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Upper thermal limits of growth in brook trout and their relationship
to stress physiology
Joseph G. Chadwick1 and Stephen D. McCormick1,2,*

ABSTRACT
Despite the threat of climate change, the physiological mechanisms
responsible for reduced performance at high temperatures remain
unclear for most species. Elevated but sublethal temperatures may
act via endocrine and cellular stress responses to limit performance
in important life-history traits such as growth. Here, brook trout
(Salvelinus fontinalis) subjected to chronically elevated or daily
oscillating temperatures were monitored for growth and physiological
stress responses. Growth rate decreased at temperatures above 16°C
and was negative at 24°C, with an estimated upper limit for positive
growth of 23.4°C. Plasma cortisol increased with temperature and was
12- and 18-fold higher at 22 and 24°C, respectively, than at 16°C,
whereas plasma glucose was unaffected by temperature. Abundance
of heat shock protein 70 (HSP70) in the gill increased with temperature
and was 11- and 56-fold higher at 22°C and 24°C, respectively, than at
16°C. Therewas no relationship between temperature and plasmaCl−,
but there was a 53% and 80% decrease in gill Na+/K+-ATPase activity
and abundance at 24°C in comparison with 16°C. Daily temperature
oscillations of 4°C or 8°C (19–23°C or 17–25°C) were compared with
21°C controls. Growth rate decreased with temperature and was 43%
and 35% lower by length and mass, respectively, in the 8°C daily
oscillation treatment than in the controls. There was no effect of
temperature oscillation on plasma cortisol or glucose levels. In
contrast, gill HSP70 abundance increased with increasing daily
oscillation and was 40- and 700-fold greater at 4°C and 8°C daily
oscillation, respectively, than in the constant temperature controls. In
individuals exposed to 17–25°C diel oscillations for 4 days and then
allowed to recover at 21°C, gill HSP70 abundance was still elevated
after 4 days recovery, but not after 10 days. Our results demonstrate
that elevated temperatures induce cellular and endocrine stress
responses and provide a possible mechanism by which growth is
limited at elevated temperatures. Temperature limitations on growth
may play a role in driving brook trout distributions in the wild.
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INTRODUCTION
Climate change is one of the largest ecological challenges that
conservationists face today, and will provide many obstacles to
those attempting to manage natural resources. In spite of the

increasing attention to the ecological impacts of climate change, it is
still unclear what physiological mechanisms are important to the
response of individual species to climate change (Wikelski and
Cooke, 2006; Portner and Farrell, 2008; Portner et al., 2009).
Several integrative approaches indicate a decrease in aerobic scope,
growth and swimming performance at elevated temperatures that are
associated with cellular and physiological stress responses (Portner
and Farrell, 2008; Sokolova, 2013). Although somatic growth is a
key aspect of population persistence, our understanding of the
means by which temperature impacts growth is limited. Sublethal
temperatures may act via the stress response to inhibit growth in
individuals, thus constraining populations.

The eastern brook trout, Salvelinus fontinalis (Mitchill 1814), is
an iconic cold-water species of North America and, for many stream
systems, the most abundant vertebrate. Brook trout may be
particularly sensitive to increased water temperatures in response
to climate change, as local populations are spatially constrained to
stream networks. Previous brook trout habitat models suggest global
warming will lead to a significant loss of habitat throughout the
species range, with increasing impacts felt by southern populations
(Meisner, 1990; Flebbe et al., 2006). These models currently rely on
untested assumptions of the upper temperature limit of persistence
and would be improved with information on the upper thermal
limits for growth in this species. There are well-defined effects of
temperature on growth rates for most freshwater salmonids (Brett,
1979), and a number of studies have found 13–16°C to be optimal
for brook trout growth (Baldwin, 1956; McCormick et al., 1972;
Hokanson et al., 1973; Dwyer et al., 1983; McMahon et al., 2007),
but the upper limits for growth in brook trout have yet to be
determined. Recent field studies indicate that brook trout are not
present in waters above a 24-daymeanmaximum temperature of 22°C
(Wehrly et al., 2007). Additional work in a lentic system suggests
that populations are limited by temperatures above 20°C (Robinson
et al., 2010). Laboratory and field-based studies suggest the upper
incipient lethal temperature for brook trout is 25.3°C (Fry et al.,
1946; Fry, 1951; Wehrly et al., 2007). The disparity between the
lethal temperature and the temperature limits seen in nature suggests
that sublethal temperature effects play a crucial role in limiting fish
populations, perhaps through their impact on food consumption
and growth.

The majority of studies designed to investigate the impacts of
elevated temperature on physiology and whole-animal performance
use acute (hours) or chronic (days or weeks) elevated fixed
temperatures. While important, these constant exposure
experiments are inconsistent with what most species experience in
the wild. Daily variations in temperature are a normal part of life for
most habitats and as the climate warms many species will
experience daily temperature oscillations that feature stressfully
elevated temperatures. Daily temperature oscillations have been
shown to affect heat shock proteins (HSPs) and metabolic
adjustments in several salmonids (Callaghan et al., 2016). ThereReceived 14 April 2017; Accepted 25 August 2017
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is conflicting evidence on the impact of oscillating temperatures on
the growth of fishes (Hokanson et al., 1977; Thomas et al., 1986;
Meeuwig et al., 2004; Shrimpton et al., 2007), which may relate to
the highest temperature fish experience and the magnitude of
thermal variation.
There is increasing interest in utilizing mediators of the stress

response, such as increased plasma cortisol, glucose, lactate and
HSP expression as indicators of both individual- and population-
level responses to environmental stressors, including elevated
temperature (Wendelaar Bonga, 1997; Iwama et al., 1999, 2004;
Lund et al., 2002; Wikelski and Cooke, 2006; Wendelaar Bonga,
1997). Experimental warming of juvenile Chinook salmon and
rainbow trout resulted in elevated circulating cortisol and glucose
levels (Meka and McCormick, 2005; Quigley and Hinch, 2006).
Similarly, adult sockeye salmon exhibited elevated plasma cortisol
and lactate levels in response to increased temperature and exercise
(Steinhausen et al., 2008). A variety of studies have demonstrated
elevated HSPs in response to elevated temperature in a variety of
salmonid species in the laboratory (DuBeau et al., 1998; Smith
et al., 1999; Mesa et al., 2002; Lund et al., 2003; Rendell et al.,
2006; Stitt et al., 2014) and in the wild (Werner et al., 2005). Recent
laboratory and field work from our group indicate that acute
temperature thresholds for increased gill HSP70 (20.7°C) and
plasma glucose (21.2°C) in brook trout are similar to their proposed
thermal ecological limit of 21.0°C (Chadwick et al., 2015).
Sublethal temperatures may act via the stress response to inhibit
growth in individuals (Iwama et al., 1999), potentially limiting
populations (Portner, 2010).
Based on the studies cited above, we predicted that temperatures

above the optimum would result in a relatively steep decline in
growth rate, and that oscillating temperatures would result in
decreased growth compared with constant temperatures with the
same mean temperature. We also predicted that observed decreases
in growth due to temperature treatment would be accompanied by
increased endocrine (plasma cortisol) and/or cellular (HSP70)
stress responses. In order to test these predictions, we exposed brook
trout to constant elevated temperatures (target temperatures of 16,
18, 20, 22 or 24°C) or to daily temperature oscillations of 0, 4 or 8°C
(constant 21°C, 19–23°C or 17–25°C) for 24 days. In addition to
measuring growth, we collected blood and gill tissue to assess
biomarkers for stress, including gill HSP70, plasma cortisol and
glucose. We also examined gill Na+/K+-ATPase (NKA) activity and
abundance and plasma Cl− to explore the relationship between
temperature and osmoregulation. A third experiment was conducted
to examine acute responses and recovery from daily temperature
variations. Brook trout were exposed to the same daily temperature
variations as above for 1 day or 4 days, and then sampled 1 h, 2, 4
and 10 days later to determine the recovery period following daily
temperature oscillations.

MATERIALS AND METHODS
Fish stock
Juvenile (0+) brook trout were obtained from the Sandwich State
Hatchery (Sandwich, MA, USA) and brought to the Conte
Anadromous Fish Research Center (Turners Falls, MA, USA) in
July 2009 for the chronic elevated temperature study, and in July
2010 and 2011 for the oscillating temperature studies. Fish were
housed in 1.7 m diameter tanks (150–200 fish per tank) supplied
with 4 l min−1 of chilled Connecticut River water (16±2°C) and
given supplemental aeration. Fish were fed to satiation (Finfish
Starter, Zeigler Bros, Gardners, PA, USA) twice daily with
automatic feeders and maintained under natural photoperiod.

Rearing and experiments were carried out in accordance with
USGS Animal Care Guidelines under IACUC 9070. Fish were used
in the same year they were obtained so that 0+ fish of similar size
were used in all studies. During all experiments fish were fed a
commercial trout pellet (42% protein, 16% fat, Finfish Gold, Ziegler
Bros).

Experiment 1: chronic temperature growth study
In August 2009, one week before the start of the experiment, 80 fish
[12.4–15.8 cm fork length (FL)] were removed from their rearing
tank and lightly anesthetized with buffered and neutralized tricaine
methanesulfonate (50 mgMS-222 l−1, pH 7.0). While anesthetized,
the fish were measured for length (nearest 0.1 cm) and mass (nearest
0.1 g) and implanted with a passive integrated transponder (PIT) tag
inserted into the abdominal cavity via a small (∼5 mm) incision in
the ventral surface just rostral to the pelvic fins. After recovering
from the anesthetic, the fish were divided randomly into five 0.9 m
diameter experimental tanks (N=16 per tank). The tanks were
supplied with Turners Falls city water at a rate of 0.9 l min−1 and the
temperature was maintained at 16°C with 800 W titanium bayonet
heaters. Each tank was provided with supplemental aeration. Fish
were fed to satiation twice daily throughout the experiment. The
tanks were isolated from the rest of the laboratory so that the daily
feeding was the only disturbance that the fish experienced. At each
feeding, fish were carefully observed so that food was offered only
until the point where it was no longer being consumed (when one or
two pellets would drop to the bottom of the tank). The amount of
feed consumed at each feeding was measured to the nearest 0.1 g.

Feed was withheld from the fish for 24 h prior to the start of the
experiment and at any other time that length and mass were
measured. Seven days after PIT tags were implanted, fish were again
measured for length and mass and returned to their appropriate tank.
Water temperatures were then elevated at a rate of 2°C h−1 until the
target temperatures of 16, 18, 20, 22 or 24°C were reached. Each
tank was maintained at its specific target temperature for the
remainder of the study. The water temperature of each tank was
measured and recorded every 15 min using Hobo temperature
loggers (Onset Computer Corporation, Bourne, MA, USA). Water
flow rate and feeding regime were as described with a 75% water
change every 4 days. Dissolved oxygen levels were measured daily
and were always above 90% saturation.

The fish were measured for length and mass every 8 days for
24 days. On the eighth day half of the fish (N=8 per tank) were killed
using a lethal dose of anesthetic (100 mg MS-222 l−1, pH 7.0) so
that blood and tissue samples could be taken. The remainder of the
fish (N=8 per tank) were sampled after 24 days. Blood was collected
from the caudal vessels using 1 ml ammonium heparanized syringes
within 5 min of tank disturbance. The blood was spun at 3200 g for
5 min at 4°C and the plasma was aliquoted and stored at −80°C. A
biopsy of four to six gill filaments was taken from the first arch and
immersed in 100 µl of ice-cold SEI buffer (150 mmol l−1 sucrose,
10 mmol l−1 EDTA, 50 mmol l−1 imidazole, pH 7.3) and stored at
−80°C. The liver was removed, weighed (nearest 0.0001 g) and
stored at −80°C. After sampling the gills and blood, the remaining
carcass was reweighed and then dried to a constant mass (48 h) at
60°C to obtain dry mass for the calculation of conversion efficiency.

Experiment 2: oscillating temperature growth study
In October 2010, 90 fish (12.0–16.9 cm FL) were moved from their
rearing tank to one of nine 0.6 m diameter experimental tanks
(N=10 per tank) and allowed to acclimate for one week prior to the
start of the experiment. The fish were fed to satiation once daily and
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the tanks were supplied with 16°C Turners Falls city water at a rate
of 0.8 l min−1. The water temperature was increased from 16°C to
21°C over 48 h and then maintained at 21°C for 5 days. Each tank
received additional heated (34°C) city water as needed to achieve
the desired temperature. The heated water flowed through solenoid
valves (Granzow Inc., Charlotte, NC, USA) that were controlled by
Omega cn7500 controllers (Omega Engineering Inc., Stamford, CT,
USA) with resistance thermometer input installed on each tank. The
controllers were optimized to the testing conditions and
programmed to pulse the solenoid valves open and shut at
varying frequency to either maintain a set point or to achieve a
new set point within a predetermined time frame. Each tank was
provided with supplemental aeration.
The temperature regimes chosen for this study were based on

temperature records from known brook trout streams in western
Massachusetts (Chadwick et al., 2015). Feed was withheld from the
fish for 24 h prior to the start of the experiment. On the first day of
the experiment, all of the fish were lightly anesthetized (50 mg MS-
222 l−1, pH 7.0) so that length and mass could be recorded.
Additionally, each fish received a unique paint mark on either the
anal or caudal fin for individual identification purposes. Fish were
allowed to recover before being returned to their experimental tanks.
The three temperature treatments (three tanks per treatment) were
initiated that evening. Treatment 1 was a control group and was
maintained at 21°C throughout the study. Treatment 2 consisted of a
daily 4°C oscillation that fluctuated between 19°C and 23°C.
Treatment 3 consisted of a daily 8°C oscillation that fluctuated
between 17°C and 25°C. Treatments 2 and 3 were designed such
that the daily low temperature occurred at 06:00 h and the daily high
at 18:00 h so that the daily mean was 21°C. These temperature
treatments were repeated daily for 24 days. Water temperatures were
measured and recorded every 15 min using Hobo pendent
temperature loggers (Onset Computer Corporation). Fish were fed
to satiation once daily and the amount of feed offered was measured
by weight (nearest 0.1 g). Feeding occurred between 11:00 h and
12:00 h when all treatments were at 21°C. In this and all other
experiments dissolved oxygen levels were measured daily and were
always above 90% saturation. On day 6, a valve remained open in
one of our three control tanks and the subsequent temperature spike
killed all of the fish in the tank.
Every 8 days the fish were measured for length and mass as

described. On day 8, four fish per tank were killed using a lethal
dose of anesthetic (100 mg MS-222 l−1, pH 7.0) so that blood,
plasma and gill tissues could be sampled. FL (nearest 0.1 cm) and
mass (nearest 0.1 g) were recorded for each fish. Blood, plasma, gill
tissue and liver were collected as described above. The remaining
fish (N=6 per tank) were sampled after 24 days. All sampling
occurred between 09:00 h and 11:00 h.

Experiment 3: oscillating temperature acute exposure and
recovery
In September 2011, 160 fish (11.4–16.0 cm FL) were moved from
their rearing tank to one of 10 0.6 m diameter experimental tanks
(N=16 per tank) and allowed to acclimate for 11 days prior to the start
of the experiment. The fish were fed to satiation once daily and the
tanks were supplied with 18°C Turners Falls city water at a rate of
0.8 l min−1. The water temperature was increased from 18°C to 21°C
over 4 days and then maintained at 21°C until the start of the
experiment. The water temperature in each tank was regulated as
described above. Each tankwas provided with supplemental aeration.
Feed was withheld from the fish for 24 h prior to the start of the

experiment. There were five temperature treatments (two tanks per

treatment) used in this study. Treatment 1 was a control group and
was maintained at 21°C throughout the study. Treatment 2 consisted
of a daily 4°C oscillation that fluctuated between 19°C and 23°C.
Treatment 3 consisted of a daily 8°C oscillation that fluctuated
between 17°C and 25°C. Treatments 2 and 3 were repeated daily for
4 days. Treatments 4 and 5 featured the same temperature
oscillations as Treatments 2 and 3, but these fish only experienced
this fluctuation on 1 day and were otherwise kept at 21°C. On the
last day of exposure each treatment reached its peak temperature and
was allowed to return to 21°C where they were held for the
remainder of the study in order to investigate recovery time from
elevated temperatures. Temperature treatments were initiated in the
morning, so that peak temperature was reached in the afternoon as
would occur in nature.

Four fish per tank (N=8 per treatment) were sampled 1 h after
reaching peak temperature on the fourth day of treatment. Fish were
killed using a lethal dose of anesthetic (100 mgMS-222 l−1, pH 7.0)
so that tissues could be sampled as described. Four fish per tank
were sampled 2, 4 and 10 days after initial sampling as described.
All fish were fed to satiation on the morning after initial sampling
(1 day) and at 3, 5, 7 and 9 days and the amount of feed offered was
measured by weight (nearest 0.1 g).

Physiological parameters
Blood for hematocrit measurement was collected in heparanized
micro-hematocrit capillary tubes and centrifuged at 13,500 g for
5 min in a micro-hematocrit centrifuge and read on a micro-
capillary reader (Damon/IEC Division, Needham, MA, USA).

Plasma Cl− was measured by silver titration using a digital
chloridometer (Labconco, Kansas City, MO, USA). Plasma glucose
was measured by enzymatic coupling with hexokinase and glucose
6-phosphate dehydrogenase. Plasma cortisol levels were measured
by a competitive enzyme immunoassay validated for use in
salmonids (Carey and McCormick, 1998). Sensitivity, as defined
by the dose–response curve, was 1–400 ng ml−1. The lower
detection limit was 0.3 ng ml−1. Using a pooled plasma sample,
the mean intra-assay variation was 7.2% (N=6) and the mean inter-
assay variation was 11.8% (N=6).

NKA activity in gill homogenates was determined using a
temperature-regulated microplate method (McCormick, 1993). Gill
biopsies were homogenized in 150 µl of SEID (SEI buffer and 0.1%
deoxycholic acid). Ouabain-sensitive ATPase activity was
measured by coupling the production of ADP to NADH using
lactic dehydrogenase and pyruvate kinase in the presence and
absence of 0.5 mmol l−1 ouabain. Samples (10 µl) were run in
duplicate in 96-well microplates at 25°C and read at a wavelength of
340 nm for 10 min on a THERMOmax microplate reader using
SOFTmax software (Molecular Devices, Menlo Park, CA, USA).
Protein concentration of the homogenate was determined using a
BCA protein assay.

Gill HSP70 and NKA protein abundance were measured as
previously described (Pelis and McCormick, 2001; Chadwick et al.,
2015). The remaining homogenate from the gill NKA activity assay
was diluted with an equal volume of 2× Laemmli buffer, heated for
15 min at 60°C and stored at −80°C. Thawed samples were run on a
7.5% SDS-PAGE gel at 2.5 µg per lane with 5 µg Precision Plus
protein standards in a reference lane (Bio-Rad Laboratories,
Hercules, CA, USA). For each gel, two additional reference
samples were run: one for HSP70 and one for NKA analysis.
Following electrophoresis, proteins were transferred to Immobilon
PVDF transfer membranes (Millipore, Bedford, MA, USA) at 30 V
overnight in 25 mmol l−1 Tris and 192 mmol l−1 glycine buffer at
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pH 8.3. PVDF membranes were blocked in phosphate-buffered
saline with 0.05% Triton X-100 (PBST) and 5% non-fat dried milk
for 1 h at room temperature, rinsed in PBST and probed with an
HSP70 antibody (AS05061; Agrisera, Vännäs, Sweden) diluted
1:20,000 in PBST and 5% non-fat dried milk for 1 h at room
temperature. This antibody is specific to the inducible isoform of
salmonid HSP70 and does not recognize the constitutive isoform
(Rendell et al., 2006). After rinsing in PBST, blots were exposed to
goat anti-rabbit IgG conjugated to horseradish peroxidase diluted
1:10,000 in PBST and 5% non-fat dried milk for 1 h at room
temperature, rinsed again in PBST, exposed to chemiluminescent
solutions and then exposed to X-ray film (RPI, Mount Prospect, IL,
USA). After imaging, blots were rinsed in stripping solution
(62.5 mmol l−1 Tris, 2% SDS, 100 mmol l−1 β-mercaptoethanol,
pH 6.7) for 30 min at 50°C to remove antigen. Blots were reblocked
and reprobed using an NKA α-subunit antibody (α5; Iowa
Hybridoma Bank, Iowa City, IA, USA) diluted 1:10,000 followed
by goat anti-mouse IgG conjugated to horseradish peroxidase
diluted 1:10,000, following the same protocol. This antibody has
been widely used in studies on teleost fish and has been previously
validated for use in salmonids (McCormick et al., 2009). Digital
photographs were taken of individual gels, and band-staining
intensity was measured using ImageJ (NIH, Bethesda, MD, USA);
protein abundance is expressed as a cumulative 8-bit grayscale
value. The HSP70 and NKA reference lanes on each gel were used
to correct for inter-blot differences.

Statistics
Daily growth rate in mass was calculated as 100{[(natural log of end
mass)–(natural log of start mass)]/number of days}. Daily growth
rate in length was calculated as [(end fork length)–(start fork
length)]/number of days. Hepatosomatic index was calculated as
100(liver mass/body mass). All data are presented as means±s.e.m.
Individually marked fish were used in the study and individuals
were treated as an independent replicate in all ANOVA analyses.
Growth rate as a function of experimental treatment was similar in
the first 8-day and last 16-day intervals, so only growth for the entire
24 day experiment is presented. For this reason, one-way ANOVA
was used to examine the impact of temperature treatment on growth
at 24 days for Experiments 1 and 2. Two-way ANOVAwas used to
examine the impact of temperature treatment and duration on
physiological parameters for all three experiments. Several of the
physiological parameters (plasma cortisol, gill HSP70 and NKA
abundance) did not meet the assumption of homogeneity of
variance, so the data for these parameters were ranked prior to
ANOVA. In Experiments 2 and 3, we tested for tank effects using a
nested ANOVA and found no significant tank effects (P>0.3), with
the exception of plasma Cl– in Experiment 2 (tank effect, P=0.006).
As there was minor variation in this parameter (range 128–
141 mmol l−1) and no significant treatment effect, we judged this
tank effect to be biologically unimportant. For all analyses, the
probability of establishing statistical significance was P≤0.05. Prior
research has established non-linear responses to temperature for
some of the physiological parameters in this study (Chadwick et al.,
2015). Therefore, when significant effects were detected by
ANOVA, we subsequently conducted both linear and non-linear
(first- and second-order) regression analyses using individual data
(not means) and presented the result with the highest R2 value.
Where appropriate, Tukey’s HSD post hoc test was used to
determine differences among individual groups. All statistical
analyses were performed using Statistica 6.0 (Statsoft, Inc., Tulsa,
OK, USA).

RESULTS
Experiment 1: chronic temperature growth study
Mean water temperatures varied slightly from the target
temperatures and were 15.5, 17.7, 20.0, 22.4 and 24.4°C during
the 24 days (Fig. 1A). Therewas one mortality in the 20°C treatment
on day 16 and one in the 24°C treatment observed on day 23.
Throughout 24 days, daily growth rate in length was highest at 16°C
(0.104 mm day−1) and decreased significantly with temperature to a
low at 24°C (−0.017 mm day−1) (Fig. 1B). Similarly, daily growth
rate in mass was highest at 16°C (3.2 % mass day−1) and decreased
significantly with temperature to a low at 24°C (−0.9 %
mass day−1) (Fig. 1C). Our regression model indicates that the
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Fig. 1. Influence of temperature on growth rate of brook trout. Water
temperature recorded every 20 min in each of the five temperature treatments
(A) and their impact on linear (B) and specific growth rate in mass (C) in brook
trout. Values are means±s.e.m. of 7–8 fish per treatment. Regression lines for
B and C were R2=0.82 and R2=0.81, respectively (P<0.00001).
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upper limit for positive growth by length (0.0 mm day−1) and mass
(0.0 % mass day−1) for juvenile brook trout is 23.5°C and 23.4°C,
respectively (Fig. 1B,C). As temperature increased, the amount of
feed consumed decreased (86.1, 77.4, 57.0, 45.8 and 25.0 g dry
feed tank–1) as did conversion efficiency (0.432, 0.401, 0.347,
0.347, 0.213 and –0.931 g dry fish g dry feed–1). Hepatosomatic
index decreased with temperature and was 55% lower at 24°C than
at 16°C (Table 1). There was no effect of treatment length on
hepatosomatic index (R2=0.50, temperature, P<0.01; treatment
length, P=0.21).
Plasma cortisol levels were lowest at 16°C (1.3 ng ml−1) and

increased with temperature to a peak of 23.4 ng ml−1 at 24°C

(Fig. 2A). There was a significant effect of temperature (P<0.0001),
no effect of treatment duration (P=0.54) but a significant interaction
on plasma cortisol (P<0.001). Although there was a significant
effect of temperature on plasma glucose (P=0.001), there was no
distinct pattern and no effect of treatment duration (P=0.60;
interaction, P=0.011; Fig. 2B). Abundance of the inducible
isoform of HSP70 in gill tissue increased with temperature and
was 10.7- and 56.0-fold higher after 24 days at 22°C and 24°C,
respectively, than at 16°C (Fig. 2C). There was no effect of
treatment length on gill HSP70 abundance (temperature, P<0.0001;
treatment duration, P=0.87; interaction, P=0.35).

Gill NKA activity decreased with temperature and after 24 days
was 53% lower at 24°C than at 16°C (Fig. 3A). Gill NKA activity

Table 1. Hematocrit, plasma [Cl−] and hepatosomatic index (HSI) in
brook trout after 8 and 24 days of temperature treatment

Temperature
(oC)

Hematocrit (%)
Plasma [Cl−]
(mmol l–1)

HSI (%)
day 24Day 8 Day 24 Day 8 Day 24

15.5 32±0.8 32±0.8 124±1.7 130±0.8 2.7±0.11
17.7 34±0.9 34±1.1 126±1.9 128±0.8 2.5±0.08
20.0 35±0.8 31±0.7 129±2.1 131±1.6 2.9±0.13
22.4 32±1.1 30±0.7 126±2.6 131±1.7 1.8*±0.21
24.4 34±0.9 18*±1.2 124±2.5 126±3.2 1.2*±0.08

Temperature is the mean water temperature over the 24 days (Experiment 1).
Values are means±s.e.m. of 7–8 fish per treatment. The asterisks indicate a
significant difference from the 15.5°C control group.
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trout subjected to constant temperature treatments for 8 and 24 days. Values
are means±s.e.m. of 7–8 fish per treatment. Only significant regression lines
are shown, and had R2=0.18, P=0.0075 (plasma cortisol day 8), R2=0.50,
P<0.00001 (plasma cortisol day 8) and R2=0.57, P<0.00001 (gill HSP70).
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also decreased with treatment length (temperature, P<0.001;
treatment duration, P<0.001; interaction, P=0.52). Similarly, gill
NKA abundance decreased with temperature and was 80% lower at
24°C than at 16°C after 24 days (Fig. 3B). There was no relationship
between treatment length and gill NKA abundance (temperature,
P<0.001; treatment duration, P=0.16; interaction, P=0.034).
Hematocrit levels were between 30% and 35% in all treatments
except after 24 days at 24°C where they decreased to a low of 18%
(Table 1; temperature, P<0.001; treatment duration, P<0.001;
interaction, P<0.001). There was no relationship between
temperature and plasma Cl– levels, which were similar among all
treatments (Table 1; temperature, P=0.26; treatment duration,
P=0.02; interaction, P=0.73).

Experiment 2: oscillating temperature growth study
On the first day of the growth study our heating system
malfunctioned and peak temperatures were not achieved;
however, this was the only time when there was a significant
deviation from our target temperatures (Fig. 4A,B). There were two
mortalities during the experiment: one occurred on day two in one
of our control tanks, and the other on day eight in one of the 8°C
oscillation tanks.

In individuals sampled at 24 days, growth rate (mm day−1)
declined with increased temperature oscillation (Fig. 5A; P=0.03)
and was 23% and 43% lower at 4°C and 8°C oscillation,
respectively, than in the 21°C control. Specific growth rate
was 10% and 35% lower in the 4°C (1.76 % mass day−1) and
8°C (1.28 % mass day−1) oscillations than in the 21°C
(1.95 % mass day−1) control; statistical significance was not
detected by ANOVA (P=0.07) but was detected by regression
analysis (Fig. 5B; P=0.026). Feed consumed decreased with
increasing temperature oscillation (104.3±10.5, 99.4±3.5 and 81.4
±1.1 g dry feed tank–1; P=0.041). Conversion efficiency was similar
at 0°C and 4°C (0.259±0.001 and 0.278±0.009 g dry fish g–1 dry
feed, respectively) but was lowest at 8°C oscillation (0.218±
0.033 g dry fish g–1 dry feed), 16% lower than in the 21°C control
(P=0.22). Hepatosomatic index increased over the duration of the
study, but there were no differences between any of the treatment
groups (Table 1; temperature, P=0.34; treatment duration, P<0.01).
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There was no effect of temperature treatment or duration on
plasma cortisol levels (Fig. 6A; temperature, P=0.85; duration,
P=0.087; interaction, P=0.55). There was no effect of treatment
temperature or duration on plasma glucose (Fig. 6B; temperature,
P=0.36; treatment duration, P=0.06; interaction, P=0.27). Gill
HSP70 increased with magnitude of temperature oscillation
(Fig. 6C; temperature, P<0.001; treatment duration, P=0.005;
interaction, P=0.072) and was 40- and 700-fold greater at 4°C and
8°C oscillation, respectively, than in the 21°C control. There was
no significant effect of oscillating temperature treatment on gill
NKA activity, plasma chloride or hematocrit (P>0.05; data not
shown).

Experiment 3: oscillating temperature acute exposure and
recovery
We were close to achieving our target temperatures and there was
minimal deviation from the planned daily temperature fluctuations
(Fig. 4C). There was no effect of temperature treatment on plasma
cortisol (Fig. 7A; temperature, P=0.25; treatment duration, P=0.09)
or plasma glucose (Fig. 7B; temperature, P=0.25). Plasma glucose
levels did increase over the course of the study (Fig. 7B; treatment
duration, P<0.01), but this occurred in all temperature treatments.
There was a significant effect of temperature treatment and duration
on gill HSP70 abundance (Fig. 7C; temperature, P<0.001; treatment
duration, P<0.001; interaction, P<0.001). At 1 h, gill HSP70
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abundance corresponded with magnitude and duration of daily
temperature oscillation (control < 4°C oscillation 1 day < 4°C
oscillation 4 days < 8°C oscillation 1 day < 8°C oscillation
4 days). After fish were returned to control conditions, gill HSP70
abundance decreased over time to those of the control treated
individuals. At 4 days, HSP70 abundance in individuals exposed to
4°C oscillation had recovered to control levels, whereas those
exposed to 8°C oscillation remained elevated. At 10 days, there
were no significant differences among the treatment groups. There
was no effect of oscillating temperature on hematocrit (temperature,
P=0.16; data not shown).

DISCUSSION
Our results indicate a decline in growth rate as temperature increases
above 16°C in brook trout, and that the upper limit for their positive
growth is 23.5°C. These results are in line with an extensive
literature suggesting optimal growth of brook trout between 13°C
and 16°C (Baldwin, 1956; Hokanson et al., 1973; Dwyer et al.,
1983). None of these studies incorporated enough treatments above
the optimal temperature to adequately describe brook trout growth at
elevated temperatures. Nor did they test temperatures high enough
to determine the upper limit for growth in brook trout. Wehrly et al.
(2007) reported that brook trout are not found in waters above a
24 day mean maximum temperature of 22°C despite the fact that the
lethal temperature in this species is 25.3°C (Fry et al., 1946; Fry,
1951; Wehrly et al., 2007). The fact that the ecological limit is more
closely associated with temperature limitations on growth than it is
with the lethal temperature suggests that temperature limitations on
growth may play a key role in determining brook trout distributions.
In the current study, individually marked fish and near continuous

monitoring of temperature were used to provide a clear indication of
the relationship between temperature and growth. It should be noted
that ‘tank effects’ (uncontrolled variables that affect an entire tank)
can have impacts on growth rate in long-term experiments (Speare
et al., 1995). Because even small differences in temperature
accumulated over several weeks can impact growth, we chose to
use a broad range of temperatures and a regression approach rather
than replicate a small number of temperatures. This allowed us to
more accurately determine the shape of the growth curve and relate
it to physiological parameters. Using the same tank system as in
Experiment 1, we found no evidence of tank effects in Experiment 2
at either constant or fluctuating temperatures. The accuracy of this
approach is further supported by the strong correspondence between
the specific growth rate of 1.95% day–1 found for nominal
temperature 21°C in Experiment 2 and 1.75% day–1 that was
predicted for this temperature by the growth curve from Experiment
1 (Fig. 2C).
It should also be noted that behavior of fish within tanks may have

a role to play in growth and physiological responses. Individual
hierarchies can develop within tanks (Johnsson et al., 1996), and
temperature itself may affect these hierarchies. This may explain the
greater variation in growth at intermediate temperatures used in the
present study (22°C; Fig. 1C) than at the optimal (16°C) or highest
temperatures (24°C). However, we found no fin damage in fish at
higher temperatures that would indicate a high level of aggression
was occurring under these conditions.
In spite of a well-developed literature in fish demonstrating

decreased growth at elevated temperatures, the mechanism for
temperature control of growth remains unclear. Induction of the
endocrine stress response is likely to be involved in limiting growth
at high temperature. In the current study, we observed an increase in
plasma cortisol levels as temperature increased above 16°C, with

highest plasma cortisol levels at 22°C and 24°C. This effect of
temperature on plasma cortisol was greater at 24 days than it was at
8 days. Increased cortisol in response to elevated temperatures
(Mesa et al., 2002; Quigley and Hinch, 2006), elevated temperature
and angling (Meka and McCormick, 2005), elevated temperature
and salinity (Gonçalves et al., 2006), and elevated temperature and
exercise (Steinhausen et al., 2008) has been reported in a number of
salmonids, and together with our findings implicate temperature as
an endocrine stressor. In the current study, plasma cortisol levels
were elevated at temperatures where growth was decreased. Cortisol
is an important regulator of metabolism and elevated levels may
impact growth through several pathways. Elevated plasma cortisol is
known to increase metabolism as it heightens gluconeogenesis in
the liver and raises rates of catabolic pathways such as glycolysis
and proteolysis (Vanderboon et al., 1991; Mommsen et al., 1999).
This increased metabolic rate is important during times of stress as it
provides the necessary energy needed by vital organs to maintain
homeostasis, but it also diverts resources away from anabolic
pathways necessary for growth. In the laboratory, cortisol
administration has been shown to increase aerobic and anaerobic
metabolism in cutthroat trout and rainbow trout (Morgan and
Iwama, 1996; De Boeck et al., 2001). More recently, cortisol
injection resulted in decreased growth in wild largemouth bass and
increased standard metabolic rate in laboratory-reared largemouth
bass (O’Connor et al., 2011). Furthermore, exposure to a daily
stressor resulted in increased metabolic rate and decreased aerobic
scope in green sturgeon (Lankford et al., 2005).

In the current study, we observed decreased feeding at
temperatures that were high enough to induce a cortisol response.
This finding is in agreement with a growing literature that
demonstrates a negative relationship between cortisol and appetite
and feeding rates in fish. In rainbow trout and channel catfish
exogenous cortisol administration resulted in decreased feeding and
growth rates (Gregory and Wood, 1999; Peterson and Small, 2005;
Madison et al., 2015). We have found that 30 day exogenous
cortisol treatment of 8 µg g−1 resulted in a 75% reduction in growth
rate of juvenile brook trout (L. Vargas-Chacoff and S.D.M.,
unpublished results). The estimated plasma cortisol at the midpoint
of this treatment was 26 ng ml−1, similar to the levels seen with the
highest temperature treatment in the present study (22 ng ml−1),
indicating that the observed levels of plasma cortisol in the current
study have the potential to affect growth in brook trout. Chronic
stress and dietary cortisol reduced feed intake and conversion
efficiency in sea bass (Leal et al., 2011). Atlantic salmon smolts and
rainbow trout exhibited suppressed feeding following an acute
confinement stressor (Pankhurst et al., 2008a,b). The exact
mechanism for the suppression of feeding by cortisol is still under
investigation, and while there is evidence that cortisol reduces
plasma ghrelin levels (Pankhurst et al., 2008a,b), it is likely that
other neuroendocrine factors controlling appetite are also affected.
In addition to the direct effects of cortisol, it is possible that
stimulation of corticotropin-releasing factor (CRF) and
adrenocorticotropic hormone (ACTH) in response to thermal
stress may also affect appetite and growth in fish (Bernier and
Peter, 2001).

Cortisol, elevated in response to high temperature, may also
influence growth through the growth hormone/insulin-like growth
factor I (GH/IGF-I) axis. Exogenous cortisol has been shown to
reduce IGF-I mRNA and plasma levels in tilapia (Kajimura et al.,
2003). In channel catfish, cortisol administration resulted in reduced
growth and plasma IGF-I and increased plasma GH (Peterson and
Small, 2005). In contrast, Madison et al. (2015) found that cortisol
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treatment reduced growth in rainbow trout while decreasing plasma
GH and with no change in plasma IGF-I. These findings add to an
extensive literature on the effects of starvation in salmonids (Deane
and Woo, 2009). Nutritional restriction often leads to liver GH
resistance, a condition in which the downregulation of GH receptor
results in decreased plasma IGF-I despite elevated plasma GH (Gray
et al., 1992; Perez-Sanchez et al., 1994; Pierce et al., 2005). Indeed,
it is possible that the observed effects of cortisol on the GH/IGF-I
axis may be a secondary response to reduced food intake.
Cortisol modulates aspects of metabolism such as increasing

plasma glucose levels via gluconeogenesis in the liver (Vanderboon
et al., 1991; Wendelaar Bonga, 1997; Mommsen et al., 1999). In the
current study, we found that long-term exposure to high temperature
caused increased plasma cortisol without accompanying increases
in plasma glucose. However, recent work from our laboratory
demonstrated increased plasma glucose levels above 21.2°C in
brook trout exposed to acute temperature increases (Chadwick et al.,
2015). Vanlandeghem et al. (2010) observed an increase in plasma
glucose in largemouth bass 1 h after heat shock, but not after 6 h. It
is possible that glucose responds to acute, but not chronic,
temperature elevations in brook trout and that we missed the
signal due to the timing of our sampling. Increases in cortisol may in
fact induce increased glucose production, which is matched by
increased glucose utilization, resulting in no net increase in plasma
glucose. It is also possible that fish at elevated temperatures simply
depleted their hepatic glycogen stores as a result of this chronic
thermal stressor. Indeed, we observed a 55% decrease in
hepatosomatic index after 24 days at 24°C compared with 16°C
controls.
In the current study, elevated temperature also induced a cellular

stress response. Gill HSP70 levels increased with temperature and
were 11- and 56-fold higher at 22°C and 24°C, respectively, than
they were at 16°C. There was relatively little gill HSP70 at 20°C, but
at 22°C expression had been induced, suggesting a threshold for
induction of the HSP70 response of between 20°C and 22°C. Acute
(hours) temperature exposures indicate a threshold for HSP70
induction of 20.7°C in brook trout (Chadwick et al., 2015).
Interestingly, the threshold for the heat shock response is similar to
both the upper limits for growth as well as to their upper ecological
limit (Wehrly et al., 2007). Acute exposure to elevated temperature
has been shown to increase red blood cell HSP70 abundance above
control levels in brook trout at 25°C, but not at lower temperatures
(Lund et al., 2003); however, they found increased HSP70mRNA at
22°C in a variety of tissues. It is likely that the assay used in their
study was not as sensitive as ours due to the use of an antibody that
recognized the constitutive and inducible isoforms of HSP70, but
there are also likely to be tissue-specific differences in HSP
expression patterns. In Atlantic salmon, a close relative with greater
thermal tolerance than brook trout, the threshold for induction of
HSP70 and HSP30 was found to be between 22°C and 25°C (Lund
et al., 2002). Acute exposure to 25°C or 26°C resulted in increased
hepatic HSP70 levels in rainbow trout and Chinook salmon, but
these studies were not designed to determine temperature thresholds
for induction (Mesa et al., 2002; Rendell et al., 2006). In addition to
these laboratory studies, field-based studies have observed a
positive relationship between water temperature and HSP levels in
brook trout, rainbow trout and Atlantic salmon (Lund et al., 2002;
Werner et al., 2005; Feldhaus et al., 2010; Chadwick et al., 2015).
Here, we showed decreased growth at temperatures high enough

to induce gill HSP70. The HSP response is not without energetic
costs and may therefore impact growth. It has been suggested that
the synthesis of HSPs consumes an inordinate amount of cellular or

organismal nutrient stores and could occupy enough of the
transcriptional and translational machinery within the cell to
hinder other essential biochemical pathways, including those
associated with growth (Feder and Hofmann, 1999). If this is true
then one might expect to see an attenuated HSP response in
individuals subjected to nutritional restriction. In a number of
species, starved fish exhibit increased HSP levels under non-
stressful temperature conditions (Cara et al., 2005; Yengkokpam
et al., 2008; Piccinetti et al., 2012), but when given a temperature
increase the HSP response in starved fish is less than that of fed fish
(Deng et al., 2009; Piccinetti et al., 2012; Han et al., 2012). Viant
et al. (2003) reported a correlation between HSP induction and
reduced metabolic condition in juvenile steelhead trout. Currently,
the metabolic cost of mounting an HSP response represents a gap in
our understanding of the cellular stress response.

Our findings of decreased growth with increased temperature
oscillation are similar to those reported in Lahontan cutthroat trout
where growth declined with increasing magnitude of daily
oscillation around a mean of 18°C (Meeuwig et al., 2004). In
their study, mass growth ratewas 24% and 52% lower in the 6°C and
12°C daily oscillation treatments, respectively, than in 18°C
controls. A study in rainbow trout used several constant
temperature treatments each with a corresponding 4°C daily
oscillation treatment around the same mean temperature
(Hokanson et al., 1977) and found that specific growth rate was
similar across most of the constant and oscillating treatments but at
the highest mean temperature (22°C), specific growth rate in the
oscillating treatment (2.12 g day−1) was substantially lower than in
the constant control (3.94 g day−1) (Hokanson et al., 1977). This is
in agreement with work in coho and Atlantic salmon that utilized
relatively low peak temperatures of 17°C and 20°C, respectively
(Shrimpton et al., 2007; Thomas et al., 1986) and found no
difference in growth between oscillating and constant temperature
treatments. We propose that oscillating temperatures that involve
daily exposure to stressful temperatures (e.g. those that induce an
endocrine and/or cellular stress response) will have negative effects
on growth rate, whereas those that are below the threshold for
inducing stress will have little or no effect on growth. In streams
containing brook trout in northeastern USA, daily variations in
temperature can be as high as 6°C (J.G.C. and S.D.M., unpublished
observations). Therefore, the temperature variations in these
laboratory studies, including the current study, feature temperature
oscillations that are ecologically relevant. The consistency of these
findings give validity to the idea that daily temperature variations
that are elevated beyond the thermal optimum result in reduced
growth. It seems likely that these effects of daily temperature on
growth will also occur in fish in the wild. Thus, predictive models of
the impact of climate change on fish (and other ectotherms) will be
improved by the inclusion of daily variations in temperature and
their impact on growth and metabolism.

We were surprised that we did not observe an endocrine stress
response in our oscillating temperature experiment, especially in
light of the clear HSP70 response. Elevated plasma cortisol was
clearly shown in individuals exposed to the chronically elevated
temperatures of Experiment 1, and we have observed elevated
plasma cortisol and glucose levels in wild brook trout sampled at
sites with elevated temperatures (Chadwick et al., 2015). This is in
addition to a literature that has shown elevations in plasma cortisol
and glucose in response to elevated temperatures in other salmonids
(Quigley and Hinch, 2006; Steinhausen et al., 2008). In a separate
experiment from their growth study, Thomas et al. (1986) observed
elevated plasma cortisol in individuals exposed to a daily oscillation
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of 6.5–20°C when compared with more moderate daily oscillations
and constant temperature controls. However, redband trout
subjected to 8°C oscillations of 8–16°C or 18–26°C did not
exhibit elevated plasma cortisol levels (Cassinelli and Moffitt,
2010). It is also possible that there was an endocrine stress response
induced during our growth study and that we missed the signal due
to the timing of our sampling. In Atlantic salmon, plasma cortisol
and glucose have been shown to return to baseline levels within
hours following an acute crowding stressor (Carey and McCormick,
1998). In our growth study, we sampled fish in the morning when
water temperatures had been below 21°C for at least 9 h, potentially
giving them time to recover from any thermal stress experienced
during the previous day. However, in our acute exposures we
sampled after 1 h at peak temperatures and still did not observe
elevated plasma cortisol or glucose, suggesting that these oscillating
temperature treatments were not severe or long enough to induce an
endocrine stress response. It is possible that plasma cortisol will
only be elevated (or detectably different) when temperatures are
high enough to induce severe and long-term reductions in food
consumption and growth. It should also be noted that there are
diurnal (circadian) rhythms in plasma cortisol in fish that are
independent of temperature (Audet and Claireaux, 1992) that may
have affected our ability to detect temperature impacts on cortisol.
In addition to thermal impacts on brook trout growth and stress

physiology we also explored the influence of elevated temperature
on osmoregulation. Gill NKA activity (50%) and abundance (80%)
decreased with temperature and were lowest at 24°C. The greater
impact on abundance than activity suggests that the activity per unit
molecule NKA is greater at elevated temperatures. Despite this,
there were no differences in plasma Cl– levels in our temperature
treatments, and no effect of oscillating temperature on gill NKA
activity. Elevated temperature has been shown to reduce the length
of the smolt window, as characterized by decreased gill NKA
activity and seawater tolerance, in anadromous salmonids
(McCormick et al., 1996, 1999), although this may be more
related to temperature impacts on development than it is to
temperature effects on osmoregulation per se. Similarly, elevated
temperature also reduces survival and gill NKA activity in sockeye
salmon during their spawning migration (Crossin et al., 2008). An
inverse relationship between temperature and gill NKA activity has
been observed in cod (Staurnes et al., 1994), halibut (Jonassen et al.,
1999) and pupfish (Stuenkel and Hillyard, 1980), but not in turbot
(Burel et al., 1996). It is plausible that changes in enzyme kinetics or
alterations in behavior at elevated temperatures lessen the demand
for both gill NKA activity and abundance, although more
exploration in these areas is clearly needed.
Understanding the impact of temperature on animal performance

has been a goal of environmental physiology for decades (Fry,
1971). The threat of climate change and introduction of the oxygen-
and capacity-limited thermal tolerance (OCLTT; Portner, 2010)
have focused renewed interest on the relationship between animal
physiology and their distributions in nature. In spite of this interest,
there has been relatively little work in fish that characterizes the
relationship between elevated temperature and decreasing food
consumption and growth. Our results indicate that the decrease in
growth with elevated temperature is relatively gradual and not a
sharp decrease that characterizes many hypothetical performance
curves. This distinction is important, as it shapes our understanding
of the response to temperature and the mechanisms behind it. Such a
gradual decrease may not be consistent with the catastrophic loss of
protein function, which has been suggested to be involved with
declining performance at high temperature (Portner, 2010). One

possible explanation for this more gradual decrease in food
consumption and growth rate is that animals are protecting
themselves from a dramatic decrease in aerobic scope that would
occur after a large meal. The metabolic costs of digesting a meal can
be as high as basal metabolic rate and even higher at elevated
temperature (Brett, 1979), and thus could limit aerobic scope.
Maintaining a safety margin of aerobic scope may be crucial for
predator avoidance and thus important to survival. This hypothesis
is consistent with the ‘voluntary’ nature of lower food consumption
at higher temperature. Digestive inefficiencies and greater costs of
digestion may play a synergistic role in this scenario.

Here, we demonstrated reduced growth in juvenile brook trout
held at constantly elevated temperatures. These treatments also
induced the cellular and endocrine stress responses at thresholds
similar to those for significant decreases in growth. Growth is an
important aspect of life history that affects the reproductive capacity
of an individual. In salmonids, a clear relationship between body
size and fecundity has been demonstrated (Thorpe et al., 1984), and
an inverse relationship between temperature and reproduction has
been described in wild brook trout (Robinson et al., 2010).
Furthermore, reduced body size may increase an individual’s
vulnerability to predation and decrease its ability to establish
territory and exploit food resources. Taken together, the impact of
elevated temperature on growth in brook trout individuals may
provide a mechanism by which populations are limited by elevated
temperature. We fully acknowledge that the response of any species
to a changing environment is dynamic and that changes in growth
rate represent only one of many potential responses. Elevated
temperatures may impact behavior, feeding and predator avoidance
(along with a host of other aspects of physiology), as well as
affecting most other species with which brook trout interact.
Nonetheless, our results present evidence of a sublethal pathway
through which elevated temperatures will affect animal distribution.
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