0.CO;2
http://dx.doi.org/10.1577/1548-8675(2003)023%3C0362%3AIOFATO%3E2.0.CO;2
http://dx.doi.org/10.1093/biomet/51.3-4.429
http://dx.doi.org/10.1002/rra.3066
http://dx.doi.org/10.7289/V5/TM-SWFSC-597
http://dx.doi.org/10.7289/V5/TM-SWFSC-597
http://dx.doi.org/10.1111/j.1600-0587.2012.07348.x
http://dx.doi.org/10.1002/ece3.2326
http://dx.doi.org/10.1002/ece3.2326
http://www.ncbi.nlm.nih.gov/pubmed/27547362
http://dx.doi.org/10.1577/1548-8675(1999)019%3C0406%3AMONPAI%3E2.0.CO;2
http://dx.doi.org/10.1577/1548-8675(1999)019%3C0406%3AMONPAI%3E2.0.CO;2
http://dx.doi.org/10.1007/s10641-008-9375-1
http://dx.doi.org/10.1111/1365-2656.12528
http://www.ncbi.nlm.nih.gov/pubmed/27159553
http://dx.doi.org/10.1577/1548-8659(1998)127%3C0275%3ATRPOMJ%3E2.0.CO;2
http://dx.doi.org/10.1577/1548-8659(1998)127%3C0275%3ATRPOMJ%3E2.0.CO;2
https://CRAN.R-project.org/package=DHARMa
http://dx.doi.org/10.1111/j.0022-1112.2004.00562.x
http://dx.doi.org/10.1111/j.0022-1112.2004.00562.x
http://dx.doi.org/10.1139/f2011-129
http://dx.doi.org/10.1139/f2011-129
http://dx.doi.org/10.2307/2333826
http://dx.doi.org/10.2307/2333826
http://www.ncbi.nlm.nih.gov/pubmed/14341276
http://dx.doi.org/10.1111/j.1095-8649.2009.02380.x
http://www.ncbi.nlm.nih.gov/pubmed/20738500
http://dx.doi.org/10.1007/s10641-012-9974-8
https://escholarship.org/uc/item/7v92h6fs
http://dx.doi.org/10.15447/sfews.2008v6iss2art2
http://dx.doi.org/10.15447/sfews.2008v6iss2art2
http://dx.doi.org/10.1111/2041-210X.12065
http://dx.doi.org/10.2307/2937171
http://dx.doi.org/10.1080/00028487.2016.1271827
http://dx.doi.org/10.1080/00028487.2016.1271827
http://dx.doi.org/10.1007/s10641-009-9473-8
http://dx.doi.org/10.1007/s10584-010-9845-2
http://dx.doi.org/10.1007/s10750-013-1468-y


salmon populations. Can. J. Fish. Aquat. Sci. 76(8). [Online ahead of print.]
doi:10.1139/cjfas-2018-0140.

Michel, C.J., Ammann, A.J., Chapman, E.D., Sandstrom, P.T., Fish, H.E.,
Thomas, M.J., Singer, G.P., Lindley, S.T., Klimley, A.P., and MacFarlane, R.B.
2013. The effects of environmental factors on the migratory movement
patterns of Sacramento River yearling late-fall run Chinook salmon
(Oncorhynchus tshawytscha). Environ. Biol. Fishes, 96: 257–271. doi:10.1007/
s10641-012-9990-8.

Michel, C.J., Ammann, A.J., Lindley, S.T., Sandstrom, P.T., Chapman, E.D.,
Thomas, M.J., Singer, G.P., Klimley, A.P., and MacFarlane, R.B. 2015. Chinook
salmon outmigration survival in wet and dry years in California’s Sacra-
mento River. Can. J. Fish. Aquat. Sci. 72(11): 1749–1759. doi:10.1139/cjfas-2014-
0528.

Muir, W.D., Smith, S.G., Williams, J.G., Hockersmith, E.E., and Skalski, J.R. 2001.
Survival estimates for migrant yearling chinook salmon and steelhead
tagged with passive integrated transponders in the Lower Snake and Lower
Columbia Rivers, 1993–1998. N. Am. J. Fish. Manage. 21: 269–282. doi:10.1577/
1548-8675(2001)021<0269:SEFMYC>2.0.CO;2.

Mussen, T.D., Patton, O., Cocherell, D., Ercan, A., Bandeh, H., Levent Kavvas, M.,
Cech, J.J., Jr., and Fangue, N.A. 2014. Can behavioral fish-guidance devices
protect juvenile Chinook salmon (Oncorhynchus tshawytscha) from entrain-
ment into unscreened water diversion pipes? Can. J. Fish. Aquat. Sci. 71(8):
1209–1219. doi:10.1139/cjfas-2013-0601.

Nislow, K.H., and Armstrong, J.D. 2012. Towards a life-history-based manage-
ment framework for the effects of flow on juvenile salmonids in streams and
rivers. Fish. Manage. Ecol. 19: 451–463. doi:10.1111/j.1365-2400.2011.00810.x.

Petersen, J.H., and Kitchell, J.F. 2001. Climate regimes and water temperature
changes in the Columbia River: bioenergetic implications for predators of
juvenile salmon. Can. J. Fish. Aquat. Sci. 58(9): 1831–1841. doi:10.1139/f01-111.

Pike, A., Danner, E., Boughton, D., Melton, F., Nemani, R., Rajagopalan, B., and
Lindley, S. 2013. Forecasting river temperatures in real time using a stochas-
tic dynamics approach. Water Resour. Res. 49: 5168–5182. doi:10.1002/wrcr.
20389.

Pledger, S., Pollock, K.H., and Norris, J.L. 2003. Open capture–recapture models
with heterogeneity: I. Cormack–Jolly–Seber model. Biometrics, 59: 786–794.

R Core Team. 2017. R: a language and environment for statistical computing
[online]. R Foundation for Statistical Computing, Vienna, Austria. Available
from https://www.R-project.org.

Roni, P., Pess, G.R., Beechie, T.J., and Hanson, K.M. 2014. Fish–habitat relation-
ships and the effectiveness of habitat restoration. US Dept. Commer., NOAA
Tech. Memo. NMFS-NWFSC-127.

Russell, I.C., Aprahamian, M.W., Barry, J., Davidson, I.C., Fiske, P., Ibbotson, A.T.,
Kennedy, R.J., Maclean, J.C., Moore, A., Otero, J., Potter, T.E.C.E., and
Todd, C.D. 2012. The influence of the freshwater environment and the bio-
logical characteristics of Atlantic salmon smolts on their subsequent marine
survival. ICES J. Mar. Sci. 69: 1563–1573. doi:10.1093/icesjms/fsr208.

Sabal, M., Hayes, S., Merz, J., and Setka, J. 2016. Habitat alterations and a nonna-
tive predator, the striped bass, increase native chinook salmon mortality in
the Central Valley, California. N. Am. J. Fish. Manage. 36: 309–320. doi:10.
1080/02755947.2015.1121938.

Schreck, C.B., Stahl, T.P., Davis, L.E., Roby, D.D., and Clemens, B.J. 2006. Mortal-
ity estimates of juvenile spring–summer Chinook salmon in the lower Co-
lumbia River and Estuary, 1992–1998: evidence for delayed mortality? Trans.
Am. Fish. Soc. 135: 457–475. doi:10.1577/T05-184.1.

Seber, G.A.F. 1965. A note on the multiple-recapture census. Biometrika, 52:
249–259. doi:10.2307/2333827. PMID:14341277.

Singer, G.P., Hearn, A.R., Chapman, E.D., Peterson, M.L., LaCivita, P.E.,
Brostoff, W.N., Bremner, A., and Klimley, A.P. 2013. Interannual variation of
reach specific migratory success for Sacramento River hatchery yearling late-
fall run Chinook salmon (Oncorhynchus tshawytscha) and steelhead trout
(Oncorhynchus mykiss). Environ. Biol. Fishes, 96: 363–379. doi:10.1007/s10641-
012-0037-y.

Skalski, J.R., Lady, J., Townsend, R., Giorgi, A.E., Stevenson, J.R., Peven, C.M., and
McDonald, R.D. 2001. Estimating in-river survival of migrating salmonid
smolts using radiotelemetry. Can. J. Fish. Aquat. Sci. 58(10): 1987–1997. doi:
10.1139/f01-133.

Smith, S.G., Muir, W.D., Williams, J.G., and Skalski, J.R. 2002. Factors associated
with travel time and survival of migrant yearling chinook salmon and steel-
head in the lower Snake River. N. Am. J. Fish. Manage. 22: 385–405. doi:10.
1577/1548-8675(2002)022<0385:FAWTTA>2.0.CO;2.

Smith, S.G., Muir, W.D., Hockersmith, E.E., Zabel, R.W., Graves, R.J., Ross, C.V.,
Connor, W.P., and Arnsberg, B.D. 2003. Influence of river conditions on sur-
vival and travel time of Snake River subyearling fall Chinook salmon. N. Am.
J. Fish. Manage. 23: 939–961. doi:10.1577/M02-039.

Sommer, T.R., Nobriga, M.L., Harrell, W.C., Batham, W., and Kimmerer, W.J.
2001. Floodplain rearing of juvenile chinook salmon: evidence of enhanced
growth and survival. Can. J. Fish. Aquat. Sci. 58(2): 325–333. doi:10.1139/f00-
245.

Stern, M., Flint, L., Minear, J., Flint, A., and Wright, S. 2016. Characterizing
changes in streamflow and sediment supply in the Sacramento River Basin,
California, using Hydrological Simulation Program – FORTRAN (HSPF).
Water, 8(10): 432. doi:10.3390/w8100432.

Welch, D.W., Rechisky, E.L., Melnychuk, M.C., Porter, A.D., Walters, C.J.,
Clements, S., Clemens, B.J., McKinley, R.S., and Schreck, C. 2008. Survival of
migrating salmon smolts in large rivers with and without dams. PLoS Biol.
6(10): e265. doi:10.1371/journal.pbio.0060265. PMID:18959485.

White, G.C., and Burnham, K.P. 1999. Program MARK: survival estimation from
populations of marked animals. Bird Study, 46(s1): S120–S139. doi:10.1080/
00063659909477239.

Williams, J.G., Smith, S.G., and Muir, W.D. 2001. Survival estimates for down-
stream migrant yearling juvenile salmonids through the Snake and Colum-
bia Rivers hydropower system, 1966–1980 and 1993–1999. N. Am. J. Fish.
Manage. 21: 310–317. doi:10.1577/1548-8675(2001)021<0310:SEFDMY>2.0.CO;2.

Yoshiyama, R.M., Fisher, F.W., and Moyle, P.B. 1998. Historical abundance and
decline of Chinook salmon in the Central Valley Region of California. N. Am.
J. Fish. Manage. 18: 487–521. doi:10.1577/1548-8675(1998)018<0487:HAADOC>2.
0.CO;2.

Zabel, R.W., and Achord, S. 2004. Relating size of juveniles to survival within and
among populations of Chinook salmon. Ecology, 85: 795–806. doi:10.1890/02-
0719.

Zeug, S.C., Sellheim, K., Watry, C., Wikert, J.D., and Merz, J. 2014. Response of
juvenile Chinook salmon to managed flow: lessons learned from a popula-
tion at the southern extent of their range in North America. Fish. Manage.
Ecol. 21: 155–168. doi:10.1111/fme.12063.

Appendix A
Owing to the large number of potential models (n = 8064) and

the long RMark execution times required for models with individ-
ual time-varying covariates, we first fit the models using the Au-
tomatic Differentiation Model Builder (ADMB) option available
through the “marked” package (Laake et al. 2013). In contrast with
RMark, the “marked” package fits models based on the hierarchi-
cal likelihood construction described by Pledger et al. (2003). Al-
though we could successfully fit models and estimate QAICc
criterion using the “marked” package, we were unable to estimate
standard errors for all model parameters due to indefinite Hessian
matrices. This prompted concerns that these models were not
converging properly and the QAICc values were not accurate. To
test this assumption, we refit all models with a �QAIC < 10 using
RMark and compared the QAICc values, and the model parame-
ters, with those produced with “marked”. We then used the
RMark results to select the model with the most appropriate com-
bination of covariates and to calculate the final parameter esti-
mates and confidence intervals.

The comparison between the model selection results from
“marked” and RMark indicated that using “marked” for initial
model selection was reasonable. The magnitude of the �QAICc
values showed good agreement (linear regression r2 = 0.41,
p value < 0.001; Supplemental Fig. S11), and the parameter esti-
mates were nearly identical for the most parsimonious model
(Supplemental Fig. S21). Thus, we concluded that using RMark for
our final model selection, after using “marked” to identify the top
candidate models, was a valid approach.
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Fig. A1. Comparison of �QAICc values for 141 CJS models fit with the R packages “marked” and “RMark”. These were all the models with a
“marked” �QAICc of less than 10.

Fig. A2. Parameter estimates for the selected model (see Table 2) estimated using the R packages “marked” and “RMark”. Error bars represent
the 95% confidence interval, which was only estimated for the RMark models (see text). The only difference in parameter estimates occurred
in the final study reach (SF Bay) and is a result of the different likelihood formulation used by the different packages. [Colour online.]
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