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Climate change is predicted to change the distribution and abundance of species, yet underlying physiological mechanisms
are complex and methods for detecting populations at risk from rising temperature are poorly developed. There is increasing
interest in using physiological mediators of the stress response as indicators of individual and population-level response to
environmental stressors. Here, we use laboratory experiments to show that the temperature thresholds in brook trout
(Salvelinus fontinalis) for increased gill heat shock protein-70 (20.7°C) and plasma glucose (21.2°C) are similar to their pro-
posed thermal ecological limit of 21.0°C. Field assays demonstrated increased plasma glucose, cortisol and heat shock pro-
tein-70 concentrations at field sites where mean daily temperature exceeded 21.0°C. Furthermore, population densities of
brook trout were lowest at field sites where temperatures were warm enough to induce a stress response, and a co-occurring
species with a higher thermal tolerance showed no evidence of physiological stress at a warm site. The congruence of stress
responses and proposed thermal limits supports the use of these thresholds in models of changes in trout distribution under
climate change scenarios and suggests that the induction of the stress response by elevated temperature may play a key role
in driving the distribution of species.
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Introduction

Environmental temperature exerts a primary constraint on the
distribution and abundance of species. With predicted global
increases in temperature, there is concern over the future of
species whose appropriate thermal habitats will shift and
shrink. Indeed, a number of studies have documented pole-
ward and elevational shifts in species ranges across a variety
of taxa (Parmesan and Yohe, 2003; Root et al., 2003). Models

based on the current relationships between distribution and
temperature have been used to estimate the change in species’
ranges under climate change scenarios. However, uncertainty
concerning species’ thermal thresholds and the presence of
multiple limiting factors may reduce confidence in these pre-
dictions. Understanding the congruency between distribu-
tional limits and thermal thresholds for the cellular and
endocrine stress responses that are directly related to perfor-
mance and fitness can substantially increase confidence in

Published by Oxford University Press and the Society for Experimental Biology. This work is written by (a) US Government employee(s) and 1

is in the public domain in the US.



Research article

such models. Several integrative approaches to understanding
the physiological mechanisms involved in the role of tempera-
ture in altering animal distribution have been proposed
(Portner, 20105 Sokolova, 2013). These approaches highlight
the rapid decrease in growth and swimming performance that
occurs above ‘optimum’, which are often accompanied by cel-
lular and physiological stress. Thus, the cellular and endocrine
stress responses can serve as effective indicators of exposure
to extreme conditions, which can often be transient and diffi-
cult to detect.

The eastern brook trout (Salvelinus fontinalis) may be
acutely sensitive to climate change, because it is a cold-water
species with populations that are spatially constrained to
stream networks. Recent models suggest that climate change
will lead to a significant loss of brook trout habitat, with
the greatest reductions occurring in their southern range
(Meisner, 1990; Flebbe et al., 2006). These models are
informed by field observations indicating that brook trout
are rarely found in streams with 60 day mean temperatures
above 21.0°C (Wehrly er al., 2007). This ecological limit is
lower than their upper incipient lethal temperature of 25.3°C
(Fry et al., 1946; Wehrly et al., 2007), suggesting that sub-
lethal temperatures play a role in limiting the distribution of
brook trout.

Endocrine and cellular stress responses are likely mecha-
nisms by which individuals cope with stressfully elevated tem-
peratures and may serve as strong bioindicators for measuring
these sublethal effects. Cortisol is the major corticosteroid
stress hormone in fish, as it is in other vertebrates (Wendelaar
Bonga, 1997; Mommsen et al., 1999). Cortisol plays a critical
role in the stress response because, among other functions, it
is responsible for adjusting metabolic pathways and mobiliz-
ing energy stores in the liver through gluconeogenesis
(Vanderboon et al., 1991; Wendelaar Bonga, 1997; Mommsen
et al., 1999). In response to a real or perceived stressor, the
hypothalamic—pituitary—interrenal axis is activated and
releases cortisol (Wendelaar Bonga, 1997; Mommsen et al.,
1999). A limited literature suggests an increase in circulating
cortisol and glucose in salmonids in response to elevated tem-
perature (Meka and McCormick, 2005; Quigley and Hinch,
2006; Steinhausen et al., 2008). To our knowledge, there has
been no previous research examining the relationship of
plasma cortisol and stream temperature in wild salmonids.

In addition to the endocrine stress response, there is
increasing attention on the use of aspects of the cellular stress
response, such as heat shock proteins (HSPs), as potential
biomarkers for thermal stress (Iwama et al., 1999; Wikelski
and Cooke, 2006). Inducible isoforms of HSPs are upregu-
lated in the presence of denatured proteins, which can result
from a variety of environmental stressors, including elevated
temperature (Tomanek, 2010; Deane and Woo, 2011). A
number of laboratory studies have identified elevated HSP
expression in response to temperature increases in a variety
of salmonid species (Dubeau ez al., 1998; Smith et al., 1999;
Mesa et al., 2002; Rendell ez al., 2006), including brook trout
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(Lund et al., 2003). Other factors, including social interac-
tion, may influence HSP concentrations (Currie et al., 2010),
and there is a complex interaction between HSPs and the
endocrine stress response in fish (Boone et al., 2002). Previous
laboratory work on teleosts has established that there are
thresholds for HSP concentrations (Dietz and Somero, 1993)
and perhaps other indicators of cellular stress, such as AMP-
activated kinase activity (Anttila et al., 2013). A significant
relationship between stream temperature and HSP70 has
been reported in several salmonids in the wild (Lund er al.,
2002; Werner et al., 2005; Feldhaus et al., 2010). In this
study, we determined thresholds for cellular and endocrine
stress in brook trout by exposing them to an acute tempera-
ture challenge in the laboratory and then testing whether
these same responses were manifested in the field by compar-
ing physiological profiles of fish in streams with widely differ-
ing temperature regimens, including several that exceeded
laboratory temperature thresholds.

Materials and methods

Juvenile 0+ (11.7-29.0 g) brook trout were obtained from
the Sandwich State Hatchery (Sandwich, MA, USA) and
transported to the Conte Anadromous Fish Research Center
(Turners Falls, MA, USA) in July 2011. Fish were housed in
tanks 1.7 m in diameter supplied with 4 [ min~' chilled
Connecticut River water (16 £ 2°C) and given supplemental
aeration. Fish were fed to satiation with pelleted salmon feed
daily (Zeigler Bros, Gardners, PA, USA) with automatic feed-
ers and maintained under natural photoperiod. Fifty-six fish
were moved from their rearing tank to one of seven experi-
mental tanks 0.6 m in diameter (7 = 8 per tank) and allowed
to acclimate for 1 week before the start of the experiment.
The fish were fed to satiation once daily, and the tanks were
supplied with 16°C Turners Falls, MA dechlorinated city
water at a rate of 0.8 | min~!. Each tank received additional
heated (~34°C) city water as needed to achieve the desired
target temperature of 18°C. 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 ther-
mometer input installed in each tank. The controllers were
optimized to the testing conditions and programmed to pulse
the solenoid valves open and shut at varying frequency either
to maintain a set point or to achieve a new set point within a
predetermined time frame. Each tank was provided with sup-
plemental aeration.

Feed was withheld from the fish for 24 h before the start of
the experiment. One tank served as a control and was kept at
18°C throughout the experiment. The remaining six tanks were
heated at a rate of 8°C h™! until the target temperatures of 20,
21,22,23,24 or 26°C were reached (Fig. 1a). The water was
then held at these target temperatures for the remainder of the
experiment. Dissolved oxygen concentrations were monitored



Conservation Physiology - Volume 3 2015

26 4

24 1

22 A

Temperature (°C)

20 1

18 A

8:00 10:00 12:00 14:00 16:00

Time

—~
2
~
-
o
o
)

©
o
L

60 -

40

Plasma Cortisol (ng-m|‘1)

T

18 20 22 24 26

Temperature (°C)

b) 70,

Research article

60
50 -
401 18 20
30

20 A

Gill HSP70 abundance
(8-bit cumulative grey scale x10°)

10 A

Temperature (°C)

@ .

o
L

Plasma Glucose (mM)
N -

¥ =0.96
0 . : : : .
18 20 22 24 26

Temperature (°C)

Figure 1: Temperature profiles of the seven laboratory treatments (a) and effect of temperature on the gill heat shock protein-70 (HSP70; b), plasma
cortisol (c) and glucose (d) in brook trout. Inset in (b) is a representative western blot. Water temperatures were elevated at a rate of 8°C h~" until
target temperatures were achieved. Fish were sampled 6 h after initiation of heating. A piecewise regression using temperature as a predictor
variable was used to determine temperature thresholds. The relationship between gill HSP70 abundance and temperature showed a threshold
for induction of 20.7°C. The relationship between plasma glucose and temperature showed a threshold for induction of 21.2°C. Points represent

means + SEM (n = 6-8).

at peak temperature and were found to be above 90% saturation
in all tanks. Temperature increases in this experiment were
more rapid than would normally occur in nature, but were
similar to those used in previous research (Dietz and Somero,
1993) and were necessary for fish to be sampled at a similar
time of day.

The fish were killed 6 h after heating was initiated in
each group using a lethal dose of anaesthetic (MS-222,
100 mg 11, pH 7.0; Argent Laboratories, Redmond, WA,
USA) so that tissue samples could be taken. Six to eight fish
were sampled at each at each temperature regimen. Fish
were measured for length (nearest 0.1 cm) and weight (near-
est 0.1 g). Blood was collected from the caudal vessels using
1 ml ammonium heparinized syringes within 5 min of tank
disturbance. The blood was spun at 3200g for 5 min at 4°C;
thereafter, 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 pl of ice-cold SEI buffer (150 mM
sucrose, 10 mM EDTA and 50 mM imidazole, pH 7.3) and
stored at —80°C.

This study was conducted in eight small (approximately sec-
ond order, 3-17 km? basin size) streams within the
Connecticut River basin in western MA, USA (Table 1). In
2010, these sites were sampled on 27-30 July. The 2011 sam-
pling was done on 22-26 July and again on 7-10 November.
Six to 12 brook trout were sampled at each site at each of
these time points. In July 2011, Atlantic salmon juveniles were
also sampled in Roaring Brook (2), where they coexisted with
brook trout. At each site, two Hobo pendent temperature log-
gers (Onset Computer Corporation, Bourne, MA, USA) were
placed in the water, one on the upstream and one on the
downstream edge of the sampling site, and set to record water
temperature at 45 min intervals.

Sampling was conducted using a one-pass electrofishing
technique. The fish ranged in size from 3.5 to 87.4 g, and all
fish >8.0 g were sampled non-lethally. There was no signifi-
cant difference in the size of fish sampled at the sites in either
year (P> 0.05, one-way ANOVA). Upon capture, fish were
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Table 1: Physical characteristics and population estimates for the eight field sites as measured during July 2010 and July 2011

Temperature (°C) Basin size (km?) Length (m) Width (m) Density (fish per km?)

‘Temperature' refers to the mean temperature from the 7 days preceding sampling in 2010 and 2011.‘Length’ refers to the length of the stream section that we sam-
pled. Here, we report width as the mean wetted width of three measurements taken over the length of stream section sampled. We sampled only age 1+ and older

fish. The sites are listed here from warmest to coolest.

lightly anaesthetized with tricaine methanesulfonate (MS-
222, 50 mg I, pH 7.0). Fish were measured for length and
weight and bled from the caudal vessel using 1 ml ammonium
heparinized syringes within 6 min of capture. The blood was
spun at 3200g for 5 min; thereafter, the plasma was aliquoted
and stored on dry ice. A non-lethal biopsy of four to six gill
filaments was taken from the first arch and immersed in
100 ul of ice-cold SEI buffer and frozen on dry ice
(McCormick, 1993). Fish were allowed to recover for at least
half a hour before being returned to the stream.

Heat shock protein-70 analysis

Gill biopsies were homogenized in 150 pl SEID (SEI buffer
and 0.1% deoxycholic acid). After grinding, the samples were
spun at 5000g for 5 min at 4°C. A small volume of superna-
tant was used to determine total protein concentration using
the Pierce BCA Protein Assay kit (Thermo Scientific, Rockford,
IL, USA). The remaining supernatant was diluted with an
equal volume of 2 x 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 ug per lane with 5 pug Precision
Plus protein standards in a reference lane (Bio-Rad
Laboratories, Hercules, CA, USA). Following electrophoresis,
proteins were transferred to Immobilon PVDF transfer mem-
branes (Millipore, Bedford, MA, USA) at 30 V overnight in
25 mM Tris, 192 mM glycine buffer at pH 8.3. Gels and mem-
branes were periodically checked with Coomassie staining to
ensure that proteins were completely transferred. The PVDF
membranes were blocked in phosphate-buffered saline with
0.05% Triton X-100 (PBST) and 5% non-fat dry milk for 1 h
at room temperature, rinsed in PBST, and probed with an
HSP70 antibody (AS05061; Agrisera, Vannas, Sweden) diluted
1:20 000 in PBST and 5% non-fat dry 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 dry milk
for 1 h at room temperature. After rinsing in PBST, blots were
incubated for 1 min in a 1:1 mixture of enhanced chemilumi-
nescent solution A (ECL A; 396 uM coumaric acid, 2.5 mM
luminol and 100 mM Tris—=HCI, pH 8.5) and ECL B (0.018%
H,0, and 100 mM Tris—HCI, pH 8.5), then exposed to X-ray
film (RPI, Mount Prospect, IL, USA). Digital photographs
were taken of films and band staining intensity was measured
using Image] (NIH, Bethesda, MD, USA); protein abundance
is expressed as a cumulative eight-bit grey scale value. A refer-
ence sample was run on each gel and was used to correct for
interblot differences.

Plasma analysis

Plasma glucose was measured by enzymatic coupling with
hexokinase and glucose 6-phosphate dehydrogenase (Carey
and McCormick, 1998). Plasma cortisol was measured by
enzyme immunoassay as previously described (Carey and
McCormick, 1998). Sensitivity as defined by the dose-
response curve was from 1 to 400 ng ml-!, and the lower
detection limit was 0.3 ng ml-.

Statistics

All data are presented as means £ SEM. Where necessary,
data were logarithmically transformed, and the corresponding
P and 72 values were reported. Statistical analyses were per-
formed using SigmaPlot 10.0 and Systat 13.1 (Systat Software,
Inc., San Jose, CA, USA). For all analyses, the probability of
establishing statistical significance was P < 0.05, and when
significant effects were observed the 72 value was reported. For
the laboratory portion of this study, we tested the hypothesis
of a temperature threshold for induction of cellular and endo-
crine stress responses by modelling the relationship between
mean temperature and response using piecewise regression.
This approach was used to demonstrate the presence and level
of a threshold temperature and because it resulted in a higher
7? than first-order regression.
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For the field portion of this study, we used two approaches.
First, we used non-linear regression to test the overall rela-
tionship between temperature (2, 3, 10 and 14 day mean) and
the three stress responses, analysing site means separately for the
2 years of the study. Second, we used linear mixed models to
test whether fish in sites experiencing temperatures above the
general thermal distributional limit of 21°C exhibited higher
concentrations of stress hormones and higher levels of HSP
expression than those in cooler sites throughout the summer.
In these models, the random effects accounted for among-site
and among-year variation not associated with water tempera-
ture, and with water temperature class (separate analyses for
3 and 10 day average temperatures) and individual body mass
(due to strong size dependence of many physiological and
stress responses) as fixed effects. The Akaike information cri-
terion (AIC) was then used to select the best-supported mod-
els, with a difference of 2 AIC units as the criterion for
distinction between alternative models. There was strong cor-
relation between mean daily temperature and both cumulative
temperature (degree days) and temperature variability among
sites that prevented us from independently examining the
effect of the latter two factors on physiological responses.

Results

There were no mortalities over the course of the experiment.
Two of the three stress response indicators demonstrated dis-
tinct temperature thresholds for induction in brook trout. The
temperature threshold for increased gill HSP70 was estimated
at 20.7°C, because there was relatively little gill HSP70 abun-
dance below 20.7°C, after which HSP70 increased rapidly
with temperature (Fig. 1b; piecewise linear regression,
P <0.01,72=0.99) and was greatest at the highest tempera-
ture of 26°C. There was no significant relationship between
temperature and plasma cortisol (Fig. 1c; P = 0.43), whereas
plasma glucose increased with temperature (Fig. 1d; piecewise
linear regression, P =0.01, 2= 0.96), with a threshold for
induction of 21.2°C.

To demonstrate the efficacy of these biomarkers in wild brook
trout and to determine their relationship with overall popula-
tion density, we sampled fish from eight sites within the
Connecticut River watershed in Massachusetts in late July
2010 and 2011 (Fig. 2). Consistent with our expectations,
sites differed considerably with respect to summer water tem-
peratures both within and between years. In general, tempera-
tures were higher for a longer period of time in the days
preceding the 2011 sampling (Fig. 2¢) than they were in 2010
(Fig. 2b). We observed the highest population density at our
coldest site, whereas the three lowest population densities
were observed at our three warmest sites (Table 1).

Of the three stress responses, HSP70 showed the strongest
and most consistent relationship with temperature. In both
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2010 (cooler summer) and 2011 (warmer summer), HSP70
expression increased significantly with increased maximal
temperature (Fig. 3a and b; 2010 72=0.82, P <0.0001; and
2011 72=0.82, P <0.0001). Consistent with laboratory-
derived thresholds for induction and proposed distributional
limits, HSP70 expression was close to zero, with low variabil-
ity amongst individual fish, at sites below 21°C (Fig. 3a and
b), but substantially higher and more variable at sites where
temperatures were above this threshold, as evidenced by
inclusion of the temperature threshold category terms in the

—~
QO
~

S
o
)

30 -

Gill HSP70 abundance
(8-bit cumulative grey scale x10%)
3 3

o
L

24 26

100 1

—~~
()
~

80 -
60 -

40

20 | ¢

o

Plasma Cortisol (ng-ml‘1)

18 20 22 24 26

Plasma Glucose (mM)
N

0- T T T : :
18 20 22 24 26

Temperature (°C)

Conservation Physiology - Volume 3 2015

best-supported mixed models (Table 2). At the warmest sites
(>21.0°C), all fish had elevated HSP70 concentrations.
Corresponding to the overall lower maximal temperatures in
2010, only two of the seven sites showed elevated HSP70
(Fig. 3a), while HSP70 was elevated at five of the seven sites in
2011 (Fig. 3b). Size was also determined to be a significant
covariate of gill HSP70 concentrations, with a smaller fish
tending to have higher concentrations of HSP70 (Table 2),
though this effect was small in comparison to temperature
(r2=0.01 vs. 0.58).
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Figure 3: Effect of temperature on the gill HSP70 (a, b), plasma cortisol (c, d) and plasma glucose (e, f) in wild brook trout from streams samples
in 2010 (a, ¢, e) and 2011 (b, d, f). Points represent means £+ SEM (n = 6-12). Quadratic (a, b) and linear regressions (c—f) were used to analyse the
data. The mean temperature from the 7 days before sampling was used as a predictor variable.
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Table 2: Results of mixed-model analyses predicting stress response
levels as a function of random (site and year) and fixed effects
(individual fish mass and temperature class, above or below 21°C)

response class

Effects retained in the best-supported model (based on differences of at least
two AIC units) are listed in the second column.

Abbreviations: AAIC, change in Akaike information criterion; HSP, heat shock
protein; n.a., not applicable.

In contrast to the clear effect of temperature on HSP70, the
relationships between temperature and the other two stress
responses were weaker and less consistent. We observed a gen-
eral positive relationship between temperature and plasma
cortisol in 2010 (Fig. 3¢) and 2011 (Fig. 3d), but 72 values were
low. Temperature explained more of the variation in cortisol
concentrations in 2011 (Fig. 3d; P < 0.01,72=0.19) than it did
in 2010 (Fig. 3¢; P =0.03, 2= 0.06). Variation among indi-
viduals was high at all sites. We observed some evidence of an
increase in plasma cortisol above 21°C, as evidenced by inclu-
sion of the 10 day temperature threshold in the best-supported
mixed model (Table 2), although the 3 day threshold was not
included. For plasma glucose, we observed a significant rela-
tionship with temperature in 2011 (Fig. 3e; P < 0.01,72=0.17),
but again, explanatory power was low, and we did not see a
significant relationship in 2011 (Fig. 3f; P =0.45). Neither
3 day nor 10 day temperature threshold category class was
included in the best model for plasma glucose (Table 2).

In addition to differences in brook trout stress responses
among sites and years, we also observed differences between
brook trout and juvenile Atlantic salmon (Salmo salar,
Fig. 4a—c). In 2011, in the one site where we sampled both
species [Roaring Brook (2)], juvenile Atlantic salmon had
significantly lower HSP70 concentrations than brook trout
(Fig. 4a), whereas mean values for plasma cortisol and glu-
cose were lower but not significantly different (Fig 4b and c).

During sampling in November 2011, when temperatures at
all sites were <11.0°C (Fig. 5a), all indicators of stress were at
or below baseline concentrations from the summer samples,
and we did not observe a significant relationship between tem-
perature and gill HSP70 (Fig. 5b; P =0.06), plasma cortisol
(Fig. S¢c; P=0.08) or plasma glucose (Fig. 5d; P =0.635).

Discussion

In this study, we used laboratory experiments to demonstrate
the induction of endocrine and cellular stress responses by
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(P < 0.05 Student’s t-test).

elevated temperature in brook trout. Furthermore, surveys of
fish in the field conducted in varying thermal conditions iden-
tified a similar response in wild populations at similar tem-
perature thresholds. These temperature thresholds for stress
responses may explain the widespread thermal limits for this
iconic cold-water species.

In the laboratory, gill HSP70 and plasma glucose increased
rapidly at temperatures above 21.2 and 20.7°C, respectively.
Although we did not see an effect of short-term exposure to
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means + SEM (n = 6-10). Quadratic (a) and linear regressions (b, c) were
sampling was used as a predictor variable.

high temperature on plasma cortisol, exposure to increasing
temperatures for 8 or 24 days did result in significant
increases (J. G. Chadwick Jr and S. D. McCormick, unpub-
lished results), with a threshold of between 20 and 22°C.
Field sampling conducted at sites spanning a wide range of
temperatures indicated a significant positive relationship of
temperature and both gill HSP70 and plasma cortisol as indi-
cated by positive regression analysis (Fig. 3) and linear mixed
model (Table 2). In contrast, there was a relatively weak rela-
tionship of plasma glucose with temperature in the wild. Gill
HSP70 was greatest in abundance at our warmest sites and
was above baseline only at sites where the mean temperature
exceeded 21.0°C. Plasma cortisol also exhibited generally
positive relationships with temperature in the wild, whereas
only a weak effect was seen with plasma glucose. This effect
of temperature was unlikely to be the result of other, unmea-
sured differences among sites because samples collected in
cooler conditions did not show this pattern of variation.
Furthermore, Atlantic salmon, a co-occurring salmonid spe-
cies with known greater thermal tolerance than brook trout,
showed lower indicators of the endocrine and cellular stress
responses than brook trout at a warm site where both were
sampled. Finally, brook trout were least abundant at our
warmest sites and most abundant at our coolest sites. Overall,

used to analyse the data. The mean temperature from the 7 days before

these results suggest a strong link between high summer
stream temperatures and the endocrine and cellular stress
responses, and indicate that these responses may be both
important mechanisms by which increasing temperatures
associated with climate warming affect individuals and
populations and an indicator of individual exposure in field
conditions.

Temperature thresholds associated with endocrine and cel-
lular stress responses in both our laboratory and our field
studies corresponded closely to ecological thermal limits sug-
gested by a number of previous studies. Brook trout are rarely
found in streams with 60 day mean temperatures above
21.0°C (Wehrly et al., 2007) and in lentic habitats are limited
above 20.0°C (Robinson et al., 2010), despite the fact that
their lethal limit is 25.3°C (Fry et al., 1946; Wehrly et al.,
2007). Here, we show that the same temperatures that appear
to limit brook trout distribution also represent the threshold
for the stress response in this species. A number of modelling
studies base projections of future brook trout distribution
under climate warming scenarios on the predicted loss of
cold-water habitat defined by the threshold summer tempera-
tures generally ranging between 20 and 22°C (Meisner, 1990;
Flebbe et al., 2006). The concordance between these thermal
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limits and the stress responses we have observed (which are
likely to be highly general across populations and regions)
should serve to increase the confidence in model-predicted
changes in future distribution, helping managers to justify
appropriate adaptation actions.

Factors other than direct mortality are likely to determine
the thermal niche of many species, and stress responses pro-
vide a potential physiological mechanism by which sublethal
effects of increasing temperature influence the current and
future species distributions. For cold-dependent salmonid
fishes, including brook trout, exposure to stressfully elevated
temperatures is associated with altered behaviour
(Wurtsbaugh et al., 1975; Curry et al., 1997; Biro, 1998;
Baird and Krueger, 2003; Quigley and Hinch, 2006; Breau
et al., 2011) and with decreased performance in important
aspects of their physiology, such as metabolism (Hartman and
Cox, 2008), growth (Pickering, 1990; McCormick et al.,
1998; Gregory and Wood, 1999) and fecundity (Robinson
et al.,2010). In particular, growth at warmer temperatures is
likely to be limited by the stress response, which transfers
resources away from somatic growth in order to restore and
maintain homeostasis (Vanderboon et al., 1991; Wendelaar
Bonga, 1997; Mommsen et al., 1999). In fact, it is well estab-
lished that fish display reduced growth following a variety of
stressors, including elevated temperature (Pickering, 1990). A
number of studies have demonstrated decreased appetite in
response to elevated cortisol concentrations (Gregory and
Wood, 1999; Peterson and Small, 2005; Pankhurst et al.,
2008a,b; Leal et al., 2011). Recent work has identified
reduced plasma ghrelin concentrations as one mechanism by
which cortisol decreases appetite (Pankhurst ez al., 2008a,b).
The endocrine stress response may also influence endocrine
control of growth (Wendelaar Bonga, 1997; Gregory and
Wood, 1999; Mommsen et al., 1999). Exogenous cortisol in
fish has been shown to decrease growth and plasma concen-
trations of insulin-like growth factor-1 (Kajimura ez al., 2003;
Peterson and Small, 2005), which is responsible for most of
the growth-promoting aspects of growth hormone. In addi-
tion to the endocrine stress response, it is likely that the cel-
lular stress response limits growth, because synthesis of HSP
consumes cellular resources and occupies cellular machinery
that is necessary for growth-promoting biochemical pathways
(Feder and Hofmann, 1999; Sokolova, 2013).

Several studies have shown decreased growth in brook
trout at temperatures above 16.0°C (Baldwin, 1956;
McCormick et al., 1972; Hokanson et al., 1973; Dwyer et al.,
1983; McMahon et al., 2007); however, these studies did not
include treatment temperatures that were high enough to
determine an upper thermal limit for positive growth in this
species. Recent work from our laboratory (J. G. Chadwick Jr
and S. D. McCormick, unpublished results) strongly supports
this idea and indicates that the pejus temperature for growth in
brook trout is 20.0°C and the upper thermal limit for positive
growth is 23.4°C. Furthermore, there was a strong positive
relationship between reduced growth capacity and increased
plasma cortisol. There is a well-established relationship
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between body size and fecundity in salmonids (Thorpe et al.,
1984); thus, temperature limitations on growth may also limit
reproduction. Furthermore, recent field work demonstrates a
negative relationship between elevated temperatures and
brook trout reproduction (Robinson et al., 2010).

It is widely accepted that salmonids, including brook trout,
exhibit behavioural changes at elevated temperatures. In
experimentally heated streams, Chinook salmon had elevated
plasma cortisol concentrations and displayed altered behav-
iours consistent with a stressed state, including erratic swim-
ming, abnormal posture and aggregative behaviour (Quigley
and Hinch, 2006). Indeed, a number of studies have shown
the propensity for salmonids, including brook trout, to aban-
don territories during elevated temperatures in order to seek
out the refuge of cool-water sources (Wurtsbaugh ez al., 1975;
Curry et al., 1997; Biro, 1998; Baird and Krueger, 2003; Baird
et al., 2006; Breau et al., 2007, 2011). Brook and rainbow
trout exhibiting these same behaviours were found to have
body temperatures that were cooler than the flow of the main
river (Baird and Krueger, 2003). Aggregating at cool water
sites led to increased vulnerability to predators and anglers in
brook trout (Baird et al., 2006). Some of the variability in
HSP70 seen at some sites may be due to variation in the tem-
perature experiences by individual fish. Behavioural changes
resulting from elevated temperatures are likely to increase the
risk of predation and decrease the ability of brook trout to
maximize food resources, contributing to the relationship
between temperature and brook trout population density seen
in this and other studies.

In addition to informing our basic understanding of how
species may respond to a warming climate, the knowledge of
such temperature thresholds will also help natural resource
managers. This knowledge could be used to identify ‘cool-
water’ sites that may be buffered from the harmful effects of
climate change. Likewise, it could help to identify populations
at risk from rising temperatures. For example, at two sites
(Buffam Brook and 4-Mile Brook) temperatures essentially
never exceeded threshold values and individuals had consis-
tently lower levels of stress response in both years, while two
other sites (Lyons Brook and Pond Brook) exceeded these
thresholds and showed consistently elevated stress responses.
These latter sites also had relatively low densities of brook
trout. Furthermore, our results suggest that the endocrine and
cellular stress responses we measured differed with respect to
their utility as potential biomarkers for exposure. Expression
of HSP70 shows the most promise in this regard. While some
individuals from warm sites above the 21.0°C threshold
showed little or no expression (possibly as a result of recent
immigration from cooler sites or use of cool microhabitats),
all of these sites had some individuals with expression well
above baseline (in the one most extreme case, all individuals),
and essentially none of the fish in cooler sites had HSP70 con-
centrations above baseline. In contrast, plasma glucose and
cortisol concentrations were highly variable among individual
fish, even at cooler sites. This variability is likely to be associ-
ated with indeterminacy and individual variation in the time
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scale at which elevated temperatures influence these stress
responses.

The time course of physiological responses to thermal stress
has an impact on our ability to detect such changes and their
utility as an indicator of thermal stress. Gill HSP70 and plasma
glucose, but not cortisol, increase following short-term (6 h)
exposure of brook trout to high temperature (Fig. 1), whereas
after long-term exposure (8-24 days) gill HSP and plasma cor-
tisol are elevated, but plasma glucose is not (J. G. Chadwick Jr
and S. D. McCormick, unpublished observations). This differ-
ential time course of response may explain why we observed
elevated gill HSP70 and plasma cortisol, but not plasma glu-
cose in brook trout in the wild, which had been exposed to
elevated temperature for at least several days (Fig. 3).

Previous work has established that there is a potential
interaction between the endocrine and cellular stress axes.
Cortisol has been shown to induce HSP70 in a number of fish
species, though this effect is species and tissue specific and not
as robust as the impact of temperature (Deane and Woo,
2011). In rainbow trout (Oncorbynchus mykiss), increased
gill HSP70 concentrations were attenuated (but not absent)
after exposure to elevated temperature (Basu et al., 2001).
Furthermore, the ability of liver to release glucose in response
to elevated cortisol is reduced when HSP70 concentrations are
high (Boone et al., 2002), which may explain the absence of
elevated plasma glucose with temperature in field studies
where both plasma cortisol and HSP70 were elevated.

It is of interest to note that there were differences in the
magnitude of HSP70 response in the 2 years of study, with
higher concentrations at the same average temperature in
2010 than in 2011. There is some indication that prior ther-
mal acclimation can influence the magnitude and/or duration
of increases in HSPs (Deane and Woo, 2011; Stitt et al., 2014).
However, we did not see any difference in explanatory power
when differences between 3 and 10 day running averages were
used in our analysis of the relationship between temperature
and HSP70. The strong autocorrelation between mean tem-
perature and temperature variation kept us from analysing the
latter as a factor in year-to-year or site variation. This difference
between years may also be due to other (non-temperature)
stressors experienced by these fish in 2010 compared with
2011. Heat shock protein-70 can be induced by a variety of
environmental factors (Deane and Woo, 2011), including
social stressors and lack of food (Currie ef al., 2010). Our
results indicate that measures of physiological stress have a
threshold response in brook trout and that these responses are
related to thermal ecological limits of the species. Heat shock
protein-70 appears to be a particularly useful tool to measure
thermal stress because it has a very sharp threshold response
and large magnitude of response to temperature. Given that
the heat shock response appears to be nearly universal in the
animal kingdom (Feder and Hofmann, 1999), HSPs may be
useful for determining ecological limits in many species.
Recent work in brook trout has shown population-specific
thermal tolerances that are correlated with induction
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temperatures of HSP70 (Stitt ef al., 2014), further validating
its use in determining ecological thresholds. These thermal
biomarkers could be used in conjunction with population
trend monitoring to justify and evaluate mitigation efforts,
including the removal of movement barriers and the preserva-
tion and restoration of riparian zones in order to stave off the
loss of populations due to a warming climate.
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