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Abstract

Global warming is expected to reduce body sizes of ectothermic animals. Although the underlying mechanisms of
size reductions remain poorly understood, effects appear stronger at latitudinal extremes (poles and tropics) and in
aquatic rather than terrestrial systems. To shed light on this phenomenon, we examined the size dependence of criti-
cal thermal maxima (CTmax) and aerobic metabolism in a commercially important tropical reef fish, the leopard coral
grouper (Plectropomus leopardus) following acclimation to current-day (28.5 °C) vs. projected end-of-century (33 °C)
summer temperatures for the northern Great Barrier Reef (GBR). CTmax declined from 38.3 to 37.5 °C with increas-
ing body mass in adult fish (0.45-2.82 kg), indicating that larger individuals are more thermally sensitive than smaller
conspecifics. This may be explained by a restricted capacity for large fish to increase mass-specific maximum meta-
bolic rate (MMR) at 33 °C compared with 28.5 °C. Indeed, temperature influenced the relationship between metabo-
lism and body mass (0.02-2.38 kg), whereby the scaling exponent for MMR increased from 0.74 £ 0.02 at 28.5 °C to
0.79 + 0.01 at 33 °C, and the corresponding exponents for standard metabolic rate (SMR) were 0.75 £+ 0.04 and
0.80 £ 0.03. The increase in metabolic scaling exponents at higher temperatures suggests that energy budgets may be
disproportionately impacted in larger fish and contribute to reduced maximum adult size. Such climate-induced
reductions in body size would have important ramifications for fisheries productivity, but are also likely to have
knock-on effects for trophodynamics and functioning of ecosystems.
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between species (e.g. Farrell, 2009) and within species.

Introduction - . . .
Within-species differences in thermal tolerance can

Sustained and ongoing increases in atmospheric and
ocean temperatures due to anthropogenic climate
warming (IPCC, 2013) are having significant biological
impacts on individuals, species and ecosystems (e.g.
Walther et al., 2002; Parmesan & Yohe, 2003; Perry
et al., 2005; Hofmann & Todgham, 2010). Temperature
plays a vital role in the ecology of organisms as it influ-
ences rates of biochemical and physiological processes.
This is especially pertinent for ectotherms because their
body temperature is primarily governed by environ-
mental temperature rather than through physiological
thermoregulation (Dawson, 1975; Brett & Groves, 1979).
Sensitivity to the thermal environment varies both
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result from adaptation to specific local thermal regimes
(e.g. Eliason et al., 2011), but tolerance can also vary
among individuals with size and ontogeny (e.g. Coul-
son et al., 2001; Peck et al., 2013).

The best-documented effects of changing thermal
regimes on species and ecosystems have been shifts in
species’ distributions to higher altitudes and latitudes
(Walther et al., 2002; Parmesan & Yohe, 2003; Root
et al.,, 2003; Feary et al., 2014). Also, phenological
changes are increasingly apparent (Stenseth ef al., 2002;
Walther et al., 2002; Visser & Both, 2005; Taylor, 2008),
sometimes with dramatic consequences for predator—
prey interactions (Durant et al., 2007; Yang & Rudolf,
2010). More recently, a reduction in the body size of
species has been proposed as a third universal response
to global warming (Daufresne et al., 2009; Gardner
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et al., 2011; Ohlberger, 2013), with likely consequences
for population dynamics, ecosystem function and pro-
ductivity (Millien et al., 2006; Arendt, 2007; Cheung
et al., 2013; Vindenes et al., 2014).

The observation that warmer environments are asso-
ciated with smaller body size was first described for
endotherms across latitudes (‘Bergmann’s rule’, Berg-
mann, 1847). This latitudinal cline in maximum body
size also applies to a range of ectotherms (Ray, 1960;
Angilletta & Dunham, 2003; Kingsolver & Huey, 2008;
Daufresne et al., 2009). Overall, reductions in maximum
body size of ectotherms in response to climate warming
appear to be strongest in tropical and polar environ-
ments, as these species have often evolved in more
stable thermal conditions (Tewksbury et al., 2008; Som-
ero, 2010; Ohlberger, 2013). Moreover, increasing evi-
dence suggests that thermal effects on body size are
stronger in aquatic systems (Forster et al., 2012; Verberk
& Atkinson, 2013; Horne et al., 2015) and in larger spe-
cies (Daufresne et al., 2009; Forster et al., 2012), which is
of particular relevance to fisheries productivity due to
the correlation between body size and fecundity (Blue-
weiss et al., 1978). Some models predict sustained decli-
nes in the maximum size of marine fishes from 2000 to
2050 as ocean temperatures warm (Cheung et al., 2013),
yet the underlying mechanisms responsible for the
observed ‘temperature-size rule’ (Atkinson, 1994)
remain poorly understood (Angilletta et al., 2004; Gard-
ner et al., 2011; Clark et al., 2012; Ohlberger, 2013).

For ectothermic organisms, particularly aquatic
ectotherms, the supply of oxygen to fuel metabolic
demands has been proposed as an important driver of
the temperature—size rule (Atkinson et al., 2006; Forster
et al., 2012), where oxygen supply may limit maximum
attainable body size (Czarnoleski et al., 2015). In nearly
all ectotherms, standard (aerobic) metabolic rate (SMR)
is positively related to temperature (Gillooly et al.,
2001), such that any increase in temperature causes an
increase in basal energy and oxygen requirements. As a
result, growth rate and size at age may be negatively
impacted at higher temperatures unless organisms can
compensate through greater food intake or a realloca-
tion of energy resources (e.g. maintaining growth at the
expense of reproductive output) (Sheridan & Bickford,
2011).

Metabolic rate often scales allometrically with body
size (Clarke & Johnston, 1999; Darveau ef al., 2002),
with smaller-bodied individuals and species having
higher energy demands per unit of body mass. Accord-
ingly, juveniles typically have higher mass-specific
metabolic rates than adults, which may be associated
with their higher growth rates and often elevated activ-
ity levels (Hou et al., 2008). The relationship between
body size and metabolic rate in ectotherms may be
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complicated by the fact that temperature can influence
the scaling exponent (slope) within a species (Killen
et al., 2010; Glazier et al., 2011; Ohlberger et al., 2012).
Furthermore, thermal sensitivity can change through-
out ontogeny. Very early life-history stages (gametes
and developing larvae) and larger reproductively
mature individuals are thought to be most vulnerable
to temperature change, whereas juveniles and young
adults appear to be more resilient to thermal extremes
(Peck et al., 2009, 2013; Righton et al., 2010; Clark et al.,
2013a). This has been linked to the oxygen limitation
paradigm, where a higher aerobic scope [the difference
between SMR and maximum metabolic rate (MMR)] in
juveniles is thought to augment thermal tolerance in
comparison with earlier life stages or older, more
sedentary animals (Peck ef al., 2004, 2013). While these
ideas remain the topic of much debate (Clark et al.,
2013b,c), it is clear that understanding size-dependent
responses of species to increasing temperatures is criti-
cal in identifying the most vulnerable life stages and
the likely consequences of climate warming.

Here, we investigate size-based variation in the ther-
mal sensitivity of a large-bodied reef fish, the leopard
coral grouper (Plectropomus leopardus), which is among
the most ecologically and economically important species
on coral reefs in the Indo-Pacific. We hypothesize that
acclimation to +3 °C above current summer maxima will
have a stronger metabolic impact on large rather than
small individuals, such that small individuals will have a
higher critical thermal maximum (CTmax). As body size
is often correlated with reproductive output, where smal-
ler individuals produce fewer or smaller offspring
(Green, 2008), a warming-induced population-level trend
towards smaller adult body size is likely to affect ecosys-
tem function and have important implications for main-
taining sustainable fisheries.

Materials and methods

Animal collection and acclimation conditions

A total of 31 adult and 16 juvenile P. leopardus were collected
during March—April 2012 on reefs within 15 km of Lizard
Island (14°41’S, 145°27'E) in the northern Great Barrier Reef
(GBR), Australia. Adult fish ranging in size from 360 to
570 mm (total length) and 0.475 to 2.375 kg were caught using
hand lines. Juvenile fish, 130-210 mm and 0.021-0.105 kg,
were collected on SCUBA using barrier nets and an anaes-
thetic spray of diluted clove oil. To keep track of each individ-
ual, adult fish were tagged dorsally with a T-bar anchor tag
(Hallprint, Hindmarsh Valley, SA, Australia), while juvenile
fish were subcutaneously injected in the mid-dorsal and mid-
ventral region with a unique combination of coloured visible
implant elastomer tags (Northwest Marine Technology Inc,
Shaw Island, WA, USA).
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Adult fish were allocated to four plastic tanks (two 1000-L
and two 2000-L tanks), and juveniles were divided into four
60-L plastic tanks (stocking densities were kept consistent).
All holding tanks were aerated and received continuous
flow-through water at an average temperature of 28.5 °C
(average daily range 27.3-29.3 °C across the study). Fish
were given 3-5 days to settle into captivity before respirom-
etry experiments were conducted at 28.5 °C on all adult fish
and half of the juvenile fish. Data from these initial
respirometry experiments are considered herein to be from
28.5 °C short-term acclimated’ fish. Following approxi-
mately 14 days in captivity, the temperature in one of the
2000-L tanks containing 12 adult fish and two of the 60-L
tanks containing a total of eight juvenile fish was increased
at a rate of 0.5°C day ' until 33 °C was reached. The
remaining 19 adults and eight juveniles were maintained at
28.5 °C. The high temperature was chosen to represent an
end-of-century summer forecast for the northern GBR under
a high emission scenario (IPCC, 2013). The thermal condi-
tions were maintained for an additional 4-5 weeks, with
respirometry trials conducted at two different points during
this time. A total of 12 adult fish and eight juveniles were
measured within 3-5 days of reaching 33 °C (data consid-
ered herein to be from ‘33 °C short-term acclimated’ ani-
mals), and the adults were measured again at 4-5 weeks of
reaching 33 °C (termed ‘33 °C long-term acclimated’) along-
side nine adults and eight juveniles from the 28.5 °C group
(termed ‘28.5 °C long-term acclimated’). For conservation
and logistical reasons, we were not able to hold juvenile fish
in captivity at 33 °C for longer than 1 week. Fish were fed
sardines (Sardinops sagax) every second day to satiation, but
fasted for 48 h before respirometry trials to remove the influ-
ence of digestive processes on the measurements. All proto-
cols were conducted in accordance with the James Cook
University Animal Ethics Committee (A1723).

Respirometry

Respirometry was conducted in static flow-through respirom-
eters using best practices in aquatic respirometry (see Clark
et al., 2013b). Respirometers were custom-built from cylindri-
cal PVC pipes to suit the size of the fish, and each respirom-
eter contained a transparent window (15 x 8 cm) to ensure
light could enter. Large respirometers were 23.5 cm in diame-
ter and 68 cm long with a total volume of 30 L. Small
respirometers for juvenile fish had a diameter of 11 cm, were
26 cm long and had a volume of 2.5 L. All respirometers were
equipped with a closed-circuit recirculation loop with an
inline pump, which ensured that the respirometer water
remained well mixed. A contactless oxygen sensor (Firesting
O,; PyroScience, Aachen, Germany) was positioned in the
recirculation loop of each respirometer to record oxygen con-
centration continuously at 0.5 Hz. An automated flush pump
on each respirometer replaced the respirometer water with
aerated seawater for 3-7 min every 10-15 min (depending on
temperature and fish size), and oxygen consumption rate
(MO,) was calculated from the rate of decline in oxygen con-
centration of the water inside the respirometers between flush
cycles.

To commence respirometry trials, randomly selected fish
were individually hand-netted from their holding tanks and
placed into a 500-L circular ‘exercise tank’ at the treatment
temperature (28.5 or 33 °C) where they were subsequently
coaxed to burst swim by an experimenter for 3 min. This is
considered to be the most appropriate exercise protocol for
inducing maximal metabolic rates (MMR) in fish species that
do not naturally swim for prolonged periods (e.g. Reidy et al.,
1995; Kieffer, 2000; Clark et al., 2013b; Roche et al., 2013). After
the 3-min exercise protocol, each fish was hand-netted and
exposed to air for 1 min, during which time the body mass
and length were measured. The fish was then placed into a
respirometer at the treatment temperature, which was sealed
within 15 s to commence MO, measurements. Fish remained
in respirometers for 20-24 h to monitor postexercise metabolic
recovery and measure resting levels of MO, (i.e. SMR). All
respirometers were routinely wiped down and cleaned to
ensure that background respiration remained negligible
throughout the study.

Critical thermal maximum

A further 16 adult P. leopardus spanning most of the adult size
range (350-600 mm; 0.45-2.82 kg) were collected around
Lizard Island in November 2012 to test the effects of body
mass on the critical thermal maximum (CTmax). While
CTmax tests are not typically representative of ecologically
relevant heating rates (except, perhaps, in habitats such as
tidal pools), they represent a widely used and rapid screening
technique to provide an assessment of relative thermal toler-
ance across species and individuals (Becker & Genoway, 1979;
Beitinger et al., 2000; Recsetar et al., 2012). Moreover, CTmax
has been shown to correlate well with the thermal distribu-
tions of many species (Sunday et al., 2012). Fish were held and
fasted in 2000-L flow-through tanks for at least 48 h after cap-
ture before being moved to a 400-L tank fitted with a 4.4-kW
heating system and vigorous aeration. Fish were allowed to
settle in the new tank for 15 min before testing began. The
tank was initially kept at ambient local reef temperature with
constant water flow, which was subject to daily temperature
fluctuations between 26.5 °C (morning) and 29 °C (afternoon).
Trials for half of the fish (n = 8) commenced in the morning,
while the other half commenced in the early afternoon. Start-
ing temperature was included as a variable in the statistical
analyses. After the settling period, temperature was raised by
0.1 °Cmin' (=6 °Ch}, see Beitinger et al., 2000; Mora &
Maya, 2006) and the temperature at which fish lost equilib-
rium for 30 s (i.e. CTmax) was recorded. Individual fish were
removed from the tank as they reached their CTmax and
placed immediately into a 400-L recovery tank at ambient tem-
perature until they regained equilibrium (always within
5 min), after which they were returned to their holding tanks.
Dissolved oxygen in the experimental tank was always main-
tained above 70% air saturation.

Data analysis and statistics

LABCHART software (ADInstruments Pty Ltd, Sydney, Aus-
tralia) was used to analyse raw oxygen concentration data
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Table 1 Log-linear relationships between body mass and absolute standard metabolic rate (SMR), maximum metabolic rate
(MMR), aerobic scope (AS) and factorial aerobic scope (FAS) for juvenile and adult P. leopardus at 28.5 °C (ambient temperature)

and 33 °C following 3-5 days of exposure (Fig. 1)

Metabolic variable (1) a (SE) b (SE) R? df F P

SMR (28.5 °C) 0.167 + 0.048 0.747 + 0.035 0.926 1,37 460.1 <0.001
SMR (33 °C) 0.650 + 0.049 0.799 + 0.025 0.982 1,18 992.8 <0.001
MMR (28.5 °C) 1.488 + 0.022 0.740 £ 0.016 0.984 1,37 2211 <0.001
MMR (33 °C) 1.634 + 0.027 0.789 + 0.014 0.995 1,18 3256 <0.001
AS (28.5 °C) 1.163 + 0.027 0.738 + 0.020 0.975 1,37 1412 <0.001
AS (33 °C) 1.155 + 0.040 0.782 £ 0.021 0.861 1,18 111.2 <0.001
FAS (28.5 °C) 1.321 £+ 0.043 —0.007 + 0.030 0.001 1,37 0.051 0.823
FAS (33 °C) 0.984 + 0.043 —0.010 + 0.022 0.010 1,18 0.191 0.668

Equations are solved as y = exp(a) x mass”. ANCcovas were used to test for common slopes and elevations between temperatures
within a metabolic variable. For SMR, slopes were not significantly different (F;ss = 1.182, P = 0.282), but elevations were
(F1,56 = 37.31, P < 0.001). Slopes were significantly different for MMR (F; 55 = 4.788, P = 0.033), and therefore, elevations were not
examined. Slopes and elevations were not significantly different for AS (F;s5 = 2.267, P = 0.138; F; 55 = 1.198, P = 0.278, respec-

tively). Slopes were not significantly different for FAS (F; 55 = 0.004, P = 0.948), but elevations were (F; 5 = 29.73, P < 0.001).

from the Firesting O, system during the respirometry trials.
Calculations of MO, of each individual were based on linear
regressions between oxygen concentration and time for each
measurement period between flush cycles, taking into
account respirometer volume (minus fish mass to adjust for
water displacement). Maximum metabolic rate (MMR) was
determined from the steepest slope occurring in any 3-min
period over the entire trial, which typically occurred during
the first sealed cycle after the fish were placed into the
respirometers postexercise. Standard metabolic rate (SMR)
was calculated as the average of the lowest 10% of MO, mea-
surements (from a minimum of 100 measurements) after
excluding outliers (outliers considered as +2 SDs from the
mean).

Previously established temperature coefficients (Qso) for
P. leopardus were applied to SMR and MMR data (Q;o = 2.0
for SMR and Q;p = 1.0 for MMR; Pratchett et al., 2013) to
account for natural fluctuations in water temperature around
the target values of 28.5 °C (27.3-29.3 °C) and 33 °C (32.0—
33.2 °C). Temperature-standardized data for SMR and MMR
are used herein. Aerobic scope (AS) was calculated as MMR-
SMR, and factorial aerobic scope (FAS) was calculated as
MMR/SMR.

The effects of body mass on each of the metabolic variables
and CTmax were investigated using linear regression models
in the R statistical software package (version 3.1.2). We fol-
lowed guidelines outlined by Xiao ef al. (2011) to determine
whether the error distribution of the data better fitted nonlin-
ear regressions or linear regressions of log-transformed data.
Likelihood analyses revealed that linear regressions of log-
transformed data were the most appropriate method, and they
were subsequently used for all analyses. Linear mixed-effects
models (LME; with fish ID as a random factor to account for
repeated measures of some individuals) were used to test for
differences in the mass—metabolism relationships between the
short-term and long-term acclimated groups. aNcovas and
repeated-measures ANCOVAs were used where appropriate to
test for common slopes and elevations for the different
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metabolic parameters between 28.5 and 33 °C. Significance
was considered at P < 0.05. Residuals of all models met
assumptions of normality.

Results

Captivity and thermal acclimation

Standard metabolic rate (SMR) and maximum meta-
bolic rate (MMR) scaled allometrically with body mass
that spanned two orders of magnitude (0.02-2.56 kg),
at both temperatures and in both short-term (3-5 days)
and long-term (4-5 weeks) acclimated animals
(Table 1). At 28.5 °C, there was no effect of time (i.e. 3—
5 day vs. 4-5 week measurements) on the slope or
intercept of the relationship between body mass and
each of SMR, MMR or AS (LME: n = 52; factor ‘log
(mass)*time’, P > 0.091 in all cases; factor ‘time’,
P >0.098 in all cases), indicating no effect of captivity
on fish metabolism. These patterns were the same
within the 33 °C trials (only data for adults available at
4-5 weeks), except that the intercept for SMR was
higher in fish measured at 3-5 days compared with
those measured at 4-5 weeks (LME: n =31; factor
‘time’, Fg19 = 14.321, P = 0.005). This finding is consis-
tent with thermal compensation of SMR due to acclima-
tion. Subsequent analyses focus on the data from 3 to
5 days to ensure a broad range in body mass (i.e. inclu-
sion of juveniles and adults), bearing in mind that
longer thermal acclimation reduces the intercept but
not the slope of the SMR-mass relationship at 33 °C,
but does not influence any of the other metabolic
parameters. Nonetheless, data from the trials at 4-
5 weeks are still presented in figures for comparative
purposes.
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Fig. 1 Top to bottom: effects of body mass (kg) on absolute standard metabolic rate (SMR), absolute maximum metabolic rate (MMR),
absolute aerobic scope (AS) and factorial aerobic scope (FAS) in P. leopardus at 28.5 °C [after 3-5 days (blue filled circles) and 4-5 weeks
(blue open circles) of exposure] and 33 °C [after 3-5 days (red filled squares) and 4-5 weeks (red open squares) of exposure]. Left (a—d)
panels show the relationships on linear scales; right (e-h) panels show the relationships on log scales. Each dashed line represents the
modelled scaling relationship (power function based on linear regression model of log-transformed data) between body mass and each
of the metabolic parameters (blue lines for 28.5 °C and red lines for 33 °C). Only data from the experiments performed at 3-5 days are
used in regressions (see text). The shaded areas represent 95% confidence intervals. Regression information is provided in Table 1.

Thermal effects on metabolic scaling

Model estimates based on data from 3 to 5 days
revealed that SMR increased approximately 36-fold
across a mass range of 0.021-2.555 kg at 28.5 °C, and
approximately 46-fold across the same mass range at
33 °C (Fig. 1). Correspondingly, MMR increased
approximately 35-fold across the mass range at 28.5 °C,
and approximately 44-fold across the mass range at
33 °C (Fig. 1). Absolute aerobic scope also scaled
strongly with body mass at both temperatures (Fig. 1,
Table 1), increasing by about 35-fold and 43-fold across
the mass range at 28.5 and 33 °C, respectively (Fig. 1).

The mass scaling exponent (slope) was similar for
SMR and MMR within each temperature, indicating
that factorial aerobic scope was not dependent on body
mass (Fig. 1, Table 1). The differences in scaling expo-
nents between temperatures for SMR and MMR were
similar, but the difference for SMR (0.75 £+ 0.04 and
0.80 £ 0.03, respectively) did not reach statistical signif-
icance due to greater variation in SMR than MMR. The
intercept for SMR was significantly higher at 33 °C than
at 285°C (Fig. 1, Table 1), indicating that SMR
increased with temperature across the mass range. The
scaling exponent of the MMR-mass relationship
increased significantly from 0.74 £ 0.02 at 28.5 °C to
0.79 £ 0.01 at 33 °C (Fig. 1, Table 1). Thus, MMR chan-
ged to a greater extent with body size at the higher tem-
perature. Elevation of the MMR-mass relationship
could not be compared between temperatures, as the
mass scaling exponents were significantly different.
However, the 95% confidence intervals for MMR at
33 °C were higher than, and did not overlap with, those
at 28.5 °C (Fig. 1). Absolute aerobic scope (AS) did not
change with temperature, as no differences in slope or
elevation of the AS-mass relationships were observed
between 28.5 and 33 °C (Fig. 1, Table 1). Factorial aero-
bic scope decreased by 30% from 3.87 + 0.15 at 28.5 °C
to 2.70 £ 0.09 at 33 °C (Fig. 1, Table 1).

Critical thermal maxima and links with metabolism

Critical thermal maxima (CTmax) of adult P. leopardus
correlated negatively with body mass (Fig. 2, Table 2).
Model estimates indicated that CTmax ranged from
38.3 °C in the smallest individuals (0.45 kg) to 37.5 °C

© 2016 John Wiley & Sons Ltd, Global Change Biology, 23, 2230-2240

in the largest individuals (2.82 kg). Notably, the first
signs of thermal stress (e.g. more erratic swimming/
escape behaviour) were observed at several degrees
below the CTmax. Short-term fluctuations in starting
(ambient) temperature between morning and afternoon
trials had no effect on CTmax (Table 3), possibly
because all fish were acclimated to the same average
daily temperatures.

To investigate whether the decline in CTmax with
body mass was linked with metabolism, we calculated
mass-specific metabolic parameters for animals with
similar body mass to those used for the CTmax trials
(Fig. 2). No significant relationships between body
mass and mass-specific SMR, MMR or aerobic scope
were observed at 28.5 °C, nor for SMR at 33 °C (Fig. 2,
Table 2). However, MMR and AS declined to a greater
extent with body mass at 33 °C compared with 28.5 °C
(Fig. 2, Table 2), indicating that the influence of body
mass was disproportionately greater at the higher tem-
perature.

Discussion

Climate change is expected to have significant impacts
on fisheries production in the world’s oceans, owing
largely to projected shifts in the distribution of marine
species (Cheung et al., 2010; Bell ef al., 2013) and the
degradation of benthic habitats (Pratchett et al., 2014;
Rogers et al., 2014). However, increasing temperatures
may also lead to declines in maximum size of species
(Daufresne et al., 2009; Gardner et al., 2011; Forster
et al., 2012; Ohlberger, 2013), which will further impact
on fisheries productivity. Given that warming-induced
reductions in body size appear to be more prevalent in
aquatic than terrestrial species, at latitudinal extremes
(poles and tropics), and most pronounced in larger-
bodied species (Daufresne et al., 2009; Forster et al.,
2012; Horne et al., 2015), tropical fishes and fisheries are
likely to be particularly vulnerable. While the tempera-
ture—size phenomenon in fishes has been widely docu-
mented, very few studies have empirically investigated
the underlying mechanisms (but see Clark et al., 2012).
Our results show that larger individuals of the preda-
tory and commercially important reef fish, Plectropomus
leopardus, are more sensitive to acute temperature
increases than smaller-bodied conspecifics, as CTmax
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Fig. 2 Effects of body mass (kg) on mass-specific (a) standard
metabolic rate (SMR), (b) maximum metabolic rate (MMR) and
(c) aerobic scope for P. leopardus at 28.5 °C [after 3-5 days (blue
filled circles) and 4-5 weeks (blue open circles) of exposure] and
33 °C [after 3-5 days (red filled squares) and 4-5 weeks (red open
squares) of exposure]. The scaling relationships are based on linear
regression models of log-transformed data and are represented by
the fitted lines. Only data from the experiments performed at 3-5
days are used in regressions (see text). (d) Effects of body mass
(kg) on the critical thermal maximum (CTmax). The linear regres-
sion model of log-transformed data incorporated the starting tem-
perature, but this did not have a significant effect (Table 3). The
shaded areas represent 95% confidence intervals in all graphs.
Regression information is provided in Table 2.

decreased from 38.3 to 37.5 °C as body mass increased
from 0.45 to 2.82 kg.

Aerobic metabolic processes have been proposed as
possible drivers for thermal tolerance in aquatic
ectotherms because of the temperature dependence
of oxygen supply capacity, which above a given tem-
perature is no longer able to meet increasing demand
(Gillooly et al., 2001; Portner & Knust, 2007; Ern et al.,
2015; Verberk et al., 2016). Based on these ideas, the
size-dependent thermal tolerance of P. leopardus could
be due to the limited capacity for large-bodied individ-
uals to increase mass-specific maximum metabolic rate
(MMR) in warm conditions (Fig. 2). That is, the size-
dependent thermal tolerance in P. leopardus may be
linked with changes in metabolic scaling relationships
across temperature, as scaling exponents increased
from 0.75 £ 0.04 to 0.80 £ 0.03 for SMR (nonsignifi-
cant) and from 0.74 £ 0.02 to 0.79 £ 0.01 for MMR (sig-
nificant) as temperature increased from 28.5 to 33 °C. A
reduction in mass-specific MMR with body size at
33 °C is consistent with slower swimming speeds and
longer resting times found in large P. leopardus at ele-
vated temperature (Johansen et al., 2014).

It is important to recognize that the qualitatively sim-
ilar relationships between body mass and each of mass-
specific MMR and CTmax could be correlative rather
than causal. Indeed, thermal tolerance across body
mass may not be linked with oxygen supply and meta-
bolic capacity at all and instead may be a consequence
of factors such as ionic imbalance, mitochondrial dys-
function and/or neuronal failure (Iftikar & Hickey,
2013; Vornanen et al., 2014; Devor et al., 2016). While
the metabolic scaling exponents for P. leopardus are con-
sistent with those reported for other fishes (White et al.,
2006; Clark et al., 2012; Norin & Clark, 2016), conflicting
reports in the literature regarding the thermal depen-
dence of metabolic scaling exponents highlight the
need for further work on this topic (Glazier, 2005; Kil-
len et al., 2010; Ohlberger et al., 2012; Verberk & Atkin-
son, 2013; Carey & Sigwart, 2014). In any event, our
findings for CTmax suggest that we might see a reduc-
tion in body size in P. leopardus with predicted global
warming, particularly in warmer (lower latitude)
regions of its distribution.

Previous studies on the relationship between body
size and CTmax have shown mixed results (e.g. Ospina
& Mora, 2004; Recsetar et al., 2012), but generally
involved smaller-bodied fishes than the size range in
P. leopardus examined here. These contrasting results
based on acute thermal challenges may be explained by
the suggestion that thermal effects on body size are
stronger in larger-bodied species (Daufresne et al.,
2009; Forster et al., 2012; Peck et al., 2013). While
CTmax is not typically representative of actual

© 2016 John Wiley & Sons Ltd, Global Change Biology, 23, 2230-2240
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Table 2 Log-linear relationships between body mass and mass-specific standard metabolic rate (SMR), maximum metabolic rate
(MMR) and aerobic scope (AS) for adult P. leopardus at 28.5 °C (ambient temperature) and 33 °C following 3-5 days of exposure.
Log-linear relationship between body mass and CTmax for fish acclimated to ambient temperature is also presented (Fig. 2)

Variable (y) a (SE) b (SE) rR? df F P

SMR (28.5 °C) 0.122 + 0.053 —0.041 + 0.125 0.004 1,29 0.107 0.747
SMR (33 °C) 0.627 + 0.050 —~0.113 + 0.115 0.088 1,10 0.960 0.350
MMR (28.5 °C) 1.461 + 0.024 ~0.115 + 0.057 0.125 1,29 4.138 0.051
MMR (33 °C) 1.632 + 0.032 —0.260 + 0.072 0.565 1,10 13.00 0.005
AS (285 °C) 1.141 + 0.031 —0.133 + 0.073 0.102 1,29 3.276 0.081
AS (33 °C) 1.164 + 0.047 —0.351 + 0.107 0.518 1,10 10.74 0.008
CTmax 3.636 + 0.001 —0.012 + 0.003 0.604 1,14 20.84 <0.001

Equations are solved as i = exp(a) x mass’. ANcovas were used to test for common slopes and elevations between temperatures
within a metabolic variable. For SMR, slopes were not significantly different (Fyss = 1.152, P = 0.288), but elevations were
(F1,56 = 37.24, P < 0.001). Slopes were significantly different for MMR (Fy 55 = 4.730, P = 0.034). Slopes and elevations were not sig-
nificantly different for AS (F; 55 = 2.257, P = 0.139; F; 56 = 1.205, P = 0.277, respectively).

Table 3 Results of log-linear regression models for the rela-
tionship between body mass and critical thermal maximum
(CTmax) including starting temperature and the best model
based on model selection (Fig. 2d)

Estimate SE t-value P-value
Full model (R* = 0.604, adj. R* = 0.543, F, 15 = 9.912,
P =0.002, AIC = —165.45)
Intercept 3.677 0.0946 38.853  <0.001
Body mass —0.0118  0.0027 —4.452  <0.001
Start temperature  —0.0124  0.0285 —0.434 0.671

Best model (R* = 0.598, adj. R* = 0.570, F; 1, = 20.84,
P = <0.001, AIC = —154.63)
Intercept 3.636 0.0013  2811.176  <0.001
Body mass —0.0117  0.0026  —4.565 <0.001

temperatures that can be tolerated during long-term
thermal exposures, it represents a standard acute
screening technique that has been shown to provide a
relative index of thermal tolerance at lower heating
rates (Paladino et al., 1980; Beitinger & Mccauley, 1990;
Mora & Maya, 2006; Chown et al., 2009). Therefore, the
qualitative relationship between body mass and CTmax
for P. leopardus is likely to persist at lower heating rates
and reflect the relative thermal tolerance of individuals
experiencing transient temperature spikes in the natu-
ral environment (Sunday et al., 2012). It must be noted,
however, that heating rates are influential in CTmax
tests and should be taken into account when comparing
across studies (Rezende et al., 2014). Many tropical ani-
mals, including coral reef fishes, appear to already live
close to their thermal limit, such that the forecasted
increases in the frequency and severity of heatwaves
are likely to increasingly compromise animal fitness
(Hoegh-Guldberg et al., 2007, Munday et al., 2008;
Tewksbury et al., 2008; Dillon et al., 2010; Pearce &
Feng, 2013; Wernberg et al., 2013).

© 2016 John Wiley & Sons Ltd, Global Change Biology, 23, 2230-2240

Standard metabolic rate (SMR) of P. leopardus dis-
played thermal compensation, whereby individuals at
33 °C exhibited a significantly reduced SMR following
4-5 weeks of acclimation compared with the same
individuals after only 3-5 days of acclimation. Despite
this, the thermal compensation was incomplete, such
that long-term acclimated animals at 33 °C main-
tained higher SMR than animals acclimated to
28.5 °C. This finding is consistent with established lit-
erature on the thermal effects on SMR in ectotherms
(Bullock, 1955). As a result, greater food intake and/
or lower activity levels would be required at the
higher temperature to maintain the same energy bal-
ance as at the cooler temperature (e.g. energy for
maintenance and somatic/reproductive investment).
Although P. leopardus has been reported to increase
the frequency of food intake at higher temperatures
when fed ad libitum in experimental tanks (Johansen
et al., 2015), presumably to offset increased metabolic
demands, prey availability can be inconsistent in the
natural environment and a greater investment of
energy may be required to support higher foraging
rates. However, activity levels and swimming speeds
of P. leopardus were reported to decrease at higher
temperatures in experimental tanks (Johansen et al.,
2014), such that increased metabolic demands may be
jeopardized by a decrease in foraging activity. If so,
with climate warming, we expect that growth rate
and maximum body size will be compromised in
favour of other critical and energetically demanding
processes, such as reproduction (e.g. Sheridan & Bick-
ford, 2011). Given that fecundity is positively corre-
lated with body size in fish, thermally mediated
changes in maximal body size represent a meaningful
change in a key life-history parameter that will likely
influence demography.
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Absolute aerobic scope was size-dependent but
maintained across the temperature range in the present
study. However, a maintenance of absolute aerobic
scope at 33 °C, a temperature 3 °C above current sum-
mer maxima, should not be perceived as complete ther-
mal tolerance to these elevated temperatures; thermal
limits for other vital processes and overall fitness may
differ substantially from the thermal limits for aerobic
scope (Clark et al., 2013b,c; Jutfelt et al., 2014; Norin
et al., 2014). Despite the maintenance of absolute aero-
bic scope across temperatures, there was a decrease of
approximately 30% in factorial aerobic scope at 33 °C
compared with 28.5 °C. While there is little consensus
in the literature whether aerobic or factorial aerobic
scope has greater relevance to the energetics and fitness
of fishes in the natural environment (Clark et al.,
2013b), the decrease in factorial aerobic scope due to
increasing SMR with temperature in P. leopardus indi-
cates that a larger proportion of energy must be
allocated to the maintenance of basic body functions,
and the proportional capacity to accommodate
simultaneous  energy-demanding processes (e.g.
swimming, digestion) may be compromised at higher
temperatures.

The effects of climate change on large predatory and
commercially important coral reef fishes are attracting
considerable research attention, given the proposed vul-
nerability of tropical fishes and fisheries to ocean warm-
ing. Our results indicate that large adults may be less
resistant to increases in temperature than smaller individ-
uals, which could result in population-level decreases in
body size, especially at lower latitudes where populations
may be already approaching their thermal limits. Accord-
ingly, based on modelled growth, P. leopardus at the
southern (cooler) end of the Great Barrier Reef (GBR)
reach a maximum length that is 21% larger than those at
the northern end of the GBR (Brown et al., 1994). If cli-
mate warming further exacerbates this temperature-size
effect and holds true for other large species, the ramifica-
tions for fisheries and population dynamics (e.g. repro-
ductive output) will be significant (Baudron et al., 2014).
P. leopardus is one of the larger predators on coral reefs
and plays an important role in structuring fish communi-
ties and maintaining ecosystem health (Ritchie & Johnson,
2009; Schmitz et al., 2010; Estes et al., 2011; Ripple et al.,
2014). Reductions in body size of this large predator will
affect the size of prey that can be ingested with potential
effects on size distributions of smaller reef fishes, possible
trophic cascades and therefore consequences for ecosys-
tem function. Reductions in body size could also have
detrimental implications for this important fishery, as lar-
ger female P. leopardus are disproportionately important
to the reproductive output of the breeding population
(Carter et al., 2015). The extent to which our findings may

be applied to other regions or systems should be
addressed in future studies using similar approaches as
used here, but also including additional fitness-related
performance metrics at different levels of biological orga-
nization (e.g. growth rate, fecundity, swimming capacity,
ionic status, neural function).
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