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ABSTRACT

Mangrove habitats can serve as nursery areas for sharks and rays. Such environments can be thermally dynamic
and extreme; yet, the physiological and behavioural mechanisms sharks and rays use to exploit such habitats are
understudied. This study aimed to define the thermal niche of juvenile mangrove whiprays, Urogymnus gran-
ulatus. First, temperature tolerance limits were determined via the critical thermal maximum (CTyay) and
minimum (CTy,) of mangrove whiprays at summer acclimation temperatures (28 °C), which were 17.5 °C and
39.9 °C, respectively. Then, maximum and routine oxygen uptake rates (MOamayx and MOaroutine, Tespectively),
post-exercise oxygen debt, and recovery were estimated at current (28 °C) and heatwave (32 °C) temperatures,
revealing moderate temperature sensitivities (i.e., Q1o) of 2.4 (MOsmay) and 1.6 (MOaroutine), but opposing effects
on post-exercise oxygen uptake. Finally, body temperatures (Tp) of mangrove whiprays were recorded using
external temperature loggers, and environmental temperatures (T) were recorded using stationary temperature
loggers moored in three habitat zones (mangrove, reef flat, and reef crest). As expected, environmental tem-
peratures varied between sites depending on depth. Individual mangrove whiprays presented significantly lower
Ty relative to Te during the hottest times of the day. Electivity analysis showed tagged individuals selected
temperatures from 24.0 to 37.0 °C in habitats that ranged from 21.1 to 43.5 °C. These data demonstrate that
mangrove whiprays employ thermotaxic behaviours and a thermally insensitive aerobic metabolism to thrive in
thermally dynamic and extreme habitats. Tropical nursery areas may, therefore, offer important thermal refugia
for young rays. However, these tropical nursery areas could become threatened by mangrove and coral habitat
loss, and climate change.

1. Introduction

effects of global climate change on species’ distributions (e.g., potential
shifts to habitat ranges; Collin et al., 2021; Figueira and Booth, 2010;

The optimal functioning and performance of many ectothermic or-
ganisms in marine ecosystems are influenced by their external envi-
ronment (Fry, 1971). Temperature is one of the most widely studied
abiotic factors affecting the physiology and behaviour of marine ecto-
therms; it sets the lethal thresholds of life (McKenzie et al., 2021),
governs rates of development (Marshall et al., 2020), limits distribution
(Twiname et al., 2020), and affects metabolic processes (Little et al.,
2020). Because of the pervasive effect temperature has on the physi-
ology of marine ectotherms, there is interest in describing organisms’
thermal niche for understanding species’ biogeography and predicting

Stuart-Smith et al., 2017).

An organism’s thermal niche is defined by characterising its thermal
limits, thermal performance, and thermal preference, with thermal
limits reflecting the minimum and maximum temperatures under which
biological fitness is supported. Thermal limits are commonly investi-
gated at the level of the whole organism by using critical thermal
methodology (CTM), which was originally described by Cowles and
Bogert (1944) and later adapted for ectotherms, such as fishes (Beitinger
et al., 2000; Dabruzzi et al., 2013; Illing et al., 2020) and crustaceans
(Ern et al., 2020; Vinagre et al., 2018). Briefly, CTM estimates thermal
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tolerance by exposing an organism to a constant rate of temperature
change that is slow enough to track body temperature, but fast enough to
prevent thermal acclimation during experimental trials (Lutterschmidt
and Hutchison, 1997). Temperature change proceeds until a predefined,
repeatable, sub-lethal upper (critical thermal maximum, CTyay) Or
lower (critical thermal minimum, CTyj,) endpoint is reached (Morgan
et al., 2018). CTM is often implemented alongside estimates of meta-
bolic rate, because metabolic rate is an informative temperature sensi-
tive performance trait that represents the sum of aerobic energy
expenditure (Clark et al., 2013). The thermal sensitivity of these per-
formance traits — or the biological rates underpinning them — can be
characterised using a thermal coefficient (Qj¢) that, in fishes, is gener-
ally assumed to fall between 2 and 3 for metabolism (Watanabe and
Payne, 2023). Values outside of this range are thought to represent
physiological processes like acclimation (Sandblom et al., 2014) or
metabolic depression (Speers-Roesch et al., 2018). Using CTM in
conjunction with defining thermal performance of metabolic rate can be
useful for predicting an organism’s preferred temperatures, as the
temperature range where aerobic scope (i.e., the capacity to elevate
metabolic rate above homeostatic maintenance) is maximised (Chris-
tensen et al., 2021b; Norin et al., 2014).

An organism’s thermal preference is indicative of its thermal niche,
defined as the range of temperatures within which it can optimally
perform and survive. Conventionally, thermal preference of marine or-
ganisms is determined via laboratory studies using a shuttle-box system
(Christensen et al., 2021a). Such systems are ideal for small-bodied,
active organisms (e.g., coral reef fishes; Nay et al., 2015), but are scal-
able to accommodate larger organisms (e.g., small-bodied sharks; Nay
et al.,, 2021). For even larger-bodied species, thermal preference is
characterised from temperature loggers deployed on wild animals (e.g.,
Bouyoucos et al., 2020), where logged temperatures are often used as
proxies for body temperatures (Gleiss et al., 2019; Hight and Lowe,
2007). Temperature loggers are also deployed in the environment to
characterise habitat temperatures for reference against body tempera-
tures (e.g., Bouyoucos et al., 2020; Dubois et al., 2009; Nay et al., 2021).
Together, logged body and habitat temperatures allow researchers to
characterise an organism’s realised thermal niche (i.e., the range of
temperatures experienced by the animal) and preferred temperatures
based on analysis techniques such as electivity analysis (Huey, 1991).

Sharks and rays (i.e., chondrichthyans) comprise a group of large-
bodied, mobile animals, whose thermal niches have largely been char-
acterised using temperature loggers deployed on wild animals (e.g.,
Andrzejaczek et al., 2018; Papastamatiou et al., 2015; Speed et al.,
2012). Studies examining shark and ray movement have shown that
water temperature is highly correlated with movements of individually
tracked animals (Andrzejaczek et al., 2019; Schlaff et al., 2014). For
example, female leopard sharks, Triakis semifasciata, select different
water temperatures throughout the day to increase core body temper-
ature and potentially metabolic rate (Hight and Lowe, 2007; Miklos
et al., 2003). Similarly, female round stingrays, Urobatis halleri, inhabit
warm, shallow habitats during gestation, suggesting they may utilise
specific habitats for reproductive success (Jirik and Lowe, 2012).
Further, tiger sharks, Galeocerdo cuvier, have demonstrated shifts in their
abundance associated with climate change-driven ocean warming
(Hammerschlag et al., 2022; Niella et al., 2021; Payne et al., 2018).
Whilst investigating shark and ray thermal niches using telemetry de-
vices (e.g., temperature loggers) alone provides a wealth of information,
descriptive data regarding thermal limits of performance are often ab-
sent (Santos et al., 2021), largely due to the inaccessibility of
large-bodied animals for laboratory-based physiology experiments
(Lawson et al., 2019). Indeed, there is a growing body of research on the
thermal niche (i.e., limits, performance, and preference) of juvenile
sharks (e.g., Crear et al., 2020; Lear et al., 2019); however, relative to
sharks, there is a conspicuous knowledge gap concerning thermal niches
of rays (Dabruzzi et al., 2013).

Relative to sharks, the biology and ecology of rays is considerably
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less well studied (Flowers et al., 2021). Rays are the most diverse
taxonomic group of chondrichthyans (Last et al., 2016), as well as one of
the most threatened groups, where proportionally more rays are
threatened than sharks (31 % vs 36 % of all sharks and rays, respec-
tively; Dulvy et al., 2021). In general, rays are thought to play important
roles in ecosystems not only as mesopredators (Flowers et al., 2021;
Sherman et al., 2020), but in affecting biogeochemical processes in the
benthos via bioturbation (O’Shea et al., 2012). Like sharks, rays’ life
histories are characterised by late ages at maturation and low fecundity
(Frisk et al., 2001), which underscores rays’ vulnerability to extinction
through exploitation and habitat loss (Stevens et al., 2000). Of all sharks
and rays, coral reef associated species are among the most threatened
(47 % and 57 % of coral reef sharks and rays, respectively). Overfishing
is the main anthropogenic threat to coral reef sharks and rays; however,
water temperature was also found to have a strong association with
extinction risk in coral reef sharks and rays (Sherman et al., 2023).

Nursery areas are important habitats for young rays (Martins et al.,
2018). In general, nursery areas for fishes and invertebrates are
hypothesised to increase the recruitment of reproducing adults to a
population (Beck et al., 2001). Whilst relatively more is understood
about nursery areas for sharks than for rays (Heupel et al., 2019),
nursery areas for ray species are increasingly being identified. As is the
case for sharks, nursery areas for rays are habitats with proportionally
high neonate and juvenile abundance that is stable over time, where
young individuals remain for extended periods (Heupel et al., 2007;
Martins et al., 2018). Because a large number of ray species lay eggs
(Wheeler et al., 2020), nursery areas for rays are also defined as habitats
with proportionally high egg abundance, where the habitat is used
repeatedly across time and newly hatched rays leave the area (Martins
et al., 2018). Studies to date (c. 2023) have demonstrated the impor-
tance of mangrove habitats as nursery areas for coral reef associated rays
(Kanno et al., 2023). A potential constraint on tropical nursery areas is
the dynamic and often extreme temperatures associated with mangrove
habitats (Kanno et al., 2023); however, selecting for thermally extreme
habitats may benefit young rays by accelerating physiological processes
associated with growth and excluding less thermally tolerant predators
(Davy et al., 2015; Martins et al., 2018).

The present study examines the thermal performance and behaviour
of juveniles of a coral reef associated ray, the mangrove whipray, Uro-
gymnus granulatus, in a highly thermally variable nearshore nursery area
at Orpheus Island, Australia. Specifically, this study aimed to: 1)
determine the upper and lower thermal thresholds for juvenile
mangrove whiprays; 2) estimate metabolic rates from measured oxygen
uptake rates at current-day mean (28 °C) and predicted heatwave
(32 °C) temperatures to assess the effects of elevated temperatures on
performance; and 3) determine the temperature preferences of juvenile
mangrove whiprays in the wild. Limited studies on tropical sharks and
rays in nursery areas suggest that juveniles must reflect traits of hy-
perthermic specialists to exploit tropical mangrove habitats (Bouyoucos
et al., 2022; Dabruzzi et al., 2013; Lear et al., 2019). Therefore,
mangrove whiprays were predicted to exhibit characteristics of hyper-
thermic specialists, possessing high thermal limits, a metabolic rate with
low sensitivity to temperature changes, and a preference for warmer
temperatures in order to exploit a thermally variable habitat as a nursery
area. Together, these data offer insight into the role that nursery areas
may play as thermal refugia for juvenile rays. Further defining the
thermal niche of tropical rays can also provide context for understanding
the risks that climate change and ocean warming pose for young rays in
nursery areas.

2. Material and methods
2.1. Study site and species

Orpheus Island (18°37'S, 146°30'E) is one of four main islands
constituting the Palm Island Group in the central Great Barrier Reef
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(GBR) in Australia (Fig. 1). It is located 17 km off the coast of northern
Queensland. The island is bordered by a fringing coral reef and com-
prises several bays containing coral rubble and sandy intertidal flats.
These bays support stands of non-estuarine mangroves (Rhizophora spp.)
and are subject to ~4 m tidal ranges with some flats completely exposed
during extremely low tides. The mangrove stands occupy a combination
of sandy and rocky substrates and are inundated at tidal heights above
1.8 m.

Urogymnus granulatus is a small-bodied whipray distributed
throughout the Indo-Pacific. Around Orpheus Island, juvenile mangrove
whiprays occur in Pioneer Bay (Fig. 1), using the bay as a nursery area
(Davy et al., 2015; Martins et al., 2018). Within Pioneer Bay, juvenile
mangrove whiprays tend to remain in shallow water, where movement
is tidally driven (Davy et al., 2015; Kanno et al., 2019; Martins et al.,
2021). Mangrove whiprays show a strong reliance on mangrove stands
for evading predators (Davy et al., 2015; Kanno et al., 2019). Further-
more, it has been hypothesised that juvenile mangrove whiprays utilise
high temperature habitats like mangrove stands as thermal refugia,
which may offer physiological benefits like increased digestive perfor-
mance and growth (Davy et al., 2015), or general survival benefits like
exclusion of less thermally tolerant predators (Martins et al., 2018).

2.2. Animal capture and handling

Juvenile mangrove whiprays were captured in Pioneer Bay, Orpheus
Island (Fig. 1), during the peak austral summer months (February to
March) in 2018. A 10 m monofilament seine net (2 x 2 ¢m mesh) and
hand-held landing nets were used for capture. Upon capture, disc width
was measured (DW; to nearest cm), and individuals were sexed and
tagged through the spiracle with an identification tag (Self-locking loop
tags, Hallprint, Hindmarsh Valley, South Australia). Male mangrove
whiprays were classified as mature or immature depending on the de-
gree of clasper calcification, and females were classified as immature if
they were smaller than 50 cm DW (Last et al., 2016). Handling time did
not exceed 10 min, and all mangrove whiprays captured were used
either for laboratory experiments or field studies, but not for both.

2.3. Laboratory experiments

A total of 12 juvenile mangrove whiprays (4 males, 8 females; 30-35
cm DW) were captured and transported in seawater-filled containers
from the capture site to holding tanks at the Orpheus Island Research

(@)
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Station (OIRS) in Pioneer Bay. Mangrove whiprays were maintained in
flow-through holding tanks that were partially shaded, maintained
under a natural photoperiod, and continually aerated. While in
captivity, whiprays were fed daily to satiation with defrosted,
commercially available school prawns (Metapenaeus bennettae).

2.3.1. Critical thermal limits

Summer thermal tolerance limits for juvenile mangrove whiprays
were determined using critical thermal methodology (CTM) with ap-
proaches similar to previous studies on rays (Dabruzzi et al., 2013;
Fangue and Bennett, 2003). First, mangrove whiprays were habituated
to holding conditions (i.e., 28 °C, 35 ppt salinity, natural photoperiod)
for two weeks prior to experimentation and then randomly selected for
either a CTyax (n = 6) or CTyiin (0 = 6) experiment. Individual mangrove
whiprays were only tested for one CTM. For each CTM, a mangrove
whipray was placed into a black round tank (110 x 40 cm) for a 1-h
habituation period. The experimental tank was connected to an
external seawater bath (110 x 60 cm) that could be heated (using a 3 KM
submersible seawater heater) or chilled (using three Hailea, HC Series
Chillers, 1/15 horsepower) from a starting temperature of 28 °C at a rate
of 0.07 + 0.01 °C min~!. Water temperature change continued until
muscle spasms (MS) occurred or until spiracle contraction cessation
(SCC) of more than 1 min, at which point the individual was inverted to
test for loss of equilibrium (LOE). This process ensured a repeatable,
non-lethal endpoint at high and low temperatures (Dabruzzi et al., 2013;
Fangue and Bennett, 2003). Importantly, preliminary tests demon-
strated that MS and SCC occurred at the same temperature. Following
each trial, mangrove whiprays were returned to pre-experiment tem-
peratures to recover. For each mangrove whipray, CTyax and CTyip were
defined as the temperature at which LOE occurred.

2.3.2. Respirometry

Maximum metabolic rates (MMR; the upper limit of aerobic meta-
bolism estimated via oxygen uptake), routine metabolic rates (RMR; the
average metabolic rate), and excess post-exercise oxygen consumption
(EPOC; elevated oxygen uptake during recovery from exercise) were
estimated to define the sensitivity of whole-organism performance in
mangrove whiprays. The same individuals that were used to estimate
CTmax and CTyiin were used to estimate metabolic rates after at least two
weeks of recovery. After this recovery period, five mangrove whiprays
were acclimated to 28 °C (average summer water temperature), and
another five were acclimated to 32 °C (predicted summer heatwave

Fig. 1. Map of the study site at Orpheus Island located in the Palm Island group in the Great Barrier Reef World Heritage Area (QLD). Pioneer Bay is shown in the
inset figure, with stars representing locations of HOBO temperature data-loggers (adapted from Davy et al., 2015 and George et al., 2019).
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temperature). Acclimation to elevated temperatures consisted of a daily
temperature increase of 1 °C, until the appropriate treatment tempera-
ture (32 °C) was reached (Dabruzzi et al., 2013). Mangrove whiprays
were then maintained at acclimation temperatures for an additional 14
d prior to undergoing respirometry experiments.

Standard, whole-tank respirometry techniques (sensu Crear et al.,
2019) were used to measure maximum oxygen uptake rate (MOomay) as
an estimate of MMR and routine oxygen uptake rate (MOaroutine) s an
estimate of RMR. Because mangrove whiprays are a predominantly
benthic fish, an exhaustive exercise protocol using a standard chasing
duration was assumed to be most ecologically relevant (Rees et al.,
2024). For each trial, an individual mangrove whipray was chased
continuously for 3 min, using a fibreglass rod to initiate movement if the
individual decreased their activity level. Individuals were then held out
of water for 1 min using a hand-held landing net to achieve MOgpax
(Clark et al., 2012). Individual mangrove whiprays were then placed
into a circular respirometer constructed from a modified 400 L tank with
a polypropylene vinyl acetate (EVA) sheet stretched across the water
surface and taped to the side of the tank (Byrnes et al., 2020), resulting
in a respirometer with a total volume of 75 L. Dissolved oxygen (DO)
levels were measured using fibre optic oxygen sensor dipping probes
(Firesting, PyroScience, Germany), which were fitted inside the respi-
rometry tank and set to take readings every 5 s. Before any mangrove
whiprays were introduced to the chambers all oxygen probes were
calibrated to 100% air saturation by placing the probe in a constantly
aerated beaker of seawater. Similarly, oxygen probes were calibrated to
0% using an anhydrous sodium sulphite solution (Sigma, Germany). To
ensure even water mixing in the respirometry tank, a recirculation pump
(600 L h™1) was set up inside the tank alongside an outflow pump to
allow water to flow out of the tank during flush cycles. A one-way valve
was fitted to the area of the flush pump circuit entering each chamber to
prevent water from siphoning from the respirometry tank back into the
reservoir tank during measurement cycles. Each respirometry tank was
connected to an aerated 300 L seawater filled reservoir that maintained
water temperature, air saturation, and the flow through of clean
seawater into the respirometry tanks.

Oxygen uptake rate (MO3) measurement periods commenced within
10 s of placing the mangrove whiprays into the respirometer and con-
sisted of 10 min to measure a decline in oxygen followed by a 20 min
flush period. The measurement period of 10 min was short enough to
ensure that oxygen within the chambers always remained above 70% air
saturation. This is important to ensure that oxygen uptake rates do not
become dependent on ambient oxygen (Rummer et al., 2016). Each trial
lasted 5 h, yielding 10 MO, measurements. At the end of each trial,
mangrove whiprays were removed from their respirometers and
returned to their holding tanks. A blank respirometry trial was run for 1
h before and after each trial to measure background respiration (Rodgers
et al., 2016).

Oxygen data recorded during respirometry trials were analysed using
the program LabChart (AD Instruments, 2017). MOopax (in mg Oy kg’1
h™!) was calculated from the steepest slope (mg O, h™!) with an R? >
0.95 calculated over successive 30-s bins during the first 10-min mea-
surement, multiplied by the respirometer volume and divided by animal
mass (Bouyoucos et al., 2018). MOaroutine Was calculated as the average
of all MO, values calculated over each 10-min measurement (with an R?
> 0.95) during the entire trial (Killen et al., 2021). All values were
corrected for non-whipray respiration by subtracting the trial back-
ground respiration from the total. All animals were released to Pioneer
Bay following respirometry experiments.

2.4. Field experiments

2.4.1. Characterisation of Pioneer Bay temperature regime

To investigate the temperature regime across the mangrove whi-
prays’ habitat, a survey of Pioneer Bay was conducted for the entire
month of February 2018. Seventeen HOBO temperature loggers (UA-
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002-64, Onset HOBO Data Loggers, Adelaide, Australia) were deployed
in Pioneer Bay across the reef crest, reef flat, and mangrove stands
(Fig. 1). These loggers were positioned 100 m apart or within habitats
known to be utilised by mangrove whiprays (Davy et al., 2015) and
secured onto mangrove prop roots or coral heads using cable ties.
Temperature was recorded every 5 min at a resolution of +0.5 °C.
Temperature data generated from the loggers were then used to deter-
mine the diel and tide related temperature fluctuations across three
habitat zones. Thirteen HOBO temperature loggers were retrieved from
the bay at the end of this study (Fig. 1). Four loggers were lost due to
flooding or uprooting during storms. Temperature readings were only
used during times when the loggers were submerged during tidal
movements, as determined by tidal data collected during the duration of
deployment.

2.4.2. Characterisation of whipray body temperatures

Water temperatures encountered by captured mangrove whiprays
were monitored by external iButton® temperature loggers (DS 1922L,
Enviroworld Technologies, Bayswater, Victoria, Australia). These log-
gers were waterproofed using heat shrink tubing secured to a backing
plate that was attached to the mangrove whiprays’ spiracle tag using a
small cable tie (Fig. 2). Fourteen juvenile mangrove whiprays between
29 and 45 cm DW were captured during the study period. Temperature
loggers were small (4 cm length and 0.5 cm height, ~3 g in air).
Assuming that a mangrove whipray’s submerged weight is ~4% of its
mass (Baldridge, 1970; Lear et al., 2018) a 3 g tag package would ac-
count for less than 3% of an animal’s apparent submerged weight.
Loggers recorded temperature (£0.5 °C) at 10 min intervals, and data
were logged for a minimum of 14 d prior to mangrove whipray recapture
and tag removal. Tagging procedures did not exceed 10 min in duration,
and once tag attachment was complete, mangrove whiprays were
released within 10 m of their capture location.

2.5. Statistical analyses

All data were analysed using the statistical program R (R Core Team,
2024). Analyses were conducted using the base R stats package, nlme
(Pinheiro et al., 2024), and emmeans (Lenth, 2024). Statistical signifi-
cance was determined using type I error rate of 0.05.

2.5.1. Laboratory experiments

Welch’s t-tests were used to compare oxygen uptake rate estimates (i.
e., MOgmax 0r MOaroutine) between 28 °C and 32 °C. Temperature effects
were further quantified by calculating Q¢ for MOsmay and MOaroutine
using the following formula:

LR

Fig. 2. A juvenile mangrove whipray, Urogymnus granulatus, with an external
temperature data-logger attached to a spiracle tag.
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R 10°C
_ 5\ T2—Th
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where R; and R, represent MO, measured at temperatures, T; and Ty,
respectively. Next, excess-post-exercise oxygen consumption (EPOC)
was estimated by fitting a polynomial curve to an individual ray’s MO,
over time. Curves were fit following:

M02 — a.etime-b

where a and b are coefficients. After fitting curves, EPOC was calculated
by integrating the area under each curve and subtracting each in-
dividual’s MOaoutine- Recovery time was estimated at the intersection of
each mangrove whipray’s curve and MOaoutine. Then, EPOC and re-
covery time were compared between 28 °C and 32 °C using Welch’s t-
tests.

2.5.2. Field experiments

First, habitat temperature profiles were compared between
mangrove, reef crest, and reef flat habitat using Kolmogorov-Smirnov
tests. Next, linear mixed effects models were used to test for differ-
ences between habitat (i.e., HOBO logger data) temperatures and
mangrove whipray (i.e., iButton logger data) temperatures. The natural
logarithm of hourly mean temperature was fit with time of day (in 6-h
bins, i.e., 00:00-06:00, 06:00-12:00, 12:00-18:00, 18:00-24:00) and
logger type (i.e., habitat or mangrove whipray) as interacting fixed ef-
fects with logger ID as a random effect. From previous tracking studies of
mangrove whiprays in Pioneer Bay (Davy et al., 2015; Martins et al.,
2021), mangrove whiprays use mangrove habitats at > 200 cm tidal
height, the reef flat between 100 cm and 200 cm, and the reef crest when
tide was <100 cm. Temperature data from loggers within each habitat
type (i.e., mangrove, reef flat, or reef crest) and from mangrove whi-
prays were filtered based on tidal height so that water temperatures
within each habitat could be compared to mangrove whipray tempera-
tures when animals were assumed to use each habitat. In summary,
three linear mixed effects models were run to test for differences be-
tween habitat and mangrove whipray temperatures (i.e., one per
habitat). These analyses allowed us to assess whether mangrove whi-
prays were selecting specific temperature ranges at certain periods of the
day.

To examine the proportion of time mangrove whiprays spent at
different temperatures, frequency plots of temperatures were con-
structed using 1.0 °C intervals. Ivlev’s (1961) electivity index (E) was
used to investigate the affinity for specific temperatures within Pioneer
Bay:

E=ri—pi/ripi

where r; is the proportion of time an individual spent in temperature i
and p; is the proportion of temperature i available in the bay. The value
of E can range from —1 (indicating full avoidance) to 1 (indicating full
affinity), with a value of zero indicating no affinity or avoidance (Wiley
and Simpfendorfer, 2007). Electivity analysis was performed for each
6-h time bin within each habitat at the appropriate tidal height, as
described above. All recaptured individuals were used within the anal-
ysis and combined to fit a single data set.

3. Results
3.1. Critical thermal limits

Critical thermal limits of juvenile whiprays revealed a relatively
wide thermal niche for summer temperatures. The range of tempera-
tures tolerated by juvenile mangrove whiprays, estimated from the
upper and lower thermal tolerance limits, was 17.5 + 0.1 °C to 39.9 +
0.1 °C, resulting in a thermal tolerance scope of 22.4 + 0.1 °C (Table 1;
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Table 1

Critical thermal limits, identification number, disc width, and wet mass for ju-
venile mangrove whiprays, Urogymnus granulatus, acclimated to summer tem-
peratures (~28 °C). Means =+ standard deviations are presented in bold.
Abbreviations: Critical thermal maximum, CTyay; Critical thermal minimum,
CTMin-

Animal Disc width Wet mass Critical thermal limit
ID (cm) (kg) (@]
CTMin 131 32 2.5 17.2
128 33 3.5 18.2
127 33 2.5 17.4
132 31 2.0 17.1
133 30 2.5 17.3
134 35 2.8 17.6
32.3+1.8 2.6 + 0.5 17.5 + 0.4
CTyiax 121 31 2.1 40.5
123 32 2.1 40.5
64 31 2.0 39.6
122 32 2.2 38.8
130 32 3.0 40.1
135 34 2.3 38.5
320+ 1.1 2.3+ 0.4 39.7 + 0.9

data are means =+ standard deviation).

3.2. Respirometry

There were no strong effects of temperature acclimation on oxygen
uptake rates (Fig. 3). MOaoutine Was not significantly different (Welch’s
t-test, t = 1.72, DF = 4.87, p = 0.148) between 28 °C (MOoroutine = 87.4
+17.6 mg Oy kg™! h™1) and 32 °C (73.2 & 5.8 mg O, kg7 h™1), as
corroborated by a Qg value near 1 (Q; = 1.6). Similarly, MOop, Was
not significantly different (t = 1.26, DF = 7.99, p = 0.244) between 28 °C
(MOgmax = 524.2 & 201.5 mg O, kg™! h™!) and 32 °C (366.5 + 195.0
mg O, kg7! h™1) and had a Qjq of 2.4. Excess post-exercise oxygen
consumption was significantly lower (t = —3.31, DF = 6.61, p = 0.014)
at 28 °C (EPOC = 20.4 + 7.5 mg O, kg’l) compared to 32 °C (33.4 +
4.5 mg O, kg™ 1). Conversely, recovery time significantly (t = 2.76, DF =
4.21, p = 0.049) differed between 28 °C (2.75 + 0.1 h) and 32 °C (2.6 +
0.01), where rays recovered faster at 32 °C, despite having higher EPOC.

3.3. Habitat temperature profile

Water temperatures in Pioneer Bay were collected between 4 and 26
February 2018. Diel variations in temperature ranged from as little as
5.5 °C to as much as 21.3 °C for individual temperature loggers. Mean
water temperatures varied between habitats, with the reef flat and
mangroves experiencing the highest temperatures during mid-afternoon
(Fig. 4). Hour of day affected the temperature across all habitats, with
highest temperatures recorded during late afternoon and lowest during
the night. Within the mangroves, highest hourly temperatures recorded
during high tide were 41.6 °C with a low of 21.1 °C and average of
29.1 °C (Fig. 4A). Across the reef flat, the highest recorded temperatures
were 43.5 °C during low to moderate tide periods with a low of 22.3 °C
and an average of 29.3 °C (Fig. 4B). On the reef crest the highest
recorded temperatures were 32.5 °C and lowest being 23.9 °C with an
average of 28.5 °C. (Fig. 4C). Kolmogorov-Smirnov tests revealed sig-
nificant differences in temperature distributions between habitats
(mangrove vs. reef flat: D = 0.271; mangrove vs. reef crest, D = 0.309;
reef flat vs. reef crest, D = 0.056; all p < 0.001).

3.4. Temperature influences on juvenile whiprays

Mean water temperatures experienced by juvenile mangrove whi-
prays during 2 weeks at liberty in this study ranged between 28 °C and
30 °C (Fig. 5). Of 14 tagged individuals, temperature loggers were
recovered from seven during the study. Some individuals were recorded
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occurring in temperatures as warm as 38 °C for short periods of time
(Fig. 5); however, this was not a usual occurrence. The lowest recorded
temperature by an individual was 23.6 °C. Frequency plots showed that
individuals remained at temperatures between 29 °C and 30 °C for, on
average, 5.5 h (Fig. 5).

Within mangrove habitat (Figs. 5A and 6A), there was a significant
interaction between logger type and hour bin (linear mixed effects
model, F3 50606 = 956.9, p < 0.001). Mangrove whiprays were signif-
icantly warmer than mangrove habitat from 18:00-24:00 (emmeans
pairwise comparison, p < 0.001) and 00:00 to 06:00 (p < 0.001).
Conversely, mangrove whiprays were cooler than mangrove habitat
during 12:00-18:00 (p = 0.012) but did not differ from environmental
temperatures during 06:00-12:00 (p = 0.810).

Within reef flat habitat (Figs. 5B and 6B), there was a significant
interaction between logger type and hour bin (linear mixed effects
model, F3 29801 = 568.1, p < 0.001). Mangrove whiprays were cooler
than the environment from 00:00-06:00 (emmeans pairwise comparison,
p = 0.041) and 06:00-12:00 (p = 0.016). Conversely, mangrove whi-
prays were warmer than reef flat habitat between 12:00-18:00 (p <
0.001) and did not differ in temperature between 18:00-24:00 (p =
0.666).

Based on tidal height, mangrove whiprays were not predicted to

occupy the reef crest between 06:00-18:00 (Figs. 5C and 6C). There was
a significant interaction between logger type and hour bin in reef crest
habitat (linear mixed effects model, F;, 9041 = 9.0, p = 0.002). Mangrove
whiprays were warmer than available reef crest habitat between
00:00-06:00 (emmeans pairwise comparison, p < 0.001) and cooler than
available habitat between 18:00-24:00 (p = 0.035).

3.5. Electivity analysis

The temperature of Pioneer Bay throughout the duration of the
sampling time ranged from 21.1 to 43.5 °C. Temperature electivity
patterns showed distinct affinities at different times of day within each
habitat (Fig. 7). Relative to mangrove habitat, mangrove whiprays
showed positive electivity at 27-31 °C between 00:00-06:00, 28-30 °C
between 06:00-12:00, 29-32 °C between 12:00-18:00, and 30-35 °C
between 18:00-24:00 (Fig. 7A). Within reef flat habitat, mangrove
whiprays showed positive electivity at 25-28 °C between 00:00-06:00
(Fig. 7B). Interestingly, mangrove whiprays exhibited positive electivity
at 24-28 °C and 31-36 °C but showed negative electivity at 29-30 °C
between 06:00-12:00. Similarly, mangrove whiprays showed positive
electivity at 27-28 °C and 32-37 °C but showed negative electivity at
29-31 °C between 12:00-18:00. Further, between 18:00-24:00
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mangrove whiprays showed positive electivity at 26-28 °C and 30-35 °C
but showed negative electivity at 29 °C. Finally, in the reef crest,
mangrove whiprays exhibited positive electivity at 28 °C between
18:00-24:00 and at 28-30 °C between 00:00-06:00 (Fig. 7C).

4. Discussion

The purpose of this study was to define the thermal niche of juvenile
mangrove whiprays to better understand patterns of habitat use in a
thermally and tidally dynamic environment. Results from this study
demonstrate that mangrove whiprays possess high critical thermal
thresholds for summer conditions, but narrow thermal safety margins,
which reflects the high temperatures they experience during peak
summer periods in the shallow reef habitats in which they occur (Davy

et al., 2015; Kanno et al., 2019; Martins et al., 2020). Further, estimates
of metabolic rates were not strongly affected by short-term temperature
acclimation, which may be an adaptive response among juvenile sharks
and rays to seek refuge in tropical nursery areas (Bouyoucos et al., 2022;
Dabruzzi et al., 2013; Lear et al., 2019). Finally, mangrove whiprays
exhibited signs of thermotaxic behaviour, as demonstrated by unique
temperature preference within different habitats in Pioneer Bay.
Together, these data demonstrate that juvenile mangrove whiprays are
hyperthermic specialists and follow the tide not only for potential refuge
from predators, but also for refuge from unfavourable water tempera-
tures, as has been suggested in other sharks (e.g., Hight and Lowe, 2007;
Papastamatiou et al., 2015). However, mangrove whiprays appear
capable of tolerating extreme temperatures within Pioneer Bay (e.g., T},
approaching 38 °C), which suggests that mangrove whiprays may also
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tolerate unfavourable temperatures that may exclude potential preda-
tors (Martins et al., 2018).

Mangrove whiprays exhibited upper thermal limits comparable to
other ray species acclimated to similar conditions. Relative to juvenile
bluespotted ribbontail rays, Taeniura lymma, acclimated to 27.2 °C
(Dabruzzi et al., 2013), juvenile mangrove whiprays acclimated to 28 °C
had a higher CTyg, (12.1 °C vs. 17.5 °C, respectively) and comparable
CTMax (40.4 °C vs. 39.9 °C, respectively). Adult Atlantic stingrays,
Hypanus sabinus, acclimated to 20.5 °C or 35.1 °C had CTy, of 4.8 °C
and 10.8 °C, respectively, and CTyax of 39.2 °C and 43.2 °C, respectively
(Fangue and Bennett, 2003). Marginally higher CTyn.x estimates in
previous studies relative to the current study on mangrove whiprays
may be the result of faster heating rates (~0.3 °C min’l) used for
T. lymma and H. sabinus (Dabruzzi et al., 2013; Fangue and Bennett,
2003), which have been shown to produce higher CTyax estimates (Illing
et al., 2020). Differences in CTyi, between these species could stem from
several potential reasons. For example, the lower acclimation temper-
atures used for T. lymma and H. sabinus should produce lower CTyipn
estimates. Another possible explanation may be the differences in
cooling rates. Thus, the potentially relatively poor cold tolerance of
mangrove whiprays requires further examination.

Metabolic rate estimates showed a moderate sensitivity to temper-
ature. Routine and maximum oxygen uptake rates exhibited Q;¢ values

of 1.6 and 2.4 that are likely indicative of passive thermodynamic effects
on metabolic rate rather than active metabolic compensation (Havird
et al., 2020). Similarly, neonatal blacktip reef sharks (Carcharhinus
melanopterus) from a population exhibiting characteristics of hyper-
thermic specialists demonstrated moderate-to-low thermal sensitivity (i.
e., Q10 < 2) of standard, routine, and maximum oxygen uptake rates,
both over acute (i.e., hours) and longer-term (i.e., weeks) periods
(Bouyoucos et al., 2020, 2022). Conversely, juvenile T. lymma exhibited
relatively high thermal sensitivity of routine oxygen uptake rates (Qio =
3.48) following acute temperature change (Dabruzzi et al., 2013);
whereas, H. sabinus exhibited moderate thermal sensitivity (Q;9 = 2.10)
of routine metabolic rate to rapid, acute temperature change (Di Santo
and Bennett, 2011a). It is unclear, however, whether acclimation would
have yielded less thermally sensitive oxygen uptake rates in T. lymma
and whether acute temperature change would have yielded more ther-
mally sensitive oxygen uptake rates in mangrove whiprays. Based on
observed trends in MOsy,ay in mangrove whiprays, it is possible that
mangrove whiprays maintain their aerobic scope — the difference be-
tween maximum and standard metabolic rate estimates (Clark et al.,
2013; Rummer et al., 2016) — as water temperatures increase. Indeed,
tropical fishes that live near their upper thermal limits have been shown
to maintain their aerobic scope with increasing temperatures (e.g.,
Norin et al., 2014; Rummer et al., 2014).
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Temperature acclimation had an apparent effect on post-exercise
aerobic metabolism. Interestingly, even though acclimation did not in-
fluence routine and maximum oxygen uptake rates, juvenile mangrove
whiprays consumed more oxygen at 32 °C after exercise compared to
28 °C. However, they returned to their routine oxygen uptake rates more
quickly. Exercise is ecologically relevant to wild fishes, particularly in
the context of predator-prey interactions (Brownscombe et al., 2017).
Indeed, a species’ ability to allocate oxygen to post-exercise recovery is
important for their ability to engage in predator-prey interactions. There
is a paucity of data concerning aerobic metabolism in rays (Vilmar and
Di Santo, 2022) and fewer studies that test the effects of temperature.
For example, in the little skate (Leucoraja erinacea), a temperate ray
species, EPOC took longer to recover to minimum (not routine) oxygen
uptake rates at higher temperatures (Di Santo, 2016), which directly
contrast the results in the present study. In comparison, a tropical shark,
C. melanopterus, exhibited no observed temperature-dependence of
EPOC after acclimation or at a range of diel temperatures in their natural
habitat (Bouyoucos et al., 2018, 2020). Generally, EPOC is characterised
by a large, short-lived increase in metabolic rate, followed by a longer,
slower decrease in metabolic rates back to resting levels (Zhang et al.,
2018). Therefore, it is likely that, given the relatively short duration of
respirometry experiments (<5 h), the observed temperature effect was
not reflective of complete recovery (i.e., to minimum MO,) from exer-
cise; although, MO2routine may be a more ecologically relevant baseline
for determining recovery in wild fishes. Nonetheless, juvenile mangrove
whiprays appear to improve their post-exercise recovery at higher

temperatures, which may be related to anti-predator performance
(Killen et al., 2015).

Investigating thermal preference in juvenile mangrove whiprays
revealed that this species has an affinity for specific temperature ranges
within specific habitats. By predicting habitat use based on tidal height,
free-ranging juvenile mangrove whiprays demonstrated preference for
27-31 °C in mangroves, but sought even warmer temperatures (up to
35 °C) in the evening. Conversely, mangrove whiprays predicted to be in
reef flat habitat either preferred temperatures below 28 °C or above
31 °C and appeared to avoid temperatures near their average body
temperature of 29 °C. In this habitat, cooler temperatures were sought
from 00:00-12:00, whereas warmer waters were sought at midday.
Finally, mangrove whiprays demonstrated very narrow electivity on the
reef crest, selecting for their average body temperature. This tempera-
ture dependent habitat use is interesting when compared to a different
population of mangrove whiprays from a remote tropical atoll with a
very small tidal range (St. Joseph Atoll, Seychelles) where habitat use is
not affected by water temperatures (Elston et al., 2022). Factors un-
derpinning this temperature electivity are unknown. Studies on sharks
within the Everglades National Park (FL, USA) demonstrated positive
electivity for temperatures within several degrees of the mean envi-
ronmental temperature and avoidance of high (i.e., >31 °C) and low (i.
e., <25 °C) temperatures (Wiley and Simpfendorfer, 2007). Thus, it is
interesting that juvenile mangrove whiprays in the present study
exhibited negative electivity at their average body temperature but only
within reef flat habitat. The selection of warmer temperatures within
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mangroves during the evening may help maximise body temperature
and aid in processes such as digestion and growth, which has been
previously documented among rays (Di Santo and Bennett, 2011b;
Wallman and Bennett, 2006). Indeed, mangrove whiprays were shown
to be less active in Pioneer Bay at night (Martins et al., 2021), which may
reflect a ‘hunt warm, rest warmer’ strategy (Papastamatiou et al., 2015).
Conversely avoidance of extreme conditions within the peak periods of
the day allows individuals to reduce physiological challenges by
selecting temperature ranges within their temperature tolerance limits.

Because juvenile mangrove whiprays were not actively tracked in the
present study, it was not possible to determine the proximity of rays to
temperature loggers across the mangrove, reef flat, and reef crest zones
to understand their use of these areas as potential thermal refugia.
Indeed, it is possible that mangrove whiprays moved between foraging
grounds and refugia that were not represented by the temperature
logger array used in this study. Telemetry data from previous studies
demonstrates that mangrove whipray movement within Pioneer Bay is
strongly driven by tide and mangrove accessibility (Davy et al., 2015;
Kanno et al., 2019; Martins et al., 2020); although mangrove whiprays
appear to preferentially use mangrove habitat over others in Pioneer Bay
(Kanno et al., 2024). Thus, whilst prior knowledge of habitat use from
telemetry data can inform interpretation of temperature data recorded
from animal-borne data-loggers (Bouyoucos et al., 2020), thermal
preference as described by temperature data-loggers alone must be
cautiously interpreted.

5. Conclusions

Mangrove habitats may act as thermal refugia for young sharks and
rays within nursery areas via two mechanisms: improved physiological
performance and exclusion of predators (Davy et al., 2015; Martins
et al., 2018). The present study provides indirect support for both no-
tions. Firstly, evidence of thermotaxic behaviour suggests that mangrove
whiprays are regulating their body temperature; however, the physio-
logical systems that benefit from this behaviour are unknown. Second,
mangrove whiprays’ narrow thermal safety margins and low

10

temperature sensitivity of metabolic rate suggest that these animals can
tolerate the extreme high temperatures encountered within mangroves.
As climate change and ocean warming progress, mangrove habitats may
no longer act as thermal refugia for young sharks and rays. The
mangrove whipray is listed as ‘vulnerable’ by the International Union
for the Conservation of Nature but is not listed as threatened by climate
change (Manjaji Matsumoto et al., 2020). However, as a mangrove
associated species, mangrove whiprays on the Great Barrier Reef were
assessed as moderately vulnerable to climate change impacts on
mangrove ecosystems (Chin et al., 2010). Because climate change is a
rapidly emerging threat to (tropical) sharks and rays (Dulvy et al., 2021;
Sherman et al., 2023), and an established threat to mangrove ecosystems
(Gilman et al., 2008), there is a need for targeted research on the climate
change vulnerability of sharks and rays whose life histories are depen-
dent on mangrove ecosystems.
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