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Abstract

Striped Bass naturally inhabit +#-a wide range of temperatures, yet little is known about
the-phystelegy-and processes that control their acute and chronic temperature limits. The
objective of this study was to determine the effect of temperature acclimation on acute thermal
maxima and physiology of juvenile Striped Bass. Juvenile fish were acclimated to 15, 25 or 30°C
for 4 weeks, then split into two sampling groups: at-post-acclimation aleneafter-and post-critical

thermal maximum trials. We found that fish survived even-the-highestin all acclimation

temperatures; with little change to underlying hameatelogyhematology, and that critical thermal

maximum (CTmax) increased with increasing acclimation temperature. At CTmax, fish acclimated
to 30°C had elevated plasma cortisol, lactate and potassium levels. These results suggest that,
while 30°C is likely to be outside their thermal optima, Striped Bass can survive and-perform-at

high temperatures. This ability to cope with warm temperatures may provide an advantage with

changingincreasing global envirenmenttemperatures.

Introduction

Temperature has profound effects on the biology of ectothermicpoikilothermic fishes

{(Fry2947- Brett 1971 ). (Fry 1947; Fry 1967; Brett 1971). As ectothermic aquatic animals, fish

must be able to cope with the physiological ramifications of the-varying temperatures in their

environment. The effects of temperature are wide-ranging and can been seen from changes in

whole-animal metabolism to specific molecular responses (Besuf-and Payan 200+ Hechachka
and-Semere-2002;-Evans-2008;-Currie-and-Schulte 2013:-Sehulte 2015).(Beeuf and Payan 2001

Hochachka and Somero 2002; Evans 2008; Currie and Schulte 2013; Schulte 2015). For
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example, temperature has been shown to effect rates of enzymatic activities (Hochachka and

Somero 2002) through to behavioral effects of determining optimal habitats (Bettoli 2005). The

response to temperature may not be consistent across fish species, as different-species may have
evolved different mechanisms to counter the same problem. Even within a species, populations
may be locally adapted to different thermal conditions and therefore have different physiological
responses (Fangue et al. 2006; Losos 2011; Schulte et al. 2011; Conte et al. 2012; Whitehead

2012)(Fangue et al. 2006; Losos 2011; Schulte et al. 2011; Conte et al. 2012; Whitehead 2012).

FhusFor example, different populations of Striped Bass have been shown to different growth

rates at the same temperature (Secor et al. 2000). Additionally, within populations of a single

species, individuals withmay exhibit different life history strategies mayand react differently

Meorgan-and-twama-1991;-Pavey-et-al2015)to temperatures (Morgan and Iwama 1991; Pavey et
al. 2015).

The ubiquitous effects of temperature on fish biology are well documented, with
temperature being considered the “master ecological factor” for ectothermic organisms,

including fish (e.g., Brett 1971). Methods for quantifying temperature tolerance in fishes in an

ecologically relevant manner has been widely discussed {(Fry-1967;Brett- 1971 Becker-and

Beitingerand-Bennett- 2000).(Fry 1967; Brett 1971; Becker and Genoway 1979; Lutterschmidt

and Hutchison 1997b: Lutterschmidt and Hutchison 1997a; Beitinger and Bennett 2000). One

such standard method is the Critical Thermal Maximum (“CTmax”) test, whereby temperature

tolerance limits are estimated by exposing a fish to a linear increase of temperature, up to the

point of loss of equilibrium (LOE) (Lutterschmidt-and-Hutchison-1997a; Beitingerand-Bennett
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2000)-(Lutterschmidt and Hutchison 1997a; Beitinger and Bennett 2000). While fishes in the

natural environment rarely experience such an acute change in temperature, extreme events are

more likely to offer more selection pressure than “normal” temperatures (Lutterschmidt and

Hutchison 1997b). This method also allows for a quantitative comparison of acute temperature

tolerance between different groups of fishes and across various acclimation temperatures (see
Beitinger and Bennett (2000) for an extensive comparison across North American fishes), which
can facilitate understanding of the evolution of temperature tolerance across geography and

species groups.

Geographically wide-ranging fishes provide an interesting model for exploring
temperature biology. Owing to their life history, these fishes may inhabit rivers with drastically
different temperature regimes. The Striped Bass, Morone saxatilis (Walbaum, 1792), is a large
anadromous fish, that pessessesoccupies a large putative geographical range along the east coast
of North America. Following a population collapse in the 1980’s, stocks have widely recovered,
yet the continued loss of multiple historical Canadian spawning locations recently led to
classification of the Bay of Fundy population of Striped Bass as endangered {COSEWIC-2012a:

COSEWIC2012b).(COSEWIC 2012). Given the implications for Striped Bass aquaculture to

supplement wild populations, the effects of temperature on growth has long been of interest

(Otwell and

Merriner 1975; Cox and Coutant 1981; Cook 2003; Cook et al. 2010). Other temperature

research has demonstrated effects of temperature on disease {Carlsonetal1995:Lapointe
20143 (Carlson et al. 1995; Lapointe 2014), angling or handling stresses (Betteh-and-Osborne

1998 Wide-2000;-Bradley-etal-2018)(Bettoli and Osborne 1998; Wilde 2000; Bradley et al.
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2018), and movements of wild fish {Ceutant-et-al—1984:van-den-Awvyle-and-Evans1990:-Secor

(Coutant et al. 1984;

van den Avyle and Evans 1990; Secor and Houde 1995; Bettoli 2005; Secor and Piccoli 2007;

Duston et al. 2018), with adverse effects typically occurring above and/or below more

moderate/optimum temperatures. Less is known about the limits and underlying processes of

temperature tolerance in Striped Bass.

While temperature change is inherent and common in fishes’ natural environments, it still

can be a stressful stimulus. The cascade of effects of stressors on fishes have been well

documented and may span many levels of biological organization ranging from hormonal

changes through to whole-animal or even population-level changes (Barton 2002). Primary

responses to stress in fishes may be seen through elevation in stress hormones (e.g. cortisol),

followed by secondary changes to metabolism (Kir et al. 2017: Kir and Demirci 2018: Kir 2020)

and other disturbances to homeostasis (e.g. ability to osmorequlation) before tertiary responses

are seen in the animal as a whole. To date, the data on Striped Bass temperature biology has

focused on whole-animal endpoints (e.9. CTmax or growth (Otwell and Merriner 1975; Cook

2003:; Cook et al. 2006: Cook et al. 2010)). While whole-animal studies offer practical insight

into absolute limits, investigation into the primary and secondary stress responses (e.q. cortisol,

metabolism, changes in plasma ions) may indicate disturbances not captured in whole-animal

approaches.

To date, few studies have assessed critical thermal limits and temperature physiology of

Striped Bass. Cook et al. (2006) published a thorough investigation into the thermal limits of
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Shubenacadie Striped Bass across a range of acclimations temperatures, using both incipient and
critical thermal tests. Cook et al. (2006) also suggest that thermal tolerance may be inversely
related to body size in StipedStriped Bass, not directly related, as is common for many fishes.
CTmax values for Oklahoma Striped Bass are also reported by Lutterschmidt and Hutchison
(1997a) at a single acclimation temperature (10°C) with a small sample size (N = 3). Some
thermal limits (CTmax Or incipient) have also been published for hybrid Striped x White Bass

hybrids (Woiwode and Adelman 1992; Kelly and Kohler 1999). Davis and Parker (1990)

demonstrated variations in various hematological to-endpeints{e.g-cortisol-plasma-chloride)
es-endpoints (e.g.

cortisol, plasma chloride) following a stressor in southern Striped Bass acclimated to different

temperatures. It has also been suggested that Northern populations of Striped Bass possess a

broader temperature tolerance range than Southern counterparts (Cook et al. 2006). While these

studies provide some insight into the range and variation of temperature tolerance in Striped

Bass, there is an absence of studies exploring underlying physiological processes with multiple

acclimation temperatures and at extreme thermal limits, such as CTmax. Understanding these

processes could shed light on the limiting factors which limit the thermal tolerance ranges of

Striped Bass and help define traits important for selection.

The objective of this study is to determine the effect of acclimation temperature on the

upper thermal limit (CTmax) Of juvenile Striped Bass- from Nova Scotia, Canada. Furthermore,

we aim to determine whether acclimation and CTmax trials also cause changes to ion regulation
(plasma ions), indicators of arerebicanaerobic metabolism (lactate) and stress (cortisol). Lastly,

we leok-test the putative inverse relationship withof thermal tolerance and body weight. We
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hypethesishypothesize that CTmax Will increase with increasing acclimation temperature and that

increased temperature will result in morephysielogical-disturbanees:significant changes in

plasma hematology.

Materials and Methods
General husbandry

All fish were juvenile Striped Bass (mass = 74.5 + 3.4g; fork length = 19 + 0.4 cm; mean

+ standard error), raised from wild-caught eggs, spawned naturally in the Shubenacadie River

(Nova Scotia, Canada). Fish were maintained in circular, fiberglass tanks (1 m in diameter; ~750

L) with a constant flow through of fresh (0%.), dechlorinated municipal water- and prior to any

temperature trials, all fish were maintained at 15°C. Water quality was routinely monitored for

constant pH, chlorine and salinity. The photoperiod was kept constant at 14 h light: 10 h dark

throughout acclimation and experiments. Fish were fed daily to satiation on commercial Trout

pellets (3mm Vita Pellets; EWOS). Prior to trials, food was withheld for 24 hours. Priorto-any

temperature-trialsaH-fish-were-maintained-at-15°C.All procedures were approved by the

University of New Brunswick Saint John’s Animal Care Committee according to Canadian

Council of Animal Care standards.

Experimental design

In their rearing tanks, fish were acclimated to one of three temperatures: 15°C, 25°C or
30°C. Three replicate tanks were used to acclimate fish to each of these temperatures.
Temperatures were maintained by the use of multiple 800-watt submersible heaters (Aquatop

Titanium 800W; TH800W) with external temperature controllers (Inkbird; ITC-308). Fish were
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acclimated to the respective temperatures at a rate of 1-1.5°C per day. Once at the acclimation
temperature, fish were maintained at this temperature for 4 weeks prior to thermal maxima trials
and/or tissteblood sampling.

Fish were sampled as part of one of two treatment groups: (1) acclimation control or (2)
at critical thermal maximum (CTmax). Acclimation control fish underwent no further temperature
change nor manipulation other than acclimation to one of the three temperatures (15, 25 or 30°C)
and were removed directly from acclimation tanks for sampling. CTmax group fish were sampled
immediately following the CTmax trial (described below). For each treatment and temperature
combination, three fish from the three replicate acclimation tanks were selected to account for

possible tank variation (N = 3 fish x 3 tanks = 9 per temperature & treatment). Bue-to-an

than three fish were housed per holding tank and the three fish were randomly selected at the

sampling time The 30°C acclimation group was not originally planned for in the study design but

was added after we noted the relatively small disturbances at 25°C; therefore only 7 fish from the

same cohort remained to be used for the 30°C acclimation/CTmax group. New fish were not

added to the experiment to avoid confounding source variation.
Critical temperature maximum (CTmax) chamber

All CTmax trials were performed on individual fish, in the same experimental system and
monitored by the same observer, to avoid inter-observer bias. The experimental system was
comprised of an insulated test tank (56 x 28 x 17.75 cm; 27.7 L) and headerheater tank (48.25 x

43 x 24 cm; 50.3L). The water in the test tank was pumped to the headerheater tank at ~1100 L -

h™* (Marineland Maxi-Jet Pro 1200; ML90509), where it was heated before being returned to the

holding tank via passive overflow from the headerheater tank. The water in the headerheater tank
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was heated by two 800-watt submersible heaters (Aquatop Titanium 800W; TH800W) with
external temperature controllers (Inkbird; ITC-308) and circulated with a powerhead (Hydor
Koralia Evolution Powerhead; HY-KORO03A) for efficient heating. The temperature in both
chambers were monitored and recorded electronically to ensure consistent heating rates
(MyDevices 10T Cayenne via Raspberry Pi 3 Model B with DS18b20 temperature probes). Both
the header and experimental tanks were well aerated using pressurized air and ceramic air stones.
Dissolved oxygen was periodically monitored (YSI_Model 85) to ensure levels did not fall with

increasing temperatures and stayed above 80% saturation.

Critical temperature maximum (CTmax) trials

An individual fish was removed from the acclimation tanks and quickly moved to the
previously described experimental holding tank, containing water of the respective acclimation
temperature. The fish was left to adjust to the experimental tank for 1 hr prior to any

experimentation. Following this 1 hr period, the temperature in the system was increased at a rate

of rate of 0.3°C - min* (18°C - hour?), which is commonly used for CTmax tests in fishes

Lutterschmidt and Hutchison 1997b; Lutterschmidt and Hutchison 1997a; Beitinger and Bennett

2000; Cook et al. 2006). Loss of equilibrium (LOE) was used as the endpoint for CTmax, as

defined as the point where the fish could not maintain a dorso-ventral position for 10 seconds

2014).(Becker and Genoway 1979; Lutterschmidt and Hutchison 1997b; Zhang and Kieffer

2014). When LOE was reached, the temperature was recorded, then the fish was immediately

removed from the chamber and sampled. To ensure any changes found in the CTmax treatment
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groups were not artefacts of the experimental design, a pilot study was run using an additional

control group of fishes which underwent a sham CTmax trial. These sham pilot trials included

transferring fish to the CTmax chamber, and holding them for a similar length of time of a typical

CTmax trial but without any further temperature increases before sampling. We did not find any

significant changes to plasma endpoints when compared to the acclimated control fish.

Sampling and HaematelegicalHematological analysis

At the appropriate sampling period (acclimation or CTmax), fish were anesthetized in 100
mg - ml™ of tricaine methanesulfonate (TMS; Sigma-Aldrich E10521) buffered with sodium
bicarbonate (200 mg - mI). Once the fish was anesthetized, a ~0.7mL blood sample was
collected via caudal puncture using a 23g needle and 1 mL syringe. The fish was then
euthanized, weighed and measured (total length; T.). The blood sample was spun in a mini
centrifuge at 85009 for 5 min. The plasma was separated into duplicate 1.5mL tubes then frozen

in a metal rack on dry ice, and stored at -80°C for future analyses.

From one duplicate tube of plasma, plasma ions and lactate were measured.
Concentrations of plasma sodium, chloride and potassium (Na*, CI* and K*) were quantified
using an electrolyte analyzer (Smartlyte; Diamond Diagnostics) and plasma lactate was
quantified using a medical lactate meter (Lactate Statstrip; Nova Biomedical). From the
remaining duplicate vial, plasma cortisol levels were measured via enzyme-linked
immunosorbent assay (“ELISA”; Neogen kit # 402710). To expedite the solvent evaporation
step, 40 samples were extracted at once, and a stream of nitrogen was provided to each sample
with a length of PE50 catheter tubing connected to a 23g needle (barrel removed) which was

pierced into silicone tubing header containing pressurized nitrogen gas (T. McCormack, Mount
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Allison University, Canada; pers comm.). ELISAs were run according to manufacturer’s
directions (using the ethyl acetate and HCI stop solution options), aside from the following
modification: to allow for smaller volume samples, starting volume of samples and all reagents
were decreased by half up to the point of the 1:100 dilution. Samples that were below the
detection limit were re-analyzed at a lower dilution (1:10) as available. ELISA plates were read
using a plate reader (Syngery HTX with Genb5 software; Biotek); sample concentrations were
calculated with the reader’s software, using the plate standards, blank adjustment and accounting
for background absorbance. All standards, controls and samples were run in duplicate and

averaged- (duplicate variation was 16% + 2% (mean £SEM)).

Statistical analyses

The effect of temperature CTmax Was assessed using a linear mixed effect model with
originating rearing tank as a random factor to avoid pseudoreplication (e.9. CTmax ~
Acclimation_Temperature + (1|Tank)) (Bates et al. 2015). Similarly, the effects and interaction
of acclimation temperature and -treatment (i.e. acclimation control or at CTmax) on plasma ions,
lactate and cortisol were also assessed using linear mixed effects models with originating tank as
a random factor (e.g. Sodium ~ Acclimation_Temperature*Treatment + (1|Tank)). For all tests
where interactions were significant, the effects of each fixed factor were then assessed in
isolation (Logan 2010). Where significant effects of a factor were found, differences across the
levels of each factor (e.g. 15 vs 25 vs 30°C for acclimation temperature) were determined post-
hoc with Tukeys tests (Hothorn et al. 2009). The effects of acclimation temperature and body
weight on CTmax Were tested using ardan ANCOVA (acclimation temptemperature = categorical
factor; body weight = continuous factor)(Logan 2010). The effect of body weight on CTmax

within each temperature treatment was also assessed using linear regressions. The acclimation
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response ratio (ARR) was also calculated for CTmax differences as ARR = A CTmax / A-F:A

Acclimation Temperature according to Claussen (1977). Furthermore, to determine the

relationship of acclimation temp and thermal tolerance, linear (CTmax = Acclimation—temp
Temperature) and hyperbolic ({CTmax = I(Acclimation—temp Temperature ~2)) regressions were

fitrun and then compared with an ANOVA. for best fit. All data were assessassessed for

normality and outliers (Grubbs test). ForaHAll statistical test-an-alpha-of0.05-was-used-and

performingtests were performed using R (Version 4.0.1) (R 2008)- and an alpha of 0.05.

Results
Critical thermal maximum

Critical thermal maxima waswere significantly different at each acclimation temperature,
with higher CTmax 0ccurring at highwarm acclimation temperatures (Fig 1; p <0.001 for linear
mixed effects model-and-al-pest-hec-comparisens). Overall, the mean CTmax in 25 and 30°C
acclimated fish were 2.7 and 5.6°C higher than CTmax at 15°C. Mean difference between
observed CTmax and respective acclimation temperatures were 16.7, 9.4 and 7.25°C for the 15, 25
and 30°C acclimation groups, respectively. The acclimation response ratio was highest when
comparing 25°C and 30°C acclimated fish (Table 1). The relationship between CTmax and
acclimation temperature was determined to be non-linear (CTmax = -0.55*Acc_temp + 0.021*
Acc_temp”2 + 35.35; p < 0.001; Adjusted R? = 0.8714). When assessed together with
acclimation temperature, body weight did not affect CTmax (Fig 2; p = 0.5 for body weight; p =
0.015 for acclimation temperature). Linear regressions of CTmax Vs body weight within each
temperature group were also non-significant (p = 0.97, 0.16 and 0.53 for 15, 25 and 30°C,

respectively; Figure 2).



270

271
272
273
274
275
’276
277
278
279
280
281
P82
P83
P84
P85
P86
287

288

289

290

291

292

13

Plasma analyses

Overall, the effects of acclimation temperature and treatment (acclimation control vs
CTmax) varied across plasma variables (Fig 3 and 4). No interactions between acclimation
temperature and treatment group were found for plasma sodium and chloride (p = 0.56 and 0.24,
respectively), though interactions were found for potassium, lactate and cortisol (p = 0.03,
<0.001 and 0.04, respectively). Acclimation temperature was found to have significant
effecteffects on plasma sodium (Na*), potassium (K*), cortisol and lactate (p = 0.0013, 0.0016,
for sodium and potassium and p < 0.001 for lactate & cortisol) whereas temperature did not
affect chloride (CI") (p = 0.37).

Within each plasma endpoint, the patterns of change across temperature and treatment
also differed. Plasma sodium (Fig 3i) was lower in 25°C acclimated fish compared to 15 and
30°C fish (p < 0.001). Plasma chloride (Fig 3ii) did not vary significantly by temperature nor

treatment group. Plasma-potassivm-was-inereased-folowing-CFmaxIn fish acclimated to 15 and

30°C, plasma potassium levels were significantly elevated at CTmax (p = 0.666002 and p < 0.001,

25 vs 15 and 2530°C respectively). Furthermore, plasma potassium was highest in fish

acclimated to 30°C at CTmax Was-higherfrom-acelmation-greup-atbeth (p = 0.006 and p <

0.001, 30°c vs 15 and 25°(p=-0-001-andp-<0.004,C respectively). Plasma lactate (Fig 4i)

increased with each temperature increase within both the acclimated and post-CTmax fish (p <

0.001 for all except p = 0.002 for 25 vs 30°C n-acclimated fish). Lactate was significantly
increased following CTmax at both 25 and 30°C compared to acclimated control fish (p <0.001
for both). Cortisol was increased at 25°C (Fig 4ii) and elevated in all temperature groups
following CTmax (p = 0.02 at 15°C, p < 0.001 at 25 and 30°C). Cortisol was highly variable in

fish acclimated to 25°C at CTmax; this pattern persisted when analyses were re-run removing one
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outlier (p <0.001) , however the-removing the outlier did not change the pattern of significant
changes. The fold change in cortisol levels at CTmax from acclimated values was greatest at 25°C

(Fold changes = 1.1, 5.71, 2.16 for 15, 25 and 30°C acclimation groups, respectively).

Discussion

Juvenile Striped Bass were-able-to-survivesurvived in warm temperatures up to four
weeks, with-Httlewithout disruption to stress hormones and plasma ions. Qualitatively, fish
acclimated to 30°C did not have any netable-changes to behaviour during acclimation and
holding, nor were there mortalities in any acclimation groups. Furthermore, Httleno change in
resting hematology was found across acclimation temperatures, even following a four week
acclimation period to 30°C. In contrast, Davis and Parker (1990) found increases in plasma
chloride and cortisol when juvenile Southern Striped Bass were acclimated to 30°C for 8 days.
Such changes in cortisol and plasma ions are typical in fish following stressful events (Barton
2002). The lack of stress response found at this high temperature may suggest that Northern

Striped Bass used in this study are better equipped to adapt to higher temperatures. Similar-trends

poleward-atitudes{Sunday-etal—2011)-Sunday et al. (2011) demonstrated that while thermal

tolerance breadth increases, absolute upper thermal tolerance levels tend to decrease in more

Northern population, which may be contrary to our findings. Future research should aim to

investigate potential differences in tolerance limits between North and South Striped Bass. It

should be noted that plasma lactate was elevated in 25 and 30°C fish (both acclimated and at
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CTmax), and thus there was a possible switch to anaerobic processes, suggesting these

temperatures may be outside the ideal temperature range for these fish- as they were not able to

meet energy demands with aerobic processes. This aligns with previeus-studies—which-Cox and

Coutant (1981) who found ideal growth temperatures to be more moderate (14-22°C){Cex-and

Coutant-1981).Nenethelesst), though this optimum may differ if fish were not provided a

fully satiating diet.

One potential confounding aspect of comparing tolerance limits within and across species

is ebvious-that-the length of acclimation. In the present study, fish were acclimated for at least 28

days, while other studies on Striped Bass ean-survive-for-many-used shorter acclimations,

ranging from 8 days (Davis and Parker 1990) to 2 weeks at-high-temperatures{30°C). (Cook et

al. 2006). In their discussion and critique of utilizing CTmax, Lutterschmidt and Hutchison

(1997b) acknowledge that rate and length of acclimation is important to the resultant CTmax but

suggest only that in ecotherms, thermal acclimation is rapid, occurring with hours to a few days.

Beitinger and Bennett (2000) suggest acclimation of new thermal tolerance limits suggest this

may range from 1 to 20 days. While the absolute definition of what precisely defines acclimation

has long been discussed (Lagerspetz 2006), it generally thought of as physiological or

behavioural changes related to a new environment (e.q. higher temperature tolerance), but the

time course to acclimation may depend on which system is being investigated. There is no “eold

standard” of how long fishes should be acclimated for thermal tolerance testing. Still. many

studies in other fish species use longer acclimation times more similar to our period than shorter

times used in other aforementioned Striped Bass papers (for example see acclimation time in

Table 1). The difference acclimation time may explain some of the differences seen between the
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present study and others. For example, the increased cortisol by Davis and Parker (1990), may be

an artefact of the shorter (8 day) acclimation period if this was insufficient time to acclimate.

Although it should be noted that similar tolerance limits to ours were found by Cooke et al.

2006, suggesting that the 2 weeks used by Cooke et al. was sufficient acclimation to adjust

thermal tolerance in these Northern fish. Without further information on the timeline of thermal

acclimation in Striped Bass, it is difficult to determine whether the differences between Northern

and Southern fish are valid or an artefact of methodoloqy.

In addition to their ability to acclimate to warm waters, the upper acute thermal tolerance
of juvenile Striped Bass increased with increasing acclimation temperatures. While CTmax is
widely used in fishes, few other studies have used it to test thermal limits in Striped Bass, though
our values generally coincide with these previeuspreviously published values. While the authors
did not report mean CTmax directly, our CTmax Values are close to the estimated values from
regressions published by Cook et al. (2006),-though-may-be-shghthy-tewerat 30°C{TFable-1).. As
the fish used by Cook et al. (2006) are from the same population and rearing facility, similar
thermal tolerances were expected. The slightly lower values at the higher temperatures may be
due to experimental set-up or an artefact of differing statistical methods (regression values vs
means). The pattern of change in CTmax across acclimation temperatures found in this study is
surprising. Typically, the upper thermal limit will increase linearly as acclimation temperature
increases, and then plateau as acclimation temperature approaches thermal maxima (Beitinger
and Bennett 2000). Thus, we would expect the acclimation response ratio to decrease as the
acclimation temperature passes the linear portion and approaches thermal maximum (see Table 1

for ARR values from other fishes). ¥et-ourThe fish species selected in this table represent a wide
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range of taxonomic and ecological diversity, from ancient lineages of temperate sturgeon

(Acipenser brevirostrum), to tropical modern Perciformes (Therapon jarbua), to a similar

temperate sea-bass (Dicentrarchus labrax). Yet only the Striped Bass and Striped Bass hybrid

show increased ARR at the highest temperature pairs. Our data show that the ARR is largest

between the two highest temperatures, suggesting the scope for increase in acute maxima is still

increasing. The ARR’s found at higher temperatures in this study are also on the high end for a

mid-latitude fish (Morley et al. 2019). Other studies examining Morone spp. thermal tolerance

across similar temperatures used in this study have found linear relationships of CTmax to
acclimation temperature, thus implying a constant ARR (Table 1), unlike our data. Given that
CTmax continued to increase with each increase in acclimation temperature (i.e. the relationship
has not plateaued/nonlinear), it is possible that further increases to acute thermal maximum may

be possible at even higher acclimation temperatures.

While upper thermal tolerance did increase with acclimation, indicators of physiological
stress and acid-base changes at CTmax Were present in fish acclimated to warmer temperatures.
During a stressful event, such as a CTmax trial, disturbances to ion regulation following the

cascade of stress hormones are common (Barton-2002;-Farrel-2011)-(Barton 2002; Farrell 2011).

Thus, the increases in cortisol found at CTmax are to be expected, given the stressful nature of
such an acute test. The modest fold change in cortisol pre/post CTmax found at 25°C was within
the range of fold changes reported before/after confinement stress (~3 to 5 fold change) (Bavis

and-Parker-1990;-Secer-etal2000)(Davis and Parker 1990; Secor et al. 2000), but lower fold-

changes were found at the other two acclimation temperatures. When compared to other types of

stressors, much higher fold changes (~86-fold) in cortisol have been documented in Striped Bass
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following acute salinity transfer (Madsen et al. 1994), though this may be related to the
additional role of cortisol in seawater readiness in addition to stress response (Evans et al. 2005).
It is surprising that the highest CTmax cortisol values were found in 25°C acclimated fish, not the
highest acclimation-highest temperature, which we would expect to be the most stressful. This
may be an artefact of the variable nature of cortisol response found, especially at 25°C, or there
may actuathy-be a depression of cortisol response occurring at the highest temperatures combined
with an acute stress. Furthermore, the highly variable cortisol at 25°C coincides with the highest

variability in CTmax., Which could suggest increased variation across individuals at this moderate

temperature treatment. The cortisol response following stress at high temperatures may be tied to

an overall reduction to metabolism, which has been seen in other fishes (Kir et al. 2017: Kir and

Demirci 2018: Kir 2020), should be investigated further.

Evidence of plasma ion disruption was also illustrated in the increase seen in plasma
potassium at CTmax, particularly in fish acclimated to 30°C. The apparent hyperkalemia at 30°C
refleetsis mirrored by the trerease-irincreased lactate found-at CTmax at the same acclimation
temperature. This paring of changes areis common in fishes following stressful or strenuous
activities, in which the increase in lactate production from anerobic metabolism results in plasma
acidosis, -which in turn leads potassium to migrate into the plasma in order to close the anion gap

(Wood-etal1983;Kiefferetal—1994)(Wood et al. 1983; Kieffer et al. 1994). This was not seen

at CTmax in the lower temperature groups, which again suggests that while fish may survive at

these elevated temperatures for many weeks, it is likely to be less ideal than moderate

temperatures. While the other CTmax studies in striped bass did not measure plasma ions

{Lutterschmidtand-Hutchison-1997a-Cook-etal-2006)(Lutterschmidt and Hutchison 1997a;
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Cook et al. 2006), chloride fluctuation has been documented during recovery from confinement

stress in Striped Bass and their hybrids {Bavis-and-Parker1990:-Davis-2004).(Davis and Parker

1990; Davis 2004). We did not find chloride fluctuations immediately following CTmax, though

ion disruption may not occur until many hours after the stressor {Bavis-and-Parker1990:-Davis

2004).(Davis and Parker 1990; Davis 2004), thus it is possible changes in chloride may have

been seen if fish were allowed to recover and monitored. Future studies should aim to investigate

the time course of ion perturbation following temperature stress.

In contrast to Cook et al. (2006), we did not find any indication that thermal tolerance
was inversely related to body size in juvenile Striped Bass. Generally, CTmax would be expected
to increase with body mass, likely owing to the lag of temperature transfer to the interior of a

larger bodied animal {Beitingerand-Bennett 2000-Ziegeweid-et-al-2008)(Beitinger and Bennett

2000; Ziegeweid et al. 2008). Cook et al. (2006) has suggested an inverse relationship of body

weight to thermal tolerance. We found no indication that temperature tolerance is related to body
size. Compared to Cook et al. (2006), our paper assessed the patterns of thermal tolerance change
on a continuous basis across a wider range of sizes and generally larger size juveniles (52 — 102g
in the present study; small = 21.8 g vs large = 34.4g by Cook et al. (2006)). Zhang and Kieffer
(2014), found a positive-a relationship between thermal tolerance and body weight within small
and large groups of Shortnose Sturgeons, Acipenser brevirostrum (Lesueur 1818 non Heckel
1836), yet the smaller fish as a group had higher tolerance when compared to large fish
categorically. It is possible that the inverse relationship exists in smaller juvenile Striped Bass as
previously described, but the direction changes in larger juveniles. As previously mentioned, our

CTmax values were slightly lower than those found by Cook et al. (2006), which may support this
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both the current study and Cook’s previous work on body size assess these trends over a small

subsection of juvenile Striped Bass sizes; future investigation into this phenomenon should

assess trends across a larger size range.

As a wide-ranging, migratory fish, the natural thermal regimes of Striped Bass vary

greatly across their range. In addition to changes in thermal regimes, Northern Striped Bass are

more migratory and typically utilize saline stretches of their environment more than their

Southern counterparts (Secor et al. 2000; Conroy et al. 2015). The Shubenacadie Striped Bass

used in the present study are one of the most Northern populations of the species. Furthermore,

the Shubenacadie River is a tidal bore system (COSEWIC 2012) and is connected to the Bay of

Fundy, which boasts the highest tides in the world (Desplangue and Mossman 2001). As such,

this population faces extremes in both temperature and salinity fluctuations on and hourly and

seasonal scale. The temperatures used in this study span a range of temperatures that may be

found naturally in this system: spring spawning occurs around 15°C (COSEWIC 2012) and

summer temperatures in the estuary are expected to be around 22°C (Duston et al. 2004). In

2020, this population experienced an abnormal summer fish kill, purportedly related to unusually

warm temperatures (Withers 2020). With rising global temperatures, understanding the

processes with limit tolerance to these fluctuations will become increasingly important.

The ability of juvenile Striped Bass to acclimate to increased temperatures is

demonstrated in this paper. Few physiological disruptions were found at acclimation, although
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inereaseincreased stress hormones and likely anerobic metabolism occurred at CTmax at the
highest temperatures. Nonetheless, juveniles were able to live at 30°C for multiple weeks, which
is only 1.7°C away from the CTmax measured of fish acclimated to 15°C. This impressive ability
for a temperate fish to withstand warm temperatures may have ecological ramifications as it
provides a competitive edge in the face of global temperature change. Better understanding is
needed to determine the mechanisms which underpin temperature tolerance, including the
potential of heritable genetic traits. Furthermore, as a species which inhabits a wide range of
temperature regimes, future research should aim to explore the difference in temperature

tolerance across their range.
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Table 1. Comparison of Acclimation Response Ratios (ARR) across multiple fish species and acclimation temperatures (Ta).
“Relationship” describes the published (or implied) relationship of thermal maximum to acclimation temperatures. Multiple rows
within a study represent ARRs for different temperature intervals (as denoted by the “upper” and “lower” Ta). Where not stated in

original publication, ARR was calculated from selected Ta and CTmax values as ARR = A CTmax / A Ta according to Claussen (1977).
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Ta (°C)

. Relationship  Acclimation N (fish/ ATa A CTmax
Species o - ARR Stud
P (CTmax o Ta) (weeks) group) Lower  Upper (°C) (°C) y
- . 15 25 10 2.69 0.27 .
Morone saxatilis Non-linear 4 7t09 This study
25 30 5 2.89 0.58
- . 15 25 10 4.2
Morone saxatilis Linear 2 5 0.42 Cook et al. (2006) t
25 30 5 2.1
Morone saxatilis x M. Linear 5107 ) 12.2 23 10.8 5.3 0.49 Woiwode and
chrysops 23 29.2 6.2 3.2 052  Adelman (1992)
. . 15 20 5 1.6 0.32
Dicentrarchus labrax Linear 5 15 Diilger et al. (2012)
20 25 5 1.1 0.22
Fundulus heteroclitus . 124 26.5 14.1 6.8 0.48
Non-linear 3 15
(Northern) 26.5 32.1 5.6 14 0.25
- Fangue et al. (2006)
Fundulus heteroclitus Non-linear 3 15 12.4 26.5 14.1 6.5 0.46
(Southern) 26.5 32.1 5.6 1 0.18
Acipenser . 10 15 5 3.9 0.78 Zhang and Kieffer
. Linear 4 8
brevirostrum 15 20 5 1.3 0.26 (2014)
20 25 5 0.75 0.15
Etroplus suratensis Linear Unknown Unknown 25 30 5 2.5 0.5
30 35 5 0.5 0.1 .
Rajaguru (2002)
20 25 5 0.75 0.15
Therapon jarbua Linear Unknown Unknown 25 30 5 15 0.3
30 35 5 0.75 0.15
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T Authors did not include mean CTmax values per Ta, thus the slope of the linear regression is used to represent the overall ARR
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Figure Captions

Figl Box plot of critical thermal maxima (CTmax) Of juvenile Striped Bass, Morone
saxatilis, acclimated to different temperatures. Letter designations denote significant differences

between temperature acclimation groups.

Fig2 Critical thermal maxima (CTmax) oOf juvenile Striped Bass, Morone saxatilis,
acclimated to various temperatures according to body weight. Fish were acclimated to 15C (o),
25°C (m), or 30°C (V) for 4+ weeks prior to undergoing CTmax trials. Lines reflect linear
regressions within each temperature, though none of these regressions were found to be

significant. Effects of acclimation temperature (“Temp”), Body Weight and their interaction

(“Int”) were determined via ANCOVA.

Fig3 Mean (£SEM) plasma ion concentrations (sodium, chloride & potassium in i, ii, &
iii, respectively) in juvenile Striped Bass, Morone saxatilis, acclimated to various temperatures.

Fish were sampled as following: after 4 weeks acclimated to appropriate temperature {A}(A) or

immediately following critical thermal maxima (CTmax) trial (m)—etter([]). Lowercase letter

designations denote significant differences across temperature within the CTmax trial group.

Uppercase letter designations designate differences across temperature, regardless of CTmax

treatment (no interaction). An asterisk (*) denotes a significant difference in CTmax from

respective acclimation control.-A-pound-sigh-{#)-deneotes-an-overal-difference between
acchmation-temperatures. Statistical differences were determined via linear mixed effects models

followed by pairwise comparisons determined via Tukey’s post hoc tests as appropriate.
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Fig4 Mean (£SEM) plasma lactate and cortisol (i & ii, respectively) in juvenile Striped
Bass, Morone saxatilis, acclimated to various temperatures. Fish were sampled as following:
after 4 weeks acclimated to appropriate temperature {A}(A) or immediately following critical
thermal maxima (CTmax) trial (m)—Upper-caseletter-desighations-denote-significant-differences

ease(]). Lowercase letter designations denote significant differences across temperature within

the CTmax trial group. -Uppercase letter designations denote significant differences across

temperature within the acclimation trial group. An asterisk (*) denotes a significant difference in

CTmax from respective acclimation control. Statistical differences were determined via linear
mixed effects models followed by pairwise comparisons determined via Tukey’s post hoc tests

as appropriate.
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Table

Table 1. Comparison of Acclimation Response Ratios (ARR) across multiple fish species and acclimation temperatures (Ta).
“Relationship” describes the published (or implied) relationship of thermal maximum to acclimation temperatures. Multiple rows
within a study represent ARRs for different temperature intervals (as denoted by the “upper” and “lower” Ta). Where not stated in

original publication, ARR was calculated from selected Ta and CTmax values as ARR = A CTmax / A Ta according to Claussen (1977).



Ta (°C)

Species Relationship Accllm;:tlon N (fish/ Ao Ta A Conax ARR Study
(CTmax a Ta) (weeks) group) Lower Upper (°O) °C)
. ) 15 25 10 2.69 0.27 i
Morone saxatilis Non-linear 4 7109 This study
25 30 5 2.89 0.58
- . 15 25 10 4.2
Morone saxatilis Linear 2 5 0.42 Cook et al. (2006) t
25 30 5 2.1
Morone saxatilis X M. Lincar 5107 5 12.2 23 10.8 53 0.49 Woiwode and
chrysops 23 29.2 6.2 32 0.52 Adelman (1992)
. ) 15 20 5 1.6 0.32 .
Dicentrarchus labrax Linear 5 15 Diilger et al. (2012)
20 25 5 1.1 0.22
Fundulus heteroclitus . 12.4 26.5 14.1 6.8 0.48
Non-linear 3 15
(Northern) 26.5 32.1 5.6 1.4 0.25
- Fangue et al. (2006)
Fundulus heteroclitus . 12.4 26.5 14.1 6.5 0.46
Non-linear 3 15
(Southern) 26.5 32.1 5.6 1 0.18
Acipenser . 10 15 5 3.9 0.78 Zhang and Kieffer
. Linear 4 8
brevirostrum 15 20 5 13 0.26 (2014)
20 25 5 0.75 0.15
Etroplus suratensis Linear Unknown Unknown 25 30 5 2.5 0.5
30 35 5 0.5 0.1 .
Rajaguru (2002)
20 25 5 0.75 0.15
Therapon jarbua Linear Unknown Unknown 25 30 5 1.5 0.3
30 35 5 0.75 0.15

T Authors did not include mean CTmax values per Ta, thus the slope of the linear regression is used to represent the overall ARR
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