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Abstract The success of individuals during the pelagic
larval phase is critical to maintaining healthy and viable
populations of coral reef fishes; however, it is also the
most environmentally sensitive and energetically demand-
ing life stage. Climate change is increasing the frequency
and intensity of marine heatwaves, which could have sig-
nificant effects on the development and survival of larval
coral reef fishes. However, little is known about how the
larvae of pelagic-spawning coral reef fishes will be affected
due to the difficulty of spawning and rearing these species
in captivity. In this study, we tested how elevated tempera-
tures, similar to those occurring during a marine heatwave,
affected the yolk utilization, growth, and survival of larval,
Lutjanus carponotatus, a common mesopredatory fish on
Indo-west Pacific coral reefs. Eggs and larvae were reared
at a current-day average summer temperature (28.5 °C)
and two elevated temperatures (30 °C and 31.5 °C) until
14 d post-hatch (dph). Larvae in the elevated temperatures
depleted their yolk reserves 39% faster than at the control
temperature. The standard length of larvae was 55% (30 °C)
and 92% (31.5 °C) longer in the elevated temperature treat-
ments than the control temperature at 14 dph. Conversely,
survival of larvae was 54% (30 °C) and 68% (31.5 °C) lower
at elevated temperatures compared with the control tempera-
ture. This study provides new insights as to how the early
life stages of coral reef fishes could be affected by ocean
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warming and marine heatwaves, with implications for their
population dynamics.
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Introduction

Most marine species have a pelagic larval stage that is
important for population replenishment and connectivity,
but which tends to have a high and variable rate of mor-
tality (Doherty and Williams 1988; Armsworth 2002;
Jones et al. 2009). Consequently, successful recruitment
into benthic marine populations is heavily dependent on
processes occurring during the larval phase (Caley et al.
1996). This early life period is typically characterized by
rapid development, large energy demands, and high sensi-
tivity to environmental conditions (biotic and abiotic) (May
1974; Houde 1989; Blaxter 1991; Post and Parkinson 2001;
Stallings et al. 2010). Thus, any changes in environmen-
tal conditions during early development can be stressful,
energetically costly, and lead to a bottleneck for population
replenishment (Doherty et al. 2004; Dahlke et al. 2020). As
the majority of marine organisms are ectotherms, environ-
mental temperature is a critical factor during development,
with higher temperatures increasing the rate of metabolism
(Gillooly et al. 2001; Neuheimer et al. 2011; Schulte 2015).
These physiological changes can accelerate developmental
rate and increase energetic demands (Houde 1989; Blaxter
1991; Pepin 1991), with implications for the size, condition
and number of individuals that survive the pelagic larval
stage (O’Connor et al. 2007, Munday et al. 2009).

@ Springer


http://orcid.org/0000-0002-1015-4287
http://crossmark.crossref.org/dialog/?doi=10.1007/s00338-022-02306-y&domain=pdf
https://doi.org/10.1007/s00338-022-02306-y
https://doi.org/10.1007/s00338-022-02306-y

32

Coral Reefs (2023) 42:31-42

Varying effects of higher than normal temperatures have
been reported in larval fishes. For example, temperatures
above the summer average increased larval growth and sur-
vivorship in some studies (Green and Fisher 2004; Fielder
et al. 2005; Sponaugle et al. 2006; O’Conner et al. 2007),
whereas it decreased larval growth and survival in others
(McCormick and Molony 1995; Grorud-Colvert and Spo-
naugle 2011; Pope et al. 2014; Watson et al. 2018). Much of
the diversity in thermal sensitivity is attributed to differences
in the optimal temperature range of various populations and
species (McLeod et al. 2015). For instance, numerous spe-
cies from higher latitudes exhibit positive effects on growth
(Pepin 1991; Steinarsson and Bjornsson 1999; Dou et al.
2005) and survival (Fowler and Jennings 2003; Pope et al.
2014) when cohorts experience warmer than average sum-
mer temperatures. Conversely, tropical reef fish, which have
evolved in relatively warm and stable temperature at lower
latitudes, often experience negative effects when exposed
to warmer than normal summer temperature. For example,
an increase of just 1-2 °C increased energetic demands
(Johansen and Jones 2011; McLeod et al. 2013; McLeod
and Clark 2016), decreased growth rate (Munday et al. 2008;
McLeod et al. 2015; Spinks et al. 2019), and reduced sur-
vivorship (Houde 1989; Rankin and Sponaugle 2011), dur-
ing the early life stage of some coral reef fishes. However,
much of the research to date has focused on smaller-bodied
demersal spawning reef fish, such as damselfish, that are
frequently caught in light traps or easily bred in captivity
(McCormick and Molony 1995; Munday et al. 2008; Donel-
son et al. 2010; Rankin and Sponaugle 2011; Spinks et al.
2019). How increased environmental temperatures affect the
early life history development and survival of larger-bodied
pelagic-spawning coral reef fishes is largely unknown, in
part because of the difficulty in breeding and rearing many
of these species in captivity.

A significant number of coral reef fish commence spawn-
ing just before, or during, the warmer months of the year
(Domeier and Colin 1997; Russell 2001); therefore, larvae
develop during periods most susceptible to marine heat-
waves (MHW). Climate change is causing average sea sur-
face temperature to rise and increasing the frequency and
occurrence MHWs in summer (King et al. 2016; Hoegh-
Guldberg et al. 2018; Portner et al. 2019). Abnormally warm
days in marine environments have increased approximately
50% over the last century (Oliver et al. 2018), with the
probability of a MHW occurring currently being ~9 times
higher than in preindustrial times (Frolicher et al. 2018).
As climate change progresses, the probability of a MHW
occurring could reach 41 times higher than in preindustrial
times and increase in duration by ~300% by 2100 (under an
RPC 8.5; Hoegh-Guldberg et al. 2014; Frolicher et al. 2018).
With the Great Barrier Reef having experienced heatwaves
in 4 out of the last 6 summers, which resulted in many reefs
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experiencing temperatures 1-3 °C above the summer aver-
age from days to weeks at a time (2016, 2017, 2020, 2022;
AIMS 2017; Hughes et al. 2017; BOM 2020), there is an
urgency to understand how extreme temperatures affect the
early life stages of coral reef fish. In particular, there is a
paucity of research on the effects of elevated temperature
on larger predatory and pelagic-spawning species, with
some notable exceptions (e.g. Pratchett et al. 2017). This is
largely due to the complexities and technical difficulties of
successfully spawning and rearing broadcast spawning spe-
cies in aquaria (Battaglene and Stewart 1997; Moorhead and
Zeng 2010). However, these challenges must be overcome to
understand how these species may fare with future MHWSs,
as significant proportion of reef fish are broadcast spawners.

In this study, we investigated how elevated temperatures
affect the early life history of the coral reef snapper, Lut-
Jjanus carponotatus, a mesopredatory fish that is ecologi-
cally important to coral reef ecosystems, and important to
recreational and commercial fisheries (GBRMPA 2014).
Due to the increased metabolic demands at higher tempera-
tures, we would expect individuals to utilize endogenous
resources at a faster rate and experience accelerated growth
rates. To test this, we exposed gametes from fertilization to
14 d post-hatch (dph) to either 28.5 °C (the ambient sum-
mer conditions), 30 °C or 31.5 °C. The 30 °C and 31.5 °C
temperatures were chosen as they are projected to be aver-
age reef temperature in the future (mid and end of century)
and because these temperatures have already occurred for
days to weeks during recent heatwaves (Hughes et al. 2018;
Spinks et al. 2019). During this experiment, we assessed
how elevated temperatures: (1) affected the utilization of
endogenous energetic reserves from 0 to 51 h post-hatching
(hph), (2) influenced growth and development at 1 dph and
14 dph by measuring key morphometric and developmental
points, and (3) affected hatching and larval survival at 1 dph
and 14 dph to better understand the potential impacts of
ocean warming on the early life of coral reef fishes.

Methods
Study species

The Spanish Flag snapper, L. carponotatus, is a tropi-
cal mesopredator that inhabits coral reefs throughout the
Great Barrier Reef (GBR) and Indo-west Pacific (Allen
1985). They are a gonochoristic serial spawner with the
peak spawning for the GBR population occurring between
October and December (Kritzer 2004). Over this period, the
upper SST range is ~26.5 to 28.5 °C for the northern GBR
where our broodstock fish were collected (the 10-yr average
between 2011 and 2021, from Lizard Island and One Tree
representing the northern and southern range; AIMS 2017).
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The pelagic larval phase of L. carponatus is approximately
33-38 d (Quéré and Leis 2010) after which they settle to
benthic reef habitat.

Broodstock and spawning

Adult snapper were caught by hand-line fisherman from the
northern GBR between November 2018 and September 2019
and transported to the Marine and Aquaculture Research
Facility at James Cook University, Townsville. Between six
to eight adult fish (28-40 cm standard length) were housed
together in each of ten 2500-L tanks (n =72 adults). The
temperature cycle for the adults followed a pattern similar
to the average monthly temperatures for the northern GBR,
where the winter and summer temperatures were 23 °C and
28.5 °C, respectively. The target water temperature was
maintained by an 11-kW heat pump (Toyesi, Titan) that
was regulated by an automated controller (Innotech, Omni).
Temperatures were maintained within + 0.1 °C of the target
temperature. Adults were fed daily a mixture of Skretting
pellets (Spectra SS) and pilchards at ~2% body weight.
Spawning was allowed to occur naturally without hormo-
nal stimulus, with spawns produced at 28.5 °C. Spawning
occurred late at night, and eggs were collected in an overflow
egg collector (Moran et al. 2007). For this experiment, four
adult tanks were used (n =32 adults total), as they spawned
simultaneously during December 2019—January 2020. The
spawns were mixed before being placed into larval rearing
tanks to maximize genetic diversity. Spawns were collected
on 2 December 2019 for the larval development experiment
and spawns from the same 4 tanks a week later were used in
the yolk utilization experiment.

Experimental design
The study comprised two experiments, one focused on the

yolk utilization of larvae between 0 and 51 hph, and another
on larval development from hatching to 14 dph (Table 1).

For both the yolk utilization and larval development experi-
ments, the eggs and larvae were reared in three stable tem-
perature treatments of 28.5 °C, 30 °C, and 31.5 °C (Table 2).
At ~6 h (0600) post-fertilization, eggs mixed from the 4
adult tanks where spawning occurred were transferred to
20-L larval rearing tanks (n =6 per treatment) set at 28.5 °C.
Larval rearing tanks were stocked at ~ 500 eggs per tank for
the yolk utilization experiments and ~ 1000 eggs per tank
for the larval development experiment. Immediately after
stocking with eggs, tanks in the two elevated temperature
treatments (30 °C and 31.5 °C) were increased gradually
over 2 h until they reached target temperature. To accurately
estimate the number of eggs per tank and account for any
mortality during handling, three 50-mL samples from each
tank 6 h after stocking (1200), the eggs were counted and
averaged from each tank and multiplied by the tank volume
to estimate total eggs in each tank. To increase the accu-
racy of sampling, each tank was gently stirred and agitated
to homogenize the eggs throughout the tank. The average
stocking density at this point varied between tanks by 3—5%.
Hatching occurred between ~ 14 and 16 h post-fertilization
(1400-1600).

Each larval rearing tank received water flow of
~100 mL min~! allowing for a complete water volume
exchange every ~3 h. Each temperature treatment received

Table 2 Mean (£SD) of experimental seawater chemistry param-
eters for larval Spanish flag snapper (Lutjanus carponotatus)

Treatment Salinity (ppt) Temperature Total alkalin- pH (nbs)

O ity (mmol/
kgSW)
28.5°C 3490+0.10 28.48+0.04 2282+35 8.10+0.05
30.0 °C 3493+0.25 30.02+0.10 2311+54 8.14+0.02
31.5°C 35.01+0.20 31.55+0.23 2278+42 8.11+0.06

Temperature and pH, . were measured daily. Total alkalinity and
salinity were measured at the start of the experiment and then every
7d

Table 1 Experimental protocols used in the two experiments on larval Spanish flag snapper (Lutjanus carponotatus)

Experimental protocol

Yolk utilization experiment

Larval development experiment

Tank stocking ~ 6 h post-fertilization

Eggs from 4 adult tanks mixed

Eggs from 4 adult tanks mixed

Initial stocking a ~500 eggs per tank, n=6 tanks per Initial stocking a ~ 1000 eggs per

temperature
Viable egg estimation ~ 12 h post-fertilization
Hatching success Not measured
Green-water
Feeding None
Sampling times for morphological measures

Survival Not measured

Eggs per tank were estimated

From hatching to 51 hph

0 hph, 3 hph, 15 hph, 27 hph, 39 hph, and 51 hph

tank, n=6 tanks per temperature
Eggs per tank were estimated
Measured
From hatching to 11 dph
Enriched rotifers from 1 to-11 dph
Enriched Artemia from 7 dph
1 dph and 14 dph
Measured at 1 dph, 7 dph, and 14 dph
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water from a 1000-L sump connected by partial exchange
to a central 5000-L sump where filtration (Mechanical bag
filters to 25 micron and 400 L protein skimmer) and UV
sterilization occurred (Wedeco, B32-PE). The experimental
room air temperature was set to 26.5 °C, and the tempera-
ture treatment (28.5 °C, 30 °C, and 31.5 °C; Table 2) sumps
(1000 L each) were maintained by 3 kW bar heaters (Toyesi)
that were automatically controlled and monitored (Innotech,
Omni). Each treatment had two replicate sumps. Salinity,
alkalinity, pH, and oxygen saturation were all maintained at
natural levels (Table 2). Salinity, oxygen (Hach, HD40u) and
pH (Mettler, Seven2Go Pro) were measured daily. Alkalinity
was measured weekly (Metrohm, 888 Titrando). The photo
period was set at 12:12 light/dark (0700-1900) with simu-
lated sunrise and sunset through an hour gradual increase
from 0 to 100% (0700-0800) and an hour decrease from 100
to 0% (1900-2000).

Standard green-water methodology was used for rearing
larval fishes (Palmer et al. 2007; McMahon et al. 2020).
From 1 dph, larval rearing tanks were treated with inert
algae (Nano 3600, Reed Mariculture) at a concentration of
~230,000 cells mL~". Larvae in the yolk utilization experi-
ment were reared in green-water, but were not fed. In the
larval development experiment, larvae in all treatments were
fed enriched rotifers (INVE, Selco S.parkle) three times a
day (0800, 1200, and 1600) from 1 dph at a density of ~10
1 mL~". From 7 dph, larvae were fed enriched Artemia nau-
plii INVE, Selco S. presso) at a density of 1 mL~! once per
day (0800). Rotifer feeding and green-water treatment were
gradually reduced between 9 and 11 dph.

Sampling

In the yolk utilization experiment, eggs were initially sam-
pled from each tank at stocking (0 hph, n=20). Subse-
quently, larvae were sampled from each tank (n=20) once
the majority of eggs appeared to have hatched (3 hph) and
then every 12 h until 51 hph, when endogenous energy
reserves were depleted.

During the larval development experiment, larvae were
sampled from the three temperature treatments at 1 dph and
14 dph. To sample each tank, the water was gently stirred
to homogenize the larvae and three 50-mL samples were
taken. Larvae in each sample were counted, and the total
larvae in the tank were extrapolated from the samples. The
variation between each tanks triplicate counts were <7%.
Initial survival was measured once most eggs in each tank
were either hatched or had died. Survival through the experi-
ment was calculated as a percentage using the number of
individuals in each tank at a sampling point compared to
initial stocking. Larvae were then placed gently back into the
tank except for 10 individuals (n =60 per treatment), which
were euthanized and photographed using a digital camera
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(Olympus, SC50) fitted to a stereo microscope (Olympus,
SZX7). All larvae were euthanized and photographed within
30 min of sampling.

Morphometric data were extracted from digital photo-
graphs using ImageJ2 (Rueden et al. 2017) by an observer
(SIM) who was blind to the treatments. In the yolk utiliza-
tion experiment, standard length (SL), muscle depth (MD),
yolk area (YA) and oil globule area (OGA) were measured.
In the larval development experiment, the larval morphol-
ogy measured was standard length (SL), total length (TL),
body length (BL), muscle depth (MD), fin depth (FD), eye
diameter (ED), mandible length (ML), yolk area (YA), oil
globule diameter (OGD), head length (HL) and head depth
(HD) (Fig. 1). Larvae were also noted as either being pre-
or post-flexion, which was defined as a stage of develop-
ment where the posterior of the notochord bends upward in
preparation of caudal fin development. In the larval develop-
ment experiment, oil globule diameter, rather than area, was
measured as the oil globule shape changes from spherical to
asymmetrical during consumption.

Statistical analysis

To determine whether temperature had an effect on the
consumption of yolk and oil globules (YA and OGA),
Kruskal-Wallis tests, followed by Dunn tests, were con-
ducted at each time point to determine differences between
the temperature treatments. Nonparametric testing was com-
pleted due to both YA and OGA having zero values. Specifi-
cally, comparisons of YA were conducted from O to 27 hph
due to YA being depleted in all fish at 39 hph (i.e. data were
all zeros > 39 hph), while comparisons of OGA were con-
ducted from O to 51 hph. Linear mixed effects models (LME)
were conducted, and F-statistics extracted on the morpho-
metric data from the yolk utilization experiment (standard
length and muscle depth). Temperature and hph were fixed
factors, and tank was included as a random effect. When
significant differences were found between temperature
treatments, pairwise comparisons were made with estimated
marginal means and Tukey’s method of p-value adjustment.

Since growth metrics can be highly correlated, principal
component analyses (PCAs) were used on the morphological
data from larvae at 1 dph and 14 dph. Using PCA reduced
the complexity of the multivariate data and identified the
variables accounting for the largest variation in the data.
The PCA for 1 dph larvae included: TL, SL, BL, HL, MDV,
FD, OGD, and YA. For the PCA of the 14 dph larvae, the
measurements used were: TL, SL, BL, HL., HD, ML, ED,
MD, and FD. In the 1 dph PCA, three principal components
were needed to explain over 70% of the variation, while in
the 14 dph PCA 97% of the variation was explained by the
first principal component.
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Fig. 1 Morphological measure-
ments from larval Lutjanus
carponotatus ata 1 and b 14 d
post-hatching. Scale bars rep-
resent 1 mm. Standard length
(SL), total length (TL), body
length (BL), head length (HL),
head depth (HD), mandible
length (ML), muscle depth
(MD), fin depth (FD), eye diam-
eter (ED), yolk area (YA) and
oil globule diameter (OGD)

To further examine the effects of temperature on morphol-
ogy, LMEs were applied to the first two principal components
and to each of the morphological measurement separately.
Temperature was included as a fixed factor, and rearing tank
was used as a random effect in these LMEs. Individual gen-
eralized linear models (GLM) were used to compare the sur-
vival of larvae at 1, 7 and 14 dph between treatments. Initial
stocking density was used as a covariate in the model, and
proportional survival was tested as the dependant variable.
F-statistics were extracted for all LMEs to determine differ-
ences between temperature treatments and when significant
pairwise comparisons were made with estimated marginal
means and Tukey’s method of p-value adjustment.

All analyses were conducted in R (R Core Team 2014)
using the nlme and GLM packages (Bates et al. 2012). Post
hoc tests were conducted using emmeans. All models met
the assumptions of the relevant tests. This was confirmed
by accessing the residuals, goodness of fit, and checking
dispersion.

Results

Yolk utilization

There was no difference in yolk area among treatments at
0 hph (X*>=3.56, p=0.169), and yolk reserves were com-
pletely consumed in all treatments by 39 hph (Fig. 2a).
However, water temperature had a significant effect on yolk
area from 3 to 27 hph (3 hph: X>=29.95, p <0.001; 15 hph:
X%=40.50, p<0.001; 27 hph: X>*=38.05, p <0.001). Larvae
from both warmer treatments had significantly less yolk at
each time point between 3 and 27 hph compared with the
28.5 °C control, and at 27 hph there was a smaller yolk area
remaining in the 31.5 °C than in the 30 °C larvae (Fig. 2a;
all p<0.001; Table A1). The oil globule of larvae that devel-
oped at 28.5 °C was consumed by 63 hph, whereas larvae
from both warmer treatments consumed their oil globule
by 39 hph (Fig. 2b). There was a significant effect of tem-
perature on oil globule area (all p <0.05; Table A2), with
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larvae from the warm treatments using their oil globule
~39% faster than the 28.5 °C control. Specifically, larvae
that developed in 31.5 °C had a smaller oil globule area
at all post-hatching sampling times, while the oil globule
of larvae in 30 °C was smaller at all times except 3 hph
(Fig. 2b; Table A2).

The standard length of larvae in all treatments increased
by ~30% between hatching and 15 hph, after which time
length remained at around 2.8 mm (Fig. 2¢). While stand-
ard length differed with both temperature (F,¢=17.7,
p=0.003) and time (Fj 33,=1495.90, p <0.001), there was
a significant interaction between temperature and hours
post-hatching (Fyj337=29.3, p<0.001). This was largely
driven by differences between temperature treatments at
3 hph (28.5 vs. 31.5 °C: t=-9.37, p=0.003; 30 vs. 31.5 °C:
t=—28.75,p=0.004) and 15 hph (28.5 vs. 30 °C: t=—8.68,
p=0.004; 28.5 vs. 31.5 °C: t=—11.81, p<0.001), where
larvae were longer in warmer treatments. After 15 hph,
there was a trend that standard length decreased slightly
(~3-5%) in the warmer treatments, while the control fish
did not (Fig. 2c; 31.5 °C 15 vs. 27, 39 and 51 hph: t=4.47,
t=4.50, t=5.44, respectively, all p<0.001; 30 °C 27 vs.
51 hph: t=4.44, p=0.002). There was also a significant
interaction between temperature and time for muscle depth
(F10337=3.56, p<0.001). This was largely driven by the
warmer treatments tending to have greater muscle depth at
3-15 hph and reduced muscle depth at 51 hph; however,
this did not result in any significant temperature differences
within a time-point. A general pattern of decreased mus-
cle depth by ~20% from 0 to 3 hph (28.5 °C 0 vs. 3 hph:
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t=6.80, p<0.001; 30 °C 0 vs. 3 hph: t=8.65, p<0.001)
followed by an increase of ~30% between 3 and 15 hph
(28.5 °C 3 vs. 15 hph: r=-15.27, p<0.001; 30 °C 3
vs. 15 hph: t=-15.13, p<0.001, 31 °C 3 vs. 15 hph:
t=—14.55, p<0.001) was observed. Muscle depth then
steadily decreased by ~ 10% between 15 and 51 hph (Fig. 2d;
28.5 °C 15 vs. 51 hph: t=4.04, p=0.008; 30 °C 15 vs.
51 hph: r=6.37, p<0.001, 30 °C 15 vs. 51 hph: t=—8.44,
p<0.001).

Growth morphometrics

At 1 dph, PC1 (46% of total variation) was largely described
by differences in all morphological measurements (standard
length, total length, body length, head length, muscle depth,
and fin depth) except yolk area and oil globule diameter that
were associated with the PC2 axis (19%; Fig. 3a). At 1 dph,
there was a significant difference between the control and
elevated temperatures (28.5 vs. 30 °C: t=—4.55, p=0.009;
28.5 °C vs. 31.5 °C: t=-15.38, p=0.004), but not between
the two elevated temperatures (30 vs. 31.5 °C: r=-0.82,
p=0.702). There were significant differences between tem-
peratures for PC2 (Fo6= 6.12, p=0.036), and this was found
to be driven by the difference between the 30 °C and 31.5 °C
treatments (=3.49, p=0.001). The effect of temperature
was further supported by the individual analysis of each
trait finding that 30 °C larvae were significantly larger in
total length (8%), standard length (7%), body length (9%),
and head length (14%) compared to control larvae (Fig. 4a;
all p<0.01; Table A3). Larvae from the 31.5 °C treatment
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also were significantly larger in total length (9%), stand-
ard length (6%), body length (7%), head length (15%), and
muscle depth (12%) compared with control fish (Fig. 4a; all
p <0.05; Table A3). In addition, oil globule diameter was
significantly smaller (14%) in 31.5 °C treated fish than the
other two treatments (Fig. 4a; all p <0.05; Table A3).

At 14 dph, there was clear morphological distinction
between larvae from 28.5 °C and the warmer groups, seen
by the lack of overlap in 95% confidence ellipses for PC1,
which described 97% of all trait variation (Fig. 3b). All mor-
phometric measurements, and their combination described
by PC1, were significantly larger with increasing water tem-
perature (Fig. 3b; all p <0.001; Table A4). This resulted in
morphology being significant between all treatment groups
(All p<0.001; Table A4). Specifically, standard length, total
length and body length were ~55% longer in the 30 °C treat-
ment and ~92% longer in the 31.5 °C treatment, compared
to 28.5 °C (Fig. 4b). Head depth was 86% bigger in 30 °C

treatment and 146% bigger in the 31.5 °C treatment com-
pared to 28.5 °C (Fig. 4b). Muscle depth was 192% big-
ger in the 30 °C treatment and 283% bigger in the 31.5 °C
treatment compared with the 28.5 °C control (Fig. 4b). In
addition, at 14 dph all fish in both the 30 °C and 31.5 °C
treatments had undergone flexion, while no individuals had
commenced flexion in the 28.5 °C control.

Survival

The hatching success of eggs was significantly higher in the
30 °C (+10%) and 31.5 °C (+9%) treatments, compared
to the 47% hatching success at 28.5 °C (Fig. 5; 28.5 vs.
30 °C: z=-3.586, p=0.010; 28.5 vs. 31.5 °C: z=—-3.478,
p=0.015). However, this pattern was reversed in larvae at
7 dph, where survival at 28.5 °C (39%) was 3 and 4 times
higher than in the 30 °C and 31.5 °C treatments, respec-
tively (28.5 vs. 30 °C: z=9.659, p <0.001; 28.5 vs. 31.5 °C:
z=11.147, p<0.001). This pattern was maintained at
14 dph, with 15% survival in the control treatment, which
was 3 times higher than the 31.5 °C treatment (z=3.881,
p=0.003). A trend of higher survival in the 28.5 °C treat-
ment was also present at 14 dph when compared to the
30 °C treatment; however, it was not statistically significant
(z=3.067, p=0.055).

Discussion

We found that under elevated summer temperatures (30 and
31.5 °C) consistent with climate change projections (mid
and end of century) and heatwave conditions already occur-
ring on coral reefs on the GBR, larval L. carponotatus had
higher hatching success, developed at a faster rate, and grew
up to twice as large by 14 dph compared to larvae reared
at the current-day control temperature of 28.5 °C. Faster
growth could be expected to enhance survival in a natu-
ral setting if larger size provides a refuge from predation
(Shulman 1985; Schmitt and Holbrook 1999; Kingsford
et al. 2022). However, survival during the 14-d experiment
was 50-70% lower in the elevated temperature treatments.
Larvae in warmer conditions consumed their endogenous
energy reserves ~20% faster, which could potentially explain
reduced survivorship if it meant a reduced time window for
which to begin feeding. For this population of L. carponota-
tus, the potential benefits of higher growth and development
at higher temperatures may be negated by decreased sur-
vival, highlighting the complexity of determining the effects
of environmental stressors on fish early life stages.
Elevated water temperature increased the rate of growth
and development during the first 14 d of life. By 14 dph,
all morphometric measurements were larger in larvae that
developed at 30 and 31.5 °C compared to larvae reared at
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the current-day control temperature of 28.5 °C. Importantly,
it was not just morphology that was increased, but also the
rate of development, because all fish in elevated tempera-
tures had undergone flexion at 14 dph, whereas no fish had
entered flexion at 28.5 °C. The combination of faster growth
and development indicates that the rate of metabolism was
increased due to elevated temperature (Fry 1971; Johnston
and Dunn 1987; Angilletta et al. 2004). Furthermore, the
uniform response between elevated temperature and the
change in measured morphology (i.e. the increase in 31.5 °C
larvae was approximately 2 times the 30 °C response) are
consistent with a direct effect from increased metabolism.
These findings suggest L. carponotatus (from the central
region of the species range) may be living below its ther-
mal optimum for the larval period, and small increases
in water temperature (<3 °C) could enhance growth and
development during early life in the wild. However, due to
the increased levels of mortality observed at elevated tem-
peratures any benefit in growth would likely be redundant.
Interestingly, our findings contrast with previous work on
demersal spawning reef fish where warmer temperatures
(>29 °C) reduced larval and juvenile growth (Zarco-Perello
et al. 2012; McLeod et al. 2015). While the reason for this
difference is unknown, it is possible that the different spawn-
ing strategies (i.e. demersal spawning producing fewer but
more highly provisioned eggs) are differentially affected as
temperature increases. It is important to note that in the cur-
rent laboratory experiment larvae were provided with ample
food to fuel increased metabolism and developmental rate
at elevated temperatures, whereas this may not be available
in nature (Owen 1989; MacKenzie and Leggett 1991; Hays
et al. 2005). Limited and/or patchy food supply in nature
could limit any benefits of higher temperature on larval
growth and developmental rate (McCormick and Molony
1992; Bochdansky et al. 2005). It is also possible that the

faster growth observed in the two elevated treatments could
be due in part to selection for faster growing phenotypes
(Meekan and Fortier 1996). However, this seems unlikely
from our PCA results at 14 dph with 97% of all variation
in morphology described by PC1 and all trait vectors clus-
tering together, which implies that larvae are following an
ontogenetic developmental path that is simply accelerated
in warmer conditions.

Endogenous provisions are critical to the survival of
larval fish as they supply the energy needed to grow and
develop to the stage they start feeding. They are the only
energetic resources available to larval fish until they develop
the organs and structures (e.g. gut, stomach, jaw, eyes) to
successfully capture and digest their prey (Kamler 2008).
Consequently, the amount of endogenous resources provided
by mothers, and the rate at which larvae consume them, can
be critical to successfully surviving through the pre-feeding
stage of early life (Kamler 2002; Tocher 2010). We found
that larvae in warmer treatments had a faster rate of yolk
utilization from 3 to 27 hph; however, all temperature groups
consumed their yolk by 39 hph. Furthermore, the oil globule
was used ~39% faster and was exhausted by 39 hph in the
elevated temperature treatments, whereas control 28.5 °C
fish consumed their oil globules by 63 hph. This accelerated
usage of yolk and oil is likely due to the additional meta-
bolic costs at higher temperatures (Houde and Zastrow 1993;
Rombough 1997; Kamler 2002). Consequently, it appears
that the faster usage of energy reserves at elevated tempera-
tures was used to maintain homeostasis, since there was no
observed increase in growth between temperature treatments
over this timeframe. In fact, there was a slight reduction in
length and muscle depth for warmer treatments at 51 hph,
although this was not statistically significant. Interestingly,
at ~ 1 dph temperature appeared to have contrasting effects
on the standard length of larvae in the yolk utilization
experiment versus the growth experiment. While the reason
for this is unknown, it may have been caused by the use of
different spawns in the experiments, which may have been
of different quality (growth experiment spawn started 7 d
prior to yolk utilization). Additionally, the largest change in
growth and development metrics, and between treatments,
was seen between 3 and 15 hph, which suggests that this
window may encompass a key metamorphic milestone for
this species. Critically for larvae, elevated temperature and
the increased consumption rate of energetic reserves would
result in a shorter window in which to successfully begin
feeding, which could reduce survival in a natural setting
where food availability can be patchy (Owen 1989; Mac-
Kenzie and Leggett 1991; Hays et al. 2005).

Survival during larval development is low for most
marine fish, less than 1% on average (Pepin 1991; Houde
1994), and small changes in survival during this life stage
can impact successful recruitment of different cohorts to
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the adult population (Rijnsdorp et al. 2009; Portner and
Peck 2010; Petitgas et al. 2013). The point in larval devel-
opment where endogenous reserves are depleted and lar-
vae must switch to feeding is a critical period for survival
(Hjort 1914; May 1974; Houde 1997). We observed that
elevated water temperature significantly reduced the sur-
vival of larval L. carponotatus prior to 7 dph and the effect
persisted to 14 dph. Survival in the elevated temperature
groups declined markedly within the first week of life to just
10-14% compared to ~40% survival in the current-day con-
trol temperature. This increase in mortality would coincide
with endogenous resources being used (observed at 63 hph
in this study) in combination with the additional metabolic
costs of elevated temperature when larvae begin to feed, a
time when they are known to be inefficient at food acquisi-
tion (China and Holzman 2014). Therefore, it is possible
that the window for successful first feeding may be reduced
at elevated temperatures, and combined with increased
metabolic demands, would likely reduce larval survival in
nature. Reduced survival and higher temperatures could have
detrimental effects on populations if these patterns were to
hold in the natural environment, which has been observed
in the early life stage of other coral reef fishes (Houde 1989;
Rankin and Sponaugle 2011).

This study found that elevated temperatures consist-
ent with recent heatwave conditions on coral reefs and
projected to become average summer water temperatures
in the future had both positive and negative effects on
the early life history of larval L. carponotatus. Increased
growth, along with accelerated attainment of developmen-
tal milestones, might be seen as advantageous, because it
means that larvae more quickly reach a size where they
gain some refuge from predation (Shulman 1985; Schmitt
and Holbrook 1999; Kingsford et al. 2022). However, we
found that faster growth came at the cost of substantially
lower survival. Consequently, there is a potential trade-off
between more rapid attainment of predatory size thresh-
olds at higher temperature and the direct effects of higher
temperature on mortality rate. It seems unlikely that the
increased growth observed would occur in all natural
settings since food availably is often patchy and limited
(Owen 1989; MacKenzie and Leggett 1991; Hays et al.
2005). Yet, natural survival of larvae to settlement in most
marine fish is typically no greater than 1%; therefore, the
impact of elevated temperature will depend on whether
it is additive with natural selection, or simply shifts the
phenotypic composition of the surviving cohort. Further
research focusing on the long-term effects of heatwaves
and warming on larval fish, monitoring growth, develop-
ment and survival into the juvenile to sub-adult stages,
would benefit our understanding of how ocean warming
will affect coral reef fish. This study has provided insights
as to how the early life stages of a coral reef mesopredator
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could be impacted by a warming ocean, which will allow
us to better understand how these populations will fare as
climate change progresses.
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