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Abstract
1.	 As air temperature increases, it has been suggested that smaller individual body 

size may be a general response to climate warming. However, for ectotherms 
inhabiting cold, highly seasonal environments, warming temperatures may in-
crease the scope for growth and result in larger body size.

2.	 In a long-term study of individual brook trout Salvelinus fontinalis and brown trout 
Salmo trutta inhabiting a small stream network, individual lengths increased over 
the course of 15 years. As size-selective gains and losses to the population acted 
to reduce body sizes and mean body size at first tagging in the autumn (<60 mm) 
were not observed to change substantially over time, the increase in body size 
was best explained by higher individual growth rates.

3.	 For brook trout, increasing water temperatures during the spring (when both 
trout species accomplish most of their total annual growth) was the primary 
driver of growth rate for juvenile fish and the environmental factor which best 
explained increases in individual body size over time.

4.	 For brown trout, by contrast, reduction in and subsequent elimination of ju-
venile Atlantic salmon Salmo salar midway through the study period explained 
most of the increases in juvenile growth and body size.

5.	 In addition to these major trends, a considerable amount of interannual variation 
in trout growth and body size was explained by other abiotic (stream flow) and 
biotic (population density) factors with the direction and magnitude of these ef-
fects differing by season, age-class and species. For example, stream flow was 
the dominant growth rate driver for adult fish with strong positive effects in the 
summer and autumn, but flow variation could not explain increases in body size 
as we observed no trend in flow.

6.	 Overall, our work supports the general contention that for high-latitude ec-
totherms, increasing spring temperatures associated with a warming climate 
can result in increased growth and individual body size (up to a point), but 
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1  |  INTRODUC TION

Temperature drives the energetics and metabolic processes un-
derlying somatic growth of species whose internal temperatures 
largely reflect environmental temperature (ectotherms; Forster 
et al.,  2012; Ohlberger,  2013). These processes translate into ef-
fects on individual body size and population size structure, with 
major implications for population resilience and in the case of har-
vested populations (fisheries, forestry), economic value. Given the 
generality of observed and forecasted increases in environmental 
temperatures (Stocker et al., 2013), what are the likely impacts on 
body size and what can different sources of information (theory, 
laboratory and field experiments) tell us about mechanisms and 
consequences under climate change? Based on energetics, and ex-
tending more broadly into the Metabolic Theory of Ecology (MTE) 
(Brown et al., 2004; Gillooly et al., 2001), the baseline expectation of 
a warming environment is a reduction in individual ectotherm body 
size as an increasing proportion of the energy budget is devoted to 
temperature-driven increases in metabolic rate (Killen et al., 2010; 
Sheridan & Bickford, 2011) and physiological components of heat-
related stress. These considerations, in conjunction with climate-
related impacts on development and life history, have led to the 
suggestion that decreasing individual body size may be a broadly 
observed response to climate warming (Ohlberger, 2013; Sheridan 
& Bickford, 2011). Several studies have clearly demonstrated reduc-
tions in individual body size that were directly linked to a warming 
climate (Baudron et al., 2014; Forster et al., 2012; Ozgul et al., 2009), 
while others have found age-dependent (Huss et al., 2019; Smoliński 
et al., 2020) or season-dependent (Rogers et al., 2011) reductions in 
body size related to increasing temperature.

Fishes represent a valuable study system for research on this 
question, and the impacts of climate-driven changes in individual 
body size are particularly relevant for fish and fisheries conserva-
tion and management. As ectotherms, somatic growth and size are 
strongly temperature-dependent and thermal performance rela-
tionships for many species have been well characterized (Childress 
& Letcher, 2017; Dell et al., 2011; Payne et al., 2016). However, for 
most fishes, growth performance declines at low as well as high 
temperatures (Payne et al., 2016). In highly seasonal, high-latitude 
environments, this growth curve suggests that growth may be tem-
perature limited and warming environmental temperatures may 
move fish closer to their growth performance optima and result in 
increased individual body size. Approaching the growth maximum 
of the parabolic growth curve may be particularly important during 

the spring season, where prey availability in both lentic and lotic 
environments tends to be high, temperatures have not yet reached 
summer maxima, and as a result fish often obtain a large percentage 
of their total annual growth (Bacon et al., 2005; Letcher et al., 2022).

While some empirical and modelling results have provided sup-
port for this prediction of larger body size in fishes under climate 
warming in high-latitude aquatic ecosystems (Huss et al.,  2019; 
Rogers et al., 2011), others have emphasized important caveats, con-
text dependencies and interactive effects (Lindmark et al.,  2018). 
Using bioenergetics models, Hill and Magnuson  (1990) found that 
warming temperatures would result in higher growth rates and 
larger body size in several fish species in the Laurentian Great Lakes 
of North America, but only if prey availability did not decrease. 
Empirical and modelling results associated with a long-term study of 
migratory brown trout in England (Elliott & Elliott, 2010) observed 
increasing growth and size at age with warming temperatures during 
the spring high-growth period, and made the key observation that 
increases associated with spring warming outweighed reductions in 
growth during summer even for quite large (>3°C) increases in water 
temperature. Similarly, for stream and river fishes, climate change 
can influence the frequency, duration, timing and magnitude of 
stream flow (Siddique et al., 2020) which may then influence individ-
ual growth and size, and long-term studies have found direct effects 
of flow, and flow and temperature interactive effects on individual 
growth and body size (Stoffels et al., 2020; Xu et al., 2010).

In addition to abiotic factors, climate change can also influence 
individual fish growth and body size via changes in survival and 
population density, which then translate into density-dependent ef-
fects on growth and size (Bassar et al., 2016; Lindmark et al., 2018). 
Ecological niches and habitat relationships of many fish species also 
change substantially over ontogeny, largely as a function of individ-
ual body size (Lindmark et al., 2018). Additionally, fish assemblages, 
particularly in freshwater habitats, have been heavily influenced by 
invasions (Leprieur et al., 2008) and extirpations (Burkhead, 2012), 
the pace of which has increased greatly in the Anthropocene and 
is expected to continue. Variation in these factors is likely to gen-
erate different responses to changing environmental tempera-
tures and require the ability to integrate the stage-specific effects 
over the entire life history to assess population-scale implications 
(Peralta-Maraver & Rezende, 2020; Rogers et al., 2011; Sheridan & 
Bickford, 2011).

Long-term population studies, particularly those that have docu-
mented concordant increases in environmental temperature, can be 
particularly relevant and useful for identifying patterns and mechanisms 

context-dependent change in other factors can substantially contribute to both 
interannual variation and longer-term effects.

K E Y W O R D S
Atlantic salmon, brook trout, brown trout, climate change, stream ecology, stream flow, stream 
temperature
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related to a changing climate (Huss et al., 2019; Smoliński et al., 2020; 
Stoffels et al., 2020). Effective long-term studies in this context share 
several critical features. First, analysis of the data must be able to de-
termine the mechanisms (growth rate, size-selective mortality, phenol-
ogy) underlying changes in individual body size, and the multiple biotic 
and abiotic factors (including environmental temperature, population 
density and community structure) that could additively or interactively 
drive variation in body size. For example, unprecedented rates of both 
invasions (Mačić et al., 2018) and extirpations (Singh, 2002) make it in-
creasingly likely that while the climate warms, species assemblages will 
change significantly over the course of long-term studies, affecting inter-
specific interactions which may influence growth and body size (Reuman 
et al., 2014; Walter et al., 2017). Second, for highly seasonal environ-
ments, the pattern of somatic growth, and the intensity and direction 
of any size-dependent process including temperature effects on growth 
may differ strongly across seasons, making it imperative to understand 
season-specific changes and correlations. Finally, in strongly age- and 
size-structured populations, the direction, magnitude and mechanism of 
changes in body size may differ among age-classes (Lindmark et al., 2018) 
as a result of fundamental differences in thermal niches and thermal per-
formance relationships and also differences in the interactions among 
vital rates (e.g. between pre-reproductive and adult life-history stages).

In this paper, we use a long-term, intensive study of non-
migratory brook trout and brown trout in a small stream network 
to address the effects of changes in water temperature and other 
abiotic and biotic factors on individual body size. Our long-term 
(15 years), intensive (individually tagged fish, seasonal samples each 
year) approach allows us to ask the following fundamental questions:

1.	 Was there an observed trend in body size over the course of 
the experiment?

2.	 What mechanisms (phenology, size-selection, body growth) best 
explain trends in body size?

3.	 Which changes in abiotic (seasonal and annual temperature, flow) 
or biotic (interspecific or intraspecific density) factors are related 
to changes in body size? How do these factors interact?

4.	 How do trends in, and drivers of, individual body size differ be-
tween species and age classes?

Our goal is to provide a valuable case study and contribute to 
the emerging body of theoretical and empirical work on individual 
body size and population size structure in the context of a changing 
climate.

2  |  MATERIAL S AND METHODS

2.1  |  Study area

2.1.1  |  Field site

The study area is a small stream network in western Massachusetts, 
USA, consisting of a mainstem and three tributaries (Figure  1) 

embedded in mixed hardwood forest with a dense canopy and 
light farming and residential areas (watershed area  =  11.8  km2). 
The mainstem (West Brook; WB) is a third-order stream with an 
average wet width of 4.5 m. The streambed is mainly cobbles with 
sporadic bedrock and boulders. Stream habitat consists of mostly 
riffles with occasional glides and pools. While we also sampled 
the three tributaries, here we report on growth results only for 
the mainstem to simplify the presentation. The WB study area 
consisted of an approximately 1-km long reach (Figure 1). A small 
(approximately 0.5  m, depending on stream flow), but passable 
waterfall defined the bottom of the study area. The upstream 
boundary of the study area was open and fish could freely pass in 
either direction.

All study locations contained naturally-reproducing populations 
of brook trout Salvelinus fontinalis and brown trout Salmo trutta. 
Atlantic salmon Salmo salar fry were stocked into the WB in spring 
from 1997 through 2004; juveniles were present in the system until 
2007. We do not present growth results for salmon here as they 
were not present for the duration of the study. Brook trout and 
brown trout life cycles and the timing of sampling in relation to life 
events are described in Figure 1 (below). The only other fish species 
found consistently in the study area was blacknose dace Rhinichthys 
atratulus, but densities were commonly low (<10 per 20 m section) 
and although effects of dace on trout growth are unknown, they are 
likely low as dace were rare and were commonly found in different 
microhabitats than trout. Trout were not stocked in the study area 
and fishing pressure was very low (<10 observed anglers during the 
study).

2.1.2  |  Fish sampling

Here, we report on brook and brown trout growth rates for sam-
pling that began in 2000 and continued through 2015. Sampling 
adhered to the U.S. Geological Survey (USGS) Eastern Ecological 
Science Center animal care and use policy (under IACUC 1997-
01C). Scientific collection permits for fish sampling were ob-
tained each year of the study from the Massachusetts Division of 
Fisheries and Wildlife, (series 97-15SCP). The study reach was di-
vided into 47, contiguous 20-m long sections and each section was 
sampled consecutively from downstream to upstream. Sampling 
consisted of isolating the study section with temporary block nets 
at the top and bottom of the section and conducting two-pass 
backpack electrofishing (300–400 V unpulsed DC). Captured fish 
were anaesthetized, measured for length (±1 mm, fork length), and 
scanned for a tag and tagged if no tag was present and the fish was 
>60 mm. All fish, tagged and untagged, were measured. Although 
not reported here, we also weighed (g, wet weight) each fish and 
took an anal fin clip for genetic analysis. We used 12-mm full-
duplex passive integrated transponder (PIT) tags for individual fish 
identification (Digital Angel). Tags were inserted through a thin 
abdominal slit made with a small scalpel (Gries & Letcher, 2002). 
Tagging mortality was rare and tagging has minimal impact on fish 
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F I G U R E  1  Map of the study area in Massachusetts, USA (above) and a representation of trout life cycles and our sampling strategy (below). 
In the map, the mainstem (West brook) and tributary watersheds are colour-shaded and the tagging study area is shown with black and 
white dashes. Impassible (square) and passable (circle) waterfalls are indicated on the stream network (blue lines). The map was made using 
ArcMap v10.8.1 and datasets included the National Hydrography Dataset (U.S. Geological Survey, 2020b), the National Elevation Dataset (U.S. 
Geological Survey, 2020a) and the National Hydrography Dataset Plus High Resolution Dataset for flow lines (U.S. Geological Survey, 2018). In 
the life cycle graph, the spiral represents aging across seasons (vertical and horizontal lines) from spawning through the spring of age-2+ (trout 
can live to age-4+, but we limit to age-2+ for simplicity). Spawning occurs between autumn and winter and embryos incubate in streambed 
gravels over the winter. Fry emerge from the gravel in early spring and are large enough to tag in the autumn of their first year (age-0+). 
Tagging samples are represented by open circles and the closed blue circles represent ages at which adults could contribute to spawning (here, 
age-1+ through age-4+). The thicker line on the spiral represents the range of ages used for ‘growth year 0/1’ described in the text.
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growth and survival (Gries & Letcher, 2002; Sigourney et al., 2005). 
Following recovery from anaesthesia, fish were returned to the 
approximate centre of the study section. Sampling occurred four 
times per year, corresponding roughly with the winter and sum-
mer solstice, and spring and autumn equinox. Depending on the 
number of fish captured and weather, a sampling occasion took 
between 7 and 25 days to complete. Longer sampling occasions 
typically resulted from floods causing unsafe and inefficient sam-
pling conditions.

We installed PIT tag antennas (Zydlewski et al., 2006) at the top 
and the bottom of the study area to allow estimates of permanent 
emigration from the study site (see Horton et al., 2007; Horton & 
Letcher, 2008 for details). If a fish was last observed on an antenna, 
it was coded as a permanent emigrant.

Water temperature (±0.1°C) was recorded every 2 h using tem-
perature data loggers (Onset Computer Corporation) housed in 
PVC pipe secured to a submerged rock. Stream level was also mea-
sured every 2 h using data loggers (Onset Computer Corporation) 
at the bottom of the study area. Continuous stream flow was esti-
mated using a flow extension model (Nielsen, 1999) based on data 
from a nearby USGS stream gage (Mill River) (see Xu et al., 2010 
for details).

2.1.3  |  Field data summary

We present data from 62 sampling occasions from 2000 to 2015. Ice 
accumulation prevented winter sampling in 2002, 2005, 2007, 2012 
and 2015 and led to incomplete sampling in 2003 (completed 30 of 
47 sections) and in 2004 (completed three of 47 sections).

Overall, we tagged 8556 brook trout, 6389 brown trout and 5032 
Atlantic salmon individuals in the WB. We captured these individuals 
14,948 (brook trout) and 12,655 (brown trout) times. Approximately 
25% of these captures were on consecutive occasions, allowing the 
possibility of direct calculation of individual growth rates at the scale 
of our sampling occasions. Non-consecutive occasions resulted from 
missing observations (fish not captured, but known alive); body sizes 
and growth rates for these occasions and intervals were estimated 
here using the growth model described below. Counting the num-
ber of sampling occasions between the first and last observation for 
each fish (including missing observations), we have in total 18,412 
(brook trout) and 16,510 (brown trout) occasions for which we can 
estimate growth with the model.

2.1.4  |  Definition of first growth year

As in a previous demographic analysis for brook trout (Letcher 
et al., 2015), we define ‘age’ based on growth and survival pattern 
differences between younger and older fish. In fisheries research, 
age is typically incremented on January 1, for example, fish in their 
first year before January =  age-0+. In our study area, strong sea-
sonal growth patterns result in marked size differences before and 

after spring. Based on these size differences, we chose to identify 
‘growth years’ (g) based on size differences rather than on the calen-
dar. Growth year ‘0/1’ fish included fall age-0+ fish and age-1+ fish 
in the spring (before the spring growth spurt, includes the winter to 
spring growth interval). Growth year ‘1+’ included all fish older than 
age-1+ in the spring.

2.2  |  Capture MARK–recapture model

2.2.1  |  Estimating survival and abundance

We used abundance estimates as input variables in the growth 
model. To estimate abundance, we simply divided total counts 
for each species on each occasion by the probability of detection. 
Detection was estimated using an hierarchical Cormack–Jolly–Seber 
(CJS) mark–recapture model (Kery & Schaub, 2011; Royle, 2008). As 
we were interested in detection on each occasion, we simplified a 
detailed CJS model (Letcher et al., 2015) by removing linear terms 
and retaining occasion-specific estimates in a hierarchical context. 
A CJS model estimates the alive state (zi,t, 1 = alive, 0 = dead) and 
the probability of capture 

(

pi,t
)

 for each individual (i) and sampling 
occasion (t) based on an encounter history of individual captures (oi,t , 
1 = captured, 0 = not captured for each t).

Capture probability is modelled as the probability of detection 
given the fish is alive at time t 

(

zi,t
)

 and available for capture 
(

1 − �i,t
)

,  
where �i,t was an indicator of observed permanent emigration based 
on the PIT tag antenna data. �i,t equalled 1 when fish were observed 
for the last time on a PIT tag antenna at the top (upstream boundary) 
or bottom (downstream boundary) of the study area and equalled 0 
otherwise. We also scaled p by the proportion of sections sampled 
during an occasion (�); for the vast majority of samples, this equalled 
1, but was <1 for the incomplete winter sampling occasions. Individual 
capture histories (o) provide data for the capture likelihood:

where s = season [1:4] and y = year [2000:2015]. We estimated values 
of p as simple intercepts for each combination of s, y, g:

Intercepts were modelled in hierarchical context with a random 
effect structure across y:

with weakly informative priors muPg ∼N
[

0,1.5
]

, truncated [−3.5,3.5], 
and sigmaPg ∼U

[

0, 10
]

.
Similarly, survival was modelled as the probability of being alive 

at t + 1, given being alive at t:

(1)oi,t
∼Bernoulli

(

pi,t ∙ zi,t ∙
(

1 − �i,t
)

∙ �s,y

)

(2)logit
(

pi,t
)

= �s,y, g

(3)�s,y, g ∼ N
(

muPs, g , sigmaPs, g
)

(4)zi,t+1 = Bernoulli
(

𝜑i,t ∙ zi,t
)

;t > fi
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where fi is the first capture occasion.

Survival intercepts were also modelled in hierarchical context with a 
random effect structure across y:

with weakly informative priors muPhig ∼N
[

0,1.5
]

, truncated [−3.5,3.5], 
and sigmaPhig ∼U

[

0, 10
]

.

2.3  |  Body size and growth analyses

2.3.1  |  Size-dependent losses and gains

Body size distributions can be influenced by size-dependent losses 
(emigration, mortality) and gains (immigration, growth to taggable 
size) within and across cohorts. Within cohorts, losses and gains 
could vary by age and across cohorts they could vary from year to 
year. Here, we evaluated whether losses or gains could contribute 
to the observed increases in body size across years. Gains could 
lead to increased body sizes if larger fish entered the tagged popu-
lation and the strength of this relationship increased over time. 
Likewise, losses could lead to increased body size if smaller fish 
were lost and the strength of the size-dependent loss increased 
over time. To evaluate the direction and strength in losses and 
gains, we coded each observation for each fish as either the first 
observation (gain) or the last observation (loss) and ran separate 
generalized linear models in R (binomial link function) for losses 
or gains. Independent variables included observed body length, 
cohort, species and an integer variable defining the combination 
of age in years and season (ageInSamples, 1–10 where 1 = age-0+ 
autumn and 10 = age-2+ winter). We conducted model selection 
using the Akaike information criterion (AIC) to identify a model 
for inference.

With the top model for both losses and gains, we report signif-
icance (p-values) for the interaction between body size and cohort 
where a detectable interaction indicates a change in the size-
dependent relationship over time. Because the models include com-
plex interactions among variables, we also present predicted values 
for losses and gains across age for the middle cohort (2008) to show 
the strength and direction of the size-dependent effects.

2.3.2  |  Statistical model for body growth

For brook trout and brown trout independently, we modelled body 
size (�i,t = length) as the change in length 

(

�i,t
)

 between consecutive 
sampling occasions:

Growth was modelled as:

where ��i,t was mean expected seasonal growth and sigma��s,r was the 
SD in expected seasonal growth rate. We multiplied ��i,t and sigma��i,t 
by di,t to account for unequal sample intervals among individuals. di,t 
represented the number of days between sampling occasions for each 
individual. For an occasion when an individual was not captured, we 
used the median sample date of the capture occasion. We modelled 
��i,t as a function of stream temperature (T), stream flow (F), body 
length (�), and estimated abundances of brook trout (nBKT), brown 
trout (nBNT) and Atlantic salmon (nATS):

where �′s were the intercept (subscript 0) or coefficients (subscripts 
1:10), T and F were average temperature or flow for each individual's 
sampling interval (di,t), length was either observed or estimated (latent) 
depending on whether the individual was captured on occasion t, the 
estimated abundances derived from the detection model and RE was 
a random effect for individual growth. All input variables were stan-
dardized to mean = 0 and SD = 1. Although not reported here, the 
structure of Equation (8) was determined using model selection based 
on minimum AIC using a linear mixed model for growth with individual 
random effects.

We modelled the SD of growth (sigma��) as a linear function of 
stream flow and temperature and their interaction. Initial analysis 
indicated that including length and the abundance estimates led to 
poor mixing during Markov chain Monte Carlo (MCMC) estimation 
so these variables were excluded from the estimation of sigma��.

As with mean growth, �s was the intercept (subscript 0) or coefficients 
(subscripts 1:3) and T and F were mean temperature and flow of each 
individual's sampling interval. We used a random effect structure 
across growth year for all �s,

with non-informative priors for �sMu (N[0,30]) and �sSD (U[0,100]). 
Code for the growth model is available in Supporting Information.

2.4  |  Model fitting

2.4.1  |  Parameter estimation

We used the programming environment ‘nimble’ (de Valpine 
et al., 2017) within R (Plummer et al., 2006) to code the model and 
to draw posterior samples for the parameters. We ran three chains 

(5)logit
(

�i,t

)

= �s,y, g

(5)�s,y, g ∼ N
(

muPhis,g , sigmaPhis, g
)

(6)�i,t+1 = �i,t + �i,t

(7)�i, t ∼ N
(

��i, t , , sigma��i, t
)

(8)

��i,t = �0,g,s+�1,g,s ∙Ti,t+�2,g,s ∙Fi,t+�3,g,s ∙Ti,t ∙Fi,t+�4,g,s ∙Ti,t
2

+�5,g,s ∙Fi,t
2
+�6,g,s ∙cBKTs,y,g +�7,g,s ∙�i,t+�8,g,s ∙nBNTs,y,g

+�9,g,s ∙nBKTs,y,g ∙nBNTs,y,g +�10,g,s ∙nATSs,y,g +REi

(9)
log

(

sigma��i,t
)

= �s0,g,s + �s1,g,s ∙ Ti,t + �s2,g,s ∙ Fi,t + �s3,g,s ∙ Ti,t ∙ Fi,t

(10)�s0:3, g, s ∼ N
(

�sMu0:3, s , �sSD0:3, s

)
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with 25,000 burn-in and 25,000 evaluation iterations. Chains were 
thinned to retain every 10th iteration. We assessed chain mixing 
using the ‘potential scale reduction factor’ (Brooks & Gelman, 1998) 
from the ‘coda’ package in r (values <1.1 indicate good mixing). We 
used overdispersed initial values for all parameters, except in the 
survival model where initial values of z were set to 1 from the oc-
casion of the first capture for each fish to the occasion of the last 
capture (NA otherwise).

2.4.2  |  Goodness of fit

We used posterior predictive checks for each species to assess 
goodness of fit (Gelman et al., 2004; Rubin, 1984). These checks in-
volve comparing observed data (�) with predicted data. Predicted 
lengths for each individual and occasion were generated during 
parameter estimation. From these data, we estimated Bayesian p-
values (Gelman, 2003) for each species. Bayesian p-values are the 
proportion of predicted data that are above observed data; values 
near 0.5 signify lack of bias in estimates. From these data, we also 
calculated root mean square error (RMSE) as an index of error in 
the estimates. To test how well the model could predict unobserved 
samples, we randomly left out 10% of the observed data in a cross-
validation exercise and calculated RMSE for those data.

2.4.3  |  Predicted values

Based on parameter estimates, predicted growth rates across model 
variable ranges (±1.5 SD) indicated patterns in main effects and two-
way interactions. To show trends without predictions of parameter 
uncertainty, we used mean parameter estimates across MCMC runs.

2.4.4  |  Sensitivity

To identify relative effects of model variables on growth rate, we 
calculated sensitivities using simulated growth across variable 
ranges (±1.5  SD). We projected growth by replicating the growth 
model (Equation 8), including variable interactions, random effects, 
estimates of SD in growth and estimates of uncertainty among 
MCMC runs. We ran projections for all combinations of the vari-
ables in Equation (8) at values of [−1.5, 0, 1.5] for each of the five 
variables, for a total of 243 combinations per replicate. To simulate 
parameter uncertainty, we ran 100 replicates, each with parameter 
estimates from a random non-replaceable draw of the MCMC pos-
teriors. Reflecting field conditions, we projected growth for 500 fish 
for each species with starting lengths drawn from a normal distribu-
tion (mean = 72 mm, SD = 9 mm) over 10 sampling occasions.

To estimate the effect of each variable on simulated growth, we 
calculated ‘relative importance’ (RI) using the calc.relimp function 
from the relaipmo r package. RI is the R2 contribution of each variable 
in a linear model. As RI is based on R2, estimates can be sensitive to 

variable ordering (Chevan & Sutherland,  1991). We used the ‘lmg’ 
option in calc.relimp() which estimates RI over all possible variable 
orderings. We report RI values for each species at three levels of 
organization, (1) across ages and seasons, (2) across seasons for each 
age and (3) for each age and season separately.

Finally, we evaluated the extent to which the range of observed 
stream temperature, flow or Atlantic salmon density (± 1.5  SD) 
alone could account for the range of observed body sizes. Selecting 
predictions for low or high values of flow or temperature with all 
other variable values set to 0, we plotted predicted size trajecto-
ries from 100 randomly selected MCMC iterations against observed 
size ranges to examine whether temperature, flow or salmon ranges 
were sufficient to explain observed size ranges.

3  |  RESULTS

3.1  |  Survival model

Average probability of detection (±SD) across seasons and years 
was 0.56 ± 0.15 for brook trout and 0.52 ± 0.14 for brown trout. 
Detection was highest in the autumn (0.64) and lowest in the spring 
(0.50) (Figure A1). Average probabilities of survival (season−1) 
were also similar for brook trout (0.62 ± 0.16) and brown trout 
(0.66 ± 0.16) and were highest in the spring (0.73) and lowest in the 
summer (0.57). Average survival was 0.65 in both the autumn and 
the winter.

3.2  |  Patterns over time

Stream flow was highly variable over time (Figure 2), in contrast to 
stream temperature which increased in all seasons. Temperature 
increases were statistically significant in spring (0.15°C/year) and 
summer (0.09°C/year) (Figure 3).

Estimated total abundance and abundances of each species were 
highly variable over time (Figure 4, see Figure A1 for probabilities 
of detection used to estimate abundances). There was no trend in 
brook trout and brown trout abundances over time (slopes not de-
tectably different from 0), while abundances of Atlantic salmon de-
clined (reflecting the cessation of stocking in 2004).

Average body lengths of both trout species increased over 
the course of the study (Figure 5), with yearly increases averaging 
1.90 mm/year and ranging between 0.34 and 3.62 mm/year across 
ages and seasons. On average, yearly increases in length (±SD) 
were greater for Brown trout (2.26 ± 0.96) than for brook trout 
(1.53 ± 0.76). Yearly increases were greater for older fish (Figure A2) 
and increased faster with age for brown trout (intercept  =  0.61, 
slope  =  0.30, p-value < 0.0001, r2  =  0.87, N  =  10) compared to 
brook trout (intercept = 0.46, slope = 0.20, p-value < 0.01, r2 = 0.55, 
N = 10).

Overall, observed growth rates (Figure  A3) were highly sea-
sonal, with at least 4-fold higher growth in the spring (0.43 mm/
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day ± 0.11 [mean ± SD]) compared to the other three seasons (sum-
mer  =  0.11 ± 0.88, autumn  =  0.12 ± 0.070, winter 0.067 ± 0.048). 
Growth was also about 70% higher for younger fish (growth year 1) 
compared to older fish and brown trout grew about 8% faster than 
brook trout.

Although average growth rates tended to increase across years 
for most combinations of age and season (Figure 6), growth increases 
were only detectable over time in the spring for age-1 fish. On av-
erage, growth rate increased 0.0025 ± 0.0037 mm/day, and growth 
increases were slightly higher for brown trout (0.0028 ± 0.0037) 
compared to brook trout (0.00223 ± 0.0039). Growth rate increases 
were substantially higher than average for both species in the spring 
(~0.01 mm/day).

3.2.1  |  Size-dependent gains and losses

For both gains and losses, the top model (gains ΔAIC  =  17, losses 
ΔAIC = 33) included full interactions among all independent variables. 
The lack of detectable interactions (p > 0.05) between body size and 
cohort indicated that the relationships between body size and gains or 
losses were not changing over time. Furthermore, the direction of pre-
dicted body size effects indicated that gains or losses should lead to 
smaller body sizes with higher gains of smaller fish across ages (Figure 7 
above) and generally higher losses of larger fish (Figure 7 below).

3.3  |  Modelled growth

The ‘potential scale reduction factor’ indicated good mixing (values 
were <1.1) for all parameters. Bayesian p-values (0.52 for both spe-
cies, Figure A4) suggested no bias in body size estimations, and RMSE 
values of 4.76 mm (brook trout) and 4.81 mm (brown trout) indicated 
low variation in estimated body sizes. RMSE increased to 6.55 mm 
(brook trout) and 6.54 mm (brown trout) for the observations that 
were left out of estimation during cross-validation (Figure A4).

3.4  |  Parameter estimates

Reflecting growth rate observations (Figure A3), intercepts from the growth 
model were greatest in the spring, higher for younger fish and generally 
higher for brown trout than for brook trout (Figure A5, Table A1). Estimated 
standard deviation in growth was also higher in spring than in the other 
seasons, was very low in the winter and was typically lower for younger fish 
in the spring and autumn, especially in brown trout (Figure A5).

It can be challenging to interpret parameter estimates in models with 
interactions, but some patterns emerge including (1) similar effect sizes 

F I G U R E  3  Average (±SD) stream temperature (°C) for each 
season (the range of dark grey to light grey corresponds to spring, 
summer, autumn, winter) over the course of the study in the West 
brook, Massachusetts, USA. Lines represent linear regressions 
and numbers near the beginning of each set of points are slopes (* 
signifies p-values <0.05).

F I G U R E  2  Average (±SD) stream flow (m3 s−1) for each season over the course of the study in the West brook, Massachusetts, USA.
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and directions between species, (2) a strong positive effect of tempera-
ture in the spring but not in the other seasons, (3) strong positive ef-
fects of flow in spring and summer and negative effects in the winter, 
(4) a negative interaction between temperature and flow in the spring, 
(5) negative squared flow and temperature estimates in the spring, (6) 
positive effects of body size for young fish but negative length effects 
for older fish, and (7) and variable effect directions for brook trout abun-
dance and generally negative effects of brown trout and Atlantic salmon 
abundance (Figure A5). Similarly, patterns in the parameter estimates for 
the standard deviation of growth included (1) mixed effects of tempera-
ture with strong positive effects in the spring and negative effects in the 
winter for brown trout, (2) strong positive effect of flow in the summer 
for both species and (3) a positive interaction between temperature and 
flow in the summer (Figure A6). Interactions among parameters and size 
trajectory predictions can be explored with a web application available 
here: https://usgs.gov/apps/ecosh​eds/#/westb​rook-trout/​predi​ctions.

3.5  |  Predictions

Predicted growth main effects mirrored parameter estimates 
(Figure  A7), while predicted interaction plots revealed strong 

interactions between flow and temperature in the spring and weaker 
effects in the other seasons (Figure  8). With warm temperatures in 
the spring, maximum growth occurred at intermediate flows, but as 
temperatures cooled, greater flow was required to reach maximum 
growth (Figure 8). Patterns in predicted spring growth as a function of 
flow and temperature were similar between species for growth year 0 
fish but differed substantially for growth year 1 fish, where maximum 
growth at a given temperature occurred at lower flow rates for brook 
trout, especially at warmer temperatures (Figure 8). Nonlinearities in 
growth were weak in seasons besides spring and interactions between 
flow and temperature generally resulted in faster growth with warm 
temperatures and higher flows (Figure 8).

3.6  |  Growth rate sensitivity

Analysing growth rate variance sensitivities by growth year across 
seasons revealed marked differences between age groups and 
between species for younger fish (Figure  9). For older fish, flow 
alone explained a very large proportion of the growth variation 
(>75%) for both species. In contrast, flow explained relatively lit-
tle growth variation for growth year 0/1 fish (Figure  9, top). For 

F I G U R E  4  Estimated abundances over time for brook trout (black), brown trout (grey), Atlantic salmon (light grey) and the sum of all three species 
(dashed line). Solid lines represent linear regressions of abundance over time for each species. Atlantic salmon fry were no longer stocked after 2004.
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growth year 0/1 brook trout, temperature explained the most 
growth rate variation (52%), while Atlantic salmon abundance ex-
plained the most variation in growth year 0/1 brown trout growth 
(46%). Subdividing sensitivities more finely (by age and season) 
identified seasonal effects of flow for older fish (Figure A8). For 
both species, flow accounted for >90% of growth rate variation in 
the summer and autumn.

Simulating growth trajectories at low and high values (−1.5 SD, 
+1.5  SD) of stream temperature, flow and Atlantic salmon abun-
dance revealed that temperature range alone could explain the ob-
served size range in brook trout and that Atlantic salmon range alone 
could explain the observed size range in brown trout (Figure  10). 

Low flows generated unrealistically small body sizes, suggesting the 
range of stream flows cannot explain the increasing trend of ob-
served size trajectories.

4  |  DISCUSSION

Our 15-year, intensive study of a small stream network revealed 
changes over time in both abiotic and biotic aspects of the sys-
tem. The major abiotic change was detectable increases in stream 
temperature in spring and summer. The primary biotic change was 
a decrease in abundance and eventual loss of juvenile Atlantic 

F I G U R E  5  Mean body length (mm) across years for each growth year (columns), season (rows) and species (brook trout = black, brown 
trout = grey). Numbers in the panels represent slopes of linear regressions of length over time (brook trout, top; brown trout, bottom) and 
the number of stars next to slopes indicated significance at p < 0.05 (*) or p < 0.001 (**). Age-0 means in the autumn include untagged fish 
<60 mm to represent the full size range of observed fish.
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salmon. Over the same time period, individual body size of both 
brook trout and brown trout increased over the course of the 
study. As observed size-selective gains and losses would have re-
sulted in smaller body sizes and size at first tagging did not change 
substantially over time, observed increases in body size were best 
explained by higher individual growth rates. For brook trout, in-
creasing water temperatures during the spring season, when both 
species accomplish most of their total annual growth, was the pri-
mary decadal-scale driver of somatic growth rate for juvenile fish 
and the environmental factor most related to increases in mean 
body size over time. For brown trout, by contrast, increased juve-
nile growth and body size were explained primarily by reduction 

in and subsequent elimination of juvenile Atlantic salmon Salmo 
salar midway through the study period. In addition to these major 
drivers, a considerable amount of interannual variation in growth 
and size was also explained by other abiotic (stream flow) and bi-
otic (population density) factors with the direction and magnitude 
of these effects differing by season and age-class. For example, 
variation in stream flow explained most of the interannual growth 
rate variation for adult fish, but there was no consistent trend in 
stream flow over time. Our work supports the general contention 
that for high-latitude ectotherms, increasing spring temperatures 
associated with a warming climate can result in increased growth 
and individual body size (Bacon et al.,  2005), but also illustrates 

F I G U R E  6  Mean growth rates (mm/day) across years for each growth year (columns), season (rows) and species (brook trout = black, 
brown trout = grey). Numbers in the panels represent slopes of linear regressions of length over time (brook trout, top; brown trout, bottom) 
and the number of stars next to slopes indicated significance at p < 0.05 (*).
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the way that multiple sources of change can complicate interpre-
tation and understanding of causal links. Furthermore, we contrib-
ute an example to the expanding literature of long-term, intensive 

population studies testing hypotheses about the effects of multi-
ple biotic and abiotic factors in the context of a changing climate 
(e.g. Ozgul et al., 2009).

F I G U R E  7  Strength of size dependence for the probability of entering (gain, above) or the probability of leaving (loss, below) the trout 
population across body size for tagged brook trout (black) and brown trout (grey) for different ages (columns) and seasons (rows). Lines 
represent predictions for the middle cohort from the study.
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The positive effect of increasing springtime water tempera-
tures on growth and size in north and north-temperate freshwater 
fishes was suggested by some of the earliest assessments of poten-
tial climate change impacts (Hill & Magnuson,  1990) and has sub-
sequently been supported by several studies (Bacon et al.,  2005; 
Elliott & Elliott, 2010). These findings appear to run counter to the 
MTE and other general predictions of smaller body sizes as environ-
ments warm (Killen et al., 2010; Pauly & Cheung, 2018) as well as 
several empirical examples (Baudron et al., 2014; Huang et al., 2021). 
Consideration of the environmental context of fish growth and size 
in high-latitude freshwater ecosystems suggests some likely expla-
nations. The spring season is generally characterized by high avail-
ability of aquatic invertebrate prey in both lotic (Angermeier, 1982) 
and lentic (Mittelback,  1981) habitats so that the increased meta-
bolic demands of warmer temperatures may be less of a factor than 
in other seasons. Furthermore, under the moderate (<20°C) water 
temperatures encountered during the northern and north temper-
ate spring seasons, fish foraging and prey capture success have 
been shown to increase with increasing temperatures, particularly 
for juvenile salmonids such as brook trout and brown trout feeding 

on drifting invertebrate prey (Hill & Grossman, 1993; Hughes & Dill, 
1990; Nislow et al., 1999). Our observation of growth requiring 
more flow at cooler temperatures is consistent with the need for 
higher flux rates of drifting invertebrate prey when temperature-
dependent capture success is low. Additionally, observed mean 
spring temperatures (9–12°C) were below the annual thermal op-
timum for brook trout (12°C) and brown trout (13°C) growth in 
the West Brook (Childress & Letcher,  2017), suggesting scope for 
increasing growth with warming spring temperatures. Given the 
generality of these considerations, in the absence of strong negative 
trends in prey availability, we expect that an increase in growth rate 
and body size may be frequently observed in many northern and 
north temperate freshwater fish populations.

More generally, these findings underscore the importance of 
seasonality in both individual growth and in the direction and magni-
tude of environmental change in estimating the impacts of a chang-
ing climate. While temperatures warmed in all four seasons during 
the course of our study, these increases had positive effects on 
growth during the spring where characteristic temperature ranges 
were generally below thermal optima for brook trout growth, but 

F I G U R E  8  Stream flow, temperature interaction effect on growth rate for brook trout (solid line) and brown trout (dashed line). 
Temperature is indicated by opacity, warmer = darker where light to dark ranges from −1.5 to 1.5 standard deviation units. Growth year 0/1 
fish are in the first row and growth year 1+ fish are in the second row.
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negative effects during the summer, where ranges were already 
above optimal values (see Huss et al., 2019; Rogers et al., 2011 for 
similar responses in marine fish). It is possible then that at some point 
increasing temperatures would have less of a positive effect during 
spring that could be outweighed by negative effects in the rest of 
the growing season, but because of the large proportion of growth 
accomplished during spring this would have to be a major shift in 
the temperature regime, to the point where other ecological factors 
would likely come in to play. Elliott and Elliott  (2010) observed a 
very similar pattern in migratory brown trout in their study stream in 
England and estimated that it would take three times the currently 
observed level of warming before growth and size would decline. In 
our study, another climate-driven environmental factor, stream flow, 

unlike stream temperature, did not exhibit a trend over time in any 
season. However, like stream temperature, the effect of stream flow 
on growth was season specific, with high flows decreasing growth in 
winter, increasing growth in summer, and having a strong interactive 
effect with temperature in spring. Without the seasonal resolution 
provided by our study, these pathways and effects would likely be 
obscured.

As observed for brook trout, individual body size and juvenile 
growth rates of co-occurring brown trout increased over time, and 
warmer spring temperatures positively influenced growth and size. 
Previously, we had reported (Letcher et al., 2022) that body size and 
cohort strength in the West Brook covaried for the two species over 
time and space, suggesting that these resident populations were 

F I G U R E  9  Relative proportion of 
variance in simulated growth rates 
explained by variables from the growth 
model for growth year 0/1 fish (above) and 
growth year 1+ (below) (mean ± 95% C.I. 
across Markov chain Monte Carlo [MCMC] 
interactions). Black bars = brook trout, grey 
bars = brown trout.
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responding to common environmental drivers. However, in the more 
detailed growth model presented here, we observed that the pri-
mary driver of body size increase for brown trout was the decline 

and elimination of juvenile Atlantic salmon (comprising over half 
of the total salmonid biomass during the peak of their abundance) 
over the course of the study. It is not surprising that juvenile salmon 

F I G U R E  1 0  Predicted body sizes for brook trout (first column) and brown trout (second column) for changes in temperature (first row), 
flow (second row) and Atlantic salmon (third row) holding all other variables constant at average values. Red (upper) lines are predictions 
using values of +1.5 SD for each variable and blue lines are for −1.5 SD individual lines are predictions from randomly chosen Markov chain 
Monte Carlo [MCMC] iterations and represent the uncertainty in model predictions. Vertical black lines represent ranges of body sizes 
observed during the field study (Figure 5).
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abundance had a stronger effect on brown trout than on brook trout 
given their distinct spatial distributions within the stream network 
(Letcher et al.,  2022). Essentially all juvenile salmon, and >95% of 
the brown trout observations were in the mainstem West Brook. In 
contrast, a substantial proportion of the brook trout population in 
the West Brook uses the two small salmon-free tributaries during 
some part of their life cycle. Furthermore, previous studies suggest 
that Atlantic salmon and brown trout may have greater overlap in mi-
crohabitat preferences (Heggenes et al., 2002) than do salmon and 
brook trout, which would also contribute to the stronger influence 
of salmon on brown trout, even if brown trout tend to be competi-
tively dominant over juvenile salmon (Armstrong et al., 2003; Burton 
et al., 2012) in direct interactions.

Body size increases in response to increasing temperatures may 
also have implications for species interactions and coexistence, an 
important consideration given that brown trout and brook trout 
are both invasive and invaded over parts of their native European 
and North American distributions (Korsu et al.,  2007; Krueger & 
May, 1991). In this study, growth and body size of both species in-
creased over time, but there was some indication that body size of 
brown trout, which are generally larger than brook trout in our study 
system, was increasing faster. Part of this difference may be due to 
their somewhat higher thermal optimum(13.3 vs. 11.9°C; Childress 
& Letcher, 2017) for growth of brown trout relative to brook trout. 
However, the influence of juvenile salmon on brown trout growth 
and size suggests that the presence of competitive species may, in 
some cases, interact with and modify the direct effects of a rising 
temperatures. It has been previously shown that for stream fishes, 
assemblage diversity can provide a measure of biotic resistance 
preventing the establishment of invasives (Gido et al.,  2004). Our 
results bring up the intriguing possibility that maintenance of as-
semblage diversity can mediate interspecific interactions that may 
otherwise result in competitive displacement or extirpation (Rahel 
& Olden, 2008). More specifically, our results provide an additional 
mechanism explaining the importance of small, species-poor head-
water streams to brook trout persistence and establishment in 
native and introduced settings (Letcher et al., 2007, 2022; Öhlund 
et al.,  2008). Finally, results also underscore the need to improve 
understanding of interactions between juvenile anadromous and 
resident salmonids in the context of a changing environment in com-
plex stream networks (Brenkman et al., 2008; Nislow et al., 2010). 
This is particularly relevant given that local abundance of anadro-
mous salmonids tends to exhibit considerable interannual variation 
(Elliott, 1994; Glover et al., 2020) and also given large-scale declines 
in anadromous stocks worldwide (Limburg & Waldman, 2009).

Increased spring water temperature and the presence of juve-
nile salmon were primary drivers of long-term increases in body size 
in our system, but other factors had important influences on growth 
and size. The most supported statistical model included direct and 
indirect effects of temperature, stream flow and density, with these 
effects varying across seasons, species and age-classes, and in some 
cases dominating the effects of temperature. As one example, for 
adult brook and brown trout, a large proportion (>75%) of the annual 

variation in growth and size was due to variation in stream flow. 
Incorporating these multiple biotic and abiotic drivers is essential to 
capture the multiple dimensions of climate change across a range of 
environmental settings. For example, in salmonid streams in western 
North America, water availability is more limited than in the east and 
most climate projections forecast even drier future conditions (Isaak 
et al., 2012). Stream flow has been found to be a dominant driver of 
size and growth and may become even more so in the future. This 
is consistent with our observation of >75% of the interannual vari-
ation in adult growth during the generally low-flow summer and au-
tumn seasons is positively associated with stream flow even under the 
mesic conditions of our region, and this influence may increase de-
pending on future changes in hydrologic regimes. In addition, changes 
in streamflow can have effects on size and growth mediated by biotic 
(density dependent) mechanisms. Density-dependent negative ef-
fects on growth and body size are ubiquitous in salmonids (Grant & 
Imre, 2005) and have been reported previously for our study system 
(Bassar et al., 2016; Letcher et al., 2022). Density-dependent effects 
(apart from the effect of juvenile salmon on brown trout) appear to 
be relatively small compared to other factors in our present analy-
sis. However, for fall-spawning salmonids (such as all three species 
in our study system), high flows during the winter incubation period 
have strongly negative impacts on recruitment and, by extension, 
population size and density (Bassar et al., 2016; Kanno et al., 2015). 
Forecasted increases in winter runoff and extreme flows in the North 
Atlantic region (Ning et al., 2015) via strong negative effects on cohort 
strength and population density may therefore exert a stronger influ-
ence on individual growth and body than currently observed.

Climate-driven impacts on growth and size have import-
ant implications for ecological roles and population dynamics. It 
will therefore become increasingly important to integrate these 
climate effects with other size-dependent processes influenc-
ing populations and species assemblages. For example, size-
selective harvest (fishing) and barriers to migration can strongly 
impact growth, body size and size-structure (Fraser et al.,  2014; 
Hutchings, 2005; Swain et al., 2007), sometimes in complex and 
unexpected ways (Czorlich et al.,  2022). Given that these influ-
ences may be under policy and management control, they could 
have the possibility of either ameliorating or exacerbating climate-
driven changes. Furthermore, in many size-structured popula-
tions, fecundity and reproductive value are size dependent and 
age dependent (Winemiller & Rose,  1992). Increases in growth 
and body size therefore have the potential to ameliorate popu-
lation declines, including those associated with climate change, 
via either indirect (density dependence) or direct (thermal perfor-
mance) mechanisms, but these dynamics are complex and have not 
been extensively explored. Models that integrate these effects on 
multiple vital rates and allow robust predictions are essential for 
this improved understanding.
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