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Introduction

Many organisms live in seasonal environments where they 
must cope with fluctuations in food availability. Winter in 
temperate and polar regions can be particularly challeng-
ing because food is typically limited or non-existent dur-
ing this time. As such, organisms must often rely on stored 
energy (Witter and Cuthill 1993; Berg and Bremset 1998; 
Næsje et al. 2006; Sheriff et al. 2013). However, depletion 
of these stores can have grave consequences, individuals 
with lower energy reserves being more prone to mortality 
through starvation (Haramis et al. 1986; Biro et al. 2004; 
Finstad et al. 2004; Krams et al. 2013), or greater exposure 
to predation through increased foraging activity (Bull et al. 
1996). Given the strong selection pressure to retain energy 
stores above critical limits (Biro et al. 2004), mechanisms 
that mediate the energy balance of organisms should be of 
vital importance.

The downregulation of baseline metabolic requirements 
(standard and basal metabolism in ectotherms and endo-
therms, respectively) in response to food scarcity is com-
mon among many animal species (Hervant et al. 2001; 
Ostrowski et al. 2006; McCue 2007; Nord et al. 2009; 
Roark and Bjorndal 2009; Auer et al. 2015a), and occurs 
over timescales from days to weeks (Fu et al. 2005; Van 
Leeuwen et al. 2012). In addition, many animals reduce 
their activity levels to varying extents during the winter 
months, either by entering hibernation (O’Farrell 1974; 
Tanaka 2006) or by reducing their foraging rates (Gardiner 
and Geddes 1980; Cunjak and Power 1986; Cotton and 
Parker 2000). However, members of a population can vary 
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considerably in how they respond to food scarcity: some 
individuals may decrease while others are less flexible or 
even increase their rates of metabolism (Fu et al. 2005; 
Auer et al. 2015a) or activity (Krause et al. 1998; Killen 
et al. 2011). This intraspecific variation in reversible pheno-
typic changes, or phenotypic flexibility (sensu Piersma and 
Drent 2003), of physiological and/or behavioral traits may, 
in turn, explain why some individuals deplete their energy 
reserves more quickly than others (Schultz and Conover 
1999; Biro et al. 2004; McKenzie et al. 2014). However, 
little is known about whether individuals exhibit parallel 
or contrasting changes in their metabolic and activity rates, 
and how these phenotypic changes collectively affect their 
overwinter performance.

Links between metabolic rate and behavioral traits have 
been hypothesized, but their functional basis is currently 
under debate (Careau et al. 2008; Biro and Stamps 2010; 
Mathot and Dingemanse 2015). On the one hand, baseline 
metabolism represents the summed energetic expense of 
maintaining all the systems and functions critical for life, 
so it may also reflect the energetic capacity to perform 
behaviors, including activity (performance model; Careau 
et al. 2008; Biro and Stamps 2010). Thus, individuals may 
show positively correlated changes in baseline metabolism 
and activity rate in response to food scarcity. Alternatively, 
competition for limited energy may lead to an allocation-
based trade-off between baseline metabolism and activity 
whereby energy diverted to one trait comes at a cost to the 
other (allocation model; Careau et al. 2008). Thus, individ-
uals may maintain their current baseline metabolic rate but 
then have to reduce their activity when food levels decline, 
or they may maintain their current activity rates but then 
need to reduce their resting metabolism, leading to a nega-
tive correlation between changes in the two traits. Finally, 
there may not be any functional linkage between the two 
traits (independent model; Careau et al. 2008; Mathot and 
Dingemanse 2015). Thus, individuals may undergo inde-
pendent, uncorrelated changes in their metabolism and 
activity rates.

The above models make distinct predictions for the 
covariance between rates of metabolism and activity, yet 
empirical evidence is thus far equivocal. Positive, negative, 
and nonsignificant intraspecific correlations have all been 
reported (Biro and Stamps 2010; Toscano and Monaco 
2015). However, there is also increasing evidence that the 
direction and magnitude of the relationship between the 
two traits can change with environmental circumstances, 
being significant under some but not all conditions (Kil-
len et al. 2013). For example, metabolic rate is positively 
correlated with rates of activity in European sea bass 
under the more stressful conditions of food deprivation or 
hypoxia but not when food or oxygen availability is high 
(Killen et al. 2011, 2012). These context-dependent links 

suggest that individuals may differ in the degree to which 
their metabolism relative to their activity level changes in 
response to food scarcity. However, intraspecific variation 
in the flexibility of both metabolic and activity rates has 
not yet been evaluated simultaneously. Thus, it is not clear 
whether and how these two traits covary and thus how they 
might together affect individual variation in overwinter 
performance.

We examined individual changes in both standard meta-
bolic rate (SMR) and activity level and their consequences 
for rates of lipid depletion among juvenile brown trout 
(Salmo trutta) experiencing simulated winter conditions 
of cold temperatures and progressively decreasing rations. 
Brown trout are known to downregulate their standard met-
abolic rate when food levels decline (Auer et al. 2015a). 
Juvenile salmonid fishes are also known to decrease their 
activity levels during the winter time, spending the daytime 
hidden in streambed refuges (Metcalfe et al. 1999) where 
they feed little (Gardiner and Geddes 1980; Metcalfe and 
Thorpe 1992) and rely heavily on their lipid stores (Berg 
and Bremset 1998; Finstad et al. 2004). Minimizing the rate 
of depletion of these energy reserves is essential for their 
overwinter survival (Biro et al. 2004; Finstad et al. 2004), 
so an individual’s ability to downregulate its metabolism 
and/or reduce its activity rates may therefore be an impor-
tant fitness determinant during this key time of the year.

Materials and methods

Fish origin and care

Trout (n = 25) were the offspring of wild-origin parents 
from the River Tweed, Scotland; the experimental fish were 
drawn at random from a stock population of 19 full-sib 
families. The fish had hatched over the 2013–2014 win-
ter and been reared under conditions of ad libitum food 
in communal stock tanks under ambient temperature and 
12L:12D light conditions in an indoor aquarium facil-
ity at the University of Glasgow. During December 2014, 
water temperature and light levels were set to constant 
winter conditions (7.5 °C and 8L:16D). In January 2015, 
after a month of acclimation to these ‘winter’ conditions, 
the fish were anaesthetized under a mild solution of ben-
zocaine (40 mg/L), weighed (±0.001 g), and then trans-
ferred to individual compartments in a flow-through stream 
system in the same aquarium facility and under the same 
conditions of light and temperature. The individual com-
partments were each equipped with a small shelter (pot-
tery chard) for the fish and were separated by a net parti-
tion that allowed fish to see one another but prevented 
the downstream movement of food (Auer et al. 2015b). 
Each fish was hand-fed twice daily with an individually 
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calculated ration of commercial pellets (EWOS, Westfield, 
UK) based on an equation modified from Elliott (1976) that 
predicts the daily caloric intake of brown trout needed to 
produce a moderate growth rate for a fish of a given body 
mass (W) in grams and at a given temperature (T): calo-
ries = 14 W0.737e0.128T. The daily ration (mg trout pellets) 
for each fish was roughly 0.4 % body mass per day and was 
determined by converting the required daily caloric intake 
into trout pellets (mg) using published values of the ener-
getic content of the trout pellets (EWOS, Westfield, UK).

Experimental protocol

In February 2015, after fish had been on this ‘intermedi-
ate’ ration for 1 month, their standard metabolic rate and 
body mass were determined, as well as other biometric 
measures of fish shape and size (for calculation of ini-
tial lipid content, see below). At this time, fish body mass 
and length ranged from 3.76 to 7.79 g (mean ± 1 SE: 
5.70 ± 0.24) and from 72.33 to 92.14 mm (mean ± 1 SE: 
82.65 ± 1.16), respectively. They were returned to their 
stream compartments, and their ration, in calories, was 
reduced to 3.2 W0.96e0.08T. Fish were fed this ration once 
daily for the first 2 weeks, twice weekly for the third week, 
and then not at all for the final 2 weeks of the experiment. 
These rations corresponded to roughly 0.1, 0.001, and 0 % 
of their body mass on a daily basis, respectively, and were 
designed to reflect a steady seasonal decrease in food avail-
ability (and so avoid an unnatural abrupt cessation of food). 
The 5 week duration of the experiment was chosen because 
brown trout are known to alter their SMR over that time 
period in response to changing food availability (Auer et al. 
2015a). As such, changes in activity levels, if any, were 
also expected to occur over that same time frame. Com-
partments were cleaned every 2–3 days to remove fecal 
matter and maintain water quality. Fish activity rates were 
recorded 1 week and then 5 weeks after their initial SMR 
measurements, corresponding to the first and last week of 
the 5-week food reduction period. Standard metabolic rate, 
body mass, and biometric measurements were determined 
again for each fish at the end of the 5 week period. Fish 
were then euthanized immediately, thereafter, with an over-
dose of benzocaine and frozen at −70 °C for analyses of 
lipid stores.

Metabolic rates

Standard metabolic rate was measured as the rate of oxy-
gen consumption using continuous flow-through respirom-
etry (Auer et al. 2015b). The experimental setup consisted 
of 14 glass chambers arranged in parallel and submerged in 
water. Aerated water was pumped via oxygen-impermeable 
tubing from an upper bin to each respirometry chamber 

and then past an oxygen sensor to a lower bin before being 
recirculated back to the upper bin. A chiller and UV steri-
lizer connected in series were used to keep the water at a 
constant 7.5 °C and to minimize background respiration 
rates, respectively. Oxygen concentration of the water flow-
ing out of the chambers was recorded every 2 s using multi-
channel oxygen meters and attached sensors and associated 
FireSting software (version 3.0, PyroScience, Aachen, Ger-
many). The main bin containing the respirometry chambers 
was insulated and covered in a dark cloth to keep fish activ-
ity to a minimum.

Fish were in a postabsorptive state prior to each meas-
urement of their metabolic rate (Rosenfeld et al. 2015)—
ensured on the first occasion by not feeding them for 48 h 
prior to measurements. They were then placed in individual 
respirometry chambers and their oxygen consumption was 
measured over a 22 h period (from roughly 1200–1000 the 
following day). One chamber was fish free and served as a 
control measure of background respiration rates. Flow rates 
were set to 1.05 L h−1 to allow detection of oxygen con-
sumption rates but not allow oxygen levels to drop below 
80 % saturation. Standard metabolic rate (mg O2 h

−1) was 
measured as MO2 = Vw × (CwO2control − CwO2fish), where Vw 
is the flow rate of water through the respirometry chamber 
(L h−1), and CwO2control and CwO2fish are the concentrations 
of oxygen (mg L−1) in the outflow of the chambers lacking 
and containing fish, respectively. Fish were measured in a 
total of two batches over 2 days (12–13 fish per batch) for 
both initial and final measurements. On each occasion, the 
standard metabolic rate for a fish was calculated by taking 
the mean of the lowest 10th percentile of oxygen consump-
tion measurements over the 22 h measurement period, and 
then excluding outliers, i.e., those measurements below two 
standard deviations from this mean (Auer et al. 2015b).

Activity rates

A digital camcorder (Panasonic HC-V700) was used to 
film the activity rates of fish in their individual compart-
ments of the stream system over 3 h episodes. Filming took 
place 1 week after the first metabolic rate measurement and 
then during the fifth week just before the final metabolic 
rate measurement. During the first week, filming started 
2–3 h after feeding. Fish divided their time between resting 
in various locations—inside, on top of, or beside the shel-
ter—and swimming quickly from one of these resting loca-
tions to another. A fish’s activity rate, measured only for 
the final 2 h of each filming episode to remove any poten-
tial biases caused by human presence during initial video 
setup, was quantified as the frequency with which it moved 
between these resting locations (Killen et al. 2012). Activ-
ity rate was then expressed as the mean number of such 
movements per hour.
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Lipid content

Fish were thawed and placed in 60 ml glass bottles in 
a drying oven at 60 °C for 4 days. A 4 day drying period 
was chosen because pilot trials on a different set of fish 
(n = 10) showed that they reached a constant body mass 
(±0.01 g) within that time frame. Fish were removed from 
the oven, weighed (=dry mass), and then submerged in 
diethyl ether. The following day, the ether was replaced 
by a fresh solution and the fish left submerged overnight. 
After this second 24 h period of submersion, the ether was 
clear and colorless indicating that all the lipids had been 
extracted and the fish had reached a constant lean mass 
(Reznick 1983). This method extracts non-polar lipids, the 
mobilizable energy substrates that trout are known to rely 
on throughout the winter (Berg et al. 2011). Fish were then 
dried overnight in a drying oven and weighed the next day 
(=lean dry mass). The lipid mass for each fish was calcu-
lated as the difference between the dry mass and the lean 
dry mass (Auer et al. 2010).

The relationship between lipid stores and biometric 
measures of each fish at the end of the experiment was then 
used to estimate its fat content at the start of the experi-
ment and thereby estimate the loss of its lipid stores over 
the food reduction period. Specifically, we first determined 
the relationship between lipid stores of fish and the follow-
ing biometrics measured at the end of the experiment (lin-
ear measurements were recorded ±0.01 mm using digital 
calipers): their final body mass (M), fork length (L), adi-
pose fin length (ADFL), body height (HO) and width (WO) 
taken just behind the operculum, body height (HD) and 
width (WD) taken at the point where the dorsal fin arises 
from the body, and body height (HA) and width (WA) 
taken at the point where the anal fin arises from the body 
(Simpson et al. 1992). Together, these biometric measures 
explained most of the variation in lipid stores (R2 = 0.90), 
so the equation relating lipid stores (g) to these biometric 
measures [lipid weight = 0.968 + 0.142 M − 0.024L + 0.
012ADFL − 0.034HO + 0.037HD + 0.027HA − 0.008W
O + 0.0001WD + 0.028WA] was then used together with 
those same biometric measures of the fish taken at the start 
of the experiment to predict the initial lipid content of each 
fish (based on methods described by Simpson et al. 1992). 
The specific, or proportional, loss of lipids over the experi-
mental period was calculated for each fish as: 100 * [log10 
(final lipid content) − log10 (initial lipid content)] (Jobling 
1983).

Statistical analyses

We first examined whether SMR changed over the experi-
mental period. The model included log10-transformed SMR 
as the dependent variable, measurement time (initial vs. 

final) as a fixed categorical effect, log10-transformed body 
mass at the time of each SMR measurement as a continu-
ous predictor, and individual identity as a random effect 
to account for the non-independence of repeated measure-
ments. SMR at the start and end of the experimental period 
may have been affected by activity rates (ACT), as postu-
lated by the allocation model, so ACT at each measurement 
time was included as a covariate. The same approach was 
used to test whether ACT changed over the experimen-
tal period while accounting for body mass and individual 
identity. Likewise, SMR at each measurement time was 
included as a covariate since it could have a positive or neg-
ative effect on ACT, as postulated by the performance and 
allocation models, respectively. We then examined whether 
there were consistent differences among individuals in their 
SMR and ACT across time, i.e., if their final SMR and 
ACT were positive functions of their initial SMR and ACT, 
respectively. We also tested separately whether the change 
in SMR (ΔSMR: final SMR − initial SMR) and the change 
in ACT (ΔACT: final ACT − initial ACT) were a function 
of initial SMR and ACT, after correcting for regression to 
the mean (Kelly and Price 2005). We then tested whether 
ΔSMR and ΔACT were correlated, after accounting for 
effects of initial SMR and ACT and regression to the mean 
(Kelly and Price 2005).

We then tested whether lipid stores decreased over the 
experimental period. The model included lipid stores (% 
wet mass) as the dependent variable, measurement time 
(initial vs. final) as a fixed categorical effect, and individual 
identity as a random effect. Finally, we examined whether 
a fish’s ΔSMR and ΔACT explained changes in its lipid 
stores (percent lipid loss, as defined above) while account-
ing for its initial SMR and ACT. Changes in lipid stores are 
known to be a function of a fish’s body size (Schultz and 
Conover 1999; Biro et al. 2004), so log10-transformed ini-
tial mass was also included as covariate. Changes in lipid 
stores could alternatively be related to the final SMR or 
ACT rather than ΔSMR or ΔACT, respectively. However, 
final SMR and ΔSMR were positively correlated (Pear-
son’s r = 0.69, p < 0.001) as were final ACT and ΔACT 
(Pearson’s r = 0.52, p < 0.001), so effects of ΔSMR and 
ΔACT were evaluated in a separate model from final SMR 
and ACT to avoid problems of collinearity.

SMR and activity were both functions of body mass, so 
mass-independent estimates, i.e., residuals of individual 
SMR (rSMR) and activity rates (rACT), were generated 
from their regression against body mass, standardised to 
a common mean body size of 5.5 g, and used in analyses 
of change where body mass was included as a covariate 
so as to avoid problems associated with their collinearity. 
Changes in SMR, ACT, and lipid stores may be a func-
tion of a fish’s body mass and/or lipid stores, so these vari-
ables were included as covariates in analyses of change, 
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but subsequently removed when nonsignificant (P > 0.05). 
Batch number was included as a random effect in all 
analyses to account for the order in which fish entered the 
experiment. Analyses were conducted using SPSS version 
22 (SPSS Inc., Chicago, IL, USA). Although percent lipid 
loss, metabolic and activity rates were modeled as con-
tinuous traits, we refer to their extremes in the Results and 
Discussion section simply to illustrate comparisons of indi-
viduals with contrasting responses. Effects were considered 
significant when p < 0.05. All means given are ±1SE.

Results

Changes in metabolic and activity rates

Log10-transformed SMR decreased over the food reduction 
period (Fig. 1a; t1,34.0 = −3.36, p < 0.01) after controlling 
for the positive effects of log10-transformed body mass 
(1.54 ± 0.28; t1,36.0 = 5.52, p < 0.001) and the negative 
effects of log10-transformed lipid stores (−0.39 ± 0.14; 
t1,25.8 = −2.86, p < 0.01). In addition, rACT had a nega-
tive effect on SMR (t1,30.9 = −3.58, p < 0.01), but the 
magnitude of its effect did not differ significantly across 

measurement times (t1,30.8 = 0.98, p = 0.34). Mean activity 
rate also decreased over the food reduction period (Fig. 1c; 
t1,26.6 = −2.16, p = 0.04) after controlling for the nega-
tive effects of body mass (−0.75 ± 0.32; t1,22.8 = −2.36, 
p = 0.03). In addition, rSMR had a negative effect on 
ACT (t1,44.4 = −2.21, p = 0.03) that did not differ across 
measurement times (t1,42.3 = 1.44, p = 0.16). Individu-
als differed considerably in how their SMR and ACT 
changed over the experimental period (Fig. 1b, d), but 
their final rSMR and final rACT were not functions of 
their initial rSMR (t1,23.0 = 0.31, p = 0.76) or initial rACT 
(t1,22.0 = 0.55, p = 0.59), respectively.

Covariance between metabolism and activity

ΔSMR was not a function of initial rSMR (t1,20.0 = 0.89, 
p = 0.38) or initial rACT (t1, 20.0 = −0.30, p = 0.77) but 
of initial body mass and lipid stores; individuals with a 
smaller initial log10-transformed body mass (1.43 ± 0.67; 
t1, 20.0 = 2.13, p = 0.04) and a larger initial lipid store 
(−1.22 ± 0.56; t1, 20.0 = −2.20, p = 0.04) reduced their 
SMR to a greater extent. Likewise, an individual’s ΔACT 
was not a function of its initial rSMR (t1,22.0 = −0.12, 
p = 0.91) or rACT (t1,22.0 = 0.15, p = 0.88).

Fig. 1  Mean and individual 
changes in standard metabolic 
rate (a, b), and activity rate 
(c, d) of juvenile brown trout 
(Salmo trutta, n = 25) over a 
5 week period of decreasing 
rations at 7.5 °C. Plotted are 
partial residuals evaluated at the 
means of all other predictors in 
the models
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While the relationship between SMR and ACT did not 
differ across measurement times (see above), their relation-
ship among individuals went from being nonsignificant at 
the start (Fig. 2; r = −0.17, p = 0.45) to statistically sig-
nificant and negative by the end of the experiment (Fig. 2; 
r = −0.69, p < 0.01). As such, ΔSMR was negatively 
correlated with ΔACT (r = −0.63, p < 0.01); individuals 
with the greatest decrease in their SMR tended to show no 
change and sometimes an increase in activity levels, and 
vice versa (Fig. 3).

Consequences for lipid stores

Estimated lipid stores (as a percentage of wet mass) 
decreased significantly over the 5 week experimental 
period (Fig. 4a; t1,24 = 23.9, p < 0.001), but individuals 
differed in their estimated percent loss (Fig. 4b). These 
individual differences in lipid depletion were explained 
by changes in metabolism and activity rates. Individu-
als with a larger initial log10-transformed body mass 
(97.25 ± 15.38, t1,19.0 = 6.32, p < 0.01), a greater decrease 
in rSMR (Fig. 5a; t1, 19.0 = −3.88, p < 0.01), a greater 
decrease in rACT (Fig. 5b; t1, 19.0 = −2.61, p = 0.01), 
and a lower initial rACT (−1.79 ± 0.84, t1, 19.0 = −2.13, 
p = 0.04) lost a smaller percentage of their lipid stores. 
However, percent lipid loss was not related to initial 
rSMR (t1, 19.0 = −1.84, p = 0.08). When final rSMR and 
rACT instead of ΔrSMR and ΔrSMR were included in 
the model, results were qualitatively the same except 
that initial rACT was no longer a significant predictor: 

individuals with a larger log10-transformed body mass 
(96.66 ± 15.35, t1,19.0 = 6.30, p < 0.01), a low final rSMR 
(−58.52 ± 15.06, t1, 19.0 = −3.89, p < 0.01), and a lower 
final rACT (−1.47 ± 0.55, t1, 19.0 = −2.67, p = 0.01) lost 
a smaller percentage of their lipid stores. However, these 
specific changes in lipid stores were not predicted by ini-
tial rSMR (t1, 19.0 = 1.50, p = 0.15) or initial rACT (t1, 

19.0 = −0.50, p = 0.62).

Discussion

Average rates of metabolism and activity decreased in 
response to food scarcity, yet individuals exhibited strik-
ing differences in their phenotypic flexibility. Interestingly, 
changes in metabolism and activity were negatively cor-
related; individuals that decreased their SMR to a greater 
extent did not change or even increased their activity rates 
and vice versa. These changes were significant predic-
tors of patterns of lipid depletion; individuals that reduced 
both their SMR and ACT to a greater extent during the 
experiment, and therefore had a lower final SMR and ACT, 
depleted fewer lipid stores than those individuals that were 
less flexible and had a higher final SMR and/or activity. 
These differences in flexibility led to 3-fold variation among 
individuals in the minimum and maximum loss of lipids.

The rank order of an individual’s SMR and ACT, i.e., its 
SMR and ACT relative to others in the population, is gener-
ally consistent over time when measured under standard-
ized conditions and/or short time intervals (Nespolo and 

Fig. 2  Correlation between activity and metabolic rates of juvenile 
brown trout (Salmo trutta, n = 25) at the start (initial: r = −0.16, 
P = 0.45) and end (final: r = −0.69, p < 0.01) of a 5 week period 
of decreasing rations at 7.5 °C. Values are standardized for the mean 
body mass of 5.5 g

Fig. 3  Correlation between changes in standard metabolic rate and 
activity rate (r = −0.63, p < 0.02) among individual juvenile brown 
trout (Salmo trutta, n = 25) over a 5 week period of decreasing 
rations at 7.5 °C. Plotted are partial residuals evaluated at the means 
of all other predictors in the model
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Franco 2007; Biro and Stamps 2010; Auer et al. 2016). 
However, there is increasing evidence that both SMR and 
ACT can change in response to food availability (McKech-
nie 2008; Killen et al. 2011; Auer et al. 2015a) as well as 
other factors such as temperature (McKechnie et al. 2007; 
Biro et al. 2010) and oxygen concentration (Hochachka 
et al. 1996; Killen et al. 2012). In addition, it is not well 
known whether an individual’s SMR and ACT in a given 
environment can predict its SMR and ACT if conditions 
change. Here, we found that individuals did not exhibit 
consistent differences in their metabolic and activity rates 
as food availability decreased over the 5 week period. 
This finding corroborates that reported for activity lev-
els of another fish species measured under varying lev-
els of water-oxygen concentrations (Killen et al. 2012) 
and for basal metabolic rates of a bird species measured 
across consecutive winters (Cortes et al. 2015). However, 

it differs from the higher degree of repeatability of SMR 
found in a salamander species under changing tempera-
tures (Careau et al. 2014). These contrasting results may 
arise due to a number of factors including differences in 
the type or magnitude of environmental change, responses 
of different species or traits to environmental variation, or 
variation in the interval duration between measurements. 
While the covariation between physiological and behav-
ioral traits across changing environments remains poorly 
studied, these results demonstrate at the very least that indi-
viduals do not always exhibit temporally consistent differ-
ences in their physiological and behavioral traits in variable 
environments.

Changes in metabolism and activity were not functions 
of initial SMR or ACT. Rather, they were affected by one 
another and in a negative direction. This negative rela-
tionship is consistent with predictions from the allocation 

Fig. 4  a Mean and b individual changes in lipid stores of juvenile brown trout (Salmo trutta, n = 25) over a 5 week period of decreasing rations 
at 7.5 °C

Fig. 5  Change in lipid stores 
of individual juvenile brown 
trout (Salmo trutta, n = 25) as 
a function of the change in their 
a standard metabolic rate and 
b activity rate after 5 weeks of 
decreasing rations at 7.5 °C. 
Plotted are partial residuals 
evaluated at the means of all 
other predictors in the model
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model that posits a trade-off among the two traits due to 
their common reliance on a limited energy source (Careau 
et al. 2008). However, individuals on the whole did not 
exhibit simple binary responses in which they decreased 
their energy allocation to one trait but not the other. At the 
extremes, some individuals reduced their SMR but not their 
ACT, while others reduced their ACT but not their SMR, 
but many more exhibited intermediate changes in both 
traits. These differences in phenotypic flexibility, in turn, 
led to a change in the statistical significance of the intraspe-
cific association between SMR and ACT; while the corre-
lation between the two traits did not differ between meas-
urements times, their relationship was statistically different 
from zero only under conditions of food deprivation and 
not when food was more available at the start of the experi-
ment. These results demonstrate that differences among 
individuals in their sensitivity to environmental change can 
influence the direction and magnitude of the association 
between physiological and behavioral traits at the among-
individual level and thereby explain, at least in part, why 
correlations can differ among studies and environmental 
conditions (Killen et al. 2013).

Estimated decreases in lipid stores are similar to those 
reported in semi-natural and field studies of overwin-
tering brown trout and other salmonid fishes (Gardiner 
and Geddes 1980; Berg and Bremset 1998). Yet, there 
was considerable variation around this average, with 
some individuals suffering twice the lipid loss of others. 
These differences among individuals were explained by 
variation in phenotypic flexibility, but why changes in 
metabolism and activity differed both within and among 
individuals is unclear. The downregulation of SMR in 
response to declining food availability is facilitated by 
changes in processes such as digestion and assimilation 
(Armstrong and Bond 2013), mitochondrial efficiency 
(Monternier et al. 2014), and/or respiratory substrate use 
(McCue 2010). Differences in these underlying functions 
may therefore explain why some individuals can respond 
more to a decline in food availability than others. How-
ever, while many individuals decreased their SMR and 
ACT, others did not change or even increased their SMR 
and/or ACT despite the associated decrease in their lipid 
stores to levels considered near to the minimum concen-
tration needed for survival (roughly 1 % wet mass; Biro 
et al. 2004). These contrasting responses in metabolism 
and activity levels among individuals strongly suggest 
that intraspecific variation in flexibility may be a con-
sequence not just of functional constraints but also of 
restraint (Auld et al. 2009). That is, there may be limits 
but also costs to flexibility that must be weighed against 
the benefits of maintaining energy reserves. With respect 
to metabolism, reductions in the masses of organs such as 
those associated with digestion are a cost-effective means 

of coping with decreases in food availability (Barboza 
et al. 2010; Armstrong and Bond 2013), but may be dis-
advantageous if their upregulation delays an individual’s 
ability to exploit resources once conditions improve (Bie-
bach 1998). Additionally, any further decrease in minimal 
energy expenditure may come at a cost to somatic mainte-
nance and repair needed for future survival. With respect 
to activity, individuals trying to manage their energy 
reserves over the winter face a double-edged sword: if 
they feed little, they may deplete their energy reserves and 
die of starvation, but if they attempt to forage to try and 
replenish their energy reserves, their increased activity 
rates require additional energy and may also increase their 
risk of predation in the wild (McNamara and Houston 
1990; Brodin 2007). Individual variation in metabolic 
and behavioral flexibility may therefore reflect alternative 
strategies for coping with food scarcity.

Changes in lipid stores were a function of the change in 
mass-independent SMR and ACT but also of initial body 
size, larger individuals losing a lower percentage of their 
lipids than smaller ones despite exhibiting smaller reduc-
tions in their SMR. This finding mirrors size-dependent 
patterns reported in other species (Lindstedt and Boyce 
1985; Krause et al. 1998; Schultz and Conover 1999; Biro 
et al. 2004). The lower levels of lipid depletion in larger 
individuals are thought to be a consequence of their lower 
mass-specific metabolism (Schultz and Conover 1999; Biro 
et al. 2004). However, activity rates also varied as a func-
tion of size, larger individuals being more sedentary than 
smaller ones. As such, size-differences in lipid depletion 
may be driven by the energy demands of both metabo-
lism and activity rates that, in turn, may help explain why 
smaller individuals often have higher overwinter mortality 
(Loison et al. 1999; Biro et al. 2004).

We suggest, here, that flexibility in standard metabolic 
rate and activity levels may be important mechanisms for 
maintaining energy stores during periods of low food avail-
ability. Flexibility in these traits likely plays an impor-
tant role in allowing organisms to cope with a diversity 
of environmental challenges. However, individuals can 
vary considerably in their phenotypic flexibility in both of 
these traits, and our understanding of the causes and con-
sequences of this intraspecific variation is still in a nascent 
stage. Given the current global scale of human alteration to 
both habitat and climate, there is an urgent need to quantify 
individual capacities for change and whether populations as 
a whole will be able to adapt to or cope with these new and 
changing environments. Standard metabolic rate and activ-
ity levels are fundamental traits underlying organismal per-
formance (Biro and Stamps 2010; Mathot and Dingemanse 
2015), so further study is needed to assess the costs, ben-
efits, and limitations of their flexibility in the face of this 
rapid environmental change.



711Oecologia (2016) 182:703–712 

1 3

Acknowledgments We are thankful to Travis van Leeuwen, Graham 
Law, Ross Phillips, and Alastair Kirk for their help in the maintenance 
and care of the fish prior to the experiment. We would also like to 
thank Marshall McCue and an anonymous reviewer for their helpful 
comments on the manuscript.

Author contribution statement SKA, KS, and NBM conceived the 
study; SKA and GJA undertook the experiments; SKA analyzed the 
data and drafted the manuscript; SKA, KS, and NBM contributed to 
manuscript revisions.

Compliance with ethical standards 

Funding This research was supported by an ERC Advanced Grant 
(Number 322784) to NBM.

Conflict of interest The authors declare that they have no conflict of 
interest.

Ethical approval All procedures were carried out under the jurisdic-
tion of a UK Home Office project license (PPL 60/4292) governed by 
the UK Animals Scientific Procedures Act 1986. All applicable institu-
tional and/or national guidelines for the care and use of animals were 
followed.

Open Access This article is distributed under the terms of the Creative 
Commons Attribution 4.0 International License (http://creativecom-
mons.org/licenses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate 
credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made.

References

Armstrong JB, Bond MH (2013) Phenotype flexibility in wild fish: 
Dolly Varden regulate assimilative capacity to capitalize on 
annual pulsed subsidies. J Anim Ecol 82:966–975

Auer SK, Arendt JD, Chandramouli R, Reznick DN (2010) Juvenile 
compensatory growth has negative consequences for repro-
duction in Trinidadian guppies (Poecilia reticulata). Ecol Lett 
13:998–1007

Auer SK, Salin K, Rudolf AM, Anderson GJ, Metcalfe NB (2015a) 
Flexibility in metabolic rate confers a growth advantage under 
changing food availability. J Anim Ecol 84:1405–1411

Auer SK, Salin K, Rudolf AM, Anderson GJ, Metcalfe NB (2015b) 
The optimal combination of standard metabolic rate and aerobic 
scope for somatic growth depends on food availability. Funct 
Ecol 29:479–486

Auer SK, Bassar RD, Salin K, Metcalfe NB (2016) Repeatability of 
metabolic rate is lower for animals living under field versus labo-
ratory conditions. J Exp Biol 219:631–634

Auld JR, Agrawal AA, Relyea RA (2009) Re-evaluating the costs 
and limits of adaptive phenotypic plasticity. Proc R Soc Biol Sci 
277(1681):503–511. doi:10.1098/rspb.2009.1355

Barboza P et al (2010) Digestive challenges for vertebrate animals: 
microbial diversity, cardiorespiratory coupling, and dietary spe-
cialization. Physiol Biochem Zool 83:764–774

Berg O, Bremset G (1998) Seasonal changes in the body composition 
of young riverine Atlantic salmon and brown trout. J Fish Biol 
52:1272–1288

Berg O, Rød G, Solem Ø, Finstad A (2011) Pre-winter lipid stores in 
brown trout Salmo trutta along altitudinal and latitudinal gradi-
ents. J Fish Biol 79:1156–1166

Biebach H (1998) Phenotypic organ flexibility in Garden War-
blers Sylvia borin during long-distance migration. J Avian Biol 
29:529–535

Biro PA, Stamps JA (2010) Do consistent individual differences 
in metabolic rate promote consistent individual differences in 
behavior? Trends Ecol. Evol. 25:653–659

Biro PA, Morton AE, Post JR, Parkinson EA (2004) Over-winter lipid 
depletion and mortality of age-0 rainbow trout (Oncorhynchus 
mykiss). Can J Fish Aquat Sci 61:1513–1519

Biro PA, Beckmann C, Stamps JA (2010) Small within-day increases 
in temperature affects boldness and alters personality in coral 
reef fish. Proc R Soc B-Biol Sci 277:71–77

Brodin A (2007) Theoretical models of adaptive energy management 
in small wintering birds. Philos Trans R Soc Lond Ser B: Biol 
Sci 362:1857–1871

Bull CD, Metcalfe NB, Mangel M (1996) Seasonal matching of for-
aging to anticipated energy requirements in anorexic juvenile 
salmon. Proc R Soc B-Biol Sci 263:13–18

Careau V, Thomas D, Humphries M, Réale D (2008) Energy metabo-
lism and animal personality. Oikos 117:641–653

Careau V, Gifford ME, Biro PA (2014) Individual (co) variation in 
thermal reaction norms of standard and maximal metabolic rates 
in wild-caught slimy salamanders. Funct Ecol 28:1175–1186

Cortes PA, Petit M, Lewden A, Milbergue M, Vezina F (2015) Indi-
vidual inconsistencies in basal and summit metabolic rate high-
light flexibility of metabolic performance in a wintering passer-
ine. J Exp Zool A Ecol Genet Phys 323:179–190

Cotton CL, Parker KL (2000) Winter activity patterns of northern 
flying squirrels in sub-boreal forests. Can J Zool/Rev Can Zool 
78:1896–1901

Cunjak RA, Power G (1986) Winter habitat utilization by stream resi-
dent brook trout (Salvelinus fontinalis) and brown trout (Salmo 
trutta). Can J Fish Aquat Sci 43:1970–1981

Elliott J (1976) The energetics of feeding, metabolism and growth of 
brown trout (Salmo trutta L.) in relation to body weight, water 
temperature and ration size. J Anim Ecol 45:923–948

Finstad AG, Ugedal O, Forseth T, Næsje TF (2004) Energy-related 
juvenile winter mortality in a northern population of Atlantic 
salmon (Salmo salar). Can J Fish Aquat Sci 61:2358–2368

Fu S-J, Xie X-J, Cao Z-D (2005) Effect of fasting and repeat feeding 
on metabolic rate in southern catfish, Silurus meridionalis Chen. 
Mar Freshwat Behav Physiol 38:191–198

Gardiner WR, Geddes P (1980) The influence of body composition on 
the survival of juvenile salmon. Hydrobiologia 69:67–72

Haramis G, Nichols J, Pollock K, Hines J (1986) The relationship 
between body mass and survival of wintering canvasbacks. The 
Auk 103:506–514

Hervant F, Mathieu J, Durand J (2001) Behavioural, physiological 
and metabolic responses to long-term starvation and refeeding in 
a blind cave-dwelling (Proteus anguinus) and a surface-dwelling 
(Euproctus asper) salamander. J Exp Biol 204:269–281

Hochachka P, Buck L, Doll C, Land S (1996) Unifying theory of hypoxia 
tolerance: molecular/metabolic defense and rescue mechanisms for 
surviving oxygen lack. Proc Natl Acad Sci USA 93:9493–9498

Jobling M (1983) Growth studies with fish—overcoming the prob-
lems of size variation. J Fish Biol 22:153–157

Kelly C, Price TD (2005) Correcting for regression to the mean in 
behavior and ecology. Am Nat 166:700–707

Killen SS, Marras S, McKenzie DJ (2011) Fuel, fasting, fear: routine 
metabolic rate and food deprivation exert synergistic effects on 
risk-taking in individual juvenile European sea bass. J Anim 
Ecol 80:1024–1033

Killen SS, Marras S, Ryan MR, Domenici P, McKenzie DJ (2012) A 
relationship between metabolic rate and risk-taking behaviour 
is revealed during hypoxia in juvenile European sea bass. Funct 
Ecol 26:134–143

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1098/rspb.2009.1355


712 Oecologia (2016) 182:703–712

1 3

Killen SS, Marras S, Metcalfe NB, McKenzie DJ, Domenici P (2013) 
Environmental stressors alter relationships between physiology 
and behaviour. Trends Ecol Evol 28:651–658

Krams I, Cīrule D, Vrublevska J, Nord A, Rantala MJ, Krama T 
(2013) Nocturnal loss of body reserves reveals high survival risk 
for subordinate great tits wintering at extremely low ambient 
temperatures. Oecologia 172:339–346

Krause J, Loader SP, McDermott J, Ruxton GD (1998) Refuge use by 
fish as a function of body length—related metabolic expenditure 
and predation risks. Proc R Soc B-Biol Sci 265:2373–2379

Lindstedt SL, Boyce MS (1985) Seasonality, fasting endurance, and 
body size in mammals. Am Nat 125:873–878

Loison A, Langvatn R, Solberg EJ (1999) Body mass and winter mor-
tality in red deer calves: disentangling sex and climate effects. 
Ecography 22:20–30

Mathot KJ, Dingemanse NJ (2015) Energetics and behavior: unre-
quited needs and new directions. Trends Ecol Evol 30:199–206

McCue MD (2007) Snakes survive starvation by employing supply-
and demand-side economic strategies. Zoology 110:318–327

McCue MD (2010) Starvation physiology: reviewing the different 
strategies animals use to survive a common challenge. Comp 
Biochem Physiol A: Mol Integr Physiol 156:1–18

McKechnie AE (2008) Phenotypic flexibility in basal metabolic rate 
and the changing view of avian physiological diversity: a review. 
J Comp Phys B 178:235–247

McKechnie AE, Chetty K, Lovegrove BG (2007) Phenotypic flexibil-
ity in the basal metabolic rate of laughing doves: responses to 
short-term thermal acclimation. J Exp Biol 210:97–106

McKenzie DJ et al (2014) Physiological mechanisms underlying indi-
vidual variation in tolerance of food deprivation in juvenile Euro-
pean sea bass, Dicentrarchus labrax. J Exp Biol 217:3283–3292

McNamara JM, Houston AI (1990) The value of fat reserves and 
the tradeoff between starvation and predation. Acta Biotheor 
38:37–61

Metcalfe NB, Thorpe JE (1992) Anorexia and defended energy levels 
in over-wintering juvenile Salmon. J Anim Ecol 61:175–181

Metcalfe NB, Fraser NH, Burns MD (1999) Food availability and 
the nocturnal vs. diurnal foraging trade-off in juvenile salmon. J 
Anim Ecol 68:371–381

Monternier P-A, Marmillot V, Rouanet J-L, Roussel D (2014) Mito-
chondrial phenotypic flexibility enhances energy savings during 
winter fast in king penguin chicks. J Exp Biol 217:2691–2697

Næsje T, Thorstad E, Forseth T, Aursand M, Saksgård R, Finstad A 
(2006) Lipid class content as an indicator of critical periods for 
survival in juvenile Atlantic salmon (Salmo salar). Ecol Freshw 
Fish 15:572–577

Nespolo RF, Franco M (2007) Whole-animal metabolic rate is a 
repeatable trait: a meta-analysis. J Exp Biol 210:2000–2005

Nord A, Nilsson JF, Sandell MI, Nilsson J-Å (2009) Patterns and 
dynamics of rest-phase hypothermia in wild and captive blue tits 
during winter. J Comp Phys B 179:737–745

O’Farrell MJ (1974) Seasonal activity patterns of rodents in a sage-
brush community. J Mammal 55:809–823

Ostrowski S, Mésochina P, Williams JB (2006) Physiological adjust-
ments of sand gazelles (Gazella subgutturosa) to a boom-or-bust 
economy: standard fasting metabolic rate, total evaporative water 
loss, and changes in the sizes of organs during food and water 
restriction. Physiol Biochem Zool 79:810–819

Piersma T, Drent J (2003) Phenotypic flexibility and the evolution of 
organismal design. Trends Ecol Evol 18:228–233

Reznick D (1983) The structure of guppy life histories: the tradeoff 
between growth and reproduction. Ecology 64:862–873

Roark AM, Bjorndal KA (2009) Metabolic rate depression is induced 
by caloric restriction and correlates with rate of development and 
lifespan in a parthenogenetic insect. Exp Gerontol 44:413–419

Rosenfeld J, Van Leeuwen T, Richards J, Allen D (2015) Relationship 
between growth and standard metabolic rate: measurement arte-
facts and implications for habitat use and life-history adaptation 
in salmonids. J Anim Ecol 84:4–20

Schultz ET, Conover DO (1999) The allometry of energy reserve 
depletion: test of a mechanism for size-dependent winter mortal-
ity. Oecologia 119:474–483

Sheriff MJ, Fridinger RW, Toien O, Barnes BM, Buck CL (2013) 
Metabolic Rate and Prehibernation Fattening in Free-Living 
Arctic Ground Squirrels. Physiol Biochem Zool 86:515–527. 
doi:10.1086/673092

Simpson AL, Metcalfe NB, Thorpe JE (1992) A simple non-destruc-
tive biometric method for estimating fat levels in Atlantic 
salmon, Salmo salar L., parr. Aquac Res 23:23–29

Tanaka H (2006) Winter hibernation and body temperature fluc-
tuation in the Japanese badger, Meles meles anakuma. Zool Sci 
23:991–997

Toscano BJ, Monaco CJ (2015) Testing for relationships between 
individual crab behavior and metabolic rate across ecological 
contexts. Behav Ecol Sociobiol 69:1343–1351

Van Leeuwen TE, Rosenfeld JS, Richards JG (2012) Effects of food 
ration on SMR: influence of food consumption on individual var-
iation in metabolic rate in juvenile coho salmon (Onchorhynchus 
kisutch). J Anim Ecol 81:395–402

Witter MS, Cuthill IC (1993) The ecological costs of avian fat stor-
age. Philos Trans R Soc B Biol Sci 340:73–92

http://dx.doi.org/10.1086/673092

	Flexibility in metabolic rate and activity level determines individual variation in overwinter performance
	Abstract 
	Introduction
	Materials and methods
	Fish origin and care
	Experimental protocol
	Metabolic rates
	Activity rates
	Lipid content
	Statistical analyses

	Results
	Changes in metabolic and activity rates
	Covariance between metabolism and activity
	Consequences for lipid stores

	Discussion
	Acknowledgments 
	References




