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Abstract
Stream temperature is a key driver of physiological function in ectothermic fish, and fish have clear upper and lower limits

to thermal habitat use. Stream temperature increases from climate change are a major threat to coldwater taxa like Athabasca
Rainbow Trout (Oncorhynchus mykiss), listed as Endangered under Canada’s Species at Risk Act. To better understand their vul-
nerability to climate change and prioritize recovery locations, Athabasca Rainbow Trout were collected in August 2021 from
three streams in the upper Athabasca River, Alberta, Canada, across a gradient of thermal regimes ranging from cold to warm.
Individual thermal tolerance was measured using two physiological metrics: agitation temperature (Tag) and critical thermal
maxima (CTmax) using a portable streamside laboratory. Tag is a behavioural indicator of a thermal avoidance threshold, whereas
CTmax is a physiological response that can be interpreted as the upper thermal limit where long term survival is reduced. Re-
sults provide strong evidence that CTmax is a plastic metric in Athabasca Rainbow Trout; however, Tag is not. This suggests that
Athabasca Rainbow Trout demonstrate some thermal plasticity in terms of CTmax, yet the lack of plasticity in Tag indicates
potential limitations in their adaptability to warming stream temperatures.

Key words: critical thermal maxima, agitation temperature, thermal physiology, Athabasca Rainbow Trout, streamside labo-
ratory, climate change

Introduction
Climate change can affect aquatic ecosystems by altering

thermal and hydrologic regimes, negatively impacting cold-
water fish species, which are especially sensitive to tempera-
ture change (Ficke et al. 2007; Döll and Zhang 2010). Fish are
ectotherms, with body temperature and all subsequent physi-
ological and biochemical processes governed by surrounding
thermal conditions, thereby inextricably linking fish phys-
iology and behaviour to water temperature (McNab 2002;
Pörtner 2004; Volkoff and Rønnestad 2020). The challenge
for fish, as with all organisms, is to maintain body tempera-
ture within a range that is optimal for performance. Climate
change is creating a warmer and more variable aquatic en-
vironment, threatening to push fish species past their phys-
iological limits (McCullough et al. 2009; Pörtner and Peck
2010; Horton et al. 2016). When fish experience tempera-
tures outside of their optimal range, behavioural responses
(e.g., avoidance or active habitat selection) or physiological
plasticity (e.g., stress response, thermal adaptation) are de-
signed to return fish to homeostasis as efficiently as possible
(Habary et al. 2017; Alfonso et al. 2021). However, the suite of
behavioural and physiological responses that best maintain

homeostasis and maximize fitness will depend on antecedent
(acclimation) temperatures, as well as the magnitude and du-
ration of thermal stress and the ecological strategy adopted
by any given species (e.g., low vs. high plasticity; avoiders vs.
adapters). The ability of different fish species to handle fu-
ture environmental shifts will likely depend on their ability
to mitigate temperature changes either by moving (i.e., occu-
pying or migrating into thermally suitable habitats) or adapt-
ing (i.e., altering their fixed physiological tolerances or scope
for phenotypic plasticity (Habary et al. 2017).

Upper thermal limits in fish are characterized by met-
rics like agitation temperature (Tag) and critical thermal
maximum (CTmax), which are typically estimated using non-
lethal, acute temperature experiments (Jeffries et al. 2018).
Tag is thought to be an ecologically relevant behavioural
metric indicating the initiation threshold for thermally-
induced avoidance behaviour, when fish abandon their cur-
rent habitat in search for a thermally suitable alternative
(e.g., thermal refugia; McDonnell and Chapman 2015). Wa-
ter temperatures above Tag often exceed optimal tempera-
tures, where sublethal effects begin to occur (Bear et al. 2007;
Jeffries et al. 2018). In contrast, CTmax describes the upper
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temperature limit where physiological dissociation and equi-
librium loss occur (Becker and Genoway 1979). Fish can shift
their behavioural, physiological, and morphological traits in
response to the surrounding environment, thereby maintain-
ing a higher level of fitness across a larger range of condi-
tions (Angilletta 2009; Gamperl et al. 2020). Thermal traits
will also be influenced by recent thermal exposure, gener-
ally referred to as acclimation temperature (i.e., recent set
of thermal conditions an organism has experienced). In gen-
eral, laboratory experiments indicate greater thermal tol-
erance following higher acclimation temperatures in fish
(Comte and Olden 2017; Potts et al. 2021); however, the im-
pacts of naturally variable stream conditions, like fluctuat-
ing temperatures and exposure to extreme heat, are less well
understood.

Athabasca Rainbow Trout are found in the cold, unproduc-
tive headwaters of the Athabasca River in northwestern Al-
berta, Canada, and their distribution is strongly influenced by
water temperature and elevation (COSEWIC 2014; DFO 2018).
This ecotype of Rainbow Trout is listed as Endangered un-
der the Canadian Species at Risk Act due to significant range
contraction and threats associated with habitat loss, compe-
tition with invasive species, and genetic introgression. Cli-
mate change will further impact habitat quantity and qual-
ity as stream temperatures are predicted to increase by 2.0–
7.4 ◦C during summer months in the Athabasca River water-
shed by 2100 (Du et al. 2019). This study is intended to help
fill some of the knowledge gaps in their thermal physiology
and adaptability of Athabasca Rainbow Trout, providing im-
portant information to guide management decisions for this
endangered ecotype.

Thermal tolerance of Athabasca Rainbow Trout has been
previously inferred from other Rainbow Trout populations
using a variety of physiological metrics, however, it is un-
clear to what extent these results are transferrable to an eco-
type at the northern extent of the Rainbow Trout distribu-
tion. The upper critical temperature limits and thermal plas-
ticity of adult Athabasca Rainbow Trout was assessed by mea-
suring Tag and CTmax from different source creeks across a
natural gradient of acclimation temperatures. The agitation
window was also analyzed, representing the difference be-
tween CTmax and Tag (Taw = CTmax−Tag; Fig. 1), which provides
a measure of the thermal buffer between the initiation of an
agitation response and the ability to escape from critical con-
ditions that may ultimately lead to organism death (Wells
et al. 2016; Firth et al. 2021). Taw, although likely subject
to acclimation, is primarily a selected phenotypic attribute
as both CTmax and Tag are subject to local adaptation (i.e.,
among populations or species; McDonnell et al. 2021). The
thermal safety margin (TSM; maximum stream temperature–
CTmax; Potts et al. 2021) was used to characterize the diver-
gence between a population’s phenotypic tolerance and the
site-specific thermal regime at a given location. TSM may be
interpreted as representing the thermal risk associated with
a particular site or temperature regime, given a particular
phenotype.

The overall aims of this study were to (i) evaluate the ef-
fect of naturally fluctuating acclimation temperatures on up-
per thermal tolerance of Athabasca Rainbow Trout; (ii) to

Fig. 1. Conceptual illustration of the measured physiological
performance indicators, including critical thermal maxima
(CTmax), agitation temperature (Tag), agitation window (Taw),
and thermal safety margin (TSM). Dotted line indicates the
scope for potential plasticity of CTmax or other metrics in re-
lation to stream temperature (solid red line) throughout the
summer months.

assess whether Athabasca Rainbow Trout, as an ecotype at
the northern periphery of the Rainbow Trout range, have a
unique (e.g., lower) CTmax than other Rainbow Trout popu-
lations; and (iii) to compare Tag in Athabasca Rainbow Trout
with previously published studies to expand our understand-
ing of variation in Tag among fish species.

Methods

Study sites
Three focal creeks were selected in the McLeod River, a

tributary in the upper Athabasca River watershed, Alberta,
Canada (Fig. 2), to encompass the natural thermal variabil-
ity of creeks occupied by Athabasca Rainbow Trout. Ander-
son Creek (AN) was selected as a cold (14.4 ◦C maximum Au-
gust temperature in 2021), Wampus Creek (WP) as interme-
diate (18.7 ◦C), and McPherson Creek (MP) as a warm (20.3
◦C) creek. An upstream (U) and downstream (D) site were se-
lected on each creek for within-stream comparison, and wa-
ter temperature was recorded every 30 min at each of the six
sites using temperature loggers (HOBO Pendant, MX2202, On-
set, Bourne, MA, USA). Because tributaries are relatively close
with no intervening barriers, it is assumed that there is suf-
ficient gene flow to ensure a single homogenous population,
and that any differences in thermal tolerance reflect either
developmental plasticity or acclimation to different thermal
environments.

Study fish
Research permits were approved by DFO’s Freshwater Insti-

tute Animal Care Committee following the Canadian Coun-
cil on Animal Care guidelines (Animal Use Protocol: FWI-
ACC-2021-52), Alberta Fish and Wildlife Division (Research
and Collection Permit: 21-317), and the DFO Species at Risk
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Fig. 2. Location of sites within the three study creeks (An-
derson, Wampus, and McPherson) in the Athabasca River wa-
tershed, Alberta, Canada. Colour represents thermal regime
(blue = cold, green = intermediate, red = warm water creek)
with upstream (U) and downstream (D) sites represented by
triangles and circles, respectively.

Program (SARP) who issued a permit under Section 73 of the
Species at Risk Act (SARA Permit: 21-PCAA-00032). A total of 120
wild Athabasca Rainbow Trout were collected between 4 and
15 August 2022 across the six sampling sites using an LR-24
backpack electrofisher (Smith Root, Vancouver, WA, USA; set-
tings: 290 V, 35 Hz, 13%). Fish length did not differ signifi-
cantly among sites (average total length = 147 mm ± 36 mm
and wet body mass = 38.8 ± 29.1 g). Young-of-the-year fish
were excluded from this study, which focused on thermal tol-
erance of adults or sub-adults. Fish were placed in an opaque
instream flow-through holding bag (where feeding was as-
sumed to be reduced) for up to 24 h prior to the start of each
experiment.

Experimental setup for measuring upper
thermal tolerance

Upper thermal tolerance experiments were conducted in a
mobile streamside laboratory trailer to determine CTmax and
Tag. Large heating tanks were filled to a predetermined vol-
ume with stream water ensuring the experimental starting
temperature reflected resident thermal conditions. Through-
out the experiment, fish were individually housed in small
acrylic chambers with mesh ends (n = 6). Individual cham-
bers functioned to reduce social and physical interactions
between study fish while permitting continuous water ex-
change between the chamber and tank. Water temperature
in the tank was controlled by five submersible heaters (TH-
0300S titanium heaters, Finnex, Chicago, IL, USA) to gradu-

ally increase the temperature at a standardized heating rate
of 0.3 ◦C/min (Becker and Genoway 1979) for both CTmax and
Tag trials, with temperature monitored to ensure an accurate
heating rate. Two circulation pumps and air stones were also
placed in the tank to ensure uniform water temperature and
saturated dissolved oxygen levels. Two experimental trials
were conducted daily using identical replicate tank systems
to increase fish throughput.

Experimental procedure
On the morning of each experiment, six fish were removed

from the instream holding bags where they were placed the
day before and moved into individual chambers within the
heating tank. Fish were acclimated for 2 h at a stable temper-
ature to reduce potential stress associated with handling and
a new environment. Once the acclimation period at ambient
stream temperature was complete, the dynamic heating pe-
riod began. Fish movement was carefully monitored for be-
havioural cues that define the onset of agitation. Tag was al-
ways observed before the onset of CTmax and was defined as
5 s of consistent burst swimming or aggressive turning inside
individual confinement chambers (McDonnell and Chapman
2015). CTmax was defined by a loss of equilibrium (inability to
remain upright) and/or disorganized locomotory movement
(Beitinger et al. 2000). Fish were immediately removed from
the warm experimental tank when CTmax was observed and
placed in a cool recovery tank. Fork length (in mm) and wet
body mass (in g) measurements were recorded, and a fin clip
was taken from the left pelvic fin of each fish for genetic anal-
ysis (n = 120). Once fish had regained equilibrium and recov-
ered, they were released back into the stream at the site of
capture.

Genetic analysis
Rainbow Trout of hatchery origin were historically stocked

throughout the Athabasca River watershed (COSEWIC 2014).
To ensure that all fish used in the data analysis were geneti-
cally pure, fin clips from all assayed fish were genetically an-
alyzed for introgression with stocked Rainbow Trout. All pro-
tocols closely followed those of Geraldes and Taylor (2021).
Tissue samples were digested, and DNA was extracted and
amplified to estimate the ancestry coefficient between wild
and hatchery Rainbow Trout groups, expressed as the pro-
portion of the genome of each fish that was of wild origin
(i.e., QH). Although five tissue samples had insufficient genetic
material for analysis, the remaining 115 samples were all ge-
netically pure with an introgression coefficient Qi > 0.95, in-
dicating genetic introgression was rare in experimental fish
caught in McPherson, Anderson, and Wampus creeks. Based
on these results, it is reasonable to infer that all experimen-
tal fish (n = 120) were genetically pure Athabasca Rainbow
Trout.

Data and statistical analyses
Long-term acclimation temperature prior to measurement

of thermal tolerance calculated as the mean water tempera-
ture at each site for 7 days preceding the experiment were
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Table 1. Regression equations for agitation temperature (Tag), critical thermal
maxima (CTmax), agitation window (Taw), and thermal safety margin (TSM).

Response variable Equation: (Response = (Slope ∗ Predictor) + Intercept)

Tag Tag = (−0.110 ∗ Acclimation) + (0.014 ∗ Fork length) + 21.563

CTmax CTmax = (0.314 ∗ Acclimation) + (−0.009 ∗ Fork length) + 25.180

Taw Taw = (0.419 ∗ Acclimation) + (−0.022 ∗ Fork length) + 3.734

TSM TSM = (−1.196 ∗ Acclimation) + (−0.010 ∗ Fork length) + 26.842

based on observed temperature logger data. However, 2021
temperature data were missing from the upstream site in
McPherson Creek and was subsequently inferred based on the
water temperature relationship between up and downstream
sites of McPherson Creek measured the following summer.

Data from thermal tolerance experiments were excluded
if behavioural observations were deemed inaccurate or am-
biguous. Three Tag data points were excluded when fish ei-
ther expressed agitated behaviour from the start of the exper-
iment, or if fish failed to express any agitated behaviour prior
to CTmax. Five CTmax observations were excluded when fish
demonstrated full recovery of equilibrium and activity imme-
diately after being placed in the recovery tank, as this indi-
cates a behavioural misinterpretation of loss of equilibrium,
and that fish were prematurely removed from the experi-
ment. The raw experimental data for this research is avail-
able from Dryad, located at https://doi.org/10.5061/dryad.5q
fttdzh5.

We first modelled CTmax as a one-way ANOVA treating site
as a fixed effect to investigate differences in mean perfor-
mance among sites (n = 6). To derive more generalizable mod-
els (Table 1), site mean values for the response variables Tag,
CTmax, Taw, and TSM were also calculated and modelled as a
function of acclimation temperature and fork length as inde-
pendent predictor variables using a linear mixed effect (lme)
model with site as a random effect, using a Kenward-Roger de-
gree of freedom approximation. All database manipulations
and statistical analyses were performed in R version 3.6.3 (R
Core Team 2020).

Literature review on thermal metric variation
To determine the scale of variation in published CTmax

among Rainbow Trout populations, a literature search was
conducted using Google Scholar. The search included a term
for the experimental metric (CTmax, critical thermal max-
ima/maximum, or upper thermal tolerance) and the species
name (Rainbow Trout, Oncorhynchus mykiss, or the obsolete
Salmo gairdneri). Studies were excluded if they included addi-
tional treatments looking at the effect of social interaction
(e.g., dominant vs. subordinate) on thermal tolerance, per-
formed surgery on test fish, or tested multiple stressors at
the same time as temperature (e.g., hypoxia in combination
with temperature), as confounding variables make it chal-
lenging to establish a clear link between temperature and
physiological thresholds. Thermal habitat use studies (e.g.,
thresholds inferred from visual observation of trout leaving
warm habitat) were excluded to ensure comparable method-
ologies across studies. Data was extracted from the 24 studies

that met these criteria (Table 2, Supplemental material) from
tabular data or using WebPlotDigitizer (https://automeris.io
/WebPlotDigitizer/) to extract data from graphs. CTmax was
then modelled using a mixed effect model as a function of
acclimation temperature and study as a random effect.

A second literature review was conducted to compare Tag

in Athabasca Rainbow Trout to values reported for other
fish species. Search terms included agitation temperature,
avoidance temperature, and Tag. However, because Tag is a
relatively new metric only 10 studies were identified (Table
3, Supplemental material). Acclimation temperature, species
order (Cypriniformes, Cichliformes, Perciformes, Salmoni-
formes), and study as a random effect (n = 11, including data
from this study) were then used as factors to predict Tag in a
mixed effect model.

Results

Assessment of upper thermal tolerance
Acclimation temperatures (7-day average stream tempera-

ture prior to thermal experiments) ranged from 7.4 to 16.3 ◦C
across the six sampling sites and differed significantly among
streams (F2,116 = 203.2, p < 0.001). Agitation temperature var-
ied greatly among individual fish, ranging from 16.0 to 27.5
◦C, with a mean of 22.0 ± 2.6 ◦C (Fig. 3a). Tag increased signif-
icantly with fish size (F1,113.3 = 4.05, p = 0.047, slope = 0.014,
Table 1), with larger fish becoming agitated at higher tem-
peratures. CTmax ranged from 24.1 to 30.8 ◦C, with an overall
average of 28.0 ± 1.5 ◦C across sites. The upstream site on the
coldest creek (AN–U) had the lowest mean CTmax at 26.4 ◦C,
whereas the downstream site on the warm creek (MP–D) had
the highest mean CTmax at 29.4 ◦C (Fig. 3b). Both acclimation
temperature (F1, 4.2 = 23.81, p = 0.007, slope = 0.314) and fork
length (F1,116.1 = 7.94, p = 0.006, slope = −0.009) were signifi-
cant predictors of CTmax. A post hoc test revealed the coldest
site (AN–U) and warmest site (MP–D) had significantly differ-
ent CTmax from the intermediate sites (Tukey HSD, p < 0.05).
Agitation window was extremely variable among individ-
ual fish ranging from 0.4 to 13.4 ◦C with an overall aver-
age of 6.0 ± 3.1 ◦C (Fig. 3c). Fork length was the only sig-
nificant predictor and had a negative relationship with Taw

(F1,112.4 = 9.21, p = 0.003, slope = −0.022). The TSM ranged
between 2.2 and 15.5 ◦C, averaging 10.0 ± 3.3 ◦C across all
sites (Fig. 3d). Acclimation temperature was the most sig-
nificant predictor of TSM (F1,4.1 = 70.19, p < 0.001, slope =
−1.196), with warmer acclimation temperatures negatively
effecting the thermal safety margin (slope = −1.12). TSM
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Fig. 3. Upper thermal tolerance metrics for Athabasca Rainbow Trout in in the upper McLeod River watershed with accli-
mation temperatures increasing along a site gradient from left (8.5 ◦C) to right (16.9 ◦C). The six site locations encompass
three creeks (AN = Anderson, WP = Wampus, MP = McPherson) with an upstream (U) and downstream (D) location. Panels
indicate (a) agitation temperature, Tag; (b) critical thermal maxima, CTmax; (c) agitation window, Taw; and (d) thermal safety
margin, TSM. Coloured boxes represents the 50% interquartile range, whiskers represent minimum and (25th percentile −1.5
∗ interquartile range), maximum values (75th percentile + 1.5 ∗ interquartile range) and black circles (•) represent outliers.
Open circles (◦) represent means, whereas black horizontal lines represent medians. Different letters represent statistically
significant differences among sites.
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Fig. 4. Relationship between critical thermal maxima (CTmax) and acclimation temperature among multiple Rainbow Trout
studies (n = 24). Black data points indicate CTmax values of Rainbow Trout populations from published studies, red data points
indicate Athabasca Rainbow Trout CTmax estimates from this study.

also decreased with fork length (F1,113.9 = 10.24, p = 0.002,
slope = −0.010).

Literature review of thermal metric variation
Regression analysis of literature review data showed that

acclimation temperature had a significant positive effect
on CTmax across multiple RBT populations (F1,83 = 131.59,
p < 0.001; Fig. 4). No meaningful difference in CTmax was ap-
parent between Athabasca Rainbow Trout and the predicted
Rainbow Trout average, with CTmax values for Athabasca Rain-
bow Trout well within the range of other Rainbow Trout
populations (Fig. 4), providing no support for the assump-
tion of reduced thermal tolerance in Athabasca Rainbow
Trout.

The relationship between Tag and acclimation tempera-
ture in salmonids is poorly documented in the literature
because Tag is a relatively new metric, resulting in a lim-
ited sample size. However, this sample size was sufficient
to determine that acclimation temperature was a signif-
icant positive predictor of Tag (F1,29 = 654.11, p < 0.001,
Fig. 5a). Fish order was also a significant predictor of Tag

(F3,29 = 62.01, p < 0.001), with highest Tag in cichlids, fol-
lowed by cyprinids, percids, and salmonids. Literature source
also accounted for significant variation in Tag (F6,29 = 19.63,
p < 0.001).

The relationship between Taw and acclimation temperature
varied among individual studies. A significant overall nega-
tive relationship between Taw and acclimation temperature
suggests that upwards plasticity in the initiation of thermally
induced agitation temperature exceeds plasticity in CTmax

(F1,29 = 36.75, p < 0.001, Fig. 5b). Fish order (F3,29 = 28.37,
p < 0.001) and literature source (F6,29 = 28.60, p < 0.001) were
also significant factors in the model, with salmonids having

the largest average Taw, followed by cyprinids, percids, and
then cichlids.

Discussion
Athabasca Rainbow Trout will likely experience changes in

the quantity and distribution of thermally suitable habitat
in the future due to increasing stream temperatures associ-
ated with climate change (COSEWIC 2014; Habary et al. 2017).
To better understand their potential response (i.e., move vs.
adapt), we tested four quantitative metrics of performance
under a natural gradient of varying stream temperatures.
These included behavioural indicators associated with the on-
set of thermal stress (Tag, Taw) and physiological responses as-
sociated with extreme thermal stress (CTmax, TSM).

Avoidance behaviours characterized by metrics like Tag are
selected responses that serve as cues to minimize harm from
conditions that exceed physiological limits. For example, wa-
ter temperatures above Tag or low dissolved oxygen concen-
trations beyond tolerance thresholds can trigger an agita-
tion response in fish (Petersen and Petersen 1990), where
fitness related activities like foraging and predator avoid-
ance are negatively impacted (McDonnel and Chapman 2015).
Tag is a relatively new metric that has previously been de-
scribed only twice for salmonids, with Athabasca Rainbow
Trout values falling above the range reported for Brook Trout
(Salvelinus fontinalis; 17.5–18.1 ◦C, Wells et al. 2016) and be-
low for Westslope Cutthroat Trout (Oncorhynchus clarkii lewisi;
25.2 ◦C, Enders and Durhack 2022). In contrast to these stud-
ies, Athabasca Rainbow Trout showed no detectable acclima-
tion plasticity in this metric, suggesting diversity in adap-
tive strategies. However, this could also be a consequence
of differences in experimental methodology; the natural
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Fig. 5. Relationships between agitation temperature (Tag, panel A) and agitation window (Taw, panel B) with acclimation tem-
perature for various fish orders reported in the literature. Point colouration “•” represent various fish categories classified
by phylogenetic order, and coloured trendlines represent individual experiments. Data points with a red outline represent
studies with a single acclimation temperature, therefore, only included in the overall linear regression analysis (black line).
Data points with a black outline represent Athabasca Rainbow Trout from this study.

acclimation regime in this study exposed fish to considerable
diurnal variation in acclimation temperature, unlike labora-
tory studies of Tag, potentially decreasing the benefits of ele-
vating Tag at higher mean acclimation temperatures.

An increase in CTmax at higher acclimation temperatures is
a commonly observed physiological response to environmen-
tal warming (McDonnell and Chapman 2015). As expected,
CTmax was plastic in relation to acclimation temperature in
Athabasca Rainbow Trout, following the trend observed for
other native and hatchery Rainbow Trout populations. Fur-
thermore, CTmax values for the Athabasca Rainbow Trout eco-
type were similar to other Rainbow Trout populations, pro-
viding no support for the inference that Athabasca Rainbow
Trout are more cold-adapted (i.e., have reduced upper ther-
mal tolerance) than more southerly populations near the core
of the species’ distribution.

The agitation window can provide insight into how quickly
fish sense and react to temperature changes in the environ-
ment. A larger Taw (lower Tag) will provide a greater buffer
and warning zone for impending thermal stress; however,
this will disrupt normal behaviours earlier thereby reducing
the range of suitable habitat (i.e., it entails greater lost op-
portunity costs). Taw for Athabasca Rainbow Trout varied sub-
stantially among individuals, averaging 6.0 ◦C in our study,
comparatively less than observed for other salmonids in the
literature (average of 10.3 ◦C, n = 7). It appears that Athabasca
Rainbow Trout may have a smaller buffer zone than other
salmonids, allowing them to continue using warmer thermal

habitats before the onset of Tag, although we would recom-
mend a larger sample size to confirm these findings. More
controlled studies looking at the repeatability of Taw among
individuals, populations, and species would provide greater
insight into whether and how individuals and species adopt
different thermal strategies, and how this is affected by ther-
mal regime.

Sources of variation in agitation temperature
Differences in thermal performance metrics among indi-

viduals, populations, and species may reflect different eco-
logical and physiological strategies for optimizing fitness un-
der thermal stress. Variation in Tag may provide insight into
potential selection on avoidance behaviour, where agitation
behavior leading to emigration reduces thermal stress. How-
ever, interpreting the ecological significance of differences
in Tag is complicated by experimental or sampling artifacts
that may create divergence in performance metrics driven by
methodology rather than biology.

A lack of consistent criteria for defining Tag could be
one contributing factor to reported variation in Tag among
species, in particular the use of different endpoint criteria.
Tag was initially defined as the temperature where fish initi-
ate “swimming around the confines of the tank in a quick,
agitated manner” (McDonnell and Chapman 2015). Tag has
subsequently been reported as a sustained escape response
behaviour >5 s (Enders and Durhack 2022) or as the first
observed agitation period lasting >40 s (Potts et al. 2021);
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however, the difference in temperature threshold associated
with 5 s versus 40 s of agitated behaviour may be substan-
tial. Thus, apparent differences among and within species
may reflect different methodologies (i.e., threshold criteria)
rather than differences in intrinsic biology. This may be fur-
ther compounded by subjective observer assessments of what
constitutes agitation behavior. Reporting Tag values using a
standardized metric definition and criteria for agitated be-
haviour is essential for comparing across studies. To this end,
we recommend that Tag be defined as a 5 s sustained escape
response to reflect the onset of temperature avoidance be-
haviour. Alternatively, researchers could measure tempera-
tures associated with both 5 s and 40 s of agitation behavior
(or other duration) to allow cross-calibration across studies.

Stability of acclimation temperatures is another potential
driver of variation in thermal thresholds. Upper thermal tol-
erance metrics including Tag and CTmax are frequently mea-
sured in laboratory settings following long periods of sta-
ble acclimation temperature; however, the effect of naturally
fluctuating diurnal stream temperatures on thermal toler-
ance remains unclear. Similarly, the relevance of acclimation
measured under constant temperature to thermal acclima-
tion in the wild where diurnal temperature fluctuations are
the norm is also uncertain. Variable acclimation tempera-
ture experiments with Chinese Bream (Parabramis pekinensis)
and Fathead Minnow (Pimephales promelas) showed that fish
exposed to fluctuating acclimation temperatures had higher
CTmax values relative to control fish experiencing stable tem-
peratures (Peng et al. 2014; Salinas et al. 2019). This trend
has also been observed in salmonids with higher CTmax val-
ues observed in wild Rainbow Trout, Brook Trout, and Brown
Trout (Salmo trutta) populations exposed to diurnally fluctu-
ating temperatures relative to hatchery populations raised at
stable temperature (Carline and Machung 2001). However, it
is unclear in this example whether the relatively higher ther-
mal tolerance observed in wild populations is due to selection
for altered thermal tolerance in hatchery fish, or acclimation
to a stable hatchery thermal regime. Increased thermal toler-
ance associated with fluctuating acclimation temperatures is
consistent with Jensen’s inequality, where extreme tempera-
tures have a stronger influence than mean values (Bernhardt
et al. 2018). Wild fish populations from fluctuating environ-
ments are in reality experiencing higher acclimation temper-
atures compared to fish raised at the same mean temperature
under stable laboratory conditions and might therefore be
expected to have a higher CTmax. A better quantitative under-
standing of the effects of stable versus fluctuating acclima-
tion temperature on CTmax would allow better extrapolation
of CTmax measured under stable laboratory temperatures to
more ecologically realistic field conditions.

Effects of exposure duration on thermal
physiology

While acclimation temperatures in the laboratory are gen-
erally well defined, acclimation conditions for wild fish (i.e.,
their thermal exposure history prior to temperature stress)
may be highly variable, which almost certainly affects their
subsequent thermal performance. A better understanding of

how acclimation temperatures in the laboratory relate to ac-
climation (antecedent) temperature in the wild is essential
if laboratory thermal tolerance thresholds are to be applied
to real world prediction of response to climate change. Fun-
damental to this is understanding how frequency and dura-
tion of antecedent thermal conditions (i.e., heat events) affect
subsequent thermal tolerance of fish exposed to temperature
fluctuations in the wild. Exposure length and frequency dur-
ing the pre-measurement period in an experiment–or during
antecedent thermal conditions for a wild fish before a ther-
mal event–is consequential for subsequent performance, and
wild fish can be exposed to any combination of short expo-
sures to extreme temperatures, repeated exposures, or long
sustained exposures, all of which can impact thermal toler-
ance differently (Healy and Schulte 2012; Pandey et al. 2021;
O’Sullivan et al. 2023).

Vulnerability of Athabasca Rainbow Trout to
climate change

If future climate projections are available, Tag and CTmax

metrics can directly inform potential sensitivity to increasing
stream temperatures and extreme events (Habary et al. 2017).
To evaluate the vulnerability of Athabasca Rainbow Trout to
climate change, the warmest study site (MP–D) was selected
using temperature data collected during a heat dome event
that occurred between 25 June and 1 July 2021, when air tem-
peratures reached 41.2 ◦C near our field sites (Jasper Alberta;
Government of Canada 2023). Stream temperatures at MP–D
site reached a maximum of 24.9 ◦C during this event, surpass-
ing Athabasca Rainbow Trout Tag by ∼3 ◦C (Fig. 6). This im-
plies that Athabasca Rainbow Trout likely experienced some
degree of thermal stress at this site during this time period,
unless they were able to access thermal refugia. However,
stream temperatures before and after the heat wave were be-
low Tag indicating thermal stress was neither prolonged nor
repeated numerous times throughout the summer. Through-
out the heatwave, CTmax remained a minimum of 4.5 ◦C above
stream temperature, indicating a relatively large buffer (i.e.,
TSM). However, climate modeling for the Athabasca River wa-
tershed predicts stream temperatures will increase up to 2.5
◦C during summer months by the second half of the 21st cen-
tury (Morales-Marín et al. 2019). Temperature increases of this
magnitude would sharply increase the frequency and dura-
tion of thermal stress while reducing the TSM to ∼2 ◦C. This
hypothetical scenario would create major concerns for long-
term habitat suitability in warmer streams like McPherson
Creek. In contrast, the remaining five sampling sites all had
large TSMs ranging from 9.1 to 14.4 ◦C. While these cooler
creeks imply a higher degree of local resilience and thermal
habitat suitability, range contraction as warmer sites become
unsuitable seems certain, although the potential scope for
range expansion in habitats that are currently too cold is un-
clear.

Conclusion
Physiological stress from climate change and associated

habitat shifts will continue to impact Athabasca Rainbow
Trout and other salmonids throughout their global distri-
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Fig. 6. Summer stream temperatures in McPherson Creek (site MP–D) compared to quantitative metrics of performance (Tag,
CTmax, TSM) for Athabasca Rainbow Trout at this site. Dark purple line indicates the measured creek temperatures in 2021,
whereas light blue presents a hypothetic situation where creek temperatures are 2.5 ◦C higher under future climate scenario.
Filled circles “•” indicate when the metric was calculated, with the dashed lines extending for metric comparison. Tag, agitation
temperature; CTmax, critical thermal maxima; TSM, thermal safety margin.

bution (Wenger et al. 2011; DFO 2018). The threat of ther-
mal niche constriction compounded by competition from
invasive species, genetic introgression, and habitat loss are
predicted to create challenges for this endangered eco-
type (Fisheries and Oceans Canada 2020). The outcome
for Athabasca Rainbow Trout will depend on their ability
to adapt to climate change, either by exploiting thermal
refuges or potentially altering their physiology. Understand-
ing thresholds for sublethal avoidance (Tag) and lethal tem-
peratures (CTmax) is essential for understanding future habi-
tat suitability and distribution. This study indicates that
Athabasca Rainbow Trout show physiological plasticity in up-
per thermal tolerance, but not for behavioural avoidance
thresholds, indicating a potentially lower resilience to sub-
lethal effects associated with increasing stream temperature.
Assessing climate related temperature risks for endangered
fish populations is critical for guiding conservation efforts to
protect critical habitats, and to predict the ecological impacts
of increasing stream temperatures.
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