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Abstract

Many species with broad distributions are exposed to different thermal regimes which 

often select for varied phenotypes. This intraspecific variation is often overlooked but may be 

critical in dictating the vulnerability of different populations to environmental change. We reared 

Port Jackson shark (Heterodontus portusjacksoni) eggs from two thermally-discrete populations 

(i.e., Jervis Bay and Adelaide) under each location’s present-day mean temperatures, predicted 

end-of-century temperatures, and under reciprocal-cross conditions to establish intraspecific 

thermal sensitivity. Rearing temperatures strongly influenced ṀO2Max and critical thermal limits, 

regardless of population, indicative of acclimation processes.  However, there were significant 

population-level effects, such that Jervis Bay sharks, regardless of rearing temperature, did not 

exhibit differences in ṀO2Rest, but under elevated temperatures exhibited reduced maximum 

swimming activity with step-wise increases in temperature. In contrast, Adelaide sharks reared 

under elevated temperatures doubled their ṀO2Rest, relative to their present-day temperature 

counterparts; however, maximum swimming activity was not influenced. With respect to 

reciprocal-cross comparisons, few differences were detected between Jervis Bay and Adelaide 

sharks reared under ambient Jervis Bay temperatures. Similarly, juveniles (from both 

populations) reared under Adelaide conditions had similar thermal limits and swimming activity 

(maximum volitional velocity and distance) to each other, indicative of conserved acclimation 

capacity. However, under Adelaide temperatures, the ṀO2Rest of Jervis Bay sharks was greater 

than that of Adelaide sharks. This indicates that the energetics of cooler water population 

(Adelaide) is likely more thermally-sensitive than that of the warmer population (Jervis Bay). 

While unique to elasmobranchs, these data provide further support that by treating species as 

static, homogeneous populations, we ignore the impacts of thermal history and intraspecific 

variation on thermal sensitivity. With climate change, intraspecific variation will manifest as 

populations move, demographics change, or extirpations occur, starting with the most sensitive 

populations. 

Keywords: Phenotypic plasticity, Respirometry, Intraspecific variation, Swimming behaviour, 

Acclimation, Common garden experiment, Elasmobranch, Thermal toleranceA
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Introduction 

Climate change is a pervasive threat across all taxa and ecosystems globally (Pörtner & 

Farrell, 2008). Marine ectotherms are amongst the most vulnerable given that ectotherm 

behaviour and physiology are intrinsically linked to environmental conditions (Angilletta, 2009) 

and that marine taxa reside closer to their thermal limits and display greater thermal sensitivity 

than terrestrial taxa (Pinsky et al., 2019). However, warming impact is not homogenous on 

broadly-distributed species because population responses often reflect their geographic and 

evolutionary history (Angilletta, 2009). Intraspecific differences arise either through genetic, local 

adaptations (i.e., selection of specific within-population phenotypes over multi-generational 

scales) or phenotypic plasticity (i.e., non-genetic expression of different phenotypes in response 

to environmental conditions) (Bennett et al., 2019). Both sources of variation occur frequently 

and are often revealed via common-garden experiments (e.g., Billerbeck et al., 2001; Grabowski 

et al., 2009; Llewelyn et al., 2018). In the context of climate change, however, the influence of 

intraspecific variation on thermal sensitivity, has been identified as a factor that is overlooked in 

forecasting species-wide responses — both physiological and behavioural (see Bennett et al., 

2019; Bestion et al., 2015). Thermal tolerance and sensitivity are generally inferred from single-

population studies (Bennett et al., 2019), but intraspecific variation,  can substantially influence 

how populations respond to future environmental challenges.

Ectothermic species are inherently vulnerable to climate change as the rates of most 

physiological or behavioural traits are regulated by their internal body temperatures, which often 

mirrors that of their environment (Angilletta, 2009). For example, species residing under warmer 

conditions have displayed declines in kinematic performance, foraging efficiency, reproduction, 

as well as altered cognitive functions, possibly as a result of energy reallocation (Caraco et al., 

1990; Domenici et al., 2019; Pankhurst & Munday, 2011; Parsons, 1993; Sastry, 1966; Vila Pouca 

et al., 2018; Vila Pouca et al., 2019). Most traits follow a bell curve in which performance declines 

as temperature increases or decreases away from an optimum. The manner in which the 

expression of a trait changes between temperatures is commonly used to assess a species’ trait-

specific thermal sensitivity (Angilletta, 2009). However, the shape of the curve and thus relative 

response of a trait to temperature often vary from one population to the next (Angilletta, 2009; 

Gardiner et al., 2010). For example, Coho salmon (Oncorhynchus kisutch) fry from cooler streams A
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have lower upper thermal limits than populations from warmer streams (Konecki et al., 1995). 

Similarly, coral reef fish residing closer to their lower latitude limits live at the edge of their 

thermal optimum for physiological performance compared to conspecifics living at higher 

latitudes (Gardiner et al., 2010; Rummer et al., 2014). Acknowledging this variation and the 

mechanisms driving it (i.e., local adaptation or phenotypic plasticity) will considerably improve 

models forecasting species vulnerability and sensitivity to climate change (Bennett et al., 2019; 

Bestion et al., 2015; Valladares et al., 2014).

During early life stages, many elasmobranchs are restricted to specific habitats, such as 

nurseries or oviposition sites, for prolonged periods of time (Grubbs, 2010; Heupel et al., 2007; 

Powter & Gladstone, 2009). Occupying these restricted areas can promote survival as young can 

grow and develop in relative safety (Heupel et al., 2007). Over time, the capacity to move 

increases with ontogeny, and thus home ranges increase. For example, neonate blacktip sharks, 

Carcharhinus limbatus, initially live within a 2 km2 home range (Heupel et al., 2004). Daily area 

and distance moved by young gradually increases over the following six months until individuals 

leave the nursery (Heupel et al., 2006; Heupel et al., 2004). During earlier developmental stages, 

the small spatial scale of the oviposition or nursery sites coupled with the constrained capacity of 

movement limits potential for behavioural thermoregulation (Lear et al., 2019). Thus, young 

elasmobranchs are forced to endure sub-optimal, local environmental conditions as they arise (Di 

Santo, 2015; Wheeler et al., 2020). This can translate into juveniles experiencing a broader 

thermal environment compared to adults who may use behavioural strategies to occupy or avoid 

specific temperatures. Indeed, free-ranging juvenile bull sharks, Carcharhinus leucas, experience 

a ~16°C range, nearly double that of adults (Lear et al., 2019). Without the capacity to disperse 

and relocate when conditions decline, young elasmobranchs likely rely on other strategies, such 

as innate physiological adaptations or phenotypic plasticity, to mitigate diel and seasonal shifts in 

temperature (Gervais et al., 2018). Further, as water temperatures warm due to climate change 

and exceed current-day seasonal limits (Bennett et al., 2019), constrained individuals will be 

inherently more at risk from local extirpation than more mobile species and life-stages. 

Port Jackson sharks (Heterodontus portusjacksoni) present an ideal study species to 

investigate intraspecific variation in thermal tolerance as they are common, widely distributed A
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throughout temperate Australia, and display high site fidelity to discrete oviposition sites. This 

species experiences a disparity in habitat use and thus thermal exposure between early and adult 

life-history stages that can contribute to delayed population-wide responses to climate change 

(e.g., range shifts). While adults in some populations make long migrations (Bass et al., 2017), 

both eggs and juveniles are constrained to their surrounding habitat for several years 

(McLaughlin & O'Gower, 1971; Powter & Gladstone, 2009; Rodda & Seymour, 2008). As such, 

these early life stages are subject to a broader range of temperatures between seasons, which 

adults likely avoid due to their poleward migrations. Without a capacity to move or redistribute, 

climate-mediated shifts in temperature will likely be felt by younger life stages first, causing 

knock-on effects to the individual and populations if traits such as growth, reproduction, and 

survival decline. These life-history characteristics make Port Jackson sharks a model 

elasmobranch species to investigate phenotypic variation in response to current and future 

temperature regimes.

Here, we compared the performance and activity patterns of captive juvenile Port 

Jackson sharks collected from two thermally and geographically distinct oviposition sites; a 

warmer population from Jervis Bay, New South Wales and a cooler population from Adelaide, 

South Australia. Firstly, we established how each population responded when reared under 

either present-day or predicted end-of-century (EOC) temperatures. Secondly, we investigated 

the potential for local adaptation or population plasticity; through a reciprocal-cross experiment 

whereby both populations were reared under similar temperatures to investigate inherent 

differences and trait plasticity through acclimation. Upon hatching, three traits were measured: 

oxygen uptake rates, upper thermal limits (CTmax), and swimming activity with acute temperature 

exposure. Variation between populations, despite common rearing temperatures, suggests that 

local adaptations may be present, while variations induced by rearing temperature alone is 

indicative of the capacity for phenotypic plasticity. 

Methods 

Animal collection and husbandry 
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Port Jackson shark eggs were collected by hand from rocky reefs along the southern side 

of Jervis Bay, New South Wales (-35.068°S, 150.684°E) (n=48, 157.36 ± 1.42 mm; mean egg length 

± standard error [SE]) in October and November 2016, and from Christies Reef, Adelaide, South 

Australia (35.141°S, 138.465°E) (n=29, 135.57 ± 1.31 mm) in November 2016. Eggs from Jervis 

Bay were collected under New South Wales fisheries permit P08/0010-4.2. No permits were 

required for collecting eggs from Adelaide in South Australia. All animal husbandry and 

experimental protocols were approved by the Macquarie University Animal Ethics Committee 

(ARA 2016-027). While eggs were exposed to ambient conditions prior to collection, based on 

egg colour and pliability, eggs were estimated to be no older than six weeks post-oviposition at 

the time of collection, ensuring that over 85% of development would occur under treatment 

conditions (Rodda & Seymour, 2008). Eggs were transported within five hours to the aquarium 

facilities at Macquarie University in plastic bags filled with seawater and the void filled with pure 

oxygen. No mortality occurred during transit. Eggs were maintained in 40 l aquaria (up to nine 

eggs per aquarium) containing aerated, naturally-filtered seawater at collection temperatures 

(Jervis Bay: 18°C; Adelaide: 15.5°C) for one week. Then, temperatures were either increased or 

decreased (±0.5°C day-1) until target temperatures were reached at which point temperatures 

were maintained within ±0.5°C until hatching.

Eggs collected from Jervis Bay (n=16) were reared at 20.6°C (Jervis Bay temperature 

range: 13-25°C, Bureau of Meteorology, 2016), while those from Adelaide (n=14) were reared at 

17.6°C (Adelaide temperature range: 11-23°C, Gaylard, 2004), each temperature reflecting the 

respective site’s average ambient water temperature. Another group of eggs from each 

population was reared at +3.0°C above the collection site’s annual ambient conditions: Jervis Bay 

(n=17; at 23.6°C, Adelaide (n= 16) at 20.6°C). These two groups represent end-of-century (EOC) 

conditions under the RCP 8.5 climate model, for the respective sites (Collins et al., 2013). Finally, 

in the reciprocal treatment, eggs from both populations were reared at temperatures from the 

alternate site; Jervis Bay eggs (n=15) were reared under 17.6°C and eggs from Adelaide were 

reared under 20.6°C. However, as the reciprocal temperature for Adelaide eggs (20.6°C), was the 

same temperature as that of Adelaide under EOC conditions, EOC eggs were used here to avoid 

unnecessary use of additional sharks. These reciprocal-cross groups allowed direct comparison A
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between populations to determine whether temperature was responsible for differences 

between sharks or if there were innate differences between populations. Differences in sample 

size between treatments was due to embryonic mortality. To summarize, we reared five groups 

of shark eggs: Jervis Bay ambient (20.6°C), Jervis Bay EOC (23.6°C), Jervis Bay to Adelaide ambient 

(17.6°C), Adelaide ambient (17.6°C), and Adelaide EOC/ Adelaide to Jervis Bay ambient (20.6°C).

Water temperatures of each rearing tank were controlled using an automated mixing 

system (Simex multicon, CMC99) that mixed water from a warm-water and cold-water sump to 

achieve rearing temperatures prior to the water entering the aquaria. Embryos were removed 

from their egg capsule at developmental stage 10 (Rodda and Seymour, 2008) and placed into 

individual 160 mL containers to continuously monitor embryo development until hatching would 

have occurred (stage 15; Rodda and Seymour, 2008). Throughout this period, all embryos 

underwent respirometry trials to investigate the energetic costs of development (Gervais et al. 

unpublished data). Despite the embryo developing without the egg capsule, hatching was 

identified by the loss of mucous coating around the shark and the onset of swimming activities. 

Upon hatching, sharks were then distributed among four aquaria (40 l each) per rearing 

temperature (no more than five sharks per aquarium) for the remainder of experimental trials. 

Following hatching, sharks began to consume exogeneous food and were fed a mixture of 

prawns, basa filets, and market squid (ad libitum) every other day. Uneaten food was removed 

after 30 min. However, prior to all experimentation juveniles were fasted for 48 h to ensure a 

post-absorptive state (Heinrich et al., 2014; Niimi & Beamish, 1974).

Respirometry and upper critical thermal limit protocols were executed two weeks 

following hatching (Jervis Bay: 20.6°C n= 16, 23.6°C n= 11, 17.6°C n=15; Adelaide: 17.6°C n=14, 

20.6°C n=16). Animals were given at least one-week recovery, between each experiment. 

Following upper critical thermal limit protocols, sharks (n=4 for Jervis Bay end-of-century sharks 

and n=8 for all other rearing temperature treatments) were transferred to the Sydney Institute of 

Marine Science (SIMS) for activity assays. The different sample size for Jervis Bay end-of-century 

(23.6°C) sharks was due to mortality events (see Vila Pouca et al., 2019). At SIMS, sharks were 

maintained in flow-through aquaria that were supplied with seawater that was either heated or 

cooled to rearing temperatures using a 2000 W titanium stick heater [Full Gauge TIC-17RGT A
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thermostat] or a chiller [TECO, TK3000]) for at least 12 h before introduction to the experimental 

setup. 

Oxygen uptake rates

As a proxy for metabolic rates, oxygen uptake rates (ṀO2) were measured using 

intermittent-flow respirometry (Svendsen et al., 2016). The system was comprised of four 

individual 1.95 l chambers placed in a temperature-controlled bath (66 l) and connected to both 

a recirculating pump and a flush pump (Svendsen et al., 2016). Bath temperature during each 

trial, reflected that of the sharks’ rearing temperature. The recirculating pump ensured that 

there was continuous water flow within the chamber and maintained homogeneous oxygen 

levels. The flush pump was used to ensure a complete water exchange in the system following 

measurement periods. The measurement period (i.e., period when the flush pump was off) was 

short enough in duration such that the oxygen concentration in the chamber did not fall below 

80% air saturation (Clark et al., 2013; Nay et al., 2018; Svendsen et al., 2016). A digital relay timer 

controlled the flush pump so that chambers were flushed with aerated, filtered seawater for five 

minutes, and then the flush pump was turned off for five minutes to allow the decline in oxygen 

concentration of each system to be measured. Temperature-compensated oxygen 

concentrations were measured in each system every 2 s using contactless spots (2mm) with O2-

sensitive REDFLASH dye. The spots were linked, via 2 m fibre-optic cables, to a Firesting Optical 

Oxygen Meter (Pyro Science e.K., Aachen, Germany).

Prior to placing sharks into individual chambers, sharks were chased for 3-min and then 

air-exposed for 1-min (Clark et al., 2012; Clark et al., 2013; Roche et al., 2013; Rummer et al., 

2016). Within 10 seconds following air exposure, sharks were placed into respirometry chambers 

to determine maximum oxygen uptake rates (ṀO2Max), chambers were sealed, and the first 

measurement cycle commenced. Sharks were maintained in intermittent respirometry chambers 

for 18 h, after which they were removed from their respective chambers and weighed to the 

nearest 0.1 gram (Jervis Bay 20.6°C: 82.41 ± 2.42 g, 23.6°C : 66.33 ± 3.01 g, 17.6°C: 91.71 ± 5.30 g; 

Adelaide 17.6°C: 61.0 ± 2.56 g, 20.6°C: 64.38 ± 4.43 g). Background oxygen uptake rates were 

measured before and after all trials, assumed to have a linear accumulation, and subtracted from A
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each measurement period (Clark et al., 2013). All chambers were rinsed between trials with a 

10% bleach solution, rinsed with freshwater, and then sundried to minimize microbial 

background oxygen uptake.

Oxygen uptake rates were calculated using linear least square regression of oxygen 

concentration over time in LabChart v8.1.9 (AD Instruments, Colorado Springs, CO, USA). The 

oxygen uptake rate at each measurement period was calculated based on the volume of the 

chamber, volume of the shark, and mass of the shark using the equations in Bushnell et al. (1994) 

and Schurmann and Steffensen (1997). A mass exponent of 0.86 (Sims, 2000) was used to correct 

for the allometric relationship between oxygen uptake rate (i.e., a proxy for metabolic rate) and 

mass. Maximum oxygen uptake rates (ṀO2Max) were calculated as the highest rate of change 

over 30 s during the measurement periods immediately following the placement of the individual 

into the chamber. This method was deemed appropriate as R2 values during these periods 

exceeded 0.95 (Svendsen et al., 2016). Resting oxygen uptake rates (ṀO2Rest) were calculated 

using the ‘mean of the leftmost normal distribution’ method (MLND) (Chabot et al., 2016). Total 

aerobic scope (AS) was determined as the difference between ṀO2Max and ṀO2Rest. 

Critical thermal limits 

Upper critical thermal limits (CTmax) were examined following established, non-lethal 

protocols (Becker & Genoway, 1979; Gervais et al., 2018; Paladino et al., 1980). Species upper 

thermal limits often acclimate with prolonged exposure to a specific thermal regime, such that 

populations exposed to different conditions can display varied thermal limits. This non-lethal 

methodology provides ecologically relevant thresholds influencing species behaviour 

(temperatures which instigate activity) and physiology (loss of righting reflex). To do this, an 

experimental aquarium (245 l) containing four meshed experimental chambers (25 l) and a 2000 

W heater (Full Gauge TIC-17RGT thermostat) was used. An air stone and aquarium pump (2500 l 

h-1) were used to ensure that temperatures throughout the aquaria were homogeneous and that 

water was fully oxygenated. Each experimental chamber was comprised of a rigid, dense mesh, 

which allowed continuous water flow and eliminated visual cues between experimental 

chambers. A Firesting Optical Oxygen Meter continuously recorded temperature throughout 

each trial. A
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Prior to each trial, the experimental tank was filled with aerated, filtered seawater, set to 

the respective rearing temperature. Individual sharks (Jervis Bay 20.6°C: 79.60 ± 2.65 g, 23.6°C : 

66.98 ± 2.63 g, 17.6°C: 82.63 ± 3.42 g; Adelaide 17.6°C: 60.21 ± 2.27 g, 20.6°C: 56.16 ± 2.27 g) 

were placed into a chamber and allowed to habituate (i.e., return to resting behaviour) for 30 

minutes. Following this period, the temperature of the system was set to increase at a constant 

rate of 0.13 ± 0.001°C min-1 (calculated using Stevens and Sutterlin, 1976), which was deemed 

slow enough to ensure that body temperature tracked that of the environment but fast enough 

to prevent acclimation over the course of the trial. Throughout the trial, activity (i.e., swimming 

or resting) was recorded to establish the temperature at which a shark first became active 

(TActivity). Once swimming activity ceased, sharks were checked for a loss of righting reflex by 

rotating the shark 180° along its longitudinal axis. The temperature at which juveniles exhibited a 

loss of righting reflex was defined as the upper critical thermal maximum (CTmax) (Ern et al., 2016; 

Gervais et al., 2018). Immediately following the loss of righting reflex, the shark was removed 

from the experimental chamber, placed into an aerated recovery tank filled with an intermediate 

temperature (made using equal parts rearing temperature and temperature CTmax), and allowed 

to fully recover their righting reflex before transitioning back to rearing temperature.

Activity with step-wise increases in temperature 

Swimming is an essential behavioural trait for anti-predator strategies and foraging. 

Therefore, swimming activity, such as maximum swimming speed and swimming distance, were 

measured while exposing juveniles to progressively warmer temperatures. The experimental 

arena consisted of a 1.2 m wide, circular tank filled with 25 cm of water (283 l). In the centre of 

the arena, a 0.25 m wide central PVC cylinder (perforated with holes to allow homogeneous 

water mixing) housed all heating and water flow components. A recirculating pump (1300 l h-1) 

was placed inside the central cylinder to ensure homogeneous temperatures and an air stone. 

The central cylinder also housed a 2000 W heater and an aquarium pump (2500 l h-1). The 

aquarium pump was placed at the base of the central cylinder with a PVC tube (Ø 25 cm) placed 

on the outflow to direct water movement to the top of the arena. The heater was placed inside 

the outflow PVC to allow for temperature manipulation and to ensure homogeneous 

temperature changes. Power cables and airline tubing were concealed within a grey cable cover A
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flush to the ground to reduce shark interaction. Strip lighting was fixed around the perimeter of 

the tank which illuminated the arena evenly. A USB webcam (Microsoft LifeCam HD-3000) was 

fixed 2 m directly above the tank to record the behaviour of the subjects (via iSpy connect, 

www.ispyconnect.com). 

The experimental tank was filled with 13°C water, which is within normal winter 

temperatures of both regions. Sharks (Jervis Bay 20.6°C: 91.08 ± 4.57 g, 23.6°C : 87.93 ± 5.77 g, 

17.6°C: 88.69 ± 6.52 g; Adelaide 17.6°C: 66.15 ± 3.68 g, 20.6°C: 64.11 ± 5.66 g) were habituated 

to the experimental tank and temperature for two hours. Following habituation, sharks were 

recorded for 10 min following which the temperature of the tank was increased 2°C over 20 mins 

until the next temperature was reached. Following another 10 min recording, the temperature 

was again increased continuing in a step-wise fashion until 31°C (prior to established limits for a 

loss of righting reflex) was reached.

Videos were imported into LoggerPro (v 3.8.7) for analysis where the x-y coordinate of 

each shark was recorded every second throughout each 10 min step. At each temperature, the 

total distance travelled (body lengths [BL]) and mean swimming speed (BL s-1) were measured to 

identify the maximum distances swum, maximum swimming velocity, and temperature(s) at 

which the sharks velocity was greatest (TMaxActivity) prior to performance declining. Movement 

metrics were measured as BL to standardize for differences in body size between treatments. 

Trials were conducted, at most, twice a day, during daylight hours, with the last trial ended no 

later than two hours before dusk to control for potential diel activity patterns.

Analyses

Analyses were performed in R (Version 3.5.2, R Core Development Team 2018) and values 

are reported as mean ± standard error (SE). Generalized linear mixed models (GLMM) and linear 

mixed models (LMM) were used to assess the effects of provenance (Jervis Bay or Adelaide), 

rearing temperature, and any interactions between the two, across eight different traits: ṀO2Rest, 

ṀO2Max, aerobic scope (AS), Tactivity, CTMax, TMaxActivity, distance travelled, and maximum swimming 

velocity. The error structure of GLMM corrects for non-independence of statistical units due to 

shared temporal structure and permits the ‘random effects’ variance explained at different levels 

of clustering to be decomposed. The inclusion of trial number as a random effect enabled the A
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analysis to account for the lack of temporal independence between days. We determined the 

most appropriate statistical family and error distribution for each analysis by examining the 

distribution of the response variable and visually inspecting the residuals for the saturated 

models. A backwards model selection approach was used to investigate which factors explained 

most of the observed variance. Decisions were based on the small-sample corrected Akaike 

Information Criterion (AICc), obtained using the model selection function from the MuMIn R 

package (Supplementary materials, Table S1). Sex (fixed factor), rearing tank (random factor) and 

mass (random factor; when size was independent to the response variable) were also initially 

included in the most complex models.  

For each trait a GLMM (or LMM, dependant on error distribution) was used to 1) 

determine the impacts of end-of-century conditions across each population (ambient reared 

sharks [AD 17.6°C; JB 20.6°C] crossed with EOC reared sharks [AD 20.6°C; JB 23.6°C]) and 2) 

assess the acclimation potential or the innate local adaptations between populations when 

reared under similar temperatures (i.e., reciprocal-cross analysis). Post-hoc pair-wise 

comparisons were calculated using the emmeans package. Model selection and top-ranked 

model outputs, including pseudo-R2 values calculated using Nakagawa et al. (2017), are provided 

in the supplementary materials (Table S1, S2, S3, S4). 

Results 

Oxygen uptake rates

Rearing temperature, population, and the interaction between the two significantly 

influenced the ṀO2Rest of juvenile sharks. In addition, sex was an influential factor with respect to 

ṀO2Rest values, with male sharks exhibiting greater ṀO2Rest values than females. However, 

ṀO2Max was strongly influenced by rearing temperature only, with sharks reared under warmer 

temperatures displaying a greater ṀO2Max than those reared under cooler temperatures, 

regardless of population. Aerobic scope was marginally influenced by temperature, population, 

an interaction between these factors and sex (Fig. 1a, Table 1, Supplementary materials, Table 

S2), such that the Aerobic scope of Jervis Bay sharks increased with temperature, while the scope 
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of Adelaide sharks was unchanged, albeit displaying a slight decrease under warmer rearing 

temperatures. 

Specifically, with respect to population-specific responses to EOC temperatures, Adelaide 

sharks more than doubled their ṀO2Rest compared to their ambient temperature counterparts (z 

= -7.74, p <0.001), while Jervis Bay sharks exhibited similar ṀO2Rest values under both ambient 

and EOC conditions (Fig. 1a, z = -0.04, p= 0.92). Furthermore, under common rearing 

temperature ṀO2Max was similar between populations; however, warmer rearing temperature, 

specifically Jervis Bay sharks under 23.6°C exhibited greater ṀO2Max values than sharks reared 

under either 17.6°C (z= -4.64, p<0.001) or 20.6°C (z= -3.16, p< 0.01). Thus, in the face of EOC 

temperatures Adelaide sharks intrinsically displayed a lower ṀO2Max than that of Jervis Bay 

sharks under EOC temperatures (Table 1). The aerobic scope of juvenile Port Jackson sharks 

between ambient and EOC temperature was influenced by the interaction of temperature and 

populations. Specifically, the aerobic scope of Adelaide sharks was not influenced by EOC 

temperatures (Adelaide: 17.6°C vs 20.6°C, t=1.62, p= 0.60), while the aerobic scope of Jervis Bay 

sharks under EOC temperatures was 46.6% greater than ambient Jervis Bay sharks Jervis (Jervis 

Bay: 20.6°C vs 23.6°C, t=, p< 0.01). 

Under reciprocal-cross temperatures, sharks reared under cooler, Adelaide ambient 

temperatures [17.6°C] displayed lower ṀO2Rest values relative to sharks reared under warmer, 

Jervis Bay temperatures [20.6°C], indicative of thermal acclimation processes (Table 1, Adelaide 

sharks: 17.6°C vs 20.6°C, z= 1.12, p< 0.001; Jervis Bay sharks: 17.6°C vs 20.6°, z= -3.06, p< 0.05). 

The magnitude of change, however, varied between populations, which is indicative of 

intraspecific variation. Sharks— regardless of population— exhibited similar ṀO2Rest values under 

warmer Jervis Bay conditions (20.6°C: Jervis Bay vs Adelaide sharks, z= -0.04, p= 0.92), while the 

ṀO2Rest values in Adelaide sharks reared under cooler temperatures were much lower than that 

of Jervis Bay sharks under the same conditions (17.6°C: Jervis Bay vs Adelaide sharks, z= -4.05, p< 

0.001). Under cross-population rearing temperatures sharks displayed similar ṀO2Max values 

irrespective of whether sharks were reared under 17.6°C or 20.6°C (z= -2.12, p= 0.09, Fig. 1a, 

supplementary materials, Table S2). Similarly, aerobic scope did not differ between all cross-

population treatments and was not strongly influenced by either temperature (17.6°C vs 20.6°C: A
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Adelaide, t= 1.62, p= 0.60; Jervis Bay, t= -1.89, p= 0.44) or population (Adelaide vs Jervis Bay: 

17.6°C, t= 2.43, p= 0.20; 20.6°C, t= -1.05, p= 0.89). 

Critical thermal limits

With exposure to progressively warmer temperatures, sharks initiated activity 3.5-6.12°C 

above their rearing temperature and displayed upper thermal limits 11.3-13.9°C above their 

rearing conditions (Table 1, Figure 1). The upper thermal limits were strongly influenced by 

rearing temperature, such that warmer rearing temperatures led to increased thermal limits 

(Supplementary materials, Table S3). TActivity, while similarly influenced by rearing temperature, 

were also influenced by population; however, this is likely a reflection of rearing temperature as 

post-hoc analysis identified that only ambient Adelaide sharks were different from Jervis Bay 

sharks under warmer rearing conditions (both 20.6°C: t= -3.48, p< 0.05;and 23.6°C: t= -3.33, p< 

0.05). 

With respect to predicted EOC temperatures, the upper critical thermal limits (CTMax) of 

juvenile sharks reared under their respective elevated temperatures displayed upper thermal 

limits 1.11- 1.52°C greater than those reared under their respective ambient conditions.

Similarly, under reciprocal-cross temperatures, the upper thermal limits of all juveniles 

strongly reflected that of rearing temperature, such that upper thermal limits were similar 

between sharks held under common rearing temperatures — regardless of population.

Activity with step-wise increases in temperature

Rearing temperature had a strong influence on the temperature at which maximum 

activity was observed, with sharks reared under 20.6°C and 23.6°C temperatures exhibiting a 

greater TMaxActivity than sharks reared under 17.6°C (Table 1)(17.6°C vs 20.6: z= -3.76, p< 0.001; 

17.6°C vs 23.6°C: z= -3.74, p< 0.001). Similarly, maximum swimming velocity, was strongly 

influenced by rearing temperature; however, volitional swimming velocity was greatest in sharks 

reared under 20.6°C (Figure 3, Supplemental materials, Table S4). Similarly, the interaction 

between population and rearing temperature strongly influenced the swimming distance in that 
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only Jervis Bay sharks experienced declines in swimming distance on either side of 20.6°C, while 

Adelaide sharks maintained activity despite rearing temperature.  

Within Jervis Bay sharks, those under EOC temperatures displayed a reduced maximum 

swimming distance in contrast to those under ambient conditions (20.6°C vs 23.6°C: t= 3.38, p< 

0.05), while Adelaide sharks swam similar distances regardless of EOC rearing temperature 

(17.6°C vs 20.6°C: t= -0.49, p= 0.99). Similarly, swimming velocity was influenced strongly by 

rearing temperature such that of Jervis Bay sharks under EOC temperatures was less than that of 

all sharks reared under 20.6°C (z= 2.84, p< 0.05) and , Adelaide sharks under EOC temperatures 

(20.6°C) displayed a greater maximum velocity than all sharks reared under Adelaide ambient 

temperatures (z= -2.40, p< 0.05). 

Under reciprocal-cross rearing temperatures, sharks exhibited similar levels of maximum 

velocity across common rearing temperatures, despite population (Table 1, Supplementary 

materials, Table S4), with maximum velocity observed in sharks reared under 20.6°C (17.6°C vs 

20.6°C: z= -2.40, p<0.05). However, the interaction between temperature and population 

influenced shark swimming distance, such that Jervis Bay sharks displayed a greater difference in 

swimming distance between cooler (17.6°C) and warmer (20.6°C) rearing temperatures (17.6°C 

vs 20.6°C: t=-3.4, < 0.05), than Adelaide sharks which showed little difference over the same 

temperature range(17.6°C vs 20.6°C: t= -0.49, p= 0.99).

Discussion

Intraspecific variations in physiology and behaviour exist, in part, through the selection of 

traits to facilitate survival under local environmental conditions. It is critical to include this 

intraspecific variation when making predictions regarding a species sensitivity and vulnerability 

to climate change (Bennett et al., 2019). Specifically, with future warming species will incur 

additional energetic costs to maintain baseline physiological processes. Failure to meet these 

increased demands can come at the cost of competing, non-essential processes such as activity, 

growth, and reproduction (Angilletta, 2009; Pörtner & Farrell, 2008). Declines in these processes 

can ultimately reduce survival and alter population demographics, but the extent of such impacts A
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is not homogeneous across a species distribution (Foden et al., 2019). With respect to future 

climate change, juvenile Port Jackson shark responses to rising temperature will be intrinsically 

associated with their geographical location, given the strong influence of temperature on the 

traits reported here. Jervis Bay sharks will be exposed to warmer conditions, resulting in a 14% 

increase in resting oxygen uptake rates and decline in maximum swimming activity.  However, 

Adelaide sharks may be more sensitive to thermal changes than Jervis Bay sharks, in that sharks 

reared under EOC elicited a 104% increase in oxygen uptake rates but maintained similar activity 

patterns to ambient temperature counterparts. Similarly, when controlling for temperature 

effects, juveniles reared under reciprocal-cross temperatures readily displayed acclimation 

potential across most traits (i.e., ṀO2Max, upper thermal limits, or swimming activity), but not in 

ṀO2Rest. Specifically, the magnitude of change in ṀO2Rest values of Adelaide sharks between 

cooler (17.6°C) and warmer (20.6°C) rearing temperatures was disproportionally greater (104% 

increase from 17.6°C to 20.6°C) than that of Jervis Bay sharks, which displayed a 35.8% increase 

in ṀO2Rest over the same temperature range. As observed across ectothermic taxa (Jensen et al., 

2019; Llewelyn et al., 2018; Stillwell, 2010), both provenance (local adaptation) and rearing 

temperature (phenotypic plasticity) are present and can strongly influence the performance of 

juvenile sharks.

Activity patterns in free-ranging species often track environmental temperatures, such 

that activity steadily increases with temperature until reaching an optimum, beyond which it 

rapidly declines as temperatures reach thermal limits (Lear et al., 2019; Payne et al., 2018; Payne 

et al., 2016). Young Port Jackson sharks also increased activity with exposure to acute 

temperature increases—albeit sharks were sedentary until temperatures were 1.4–6.1°C warmer 

than rearing conditions. Increased activity under warmer conditions is likely due to a number of 

reasons ranging from active energy conservation (Claireaux et al., 2006; Whitney et al., 2016) to 

altered motivational state of the individual (e.g., increased hunger) (Nemeth, 1997; Shipley et al., 

1996), and thermoregulation (Bryan et al., 1990). Indeed, individuals may be matching the speed 

at which the cost of transport (energetic cost required to move one unit of distance) is minimised 

(Whitney et al., 2016). Temperature shifts the velocity at which the cost of transport is minimal, 

so that while the overall energetic cost is greater (Schurmann & Steffensen, 1997), swimming 

faster at higher temperatures can be more efficient (Claireaux et al., 2006; Whitney et al., 2016). A
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Furthermore, with increased energetic requirements imposed by rising temperature, both prey 

encounter rate and capture success can increase concomitantly with velocity (Nemeth, 1997; 

Papastamatiou et al., 2018; Shipley et al., 1996), which can potentially mitigate some energetic 

limitations imposed by temperature. Sharks were fasted during experiments, which could have 

initiated hunger-motivated activity sooner than if sharks were fed. Ultimately though, as 

condition worsen, swimming activity eventually declines—regardless of motivational state. While 

the mechanisms behind thermal tolerance are still under active debate (Farrell, 2016; Jutfelt et 

al., 2018; Lefevre, 2016; Schulte, 2015), there is some evidence that under acute warming, 

declines in activity, specifically swimming, could be due to the inability to meet the tissue oxygen 

demand required for activity and warming (Blasco et al., 2020). 

As thermal pressure increases, species often display energetic trade-offs between 

behavioural and physiological traits. Jervis Bay sharks, which reside closer to their upper thermal 

limits, appear to display a trade-off between maintaining baseline energetic costs under elevated 

temperatures, potentially at the price of maximum volitional swimming velocity. The reallocation 

of energy towards basic maintenance and away from non-essential processes (e.g., growth, 

activity, reproduction) is not uncommon (Domenici et al., 2019; Gervais et al., 2018; Marine & 

Cech Jr, 2004; Munday et al., 2008). Coral trout (Plectropomus leopardus), for example, display 

similar trends of reduced swimming activity under elevated temperatures (Johansen & Jones, 

2011; Johansen et al., 2013). These trade-offs have potentially deleterious consequences on 

fitness and survival in the face of future conditions under climate change. For mesopredators, 

encompassing most elasmobranchs, this can impact their dual roles in predator-prey interactions 

(Domenici et al., 2019), both limiting prey-capture rates and predator-escape behaviour. With 

prolonged exposure to elevated temperature, depressed activity has also been observed as an 

energy conservation strategy in cool acclimated fish (Speers-Roesch et al., 2018). However, not 

all populations display similar trade-offs. Unlike Jervis Bay sharks, Adelaide sharks maintained a 

constant maximum swimming velocity regardless of rearing temperature, but were much more 

energetically sensitive, doubling their resting oxygen uptake rate. 

Provenance can induce strong selection pressures across a suite of traits (e.g., growth, 

reproductive output, survivorship, recruitment success) and taxa, including teleosts (Billerbeck et 

al., 2001; Yamahira & Conover, 2002), elasmobranchs (Di Santo, 2015; Lombardi-Carlson et al., A
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2003; Parsons, 1993), arthropods (Karlsson & Van Dyck, 2005; Mitchell & Lampert, 2000; Van 

Doorslaer & Stoks, 2005), and even plants (Cochrane et al., 2015; Richardson et al., 2017). The 

phenotypic responses within a species (either physiological or behavioural) can differ among 

adjacent populations if conditions are dissimilar enough and movements between populations 

are limited (Di Santo, 2015). Port Jackson sharks display genetic differentiation between two 

oviposition sites 150 km apart (Sydney harbour, NSW and Jervis Bay, NSW) (Day et al., 2019). 

New South Wales Port Jackson sharks are also inherently larger, both at hatching and maturity, 

than other populations throughout Australia (Izzo and Rodda, 2012) and display differences in 

reproductive biology (Tovar-Ávila et al., 2007), allozyme distribution (O'Gower & Nash, 1978), 

and migratory patterns/ capacity (Bass et al., 2017; Hein et al., 2012). Despite similar capacities 

to acclimate to EOC, cooler Adelaide shark populations displayed a disproportionally greater 

sensitivity in their oxygen uptake rates (107% increase in resting oxygen uptake) than Jervis Bay 

sharks that displayed an increase more in-line with predicted responses (Brett & Groves, 1979; 

Carrier et al., 2004; Schmidt-Nielsen, 1990). While not common, other ectothermic species have 

displayed similar trends across their distribution, which indicates that other environmental 

considerations, such as differences in thermal variability, could be driving differences in 

metabolic rate sensitivity, among other responses (Angilletta, 2009; Grabowski et al., 2009). 

Species experiencing stable and narrow temperature ranges display a greater sensitivity to a 

change in temperature than those experiencing large variation across their distribution and 

evolutionary history. For example, northern populations of Atlantic cod (Gadus morhua L.) 

appear to be more sensitive to changes in temperature than those from warmer yet more 

thermally stable populations (Grabowski et al., 2009). With the strengthening and southward 

extension of the East Australian Current (Ridgway, 2007), the south-eastern coast of Australia has 

been experiencing rapid sea surface warming, faster than the global average (Hobday & Pecl, 

2014). Resident populations in these regions (including Jervis Bay) have been exposed to a 

greater variability in temperature than areas that are warming at a more stable, average 

rate (such as Adelaide) and thus may be less sensitive to relatively small shifts in temperature. 

In contrast, some traits were conserved between populations. For example, ṀO2Max, 

upper thermal limit, and TActivity were only different between rearing temperature. Not all 

physiological processes or traits have the adaptation potential to keep pace with climate change A
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(Muñoz et al., 2015). For example, hearts are among the first—and perhaps most critical— 

organs to fail in animals under heat-stress (Iftikar & Hickey, 2013; Iftikar et al., 2014), but hearts 

lack the genetic variation and plasticity needed for adaptation under future warming scenarios 

(Muñoz et al., 2015). Thus, while other traits can have an adaptive capacity, non-adaptive traits 

such as heart failure can represent a “concrete ceiling” (Sandblom et al., 2016) and intrinsically 

lend to increased vulnerability of warm exposed populations. 

Despite the relatively robust nature of the juveniles observed here, it is unknown how 

adults may be affected by rising temperatures, but theory suggests that thermal tolerance often 

decreases with maturity (Lear et al., 2019; Pörtner & Farrell, 2008; Van Donk & De Wilde, 1981). 

As young sharks migrate away from oviposition sites, a shift in thermal niche likely occurs 

because their increased mobility enables them to select more favourable conditions. Thus, older, 

migratory life-stages may be selecting a relatively narrower thermal environment, relative to 

younger, sedentary life-stages (Lear et al., 2019). Indeed, Port Jackson sharks from New South 

Wales migrate to lower latitudes for the winter and return to higher latitudes for the summer, 

which may mean they experience very little change in water temperature despite travelling over 

1000 km. 

With progressive climate change, the benefits of high site fidelity, as seen in many taxa, 

may be limited and, in fact, become maladaptive for some populations, effectively forcing 

species into an ecological trap (Abrahms et al., 2018; Pichegru et al., 2010). Elasmobranchs and 

other long-lived marine animals, may be particularly susceptible, as their capacity for rapid 

adaptations concurrent with the rate of climate change, is intrinsically slow due to their longevity 

and long generation time. Port Jackson sharks repeatedly return to the same breeding grounds to 

mate and lay their eggs in the winter (Bass et al 2019). But these locations in the north of their 

range, which are warming rapidly (Hobday & Pecl, 2014), may soon become a death trap for 

developing young over the hot summer months as temperatures exceed lethal limits. In 

Adelaide, adults and young probably experience similar thermal regimes and ambient 

temperatures are not changing so rapidly, which may enable selection to occur, albeit at an 

intrinsically slow rate. As seen here, the selection pressure on this population may indeed be 

greater than Jervis Bay given the disproportionately high increase in metabolic costs with A
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temperature. Thus, climate change imposes varied selective pressures across a species 

geographical range that can have profound influences on local population resilience.

The interaction between provenance and phenotypic plasticity is widely overlooked in 

climate change studies, which can drastically underestimate the severity of species responses to 

thermal shifts (Valladares et al., 2014). As we observed here, however, phenotypic variation 

across a geographical distribution offers insight into the relative vulnerability of a species and 

population to future climate change. While Port Jackson sharks are not a vulnerable species, this 

study highlights that within species, various populations display different sensitivities to 

increased temperature, both in magnitude and direction. The local environment significantly 

shapes the ecology, physiology, and behaviour of an individual across life stages, ultimately 

leading to whole population knock-on effects and for the selection of site-specific phenotypes 

over time (Bennett et al., 2019; Bestion et al., 2015; Domenici et al., 2019; Donelson et al., 2010; 

Johansen et al., 2013). We suggest that those species with limited capacity to move (e.g., benthic 

species or immobile life-stages) or with high site fidelity will likely display greater intraspecific 

variation in thermal response. With the paucity of climate change studies incorporating 

intraspecific variation (Bennett et al., 2019; Bestion et al., 2015; Valladares et al., 2014), it is 

apparent that investigating population-specific responses across a species range and identifying 

populations that are at heightened risk from climate change is crucial. 

Acknowledgements: 

We want to thank the Fish Lab at MQ and SSEG at Flinders University, especially C. Vila Pouca 

and S. Chambers, J. Mourier, D. Heinrich, M. Llyod and L. Meyer for assistance in egg collection 

and T. Fuchert, C. Downs, V. Ganda, H. Martin, J. Peduto for husbandry assistance. Additionally, 

we want to thank J. Aldridge for technical support at MQ and N. Coombes and A. Niccum for 

technical support at SIMS. We also want to thank T. Nay for editorial assistance. This work was 

supported by funds allocated to CRG from the Department of Biological Sciences at Macquarie 

University.

Compliance with Ethical Standards Conflict of Interest: 

No conflict of interests exists. All animal care and experimental protocols used in this study were 

approved by Macquarie University Animal Ethics Committee under ARA 2016-027 and conducted A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

according to the Australian Code of Practice for the Care and Use of Animals for Scientific 

Purposes. 

Data Availability Statement

The data that support the findings of this study are available from the corresponding author 

upon reasonable request.

References 

Abrahms, B., Hazen, E. L., Bograd, S. J., Brashares, J. S., Robinson, P. W., Scales, K. L., . . . Costa, D. P. 

(2018). Climate mediates the success of migration strategies in a marine predator. Ecology Letters, 

21(1), 63-71. doi: https://doi.org/10.1111/ele.12871

Angilletta, M. J. (2009). Thermal Adaptation: A Theoretical and Empirical Synthesis: Oxford University 

Press.

Bass, N. C., Mourier, J., Knott, N. A., Day, J., Guttridge, T., & Brown, C. (2017). Long-term migration 

patterns and bisexual philopatry in a benthic shark species. Marine and Freshwater Research, 

68(8), 1414-1421. doi: https://doi.org/10.1071/MF16122

Becker, C. D., & Genoway, R. G. (1979). Evaluation of the critical thermal maximum for determining 

thermal tolerance of fresh water fish. Environmental Biology of Fishes, 4(3), 245-256. 

Bennett, S., Duarte, C. M., Marbà, N., & Wernberg, T. (2019). Integrating within-species variation in 

thermal physiology into climate change ecology. Philosophical Transactions of the Royal Society B: 

Biological Sciences, 374(1778). doi: https://doi.org/10.1098/rstb.2018.0550

Bestion, E., Clobert, J., & Cote, J. (2015). Dispersal response to climate change: scaling down to 

intraspecific variation. Ecology Letters, 18(11), 1226-1233. doi: https://doi.org/10.1111/ele.12502

Billerbeck, J. M., Lankford, T. E., & Conover, D. O. (2001). Evolution of intrinsic growth and energy 

acquisition rates. I. Trade-offs with swimming performance in Menida menida. Evolution, 55(9), 

1863-1872. doi: https://doi.org/10.1111/j.0014-3820.2001.tb00835.x

Blasco, F. R., Esbaugh, A. J., Killen, S. S., Rantin, F. T., Taylor, E. W., & McKenzie, D. J. (2020). Using aerobic 

exercise to evaluate sub-lethal tolerance of acute warming in fishes. Journal of Experimental 

Biology, 223(9). 

Brett, J. R., & Groves, T. D. D. (1979). Physiological energetics. In W. S. Hoar, D. J. Randall, & J. R. Brett 

(Eds.), Fish Physiology (Vol. 8, pp. 279–352). New York: Academic Press.

A
cc

ep
te

d 
A

rt
ic

le

https://doi.org/10.1111/ele.12871
https://doi.org/10.1071/MF16122
https://doi.org/10.1098/rstb.2018.0550
https://doi.org/10.1111/ele.12502
https://doi.org/10.1111/j.0014-3820.2001.tb00835.x


This article is protected by copyright. All rights reserved

Bryan, J., Kelsch, S., & Neill, W. (1990). The maximum power principle in behavioral thermoregulation by 

fishes. Transactions of the American Fisheries Society, 119(4), 611-621. 

Bureau of Meteorology. (2016). Australian climate variability & change - Average maps. Retrieved from 

http://www.bom.gov.au/cgi-bin/climate/change/averagemaps.cgi?map=sst&season=0112

Bushnell, P. G., Steffensen, J. F., Schurmann, H., & Jones, D. R. (1994). Exercise metabolism in two species 

of cod in arctic waters. Polar Biology, 14(1), 43-48. 

Caraco, T., Blanckenhorn, W. U., Gregory, G. M., Newman, J. A., Recer, G. M., & Zwicker, S. M. (1990). 

Risk-sensitivity: ambient temperature affects foraging choice. Animal Behaviour, 39(2), 338-345. 

doi: https://doi.org/10.1016/S0003-3472(05)80879-6

Carrier, J. C., Pratt, H., & Castro, J. I. (2004). Biology of Sharks and Their Relatives. Boca Raton, FL: CRC 

Press.

Chabot, D., Steffensen, J. F., & Farrell, A. P. (2016). The determination of standard metabolic rate in fishes. 

Journal of Fish Biology, 88(1), 81-121. doi: http://doi.org/10.1111/jfb.12845

Claireaux, G., Couturier, C., & Groison, A. L. (2006). Effect of temperature on maximum swimming speed 

and cost of transport in juvenile European sea bass (Dicentrarchus labrax). Journal of 

Experimental Biology, 209(17), 3420-3428. 

Clark, T. D., Donaldson, M. R., Pieperhoff, S., Drenner, S. M., Lotto, A., Cooke, S. J., . . . Farrell, A. P. (2012). 

Physiological benefits of being small in a changing world: responses of coho salmon 

(Oncorhynchus kisutch) to an acute thermal challenge and a simulated capture event. PLoS ONE, 

7(6), e39079. doi: https://doi.org/10.1371/journal.pone.0039079

Clark, T. D., Sandblom, E., & Jutfelt, F. (2013). Aerobic scope measurements of fishes in an era of climate 

change: respirometry, relevance and recommendations. The Journal of Experimental Biology, 

216(15), 2771-2782. doi: http://doi.org/10.1242/jeb.084251

Cochrane, A., Yates, C. J., Hoyle, G. L., & Nicotra, A. B. (2015). Will among-population variation in seed 

traits improve the chance of species persistence under climate change? Global Ecology and 

Biogeography, 24(1), 12-24. doi: https://doi.org/10.1111/geb.12234

Collins, M., Knutti, R., Arblaster, J., Dufresne, J.-L., Fichefet, T., Friedlingstein, P., . . . Krinner, G. (2013). 

Long-term climate change: projections, commitments and irreversibility. In Stocker TF, Qin D, 

Plattner G-K, Tignor M, Allen SK, Boschung J, Nauels A, Xia Y, Bex V, & Midgley PM (Eds.), Climate 

Change 2013: The Physical Science Basis. Working Group I Contribution to the Fifth Assessment 

Report of the Intergovernmental Panel on Climate Change (pp. 1029-1136): Cambridge University 

Press.A
cc

ep
te

d 
A

rt
ic

le

http://www.bom.gov.au/cgi-bin/climate/change/averagemaps.cgi?map=sst&season=0112
https://doi.org/10.1016/S0003-3472(05)80879-6
http://doi.org/10.1111/jfb.12845
https://doi.org/10.1371/journal.pone.0039079
http://doi.org/10.1242/jeb.084251
https://doi.org/10.1111/geb.12234


This article is protected by copyright. All rights reserved

Day, J., Clark, J. A., Williamson, J. E., Brown, C., & Gillings, M. (2019). Population genetic analyses reveal 

female reproductive philopatry in the oviparous Port Jackson shark. Marine and Freshwater 

Research, 70, 986-994. doi: https://doi.org/10.1071/MF18255

Di Santo, V. (2015). Ocean acidification exacerbates the impacts of global warming on embryonic little 

skate, Leucoraja erinacea (Mitchill). Journal of Experimental Marine Biology & Ecology, 463(0), 72-

78. doi: http://dx.doi.org/10.1016/j.jembe.2014.11.006

Domenici, P., Allan, B. J. M., Lefrançois, C., & McCormick, M. I. (2019). The effect of climate change on the 

escape kinematics and performance of fishes: implications for future predator–prey interactions. 

Conservation Physiology, 7(1). doi: https://doi.org/10.1093/conphys/coz078

Donelson, J. M., Munday, P. L., McCormick, M. I., Pankhurst, N. W., & Pankhurst, P. M. (2010). Effects of 

elevated water temperature and food availability on the reproductive performance of a coral reef 

fish. Marine Ecology Progress Series, 401, 233-243. doi: https://doi.org/10.3354/meps08366

Ern, R., Norin, T., Gamperl, A., & Esbaugh, A. (2016). Oxygen dependence of upper thermal limits in fishes. 

Journal of Experimental Biology, 219, 3376-3383. doi: https://doi.org/10.1242/jeb.143495

Farrell, A. (2016). Pragmatic perspective on aerobic scope: peaking, plummeting, pejus and apportioning. 

Journal of Fish Biology, 88(1), 322-343. 

Foden, W. B., Young, B. E., Akçakaya, H. R., Garcia, R. A., Hoffmann, A. A., Stein, B. A., . . . Huntley, B. 

(2019). Climate change vulnerability assessment of species. WIREs Climate Change, 10(1), e551. 

doi: 10.1002/wcc.551

Gardiner, N. M., Munday, P. L., & Nilsson, G. E. (2010). Counter-gradient variation in respiratory 

performance of coral reef fishes at elevated temperatures. PLoS ONE, 5(10), e13299. doi: 

https://doi.org/10.1371/journal.pone.0013299

Gaylard, S. (2004). Ambient water quality monitoring of the Gulf St Vincent metropolitan coastal waters: 

Report No. 2: 1995-2002 (Eds.)]. 

Gervais, C. R., Nay, T. J., Renshaw, G., Johansen, J. L., Steffensen, J. F., & Rummer, J. L. (2018). Too hot to 

handle? Using movement to alleviate effects of elevated temperatures in a benthic elasmobranch, 

Hemiscyllium ocellatum. Marine Biology, 165(11), 162. doi: https://doi.org/10.1007/s00227-018-

3427-7

Grabowski, T. B., Young, S. P., Libungan, L. A., Steinarsson, A., & Marteinsdóttir, G. (2009). Evidence of 

phenotypic plasticity and local adaption in metabolic rates between components of the Icelandic 

cod (Gadus morhua L.) stock. Environmental Biology of Fishes, 86(3), 361-370. doi: 

https://doi.org/10.1007/s10641-009-9534-zA
cc

ep
te

d 
A

rt
ic

le

https://doi.org/10.1071/MF18255
http://dx.doi.org/10.1016/j.jembe.2014.11.006
https://doi.org/10.1093/conphys/coz078
https://doi.org/10.3354/meps08366
https://doi.org/10.1242/jeb.143495
https://doi.org/10.1371/journal.pone.0013299
https://doi.org/10.1007/s00227-018-3427-7
https://doi.org/10.1007/s00227-018-3427-7
https://doi.org/10.1007/s10641-009-9534-z


This article is protected by copyright. All rights reserved

Grubbs, R. D. (2010). Ontogenetic shifts in movements and habitat use. In J. C. Carrier, J. A. Musick, & M. 

R. Heithaus (Eds.), Sharks and their relatives II: biodiversity, adaptive physiology, and 

conservation., (pp. 319-350). Boca Raton, Florida CRC Press.

Hein, A. M., Hou, C., & Gillooly, J. F. (2012). Energetic and biomechanical constraints on animal migration 

distance. Ecology Letters, 15(2), 104-110. doi: https://doi.org/10.1111/j.1461-0248.2011.01714.x

Heinrich, D. D. U., Rummer, J. L., Morash, A. J., Watson, S.-A., Simpfendorfer, C. A., Heupel, M. R., & 

Munday, P. L. (2014). A product of its environment: the epaulette shark (Hemiscyllium ocellatum) 

exhibits physiological tolerance to elevated environmental CO2. Conservation Physiology, 2(1). 

doi: https://doi.org/10.1093/conphys/cou047

Heupel, M. R., Carlson, J. K., & Simpfendorfer, C. A. (2007). Shark nursery areas: concepts, definition, 

characterization and assumptions. Marine Ecology Progress Series, 337, 287-297. 

Heupel, M. R., Simpfendorfer, C. A., Collins, A. B., & Tyminski, J. P. (2006). Residency and movement 

patterns of bonnethead sharks, Sphyrna tiburo, in a large Florida estuary. Environmental Biology 

of Fishes, 76(1), 47-67. doi: https://doi.org/10.1007/s10641-006-9007-6

Heupel, M. R., Simpfendorfer, C. A., & Hueter, R. E. (2004). Estimation of shark home ranges using passive 

monitoring techniques. Environmental Biology of Fishes, 71(2), 135-142. doi: 

https://doi.org/10.1023/B:EBFI.0000045710.18997.f7

Hobday, A. J., & Pecl, G. T. (2014). Identification of global marine hotspots: sentinels for change and 

vanguards for adaptation action. Reviews in Fish Biology and Fisheries, 24(2), 415-425. doi: 

https://doi.org/10.1007/s11160-013-9326-6

Iftikar, F. I., & Hickey, A. J. R. (2013). Do mitochondria limit hot fish hearts? Understanding the role of 

mitochondrial function with heat stress in Notolabrus celidotus. PLoS ONE, 8(5), e64120. doi: 

10.1371/journal.pone.0064120

Iftikar, F. I., MacDonald, J. R., Baker, D. W., Renshaw, G. M. C., & Hickey, A. J. R. (2014). Could thermal 

sensitivity of mitochondria determine species distribution in a changing climate? The Journal of 

Experimental Biology, 217(13), 2348-2357. doi: 10.1242/jeb.098798

Izzo, C., & Rodda, K. R. (2012). Comparative rates of growth of the Port Jackson shark throughout its 

southern Australian range. Marine and Freshwater Research, 63(8), 687-694. doi: 

https://doi.org/10.1071/MF11272

Jensen, A., Alemu, T., Alemneh, T., Pertoldi, C., & Bahrndorff, S. (2019). Thermal acclimation and 

adaptation across populations in a broadly distributed soil arthropod. Functional Ecology, 33(5), 

833-845. doi: https://doi.org/10.1111/1365-2435.13291A
cc

ep
te

d 
A

rt
ic

le

https://doi.org/10.1111/j.1461-0248.2011.01714.x
https://doi.org/10.1093/conphys/cou047
https://doi.org/10.1007/s10641-006-9007-6
https://doi.org/10.1023/B:EBFI.0000045710.18997.f7
https://doi.org/10.1007/s11160-013-9326-6
https://doi.org/10.1071/MF11272
https://doi.org/10.1111/1365-2435.13291


This article is protected by copyright. All rights reserved

Johansen, J. L., & Jones, G. P. (2011). Increasing ocean temperature reduces the metabolic performance 

and swimming ability of coral reef damselfishes. Global Change Biology, 17(9), 2971-2979. doi: 

https://doi.org/10.1111/j.1365-2486.2011.02436.x

Johansen, J. L., Messmer, V., Coker, D. J., Hoey, A. S., & Pratchett, M. S. (2013). Increasing ocean 

temperatures reduce activity patterns of a large commercially important coral reef fish. Global 

Change Biology, 20, 1067-1074. doi: https://doi.org/10.1111/gcb.12452

Jutfelt, F., Norin, T., Ern, R., Overgaard, J., Wang, T., McKenzie, D. J., . . . Hickey, A. J. (2018). Oxygen-and 

capacity-limited thermal tolerance: blurring ecology and physiology. Journal of Experimental 

Biology, 221(1). 

Karlsson, B., & Van Dyck, H. (2005). Does habitat fragmentation affect temperature-related life-history 

traits? A laboratory test with a woodland butterfly. Proceedings of the Royal Society B: Biological 

Sciences, 272(1569), 1257-1263. doi: https://doi.org/10.1098/rspb.2005.3074

Konecki, J. T., Woody, C. A., & Quinn, T. P. (1995). Critical thermal maxima of coho salmon (Oncorhynchus 

kisutch) fry under field and laboratory acclimation regimes. Canadian Journal of Zoology, 73(5), 

993-996. doi: https://doi.org/10.1139/z95-117

Lear, K. O., Whitney, N. M., Morgan, D. L., Brewster, L. R., Whitty, J. M., Poulakis, G. R., . . . Gleiss, A. C. 

(2019). Thermal performance responses in free-ranging elasmobranchs depend on habitat use 

and body size. Oecologia, 191(4), 829-842. doi: https://doi.org/10.1007/s00442-019-04547-1

Lefevre, S. (2016). Are global warming and ocean acidification conspiring against marine ectotherms? A 

meta-analysis of the respiratory effects of elevated temperature, high CO2 and their interaction. 

Conservation Physiology, 4(1), cow009. 

Llewelyn, J., Macdonald, S. L., Moritz, C., Martins, F., Hatcher, A., & Phillips, B. L. (2018). Adjusting to 

climate: Acclimation, adaptation and developmental plasticity in physiological traits of a tropical 

rainforest lizard. Integrative Zoology, 13(4), 411-427. doi: https://doi.org/10.1111/1749-

4877.12309

Lombardi-Carlson, L. A., Cortes, E., Parsons, G. R., & Manire, C. A. (2003). Latitudinal variation in life-

history traits of bonnethead sharks, Sphyrna tiburo, (Carcharhiniformes : Sphyrnidae) from the 

eastern Gulf of Mexico. Marine and Freshwater Research, 54(7), 875-883. doi: 

https://doi.org/10.1071/MF03023

Marine, K. R., & Cech Jr, J. J. (2004). Effects of high water temperature on growth, smoltification, and 

predator avoidance in juvenile Sacramento River Chinook salmon. North American Journal of 

Fisheries Management, 24(1), 198-210. doi: https://doi.org/10.1577/m02-142A
cc

ep
te

d 
A

rt
ic

le

https://doi.org/10.1111/j.1365-2486.2011.02436.x
https://doi.org/10.1111/gcb.12452
https://doi.org/10.1098/rspb.2005.3074
https://doi.org/10.1139/z95-117
https://doi.org/10.1007/s00442-019-04547-1
https://doi.org/10.1111/1749-4877.12309
https://doi.org/10.1111/1749-4877.12309
https://doi.org/10.1071/MF03023
https://doi.org/10.1577/m02-142


This article is protected by copyright. All rights reserved

McLaughlin, R., & O'Gower, A. (1971). Life history and underwater studies of a heterodont shark. 

Ecological Monographs, 271-289. 

Mitchell, & Lampert. (2000). Temperature adaptation in a geographically widespread zooplankter, 

Daphnia magna. Journal of Evolutionary Biology, 13(3), 371-382. doi: 

https://doi.org/10.1046/j.1420-9101.2000.00193.x

Munday, P., Kingsford, M., O’Callaghan, M., & Donelson, J. (2008). Elevated temperature restricts growth 

potential of the coral reef fish Acanthochromis polyacanthus. Coral Reefs, 27(4), 927-931. doi: 

https://doi.org/10.1007/s00338-008-0393-4

Muñoz, N. J., Farrell, A. P., Heath, J. W., & Neff, B. D. (2015). Adaptive potential of a Pacific salmon 

challenged by climate change. Nature Climate Change, 5(2), 163-166. doi: 10.1038/nclimate2473

Nakagawa, S., Johnson, P. C. D., & Schielzeth, H. (2017). The coefficient of determination R2 and intra-class 

correlation coefficient from generalized linear mixed-effects models revisited and expanded. 

Journal of the Royal Society Interface, 14(134), 20170213. doi: doi:10.1098/rsif.2017.0213

Nay, T. J., Gervais, C. R., Hoey, A. S., Johansen, J. L., Steffensen, J. F., & Rummer, J. L. (2018). The 

emergence emergency: A mudskipper's response to temperatures. Journal of Thermal Biology, 78, 

65-72. doi: https://doi.org/10.1016/j.jtherbio.2018.09.005

Nemeth, D. (1997). Modulation of attack behavior and its effect on feeding performance in a trophic 

generalist fish. Journal of Experimental Biology, 200(15), 2155. 

Niimi, A. J., & Beamish, F. W. H. (1974). Bioenergetics and growth of largemouth bass (Micropterus 

salmoides) in relation to body weight and temperature. Canadian Journal of Zoology, 52(4), 447-

456. 

O'Gower, A., & Nash, A. (1978). Dispersion of the Port Jackson shark in Australian waters. In E. S. Hodgson 

& R. F. Mathewson (Eds.), Sensory biology of sharks, skates and rays (pp. 529–544). Washington, 

D.C.: Office of Naval Research.

Paladino, F. V., Spotila, J. R., Schubauer, J. P., & Kowalski, K. T. (1980). The critical thermal maximum a 

technique used to elucidate physiological stress and adaptation in fishes. Revue Canadienne de 

Biologie, 39(2), 115-122. 

Pankhurst, N. W., & Munday, P. L. (2011). Effects of climate change on fish reproduction and early life 

history stages. Marine and Freshwater Research, 62(9), 1015-1026. doi: 

http://dx.doi.org/10.1071/MF10269

Papastamatiou, Y., Iosilevskii, G., Leos Barajas, V., Brooks, E., Howey, L., Chapman, D., & Watanabe, Y. 

(2018). Optimal swimming strategies and behavioral plasticity of oceanic whitetip sharks. 

Scientific Reports, 8. doi: https://doi.org/10.1038/s41598-017-18608-zA
cc

ep
te

d 
A

rt
ic

le

https://doi.org/10.1046/j.1420-9101.2000.00193.x
https://doi.org/10.1007/s00338-008-0393-4
https://doi.org/10.1016/j.jtherbio.2018.09.005
http://dx.doi.org/10.1071/MF10269
https://doi.org/10.1038/s41598-017-18608-z


This article is protected by copyright. All rights reserved

Parsons, G. R. (1993). Geographic variation in reproduction between two populations of the bonnethead 

shark, Sphyrna tiburo. Environmental Biology of Fishes, 38(1-3), 25-35. doi: 

https://doi.org/10.1007/BF00842901

Payne, N. L., Meyer, C. G., Smith, J. A., Houghton, J. D. R., Barnett, A., Holmes, B. J., . . . Halsey, L. G. 

(2018). Combining abundance and performance data reveals how temperature regulates coastal 

occurrences and activity of a roaming apex predator. Global Change Biology, 24(5), 1884-1893. 

doi: doi:10.1111/gcb.14088

Payne, N. L., Smith, J. A., van der Meulen, D. E., Taylor, M. D., Watanabe, Y. Y., Takahashi, A., . . . Suthers, 

I. M. (2016). Temperature dependence of fish performance in the wild: links with species 

biogeography and physiological thermal tolerance. Functional Ecology, 30(6), 903-912. doi: 

10.1111/1365-2435.12618

Pichegru, L., Ryan, P. G., Crawford, R. J. M., van der Lingen, C. D., & Grémillet, D. (2010). Behavioural 

inertia places a top marine predator at risk from environmental change in the Benguela upwelling 

system. Marine Biology, 157(3), 537-544. doi: https://doi.org/10.1007/s00227-009-1339-2

Pinsky, M. L., Eikeset, A. M., McCauley, D. J., Payne, J. L., & Sunday, J. M. (2019). Greater vulnerability to 

warming of marine versus terrestrial ectotherms. Nature, 569(7754), 108-111. doi: 

10.1038/s41586-019-1132-4

Pörtner, H. O., & Farrell, A. P. (2008). Physiology and climate change. Science, 322(5902), 690-692. doi: 

https://doi.org/10.1126/science.1163156

Powter, D. M., & Gladstone, W. (2009). Habitat-mediated use of space by juvenile and mating adult Port 

Jackson Sharks, Heterodontus portusjacksoni, in Eastern Australia. Pacific Science, 63(1), 1-14. doi: 

https://doi.org/10.2984/1534-6188(2009)63[1:huosbj]2.0.co;2

Richardson, B. A., Chaney, L., Shaw, N. L., & Still, S. M. (2017). Will phenotypic plasticity affecting 

flowering phenology keep pace with climate change? Global Change Biology, 23(6), 2499-2508. 

doi: https://doi.org/10.1111/gcb.13532

Ridgway, K. R. (2007). Long-term trend and decadal variability of the southward penetration of the East 

Australian Current. Geophysical Research Letters, 34(13). doi: 

https://doi.org/doi:10.1029/2007GL030393

Roche, D. G., Binning, S. A., Bosiger, Y., Johansen, J. L., & Rummer, J. L. (2013). Finding the best estimates 

of metabolic rates in a coral reef fish. The Journal of Experimental Biology, 216(11), 2103-2110. 

doi: https://doi.org/10.1242/jeb.082925

A
cc

ep
te

d 
A

rt
ic

le

https://doi.org/10.1007/BF00842901
https://doi.org/10.1007/s00227-009-1339-2
https://doi.org/10.1126/science.1163156
https://doi.org/10.2984/1534-6188(2009)63%5b1:huosbj%5d2.0.co;2
https://doi.org/10.1111/gcb.13532
https://doi.org/doi:10.1029/2007GL030393
https://doi.org/10.1242/jeb.082925


This article is protected by copyright. All rights reserved

Rodda, K. R., & Seymour, R. S. (2008). Functional morphology of embryonic development in the Port 

Jackson shark Heterodontus portusjacksoni (Meyer). Journal of Fish Biology, 72(4), 961-984. doi: 

http://doi.org/10.1111/j.1095-8649.2007.01777.x

Rummer, J. L., Binning, S. A., Roche, D. G., & Johansen, J. L. (2016). Methods matter: considering 

locomotory mode and respirometry technique when estimating metabolic rates of fishes. 

Conservation Physiology, 4(1). doi: https://doi.org/10.1093/conphys/cow008

Rummer, J. L., Couturier, C. S., Stecyk, J. A. W., Gardiner, N. M., Kinch, J. P., Nilsson, G. E., & Munday, P. L. 

(2014). Life on the edge: thermal optima for aerobic scope of equatorial reef fishes are close to 

current day temperatures. Global Change Biology, 20(4), 1055–1066. doi: 

https://doi.org/10.1111/gcb.12455

Sandblom, E., Clark, T. D., Gräns, A., Ekström, A., Brijs, J., Sundström, L. F., . . . Jutfelt, F. (2016). 

Physiological constraints to climate warming in fish follow principles of plastic floors and concrete 

ceilings. Nature Communications, 7(1), 11447. doi: 10.1038/ncomms11447

Sastry, A. (1966). Temperature effects in reproduction of the bay scallop, Aequipecten irradians, Lamarck. 

The Biological Bulletin, 130(1), 118-134. doi: https://doi.org/10.2307/1539958

Schmidt-Nielsen, K. (1990). Animal Physiology: Adaptation and Environment. Cambridge: Cambridge 

Univesity Press.

Schulte, P. M. (2015). The effects of temperature on aerobic metabolism: towards a mechanistic 

understanding of the responses of ectotherms to a changing environment. Journal of 

Experimental Biology, 218(12), 1856-1866. 

Schurmann, H., & Steffensen, J. F. (1997). Effects of temperature, hypoxia and activity on the metabolism 

of juvenile Atlantic cod. Journal of Fish Biology, 50(6), 1166-1180. 

Shipley, L. A., Spalinger, D. E., Gross, J. E., Hobbs, N. T., & Wunder, B. A. (1996). The dynamics and scaling 

of foraging velocity and encounter rate in mammalian herbivores. Functional Ecology, 10(2), 234-

244. doi: https://doi.org/10.2307/2389848

Sims, D. W. (2000). Can threshold foraging responses of basking sharks be used to estimate their 

metabolic rate? Marine Ecology Progress Series, 200, 289-296. 

Speers-Roesch, B., Norin, T., & Driedzic, W. R. (2018). The benefit of being still: energy savings during 

winter dormancy in fish come from inactivity and the cold, not from metabolic rate depression. 

Proceedings of the Royal Society B: Biological Sciences, 285(1886). doi: 

https://doi.org/10.1098/rspb.2018.1593

Stevens, E. D., & Sutterlin, A. M. (1976). Heat transfer between fish and ambient water. The Journal of 

Experimental Biology, 65(1), 131-145. A
cc

ep
te

d 
A

rt
ic

le

http://doi.org/10.1111/j.1095-8649.2007.01777.x
https://doi.org/10.1093/conphys/cow008
https://doi.org/10.1111/gcb.12455
https://doi.org/10.2307/1539958
https://doi.org/10.2307/2389848
https://doi.org/10.1098/rspb.2018.1593


This article is protected by copyright. All rights reserved

Stillwell, R. (2010). Are latitudinal clines in size adaptive? Oikos, 119(9), 1387-1390. doi: 

https://doi.org/10.1111/j.1600-0706.2010.18670.x

Svendsen, M. B. S., Bushnell, P. G., & Steffensen, J. F. (2016). Design and setup of intermittent-flow 

respirometry system for aquatic organisms. Journal of Fish Biology, 88(1), 26-50. doi: 

https://doi.org/10.1111/jfb.12797

Tovar-Ávila, J., Walker, T. I., & Day, R. W. (2007). Reproduction of Heterodontus portusjacksoni in Victoria, 

Australia: evidence of two populations and reproductive parameters for the eastern population. 

Marine and Freshwater Research, 58(10), 956-965. doi: https://doi.org/10.1071/MF06230

Valladares, F., Matesanz, S., Guilhaumon, F., Araújo, M. B., Balaguer, L., Benito-Garzón, M., . . . Zavala, M. 

A. (2014). The effects of phenotypic plasticity and local adaptation on forecasts of species range 

shifts under climate change. Ecology Letters, 17(11), 1351-1364. doi: 

https://doi.org/10.1111/ele.12348

Van Donk, E., & De Wilde, P. A. W. J. (1981). Oxygen consumption and motile activity of the brown shrimp 

Crangon crangon related to temperature and body size. Netherlands Journal of Sea Research, 

15(1), 54-64. doi: https://doi.org/10.1016/0077-7579(81)90005-3

Van Doorslaer, W., & Stoks, R. (2005). Growth rate plasticity to temperature in two damselfly species 

differing in latitude: contributions of behaviour and physiology. Oikos, 111(3), 599-605. doi: 

https://doi.org/10.1111/j.1600-0706.2005.14335.x

Vila Pouca, C., Gervais, C., Reed, J., & Brown, C. (2018). Incubation under climate warming affects 

behavioural lateralisation in Port Jackson Sharks. Symmetry, 10(6), 184. 

Vila Pouca, C., Gervais, C., Reed, J., Michard, J., & Brown, C. (2019). Quantity discrimination in Port 

Jackson sharks incubated under elevated temperatures. Behavioral Ecology and Sociobiology, 

73(7), 93. doi: https://doi.org/10.1007/s00265-019-2706-8

Wheeler, C. R., Gervais, C. R., Johnson, M. S., Vance, S., Rosa, R., Mandelman, J. W., & Rummer, J. L. 

(2020). Anthropogenic stressors influence reproduction and development in elasmobranch fishes. 

Reviews in Fish Biology and Fisheries. doi: https://doi.org/10.1007/s11160-020-09604-0

Whitney, N. M., Lear, K. O., Gaskins, L. C., & Gleiss, A. C. (2016). The effects of temperature and swimming 

speed on the metabolic rate of the nurse shark (Ginglymostoma cirratum, Bonaterre). Journal of 

Experimental Marine Biology & Ecology, 477, 40-46. doi: 

https://doi.org/10.1016/j.jembe.2015.12.009

Yamahira, K., & Conover, D. O. (2002). Intra- vs. interspecific latitudinal variation in growth: Adaptation to 

temperature or seasonality? Ecology, 83(5), 1252-1262. doi: https://doi.org/10.1890/0012-

9658(2002)083[1252:Ivilvi]2.0.Co;2A
cc

ep
te

d 
A

rt
ic

le

https://doi.org/10.1111/j.1600-0706.2010.18670.x
https://doi.org/10.1111/jfb.12797
https://doi.org/10.1071/MF06230
https://doi.org/10.1111/ele.12348
https://doi.org/10.1016/0077-7579(81)90005-3
https://doi.org/10.1111/j.1600-0706.2005.14335.x
https://doi.org/10.1007/s00265-019-2706-8
https://doi.org/10.1007/s11160-020-09604-0
https://doi.org/10.1016/j.jembe.2015.12.009
https://doi.org/10.1890/0012-9658(2002)083%5b1252:Ivilvi%5d2.0.Co;2
https://doi.org/10.1890/0012-9658(2002)083%5b1252:Ivilvi%5d2.0.Co;2


This article is protected by copyright. All rights reserved

Table 1: Summary table (mean ± SE) for physiological and behavioural metrics measured. 

Adelaide Jervis Bay

17.6°C 20.6°C 17.6°C 20.6°C 23.6°C

(Ambient) (EOC/JB Cross) (AD Cross) (Ambient) (EOC)

Most Influential

Fixed factors

       

Respirometry  (N=14) (N=16) (N=15) (N=16) (N=11)

 ṀO2Rest (mg O2 kg-0.86 h-1) 66.92 ± 2.80 147.89 ± 9.34 97.12 ± 6.19 132.89 ± 8.99 147.07 ± 11.63
Temperature, Location, 

Temp * Location, Sex

 ṀO2Max (mg O2 kg-0.86 h-1) 377.14 ± 25.01 408.93 ± 23.54 346.06 ± 17.17 425.21 ± 16.92 563.21 ± 22.41 Temperature

 Aerobic Scope (mg O2 kg-0.86 h-1) 310.22 ± 24.44 261.04 ± 23.64 235.56 ± 21.45 292.31 ± 17.40 416.14 ± 22.80
Temperature, Location, 

Temp * Location

       

Critical thermal limit (N=14) (N=16) (N=15) (N=16) (N=11)

Tactivity (°C) 21.10 ± 0.89 23.96 ± 0.61 23.72 ± 1.04 24.69 ± 0.50 24.86 ± 0.17 Temperature, Location,

 CTMax (°C) 31.57 ± 0.12 32.68 ± 0.11 31.45 ± 0.21 33.39 ± 0.11 34.91 ± 0.09 Temperature

       

Activity (n=8) (n=8) (n=8) (n=8) (n=4)

Max velocity (BL s-1) 0.65 ± 0.07 0.80 ± 0.006 0.48 ± 0.05 0.85 ± 0.04 0.51 ± 0.11 Temperature

Max distance (BL 10min-1) 376.03 ± 4.09  410.73 ± 58.58 280.40 ± 33.69 489.61 ± 25.11 227.04 ± 57.44 Temp * Location

 TMaxActivity (°C) 26 ± 0.65 30 ± 0.65 25.5 ± 0.50 28.25 ± 0.84 31 ± 0.00 Temperature
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Figure 1: Boxplots depict a) the maximum (translucent plots) and resting (solid plots) oxygen uptake rate 

(mg O2 kg-0.86 h-1) and b) the aerobic scope of juvenile Port Jackson sharks from Adelaide (left of the 

dashed line) and Jervis Bay (right of the dashed line). Sharks were reared under Adelaide ambient 

temperatures (17.6°C (blue plots): Adelaide, n= 14; Jervis Bay, n=15), Jervis Bay ambient temperatures 

(20.6°C (green plots): Adelaide, n= 15; Jervis Bay, n=16) or under predicted end of century temperatures 

(+3°C above ambient) (Adelaide, 20.6°C (green plot), n= 15; Jervis Bay, 23.6°C (yellow plot), n= 11). The 

boxes represent first and third quartiles around the median (solid line), and the whiskers (errors) 

represent the minimum and maximum values outside of outliers.

Figure 2: Boxplots depict the upper critical thermal limits (translucent, top plots) and temperature at 

which sharks began to swim (solid, bottom plots) of juvenile Port Jackson sharks from Adelaide (left of the 

dashed line) and Jervis Bay (right of the dashed line). Sharks were reared under Adelaide ambient 

temperatures (17.6°C (blue plots): Adelaide, n= 14; Jervis Bay, n=16), Jervis Bay ambient temperatures 

(20.6°C (green plots): Adelaide, n= 16; Jervis Bay, n=16) or under predicted end of century temperatures 

(+3°C above ambient) (Adelaide, 20.6°C (green plot), n= 16; Jervis Bay, 23.6°C (yellow plot), n= 11). The 

boxes represent first and third quartiles around the median (solid line), and the whiskers (errors) 

represent the minimum and maximum values outside of outliers.

Figure 3: Boxplots depict the maximum velocity (BL s-1) (left y-axis, solid box) and maximum distance (BL 

10 min-1) (right y-axis, striped box) of juvenile Port Jackson sharks from Adelaide (left of the dashed line) 

and Jervis Bay (right of the dashed line). Sharks were reared under Adelaide ambient temperatures 

(17.6°C (blue plots): Adelaide, n= 8; Jervis Bay, n=8), Jervis Bay ambient temperatures (20.6°C (green 

plots): Adelaide, n= 8; Jervis Bay, n=8) or under predicted end of century temperatures (+3°C above 

ambient) (Adelaide, 20.6°C (green plot), n= 8; Jervis Bay, 23.6°C (yellow plot), n= 4). The boxes represent 

first and third quartiles around the median (solid line), and the whiskers (errors) represent the minimum 

and maximum values outside of outliers.
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