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Abstract: There are a wide variety of fishes that occur exclusively on coral reefs, though it is unclear
to what extent these species (especially larger-bodied fisheries target species) are reliant on the
specific reef habitat provided by corals. This study explored variation in the physiological condition
of common coral trout (Plecropomus leopardus) on Australia’s Great Barrier Reef, explicitly testing
whether fish condition varied with local coral cover in the aftermath of severe mass bleaching and
coral loss. Both the physiological condition (specifically, the length–weight relationships, hepatocyte
vacuolation, and electrical phase angle) of P. leopardus and the live cover of habitat-forming corals
varied greatly among the sites considered in this study, but there was little correspondence between
these factors. Fish condition was largely influenced by fish size and varied with latitude. While
there was no apparent effect of recent coral bleaching and coral loss on the physiological condition
of P. leopardus, this does not mean that these key fisheries species will be unaffected by further
changes to the environmental conditions and reef habitat. It is important, therefore, that fisheries
managers remain vigilant to apparent effects of climate change and other anthropogenic pressures on
fisheries stocks.

Keywords: coral trout (Plectropomus); coral reefs; disturbance; Great Barrier Reef; habitat degradation;
physiological condition

Key Contribution: Mass coral bleaching on Australia’s Great Barrier Reef in 2016–2017 and the
corresponding degradation of coral reef habitats was expected to adversely affect piscivorous fishes.
Contrary to expectations, this study showed no apparent effect of local coral cover on the physiological
condition of common coral trout (Plectropomus leopardus).

1. Introduction

Recent and ongoing environmental change is likely to have direct physiological ef-
fects on a wide range of fishes, thereby affecting the individual demographics, population
dynamics, and/or geographical ranges of fisheries target species [1,2], with potentially
major consequences for fisheries production and sustainability. On coral reefs, however,

Fishes 2023, 8, 497. https://doi.org/10.3390/fishes8100497 https://www.mdpi.com/journal/fishes

https://doi.org/10.3390/fishes8100497
https://doi.org/10.3390/fishes8100497
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/fishes
https://www.mdpi.com
https://orcid.org/0000-0002-1862-8459
https://orcid.org/0000-0003-1865-6713
https://orcid.org/0000-0002-5696-7574
https://orcid.org/0000-0002-8666-5112
https://orcid.org/0000-0002-7343-6986
https://orcid.org/0000-0002-4261-5594
https://doi.org/10.3390/fishes8100497
https://www.mdpi.com/journal/fishes
https://www.mdpi.com/article/10.3390/fishes8100497?type=check_update&version=1


Fishes 2023, 8, 497 2 of 12

habitat degradation appears to be the foremost impact of climate change on fish popula-
tions and fisheries production [2–6], especially given the increasing extent and severity of
climatic disturbances [7]. Critically, severe marine heatwaves are causing extensive mass
bleaching and mortality of habitat-forming corals [7], compounding other anthropogenic
pressures and leading to marked shifts in the biological and physical structure of coral
reef habitats [8,9]. Aside from climate change, the most critical anthropogenic pressures
impacting coral reef ecosystems relate to declining water quality, associated with increased
sedimentation, eutrophication, and other pollutants from land-based run off, which un-
dermine the resilience of reef corals [10]. The degradation of coral reef habitats and, in
particular, extensive coral loss and corresponding declines in the topographic complexity
of reef habitats has been linked to significant declines in the abundance of reef fishes across
a broad range of functional groups [11]. There has also been a corresponding decline in
catches of reef-associated fishes [9], though the mechanisms underlying declines in reef
fishes and fisheries productivity with sustained habitat degradation remain unclear.

Coral trout (Plectropomus spp.) are a conspicuous group of reef-associated fishes and
among the most important tropical fisheries species throughout the Indo-West Pacific
region [12,13]. Plectropomus spp. are at risk of over-exploitation, owing to escalating
fishing pressure [12], which may be further compounded by escalating environmental
change and habitat degradation [14,15]. In experimental studies, common coral trout (or
leopard coral grouper (Plectropomus leopardus)) have been shown to be sensitive to elevated
temperature [16–19], which may exacerbate the effects of fishing [2,20]. In the wild, coral
trout may moderate feeding and activity patterns when exposed to seasonal temperature
extremes [21], which may affect catchability, if not individual condition and long-term
population viability [22]. Changes in environmental conditions may also be compounded
by habitat degradation.

While some studies have shown that the abundance of coral trout is affected by
reductions in coral cover and habitat degradation [23–25], the extent to which coral trout
are reliant on live coral or coral-rich habitats is unclear [2]. Given their dietary flexibility [26],
adult P. leopardus may be resilient to moderate changes in habitat condition and associated
declines in the availability of reef-associated prey. However, shifts in diet composition may
nonetheless lead to declines in individual condition, with longer-term consequences for
population replenishment, if not survivorship [25]. For longer-lived fishes, such as coral
trout, the effects of coral loss or habitat degradation may not become apparent for several
years [27]. Extensive coral loss and habitat degradation on Australia’s Great Barrier Reef
(GBR) due to unprecedented coral bleaching in 2016–2017 [7] provides an unparalleled
opportunity to explore the effects of coral cover and habitat condition on wild stocks of
coral trout.

The purpose of this study was to explore spatial variation in the physiological condi-
tion of common coral trout (Plectropomus leopardus) across a broad range of locations on the
GBR, explicitly testing whether fish condition varies in response to local coral cover. Any
differences detected in physiological condition may forewarn of longer-term impacts due
to coral loss and reef degradation on individual survival and population viability of coral
trout and clarify the extent to which these are or are not reliant on coral-rich habitats [3].
Variation in the physiological condition of P. leopardus was measured using a combination
of routine and contemporary methods, including length–weight relationships, hepatocyte
vacuolation (HV), and electrical phase angle (PA), thereby, providing an opportunity to
assess the covariance in these condition metrics for P. leopardus.

2. Materials and Methods

To assess the spatiotemporal variation in the condition of common coral trout (P. leopardus),
replicate fish were collected across a broad range of sites and reefs (Figure 1) in February–
March 2020 and 2021. Sampling was mostly undertaken at reefs in the northern part of the
GBR, where effects of the 2016 and 2017 mass bleaching were most pronounced [7,28] and
we had prior knowledge of the bleaching severity and corresponding coral loss. The fish
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were predominantly collected using pneumatic spearguns (on SCUBA) to avoid by-catch,
though these samples were supplemented with line caught fish in some locations. The fish
that were speared were mostly caught on the reef slope (4–10 m depths) while attempting
to capture all coral trout that were observed while moving in a consistent direction along
the reef edge. All fish were euthanised immediately post-capture, using pithing for larger
individuals and cervical dislocation for smaller fishes. It was both necessary and unavoid-
able to sacrifice fish to derive critical information on their physiological condition, and
only a very small sample (a maximum of 12 fish per site) were taken from each location.
The option of simply analysing the fish caught by the commercial fisheries sector was
considered, but it was not possible or viable to segregate fish and thereby keep track of fish
caught in specific sites, whereas a critical component of this study involved relating the
condition of individual fish to the specific habitat condition in which they were caught.
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recorded during surveys. The font colours of reef names correspond to the Great Barrier Reef Marine 
Park Authority (GBRMPA) zoning categories: blue (Habitat Protection Zone), green (Marine 
National Park Zone), and orange (Scientific Research Zone). Sites where phase angle data from 
bioelectrical impedance analysis were collected (n = 8 reefs) are marked with an asterisk (*). 

In addition to HV (described above), the physiological conditions of P. leopardus were 
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impedance analysis (BIA) and, more specifically, phase angle, following Champion et al. 
[33]. Phase angle (°) is a measure of resistance and reactance determined using electrical 

Figure 1. Map of the Great Barrier Reef, showing the location of reefs (n = 21) surveyed from
2019–2021 to test for variation in the physiological condition of common coral trout (Plectropomus
leopardus). Each reef is colour-coded according to the average cover of hard coral (order Scleractinia)
recorded during surveys. The font colours of reef names correspond to the Great Barrier Reef Marine
Park Authority (GBRMPA) zoning categories: blue (Habitat Protection Zone), green (Marine National
Park Zone), and orange (Scientific Research Zone). Sites where phase angle data from bioelectrical
impedance analysis were collected (n = 8 reefs) are marked with an asterisk (*).
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Individual sampling sites (and the scale at which we compared the physiological
condition of fishes to the local coral cover) were approximately 50,000 m2 (500 × 100 m)
and separated by >1 km from other sites sampled on the same reef. Based on documented
home ranges of P. leopardus [29], it is unlikely that fish would travel between sites. Moreover,
these fish largely utilise small reef areas (0.048–0.067 km2), such that our measurements of
habitat condition should generally reflect the habitats that these fish utilise. Coral cover
was surveyed along three replicate 50 m point intercept transects at each of two distinct
depths (2–4 m and 6–8 m) within each site.

For each individual fish retained during this study, we recorded fork length (FL,
in mm), standard length (SL, in mm) and overall body mass (Wt, in g). Otoliths were
also extracted from individual fish, and age (years) was estimated by using transverse
sections of sagittal otoliths, following Taylor et al. [30]. The liver was removed in its
entirety, snap-frozen, and stored at −20 ◦C for assessing hepatocyte vacuolation (HV: the
percent of intracellular vacuoles in cross sections of the liver), following Pratchett et al. [31].
Hepatocyte vacuolation is increasingly used as an indicator of physiological condition in a
range of different fishes and has been shown to be very sensitive to changes in the quality
(if not quantity) of food intake [32]. Hepatocyte vacuolation is also easily measured, albeit
requiring lethal sampling of the fishes.

The livers removed from individual coral trout were partially thawed, weighed, and
then sectioned (where necessary) prior to histological preparation. Liver samples from
each fish were placed in individual histology cassettes and fixed in 10% calcium-buffered
formalin (FAACC) for a minimum of one week. After fixing, liver samples were dehydrated
in a graded ethanol series and embedded in paraffin wax before being sectioned (5 µm
thick) and mounted on glass slides. Mounted sections were then stained using Mayer’s
hematoxylin and eosin to emphasise hepatocyte vacuoles. Stained sections were viewed
using a HD Lite capture camera (Scientific Instrument and Optical Sales, Kelvin Grove, QLD,
Australia) attached to a high-power microscope (×40 magnification), and the proportion
of vacuoles were quantified using an 8 × 8 grid projected onto the image displayed on
a HD lite retina display using IsCapture software (Informer Technologies, Inc., Roseau,
Dominica). The number of points (out of 64) that intersected hepatocyte vacuoles were
counted and scaled to provide a percentage. Three estimates of hepatocyte vacuolation
were recorded for each section (in haphazardly selected, non-overlapping areas of the liver
that that were fully enclosed by the recording grid) by each of two different observers,
giving a total of six estimates for each fish. Replicate sections were also prepared for a
sub-sample (n = 6) of fish, which were independently scored to test for consistency.

In addition to HV (described above), the physiological conditions of P. leopardus were
measured for a sub-sample of individuals (collected in 2021) using bioelectrical impedance
analysis (BIA) and, more specifically, phase angle, following Champion et al. [33]. Phase
angle (◦) is a measure of resistance and reactance determined using electrical conduc-
tivity methods which scales with body condition and has been linked to variation in
the nutritional status of individual fishes [34]. All BIA measurements were taken us-
ing the Seafood Analytics Certified Quality Reader (CQ Foods, Inc., Juneau, AK, USA;
https://www.certifiedqualityfoods.com). Measurements were taken using large stainless
probes along the dorsal musculature within 90 min of capture. All fishes were placed in a
commercial chiller box filled with >30 L of seawater and set to 4.0 ◦C for a minimum of
30 min to standardise measurements of BIA, which can vary with temperature [33].

A scatterplot matrix was initially constructed in R version 4.0.2 (R Core Team 2021)
using the ggpairs function in the GGally package (Schloerke et al. 2022) to check for possible
collinearity among the predictor variables: ‘Latitude’, ‘Coral Cover’, ‘Standard Length’,
and ‘Age’. There was evidence for collinearity between ‘Standard Length’ and ‘Age’, such
that ‘Age’ was removed from the model. Predictor variables were also centred using the
scale function in R to avoid further issues associated with multicollinearity. Proportional
HV data were arcsine–square-root-transformed to improve normality. Variation in HV
and PA were modelled as a function of ‘Coral Cover’, ‘Latitude’, and ‘Standard Length’

https://www.certifiedqualityfoods.com
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using linear models. Given that the primary intention of the study was to test for variation
in the physiological condition of coral trout with respect to the current condition of reef
habitats, all models included ‘Coral Cover’, but alternative models were compared to
assess whether variation in physiological condition was further explained by the location
of reefs (‘Latitude’) and the ‘Standard Length’ or ‘Age’ of individual fish. Alternative
models were compared using the Akaike information criterion (AIC), while individual
p-values were used to infer which factors were most informative in the final models. To
explore the utility of the condition metrics presented herein, we compared the values
obtained for individual fish with Fulton’s condition factor (Fulton’s K). Fulton’s K was
calculated using the following formula: (105 × Weight)/(Standard Length3). Pearson’s
correlation coefficient was used to assess the correlation between the different measures of
physiological condition: HV, PA, and Fulton’s K.

3. Results

Hepatocyte vacuolation (HV) of P. leopardus varied among individual fish mostly in
accordance with their size. The average HV recorded across all P. leopardus (n = 407) was
3.98% (±0.17 SE) and ranged from 0.0% to 23.89%. The average HV was generally higher
but also more variable among larger fishes; for fish that were <200 mm (SL), the average HV
was 2.43% (0.53–7.36%), compared to 3.79% (0.00–23.89%) for fish that were 200–400 mm
(SL) and 4.50% (0.00–18.24%) for fish that were >400 mm (SL). Hepatocyte vacuolation also
varied spatially (among reefs) but did not relate to local coral cover. Notably, the average
HV of P. leopardus was lowest on reefs in the northern GBR and tended to increase with
increasing latitude, though the average HV was also low at reefs in the southern GBR where
coral cover had been depleted due to localized population irruptions of Pacific crown-of-
thorns starfish (Acanthaster cf. solaris). While there were insufficient data to test whether
HV varied among the fishes sampled from areas that were open versus closed to fishing, it
was not apparent that HV was any higher for fishes sampled from reefs closed to fishing
(Figure 2B). Overall, the best model to account for variation in HV among P. leopardus only
included the size of fish (standard length), though this model was not substantially better
(AIC difference < 2) than models that included size, latitude, and coral cover (Table 1).
Notably, spatial variation in HV (among sites and reefs) did not correspond to local coral
cover (Figure 2B).

Physiological condition was also measured using phase angel (PA) from BIA for
a subset of P. leopardus (n = 233) sampled in 2020–2021. The average PA was 29.64◦

(±0.22 SE) and ranged from 13.20–37.60◦. The best model to explain individual variation
in PA included the size of fish (specifically, standard length) and the latitude of sampling
locations (Table 1). As for HV, PA increased with increasing size (standard length) of fish
(Figure 3), but spatial variation in PA (among sites and reefs) did not correspond to local
coral cover (Figure 4).

While PA measures different aspects of individual condition (overall impedance
between fat and fat-free tissues [33]) relative to HV (liver lipid stores), there was a positive
but very weak relationship between these two independent measures of physiological
condition (Figure 5). Notably, there was considerable variation in PA among fish with
low HV. Phase angle of P. leopardus was, however, positively correlated with Fulton’s K (a
morphometric measure of overall body condition), though there was considerable variation
around the fitted relationship (Figure 5).
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Figure 2. Spatial variation in physiological condition measured using: (A) bioelectrical impedance
analysis, phase angle (n = 224), and (B) hepatocyte vacuolation (n = 404) for common coral trout
(Plectropomus leopardus) relative to the location (reefs arranged in increasing latitude (◦ S)) of the
reef where the fish were caught. Colours of boxplots correspond to GBRMPA zoning (see Figure 1).
Box-and-whisker plots show the minimum and maximum non-outlier values (whiskers) and the
first quartiles, the medians, and the third quartiles (boxes), while dark blue diamond’s show means.
(* Proportional HV is arcsine–square-root-transformed.).

Table 1. Summary of linear model results for phase angle from bioelectrical impedance analysis,
and hepatocyte vacuolation, predicted as a function of ‘Latitude’ (reef), Coral Cover, ‘Size’ (standard
length (SL)), and their interactions. Significant effects (p < 0.05) are shown in bold.

Source Estimate SE t p-Value

Phase angle
Latitude 7.68 × 10−1 1.24 × 10−1 6.183 <0.001

Coral Cover −1.23 × 10−2 1.49 × 10−2 −0.824 0.411
Size 2.19 × 10−2 2.73 × 10−3 8.030 <0.001

Latitude × Coral Cover 3.67 × 10−2 9.16 × 10−3 4.001 <0.001
Latitude × Size −5.15 × 10−3 1.93 × 10−3 −2.667 0.008

Coral Cover × Size −3.26 × 10−5 2.20 × 10−4 −0.148 0.883
Latitude × Coral Cover × Size 1.13 × 10−6 1.34 × 10−4 0.008 0.993

Hepatocyte vacuolation
Latitude 3.03 × 10−3 1.82 × 10−3 1.667 0.096

Coral Cover 2.58 × 10−4 3.24 × 10−4 0.797 0.426
Size 1.50 × 10−4 6.28 × 10−5 2.387 0.018

Latitude × Coral Cover 2.64 × 10−4 1.18 × 10−4 2.234 0.026
Latitude × Size −2.31 × 10−5 2.49 × 10−5 −0.926 0.355

Coral Cover × Size 7.28 × 10−8 4.40 × 10−6 0.017 0.987
Latitude × Coral Cover × Size −1.94 × 10−7 1.66 × 10−6 −0.117 0.907



Fishes 2023, 8, 497 7 of 12

Fishes 2023, 8, x FOR PEER REVIEW 7 of 12 
 

 

for HV, PA increased with increasing size (standard length) of fish (Figure 3), but spatial 
variation in PA (among sites and reefs) did not correspond to local coral cover (Figure 4). 

While PA measures different aspects of individual condition (overall impedance 
between fat and fat-free tissues [33]) relative to HV (liver lipid stores), there was a positive 
but very weak relationship between these two independent measures of physiological 
condition (Figure 5). Notably, there was considerable variation in PA among fish with low 
HV. Phase angle of P. leopardus was, however, positively correlated with Fulton’s K (a 
morphometric measure of overall body condition), though there was considerable 
variation around the fitted relationship (Figure 5). 

 
Figure 3. Variation in (A) bioelectrical impedance analysis, phase angle, and (B) hepatocyte 
vacuolation as a function of the size (standard length) of Plectropomus leopardus. Size had a significant 
effect on PA and HV. (* Proportional HV is arcsine–square-root-transformed). Lines of best fit (black) 
and confidence intervals (yellow) are shown for linear models. 

 
Figure 4. Relationship between coral cover and measures of physiological condition for common 
coral trout (Plectropomus leopardus): (A) bioelectrical impedance analysis, phase angle, and (B) 

Figure 3. Variation in (A) bioelectrical impedance analysis, phase angle, and (B) hepatocyte vacuola-
tion as a function of the size (standard length) of Plectropomus leopardus. Size had a significant effect
on PA and HV. (* Proportional HV is arcsine–square-root-transformed). Lines of best fit (black) and
confidence intervals (yellow) are shown for linear models.

Fishes 2023, 8, x FOR PEER REVIEW 7 of 12 
 

 

for HV, PA increased with increasing size (standard length) of fish (Figure 3), but spatial 
variation in PA (among sites and reefs) did not correspond to local coral cover (Figure 4). 

While PA measures different aspects of individual condition (overall impedance 
between fat and fat-free tissues [33]) relative to HV (liver lipid stores), there was a positive 
but very weak relationship between these two independent measures of physiological 
condition (Figure 5). Notably, there was considerable variation in PA among fish with low 
HV. Phase angle of P. leopardus was, however, positively correlated with Fulton’s K (a 
morphometric measure of overall body condition), though there was considerable 
variation around the fitted relationship (Figure 5). 

 
Figure 3. Variation in (A) bioelectrical impedance analysis, phase angle, and (B) hepatocyte 
vacuolation as a function of the size (standard length) of Plectropomus leopardus. Size had a significant 
effect on PA and HV. (* Proportional HV is arcsine–square-root-transformed). Lines of best fit (black) 
and confidence intervals (yellow) are shown for linear models. 

 
Figure 4. Relationship between coral cover and measures of physiological condition for common 
coral trout (Plectropomus leopardus): (A) bioelectrical impedance analysis, phase angle, and (B) 

Figure 4. Relationship between coral cover and measures of physiological condition for common coral
trout (Plectropomus leopardus): (A) bioelectrical impedance analysis, phase angle, and (B) hepatocyte
vacuolation. (* Proportional HV is arcsine–square-root-transformed.) Lines of best fit (black) and
confidence intervals (yellow) are shown for linear models.
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Figure 5. Relationship between different measures of physiological condition in common coral trout
(Plectropomus leopardus): (A) bioelectrical impedance analysis, phase angle; (B) hepatocyte vacuolation;
and (C) Fulton’s condition factor (K). (* Proportional HV is arcsine–square-root-transformed.) Lines
of best fit (black) and confidence intervals (yellow) are shown for linear models.

4. Discussion

Mass bleaching of corals has occurred at fairly regular intervals on the GBR since
1980 [34], but the extent and severity of mass bleaching that occurred in 2016 and 2017
were unprecedented [7,28]. Extensive coral loss and marked shifts in coral composition
were, however, largely restricted to the northern GBR [7]. Accordingly, coral cover ranged
from 3.00–48.33% across the sites surveyed in 2020–2021 and was generally lower on reefs
in the northern GBR. Spatial variation in coral cover was at least partly attributable to
the 2016–2017 mass bleaching, though there are many other factors that are causing coral
mortality and contributing to coral loss across the GBR [10,35]. Reefs in the southern
GBR (Swains), for example, had very low coral cover (Figure 1), which was attributable to
localised infestations of crown-of-thorns starfish [36].

In this study, the physiological condition of P. leopardus and especially HV, which is
expected to vary in response to changes in prey quality and quantity [30], varied with the
size of fish and, among reefs, mostly with respect to latitude. Variation in the physiological
condition of P. leopardus was also apparent based on PA, which may provide a useful
method for measuring the overall condition of coral trout without having to sacrifice
fishes [33]. However, neither the HV nor PA of P. leopardus varied consistently in relation to
the local coral cover at sites where individual fish were captured. These data suggest that
adult P. leopardus may be resilient to changes in coral cover, at least over periods of 2–5 years
following acute coral loss caused by climate-induced coral bleaching. It is also possible
that the extent of sampling was insufficient or that the levels of coral loss that occurred on
the reefs sampled were too low to effectively reveal sub-lethal effects of changing habitat
conditions on P. leopardus.

Extensive coral loss and low levels of coral cover (<10%) undoubtedly affect the pro-
ductivity and function of coral reef ecosystems [37–39], but differentially affect reef fishes,
depending on the type and breadth of their resource use [3]. While adult coral trout often
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feed on small reef fishes (Pomacentridae) that typically decline in abundance [40] or change
in composition [41] following extensive coral loss and reef degradation, P. leopardus is a
highly versatile piscivore [26], capable of feeding on a wide diversity of prey, includ-
ing pelagic species (Clupeidae and Engraulididae). Data from this study suggest that P.
leopardus have relatively consistent food intake and physiological condition regardless
of variation in coral cover and habitat condition among reefs, which might be explained
by their versatility in prey use. Dietary shifts in response to reef degradation have been
documented previously for the barcheek coral trout (Plectropomus maculatus), coinciding
with localised bleaching and extensive coral loss [23]. For P. maculatus, these dietary shifts
were also not sufficient to ameliorate effects of habitat degradation, and their local abun-
dance declined in accordance with coral loss [23,25]. It is unknown whether P. leopardus
has greater dietary flexibility than P. maculatus, but there still might be inherent constraints
in their ability to cope with more devastating effects of environmental change and habitat
degradation. Notably, P. leopardus have been shown to reduce both their feeding and
activity in response to elevated temperature [16,17,21], which might ultimately make them
even more vulnerable to changing environmental and habitat conditions.

Most coral reef fishes, including carnivorous fishes (e.g., coral trout), are adversely
affected by extensive coral loss and reef degradation [10,42,43]. Following extensive coral
loss and topographic collapse of reef habitats, the abundance and species richness of fishes
have been shown to decline by > 60% [10,43]. While adult stocks of common coral trout
appear to be somewhat resilient to changing environmental and habitat conditions, at least
in the short term, further research is needed to test whether inevitable shifts in coral reef
environments and habitats will have longer-term or progressive effects on wild stocks. Most
notably, changes in environmental and habitat conditions may undermine the settlement
and survival of juvenile coral trout [14]. If so, there may be protracted declines in the
abundance of coral trout [27], especially in areas subject to ongoing exploitation, which
will undermine fisheries sustainability. The results of this study build upon experimental,
laboratory-based studies on the potential responses of coral trout (especially common
coral trout P. leopardus) to changing environmental conditions [16–20,44]. However, the
specific effects of changing environmental and habitat conditions on wild stocks of coral
trout are still unclear [45]. This is not to say that changing environmental and habitat
conditions, as well as increasing effects of other major disturbances and anthropogenic
pressures, do not or will not have substantive effects on coral trout (let alone other major
fisheries target species). Importantly, the apparent stability of adult stocks may belie critical
changes in the demography and population viability of coral trout, which are difficult to
discern in the wild. Future research needs to better resolve the role of live coral and habitat
structure in the settlement and survival of P. leopardus, as these factors might underpin their
vulnerability to habitat degradation [46]. Most critical for fisheries management, however,
is the need to test for changes in catch rates and/or the size and abundance of coral trout
that may occur due to progressive shifts in environmental and habitat conditions. This will
also provide the opportunity to reconcile independent changes in catch rates versus the
abundance or biomass of coral trout, which is important for assessing how catchability
(and thereby fisheries viability) might change with changing environmental and habitat
conditions [2].

There are a variety of different metrics used to explore individual variation in health
or condition among fish [47] that largely aim to assess energetic or fat reserves that can
be mobilised to enhance future growth, survival, and/or reproductive output. Apparent
increases in both HV and PA with increased size of coral trout in this study likely represent
increased access to prey resources and/or reduced investment in key energetic processes
(e.g., growth), which may provide increased resilience to habitat degradation. Given the
variation in rates of fat storage and mobilisation across different organs, however, it is not
surprising that contrasting metrics of physiological condition do not directly correspond.
Contrasting metrics of physiological condition also vary in the extent to which they reflect
the individual differences in recent feeding history or subsequent demography [47,48], but
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there is increasing evidence that PA is informative for understanding the variation in the
condition of marine fishes, especially larger-bodied species [32,49,50]. Further research
will be required to understand the causes and consequences of individual variation in
PA, but this study suggests that this is a promising non-lethal method for measuring the
physiological condition of these important fisheries species.

5. Conclusions

Direct effects of increasing temperature on coral trout [16–19] will likely be com-
pounded by climate-induced shifts in the structure of coral reef habitats [14,42,43]. Most
notably, extensive coral loss and corresponding declines in habitat complexity may lead
to overall declines in the abundance of prey or otherwise moderate predator–prey inter-
actions [42]. While there was no apparent effect of local coral cover on the physiological
condition of common coral trout (P. leopardus) in the few years following the major coral
bleaching and coral loss on the GBR, which occurred in 2016–2017 [7,11], negative effects of
habitat degradation may ultimately become apparent with ongoing and escalating changes
in habitat and environmental conditions. The most effective and immediate way to mitigate
effects of environmental change on fisheries stocks is to restrict exploitation to levels below
those that are otherwise considered sustainable, while also minimizing anthropogenic
disturbances to natural ecosystems and reversing widespread habitat degradation [14].
The required changes in fisheries management do, however, directly contradict economic,
social, and political imperatives. Critically, fisheries and environmental managers will need
to balance the increasing demand for fishes against the need to maximise the resilience
of species and maintain ecosystem processes [4], which will become increasingly difficult
within degraded reef environments and especially in areas where reef fisheries are critical
to food security and livelihoods [9].
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