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Abstract

Brook Trout (Salvelinus fontinalis) have been widely introduced throughout the world and are
often considered as direct competitors with native salmonid species. Metabolic rate is one metric
we can examine to improve our understanding of how well fish perform in different habitats,
including across temperature gradients, as metabolism can be directly influenced by
environmental temperatures in ectotherms. We estimated the standard metabolic rate, maximum
metabolic rate and aerobic scope of lab-reared juvenile Brook Trout (~1 year) using intermittent-
flow respirometry across a range of temperatures (5-23°C) likely experienced in the wild. We
included a diurnal temperature cycle of = 1.5°C for each treatment temperature to simulate
temporal variation observed in natural waterbodies. Standard metabolic rate and maximum
metabolic rate both increased with acclimation temperature before appearing to plateau around
20°C, while mass specific aerobic scope was found to increase from 287.25+13.03 mg O2-kg-
1-h-1 at 5°C to a mean of 384.85+13.31 mg O2-kg-1-h-1 at 15°C before dropping at higher
temperatures. Although a slight peak was found at 15°C, the generally flat thermal performance
curve for aerobic scope suggests Brook Trout are capable of adjusting to a relatively wide range
of thermal regimes, appearing to be eurythermal, or a thermal generalist at least for salmonids.
The ability of this population to maintain similar physiological performance across a wide range
of temperatures may help explain why Brook Trout succeed in a variety of different thermal
habitats.

Keywords: Aerobic scope; Brook Trout; temperature variation; thermal generalist
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1.1 Introduction

Brook Trout (Salvelinus fontinalis) are a widely introduced species throughout the world and are
often considered in direct competition with native trout species in areas of introduction (DeHaan
et al., 2010; Gunckel et al., 2002; Isaak et al., 2015). In their native range of north-eastern North
America, Brook Trout are considered a cold-water species, yet in many introduced areas, such as
the Rocky Mountains in western North America, they are viewed as possessing a warmer water
tolerance than native species. The perceived warmer water tolerance is based on evidence that
shows Brook Trout are often found in the lower reaches of streams where water temperatures are
typically warmest (Paul & Post, 2001). It is also assumed that Brook Trout possess a
physiological advantage over native species in warmer waters (i.e., increased growth and food
conversion efficiency; McMahon et al., 2007). Previous studies looking at the effects of
temperature on Brook Trout and native salmonid species found that peak aerobic scope (Graham,
1949) and temperature preference (Macnaughton, Kovachik, et al., 2018) of Brook Trout both
occur from 15-17°C, while their upper incipient lethal temperature (UILT) is ~25°C (Fry et al.,
1946; McCormick et al., 1972). UILT is a plastic trait across life stages and populations and is
defined as the upper temperature a species is able to tolerate without mortality (Fry et al., 1946).
Many native species that Brook Trout co-occur with have lower UILTSs, including Bull Trout
(Salvelinus confluentus) — 20.9°C — (Selong et al., 2001) and Westslope Cutthroat Trout
(Oncorhynchus clarkii lewisi)— 19.6°C — (Bear et al., 2007). Since temperature affects growth,
reproduction, and metabolic performance of fish, temperature tolerance can have a substantial
influence on the habitats fishes occupy across watersheds (Isaak et al., 2017; McMahon et al.,
2007; Selong et al., 2001).

Metabolic rate (MR) is an estimate of the amount of energy expended by an organism
under a given condition (Fry, 1957; Treberg et al., 2016), and is most often measured indirectly
in fish using techniques such as respirometry, which measures oxygen consumption over time.
With ectotherms, there are three main metrics estimated to describe the aerobic MR: standard
metabolic rate (SMR), maximum metabolic rate (MMR) and aerobic scope (AS). SMR is the
minimal metabolic costs required by an ectotherm to maintain physiological functions in an
unfed state and at rest, i.e., including homeostasis (Beamish, 1964; Brett & Groves, 1979; Fry,
1971; Treberg et al., 2016). Standard metabolic rate is comparable to basal metabolic rate in

endotherms (BMR; mammals, birds, etc.), but unlike BMR, which should be measured within
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the organism’s thermal neutral zone of environmental temperature, SMR is measured at a
defined environmental temperature. MMR is the maximum aerobic metabolic rate of an
organism (Brett & Groves, 1979; Fry, 1971; Treberg et al., 2016), often achieved during
exhaustive exercise. Aerobic scope is the difference between SMR and MMR and can be used as
a measurement of the amount of oxygen available for life processes beyond those required for
basic existence (SMR). An organism’s AS also sets a theoretical limit for the amount of aerobic
energy that can be allocated to any additional energetically demanding processes, e.g., growth,
reproduction, anti-predator behaviour (Eliason & Farrell, 2016). It is thought that with higher
AS, an organism has the ability to perform more energy demanding processes simultaneously,

conferring a competitive advantage due to a greater metabolic capacity (Eliason & Farrell, 2016).

As most fishes are ectotherms, temperature influences their metabolic rate, with SMR and
MMR generally increasing as water temperatures increase, at least up to some upper threshold
(Norin & Clark, 2016; Schulte, 2015; Szekeres et al., 2016). This makes temperature extremely
important for the survival of fish species (Eliason & Farrell, 2016). Thermal physiology has two
main contrasting views; the conservative view that species do not easily evolve and adapt to
changes in temperature, whereas the labile view predicts that species can easily acclimate (short-
term) or adapt (long-term/generational) to thermal changes, leading to long term evolution (Hertz
et al., 1983). Under the labile view, evolutionary adaptation can occur slowly through many
generations or more quickly through natural selection removing individuals who are unable to
acclimate to a thermal change (Hertz et al., 1983). Since these opposing views were proposed by
Hertz et al. (1983), empirical evidence supporting both arguments has been found because some
species and populations are more readily able to adapt to changes in temperature and climate
than others, as seen in several Pacific salmon species (T. D. Clark et al., 2011; Eliason & Farrell,
2016; Poletto et al., 2017).

Changes in performance traits, including MR, over a range of temperatures is often
displayed graphically using a thermal performance curve (Schulte et al., 2011). It has been
shown with many salmonid species that SMR and MMR have an exponential relationship with
increasing water temperatures, until a certain point, before reaching a plateau or sharply
declining near upper lethal temperatures (Fry, 1947; Lee, 2003; Macnaughton et al., 2018).

Based on SMR and MMR relationships with temperature, AS thermal performance curves are
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often reported to increase as water temperatures increase until an optimum temperature and then

decline as water temperatures continue to increase (Eliason & Farrell, 2016).

It is possible that different responses to temperature changes may be related to the
breadth of a species’, or a population’s thermal performance curve. Thermal generalists possess
flatter thermal performance curves, and, therefore, exhibit similar metabolic performance across
a wide temperature range, whereas, thermal specialists have narrower thermal performance
curves with a clearly defined peak in performance (Angilletta et al., 2002; Gilchrist, 1995).
Possessing a similar AS across a broad range of temperatures may allow a species to better cope
with temperature variation in their environment, and a recent review by Nati et al. (2016) showed
that a broad AS range does not prevent having a peak AS at an optimal temperature for teleost
fish, including several salmon, trout and sculpin species. Thermal generalists may benefit from a
broader AS range in some situations, such as in habitats that experience large diurnal
temperature variations, but be hindered in other situations, such as when living in sympatry with
thermal specialists at their optimum temperature (Angilletta et al., 2002). Field studies
investigating the thermal preference of Brook Trout across their native and introduced ranges
have found fish across a wide range of water temperatures and have suggested the mean
preferred temperature to be anywhere from 10.6 + 0.96°C to 17.1 + 0.31°C (Baird & Krueger,
2003; Goyer et al., 2014). Based on the wide range of assumed temperature preference, we
hypothesized that Brook Trout are a thermal generalist, with a wide thermal performance curve

and similar AS across our test temperature range.

When considering the effect temperature has on biological processes, such as metabolic
rates in fish, Morash et al. (2018) indicated that previous studies ignored the inherent natural
temperature fluctuations that fish experience in the wild. Failing to account for temporal
variation in temperature when conducting laboratory experiments may incorrectly estimate
results of physiological variables such as AS. Morash et al. (2018) showed that if fish experience
a range of temperatures along the thermal performance curve, the value of their AS at the mean
temperature will lie somewhere off the curve, between the lower and upper temperature AS
values (also referred to as Jensen’s inequality). Since fish experience daily thermal variation in

their natural habitat, temperature variability should be considered when estimating physiological
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variables (i.e., AS) in the lab, especially if the intent is to compare with estimates obtained for

wild fish, in-situ experiments, or when using lab-derived predictions to represent wild fish.

The goal of this study was to estimate SMR, MMR, and AS of juvenile Brook Trout
across a range of acclimation temperatures experienced in the wild (5-23°C) using intermittent-
flow respirometry. A daily thermal cycle of 3°C (treatment temperature + 1.5°C) was used to
simulate natural daily temperature variations experienced by fish in the wild. Results from this
experiment may serve as a baseline for comparison with native congeneric species where Brook

Trout have been introduced.

1.2 Materials and Methods

1.2.1 Animal Husbandry
Brook Trout used in this experiment were the second generation (F1) from a brood stock
obtained from the Whiteshell Fish Hatchery in eastern Manitoba, Canada. This strain of Brook
Trout originated from Gods Lake/Gods River in Northern Manitoba and was brought to the
Whiteshell Fish Hatchery in the 1970s before being stocked into the South Duck River on the
east slope of the Duck Mountains, Manitoba. Following stocking in the South Duck River, a new
brood stock was established at the hatchery from this riverine source (Kevin Dyck, personal
comm., 2018). Brook Trout were obtained from the hatchery in 2016 and bred in the Fish
Holding Facility at the Freshwater Institute in the fall of 2017. 12 males and 8 females were used
as brood stock from the P1 population of Brook Trout. Gravid fish were anaesthetized using MS-
222 (concentration: 80 mg-1" (Syndel Laboratories Ltd., Vancouver, British Columbia, Canada),
buffered with 160 mg I of sodium bicarbonate) before eggs and milt were collected by gently
squeezing and sliding a thumb along the underside of the fish towards the vent to encourage
gamete release. Eggs and milt from all brood stock were combined in a bowl and gently mixed
before being placed in a vertical incubator egg tray system. Eggs were held at 10°C throughout

incubation and hatch.

The general population of Brook Trout was reared in two aerated 600 | circular flow-
through tanks held at ~10°C and fed ad libitum once daily with commercial pellet fish food
(EWOS Pacific: Complete Fish Feed for Salmonids, Cargill). Fish were maintained on a 12:12 h
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diurnal light cycle, with 20 min transition intervals of low light levels to simulate dawn and dusk

periods.

1.2.2 Experimental Setup
From October 30, 2018 — February 6, 2019, a total of 275 juvenile fish of ~1 year of age (weight
range = 4.6-74.5 g) were haphazardly selected from the general population tanks and transferred
to one of two 200 | flow-through tanks for acclimation. As only two tanks were available for
acclimation, fish were acclimated to the five treatment temperatures in a staggered order over the
three month experimental period as tank space allowed. The order in which treatments were
started was chosen randomly using a random number generator. The treatment order was 10, 23,
20, 15, 5°C to avoid growth and mass increasing with treatment temperature (i.e. smallest fish at
5°C, largest fish at 23°C). The tanks were held at 10°C for the initial day following transfer to
allow fish to recover before being gradually acclimated to their treatment temperatures (5°, 15°,
20°, 23°C). Diurnal fluctuations were included during the first part of the acclimation period,
which consisted of gradually warming or cooling each of the groups to their treatment
temperature + 1.5°C, at a rate of 1.5-2°C per day, using WitroxCTRL software (Loligo®
Systems, Tjele Denmark). Once the treatment temperature was reached, a diurnal temperature
cycle was maintained for three weeks by setting the tank temperature to + 1.5°C of the treatment
temperature (e.g., 13.5-16.5°C for the 15°C treatment group, Figure 3). To ensure comparable
experimental manipulations between treatments, the 10°C treatment group was subjected to the
same acclimation procedure as other groups, which included a three week ‘acclimation period’ in
the acclimation tank set at 10 £ 1.5°C. The temperature fluctuations followed the daily thermal
regime of streams from the Spray River watershed in Banff National Park, a system where Brook
Trout were introduced nearly a century ago. Stream temperature data was recorded in the Spray
River watershed for a separate set of experiments. Temperature fluctuations were based on the
average daily temperature range from three streams recorded using HOBO Tidbit® v2
temperature loggers (ONSET Computer Corporation, Bourne, Massachusetts, USA) from mid-
July to mid-September 2017. The lowest temperature in the cycle was from 08:00-09:00 h,
warming throughout the day until peak temperatures at 17:00 h, before cooling again overnight.
Fish were continued to be fed as described above for the duration of the experiment unless

otherwise indicated.
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Following a minimum of three weeks of acclimation (21-32 days total acclimation), n = 8
fish per temperature treatment were haphazardly selected from their acclimation tank at a time
and subjected to intermittent-flow respirometry trials using AutoResp software (Loligo®
Systems, Tjele Denmark), that maintained the diurnal temperature cycle (Figure 4). Intermittent
respirometry was conducted at each treatment over a 9-11 day period. A respirometry trial for
each individual proceeded as follows: fish were fasted for 24 h prior to experiments, weighed on
a wetted scale and measured for fork length and total length before undergoing an exhaustive
chase protocol as described in Mochnacz et al. (2017). Air exposure time for weighing and
measuring was generally under 20 s. During the chase protocol, fish were encouraged to swim
against a constant flow of water until exhaustion. The exhaustion end-point was determined
when the fish was no longer able to maintain its position in the current and did not respond to a
caudal tail pinch. Immediately following the chase protocol, fish were transferred to a
respirometry chamber (volumes: 540, 655 ml + 61 -69 ml tube volumes; Loligo® Systems, Tjele
Denmark), where three MMR estimates were taken for each fish (measurement cycle = Measure
— 180 s, Flush — 300 s, Wait — 40 s) and the time to exhaustion was recorded. Following the
estimation of MMR, SMR estimates were collected for a minimum of 24 h, with the same
measurement cycle as MMR. Once SMR estimates were completed, fish were removed from the
chambers and euthanized with a lethal dose of MS-222 (concentration: 300 mg-1"%, buffered with
600 mg I of sodium bicarbonate), after which individuals were dissected to determine sex and
maturity (immature vs mature gonad state). Background oxygen demand (BOD) of microbial
growth in the water was estimated before and after each experimental trial by recording oxygen
consumption in an empty chamber. BOD estimates were also taken in empty chambers during
MMR estimates. To ensure BOD levels were kept to a minimum, the system was cleaned with a
10% hydrogen peroxide solution and thoroughly rinsed with fresh water after experiments.
Dissolved oxygen sensors were calibrated between experiments using a two-point calibration in
an anoxic solution of sodium sulfite (0% oxygen; 1 g Na,SO3:100 ml of water) and in water

vapor-saturated air in an enclosed vessel.

We originally planned treatment temperatures of 5°, 10°, 15°, 20°, and 25°C (x 1.5°C),
with 5°C being the lowest we were able to maintain water temperature with the experimental
setup and 25°C the highest temperature tolerated by juvenile Brook Trout (upper thermal

tolerance to be 25.3°C; Fry et al., 1946). The warmest treatment was intended to test for any
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potential decline in AS at the species’ upper thermal limits. However, within a week of
acclimation at the 25°C treatment, some fish were observed to have skin lesions and reduced
feeding. Several mortalities also occurred over the following days, therefore, we ended this
treatment after 11 days, and fish from this treatment were euthanized and not used for the current
study. Instead a new group of fish was acclimated to 23°C, which became the new upper
temperature treatment. No fish in the 23°C treatment demonstrated signs of poor health or issues
like feeding hesitancy and there were no mortalities during the acclimation phase for this group.
A total of 126 fish were used in the experiment (n = 24 for treatments at 5°, 10°, 15°C, n = 26 at
20°C and n = 28 at 23°C) due to some mortalities during experimentation at the highest
temperature treatments (one at 20°C and four at 23°C). Additional fish were tested at 20 and
23°C to account for fish mortality and to ensure n = 24 estimates of SMR were completed for
each treatment. Furthermore, one additional fish was tested at 20°C as the individual fish was
already acclimated as a potential extra fish in case of mortalities. All procedures conducted were
approved by Fisheries and Oceans Canada Animal Care Committee (FWI-ACC-AUP-2018-
02/2019-02).

1.2.3 Data Analysis
Oxygen consumption of individual fish was measured using in-line oxygen probes (PreSens,
Regensburg, Germany) inside the respirometry chambers and automatically calculated as MO,
estimates (mg Oz-ht) by the AutoResp software, based on the volume of the respirometry
chamber and tubing in millilitres (minus the volume of the fish based on wet mass in grams).
Goodness of fit of oxygen linear depletion rates (r? values) were automatically generated and
were used to validate the quality of the estimate, where only r? values above 0.9 were used for
the final analysis of SMR and MMR estimates. SMR was calculated using the lowest 20"
quantile of MO, estimates, after removing the first 10 h of measurements to ensure only
estimates from when the fish returned to a resting state following the exhaustive chase and
handling stress. MO estimates for SMR were further analysed visually using the ‘FishMO2’
package (Chabot et al., 2016) in R (R version 3.5.2, R Core Team, 2018) to verify the rate of
MO, decline for each measurement. MMR was calculated using the highest of the three MO
estimates obtained immediately following the exhaustive chase. The average value of BOD of
each experiment was subtracted from all SMR and MMR estimates. AS estimates were obtained
by subtracting the SMR estimate from the MMR estimate for each fish. It is worth noting that
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SMR and MMR estimates for each fish were obtained at slightly different temperatures due to
the temperature cycling occurring within the experiment and the different time of day that each
estimate was achieved. MMR was estimated between 10:00 and 14:00 h, while SMR was often
found during the early hours of the morning (~04:00-10:00 h). This led to an average
temperature difference of 0.87 + 0.55 °C (0.00-2.13°C). To account for these differences in
temperature when analysing AS, we used the average temperature difference between SMR and
MMR for each fish. Although this averaging may introduce some inaccuracy depending on the
shape of the thermal performance curve and the effect of Jensen’s inequality, we assumed this
inaccuracy will be small relative to the variation across treatment groups given the relatively
small daily temperature differences relative to the range of acclimation temperatures used in the

current study.

1.2.4 Statistical Analysis
We found substantial variation in fish size (fish body mass and fork length), 4.6-74.5g and 84-
184mm respectively, within our sampled experimental fish and a large number of both male and
female fish, some of which had already reached maturity (Table 1). The variability within our
sampled fish allowed us to test for possible differences or interactions between several variables,
including mass, sex, and time to exhaustion, and their effects on SMR, MMR and AS. The large
range in fish mass made it necessary to mass correct the data for analysis to avoid mass

confounding the analysis, due to the relationship between mass and MR.

To account for the large range of fish mass across treatments and the effect that mass had
on metabolic rate (see section 1.3.1), whole body metabolic rate data (SMR, MMR, AS) were
mass corrected to the average mass of all fish in the study (33.3 g) using multivariate polynomial
predictive equations derived from the dataset. Multiple linear regression models were run using
the MuMIn package in r to analyse changes in metabolic rates across treatment temperatures. A
global model was developed for each metabolic rate metric (i.e., SMR, MMR, AS), which
contained all of the variables thought to influence metabolic rates based on previous studies
(Chabot et al., 2016; Fry, 1971; Treberg et al., 2016); MR = Temperature + Temperature? +
Temperature® + Mass + Mass? + Mass® + Sex + Time to exhaustion + Maturity. Polynomial
temperature and mass terms were included in the model to improve model fit, as preliminary

evaluation of the data using only linear and quadratic terms did not fit our data appropriately and
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we prioritized fitting the model to the data over the biological intuitiveness of the model itself.
The need for cubic terms is likely due to the fact that our 10°C treatment SMR and MMR
estimates deviated from the expected quadratic relationship (higher for SMR and lower for
MMR than 15°C treatment). Due to this difference, the expected quadratic relationship did not fit
our dataset. Sex and time to exhaustion were found to be covariate factors of mass, with both
variables being significant for whole body estimates of SMR, MMR and AS, but not for mass-
corrected estimates, thus, excluding them from the final model. Fish maturity status was also
found to be a significant variable, however, due to uneven variance across treatments we were
unable to account for its effects, so mature fish were removed from our final analysis. Biological
data and metabolic rate estimates that include mature fish can be found in Table A5 in the
appendix. The best fit model was chosen from all models that included all dependencies for
polynomial terms (i.e., any model with T2 also needed to include T). AICc and AIC weight were
both used to perform model averaging for SMR, MMR and AS on all models with a AAIC value
within 2 of the model with the lowest AICc value. Full model selection steps and AlCc values
can be found in the Supplementary data (Tables A2, A3, and A4). Model-averaged coefficients
from our best fit models were used to create equations for each MR. The equation was then run
using temperature data and the standardized mass of 33.3 g to mass correct MR estimates for
each fish. Residuals of the relationship for each fish were added to each estimate to account for
individual variation (Guzzo et al., 2019; Poletto et al., 2017).

Mass corrected data was logio transformed for analysis to test for effects of temperature
on SMR, MMR, and AS using ANOVAs. Post-hoc testing was done using Tukey’s honest
significant difference test (Tukey HSD) on any significant variables found to identify differences
in sex, mass, time to exhaustion and temperature within and across treatments. P values < 0.05
were deemed significant. Mass-corrected data are presented in mass specific values (mg O2t-kg"

L.hY) for easier comparison to other studies.

Statistical analysis was performed in R and R Studio (version 1.1.383, RStudio, Inc.,
2017) using the packages ‘car’ (Fox & S., 2019), ‘caret’ (Kuhn, 2008), ‘dplyr’ (Wickham et al.,
2020), ‘MASS’ (Venables & Ripley, 2002), ‘multcomp’ (Hothorn et al., 2008), ‘MuMin’
(Barton, 2016), ‘plotrix’ (J, 2006), and ‘tidyverse’(Wickham, 2019).



318 1.3 Results

319 1.3.1 Mass

320  Fish mass differed significantly across treatment temperature (ANOVA, F,94=31.89, P>0.001),
321 which can affect subsequent analyses due to the relationship between mass and metabolic rate.
322 Whole body logio SMR, logio MMR and logio AS increased linearly against logio mass within
323 each temperature treatment (Table Al, Figure B1). The overall effect of mass on SMR

324  (F@93=221.42, P<0.001), MMR (F1.93=412.50, P<0.001), and AS (F(1.93=185.15, P<0.001)
325  were all highly significant.

326 1.3.2 Time to Exhaustion

327  There was no effect of time to exhaustion (E) from the chase protocol on whole body SMR

328  (F@97)=0.09, P=0.76), MMR (F(1,97=0.62, P=0.43) or AS (F(1,97=0.03, P=0.87). Mass had a

329  significant effect on time to exhaustion (F(,97)=6.94, P=0.01). Temperature did not have an

330 effect on E (F(,97=0.00, P=0.99); however as fish grew larger, their E increased regardless of the

331  testing temperature (Figure 3), following a linear relationship represented by equation 1:
332 Eq.l
333 E=825.39+5.25-M

334  where M is equal to mass in grams and E is measured in seconds.

335 1.3.3 Sex

336 There was no effect of sex on fish mass one mature fish were removed from the analysis

337  (ANOVA, Fu9en=2.42, P=0.12), however male fish on average had a longer fork length and
338  weighed more than female fish (143.7 mm, 35.8 g and 136.2 mm, 30.8 g respectively). There
339  still was an effect of sex on whole body SMR estimates (F(,97=6.94, P=0.01) but not on MMR
340  (F97)=3.34, P=0.07) or AS (F,97=1.641, P=0.21). However, once MR estimates were mass
341  corrected, sex was no longer found to be significant and for this reason, we did not further

342  explore sex-dependent differences.



343

344
345
346
347
348
349

350

351

352

353

354
355
356
357

358
359
360
361
362
363

364

365

366

367

368
369

1.3.4 Metabolic Rate comparisons

Standard Metabolic Rate
Standard metabolic rate increased with treatment temperature (ANOVA; F(4,93)=108.85,
P<0.001) up to 20°C before appearing to plateau (Figure 4), with SMR estimates in the 20°C and
23°C treatments being statistically different from estimates at 5°, 10°, and 15°C (Tukey HSD).
The response of Brook Trout SMR to increasing temperature and body mass can be predicted for

whole body estimates using model equation 2:

Eq.2

SMR (mg O2-h™) = -6.25+0.58-T-0.015-T 2+0.00013- T 3+0.21-M-0.0018-M 2+0.0000053-M *

where T is temperature in °C and M is body mass in g. Mean mass specific SMR for Brook Trout
was found to be 54.06+3.08 (mean + S.E.) mg Oz-kg*-h*at 5°C and increased to a mean of
190.60+11.35 mg O2-kg?*-h't at 20°C before dropping slightly to 178.34+5.86 mg Oz-kg*-h™tat
23°C . Model selection steps for whole body SMR equations are presented in Table A2.

Maximum Metabolic Rate
Maximum metabolic rate also increased with treatment temperature (ANOVA,; F,93)=20.15,
P<0.001), with values peaking at 15°C (Figure 4). MMR estimates at 5°C was lower than all
other treatments, while 15°C was higher than the 20°C treatment, but not the 10° or 23°C
treatments (Tukey HSD). The response of Brook Trout MMR to increasing temperature and

body mass can be estimated using model equation 3:

Eq.3

MMR (mg O2-ht) =-10.19+1.59-T-0.057-T 2+0.00044-T 3+0.33-M+0.0043-M 2-0.000057-M 3

where T is temperature in °C and M is body mass in g. Mean mass specific MMR for Brook
Trout was found to be 330.70+13.89 mg O,-kg*-h*at 5°C and increased to a mean of



370
371

372
373
374
375
376
377

378

379

380

381
382
383
384

385
386
387
388
389
390
391
392
393
394
395
396
397

504.32+15.55 mg O2-kg*-h™ at 15°C before dropping at higher temperatures. Model selection
steps for whole body MMR equations are presented in Table A3.

Aerobic Scope
Aerobic Scope increased from 5-15°C (ANOVA,; F@,93=14.20, P < 0.001), after which it began
to decrease (Figure 5). AS estimates at 15°C were found to be statistically different from all
other treatments, and the 20°C treatment was different from the 10°C treatments (Tukey HSD).
The response of Brook Trout AS to increasing temperature and body mass can be estimated

using model equation 4:

Eq.4

AS (mg Oz-hl) = -3.20+0.92-T-0.034-T 2+0.071-M+0.0072-M 2-0.000069-M 3

where T is temperature in °C and M is body mass in g. Mean mass-specific AS for Brook Trout
was found to be 287.25+13.03 mg O,-kg*-h™tat 5°C and increased to a mean of 384.85+13.31
mg O2-kg*-h*tat 15°C before dropping at higher temperatures. Model selection steps for whole

body AS equations are presented in Table A4.

1.4 Discussion

Brook Trout used in the current study appear to be a thermal generalist, able to maintain a
relatively stable AS across a range of temperatures and consequently, are well adapted to live in
various thermal environments. The greatest AS occurred at 15°C, SMR increased with
temperature, and a peak in MMR occurred between 15 and 20°C. Our results agree with results
from a number of studies (see Smith and Ridgway, 2019), including Graham (1949), who found
a peak in AS at 16°C and a peak in active MR at 19°C for Brook Trout. SMR estimates in both
Graham’s study and ours were similar across tested temperatures, with a mean SMR at 5°C of
54.06 mg O2-kg*-h"tand ~35 mg O-kg™*-h™ and increasing to 178.34 mg O2-kg*-h"tand ~200
mg O2-kg*-h* around 23°C, respectively. Maximum metabolic rate and AS in the current study
were both higher across temperatures than what Graham (1949) reported, leading to a flatter
thermal performance curve. The difference in MMR and AS estimates may be due to population

specific differences, differences in exhaustion techniques, or differences in equipment used to
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obtain MMR estimates. While Graham used a swim-tunnel style approach, which has been
suggested to be the better method for eliciting MMR in fish species that are good at sustained
swimming (Norin and Clark 2016; Raby et al. 2020), we used an exhaustive chase approach, and
this method has been shown to be equally effective for obtaining MMR estimates (Little et al.,
2020) and Zhang et al. (2020). A recent literature review conducted by Smith and Ridgway
(2019) found the mean optimal temperature for maximised AS in Brook Trout from 24
laboratory studies, including the study by Graham (1949) compared above, to be ~15°C. Of these
24, studies that included an acclimation, as ours did, were the most consistent at finding 15°C as
the optimal temperature for Brook Trout. Although most of the papers included in the review did
not present full thermal performance curves, the review showed the inclusion of a proper
acclimation period to allow the fish to adjust to the test temperature is crucial for getting reliable
thermal performance data. The ability of these fish to adjust to such a broad range of acclimation
temperatures could be due to strong phenotypic plasticity, and this plays into their success as an

introduced species.

Brook Trout have thrived in many areas of introduction, including waters with different
thermal regimes than their native ranges, which illustrates the wide thermal tolerance this species
possesses. Comparisons of Brook Trout MR data to other salmonids illustrates differences in the
shape of the thermal performance curve between thermal generalists and thermal specialists. As
mentioned above, the thermal performance curves of thermal generalists tend to be flatter across
a wide range of temperatures, exhibiting similar metabolic performance across a wide
temperature range, whereas, thermal specialists have narrower thermal performance curves with
a more pronounced peak at an optimum temperature. Although the thermal performance curves
of Bull Trout and Westslope Cutthroat Trout, two potential thermal specialist species living with
introduced Brook Trout in Western North America, have yet to be identified in the literature,
studies have been done to assess the thermal niche occupied by both of these species. Field
sampling has suggested juvenile Bull Trout rarely occupy waters where mean summer
temperatures reach above 12°C (Isaak et al., 2015), have a maximum growth temperature of
13.2°C and limited survival above 20°C (Selong et al., 2001). This data suggests Bull Trout
occupy a colder thermal niche in the wild than temperature preference indicates Brook Trout
prefer. Alternatively, the optimal growth temperature for Westslope Cutthroat Trout has been

found to be 13.6°C (Bear et al., 2007), approximately 1.5°C lower than Brook Trout, however
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the preferred temperature of young of the year and juvenile Westslope Cutthroat Trout has been
estimated to range from 12-18°C (Bear et al., 2007; Macnaughton, Kovachik, et al., 2018) which
overlaps the preferred temp of Brook Trout (~15°C; Smith & Ridgway, 2019). Although Bull
Trout and Brook Trout populations co-occur in streams that possess a cold water temperature
regime, the similar preferred temperatures of Westslope Cutthroat Trout and Brook Trout may
indicate a higher likelihood of overlapping thermal niches in watershed where the preferred
water temperatures are found. The thermal performance curve of Brook Trout in our study is
similar to that seen in Chinook Salmon from Mokelumne River Hatchery in Clements, CA, USA,
that possessed a relatively flat thermal performance curve across a wide range of temperatures
(12-26°C; Poletto et al., 2017). A study by Eliason and Farrell (2016) illustrates differences in
thermal performance curves between several species/populations of Pacific salmon
(Oncorhynchus spp.). Different populations of Pacific salmon within the same species (O. nerka)
display varying shapes and breadths of thermal performance curves across a similar range of
temperatures. Many of the Pacific salmon thermal performance curves differ from the Brook
Trout in our study, with several curves displaying a much more pronounced maximum AS peak
over a smaller temperature range. The more pronounced thermal performance curves are
consistent with a thermal specialist, whose physiological performance is high across a narrow
range of temperatures. Comparing the Brook Trout thermal performance curve from our study to
other populations of Brook Trout and other sympatric salmonid species, provides insight into
intra- and inter-specific variation in AS, and in turn how species and populations have adapted to

different habitats and temperature regimes.

Since it is known that temperature has an effect on MR, a daily thermal fluctuation likely
also affects MR estimates to some degree. Although inclusion of a daily thermal fluctuation
helps our study better reflect the natural thermal variation fish experience in the wild, it means
comparisons of our data to previous studies (see below) cannot be taken directly without
accepting the differences between the study designs. The thermal variation included in our study
was done to better understand what MR in wild fish may be. But, physiological performance of
lab populations of fish may not necessarily represent the performance but of their wild
counterparts due to vastly different lifestyles, i.e., lab fish generally experience constant water
speeds, daily high quality food, little to no seasonal changes. Therefore, it is important to

conduct studies on populations in the wild to fully understand how the physiology and thermal



460
461
462
463
464
465

466
467
468
469
470
471
472
473
474
475
476
477
478
479

480
481
482
483
484
485
486
487
488
489

preferences of wild fish compare to results of lab-based studies. Wythers et al. (2005) and
Schulte et al. (2011) also suggest that accounting for environmental variation (i.e., diurnal
temperature fluctuations), including providing sufficient time for acclimation to changes in
temperature, is important when using thermal performance curves to understand potential effects
of climate change on a species and for making more accurate predictions based on climate

warming scenarios.

Acute temperature challenge testing representing the critical maximal temperature
(CTmax) showed that Brook Trout are able to maintain normal swimming behaviour well
beyond their UILT of 25.3°C (Fry et al., 1946), up to water temperatures of ~30°C before loss of
equilibrium occurred (Morrison et al., 2020). Although this result does not reflect the species
performance in the face of long term exposure to elevated temperatures, it shows Brook Trout
can probably withstand brief forays into warmer waters for activities such as foraging, as seen in
previous studies with Lake Trout (Salvelinus namaychus) (Guzzo et al., 2019). The high heat
tolerance of Brook Trout, shown by Morrison et al. (2020), paired with the data from the current
study show Brook Trout’s ability to survive and maintain performance across a wide range of
water temperatures. This wide range of temperature tolerance may prove beneficial to Brook
Trout given that projected climate change scenarios for native streams in the eastern portions of
Canada and the United States estimate increases in stream temperatures and major losses in
suitable habitat (M. E. Clark et al., 2001; Flebbe et al., 2006; Isaak et al., 2018; Meisner, 1990;
Meisner et al., 1988).

1.5 Conclusions

Understanding the physiological performance of Brook Trout can help us recognise
possible competitive advantages that this species may have when living in sympatry with
ecologically similar species. Further testing should be done on additional populations and life
stages of Brook Trout to assess physiological performance across similar temperature gradients
and confirm if other populations occupy similarly broad thermal niches. In addition, building
thermal performance curves for native species that occupy similar thermal habitats (e.g., Bull
Trout) will improve our understanding of interspecific variation in metabolic rates across
ecologically relevant temperatures. Increasing our knowledge on the physiological performance
and temperature tolerances of Brook Trout and sympatric salmonids will help conservation
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efforts, both in relation to assessing effects of increasing water temperatures on factors such as
distribution and physiological performance, and risks introduced Brook Trout may pose for

recovering imperiled native species.



494

495
496
497

498
499
500
501

502

503
504
505

506
507
508
509

510
511

512
513

514
515
516
517

518
519
520
521

522
523
524
525

526
527
528

529
530
531

532

References

Angilletta, M. J., Niewiarowski, P. H., & Navas, C. A. (2002). The evolution of thermal
physiology in ectotherms. Journal of Thermal Biology, 27(4), 249-268.
https://doi.org/10.1016/S0306-4565(01)00094-8

Baird, O. E., & Krueger, C. C. (2003). Behavioral Thermoregulation of Brook and Rainbow
Trout: Comparison of Summer Habitat Use in an Adirondack River, New York.
Transactions of the American Fisheries Society, 132(6), 1194-1206.
https://doi.org/10.1577/t02-127

Barton, K. (2016). MuMIn: Multi-model inference for R. R Package Version 1.15.6.

Beamish, F. W. H. (1964). Influence of starvation on standard and routine oxygen consumption.
Transactions of the American Fisheries Society, 93(1), 103-107.
https://doi.org/10.1577/1548-8659(1964)93

Bear, E. A., McMahon, T. E., & Zale, A. V. (2007). Comparative Thermal Requirements of
Westslope Cutthroat Trout and Rainbow Trout: Implications for Species Interactions and
Development of Thermal Protection Standards. Transactions of the American Fisheries
Society, 136(4), 1113-1121. https://doi.org/10.1577/T06-072.1

Brett, J. R., & Groves, T. D. D. (1979). Physiological energetics. In Fish Physiology (pp. 280—
352).

Chabot, D., Steffensen, J. F., & Farrell, A. P. (2016). The determination of standard metabolic
rate in fishes. Journal of Fish Biology, 88(1), 81-121. https://doi.org/10.1111/jfb.12845

Clark, M. E., Rose, K. A., Levine, D. A., & Hargrove, W. W. (2001). Predicting Climate Change
Effects on Appalachian Trout: Combining GIS and Individual-Based Modeling. Ecological
Applications, 11(1), 161-178. https://doi.org/10.1890/1051-
0761(2001)011[0161:PCCEOA]2.0.CO;2

Clark, T. D., Jeffries, K. M., Hinch, S. G., & Farrell, A. P. (2011). Exceptional aerobic scope and
cardiovascular performance of pink salmon (Oncorhynchus gorbuscha) may underlie
resilience in a warming climate. Journal of Experimental Biology, 214(18), 3074—3081.
https://doi.org/10.1242/jeb.060517

DeHaan, P. W., Schwabe, L. T., & Ardren, W. R. (2010). Spatial patterns of hybridization
between bull trout, Salvelinus confluentus, and brook trout, Salvelinus fontinalis in an
Oregon stream network. Conservation Genetics, 11(3), 935-949.
https://doi.org/10.1007/s10592-009-9937-6

Eliason, E. J., & Farrell, A. P. (2016). Oxygen uptake in Pacific salmon Oncorhynchus spp.:
When ecology and physiology meet. Journal of Fish Biology, 88(1), 359-388.
https://doi.org/10.1111/jfb.12790

Flebbe, P. A., Roghair, L. D., & Bruggink, J. L. (2006). Spatial Modeling to Project Southern
Appalachian Trout Distribution in a Warmer Climate. Transactions of the American
Fisheries Society, 135(5), 1371-1382. https://doi.org/10.1577/t05-217.1

Fox, J., & S., W. (2019). An R Companion to Applied Regression (No. 3rd).



533

534
535

536
537

538
539
540

541
542
543

544
545
546
547
548
549

550
551
552

553
554
555

556
557
558
559

560
561
562
563

564
565

566
567

568
569
570
571

https://socialsciences.mcmaster.ca/jfox/Books/Companion/

Fry, F. E. J. (1947). Effects of the Environment on Animal Activity. Publications of the Ontario
Fisheries Research Laboratory, 55(LXVIII), 1-62.

Fry, F. E. J. (1957). The aquatic respiration of fish. In M. E. Brown (Ed.), The Physiology of
Fishes (pp. 1-63).

Fry, F. E. J. (1971). The effect of environmental factors on the physiology of fish. In W. Hoar &
D. Randell (Eds.), Fish Physiology: Environmental relations and behavior (pp. 1-98).
Academic Press.

Fry, F. E. J., Hart, J. S., & Walker, K. F. (1946). Lethal Temperature Relations for a Sample of
Young Speckled Trout, Salvelinus fontinalis. Publications of the Ontario Fisheries
Research Laboratory, 54, 9-35.

Gilchrist, G. W. (1995). Specialists and Generalists in Changing Environments . | . Fitness
Landscapes of Thermal Sensitivity. The American Naturalist, 146(2), 252-270.
http://dx.doi.org/10.1016/j.tree.2015.09.001%5Cnhttp://books.google.com/books?hl=fr&Ir=
&id=1Z2vgTuB9Gh4C&pgis=1%5Cnhttp://www.cabdirect.org/abstracts/19632204195.html
%5Cnhttp://www.mendeley.com/research/animal-ecology-
14/%5Cnhttp://www.cabdirect.org/abstra

Goyer, K., Bertolo, A., Pépino, M., & Magnan, P. (2014). Effects of lake warming on
behavioural thermoregulatory tactics in a cold-water stenothermic fish. PLoS ONE, 9(3).
https://doi.org/10.1371/journal.pone.0092514

Graham, J. M. (1949). Some Effects of Temperature and Oxygen Pressure on the Metabolism
and Activity of the Speckled Trout, Salvelinus Fontinalis. Canadian Journal of Research,
27, 270-288.

Gunckel, S. L., Hemmingsen, A. R., & Li, J. L. (2002). Effect of Bull Trout and Brook Trout
Interactions on Foraging Habitat , Feeding Behavior , and Growth. Transactions of the
American Fisheries Society, 131(6), 1119-1130. https://doi.org/10.1577/1548-
8659(2002)131<1119

Guzzo, M. M., Mochnacz, N. J., Durhack, T. C., Kissinger, B. C., Killen, S. S., & Treberg, J. R.
(2019). Effects of repeated daily acute heat challenge on the growth and metabolism of a
cold water stenothermal fish. Journal of Experimental Biology, 222(12), 1-12.
https://doi.org/10.1242/jeb.198143

Hertz, P. E., Huey, R. B., & Nevo, E. (1983). Homage to Santa Anita: Thermal Sensitivity of
Sprint Speed in Agamid Lizards. Evolution, 37(5), 1075. https://doi.org/10.2307/2408420

Hothorn, T., Bretz, F., & Westfall, P. (2008). Simultaneous Inference in General Parametric
Models. Biometrical Journal, 50(3), 346-363.

Isaak, D. J., Luce, C. H., Horan, D. L., Chandler, G. L., Wollrab, S. P., & Nagel, D. E. (2018).
Global Warming of Salmon and Trout Rivers in the Northwestern U.S.: Road to Ruin or
Path Through Purgatory? Transactions of the American Fisheries Society, 147(3), 566-587.
https://doi.org/10.1002/tafs.10059



572
573
574

575

576
577

578
579
580

581
582
583
584
585

586
587
588
589

590
591
592
593

594
595
596

597
598
599
600

601
602
603

604
605
606

607
608
609
610
611

Isaak, D. J., Young, M. K., Nagel, D. E., Horan, D. L., & Groce, M. C. (2015). The cold-water
climate shield: Delineating refugia for preserving salmonid fishes through the 21st century.
Global Change Biology, 21(7), 2540-2553. https://doi.org/10.1111/gcb.12879

J, L. (2006). Plotrix: a package in the red light district of R. R-News, 6(4), 8-12.

Kuhn, M. (2008). Building Predictive Models in R Using the caret Package. Journal of
Statistical Software, 28(5), 1-26. https://www.jstatsoft.org/v028/i05

Lee, C. G. (2003). Excess post-exercise oxygen consumption in adult sockeye (Oncorhynchus
nerka) and coho (O. kisutch) salmon following critical speed swimming. Journal of
Experimental Biology, 206(18), 3253-3260. https://doi.org/10.1242/jeb.00548

Little, A. G., Dressler, T., Kraskura, K., Hardison, E., Hendriks, B., Prystay, T., Farrell, A. P.,
Cooke, S. J., Patterson, D. A., Hinch, S. G., & Eliason, E. J. (2020). Maxed Out: Optimizing
Accuracy, Precision, and Power for Field Measures of Maximum Metabolic Rate in Fishes.
Physiological and Biochemical Zoology : PBZ, 93(3), 243-254.
https://doi.org/10.1086/708673

Macnaughton, C. J., Deslauriers, D., Ipsen, E. L., Corey, E., & Enders, E. C. (2018). Using meta-
analysis to derive a respiration model for Atlantic Salmon (Salmo salar) to assess
bioenergetics requirements of juveniles in two Canadian rivers. Canadian Journal of
Fisheries & Aquatic Sciences, 358, 3453. https://doi.org/10.1136/bmj.j3453

Macnaughton, C. J., Kovachik, C., Charles, C., & Enders, E. C. (2018). Using the shuttlebox
experimental design to determine temperature preference for juvenile Westslope Cutthroat
Trout (Oncorhynchus clarkii lewisi). Conservation Physiology, 6(1), 1-10.
https://doi.org/10.1093/conphys/coy018

McCormick, J. H., Hokanson, K. E. F., & Jones, B. R. (1972). Effects of Temperature on Growth
and Survival of Young Brook Trout, Salvelinus fontinalis. Journal of the Fisheries
Research Board of Canada, 29(8), 1107-1112. https://doi.org/10.1139/f72-165

McMahon, T. E., Zale, A. V., Barrows, F. T., Selong, J. H., & Danehy, R. J. (2007).
Temperature and Competition between Bull Trout and Brook Trout: A Test of the Elevation
Refuge Hypothesis. Transactions of the American Fisheries Society, 136(5), 1313-1326.
https://doi.org/10.1577/T06-217.1

Meisner, J. D. (1990). Effect of Climatic Warming on the Southern Margins of the Native Range
of Brook Trout, Salvelinus fontinalis. Canadian Journal of Fisheries & Aquatic Sciences,
47, 1065-1070.

Meisner, J. D., Rosenfeld, J. S., & Regier, H. A. (1988). The Role of Groundwater in the Impact
of Climate Warming on Stream Salmonines. Fisheries, 13(3), 2-8.
https://doi.org/10.1577/1548-8446(1988)013<0002: TROGIT>2.0.CO;2

Mochnacz, N. J., Kissinger, B. C., Deslauriers, D., Guzzo, M. M., Enders, E. C., Anderson, W.
G., Docker, M. F., Isaak, D. J., Durhack, T. C., & Treberg, J. R. (2017). Development and
testing of a simple field-based intermittent- flow respirometry system for riverine fishes.
Conservation Physiology, 5(September).
https://doi.org/10.1093/conPhyYS/COX0A8........cuiiiiiieeee e e



612
613

614
615
616
617

618
619
620
621

622
623
624

625
626

627
628
629
630

631
632
633
634
635

636
637
638

639
640
641

642
643
644

645
646
647
648

649
650
651

Morash, A. J., Neufeld, C., MacCormack, T. J., & Currie, S. (2018). The importance of
incorporating natural thermal variation when evaluating physiological performance in wild
species. The Journal of Experimental Biology, 221(14), jeb164673.
https://doi.org/10.1242/jeb.164673

Morrison, S. M., Mackey, T. E., Durhack, T. C., Jeffrey, J. D., Lilian, M., Mochnacz, N. J.,
Hasler, C. T., Enders, E. C., Treberg, J. R., & Ken, M. (2020). Sub-lethal temperature
thresholds indicate acclimation and physiological limits in brook trout Salvelinus fontinalis.
Journal of Fish Biology. https://doi.org/10.1111/jfb.14411

Nati, J. J. H., Lindstrém, J., Halsey, L. G., & Killen, S. S. (2016). Is there a trade-off between
peak performance and performance breadth across temperatures for aerobic scope in teleost
fishes? Biology Letters, 12(9), 20160191. https://doi.org/10.1098/rsbl.2016.0191

Norin, T., & Clark, T. D. (2016). Measurement and relevance of maximum metabolic rate in
fishes. Journal of Fish Biology, 88(1), 122-151. https://doi.org/10.1111/jfb.12796

Paul, A. J., & Post, J. R. (2001). Spatial Distribution of Native and Nonnative Salmonids in
Streams of the Eastern Slopes of the Canadian Rocky Mountains. Transactions of the
American Fisheries Society, 130(3), 417-430. https://doi.org/10.1577/1548-
8659(2001)130<0417:SDONAN>2.0.CO;2

Poletto, J. B., Cocherell, D. E., Baird, S. E., Nguyen, T. X., Cabrera-stagno, V., Farrell, A. P., &
Fangue, N. A. (2017). Unusual aerobic performance at high temperatures in juvenile
Chinook salmon , Oncorhynchus tshawytscha. Conservation Physiology, 5, 1-13.
https://doi.org/10.1093/CONPhYS/COWOBT.........ccveiieeie et

Raby, G. D., Doherty, C. L. J., Mokdad, A., Pitcher, T. E., & Fisk, A. T. (2020). Post-exercise
respirometry underestimates maximum metabolic rate in juvenile salmon. Conservation
Physiology, 8, 1-12. https://doi.org/10.1093/conphys/c0aa063

Schulte, P. M. (2015). The effects of temperature on aerobic metabolism: towards a mechanistic
understanding of the responses of ectotherms to a changing environment. Journal of
Experimental Biology, 218(12), 1856-1866. https://doi.org/10.1242/jeb.118851

Schulte, P. M., Healy, T. M., & Fangue, N. A. (2011). Thermal performance curves, phenotypic
plasticity, and the time scales of temperature exposure. Integrative and Comparative
Biology, 51(5), 691-702. https://doi.org/10.1093/icb/icr097

Selong, J. H., Mcmahon, T. E., Zale, A. V., & Barrows, F. T. (2001). Effect of Temperature on
Growth and Survival of Bull Trout , with Application of an Improved Method for
Determining Thermal Tolerance in Fishes. Transactions of the American Fisheries Society,
130(6), 1026-1037. https://doi.org/10.1577/1548-8659(2001)130<1026

Smith, D. A., & Ridgway, M. S. (2019). Temperature selection in Brook Charr: lab experiments,
field studies, and matching the Fry curve. Hydrobiologia, 840(1), 143-156.
https://doi.org/10.1007/s10750-018-3869-4



652  Szekeres, P., Eliason, E. J., Lapointe, D., Donaldson, M. R., Brownscombe, J. W., & Cooke, S. J.

653 (2016). As | see it: On the neglected cold side of climate change and what it means to fish.
654 Climate Research, 69(3), 239-245. https://doi.org/10.3354/cr01404

655  Treberg, J. R, Killen, S. S., MacCormack, T. J., Lamarre, S. G., & Enders, E. C. (2016).

656 Estimates of metabolic rate and major constituents of metabolic demand in fishes under
657 field conditions: Methods, proxies, and new perspectives. Comparative Biochemistry and
658 Physiology -Part A : Molecular and Integrative Physiology, 202, 10-22.

659 https://doi.org/10.1016/j.cbpa.2016.04.022

660  Venables, W. N., & Ripley, B. D. (2002). Modern Applied Statistics with S (4th ed.). Springer.
661 http://www.stats.ox.ac.uk/pub/MASS4

662  Wickham, H. (2019). tidyverse: Easily Install and Load the “Tidyverse” (1.3.0).
663 http://tidyverse.tidyverse.org/

664  Wickham, H., Francois, R., Henry, L., & Muller, K. (2020). A Grammar of Data Manipulation
665 (0.8.5). http://dplyr.tidyverse.org/

666  Wythers, K. R., Reich, P. B., Tjoelker, M. G., & Bolstad, P. B. (2005). Foliar respiration

667 acclimation to temperature and temperature variable Q10 alter ecosytem carbon balance.
668 Global Change Biology, 11(3), 435-449. https://doi.org/10.1111/].1365-2486.2005.00922.x
669  Zhang, Y., Gilbert, M. J. H., & Farrell, A. P. (2020). Measuring maximum oxygen uptake with
670 an incremental swimming test and by chasing rainbow trout to exhaustion inside a

671 respirometry chamber yields the same results. Journal of Fish Biology, 97(1), 28-38.

672 https://doi.org/10.1111/jfb.14311

673



674  Table 1 — Biological data for experimental fish (immature only). Data are expressed as ranges or

675  exact ratios.

Treatment Temperature

5°C 10°C 15°C 20°C 23°C
n 24 20 21 14 20
Fork length (mm) 140-184 85-136 130-178 114-169 84-137
Total length (mm) 145-189 89-142 133-183 118-175 87-141
Mass (g) 30.1-70.4 6.9-27.9 22.7-67.4 17.7-64.2 4.6-31.7
Sex ratio 12:12 10:9 9:12 8:6 9:11

(Male:Female)
676

(1 unknown)
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Figure 1 — Example diurnal temperature cycle experienced by Brook Trout. Plot A displays
diurnal cycle fish experienced during acclimation and respirometry. Measurements used for
calculation of maximum metabolic rate (MMR) estimates occurred during the warming
section of the cycle (between 10:00-14:00), and standard metabolic rate (SMR) estimate
generally fell within the lower end of the temperature cycle (between 4:00-10:00) as shown
by blue boxes. The peak of the daily temperature cycle occurred at 17:00 h and the minimum
temperature was reached at ~08:00 - 09:00 h. Treatment temperatures experienced £1.5°C
variation in diurnal temperature both during three-week acclimation and intermittent-flow
respirometry. Plot B displays the daily thermal regime seen in a representative watershed
where Brook Trout have been introduced in the Spray River watershed in Banff National
Park, Alberta, Canada.
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Figure 2 — Experimental design: Brook Trout were haphazardly netted from two general
population tanks (A), and transferred to acclimation tanks where they experienced three
weeks of diurnal temperature cycling (B), before being subjected to an exhaustive chase
protocol to elicit MMR (C). Once exhaustion was reached, Brook Trout were transferred to
intermittent respirometry chambers for 24 h to get SMR estimates (D). Following
respirometry, Brook Trout were sacrificed and sex and maturity were recorded (E).
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Figure 3 — Time to exhaustion of juvenile Brook Trout significantly increases as mass
increases (linear model, P = 0.002), regardless of the temperature the fish is tested at. Each
point represents an individual fish and the shape of the point indicates which treatment it is
from. The line represents the fitted linear model to the data with shading around the line
representing the standard error of the line. The equation for the line is given in the text. The
equation of the trend line is: E = 825.39 + 5.25-M where M is equal to mass in grams and E
is measured in seconds.
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Figure 4 — Brook Trout mass corrected standard metabolic rate (SMR), circles, and maximum
metabolic rate (MMR), triangles, thermal performance curves fitted with a 95% CI. n = 24 for
each temperature treatment group. Variation within treatments on x-axis is due to temperature
fluctuations during testing introduced by the diurnal temperature cycle. SMR treatments that do
not share an uppercase letter are significantly different, MMR treatments that do not share a
lowercase letter are significantly different. Boxplots show the median, 25" and 75" percentile
values, with whiskers extending up to 1.5-1QR.

Trend line equation for SMR: SMR = 0.0374T % - 1.7525T 2 + 31.235T - 60.259

Trend line equation for MMR: MMR = -1.25T 2 + 40.026T + 164.13

Where T equals temperature.
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Figure 5 — Brook Trout mass specific aerobic scope curve fitted with a 95% CI. n=24 for each
temperature treatment group. Variation on x-axis is due to temperature fluctuations during testing
introduced by the diurnal temperature cycle. Treatments that do not share a lowercase letter are
significantly different. Boxplots show the median, 25" and 75" percentile values, with whiskers
extending up to 1.5-1QR. Trend line for AS: AS =-0.91T ? + 23.80T + 182.36 Where T equals
temperature.



691  Appendix A. Supplementary Data Tables

692

693  Table A1l — Whole body logio Metabolic Rate x logio mass statistical analysis (linear regression).

TEMP | METABOLIC DF. FVALUE PVALUE R? INT

- SMR 1.22 45.83 <0.001 0.68 1.82

MMR 1,22 61.06 <0.001 0.74 -0.30

AS 1,22 30.26 <0.001 0.58 -0.26

SMR 1.22 92.20 <0.001 0.77 112

10 MMR 1,22 104.80 <0.001 0.80 -0.08

AS 1,22 28.35 <0.001 0.50 -0.26

SMR 122 106.60 <0.001 0.87 0.77

15 MMR 1,22 138.10 <0.001 0.86 -0.13

AS 1,22 75.49 <0.001 0.77 -0.31

i SMR 1,23 177.50 <0.001 0.90 20.97

MMR 1,23 71.85 <0.001 0.85 -0.04

AS 1,23 17.17 <0.001 0.62 -0.17

s SMR 1,22 82.63 <0.001 0.71 2053

MMR 1,22 473.50 <0.001 0.94 -0.09

AS 1,22 46.92 <0.001 0.76 0.71
694
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Table A2 — Model selection table for whole body standard metabolic rate (SMR) based on AICc and AIC weight. T = temperature
(°C) and M = mass (g). Intercept, T, T2, T3, M, M2, and M 3 are parameter estimates for each model. Only models with all
dependencies for polynomial terms were included in model selection. Models are listed in order of lowest AlCc value to highest. All
models with AAIC within 2 of the lowest AICc value were considered top models (bolded) and used to derive model averaged
predictions. The final model with model-averaged coefficients is shown in italics.

Intercept T T? T3 M M 2 M3  df Loglik AICc AAIC AIC Weight

SMR = -6.25 0.58 -0.015 0.00013 0.21 -0.0018 5.30e®

SMR = -5.64 0.50 -0.0086 0.18 -0.0012 6 -134.19 2813 0 0.35
SMR=| -6.38 0.49 -0.0083 0.27 -0.0039 2.47e¢% 7 -133.44 2821 0.83 0.23
SMR = -8.44 1.15 -0.060 0.0012 0.20 -0.0013 7 -133.45 282.1 0.85 0.23
SMR=| -8.69 1.06 -0.053 0.0010 0.27 -0.0037 2.13e® 8 -132.90 2834 2.12 0.12
SMR = -4.23 0.25 0.18 -0.0011 5 -138.05 286.8 5.47 0.02
SMR = -5.12 0.25 0.28 -0.0043 2.85¢® 6 -137.14 2872 5.9 0.02
SMR = -4.26 0.49 -0.0084 0.099 5 -138.77 288.2 6.89 0.01
SMR=| -454 0.55 -0.014 0.00013 0.099 6 -138.76 290.4 9.15 0.00
SMR = -2.91 0.24 0.10 4 -142.16 292.7 11.47 0.00
SMR=| 1338 -3.29 0.29 -0.0070 5 -184.45 3795 98.26 0.00
SMR = 1.56 0.069 3 -198.28 402.8 121.54 0.00
SMR = -0.56 0.52 -0.012 4 -197.79 404 122.73 0.00
SMR = 1.37 0.082 -0.00018 4 -198.25 4049 123.65 0.00
SMR = 1.55 0.16 3 -200.09 406.4 125.16 0.00
SMR = 0.39 0.19 -0.0036 3.11e% 5 -197.93 406.5 125.22 0.00
SMR = 3.86 2 -214.20 4325 151.24 0.00




Table A3 — Model selection table for whole body maximum metabolic rate (MMR) based on AICc and AIC weight. T = temperature
(°C) and M = mass (g). Intercept, T, T2, T3, M, M2, and M 3 are parameter estimates for each model. Only models with all
dependencies for polynomial terms were included in model selection. Models are listed in order of lowest AlCc value to highest. All
models with AAIC within 2 of the lowest AICc value were considered top models (bolded) and used to derive model averaged
predictions. The final model with model-averaged coefficients is shown in italics.

Intercept T T? T3 M M 2 M3  df Loglik AICc AAIC AIC Weight

MMR = | -10.19 159 -0.057 0.00044 0.33 0.0043 -5.72e*

MMR =| 853 1.34 -0.038 0.26 0.0064 -7.59¢% 7 -200.68 416.6 0 0.44
MMR=| -1082 132 -0.037 0.53 -0.0020 6 -202.46 4178 1.25 0.24
MMR =] .12.96 240 -0.12 0.0019 026 0.0069 -8.22e% 8 -200.24 418.1 1.48 0.21
MMR = -1377 200 -0.089 0.0012 054 -0.0022 7 -202.28 4198 3.21 0.09
MMR = -840 1.29 -0.036 0.38 5 -206.00 422.6 6.05 0.02
MMR = .7.13 098 -0.013 -0.00054 0.38 6 -205.96 4248 8.24 0.01
MMR = | .4.46 0.23 0.53 -0.0019 5 -218.39 4474 30.83 0.00
MMR = .252 0.23 0.31 0.0049 -6.12¢% 6 -217.55 448 31.43 0.00
MMR = .228 0.22 0.39 4 -220.64 449.7 33.12 0.00
MMR = 1.71 0.36 3 -23592 4781 6150 0.00
MMR = 0.68 0.43 -0.00098 4 -235.46 4793 62.75 0.00
MMR = 2.66 021 0.0059 -6.25¢% 5 -234.84 480.3 63.74 0.00
MMR = 6552 -1445 117  -0.028 5 -300.11 610.9 194.27 0.00
MMR = 4.80 1.60 -0.056 4 -319.46 647.3 230.76 0.00
MMR = | 1379 2 -323.66 651.5 234.86 0.00
MMR=| 1476 -0.067 3 -32343 653.1 236.51 0.00




Table A4 — Model selection table for whole body aerobic scope (AS) based on AICc and AIC weight. T = temperature (°C) and M =
mass (g). Intercept, T, T2, T3, M, M2, and M3 are parameter estimates for each model. Only models with all dependencies for
polynomial terms were included in model selection. Models are listed in order of lowest AICc value to highest. All models with AAIC
within 2 of the lowest AlICc value were considered top models (bolded) and used to derive model averaged predictions. The final
model with model-averaged coefficients is shown in italics.

Intercept T T? TS M M?2 M3  df Loglik AICc AAIC AIC Weight

AS = -3.20 0.92 -0.034 0.071 0.0072 -6.95e®

AS = -2.38 0.93 -0.034 -0.044 0.011 -1.07e% 7 -215.19 4456 0 0.43
AS=| -473 0.89 -0.033 0.29 5 -218.11 4469 1.25 0.23
AS=| -446 144 -0.074 0.00093 -0.041 0.011 -1.10e®™ 8 -215.10 447.8 220 0.14
AS=| 555 0.90 -0.033 0.34 -0.00069 6 -217.79 4485 2.88 0.10
AS=| -365 0.62 -0.012 -0.00050 0.28 6 -218.08 449.1 347 0.08
AS=| 574 0.95 -0.036 0.000081 0.34 -0.00070 7 -217.79 450.8 5.20 0.03
AS = -0.46 0.30 3 -228.94 464.1 18.54 0.00
AS = 0.59 -0.057 0.29 4 -227.93 464.3 18.68 0.00
AS = 1.58 0.031 0.0093 -9.17e% 5 -227.04 464.7 19.12 0.00
AS = 2.74 -0.052 0.011 0.0095 -9.11e% 6 -226.18 465.3 19.67 0.00
AS= -131 0.36  -0.00082 4 -228.58 465.6 19.98 0.00
AS=| -0.13 -0.053 0.34 -0.00061 5 -227.72 466.1 20.49 0.00
AS=| 4748 -10.34 0.85 -0.021 5 -279.89 570.4 124.83 0.00
AS = 6.00 1.0080 -0.045 4 -296.49 6014 155.81 0.00
AS=| 1356 -0.29 3 -300.46 607.2 161.56 0.00
AS = 9.49 2 -306.72 617.6 171.95 0.00




Table A5 — Biological data for all experimental fish, including mature individuals. Data are expressed as ranges or exact ratios. All
treatments had n = 24 fish, except 20°C, which had n = 25. Metabolic rates expressed as mean + SE mass specific metabolic rate

estimates (mg Oz-kg™*-h1).
Treatment Temperature
5°C 10°C 15°C 20°C 23°C
Fork length (mm) 140-184 85-154 130-182 114-181 84-160
Total length (mm) 145-189 89-161 133-189 118-185 87-165
Mass (g) 30.1-70.4 6.9-33.3 22.7-67.4 17.7-74.5 4.6-53.3
Sex ratio 12:12 14:9 12:12 18:7 13:11
(Male:Female) (1 unknown)
Maturity ratio 24:0 20:4 21:3 14:11 20:4
(Immature:Mature)
47.50 £ 3.32 135.32 + 3.48 115.97 +4.10 189.69 + 5.89 200.80 £ 10.34
389.34 £9.89

Mass Specific SMR
Mass Specific MMR
Mass Specific AS

315.76 £ 13.36
295.82 +12.17

413.82 + 10.65
279.27 £6.91

480.96 + 14.19
386.89 +12.69

351.16 £ 15.63
227.49 £15.05

137.43 +12.27




Appendix B. Supplementary Data Figures
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Figure B1: Allometric relationships between logio whole body SMR (A), MMR (B), and AS
(C) and logio Mass (g). Scaling coefficients for each line can be found in Table Al.



