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Abstract – Across taxa, it is generally accepted that there are fitness advantages to rapid growth early in life. For
stream-dwelling salmonids, however, high temperatures and associated energetic costs during the summer growing
season might offset or even prevent the competitive advantage of large body size. Our overall objective was to
understand the relative importance of factors that can cause variation in growth rates in an age-0 cohort of wild
steelhead (Oncorhynchus mykiss) in Idaho, USA, where temperatures approach, and temporarily exceed, their
tolerance level. For individually tagged fish inhabiting the same stream reach, we found that growth rates were
negatively related to fish mass (slopes of the two best approximating models were both �0.024). Comparing
growth rates from 16 different stream reaches throughout the watershed, we found that temperature-induced
metabolic cost was the single best approximating model (AIC wi = 1.0) of the variation in individual growth rates.
The bioenergetic model showed that mass-specific metabolic costs decreased with mass, but the absolute energetic
demands increased over the same size range. Because temperature had a multiplicative effect on metabolic cost, our
results suggest that the effect of food limitation increased with fish size. We conclude that high water temperatures
pose energetic bottlenecks and can be a potentially strong mechanism limiting growth in juvenile salmonids in
summer, particularly as streams in the region experience warming trends.
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Introduction

Individual growth plays an important role in shaping
the evolution and demography of fish populations
because body size determines several fitness compo-
nents (Sogard 1997; de Roos et al. 2003). In juvenile
stream salmonids, growth rate has been shown to be
a significant factor in determining ontogenetic status,
life-history strategies and, ultimately, survival of indi-
viduals (Ward et al. 1989; Holtby et al. 1990;
Metcalfe 1998; Kahler et al. 2001; Satterthwaite
et al. 2010). Because these parameters are central
determinants of both individual lifetime fitness and
population viability, it is of great importance to
understand the underlying processes that influence

growth variation in salmonid populations (Rose et al.
2001; Quinn 2005; Crozier et al. 2008).
In its simplest form, growth is determined by the

difference in energy intake and expenditures, and fac-
tors that are affecting either or both sides of the equa-
tion could thus directly or indirectly govern the
growth rate. A number of factors affect growth in sal-
monids, ranging from individual behaviour and char-
acteristics (Abbott & Dill 1989; Orpwood et al.
2006; Reid et al. 2011) and population processes
(Imre et al. 2005; Lob�on-Cervi�a 2009; Hartson &
Kennedy 2014), to fish community structure (Tinus
& Reeves 2001), habitat (H€ojesj€o et al. 2004;
Kennedy et al. 2008) and temperature (Elliott 1976a;
Boughton et al. 2007; Hayes et al. 2008). Water
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temperature is a particularly important factor regulat-
ing both energy intake potential and expenses (Brett
1971), and this further depends on the size and onto-
genetic stage of the fish (Elliott 1994).
The effects of these factors are highly context-

dependent and dynamic across space and time
(Gibson 2002). Individuals within the same stream
reach all experience similar external factors, so that
the individual’s rank in the social hierarchy is the pri-
mary reason for differences in growth trajectories
(Abbott et al. 1985; Nicieza & Metcalfe 1999;
H€ojesj€o et al. 2002). At the level of the stream net-
work, differences in productivity, thermal regime,
abiotic environment and biotic communities further
produce spatial and temporal variation in growth
potential and survival (Gibson 2002; Kennedy et al.
2008). Whereas some studies have documented fit-
ness advantages (Holtby et al. 1990), recent studies
have found the associated energetic costs to reduce or
reverse the competitive advantage (Reid et al. 2011,
2012).
We were interested in testing the relationship

between individual growth performance and body
mass in a system where daytime temperatures
approach and temporarily exceed the thermal toler-
ance of a cool water salmonid, and where other
abiotic and biotic conditions vary across time and
space. The study took place in a tributary to the
Clearwater River in Idaho, USA, which is desig-
nated critical habitat for wild steelhead. Our first
objective is to test the relationship between mass
and growth rate among subyearling individuals that
experience the same environment. Our second
objective is to test the relative importance of biotic
and abiotic factors in explaining the variation in
growth rates across the watershed. We employ a
bioenergetic model to account for differences in
body size and thermal regime and compare the met-
abolic expenses incurred by the variation in stream
temperatures.

Materials and methods

Study area and population

The Lapwai watershed is situated in North Central
Idaho and drains an area of 694 km2 (Fig. 1). The
four main tributaries drain the north slopes of Craig
Mountain (1530 m) through steep canyons before
emptying into the Clearwater River (237 m). The
predominant geology in the watershed is Columbia
River Basalt, with a band of Idaho Batholith in the
upper, high-elevation portion. The plateau above the
escarpment is overlain with loess, and the predomi-
nant land use is dry land grain crops, which covers
34% of the entire watershed. Coniferous forests cover

29%, primarily at higher elevations above the prairie,
and grasslands dominate the steep canyon sides and
valley floors (Homer et al. 2007). Mean annual pre-
cipitation is 490 mm, with higher amounts falling at
higher elevations.
Other fish species include, in order of abundance,

longnose dace (Rhinichtys cataractae), sculpin
(Cottus spp.), bridgelip sucker (Catostomus columbi-
anus), redside shiner (Richardsonius balteatus),
northern pikeminnow (Ptychocheilus oregonensis)
and chiselmouth (Acrocheilus alutaceus). In the
recent years, juvenile coho salmon (Oncorhynchus
kisutch) have been stocked as part of a supplementa-
tion programme in lower reaches of the system, but
are generally not sympatric in space or time with
steelhead. No hatchery supplementation exists for
steelhead in the watershed.
We defined the study sites using a hierarchical

stratified random approach (Frissell et al. 1986) to
capture a gradient of physiographic (topography,
geology and land cover) and land-use conditions
within and across the four streams in the Lapwai
watershed. At the largest spatial level, a general area
(typically one stream kilometre in length) was identi-
fied informed by O. mykiss occurrence (Chandler &
Parot 2003), distance to other study reaches, tributary
inputs and known spring inputs. Within these sec-
tions, we further narrowed the search by means of
dividing the general area into as many representative
100 m reaches as possible, informed by land use,
land cover and channel constraints such as levees and
channelisation. We randomly chose one of these
reaches and kept it as a study site for the duration of
the study.

Sampling methods and material

Steelhead growth and densities
We started fish sampling when the flows were low
enough to allow for efficient electrofishing in late
June and visited each site once per month until early
November. We set block nets to ensure a closed pop-
ulation and conducted three-pass depletion electro-
fishing using a Smith-Root LR-24 backpack
electroshocker (Smith-Root Inc., Vancouver, WA,
USA). To reduce the stress of capture and handling
on fish, we conducted the sampling during early
morning hours when the water temperatures did not
exceed 18 °C. We set the voltage, frequency and
duty cycle within 20% of their mean values of
350 V, 30 Hz and 15%, respectively. We held the
juvenile steelhead in buckets filled with aerated
stream water at ambient stream temperatures. Prior to
any handling, we anesthetised the fish with tricaine
methanesulfonate (MS-222). We measured fork
length in millimetre and weight to the nearest deci-
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gram. Steelhead were scanned for PIT tags using a
FS-2001F-ISO reader (Destron Fearing, St. Paul,
MN, USA), and data on the individuals were
recorded in program P3 (PIT-Tag Information System
for the Columbia Basin). For untagged individuals
65 mm and larger, we inserted 134.2 kHz PIT tags
(Biomark Inc., Boise, ID, USA) into the ventral body
cavity posterior to the tip of the pectoral fin. Prior to
release, fish were first allowed to recover in buckets
with aerated water and were then moved to a live
well placed in the stream channel outside the sam-
pling reach. Upon completion of sampling, we
removed the blocknets and released fish back to the
study reach. All fish sampling and handling proce-
dures were permitted as part of the Section 7 consul-
tation for the Lewiston Orchards Biological Opinion
(NMFS 2006) and reviewed by the Idaho Department
of Fish and Game (permit F-07-05-10) and the Uni-
versity of Idaho Institutional Animal Care and Use
Committee.
Growth rates for recaptured individuals were calcu-

lated and expressed as per cent change in body mass
per day between capture and recapture. Densities were
calculated using Carle & Strub’s (1978) weighted
maximum likelihood estimator of K-pass removal
data. Due to the small size of these streams, we
obtained very high capture probabilities (season aver-
age � SD was 0.63 � 0.14) and consequently narrow
confidence intervals around our population estimates.
We expressed the population densities as the estimated
number of subyearling steelhead per 100 m2.

Temperature, discharge and flow velocity
We had HOBO TidBit v2 temperature loggers (Onset
Computer Corporation, Pocasset, MA, USA) installed
at each site recording water temperatures ( °C) every
30 min. We used daily averages of temperature as
the basis in the bioenergetic modelling.
Discharge (ls�1) was calculated by taking approxi-

mately 15 depth and velocity readings spaced evenly
along an established transect in the sampling reach.
Velocity was measured at 60% of the depth using a
Marsh-McBirney Flo-Mate velocity meter (Hach
Company, Loveland, CO, USA).
We quantified the average flow velocity (ms�1) at

each site during the second visit. We established tran-
sects perpendicular on the channel spaced 5 m apart
throughout the entire sampling reach. The transects
were then split into five sections of equal width, and
at each of the approximately 100 points, we mea-
sured the flow velocity. A sample of these data for
the months of July and September is shown in
Table 1.

Steelhead diet and bioenergetics
To parameterise the prey energy density term in the
bioenergetic equations, we collected stomach samples
using nonlethal gastric lavage of up to 15 individuals
per visit, covering the entire size range of steelhead.
We acquired stomach samples from fish caught dur-
ing the first pass to minimise time discrepancies or
biases in gut content representation (i.e. fish analysed
for gut content analysis were not disrupted by previ-

Fig. 1. Map shows the four major streams
in the Lapwai watershed and its location in
North Central Idaho (insert). The sites are
coded with the first letter referring to
stream segment (upper, middle or lower),
the second to stream (Sweetwater, Webb,
Mission or Lapwai) and the third to site
position in that stream (upper, middle or
lower). For example, site ULU reads Upper
Lapwai Upper. The Clearwater River is a
tributary to the Columbia River.
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ous electrofishing passes). We examined a total of
215 subyearling stomach samples and 216 yearling
stomach samples. For each sample, we identified the
prey composition to the lowest taxonomic level,
down to family in the invertebrate phyla and to spe-
cies in vertebrate fauna.
We used values from the literature as shown in

Appendix S1 to obtain energy density values and
dry-to-wet weight ratios of the various prey groups.
In instances where a study or multiple studies
reported a range of energy density values for a single
family, we averaged across the reported range to
obtain a single value for the taxon of interest. In the
events where we could not determine the life stage
(denoted any), we averaged the values between larva
and adult for the appropriate taxonomic level. For
families with missing values, we either averaged or
borrowed values based on taxonomic grouping. We
calculated the dry-to-wet ratio of both aquatic and
terrestrial Insecta and aquatic and terrestrial Arthro-
poda based on the average ratios across our taxo-
nomic list and used this value (0.214) as the
substitute value where borrowing occurred on the
class level. We assigned the value for sculpin to all
fish. For spiders, we used the general values for ter-
restrial Arthropoda. The energetic contribution of
each prey group in a stomach sample was weighted
by its wet mass. By summing these groups, we
obtained the average energy density of the stomach
sample. Subyearling and yearling diets were similar
(within 1% of each other in energy density). To allow
for direct comparison between the individuals, and
because diet samples at the individual level can be

biased at high temperatures (Finstad 2005), we used
the average value of 4324 J�g�1 wet weight in the
following bioenergetic analyses.
We used Fish Bioenergetics 3.0 (‘Wisconsin

model’; Hanson et al. 1997) to calculate consumption
rates. Bioenergetic models are comprised of a set of
mass balance equations that link basic fish physiol-
ogy with the environment. We specified the model
with Thornton & Lessem (1978) consumption equa-
tion, Kitchell et al.’s (1977) respiration equation,
Elliott’s (1976b) waste losses equation and predator
energy density equation number 2 in the package
(Hanson et al. 1997) with a predator energy density
of 5763 J�g wet weight�1 (Glova & McInerney
1977). The model was parameterised using reported
values as specified in Appendix S2. In all cases, we
used the site-specific thermograph and varied the
growth scenarios as listed below.
First, to calculate the ration necessary to maintain

body mass over a given time period with a given
temperature regime, we controlled for allometric
effects by keeping body mass constant at the start
value over that time period (Hewett & Kraft 1993).
By such, we could compare the maintenance meta-
bolic costs (i.e. from basal metabolism and wastes)
across sites, expressed as J�g fish�1 per day. Second,
to express the percentage of the consumed energy
that was allocated towards growth, we first separated
the metabolic costs (maintenance ration) from the
total consumption (maintenance plus growth from
time t to t+1). The difference between the two was
then divided by the total consumption to obtain the
weighted quotient (to allow for comparison across a

Table 1. Characteristics of the study reaches during July and September, 2010, showing the average monthly temperature, the highest daily average
temperature, the number of days with daily averages exceeding 20 °C, the discharge and the density of subyearling steelhead. The velocity distribution,
measured once during the sampling season, is shown on the right. Standard deviations are shown in parentheses for the appropriate variables, except for
density, for which the standard error is given.

Site

July September

Velocity
(ms�1)

Temp.
(°C)

Max.
(°C) Days > 20 °C

Discharge
(ls�1)

Density (no.
100 m�2)

Temp.
(°C)

Max.
(°C) Days > 20 °C

Discharge
(ls�1)

Density (no.
100 m�2)

LLL 18.8 (1.5) 21.1 6 246 8.34 (2.6) 15.6 (1.1) 17.9 0 127 4.31 (0.66) 0.34 (0.25)
LLU 18.5 (1.5) 20.6 5 207 23.4 (3.1) 15.2 (1.2) 17.5 0 122 18.9 (1.1) 0.31 (0.20)
LSX 17.2 (1.5) 19.5 0 212 2.57 (0.13) 14.4 (1.3) 16.7 0 158 2.42 (0.14) 0.42 (0.23)
MLX 18.4 (1.5) 20.9 5 19 27.4 (3.3) 15.9 (0.86) 17.6 0 19 34.1 (1.1) 0.24 (0.20)
ULL 16.4 (1.1) 18.4 0 33 14.3 (0.63) 14.8 (1.1) 17.1 0 11 20.1 (0.60) 0.14 (0.15)
ULM 17.1 (1.4) 19.5 0 41 7.74 (0.25) 14.6 (0.94) 16.5 0 19 5.38 (0.16) 0.16 (0.13)
ULU 15.8 (0.96) 17.3 0 43 2.96 (0.12) 14.1 (0.56) 15.3 0 33 7.71 (0.21) 0.19 (0.16)
UML 19.2 (1.8) 21.9 10 9 5.06 (0.27) 15.7 (1.3) 18.0 0 10 5.29 (0.19) 0.084 (0.087)
UMM 18.5 (1.8) 21.2 7 28 12.5 (0.62) 14.9 (1.3) 17.2 0 17 10.0 (0.14) 0.13 (0.10)
UMU 16.2 (1.7) 18.8 0 30 9.28 (0.97) 13.0 (1.3) 15.2 0 20 9.49 (0.20) 0.15 (0.14)
USL 16.3 (1.4) 18.3 0 168 0.645 (0.098) 14.0 (1.3) 16.3 0 131 1.65 (0.21) 0.41 (0.28)
USM 15.3 (1.3) 17.3 0 185 1.8 (0.52) 13.4 (1.2) 15.6 0 120 1.26 (0.014) 0.29 (0.27)
USU 14.8 (1.2) 16.9 0 172 2.55 (0.19) 13.2 (1.2) 15.2 0 220 4.02 (0.87) 0.46 (0.30)
UWL 18.2 (1.5) 20.3 3 14 7.53 (0.19) 14.1 (1.3) 16.5 0 44 7.84 (0.42) 0.11 (0.11)
UWM 17.5 (1.5) 19.5 0 17 14.9 (1.3) 13.5 (1.3) 15.8 0 54 14.7 (0.29) 0.14 (0.13)
UWU 17.0 (1.5) 18.9 0 22 14.3 (0.34) 13.0 (1.3) 15.3 0 52 20.03 (0.34) 0.16 (0.15)
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size range), and we denoted it the fraction allocated
to somatic growth.

Candidate models and statistical analyses

Due to the clustered design and repeated measures,
we had to account for nonindependence in the data to
avoid pseudoreplication. The nonindependence was
induced by correlation in the grouping factors. The
mixed-effects model permits the data to exhibit corre-
lation and nonconstant variability and consists of
both fixed and random effects (Littell et al. 2006).
The fixed-effects variables set up the overall model
structure, whereas the random effects allow for site-
and time-level variation in the relationship (as sites
have differing productivity and physical habitat char-
acteristics that also vary over time). In matrix nota-
tion, it can be represented as

y¼XbþZcþ e;

where y denotes the vector of the observed values, X
is the known fixed-effects design matrix, b is the
unknown fixed-effects parameter vector, Z is the
known design matrix for random effects, c is a vector
of the unknown random-effects parameters, and e is
an unknown random error vector whose elements are
not required to be independent and homogenous
(Pinheiro & Bates 2000).
We built model structures a priori to test hypothe-

ses of the relationships between mass and growth and
energy allocation, respectively (objective 1), and
between growth rate, density, discharge, flow veloc-
ity and maintenance metabolic cost (objective 2). For
each fixed-effects model structure, we specified three

types of random effects (random slope, random inter-
cept and random slope and intercept), each constitut-
ing a unique model (Table 2). In all but the flow
velocity models, the grouping factors were space
(site) and time (visit). We truncated the data set to
only include sites with 5 or more recaptured individu-
als per visit to avoid bias (Burnham & Anderson
2002). We used SAS v.9.2 Proc MIXED (SAS Insti-
tute, Cary, NC, USA) specified with the Kenward &
Roger (1997) approximation of denominator degrees
of freedom in the model and maximum likelihood as
the estimator. The null model likelihood ratio test
was significant for all models (P < 0.0001), and we
hence specified an unstructured covariance structure
(SAS Institute, 2008).
We used an information theoretic criterion to

assess the relative plausibility of these candidate
models (Akaike 1973; Burnham & Anderson 2002).
Information theoretic data analysis is based on Kull-
back–Leibler information, which is the information
lost when statistical models are used to approximate
full truth. Akaike’s information criterion (AIC) is
given as

AIC¼�2 ln ð‘ðĥjÞdataÞþ 2K;

where ln ð‘ ðĥ j dataÞÞ is the value of the maximised
log-likelihood over the unknown parameters, given
the data and the model, and K is the number of esti-
mable parameters in that model. The model with the
lowest AIC value is the best approximating model of
the data. The models i were ranked using the simple
AIC differences, Δi, given as Δi = AICi – AICmin. To
make interpretation and inference easier, we norma-

Table 2. Model selection results for the candidate models of n = 446 growth histories of subyearling steelhead, O. mykiss. Shown are the model structures,
the grouping factors, random effects, number of parameters and the AIC score. The models are grouped by comparison class and the Akaike weights (wis)
reflect this classification.

Class Fixed-effects structure Grouping Random effects K AICi wi

1a Growth = b0 + b1 mass Time*space Intercept + slope 5 454.0 0.46
Time*space Intercept 4 453.7 0.54
Time*space Slope 4 469.5 0.00

1b Fraction = b0 + b1 mass Time*space Intercept + slope 5 �589.0 0.92
Time*space Intercept 4 �584.1 0.08
Time*space Slope 4 �577.6 0.00

2 Growth = b0 + b1 density Time*space Intercept + slope 5 Did not converge
Time*space Intercept 4 465.6 0.00
Time*space Slope 4 480.2 0.00

Growth = b0 + b1 discharge Time*space Intercept + slope 5 Did not converge
Time*space Intercept 4 453.6 0.00
Time*space Slope 4 490.3 0.00

Growth = b0 + b1 flow velocity Space Intercept + slope 5 Did not converge
Space Intercept 4 500.6 0.00
Space Slope 4 498.0 0.00

Growth = b0 + b1 metabolic cost Time*space Intercept + slope 5 396.5 1.00
Time*space Intercept 4 444.0 0.00
Time*space Slope 4 431.9 0.00
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lised the likelihood functions of the models, so that
they sum to 1. The probability of model i being the
best approximating model in the set is called the
Akaike weight (wi) and is given as

wi ¼
exp � 1

2Di
� �

PR
r¼1 exp � 1

2Di
� �

We performed one comparison for the growth mass
models (class 1a), the fraction mass models (1b) and
the growth–abiotic/biotic factor models (2). The rank
of the various models depends on the comparison
made, and these are displayed with their Akaike
weights in Table 2. For each comparison, we pro-
vided parameter estimates for models with strong rel-
ative support (i.e. wmax/wi < 2). For these models,
we present the estimated total variance, the propor-
tion of the variance attributed to overall model fit (e)
and the random intercept term (g), parameter esti-
mates (b) and associated standard errors (SE) in
Table 4.

Results

There was substantial variation in growth rates, body
size and energy allocation among the study sites
(Table 3). Accounting for site and time effects, we
found that individual growth rates were negatively
related to mass (n = 446, Table 4). The random
intercept model was the best approximating model
(wi = 0.54; Table 2, class 1a), and the random inter-
cept and slope model was the second best
(wi = 0.46), both showing a negative relationship
between mass and growth rates (Table 4). Further,
the fraction of consumed energy allocated towards
somatic growth was also negatively related to fish

mass, with the random intercept and slope model
being the best in the candidate set (Table 2, class
1b).
Among the models relating individual growth rate

to density, discharge, flow velocity and maintenance
metabolic cost (as incurred by the temperature and
the mass of the fish), the random intercept and slope
model of metabolic cost was the single best approxi-
mating model (Table 2, class 2, wi = 1.00), showing
a negative relationship between growth rate and met-
abolic cost (Table 4). Most of the variance (93%)
was caused by the random intercept. The models
relating individual growth to density, discharge and
flow velocity received no relative support.
Because metabolic cost was such an important fac-

tor governing growth in our study system, we further
analysed how it related to temperature and fish mass.
Holding temperature constant at 12.5 °C, the relation-
ship between maintenance metabolic cost and the
corresponding absolute ration showed that the con-
sumption rates decreased with fish mass, from 242
J�g�1�day�1 for 2.5 g fish to 155 J�g�1�day�1 for
85 g fish (Fig. 2). However, the associated ration
sizes increased fivefold over the same size interval,
from 606 to 3090 J, respectively. Holding mass con-
stant, the energetic demand for maintenance metabo-
lism increases nonlinearly up to ca 15 °C and then
tapers off for the size range considered (Fig. 3).
The energetic demands incurred by site-specific

temperature were overall the highest from mid-June
to mid-September (Fig. 4). The largest difference in
temperature between the coolest and warmest site
was seen in late July, but due to the nonlinear rela-
tionship between temperature and maintenance
metabolism, the difference in energetic demand was
greater later in the season. For example, metabolic

Table 3. Table shows the average and standard deviation in parentheses of the growth rates, mass, metabolic cost and energy allocation for n recaptured
individuals in each site during the month of September, 2010. Sites USL, USM and USU (shaded) had low numbers of recaptured fish (< 5) and were not
included in the models listed in Table 2.

Site n Growth (% per day) Mass (g) Metabolic cost (J�g�1�day�1) Fraction

LLL 5 1.24 (0.18) 11.5 (3.5) 140 (5) 0.49 (0.035)
LLU 20 1.08 (0.26) 7.7 (3.5) 160 (15) 0.43 (0.072)
LSX 7 1.30 (0.29) 5.0 (1.8) 119 (33) 0.57 (0.11)
MLX 46 1.12 (0.45) 9.0 (3.6) 153 (23) 0.45 (0.12)
ULL 33 0.60 (0.34) 5.6 (2.0) 175 (21) 0.28 (0.14)
ULM 8 0.50 (0.19) 4.7 (1.2) 156 (54) 0.30 (0.16)
ULU 18 0.90 (0.31) 5.0 (1.5) 169 (18) 0.38 (0.09)
UML 9 0.97 (0.21) 7.2 (2.6) 137 (31) 0.46 (0.10)
UMM 12 1.47 (0.55) 5.6 (1.4) 125 (19) 0.57 (0.074)
UMU 14 0.66 (0.20) 3.9 (0.73) 155 (17) 0.32 (0.073)
USL 2 0.16 (0.45) 4.2 (0.21) 133 (54) 0.51 (0.21)
USM 3 1.07 (0.29) 6.2 (1.2) 145 (12) 0.44 (0.089)
USU 1 1.11 2.9 165 0.43
UWL 6 0.66 (0.29) 3.4 (0.75) 130 (29) 0.32 (0.14)
UWM 15 1.17 (0.28) 5.7 (1.6) 141 (17) 0.49 (0.072)
UWU 21 0.67 (0.28) 3.8 (0.83) 172 (16) 0.31 (0.11)
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costs were 177 J in the coolest reach and 207 J in
the warmest reach on July 25, whereas during cold
conditions on November 6, the values were 72 and
137 J, respectively.
Taken together, this suggests that larger fish could

not consume enough energy past keeping up with their
maintenance metabolism and that temperature
appeared to be a more important factor in determining
individual growth than were density, flow and dis-
charge.

Discussion

We found that growth rates and energy allocation
were negatively related to body mass and that main-
tenance metabolic cost was the strongest predictor of
the variation in growth rates. The bioenergetic model
showed that mass-specific metabolic costs decreased
with mass, but the absolute energetic demands
increased over the same size range. Further, tempera-
ture has a multiplicative effect on metabolism, rising
nonlinearly to approximately 15 °C. Taken together,
our results suggest that the effect of food limitation
increased with fish size, primarily due to tempera-
ture-induced metabolic cost.

Identifying the drivers of variation in individual
growth performance has been a key focus area for
research on stream-rearing juvenile salmonids. For
individuals that experience the same environment,
studies have documented individual growth variation
resulting from the time of emergence and size at age
(Chandler & Bjornn 1988), behaviour (Abbott et al.
1985; Vøllestad & Quinn 2003; Einum et al. 2012),
ontogenetic stage (Metcalfe 1998) and, more recently,
individual differences in physiology (Reid et al.
2011, 2012). Standard metabolic rate can vary con-
siderably among individuals in a population and
relate to dominance through the aggressive behaviour
of acquiring access to food and shelter (Biro &
Stamps 2010; Reid et al. 2011). However, dominance
is not beneficial unless the food resources are ample
and predictable, which is generally not the case in
natural streams (Abbott & Dill 1989; Reid et al.
2012). Further, in structurally complex environments
such as natural streams, the dominant individuals are
less likely to monopolise feeding stations (Martin-
Smith & Armstrong 2002; Vøllestad & Quinn 2003;
H€ojesj€o et al. 2004; Reid et al. 2012).
Our results show that, in habitats that approach and

temporarily exceed the thermal tolerance for cool

Table 4. Parameter estimates for the best approximating models for the comparisons made in Table 2. Abbreviations in the header are comparison class (Cls.)
and variance (Var.). Abbreviations in the table are intercept (i) and slope (s) for the random term. The fixed-effects parameter b0 refers to the intercept and b1
refers to the slope of the linear mixed-effects model.

Cls. Model c e Var. % e % g b0 (SE) b1 (SE)

1a Growth = mass i, s 0.131 0.242 54 45 1.04 (0.0848) �0.0239 (0.0115)
Growth = mass i 0.135 0.241 56 44 1.04 (0.0737) �0.0236 (0.00635)

1b Fraction = mass i, s 0.0125 0.0220 57 42 0.420 (0.0261) �0.00543 (0.00402)
2 Growth = metabolic cost i, s 0.108 1.59 7 93 1.57 (0.261) �0.00435 (0.00182)

y = 295.5x–0.216

y = 295.5x0.784
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Fig. 2. Calculated consumption rates to
cover maintenance metabolic cost (circles,
J�g�1�day�1) and associated daily ration
size (triangles, J) as functions of fish mass
(range 2.5–85 g) at 12.5 °C. The
relationship was generated by the
bioenergetic model parameterised by
values in Appendix S2.
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water species such as steelhead, temperature and
associated metabolic costs can be an important bottle-
neck to individual growth. Although mass-specific
metabolic cost decreases with fish mass, the ration
necessary to maintain body mass increases substan-
tially. Further, the fraction of the total consumption
allocated to growth was negatively related to mass.
This strongly suggests that the possible advantages of
large body size in acquiring resources are offset by
the associated metabolic costs. Such energetic bottle-
necks have previously been shown to limit both indi-
vidual growth and population densities of O. mykiss
in warm, food-limited streams (Railsback & Rose
1999; Boughton et al. 2007; McCarthy et al. 2009;
Hartson & Kennedy 2014). For example, McCarthy
et al. (2009) found that juvenile steelhead growth in
California streams was limited by elevated tempera-
tures and feeding rates. In a study that investigated

the relationship between temperature and food,
Boughton et al. (2007) found that food supplementa-
tion greatly increased average growth rates, but also
inflated the variation among individuals at high tem-
peratures. An earlier study in Lapwai Creek reported
on interacting effects of density and body size that
resulted in decreased apparent survival among the
largest individuals, most significantly during periods
and at locations where densities were highest (Hart-
son & Kennedy 2014).
When we considered biotic and abiotic factors that

have the potential to affect growth rates, but that var-
ied among the study sites, we found maintenance
metabolic cost (as driven by temperature) to be a bet-
ter approximating model of the variation in growth
rates than were density, discharge and flow velocity.
Other studies that have investigated differential habi-
tat use with contrasting temperature regimes have
found strong effects of temperatures when they
approach tolerance levels. When comparing growth
and energetics across two Lake Michigan tributaries
that differed in temperatures by <3 °C, Godby et al.
(2007) found that steelhead in the warmer tributary
had to feed 84% more to achieve the same growth
rates as in the cooler tributary. Hayes et al. (2008)
found overall low summer growth rates in a Califor-
nia watershed, but faster growth was achieved by
individuals rearing in a warm, but productive estua-
rine lagoon. Finally, during very warm, low-flow
conditions, Nielsen et al. (1994) found that juvenile
steelhead sought refugia in thermally stratified pools.
These results underscore the importance of tempera-
ture on growth.
One potential reason that we found energetic cost

as induced by high temperatures to be more impor-
tant than the other factors is that the study was con-
ducted under low-flow conditions. Consequently, the
parameter range of the factors examined in this study
reflected this. Other factors, such as seasonal floods,
cold winter temperatures and stochastic events,
clearly pose important constraints on survival and
growth during the juvenile stage (Jensen & Johnsen
1999; Quinn 2005); however, they were of overall
lesser importance in this study.
A major strength of our approach was that we

could account for thermal and allometric effects in
the bioenergetic model when comparing energetic
constraints across sites (Hewett & Kraft 1993). With
an overall warming trend in streams in the Columbia
River Basin due to climate change (Barnett et al.
2004), there is an increased need to understand the
relationships between habitat, growth opportunities
and life-history expression (McCarthy et al. 2009;
Hegg et al. 2013). Clearly, a number of factors in
addition to temperature are projected to change and
must be taken into consideration when predicting
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range changes and population viability (Isaak et al.
2010; Wenger et al. 2011); however, this study has
documented a potentially important mechanism oper-
ant during summer low-flow conditions.
Key drivers of growth variation result from a

complex interplay between habitat configuration,
food availability and predictability, and population
density through which individual physiological char-
acteristics are mediated (Reid et al. 2011, 2012).
These conditions vary, and their relative importance
is context-dependent (Elliott 1994; Gibson 2002;
H€ojesj€o et al. 2004; Quinn 2005; Hartson &
Kennedy 2014). In our study system, the effects of
temperature had the greatest effect on subyearling
growth rates, indicating that the metabolic costs of
larger relative body mass outweigh the possible
competitive advantage of acquiring resources. We
conclude that high water temperatures pose energetic
bottlenecks and can be a potentially strong mecha-
nism limiting growth in juvenile salmonids in sum-
mer (Railsback & Rose 1999; Boughton et al.
2007). This relationship has some potentially impor-
tant consequences for population regulation. As indi-
viduals grow and their absolute energetic demands
increase, the temperature-induced metabolic costs
also increase. By such, the temperature in concert
with density-dependent competition can create ener-
getic bottlenecks and contribute to population regu-
lation (Lob�on-Cervi�a 2007; McCarthy et al. 2009).
With stream temperatures projected to increase in
the Columbia River Basin with climate change
(Barnett et al. 2004), such bottlenecks can become
increasingly important as ecological and evolution-
ary drivers (Harvey et al. 2006; Crozier et al. 2008;
Kovach et al. 2012; Hegg et al. 2013).
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