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Abstract

Tropical coral reef flats can be 3—4 °C warmer than surrounding deeper reef slopes, and some experience daily temperature
fluctuations of up to 12 °C, which will be exacerbated as global temperatures continue to rise. Epaulette sharks (Hemiscyl-
lium ocellatum), predominantly found on reef flats, may have evolved behavioural and/or physiological strategies to mitigate
the effects of these dramatic temperature fluctuations. Here, juvenile sharks were acclimated, for at least 6 weeks, to average
summer temperatures (28 °C) or predicted end-of-century summer temperatures (32 °C) to investigate the effects of elevated
temperatures on growth, survival, and the use of movement to thermoregulate. In addition, sharks experience seasonal tem-
perature changes; therefore, the upper critical thermal limits were determined for adult, wild sharks during both summer
and winter months. We found that regardless of acclimation temperature, juveniles maintained the same food consumption
rates (~5% body mass every other day), but for those living at 32 °C, this resulted in significantly decreased growth rates
(body mass and total length). During winter months, maximum habitat temperatures (~24 °C) are far below adult sharks’
critical thermal limits (35.92+0.21 °C). During summer months, maximum habitat temperatures (~35 °C) are closer to
adult critical thermal limits (38.85+0.31 °C). When estimating thermoregulatory behaviour of juvenile sharks maintained at
28 °C, those sharks examined in winter exhibited no thermoregulatory behaviour, while those examined in summer actively
sought to control their thermal exposure, preferring 30.7 + 1.04 °C (day) and 28.544+0.75 °C (night). Furthermore, after
acclimation to predicted end-of-century conditions, these same sharks behaviourally sought out 32.94 +0.46 °C (day) and
30.74 +£0.68 °C (night); despite the cost of decreased growth and/or survival. Sharks maintained in control conditions had
a mortality rate of 33% during the initial 90-day period of exposure, while mortality was 100% in those sharks exposed to
elevated conditions. Ultimately, as ocean temperatures continue to rise, the distribution and abundance patterns for epaulette
sharks and many other coral reef species are likely to change if trade-offs associated with acclimation outweigh the benefits
of moving to more favourable habitats.
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depth and water quality (e.g. temperature, dissolved oxygen,
pH) (Harborne 2013; Kline et al. 2015). Depending on the
season, diurnal fluctuations, and duration of low tide, reef
flats can fluctuate by as much as 12 °C over 24 h (Potts and
Swart 1984) and are often 3—4 °C warmer than the condi-
tions found on adjacent reef slopes (Harborne 2013). During
the summer months along the Great Barrier Reef, Australia,
coral reef flat temperatures can reach 33—34 °C, which con-
trasts with winter months when thermal conditions are much
less severe and rarely exceed 30 °C (Chisholm et al. 1996;
AIMS 2015a, b). As a result, resident reef flat species rou-
tinely experience conditions that could be thermally chal-
lenging (Harborne 2013).

Biochemical and physiological processes (e.g. growth,
digestion, reproduction, swimming performance, etc.)
directly depend on temperature (Fry and Hart 1948; Fry
1971; Portner and Peck 2010; Johansen and Jones 2011),
and each process is thought to be optimized for a particular
temperature or range of temperatures (optimum temperature,
T, (Brett 1971; Portner and Farrell 2008). As temperatures
increase or decrease away from the 7., these processes may
decline (Portner and Peck 2010). However, with prolonged
exposure to altered temperatures some species can acclimate
(e.g. shift their thermal range, performance indicators, or
even behaviours) to these new conditions over days, months,
or even over generations (Portner and Peck 2010). As the
climate continues to warm, species that are not acclimating
fast enough will increasingly experience conditions beyond
their optimum, which may already be occurring in some
equatorial populations (Munday et al. 2008; Tewksbury et al.
2008; Rummer et al. 2014, McLeod et al. 2015). Whether
species have the capacity to eventually adapt to rising tem-
peratures over long timescales (multiple generations) or if
they will need to use other strategies including acclimation
and behaviour to ameliorate sub-optimal conditions are of
key importance in making long-term predictions about the
effects that ocean warming will have at the species and eco-
system levels.

Organisms residing in variable thermal environments
(e.g. reef flats, mangrove forests, intertidal zones) may
regularly experience temperatures near those where per-
formance starts to decline (Harborne 2013) and as tem-
peratures increase, the energy required for an organism to
maintain daily processes also increases (Schmidt-Nielson
1990). As a result, non-essential processes such as somatic
growth and reproduction become depressed, as basic main-
tenance costs require a greater proportion of available energy
(Parsons 1993). For example, bonnethead shark (Sphyrna
tiburo) populations residing in warm waters display reduced
growth rates, increased food consumption rates, and reach
smaller body sizes than conspecifics living in cooler waters
(Parsons 1993; Lombardi-Carlson et al. 2003; Bethea et al.
2007). A similar trend has been noted for large predatory

@ Springer

coral trout (Plectropomus leopardus) on the Great Barrier
Reef (Johansen et al. 2013, 2015). However, some tropical
reef fish and shark species (Economakis and Lobel 1998;
Harborne 2013) appear to thrive in fluctuating thermal con-
ditions and consequently may either have adapted and/or
acclimated to these conditions (i.e. shifting their thermal
optima) and/or utilize strategies (such as movement) either
of which may allow them to persist in future conditions.
Species residing in thermally fluctuating environments
often rely on physiological/biochemical mechanisms, some
of which may be protective (e.g. anaerobic metabolism,
anti-oxidative defence mechanisms, stress activated protein
responses, etc.) (Portner and Peck 2010), as well as behav-
ioural responses to enable them to endure what could be
deleterious conditions at least on a periodic basis. Species
may also relocate to more favourable temperatures within
their habitat (e.g. microhabitats, deeper depths) to avoid
these extreme conditions (Coutant 1977; Armstrong et al.
2013; Furey et al. 2013; Furukawa et al. 2014; Nay et al.
2015; Habary et al. 2016). However, temporary relocation
does not allow organisms to reside in challenging conditions
indefinitely, as continued and prolonged exposure to elevated
temperatures can incur high energetic costs eventually affect-
ing processes such as reproduction and increasing predation
risk, among others, which could lead to death (Parsons 1993;
Munday et al. 2008; Rummer et al. 2014). As a result, coral
reef flat residents, which endure daily, prolonged periods of
elevated temperatures, may not only be well suited to toler-
ate thermal fluctuations but may also possess behavioural
thermoregulatory strategies (e.g. movement, sheltering) to
ease physiological constraints associated with increases in
temperature (Harborne 2013, Nay et al. 2015, Habary et al.
2016); such species may be ideal models for investigating
temperature mitigation strategies (e.g. behavioural ther-
moregulation and/or long-term acclimation) and whether
these strategies will change as the oceans continue to warm.
Here, we used the epaulette shark (Hemiscyllium ocel-
latum) as a model reef flat species to investigate the effects
of elevated temperatures on growth and survival with pre-
dicted end-of-century conditions and the use of behaviour
to regulate body temperature. Found almost exclusively on
tropical reef flats from Papua New Guinea to Australia (Heu-
pel and Bennett 1998; Payne and Rufo 2012), the epaulette
shark is the most hypoxia-tolerant (Wise et al. 1998; Routley
et al. 2002) and short-term anoxia-tolerant (more than 3 h)
(Renshaw et al. 2002) elasmobranch studied to date. The
effects of prolonged exposure to elevated temperatures are
not completely understood, but we are starting to gather evi-
dence suggesting that elevated temperatures can negatively
affect early development in this species (e.g. colouration and
patterns, see Gervais et al. 2016). Therefore, the overall aim
of this study was to understand the influence of temperature
variations on growth, activity, and preferred temperature in
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captive reared, juvenile epaulette sharks and understand the
influence of seasonal conditions on the thermal tolerance of
adult, wild sharks.

Methods
Collection and holding facilities

Epaulette shark eggs were collected from wild-caught,
captive sharks (supplied by Cairns Marine) that had been
maintained at either Sea World (SW), Gold Coast (n=12)
or Cairns Marine (CM) (n=38), both located in Queensland,
Australia. Eggs were collected as they became available
during the breeding season (June—November) and shipped
(via air), by 10 dpf (days post-fertilization), to rearing facil-
ities at the Marine Aquaculture Research Facilities Unit
(MARFU) at James Cook University, Townsville, Queens-
land, Australia (see Johnson et al. 2016). There were two
hatching periods [Spring—September—mid-October (SW,
n=7; CM, n=3) and Autumn—February-mid-March (SW,
n=35; CM, n=>5)]. Upon hatching, sharks (14.71 cm+2.23,
15.97 g +2.66; mean + SD) were maintained in 200-L cir-
cular aquaria at 28 °C (summer average temperature on reef
flats Heron Island, 23.442°S, 151.914°E) (AIMS 2015b)
for a maximum of 30 days post-hatch (dph) until yolk
resources were consumed (West and Carter 1990; Payne
and Rufo 2012). Hatchlings were presented with food at 15
and 25 dph; however, it was not until 30 dph that hatchlings
accepted food and, therefore, all sharks were fed regularly
after 30 dph. At this point, sharks (now designated as juve-
niles, 17.07 cm+7.04, 13.96 g +2.92) were transferred to
50-L aquaria (each two to three sharks) and fed pilchard and
squid every other day. Throughout the study, captive reared
sharks were maintained under a 12:12 photoperiod. Prior
to any experimentation, all sharks were fasted for 48 h to
ensure a post-absorptive state (Heinrich et al. 2014).

Adult sharks (505.56 +80.24 g, 62.17 +4.67 cm) used
to investigate the upper thermal limits for this species
were collected by hand from reef flats on Heron Island,
QLD (23.4423°S, 151.9148°E) during the summer (Janu-
ary, February 2015; n=10) and winter (July 2015; n=_8)
months (Marine Park Permit #G14/36697 and James Cook
University accreditation). Sharks were maintained in the
laboratory for between 60 and 72 h and kept on a natural
photoperiod (11:13 during winter months and 13:11 during
summer months). During this time, sharks were given at
least 24 h to settle, followed by 12-h habituation to experi-
mental tanks, and, following experimentation, allowed 24-h
recovery before they were released back onto the reef flats.

All animal care and experimental protocols used in this
study were approved by James Cook University Animal Eth-
ics Committee regulations (permit: A2089) and conducted

according to the Australian Code of Practice for the Care and
Use of Animals for Scientific Purposes and the Queensland
Animal Care and Protection Act 2001.

Experimental protocols
Growth rates and food consumption rates

Growth and food consumption rates of juvenile sharks were
recorded from 30 dph onward; therefore, only sharks that
had consumed food at the start of data collection (i.e. by
30 dph) were included (N =15 sharks; 28 °C, n=9; 32 °C,
n=06). Body mass (g) and total length (mm) were measured
prior to feeding, at least once per fortnight. Body mass was
measured (nearest 0.01 g) and to determine total length, a
photo was taken of each shark (with a ruler for scale) and
analysed using FIJI software (Schindelin et al. 2012). To
measure the change in food consumption over time, sharks
were isolated in individual containers, and equal amounts
of pilchard and squid were weighed (nearest 0.01 g) and
offered to each shark, ad libitum. Food was kept in the indi-
vidual feeding containers until sharks stopped consuming
food (roughly 10 min) and all uneaten food was re-weighed
and subtracted from the food offered. The food consumed
was recorded (minimum of once per week) as the proportion
of a shark’s total body mass.

Two time periods (pre-171 dph and post-171 dph) were
analysed for each treatment group, as all sharks were main-
tained at 28 °C for the first 171 dph. Following 171 dph, a
group of sharks (n=6) were transitioned to 32 °C while, the
control group was maintained at 28 °C throughout the entire
duration of the study. This was to determine if age contrib-
uted to the changes recorded between sharks maintained at
28 °C and sharks transitioned to 32 °C.

Temperature preference

Equipment A shuttle-box system (described in detail by
Nay et al. 2015; Habary et al. 2016) was used to determine
the 7, of each juvenile shark. The temperature range
around the 7}, and the number of movements that each
animal made between chambers to maintain these preferred
temperatures were also determined.

The system is a two-chamber aquarium made from PVC
with a clear plexiglass floor. Both round aquaria (@ 35 cm)
are arranged side-by-side in a figure eight manner with a
50-mm wide passage between the two chambers that allows
the shark to move freely between them. One chamber was
randomly designated as a ‘warm chamber’ while the other
was designated as a ‘cool chamber’. At all times, there was
an average of 1 °C difference between the two chambers (fol-
lowing previous studies; see Petersen and Steffensen 2003;
Killen 2014; Nay et al. 2015; Habary et al. 2016), which was
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maintained through counterclockwise water flow preventing
mixing between the chambers.

During a trial, a custom software system monitored the
temperature of the chambers, tracked the position of the
shark, and activated/deactivated the corresponding water
pumps depending on which chamber the shark was occupy-
ing. When a shark entered the ‘warm chamber’, the pump
located in a warm water buffer tank would activate, and the
temperature of the entire system would increase at a rate
of 8 °C h™!. Conversely, when the shark entered the ‘cool
chamber’, the warm pump would deactivate, and the cool
pump would activate, thus decreasing the temperature at the
same rate, while continuously maintaining the 1 °C differ-
ential between chambers. By moving between tanks, each
shark was able to control their thermal environment and
consequently their internal body temperature.

Each buffer tank supplied the corresponding chamber
with seawater at a rate of 420 L h™!, which then passively
returned to the buffer tank. To heat/cool the water in the
buffer tanks, water moved via aquarium pumps through
stainless steel coils located in either a cool or a warm reser-
voir. The temperature in the cool reservoir was maintained
using two chillers (HC-130A, HC-1000A, Hailea, Guang-
dong, China and 1/3 hp Aqua One Arctic, Aqua One, South-
ampton, UK), and the warm reservoir was maintained using
a 5000-W heater (Control Distributions, Carlton, Australia).

Temperature sensors (copper and tungsten thermocou-
ple) constantly relayed temperatures to thermostats (N323,
NOVUS Automation, Porto Alegre, Brazil) and were
linked to the software system. The position of the shark was
assessed using a video camera mounted on a wall 4.75 m
away from the set up and aimed at an angled mirror (45°
downward) above the shuttle-box system. A PC video frame-
grabber (USB 2.0 DVD maker) transmitted the video signal
from the camera to the computer software where a software
program (LoliTrack, Loligo Systems, Tiele, Denmark) deter-
mined the shark’s position based on an X- and Y-coordinate
system. From there, custom programs were written using
Labtech Notebook Pro (Laboratories Technology Corp.,
Andover, MA, USA) to activate/deactivate the correspond-
ing pumps. Infrared lights were installed beneath each cham-
ber to ensure that the sharks could be detected at all hours.

Protocol Juveniles were used for temperature preference
experiments as they were over ten times more likely to move
than hatchlings were (Fig. S1). Temperature preference tri-
als were performed twice for each individual to identify
changes that may occur before and after prolonged exposure
to elevated temperatures. The first trial for all juvenile sharks
(171+12.6 dph) was at 28 °C, following which juveniles
were allocated to one of two temperature treatments (28 °C
or 32 °C) representing current day summer averages and
projected end-of-century temperatures (Collins et al. 2013,
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RCP 8.5). To reach 32 °C, the temperature of the holding
system was increased at a rate of 0.3 °C per day. All sharks
that were eventually brought to 32 °C (n=4) were placed in
the system during summer months (January—March) while
the sharks maintained at 28 °C (n=6) and hatched 6 months
later were placed in the system during winter months
(August—October). During the first trial, n= 15 sharks were
tested at 28 °C; however, three sharks maintained at 28 °C
(out of 9) and two sharks (out of six) that were maintained at
elevated temperature perished before the second trial could
commence. Sharks were maintained at target temperature for
9 weeks prior to any experiment to allow for acclimation of
whole body processes (Guderley and Gawlicka 1992), then,
after 100 days (66 days of which the sharks were maintained
at treatment temperature; 28 °C, n=6 or 32 °C, n=4), the
second trial for each shark was performed.

At 08:00 (hh:mm), an individual shark was placed into
the system and allowed to habituate to the chambers for 2 h.
At 10:00, the temperature limits of the system were set so
that the shark could learn the heating and cooling pattern of
the system. Then, for the following 7 h, the limits of the sys-
tem would be expanded until the external reservoirs reached
the maximum and minimum temperatures that the system
could achieve if sharks maintained a position in one cham-
ber indefinitely (50 °C and 8 °C, respectively). The system
would continue monitoring the shark’s movements and tem-
peratures throughout the night until 15:00 the following day.
Sharks that maintained their position within a chamber were
observed to make erratic and unusual movements as the tem-
peratures in the system approached 35 °C or 17 °C (depend-
ing on which chamber they were residing). Continued and
prolonged failure to change chambers resulted in tempera-
tures increasing/decreasing continually. Around 37 °C and
15 °C, sharks started to become unresponsive, losing their
righting response and/or exhibiting constant erratic move-
ments. Therefore, sharks reaching 35 °C or 17 °C prior to
19:00 each evening were removed from the system, as they
displayed a lack of movement necessary to avoid reaching
lethal temperatures over the night portion of the trial.

Critical thermal limits

The upper critical thermal limits of adult epaulette sharks
were investigated by following critical thermal methodology
protocols (Becker and Genoway 1979; Paladino et al. 1980;
Lutterschmidt and Hutchison 1997). The experimental tank
contained an experimental chamber and a 2000-W heater
(Omega 2000 W, Full Gauge TIC-17RGT thermostat), air
stone, and aquarium pump (WH-500, Weipro®, Guangdong,
China) to ensure that the temperature and oxygen concentra-
tion in the tank were homogenous. A buoyant basket (experi-
mental chamber), which had holes to allow for generous
water flow, was placed inside the experimental tank (100 L).
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A mesh net was attached to the top of the basket to prevent
the sharks from escaping.

Prior to trials, sharks were moved indoors to individual
68-L holding aquaria for at least 12 h so they could habituate
indoor conditions. Following this period, an individual was
placed into the experimental chamber and allowed to set-
tle (i.e. cease swimming movements) for at least 1 h. Then
the temperature of the chamber was increased at a constant
rate (0.26 +0.0026 °C min~"). As the temperature increased
throughout the trial, ventilation rate (operculum beats min~")
was recorded every 10 min until ventilation rate initially
increased, at which point ventilation rate was recorded every
5 min. Once the ventilation rate peaked, ventilation rate
began to decrease, and the researcher would begin to check
for the shark’s loss of righting reflex (LRR) by rotating the
shark 180° along the longitudinal axis. The temperature at
which the shark exhibited LRR was defined as the critical
maximal temperature (CTy;,,). Inmediately following LRR,
the shark was removed from the experimental chamber and
allowed to fully recover (at least 24 h) before being released
back onto the reef flat.

Analysis

Growth rates and food consumption rates Linear mixed
effect models (LMM) were used to analyse growth (body
mass and total length) and feeding (expressed as proportion
of body mass) rates. Data were auto-correlated with time,
and variation between sharks was controlled for by factoring
each individual shark as they aged. The random effect was
each individual shark. The fixed effects were body mass,
total length, and food consumption rates over time, along
with either the treatment temperature (28 °C or 32 °C) or
the treatment period (pre-171 dph or post-171 dph). Four
LMM comparisons for each variable (i.e. body mass, total
length, and food consumption) were used to determine
whether there were differences between 28 °C and 32 °C
sharks over time and treatment. Specifically, the first LMM
analysed the growth and food consumption rates in the
would-be 32 °C sharks while they were still at 28 °C and
then after they had been transitioned to 32 °C. The second
LMM analysed growth and food consumption rates only in
the 28 °C sharks up to 171 dph and then following 171 dph
to determine if these rates were simply just changing with
age. The third LMM analysed the differences between the
28 °C and would-be 32 °C sharks (while both groups were
still maintained at 28 °C) up to 171 dph to determine if there
were differences between the groups prior to the tempera-
ture treatment. The fourth LMM analysed growth and food
consumption rates between the 28 °C and 32 °C group from
171 dph onward, after target temperatures were reached.
Fisher’s exact test was used to compare differences
in mortality percentage between shark treatments [i.e.

mortality between sharks maintained at 28 °C (n=9) and
sharks maintained at 32 °C (n=6)] for 90 days of exposure
to treatment temperatures.

Temperature preference The average T, the range of
temperatures selected, and the number of movements
required for each shark to maintain their 7}, were all cal-
culated from the logged data. The T, was defined as the
temperature at which the shark spent the most time, while
the range of temperatures selected was determined as the
difference between the minimum and maximum tempera-
tures sharks reached during each trial. The total number
of movements from one chamber to the next was recorded
to calculate the number of movements each shark made to
maintain their 7,,.;. Furthermore, as these sharks are noc-
turnally active (Heupel and Bennett 1998), the three met-
rics were not only compared between treatment groups but
also compared between night and day time periods. For
each shark, two 5-h data periods—one during the night
and the other during the day—were used to make calcula-
tions (Nay et al. 2015). A LMM was used to compare the
change in the average T}, range of temperatures selected,
and number of movements required for each shark to main-
tain their 7}, Data for each shark (random effect) were
compared between temperature treatments (i.e. 28 °C and
32 °C) and time periods (i.e. day and night).

Critical thermal limits One-way ANOVAs were used to
detect the seasonal responses of the sharks to progressive
temperature changes. Four variables were analysed dur-
ing each season: (a) temperature at which the shark lost
its righting reflex (i.e. its CTy,,,), (b) the ventilation rate
at the loss of righting reflex temperature (final ventila-
tion rate), (c) the maximum ventilation rate during acute
warming, and (d) the temperature at the time of maximum
ventilation rate during acute warming. No differences
were detected between males and females, and all sharks
were of similar size (505.56 g+80.24, 62.17 cm +4.67,
mean + SD); therefore, these factors were not included in
the statistical analysis. Additionally, the time required to
settle was not significantly different between treatments,
sex, or size (1.722 h+0.771).

Data were log transformed where needed to meet
assumptions for normality and equal variance. Linear
mixed models were generated using S-PLUS for Windows
Version 8.0 (Insightful Corp.). Fishers’ exact test and one-
way ANOVAs were conducted using SigmaPlot for Win-
dows Version 12.1.0.15 (Systat Software, Inc., Chicago,
IL, USA). A FDR correction (Benjamini and Hochberg
1995) was used post hoc (when necessary) to account
for running multiple tests on the same individuals within
experiments.
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Results
Growth rates and food consumption rates

There was a significant reduction in growth rates (body
mass and total length) in juvenile sharks maintained at
32 °C when compared to juvenile sharks maintained under
control conditions (body mass, F\54,=6.409, p=0.01 16;
total length, F'} 493=30.494, p <0.0001). While maintained
under control conditions, sharks grew at an average rate
of 0.45 g and 1.69 mm per week; however, growth rates
slowed to 0.01 g and 0.27 mm per week after sharks were
transferred to 32 °C (Fig. 1a, b). This was not a product of
age/development, as the growth rates of sharks maintained
under control conditions for the entire duration of the
study did not significantly change (body mass 0.42-0.67 g
and total length 1.52-1.76 mm per week; F| o5 =3.577,
p=0.059, and F 450= 0.640, p=0.424, respectively) from
before and after the 171 dph time point (Fig. la, b). Fur-
ther evidence suggesting that slowed growth was not a
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Fig. 1 Growth mass (a) and total length (b) and change in food con-
sumption rates (c) for juvenile sharks transferred from control con-
ditions (28 °C) to 32 °C after 171 days post-hatch (n=6, right side,
dark colour) or those maintained under control conditions for the
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result of age (or hatching period) comes from a compari-
son to the control group. Prior to transfer to 32 °C, sharks
grew at a similar rate as their control group counterparts at
the same age (body mass, F| j,; =0.505, p=0.478; total
length, F| 74, =0.312, p=0.577). However, after transfer
to 32 °C (171 dph), these sharks grew significantly slower
than their similarly aged control counterparts (body mass,
F\ 353 =38.248, p<0.0001; total length, Fy 151 =22.047,
p<0.0001).

Regardless of treatment and/or time period (prior to
171 dph or after 171 dph), all sharks consumed, on average,
5.7+0.09% of their body mass per feeding for the duration
of the study. While under control conditions, sharks that
were later transitioned to 32 °C did not display a change in
food consumption rates (food mass relative to body mass)
in comparison to after transfer to 32 °C (Fig. 1c, LMM,
F| 54=0.446, p=0.504). Control sharks consistently con-
sumed similar amounts of food (per feeding) over the entire
study (Fig. Ic, Fy 744=0.189, p=0.664). Food consumption
rates in sharks prior to being transitioned to 32 °C were not
significantly different from the food consumption rates of
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similarly aged sharks maintained at 28 °C during the same
pre-exposure period (Fig. 1c, F| g¢0=2.873, p=0.090).
Furthermore, after exposure to elevated temperatures,
32 °C sharks consumed food at a similar rate and amount
to that of control sharks maintained at 28 °C after 171 dph
(F339=0.161, p=0.689).

Mortality

Following transition to treatment temperature, sharks trans-
ferred to and maintained at 32 °C experienced a significantly
higher mortality than sharks maintained at 28 °C (Fig. 2,
Fisher’s exact test, p < 0.05). All sharks maintained at 32 °C
died by 80 days at target temperature, while only three sharks
(33.3%) that were maintained at 28 °C had died by 80 dph.

Temperature preference

There were significant differences in the average T, for
each shark (n =4), which were eventually transitioned to and
maintained at 32 °C, depending on the time of day (LMM,
F,9=14.298, p<0.005) and their treatment temperature
(LMM, F, 4=14.928, p<0.005). But there were no signifi-
cant differences between the range of selected temperatures
(LMM diel period, F 19= 0.1.445, p=0.260; treatment tem-
perature F'; =0.978, p=0.349) and the number of move-
ments required for each shark to maintain their 7}, (LMM
diel period, F 7= 3.218, p=0.116; temperature treatment,
F,;=0.048, p=0.8323) between sharks before (28 °C) and
after they were transitioned to 32 °C (Table 1).

During the day, sharks, regardless of treatment tem-
perature, preferred temperatures roughly 2 °C warmer

Mortality (%)

28°C 32°C
Temperature treatment

Fig.2 Mortality after 90 days at treatment temperature between
sharks maintained at 28 °C (n=09, left side, light colour) and sharks
maintained at 32 °C (n=6, right side, dark colour). Significant differ-
ences are denoted by (¥)

Table 1 Mean values (+ SEM) for preferred temperature, temperature
range, and number of chamber movements between day and night in
sharks maintained under control conditions and after prolonged expo-
sure to 32 °C (repeated measures; n=4)

28 °C 32°C

Day

Preferred temperature 30.7+1.0°C™ 32.9+0.5°C™*

Temperature range 9.2+15°C 59+09°C

Chamber movements 25.8+7.1 79.3+21.2
Night

Preferred temperature 28.5+0.8 °CH 30.7+0.7 °CH

Temperature range 5.6+0.9°C 6.5+1.5°C

Chamber movements 319.8+179.0 330.8+235.4

Significant differences between treatment temperatures are denoted
by either (*) for during the daytime period or (¥) during the night-
time periods. Furthermore, significant differences between variables
between the nighttime and daytime periods were denoted by (f) for
differences while sharks were maintained at 28 °C and () for differ-
ences while sharks were maintained at 32 °C

than during the night [28 °C (day) 30.7 +£1.04 °C vs.
(night) 28.54 +0.75 °C; 32 °C (day) 32.94+0.46 °C vs.
30.74 +£0.68 °C (night); Table 1], and similarly, after accli-
mation to 32 °C, sharks preferred warmer temperatures
than while at 28 °C, regardless of time of day [day (28 °C)
30.7+1.04 °C vs. (32 °C) 32.94+0.46 °C; night (28 °C)
28.54+0.75 °C vs. (32 °C) 30.74 £ 0.68 °C; Table 1]. There
were no differences in either the range of temperatures each
shark selected, or the number of movements required for
each shark to maintain their 7}, between acclimation tem-
peratures or diurnal periods; however, in general, sharks
increased the number of movements made at night (Table 1).

In contrast, all sharks (n=6) that were tested under con-
trol conditions (28 °C) during the winter and then main-
tained under control conditions for a further 100 days into
winter failed to use movement to control their body tempera-
ture both during the initial trial (1714 12.6 dph) or 100 days
later for the second trial (i.e. they did not move within the
experimental setup). A total of n=6 sharks were run in the
system during the summer months at 28 °C, all success-
fully using movement to regulate their external environment;
however, during acclimation but prior to the second trial at
32 °C two sharks died.

Critical thermal limits

Adult, wild sharks exhibited a significantly higher upper crit-
ical thermal temperature (CT,,,,) and maximum ventilation
rates during the warmer summer months (25-32 °C, summer
temperature range on Heron Island reef flat), than during
the cooler winter months (14-26 °C, winter temperature
range on Heron Island reef flat) (AIMS 2015b); however,
neither the ventilation rate at the upper critical thermal limit
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(final ventilation rate) nor the temperature at which the shark
exhibited maximum ventilation rates was different between
seasons. During the summer months, sharks lost their
righting reflex at significantly higher temperatures (n=10;
38.85+0.3 °C) than sharks during the winter months (n=8;
35.92+0.2 °C) (Fig. 3a, one-way ANOVA, F |;=45.744,
p <0.001). Furthermore, sharks during the summer months
doubled their ventilation rates from 39.22 +5.09 min~! at
rest to maximal rates of 78.10+4.2 min™, a significantly
higher maximal rate than what was observed in sharks during
winter months, where resting rates were 19.00 +2.46 min™!
and maximal rates were 52.00+4.2 min~! (Fig. 3b, one-
way ANOVA, Fy 7= 26.487, p<0.001). However, these
maximum ventilation rates occurred at the same tempera-
ture regardless of season (35.04 +0.5 °C; one-way ANOVA,
F, 17 =2.116, p=0.165). Furthermore, there were no signifi-
cant differences in the ventilation rates (57.78 +3.3 min~") at
the sharks’ CT,,,, regardless of season (one-way ANOVA,
Fy17=3.959, p=0.064).

Discussion

Exposure to elevated temperatures significantly depressed
growth rates (body mass and total length) of juvenile epau-
lette sharks, with overall growth rates approaching zero after
prolonged exposure to 32 °C. Movement can be a strategy
used by many reef-associated species to avoid potentially
deleterious conditions (e.g. elevated temperatures and other
changes in water quality and physical habitat associated
with low tide, see Harborne 2013), and to select conditions
that may be more energetically and/or ecologically advanta-
geous (Nay et al. 2015; Habary et al. 2016). In this study,
we revealed potential seasonal differences in the strate-
gies used by epaulette sharks—and perhaps other similar
reef flat residents—to cope with fluctuating temperatures.
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Juvenile sharks displayed the ability to regulate their thermal
environment through movement; however, the time of year
may influence the extent to which this species utilizes this
behaviour. Specifically, during summer months, sharks that
were initially maintained at 28 °C and later transitioned to
32 °C preferred temperatures at, or slightly higher than, their
acclimation temperatures. During the winter months, none
of the juveniles (all maintained at 28 °C) used behaviour to
regulate their thermal environment and thus their body tem-
perature. Juveniles may be able to use behavioural strategies
to mitigate the negative effects of elevated temperatures (e.g.
depressed growth and increased energetic costs) by moving
to areas where temperatures are more favourable.

With exposure to elevated temperatures, many species
require a greater amount of energy as basic living costs
increase. Some species such as bonnethead sharks (Bethea
et al. 2007) are shown to compensate for the increased
energetic demands associated with living at elevated tem-
peratures by increasing food consumption. Epaulette sharks
acclimated to 32 °C were seemingly unable to meet their
increased energetic demand by increasing the amount of
food they ate. It is likely that the animals were morphologi-
cally restricted and could not eat more or at a faster rate than
the 28 °C sharks could within their feeding time. Digestive
rates or gut passage time may change at higher tempera-
tures, necessitating more frequent meals or more energy-rich
food items in the wild to compensate for increased energetic
demands (Bethea et al. 2007). If sharks maintained at higher
temperatures are able to find sufficient food over a longer
timescale, it is possible that the depressed growth rates
observed in this study may not occur in nature. However,
the finding that acclimation to 32 °C resulted in higher mor-
tality and depressed growth rate despite similar food con-
sumption when compared with 28 °C sharks does suggest
apparent trade-offs at higher temperatures. Species unable to
meet these increased energetic demands directly, will need
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Fig. 3 Boxplots showing the upper critical thermal limits (a) and
maximum ventilation rates during acute arming (b) for wild sharks
during summer (n=10) and winter months (n=38). Significant dif-
ferences are denoted by an asterisk (*). The boxes represent first and
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to either shift their diet to include prey items with greater
energy (Bethea et al. 2007) or else move to cooler tem-
peratures to slow down digestion, increase nutrient uptake,
and/or mitigate the effects of elevated temperatures (Neer
et al. 2007). Such strategies could allow species to maintain
physiological performance under these challenging condi-
tions (Bethea et al. 2007; Neer et al. 2007; Pistevos et al.
2015; Johansen et al. 2013). With these elevated energetic
costs, those species most affected will need to be able to use
strategies such as behavioural thermoregulation, and if the
energetic costs still cannot be met, biological fitness could
be compromised at the species or population levels.
Epaulette sharks displayed the capacity to acclimate both
their upper critical thermal limits as adults and their pre-
ferred temperatures as juveniles, despite the apparent cost
that preferring a higher temperature may have to traits such
as growth and even survival. In past studies, some species
that were maintained at a range of temperatures shifted their
critical thermal limits (upper and lower) and/or their pre-
ferred temperatures (Brett 1952; Cherry et al. 1977; Noyola
et al. 2013; Habary et al. 2016). These traits, among oth-
ers such as aerobic scope and swimming performance, are
thought to be relatively plastic and may benefit from accli-
mation (Brett 1952; Cherry et al. 1975, 1977; Bulger and
Tremaine 1985; Clark and Green 1991; Beitinger et al. 2000;
Healy and Schulte 2012; Cocherell et al. 2014; Zhang and
Kieffer 2014; Habary et al. 2016). While the small sample
size and lack of sharks tested under elevated temperature in
winter months should be considered, juvenile sharks showed
similar trends as a group and preferred higher temperatures
after prolonged exposure to elevated temperatures compared
to when they were maintained under control temperatures.
This is particularly interesting as they preferred tempera-
tures similar to or just above their acclimation temperature
despite the fact that during the day they preferred tempera-
tures above which growth was depressed. While only tem-
perature preference and growth were directly measured,
other performance traits and physiological processes could
benefit from higher temperatures, at least in the short term.
In nature, epaulette sharks are exposed to variable condi-
tions during which sharks may choose to conserve energy
and minimize other deleterious effects during the day (i.e.
increased visibility by aerial predators, UV exposure, etc.)
and thus appear to prefer warmer temperatures because they
only move when absolutely necessary. Juvenile sharks that
failed to use movement to regulate their external thermal
environment may have been trying to “wait out” the unfa-
vourable conditions they were experiencing to conserve
energy. While in nature this strategy may be effective, the
shuttle-box system used here relies on active movement and
the failure to move elicits exposure to continually increas-
ing/decreasing conditions. Those that failed may miss the
chance to effectively thermoregulate by “waiting out”, and

as the sharks that failed to move approached their thermal
extremes, they would become erratic near prior to becoming
unresponsive. Those sharks that did move, while not signifi-
cant, moved more at night both at 28 °C and at 32° than dur-
ing daytime hours. This is reasonable, as this shark species is
naturally most active at night (Heupel and Bennett 1998) and
may be more willing to move at night than during the day
when conditions are harshest. Moving between temperatures
on a diel schedule could be beneficial, as sharks conserve
energy during the day—only moving when absolutely neces-
sary—while actively moving around at night, during which
time the risks of moving are reduced (e.g. less predation and/
or reduced exposure to extreme conditions).

Species that experience regular, environmental changes
on a seasonal scale may naturally acclimate as conditions
change. Here, the upper thermal limits in adult epaulette
sharks changed in accordance with environmental condi-
tions, with sharks being able to survive temperatures around
3 °C warmer in the summer months compared to the winter
months. Furthermore, at elevated temperatures during sum-
mer months, increased ventilation rates may compensate for
increased oxygen demand and lower dissolved oxygen con-
centrations in the water (Gehrke and Fielder 1988; Routley
et al. 2002). Despite the fact that juvenile sharks were held
under constant conditions throughout the study, the only
sharks that were successful in using movement to select their
thermal environment were those that were tested during the
summer months. While this result is intriguing, we suggest
that, as parent sharks were all wild-caught adults and thus
would have experienced both summer and winter conditions,
transgenerational acclimation could have occurred. In tel-
eost fishes, the environmental conditions during spawning
have been shown to influence the performance of offspring
(Munday 2014, Murray et al. 2014); however, further stud-
ies are required to investigate, as to date, transgenerational
acclimation has not been studied in sharks.

Although H. ocellatum and many other reef flat species
may be well adapted to fluctuating and extreme environ-
mental conditions for short, seasonal periods (Renshaw
et al. 2002; Nilsson and Ostlund-Nilsson 2004; Heinrich
et al. 2015), not all of these reef flat species may be capa-
ble of withstanding exposure to elevated temperatures for
longer periods of time. It is expected that ocean warm-
ing will increase the overall temperature of reef flats,
and if conditions fail to improve, some species will be
pushed past their thermal limits, and biological fitness
will decline. Already some species and populations may
be nearing the upper bounds of their temperature ranges
for performance and may be unable to endure prolonged
exposure to predicted end-of-century conditions (Gardiner
et al. 2010; Harborne 2013; Rummer et al. 2014). In the
current study, all 32 °C-acclimated sharks perished by
251 dph (80 days at 32 °C). In contrast, there was a 33%
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mortality in sharks maintained under control conditions
at the end of 251 dph (80 days at 28 °C), which is about
average when compared against rates reported in other
husbandry studies (Payne and Rufo 2012; 19.5% mortality;
West and Carter 1990). While our study was conducted in
a laboratory setting, natural mortality of neonate and juve-
nile sharks in the wild can be relatively high (Gruber et al.
2001; Heupel and Simpfendorfer 2002). In fact, mortality
of neonate blacktip reef sharks (Carcharhinus limbatus),
within the first 15 days after birth, can be between 62 and
92% (Heupel and Simpfendorfer 2002). While this study
showed that there are detrimental effects to this species
when they are maintained at a constant + 4 °C above cur-
rent summer temperatures, coral reef flats do experience
wide ranges in temperatures, which can depend on tidal
and daily fluctuations. Given that the average temperatures
on these reefs are expected to increase, the characteristic
daily fluctuations may offer some relief, as nocturnal peri-
ods contrast with the even more extreme daytime periods
that these reef flat specialists must endure.

Ocean warming will continue to have substantial effects
on many reef fishes, causing declines in growth, reproduc-
tion, and survival. Elevated temperatures, especially dur-
ing early life stages of fishes, can have a profound impact
on population structure and ecosystem health, influencing
recruitment rates and patterns via impacts on growth, behav-
iours such as predator avoidance, and overall survivorship
(Marine and Cech 2004; Munday et al. 2008; Martins et al.
2012). Without inherent plasticity or adaptations to avoid
or compensate for challenging thermal habitats, knock-on
effects could include limited reproductive output, changes
in population demographics, or even local extinctions (Mun-
day et al. 2008, Vergés et al. 2014). Even species such as
the epaulette shark, which is understood to be well adapted
to particularly challenging environmental conditions (e.g.
hypoxia, anoxia, elevated CO,; Wise et al. 1998; Renshaw
et al. 2002; Routley et al. 2002; Heinrich et al. 2014, 2015;
Johnson et al. 2016), are not immune to rising temperatures.
However, this species does seem to utilize strategies, such
as movement and/or acclimation which may be able to off-
set some of the negative effects of prolonged exposure to
elevated temperatures. Yet, the depressed growth and high
mortality rate under elevated temperatures observed in this
study may suggest that prolonged exposure to these elevated
temperatures is of concern. Utilizing behavioural thermoreg-
ulatory strategies, such as movement, gives species that are
strongly affected by temperature a way to alleviate and/or
escape areas unfit for survival under future ocean condi-
tions. As conditions in coral reefs and other tropical habi-
tats decline, the use of these behaviours may become more
frequent and could ultimately lead to entire populations
redistributing as species move to deeper waters or towards
the poles.
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