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Abstract
There is currently only a limited understanding of the relationship between water quality and predation

on Pacific salmon Oncorhynchus spp. smolts. We addressed the hypothesis that poor water quality will
decrease a smolt’s swimming performance and presumably its predator evasion capabilities. Predation is a
major factor affecting salmon smolt survival throughout the San Joaquin River and the Sacramento–San
Joaquin Delta of California. Prior studies have quantified predation rates, but the effect of water quality on
predator evasion capability has not previously been evaluated. We quantified the swimming performance of
juvenile Chinook Salmon O. tshawytscha in relation to water quality variables. The maximum swim speeds
(Umax) of 45 hatchery-reared smolts (7.1–9.9 cm FL) were measured in controlled (laboratory) and field
environments by using a mobile swim tunnel respirometer; measurements were obtained before and after the
fish received a 2-d exposure to the lower San Joaquin River while being held in flow-through cages. To
sample across a diversity of environmental conditions, we conducted trials during a 6-week period that
coincided with the peak smolt out-migration. Regression models were constructed to evaluate relationships
between swimming performance and four water quality covariates (water temperature, turbidity, dissolved
oxygen, and conductivity). We found negative relationships between Umax and both temperature and turbid-
ity, and we described these relationships graphically. Our findings suggest that water quality management
strategies with the potential to improve salmon smolt survival include managing temperatures and suspended
sediment concentrations to optimize the swimming capacity of migrating smolts and possibly improve their
ability to evade predators.
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In the lower San Joaquin River and the Sacramento–San
Joaquin Delta (hereafter, “Delta”) of California, predation by
nonnative predatory fishes, such as Largemouth Bass
Micropterus salmoides and Striped Bass Morone saxatilis, is
a major cause of mortality in emigrating salmon smolts
(Grossman et al. 2013; Sabal et al. 2016). Telemetry and
predation studies (Demetras et al. 2016) are increasingly
focusing on quantifying the rates of predation on juvenile
salmon, but thus far, few such studies have been able to
pinpoint the mechanisms that influence predation rates.
Grossman et al. (2013) proposed that although predation
may be the proximate cause of mortality for juvenile salmon,
other factors such as poor water quality may increase smolts’
vulnerability to predation by reducing their ability to success-
fully evade predators.

The survival of salmonids during early life stages may be
strongly influenced by predation (Mather 1998). Since salmon
lack other defensive mechanisms, the ability to swim at burst
or sprint speeds greatly influences their susceptibility to pre-
datory attacks (Taylor and McPhail 1985; Reidy et al. 1995;
Watkins 1996). Swimming capability is also likely to affect
the ability of smolts to forage and successfully perform long-
distance migrations (Drucker 1996; Plaut 2001). The swim-
ming performance of fishes is known to depend on environ-
mental conditions (Randall and Brauner 1991). Since
negotiating the ecological interactions that are necessary for
survival depends on individuals’ scope for physical activity, an
understanding of water quality effects on swimming perfor-
mance is crucial for informing effective restoration and man-
agement of freshwater habitat for fish populations. The
sublethal effects of elevated temperatures and other water
quality metrics on fish may be difficult to quantify (Armour
1991), yet they are relevant to predator–prey dynamics
(Marine and Cech 2004), foraging ecology (Fraser et al.
1993), and movement (Baker et al. 1995) and can influence
population viability.

Extensive research has been performed to understand rela-
tionships between water temperature and salmonid growth
(Brett et al. 1969), swimming performance (Brett 1967; Brett
and Glass 1973), and aerobic scope (Brett 1971; Lee et al.
2003; Clark et al. 2011). Fewer studies have focused on the
effects of dissolved oxygen (Davis et al. 1963; Dahlberg et al.
1968) and pollutants (Howard 1975; Waiwood and Beamish
1978) or other water quality characteristics. Field-specific
knowledge of the physiological effects of water quality varia-
tion on Chinook Salmon Oncorhynchus tshawytscha is lack-
ing; although laboratory studies can measure the precise
effects of individual treatments on fish, they are less suited
to account for the multiple dimensions of varying water qual-
ity that a fish may experience in a natural environment.

The San Joaquin River, which contains the southernmost
populations of Chinook Salmon, is arguably one of the most
degraded rivers on the West Coast of North America
(Dubrovsky et al. 1998; Jahagirdar 2006). Water quality

attributes such as temperature often exceed experimentally
determined viability thresholds for salmon. Results from
coded wire tag studies (Brandes and McLain 2000) and acous-
tic telemetry studies (Buchanan et al. 2013) have clearly
demonstrated that juvenile salmon smolts migrating through
the lower San Joaquin River and the estuarine Delta experi-
ence extremely high mortality compared with salmon from
other basins on the West Coast. Telemetry has been successful
in quantifying mortality rates but has been less successful in
relating environmental variables to survival. These types of
studies cannot pinpoint exact causes of mortality, making it
difficult to understand whether fish are being preyed upon or
are unable to withstand environmental conditions or whether
predation and environmental conditions interact to impact
mortality rates.

Swim performance testing is a common and repeatable
method for assessing the effects of environmental conditions
on fish (Hammer 1995). Critical velocity tests that measure
maximum sustained swim speed for small fish are relatively
simple to conduct by using swim tunnel respirometers. Critical
swim speed (Ucrit) is known to depend on temperature (Brett
1967) and oxygen saturation (Davis et al. 1963). Decreased
swimming performance directly relates to a fish’s ability to
evade predators and to navigate migration pathways. An
understanding of the effect of ambient water conditions on
swimming performance will help to disentangle the proximate
causes of juvenile salmon mortality in the Delta (e.g., preda-
tion or entrainment into pumps) from the ultimate causes of
juvenile mortality (e.g., acute thermal stress).

We evaluated the effects of water quality on the swimming
performance of juvenile Chinook Salmon in the San Joaquin
River. We used a constant-acceleration protocol (Reidy et al.
2000; Farrell 2008) to measure the maximum swimming speed
(Umax) of hatchery-reared juvenile Chinook Salmon in (1) a
controlled laboratory setting before a 48-h cage exposure to
the San Joaquin River and (2) in the field immediately after
the river exposure. A mobile swim tunnel respirometer was
used to perform tests at the field site. Using continuously
recorded environmental data, we generated models that
described relationships between swimming performance and
four different water quality metrics: water temperature, turbid-
ity, conductivity, and dissolved oxygen concentration.

METHODS
Study area.—This study focused on the San Joaquin River’s

lowest reach, where the river enters the Delta (Figure 1).
Historically, the Delta comprised 1,770 km2 (1,100 mi2) of
tidal marsh, but since the turn of the 20th century, it has been
levied into 1,126 linear kilometers (700 linear miles) of
interconnected waterways surrounded by islands, with the
waterways being primarily used for agriculture but also for
industrial and urban development. Flow dynamics are strongly
influenced by tidal forcing and now are frequently more
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influenced by dam releases and water diversions than by
natural runoff and weather patterns.

As a result of these structural and hydrographic changes,
particularly the withholding of spring runoff-associated dis-
charge at upstream dams, the thermal profile of the San
Joaquin River is highly altered; in drought years especially,
summer temperatures typically exceed lethal levels for salmo-
nids and other native species. Land use practices in the region
have resulted in high concentrations of nitrates, agricultural
pollutants, and pesticide pollutants (Saiki et al. 1993; Pereira
et al. 1996; Kratzer et al. 2004). Many of these changes have

been detrimental to native fish species while allowing nonna-
tive species to thrive, leading to alterations in the biological
composition of the lower San Joaquin River and Delta (Moyle
and Williams 1990; Moyle 2002).

Swimming performance measurements.—Our objective was
to measure the Umax of individual juvenile Chinook Salmon
that were reared and tested under controlled ambient
conditions and then to measure their Umax after a 2-d period
of acclimation to conditions in the San Joaquin River. We
measured the pre-exposure performance of each fish to
account for interindividual variation in our analysis, and we

Enlarged Area 
Sacramento-San Joaquin Delta Study site 

37.86°, -121.32°

Mokelumne River 
Fish Hatchery 
38.22°, -121.02°

FIGURE 1. Map of the Sacramento–San Joaquin Delta, California, showing the location of the Mokelumne River Hatchery and the cage exposure site on the
San Joaquin River.
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subjected each fish to three successive swim tests both at the
hatchery (described below) and at the river site in order to
account for intra-individual variation. We intended to collect
measurements across a spectrum of environmental conditions
in order to test the effects of water quality on swimming
performance; therefore, we ran tests continuously for 6
weeks during the peak out-migration season.

We selected juvenile Chinook Salmon (7.1–9.9 cm FL)
from a raceway at the Mokelumne River Hatchery
(California Department of Fish and Wildlife [CDFW],
Clements) and placed them in an indoor trough 2 weeks before
the experiments began. Water was maintained between 12.2°C
and 14.4°C throughout the duration of the experiment. Fish
were exposed to a natural photoperiod and were fed an ad
libitum ration daily, except during the 48 h prior to testing.

All swimming performance trials were conducted in a 5-L
Brett-type swim tunnel manufactured by Loligo Systems
(Viborg, Denmark). The section that contained the fish was
30 cm long, with a 7.5-cm cross section. There was a honey-
comb material at the front to provide rectilinear flow and a
stainless-steel mesh grate at the back. The entire swim tunnel
was covered to prevent visual distraction to the fish, and an
LED flashlight was placed at the back of the chamber to
encourage the fish to swim into the current. Temperature was
maintained at ±1°C of ambient throughout each test. We
observed the fish’s behavior through a small window in the
back of the chamber and with a submersible video camera.
The propeller motor that controlled water velocity was pow-
ered by a computer-operated DC inverter (AutoResp; Loligo
Systems), and we quantified water velocity relative to each
fish’s body length (BL). Water velocity was regularly cali-
brated against propeller frequency by using a vane wheel
flowmeter. We used dye to make sure that flow was constant
across the cross section of the chamber and not turbulent. All
equipment was cleaned and disinfected between each sam-
pling period.

Immediately before testing, fish were transferred to the
swim tunnel via water-to-water transfer techniques; FL was
estimated by using a measuring tape at the bottom of the
transfer container. Since Umax increases with fish length
(Jobling 1995), we chose to standardize and express all velo-
cities in BLs/s. The fish acclimated to the chamber at a flow of
1.5 BLs/s. We excluded individuals that did not appear to be
comfortable swimming steadily within the chamber after sev-
eral minutes, although this was rare. The first of the three
successive tests began 10–20 min after the chamber was
sealed.

Maximum swimming speed protocol.—After the initial
acclimation period at 1.5 BLs/s, water velocity was increased
in 0.25-BL/s increments every minute. In general, fish swam
steadily for the majority of each trial. As they transitioned
from steady to burst–glide swimming, we monitored closely
for the failure point. Failure was determined when the fish
became impinged sideways on the grate for more than a few

seconds and could no longer remain upright. The Umax was
calculated according to Brett (1964).

About a third of the fish attempted to avoid swimming by
tail-propping against the grate at the back of the chamber at
some point. To discourage this behavior, we would tap a
pencil against the chamber wall, which usually resulted in
the fish moving back towards the front. Repetitive tail-prop-
ping behavior rarely resulted in a premature test failure
because at velocities approaching Umax, it became too difficult
for the fish to prop parallel to the current, and the individual
was forced to swim.

Immediately after failure, flow was decreased to 1.5 BLs/s
for a 1-min recovery period before the second trial was
initiated. Generally, fish would resume swimming immedi-
ately after the velocity decrease, but if they remained
impinged against the grate, the flow was stopped altogether
until the fish oriented itself parallel to flow. An identical 1-min
recovery period was given before the third trial.

Transportation and caging.—After the initial swimming
tests conducted at the hatchery, each fish was transferred to a
3.8-L plastic container into which 6-mm holes had been
drilled; the container with the fish was placed in an aerated
cooler and was held there until all other fish had been tested.
The cooler was then transported by truck to the lower San
Joaquin River near Lathrop, California (37.8614°N, –
121.3204°W). The cooler water was brought to ambient river
temperature at a rate no faster than 2°C per hour. After a
temperature equilibrium was reached, we placed fish in
cages made from modified crayfish traps that were attached
to a private dock and suspended approximately 2 m below the
river’s surface. Temperature loggers were attached to the
cages. Dissolved oxygen, turbidity, conductivity, and pH data
were collected continuously with an autonomous water quality
data logger (Hydrolab DS5X; Hach Company, Loveland,
Colorado), and chlorophyll-a concentration data were
obtained from local stream gauges.

Post-caging swimming trial.—After a 48-h acclimation
period, we removed individual fish from their cages and
immediately tested them by using the same protocols as
above to obtain three successive Umax values. The swim
tunnel was set up at the field site and was filled with
coarsely filtered river water that we refreshed between tests
and maintained within 1°C of ambient temperature. After
three trials, each fish was euthanized in a lethal dose of
tricaine methanesulfonate, weighed, and remeasured to
confirm FL.

Data analysis.—We performed one-way ANOVA to test for
differences in Umax between groups of fish that were tested
under identical conditions and to evaluate whether or not fish
tended to perform differently on their first, second, and third
trials.

To examine for effects of multiple water quality metrics on
fish swimming performance, we used two modeling
approaches that offered unique methods of accounting for
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physiological variation between individual fish. First, to
account for variation in swimming capacity between indivi-
duals, we defined the difference between each fish’s pre- and
postexposure Umax values as the response variable ΔUmax (i.e.,
difference in Umax: Umax,post – Umax,pre) such that a negative
value for ΔUmax indicated a decrease in performance after
exposure. We then modeled the relationship between ΔUmax

and multiple water quality metrics. Since we expected a non-
linear relationship between swimming performance and envir-
onmental variables, we constructed a generalized additive
model using the “mgcv” package in R. In our second
approach, since all fish used in this study were reared under
identical conditions, we also modeled the relationship between
water quality metrics and postexposure swimming perfor-
mance only. We used a linear mixed-effects (LME) model
via the “lme4” package in R; LME modeling extends regres-
sion by adding an individual coefficient of variability between
groups—in this case, individual fish that were tested multiple
times. The second approach offered increased model sensitiv-
ity but at the cost of producing nonlinear graphical response
curves (i.e., only linear general trends could be modeled rather
than asymptotic relationships between swimming performance
and water quality metrics).

Prior to model fitting, we compared covariates for colli-
nearity (|r|< 0.70). To avoid issues associated with the inclu-
sion of collinear variables in the same model, we selected the
single covariate from each pairwise comparison that had the
most reasonable interpretation as an explanatory variable
(Dormann et al. 2013). Model selection was executed by
using Akaike’s information criterion (AIC).

We determined the R2 value for the best-performing models
using k-fold cross validation (Hastie et al. 2009). We split the
data into equal-sized parts and then iteratively used one subset
of the data to fit the model and a different subset to test the
model. We repeated each k-fold cross-validation process 500
times and then examined the distribution of R2 and other
model evaluation criteria.

RESULTS
Overall, 239 individual swim trials were performed on

45 individual fish. We tested Umax at water temperatures
ranging from 12.2°C to 21.5°C. Average river temperatures
for the 48-h acclimation periods ranged from 17°C to 22.5°
C. Other environmental data collected while fish were held
in the river is summarized in Table 1. Every fish success-
fully performed Umax tests after being transported and held
in the river, with the exception of three fish that died after
being caged when river temperature averaged 22.5°C. The
Umax did not differ between groups of fish tested in the
hatchery setting across sampling intervals (ANOVA: P =
0.51), although variation among individual fish from each
group varied about twofold (Figure 2). There was no sig-
nificant trend of decreasing performance over the first, sec-
ond, and third successive tests for the pre-exposure trials
conducted at the hatchery (P = 0.82) or the postexposure
trials performed in the field (P = 0.67).

Modeling the Difference in Maximum Swim Speed:
Generalized Additive Model

After collinear covariates were removed from the analysis,
average river temperature, minimum river oxygen concentra-
tion, conductivity, turbidity, and FL remained as candidate
covariates in the selection process for our model to describe
variation in swimming speed between the hatchery trials and
the postexposure trials. The best model for explaining the
difference between an individual’s laboratory and field Umax

values (i.e., ΔUmax) included average river temperature only
(Akaike weight wi = 0.670, cross-validated R2 = 0.51; Figure 3).

Modeling the Maximum Swim Speed after River Exposure:
Linear Mixed-Effects Model

Using the same candidate set of covariates, the most parsimo-
nious of the LME models with equivalent weight (ΔAIC < 2)
included temperature and turbidity (wi = 0.203, cross-validated R2

= 0.70; Table 2). The relationship between Umax and the average

TABLE 1. Summary of environmental data that were collected during the 48-h holding periods for Chinook Salmon that were used in cage exposure trials in the
San Joaquin River (temp = temperature; O2 = dissolved oxygen concentration; chl a = chlorophyll-a concentration; cond = conductivity; max = maximum; min
= minimum). All columns represent average values across each sampling period unless otherwise noted. Negative discharge values indicate periods of very low
flow, strong tidal influence, and/or substantial water diversions from upstream pumping facilities.

Week
Temp
(°C)

Max
temp
(°C)

O2

(mg/L)
Min O2

(mg/L) pH
Turbidity
(NTU)

Chl a
(μg/L)

Cond
(µS)

Discharge
(m3/s, mean

daily)

1 17.0 17.5 8.2 7.5 7.6 6.2 4.1 322.3 8.69
2 18.4 19.4 8.4 7.8 7.6 6.8 2.3 215.7 21.84
3 20.0 20.5 7.9 7.4 7.7 5.4 3.3 201.5 4.49
4 21.2 22.0 9.7 8.3 8.0 6.0 11.3 335.7 –0.07
5 22.0 22.5 9.1 8.1 8.2 9.7 14.9 437.1 –6.25
6 20.0 20.9 8.4 7.2 8.0 5.4 8.2 636.7 –0.88
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river temperature and turbidity was described by Umax = 15.67 –
(0.32 × temperature) – (0.35 × turbidity) + e, where e is the residual
(Figure 4). The standardized coefficients for the fixed effects of
temperature and turbidity were –0.26 and –0.27, respectively.

DISCUSSION
We measured the swimming performance of juvenile

Chinook Salmon in a controlled setting and in a field environ-
ment across the duration of a spring out-migration season. To
our knowledge, this study represents the first field-based assess-
ment of swimming performance in a California population of
Chinook Salmon. Although Umax varied among individual fish,
the low variability among groups taken from the hatchery
suggests that there were few ontogenetic or temporal factors
affecting the baseline swimming performance of the fish used
during this study. Tests for the same individuals varied less than
the overall variation among different fish, suggesting that our
measurements of Umax were repeatable and that the constant-
acceleration test did not elicit excessive postexercise oxygen

consumption—at least at all but the warmest temperatures. This
agrees with the results of Reidy et al. (2000), who found Umax

to be repeatable for individual fish. Values for Umax and the
variability among fish fell within previously reported ranges for
Central Valley juvenile Chinook Salmon (Cech and Myrick
1999), allowing us to describe the relationship of Umax with
temperature and turbidity across the range of conditions that
occurred during this study.

Although no control measurement was taken to account for
potential handling and transportation effects onUmax, several fish
outperformed their initial hatchery tests after being held in the
San Joaquin River (Figure 2). The response curve of ΔUmax in
relation to temperature (Figure 3) illustrates that juvenile
Chinook Salmon that were acclimated to the river when tempera-
tures were below approximately 18.5°C actually swam faster
than they did at cooler temperatures in the hatchery. This is
expected, as the Ucrit of Chinook Salmon has been found to
peak at temperatures between 15°C and 17°C (Brett 1967).

Similar to previous laboratory studies (Brett 1967), we saw
a decrease in swimming performance at temperatures above
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approximately 19°C (Figure 3). The magnitude of change in
Umax across temperatures in this field setting was somewhat
greater than that observed in prior laboratory studies, suggest-
ing the occurrence of interactive effects between temperature
and other variables influencing fish stress. Where individual
lines on the response plot converge, there is a stronger rela-
tionship between the covariate and the response variable. Our
findings indicated that the strongest relationship between tem-
perature and Umax was at river temperatures between 19°C and
21.5°C. Where lines on the response plot diverge, temperature
may be less influential on Umax, and other factors may have
larger effects. Water bodies that exhibit temperatures at or
above this range have been found to exclude salmonids
based on thermal niche modeling (Huff et al. 2005) and

based on reviews by McCullough (1999) and Richter and
Kolmes (2005).

The LME analysis was more sensitive and included tem-
perature and turbidity as covariates affecting Umax in the top
model (Table 2). The response curves (Figure 4) illustrated a
negative relationship between Umax and temperature or turbid-
ity. The temperature curve showed the same trend exhibited in
the ΔUmax model.

Turbidity in the San Joaquin River is primarily associated
with suspended sediment. Although the lower San Joaquin
River regularly exceeds temperatures that are lethal to salmo-
nids, the levels of turbidity measured across this study fall
within the range that many salmon commonly experience:
between 2 and 15 NTU, which equates to a suspended sedi-
ment concentration (SSC) of up to 15 mg/L (Rasmussen and
Gray 2010). Suspended sediment concentrations as low as 2
mg/L have been reported to affect salmonid health
(Newcombe and Macdonald 1991; Servizi and Martens
1992). However, most studies have focused on acute effects
that occur at much higher SSCs. The San Joaquin River is
chronically contaminated with agricultural pollutants, such as
DDT, and a legacy of heavy metals from California’s gold
rush (McKee et al. 2006; Schoellhamer et al. 2007). These
toxins persist in the sediments that are temporarily suspended
in the water column during certain tidal cycles or large flow
events (Leatherbarrow et al. 2005). It is possible that when
salmon are exposed to higher SSCs in the San Joaquin River,
they are concurrently exposed to higher concentrations of a
cocktail of toxins that increase physiological stress.

Due to drought conditions and upstream dam operations,
discharge of freshwater into the lower San Joaquin River
during the present study never exceeded 15 m3/s, which is
too low to cause streambed disturbance in the system.
However, the instantaneous magnitude and direction of water
speed in the Delta are influenced by tidal fluctuations and are
responsible for the vertical mixing and suspension of solid
particles. When discharge coming from upstream is insuffi-
cient, tidal forcing reverses water flow twice per day at our
study site, and sediments are temporarily suspended due to the
processes described by Allen et al. (1980). Semidiurnal spikes
in SSC due to reverse flows were documented in the
Sacramento–San Joaquin estuary by Morgan-King and
Schoellhamer (2013). This effect was captured during several
of the sampling periods in our study and corresponded to poor
swimming performance in tested Chinook Salmon.

The temperature plus turbidity model only explained 48%
of the deviance in Umax. Other environmental factors likely
influence the swimming performance of juvenile salmon in the
San Joaquin River system; however, we either did not measure
them or were unable to disentangle their effects due to colli-
nearity with other candidate covariates. In particular, pH and
average dissolved oxygen concentration were correlated with
river temperature, thus precluding them from the model selec-
tion process and making their effects ambiguous even though
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FIGURE 3. Response plot showing the modeled relationship between San
Joaquin River temperature (°C) and the difference in maximum swimming
speed (Umax; body lengths/s) of Chinook Salmon (ΔUmax; the difference
between a fish’s Umax when tested at the hatchery and the Umax observed
after the fish was held in the river for 2 d). The black lines are the output from
100 k-fold model runs; the tick marks along the x-axis (i.e., rug plot) indicate
the observed data points.

TABLE 2. Results of linear mixed-effects model selection, with maximum
swimming speed (Umax) of Chinook Salmon as the response variable. The
best-performing model among the equivalent top-three models (difference in
Akaike’s information criterion [ΔAIC] < 2) is shown in bold italics (wi =
Akaike weight).

Model ΔAICc wi

Temperature + turbidity |fish 0.00 0.205
Temperature + conductivity + turbidity |fish 0.48 0.161
Conductivity + turbidity |fish 0.72 0.143
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both metrics fluctuated within ranges that are known to inde-
pendently affect swimming speed in salmonids (Davis et al.
1963; Ye and Randall 1990). We believe that poor water
quality in this portion of the San Joaquin River system can
be exacerbated by low streamflow and the resulting lower
turnover rate of water. Under such conditions, salmon may
be subject to a mélange of environmental stressors that
decrease swimming performance.

Our findings have management implications for water
operations in the Delta and in other highly modified river
systems. Although we do not wish to overemphasize the
absolute numbers generated in our response curves, the trends
are clear. These results indicate that (1) water quality in the
Delta cannot be managed for salmon health solely by setting
threshold temperatures and (2) other easily measurable metrics
may be useful tools for setting environmental thresholds that
are relevant for salmon. More rigorous investigation may
reveal the relationships between other environmental covari-
ates and swimming performance, which will provide direction
for habitat restoration actions. Freshwater turnover may be just
as important for salmonid health in this system as temperature.
By coordinating dam releases and diversion pump operations
so as to maintain freshwater turnover in tidal channels, man-
agers may improve the health of salmonids that are rearing in
the Delta or migrating toward the Pacific Ocean.

We used hatchery Chinook Salmon to generate estimates of
physiological response to environmental covariates. Each fish
began the study in excellent condition, with no signs of patho-
gen infection, and each individual was only exposed to the
river for 2 d. However, wild fish migrating through the system

may already be experiencing the effects of infection or poor
condition and must spend substantially more time navigating
between relatively high-quality upstream habitat and the
ocean; therefore, wild individuals may experience some
effects described by our models to a greater degree.

We do not know whether Umax is the most direct estimate
of a Chinook Salmon juvenile’s physiological capacity to
successfully mitigate predatory interactions. However, it is
logistically feasible to measure Umax in a field environment,
and it is reasonable to assume that Umax can provide a relative
index for predator escape capacity. There may be an interac-
tive effect between different dimensions of river conditions
that negatively affect salmon physiology and predation by
several species of nonnative piscivorous fish. We showed
that juvenile Chinook Salmon cannot swim as fast at elevated
temperatures, particularly above around 19°C. Nonnative
Largemouth Bass, which are suspected to consume a large
quantity of juvenile salmon in the Delta, become increasingly
capable swimmers and consume more food at temperatures
between 10°C and 25°C (Beamish 1970; Rice et al. 1983;
Lemons and Crawshaw 1985). Environmental conditions
may mediate both the quantity and outcome of predator–prey
interactions between Chinook Salmon and Largemouth Bass
—as well as several other nonnative predatory species—by
both increasing predation activity as well as reducing the
ability of salmon to effectively avoid being eaten.
Determining whether or not this interactive relationship actu-
ally occurs in the San Joaquin River system is beyond the
scope of our study, but future research on the topic is
warranted.
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FIGURE 4. Response plots showing the modeled relationships for the maximum swimming speed (Umax; body lengths/s) of Chinook Salmon acclimated to the
San Joaquin River over a range of temperatures (°C) and turbidity levels (NTU). In these plots, only the variable of interest is changed, whereas all other model
variables are held constant at their median values. The dotted red line represents the output from the logistic regression; the black lines are the output from 100
k-fold model runs to provide an indication of model error. The tick marks along the x-axis (i.e., rug plot) indicate the observed data points.
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In the San Joaquin River system, where major Chinook
Salmon population declines have been observed, increasing
the survival probability of migrating fish may be the most
effective management tool for restoring populations
(Yoshiyama et al. 1998; Michel et al. 2015). Largemouth
Bass and other nonnative predators (e.g., Striped Bass and
catfishes) have become widespread, and for logistical as well
as political reasons they are likely impossible to eradicate
from California’s largest freshwater system. However, mana-
ging the habitat to increase the potential for salmon success
when interacting with predators is possible by optimizing dam
and pump operations or restoring habitat structure that
improves water quality.

ACKNOWLEDGMENTS
We thank Matt Miller for assisting with field work, Mark

Henderson for assisting with analysis, and Joe Smith and
Benjamin Martin for providing thoughtful comments on the
analysis and interpretations. We are grateful to the CDFW for
supplying the study fish; in particular, Darrick Baker
(Mokelumne River Hatchery manager) provided wet labora-
tory space and expertise. This work was funded by the
California Department of Water Resources and the National
Marine Fisheries Service.

REFERENCES
Allen, G. P., J. C. Salomon, P. Bassoullet, Y. Du Penhoat, and C. de Grandpré.

1980. Effects of tides on mixing and suspended sediment transport in
macrotidal estuaries. Sedimentary Geology 26:69–90.

Armour, C. L. 1991. Guidance for evaluating and recommending temperature
regimes to protect fish. U.S. Fish and Wildlife Service, Washington, D.C.

Baker, P. F., F. K. Ligon, and T. P. Speed. 1995. Estimating the influence of
temperature on the survival of Chinook Salmon smolts (Oncorhynchus
tshawytscha) migrating through the Sacramento–San Joaquin River delta
of California. Canadian Journal of Fisheries and Aquatic Sciences 52:855–
863.

Beamish, F. W. H. 1970. Oxygen consumption of Largemouth Bass,
Micropterus salmoides, in relation to swimming speed and temperature.
Canadian Journal of Zoology 48:1221–1228.

Brandes, P. L., and J. S. McLain. 2000. Juvenile Chinook Salmon abundance,
distribution, and survival in the Sacramento–San Joaquin Estuary.
California Department of Fish and Game, Sacramento.

Brett, J. R. 1964. The respiratory metabolism and swimming performance of
young Sockeye Salmon. Journal of the Fisheries Research Board of
Canada 21:1183–1226.

Brett, J. R. 1967. Swimming performance of Sockeye Salmon (Oncorhynchus
nerka) in relation to fatigue time and temperature. Journal of the Fisheries
Research Board of Canada 24:1731–1741.

Brett, J. R. 1971. Energetic responses of salmon to temperature: a study of
some thermal relations in the physiology and freshwater ecology of
Sockeye Salmon (Oncorhynchus nerka). American Zoologist 11:99–113.

Brett, J. R., and N. R. Glass. 1973. Metabolic rates and critical swimming speeds
of Sockeye Salmon (Oncorhynchus nerka) in relation to size and temperature.
Journal of the Fisheries Research Board of Canada 30:379–387.

Brett, J. R., J. E. Shelbourn, and C. T. Shoop. 1969. Growth rate and body
composition of fingerling Sockeye Salmon, Oncorhynchus nerka, in

relation to temperature and ration size. Journal of the Fisheries Research
Board of Canada 26:2363–2394.

Buchanan, R. A., J. R. Skalski, P. L. Brandes, and A. Fuller. 2013. Route use
and survival of juvenile Chinook Salmon through the San Joaquin River
delta. North American Journal of Fisheries Management 33:216–229.

Cech, J. J. Jr., and C. A. Myrick. 1999. Steelhead and Chinook Salmon bioener-
getics: temperature, ration, and genetic effects. University of California Water
Resources Center, Technical Completion Report UCAL-WRC-W-885, Davis.

Clark, T. D., K. M. Jeffries, S. G. Hinch, and A. P. Farrell. 2011. Exceptional
aerobic scope and cardiovascular performance of Pink Salmon
(Oncorhynchus gorbuscha) may underlie resilience in a warming climate.
Journal of Experimental Biology 214:3074–3081.

Dahlberg, M. L., D. L. Shumway, and P. Doudoroff. 1968. Influence of
dissolved oxygen and carbon dioxide on swimming performance of
Largemouth Bass and Coho Salmon. Journal of the Fisheries Research
Board of Canada 25:49–70.

Davis, G. E., J. Foster, C. E. Warren, and P. Doudoroff. 1963. The influence of
oxygen concentration on the swimming performance of juvenile Pacific
salmon at various temperatures. Transactions of the American Fisheries
Society 92:111–124.

Demetras, N. J., D. D. Huff, C. J. Michel, J. M. Smith, G. R. Cutter, S. A.
Hayes, and S. T. Lindley. 2016. Development of underwater recorders to
quantify predation of juvenile Chinook Salmon (Oncorhynchus tsha-
wytscha) in a river environment. National Marine Fisheries Service
Fishery Bulletin 114:179–195.

Dormann, C. F., J. Elith, S. Bacher, C. Buchmann, G. Carl, G. Carré, J. R. G.
Marquéz, B. Gruber, B. Lafourcade, and P. J. Leitão. 2013. Collinearity: a
review of methods to deal with it and a simulation study evaluating their
performance. Ecography 36:27–46.

Drucker, E. G. 1996. The use of gait transition speed in comparative studies of
fish locomotion. American Zoologist 36:555–566.

Dubrovsky, N. M., C. R. Kratzer, L. R. Brown, J. M. Gronberg, and K. R.
Burow. 1998. Water quality in the San Joaquin–Tulare basins, California,
1992–95. U.S. Geological Survey, Information Services, Denver.

Farrell, A. 2008. Comparisons of swimming performance in Rainbow Trout
using constant acceleration and critical swimming speed tests. Journal of
Fish Biology 72:693–710.

Fraser, N. H. C., N. B. Metcalfe, and J. E. Thorpe. 1993. Temperature-
dependent switch between diurnal and nocturnal foraging in salmon.
Proceedings of the Royal Society of London Part B 252:135–139.

Grossman, G. D., T. E. Essington, B. Johnson, J. Miller, N. E. Monsen, and T.
N. Pearsons. 2013. Effects of fish predation on salmonids in the
Sacramento River–San Joaquin Delta and associated ecosystems. Delta
Stewardship Council, Sacramento, California.

Hammer, C. 1995. Fatigue and exercise tests with fish. Comparative
Biochemistry and Physiology Part A 112:1–20.

Hastie, T., R. Tibshirani, and J. H. Friedman. 2009. The elements of statistical
learning: data mining, inference, and prediction. Springer, Springer Series
in Statistics, New York.

Howard, T. E. 1975. Swimming performance of juvenile Coho Salmon
(Oncorhynchus kisutch) exposed to bleached kraft pulpmill effluent.
Journal of the Fisheries Research Board of Canada 32:789–793.

Huff, D. D., S. L. Hubler, and A. N. Borisenko. 2005. Using field data to
estimate the realized thermal niche of aquatic vertebrates. North American
Journal of Fisheries Management 25:346–360.

Jahagirdar, S. 2006. Reviving the San Joaquin. Environment California, Los
Angeles.

Jobling, M. 1995. Environmental biology of fishes. Chapman and Hall,
London.

Kratzer, C. R., P. D. Dileanis, C. Zamora, S. R. Silva, C. Kendall, B. A.
Bergamaschi, and R. A. Dahlgren. 2004. Sources and transport of nutri-
ents, organic carbon, and chlorophyll-a in the San Joaquin River upstream
of Vernalis, California, during summer and fall, 2000 and 2001. U.S.
Geological Survey, Reston, Virginia.

CHINOOK SALMON SWIMMING PERFORMANCE 357



Leatherbarrow, J. E., L. J. McKee, D. H. Schoellhamer, N. K. Ganju, and A.
R. Flegal. 2005. Concentrations and loads of organic contaminants and
mercury associated with suspended sediment discharged to San Francisco
Bay from the Sacramento–San Joaquin River delta, California. San
Francisco Estuary Institute, Oakland, California.

Lee, C. G., A. P. Farrell, A. Lotto, M. J. MacNutt, S. G. Hinch, and M. C. Healey.
2003. The effect of temperature on swimming performance and oxygen
consumption in adult Sockeye (Oncorhynchus nerka) and Coho (O. kisutch)
salmon stocks. Journal of Experimental Biology 206:3239–3251.

Lemons, D. E., and L. I. Crawshaw. 1985. Behavioral and metabolic adjust-
ments to low temperatures in the Largemouth Bass (Micropterus sal-
moides). Physiological Zoology 58:175–180.

Marine, K. R., and J. J. Cech Jr. 2004. Effects of high water temperature on growth,
smoltification, and predator avoidance in juvenile Sacramento River Chinook
Salmon. North American Journal of Fisheries Management 24:198–210.

Mather, M. E. 1998. The role of context-specific predation in understanding
patterns exhibited by anadromous salmon. Canadian Journal of Fisheries
and Aquatic Sciences 55(Supplement 1):232–246.

McCullough, D. A. 1999. A review and synthesis of effects of alterations to
the water temperature regime on freshwater life stages of salmonids, with
special reference to Chinook Salmon. U.S. Environmental Protection
Agency, Report 910-R-99-010, Seattle.

McKee, L. J., N. K. Ganju, and D. H. Schoellhamer. 2006. Estimates of suspended
sediment entering San Francisco Bay from the Sacramento and San Joaquin
Delta, San Francisco Bay, California. Journal of Hydrology 323:335–352.

Michel, C. J., A. J. Ammann, S. T. Lindley, P. T. Sandstrom, E. D. Chapman, M. J.
Thomas, G. P. Singer, A. P. Klimley, and R. B. MacFarlane. 2015. Chinook
Salmon outmigration survival in wet and dry years in California’s Sacramento
River. Canadian Journal of Fisheries and Aquatic Sciences 72:1749–1759.

Morgan-King, T. L., and D. H. Schoellhamer. 2013. Suspended-sediment flux
and retention in a backwater tidal slough complex near the landward
boundary of an estuary. Estuaries and Coasts 36:300–318.

Moyle, P. B. 2002. Inland fishes of California. University of California Press,
Berkeley.

Moyle, P. B., and J. E. Williams. 1990. Biodiversity loss in the temperate zone:
decline of the native fish fauna of California. Conservation Biology 4:275–284.

Newcombe, C. P., and D. D. Macdonald. 1991. Effects of suspended sediments
on aquatic ecosystems. North American Journal of Fisheries Management
11:72–82.

Pereira, W. E., J. L. Domagalski, F. D. Hostettler, L. R. Brown, and J. B. Rapp.
1996. Occurrence and accumulation of pesticides and organic contaminants in
river sediment, water and clam tissues from the San Joaquin River and
tributaries, California. Environmental Toxicology and Chemistry 15:172–180.

Plaut, I. 2001. Critical swimming speed: its ecological relevance. Comparative
Biochemistry and Physiology Part A 131:41–50.

Randall, D., and C. Brauner. 1991. Effects of environmental factors on
exercise in fish. Journal of Experimental Biology 160:113–126.

Rasmussen, P. P., and J. R. Gray. 2010. Computing time-series suspended
sediment concentrations and loads from in-stream turbidity sensor and
streamflow data. In Proceedings of the Joint Federal Interagency
Conference 2010: hydrology and sedimentation for a changing future
—existing and emerging issues. U.S. Geological Survey, Reston,
Virginia.

Reidy, S., J. Nelson, Y. Tang, and S. Kerr. 1995. Post-exercise metabolic rate
in Atlantic Cod and its dependence upon the method of exhaustion.
Journal of Fish Biology 47:377–386.

Reidy, S. P., S. R. Kerr, and J. A. Nelson. 2000. Aerobic and anaerobic
swimming performance of individual Atlantic Cod. Journal of
Experimental Biology 203:347–357.

Rice, J., J. Breck, S. Bartell, and J. Kitchell. 1983. Evaluating the constraints
of temperature, activity and consumption on growth of Largemouth Bass.
Environmental Biology of Fishes 9:263–275.

Richter, A., and S. A. Kolmes. 2005. Maximum temperature limits for
Chinook, Coho, and Chum salmon, and steelhead trout in the Pacific
Northwest. Reviews in Fisheries Science 13:23–49.

Sabal, M., S. Hayes, J. Merz, and J. Setka. 2016. Habitat alterations and a
nonnative predator, the Striped Bass, increase native Chinook Salmon
mortality in the Central Valley, California. North American Journal of
Fisheries Management 36:309–320.

Saiki, M. K., M. R. Jennings, and W. G. Brumbaugh. 1993. Boron, molybde-
num, and selenium in aquatic food chains from the lower San Joaquin
River and its tributaries, California. Archives of Environmental
Contamination and Toxicology 24:307–319.

Schoellhamer, D. H., T. E. Mumley, and J. E. Leatherbarrow. 2007. Suspended
sediment and sediment-associated contaminants in San Francisco Bay.
Environmental Research 105:119–131.

Servizi, J. A., and D. W. Martens. 1992. Sublethal responses of Coho Salmon
(Oncorhynchus kisutch) to suspended sediments. Canadian Journal of
Fisheries and Aquatic Sciences 49:1389–1395.

Taylor, E. B., and J. McPhail. 1985. Burst swimming and size-related preda-
tion of newly emerged Coho Salmon Oncorhynchus kisutch. Transactions
of the American Fisheries Society 114:546–551.

Waiwood, K. G., and F. W. H. Beamish. 1978. Effects of copper, pH and
hardness on the critical swimming performance of Rainbow Trout (Salmo
gairdneri Richardson). Water Research 12:611–619.

Watkins, T. B. 1996. Predator-mediated selection on burst swimming perfor-
mance in tadpoles of the Pacific tree frog, Pseudacris regilla.
Physiological Zoology 69:154–167.

Ye, X., and D. J. Randall. 1990. The effect of water pH on swimming
performance in Rainbow Trout (Salmo gairdneri, Richardson). Fish
Physiology and Biochemistry 9:15–21.

Yoshiyama, R. M., F. W. Fisher, and P. B. Moyle. 1998. Historical abundance
and decline of Chinook Salmon in the Central Valley region of California.
North American Journal of Fisheries Management 18:487–521.

358 LEHMAN ET AL.


	Abstract
	METHODS
	Study area
	Swimming performance measurements
	Maximum swimming speed protocol
	Transportation and caging
	Post-caging swimming trial
	Data analysis

	RESULTS
	Modeling the Difference in Maximum Swim Speed: Generalized Additive Model
	Modeling the Maximum Swim Speed after River Exposure: Linear Mixed-Effects Model

	DISCUSSION
	ACKNOWLEDGMENTS
	References

