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1.  INTRODUCTION 

The biological impact of environmental change de -
pends on the sensitivity of organisms and their in -
herent capacity to cope with change. Having evolved 
in a stable thermal environment, tropical ectotherms 
are expected to be particularly sensitive to warming 
as their physiology is tuned to narrow temperature 
ranges (Stillman 2003, Deutsch et al. 2008, Tewksbury 
et al. 2008). Thus, their persistence may be affected if 
phenotypic plasticity and/or genetic adaptation of 
thermal performance does not keep up with the rate 

of environmental change. Genetic adaptation alone is 
expected to be insufficient to keep pace with the cur-
rent rate of climate change (Munday et al. 2013, Cro-
zier & Hutchings 2014), even for species with short 
generation times (e.g. zebrafish; Morgan et al. 2020). 
Acclimation through phenotypic plasticity may con-
sequently be important in providing rapid resilience, 
affording time for genetic adaptation to occur (Chevin 
et al. 2010, Grenier et al. 2016, Fox et al. 2019, Sandoval-
Castillo et al. 2020). 

One aspect of thermal plasticity research that 
requires further investigation is how various compo-
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nents of environmental experience, within and across 
generations, influence phenotypic outcomes. Ther-
mal sensitivity and plastic capacity of traits may be 
affected by aspects of environmental change, such as 
the timing, duration, predictability, and magnitude 
(Angilletta 2009, Reed et al. 2010, Uller et al. 2013, 
Snell-Rood et al. 2015, Le Roy et al. 2017, Donelson et 
al. 2018). In particular, early life (Truebano et al. 2018, 
Pandori & Sorte 2021) and reproduction (Pankhurst & 
Munday 2011) are 2 thermally sensitive life stages, 
while also being important for producing phenotypic 
responses in subsequent life stages and future gener-
ations (West-Eberhard 2003, Burton & Metcalfe 2014, 
Burggren & Mueller 2015, Fawcett & Frankenhuis 
2015). In addition, phenotypic plasticity is most likely 
to be adaptive when individuals can accurately pre-
dict subsequent environmental conditions (Lande 
2009, Reed et al. 2010). As environmental hetero -
geneity across time and space is projected to increase 
with warming (Meehl & Tebaldi 2004, Rahmstorf & 
Coumou 2011, Rummukainen 2012), phenotypic 
responses and their benefits may be altered in the 
future (Burgess & Marshall 2014, Herman et al. 2014, 
Leimar & McNamara 2015). 

Successful reproduction is fundamental for popula-
tions to persist. However, reproductive processes are 
often highly sensitive to warming (Van Der Kraak & 
Pankhurst 1997, Pankhurst & King 2010), and spawn-
ing individuals are required to meet additional energy 
requirements for gamete production and in creased 
biomass (Pörtner & Farrell 2008, Pörtner & Peck 2010). 
As such, thermal conditions during spawning may 
represent a bottleneck for the completion of life 
cycles in fish (Dahlke et al. 2020, McKenzie et al. 
2021). Successful reproduction depends on a series 
of events from early development through to spawn-
ing (e.g. gonadal differentiation, gametogenesis, 
gamete maturation) (Lema et al. 2024), and impacts of 
environmental temperature are expected to vary 
depending on when warming is experienced rela -
tive to these events. For example, warming during 
development can influence processes of sex deter -
mination and maturation in fish, commonly leading 
to  masculinization (Ospina-Álvarez & Piferrer 2008, 
Geffroy & Wedekind 2020, Kitano et al. 2024) and 
advancement of sexual maturation (Kuparinen et al. 
2011, Loisel et al. 2019). Temperature during deve -
lopment could also indirectly impact reproduction 
whereby poorer juvenile growth (Taborsky 2006) 
leads to smaller adults with reduced fecundity (Bar-
neche et al. 2018). In contrast, thermal impacts at 
spawning depend on whether temperature exceeds 
thermal limits for gamete production and maturation 

(Alix et al. 2020, Servili et al. 2020, Zahangir et al. 
2022). Warming beyond the optimum could inhibit 
spawning altogether (Soria et al. 2008, Vikingstad et 
al. 2016) or reduce the quantity or quality of the 
gametes produced (Pankhurst & Munday 2011, Foo & 
Byrne 2017). Although shifts in phenology and/or 
spawning location may allow reproduction to occur 
at optimal temperatures (Crozier & Hutchings 2014, 
Ciannelli et al. 2015), this may compromise offspring 
survival due to suboptimal developmental conditions 
(Barlow et al. 1995, Stenseth & Mysterud 2002, Shoji 
et al. 2011). Consequently, phenotypic shifts in the 
thermal sensitivity of reproduction may be espe -
cially important (Rummer & Munday 2017, Lema et 
al.  2024), as they allow reproductive performance 
and  offspring viability to be maintained in warming 
environments. 

The influence of developmental (reviewed in Vagner 
et al. 2019, Jonsson et al. 2022, Pottier et al. 2022) or par-
ental (reviewed in Salinas et al. 2013, Donelson et al. 
2018) temperature on subsequent performance has 
been documented in an array of traits in fish (e.g. 
growth, aerobic metabolism, thermal tolerance). How-
ever, despite reproductive success being a  direct 
measure of fitness, how prior temperature experience 
shapes the thermal performance of reproduction in fish 
has rarely been tested. Studies to date suggest some ca-
pacity to mitigate the impacts of warming on reproduc-
tion through developmental plasticity (Donelson et al. 
2014, Fuxjäger et al. 2019, Spinks et al. 2021), with im-
proved capacity when warming is experienced across 
generations (Donelson et al. 2016). In most studies, 
however, parents have been consistently exposed to 
warming after hatching to reproduction (but see Spinks 
et al. 2021), limiting our understanding of how specific 
life stages (e.g. during development or after maturation) 
drive plasticity within an individual’s lifetime. Further -
more, to our knowledge, no experimental study to date 
has investigated warming impacts on re production 
beyond the first breeding season, and whether adults 
can acclimate their reproductive performance at elev-
ated temperatures across years is less known. 

The present study investigated how temperature 
during development (hatching to maturity: 0–1.5 yr) 
and post-maturation (1.5–3 yr) influences the capacity 
for plasticity of reproduction in the damselfish Acan-
thochromis polyacanthus. This is one of the first 
studies on tropical fish to incorporate both seasonal 
and daily changes in temperature to account for in-
fluences of thermal variability on phenotypic re-
sponses (Reed et al. 2010, Vasseur et al. 2014, Burton 
et al. 2020, Schunter et al. 2021). It builds on previous 
research conducted on the same group of fish, explor-
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ing sex- and time-specific effects of warming on repro-
duction and offspring quality (Spinks et al. 2021). Spe-
cifically, adult fish used in Spinks et al. (2021) were 
 exposed to their post-maturation treatments for an ad-
ditional year (making a total of 1.5 yr at their post-
maturation treatments) to investigate how thermal 
sensitivity is influenced by a longer experience of 
warming after maturation. Using a fully orthogonal 
design, this study investigates how ontogenetic timing 
(development versus post-maturation) and the ex-
tended duration of warming influence reproduction 
and offspring quality in A. polyacanthus. 

2.  MATERIALS AND METHODS 

2.1.  Study species and experimental design 

The spiny chromis Acanthochromis polyacanthus 
(Bleeker 1855) is a tropical damselfish widely dis-
tributed across the Indo-Pacific (15°N–26°S, 116–
169°E). A. polyacanthus form size-assortative mo no -
gamous breeding pairs, with peak reproduction 
between late austral spring and early summer when 
the water temperature is typically between 27 and 
29°C (Thresher 1983). Both parents provide care to 
the benthic eggs and developing offspring for 1–2 mo 
(Pankhurst et al. 1999, Kavanagh 2000). Females 
exhibit group synchronous ovarian development and 
can produce multiple clutches in a single breeding 
season (Pankhurst et al. 1999). 

Briefly, 6 wild pairs (F0, Families A–F) were col-
lected from the Palm Island region (18°40–45’ S, 
146°34–41’ E) in 2014 and from Bramble Reef (18°24’ S, 
146°42’ E) in July 2015. These F0 fish were trans-
ported to the Marine and Aquaculture Research 
Facility at James Cook University, Townsville, and 
maintained under seasonally fluctuating tempera-
tures typically seen in these inshore collection loca-
tions (see Spinks et al. 2021 for more details). F0 pairs 
produced clutches between February and March 
2016 at the usual summer water temperatures for the 
collection region (28.5°C). These juveniles (F1) were 
split randomly at hatching into 2 temperature treat-
ments: present-day (control) and elevated (warm: 
+1.5°C) temperatures. Average warming of +1.5°C 
already occurs during marine heatwaves (Frölicher 
et al. 2018) and was chosen to reflect moderate warm-
ing projected to occur in the Great Barrier Reef by 
2050–2100 (Collins et al. 2013). This also allows 
direct comparison with previous research on repro-
duction in A. polyacanthus (Donelson et al. 2010, 
2014, 2016, Spinks et al. 2021). The present-day water 

temperature was simulated on seasonal (winter: 
23.2°C; summer: 28.5°C) and diurnal (±0.6°C) cycles 
for the Palm Island region based on temperature 
loggers from 2002 to 2015 at 0.2–14.6 m depth (Aus-
tralian Institute of Marine Science 2017), with the 
elevated treatment following the same pattern but 
1.5°C warmer (24.7–30°C; Spinks et al. 2021). Photo-
period also replicated the natural cycle for the collec-
tion location, with adjustments made weekly. Water 
quality was maintained with mechanical, biological, 
and ultraviolet filtration, protein skimming, and par-
tial water changes. 

F1 juveniles were maintained in family groups 
throughout development until they reached repro-
ductive maturity at approximately 1.5 yr. At hatching, 
juveniles from each F0 family lineage were divided 
among multiple replicate tanks (42 l) for each devel-
opmental treatment: control (Family A: 10; B: 8; C: 9; 
D: 9; E: 5; F: 5 tanks) and warm (Family A: 10; B: 14; C: 
9; D: 9; E: 5; F: 5 tanks). Each replicate tank housed 
approximately 10 newly hatched juveniles, with den-
sity adjusted over time to account for growth and 
competitive interactions (see Spinks et al. 2021 for 
details). At 8 mo, fish were sexed by visually inspec-
ting their gonads and subsequently tagged with elas-
tomers to identify their treatment, sex, and family. At 
1 yr, tank density was reduced to sibling pairs to mini-
mise competitive fighting. During this developmental 
period, water temperature was controlled using 4 
internal sumps: 2 for control and 2 for warm treat-
ments. At 1.5 yr, when this species reaches reproduc-
tive maturity, fish were transferred to a separate 
aquarium room and orthogonally organised into non-
sibling pairs under 2 post-maturation treatments: 
control (22 pairs) and warm (21 pairs). Water tempera-
ture after maturation was controlled using 6 internal 
sumps: 3 for control and 3 for warm. 

The present study used breeding pairs comprising a 
male and a female fish maintained at the same devel-
opmental and post-maturation temperatures, resulting 
in 4 treatments: (1) developmental control and post-
maturation control (control–control); (2) developmen-
tal control and post-maturation warm (control–warm); 
(3) developmental warm and post-maturation control 
(warm–control); and (4) developmental warm and post-
maturation warm (warm–warm) (Fig. 1). The strength of 
this design is that it separates the effects of develop-
mental and post-maturation reproductive tempera-
tures, allowing us to investigate how these ex posure 
timeframes (both in isolation and with interaction) in-
fluence reproduction in the second breeding season. 
While the fish used in the present study overlap with 
fish from Spinks et al. (2021), adult fish were allocated 
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a new partner of similar size (as they prefer) from the 
same treatment in September 2018, when water tem-
peratures were slowly increased from winter to summer 
(August–November: 0.2–0.5°C wk–1). Pairs were dis-
tributed across the 4 treatments (control–control: 13 
pairs; control–warm: 13 pairs; warm–control: 9 pairs; 
warm–warm: 8 pairs), with a maximum of 3 replicate 
tanks for a given treatment × female family × male 
family combination (Table S1 in the Supplement at 
www.int-res.com/articles/suppl/m756p095_supp.pdf). 

Fish were fed live Artemia nauplii upon hatching 
and then weaned to commercial pellets of different 
sizes depending on their age (Appendix S1 in Spinks 
et al. 2021). During the summer breeding seasons, 
adults were fed twice daily, representing ~0.4 g of 
food per adult (1.3% of body mass per day). 

2.2.  Reproduction and offspring sampling 

Nesting sites of F1 breeding pairs were checked daily 
(~08:00 h) for the presence of eggs. When a clutch had 
been laid, an underwater photo was taken to count the 
number of eggs using an image processing program 
(ImageJ, Fiji, v.2.0.0-rc-69/1.53c) (Schin delin et al. 
2012). Depending on the clutch, 9–10 eggs were col-
lected from random locations to minimise the potential 
impacts of egg positioning. Egg samples were then pre-
served with ~6% formalin dissolved in seawater as per 
Donelson et al. (2008). Egg size (mm2) was calculated 
using the area function of ImageJ with a macro photo-
graph of samples taken on 5 × 5 mm grids. As some 
breeding pairs only  produced a single clutch, egg size 
and clutch size were compared using only the first 
clutch produced by each pair. In contrast,  reproductive 

performance across the breeding season 
was in vestigated using the total number 
of clutches and total eggs produced by 
each pair throughout the season. Due to 
other experiments being conducted on 
the offspring be yond this study, off-
spring were removed from the care of 
parents on the day of hatching. This 
allowed pairs to produce more clutches 
than would happen in nature. Conse-
quently, data beyond the third clutch 
were excluded, as it is expected that 
wild pairs produce no more than 3 
clutches in a breeding season (Robert-
son 1973, Pankhurst et al. 1999). The 
scale of inference for reproductive (and 
juvenile) traits was confined to numbers 
of breeding pairs that successfully pro-

duced a clutch (control–control: 6; control–warm: 6; 
warm–control: 5; and warm–warm: 3). A total of 60 
(control– control), 59 (control–warm), 50 (warm–con-
trol), and 30 (warm–warm) eggs were sampled to assess 
thermal impacts on egg size. 

Embryonic development took from 9 to 12 d, de -
pending on water temperature, with hatching gen-
erally occurring mid-day as is usual for this species. 
Depending on the clutch size, 12–21 juveniles were 
collected at hatching for morphological measure-
ments. This was to ensure that sufficient juveniles 
were available to be grown out for a separate study in-
vestigating the impacts of parental thermal experience 
on juveniles. Fish were euthanized with an overdose of 
clove oil in seawater before being fixed in 10% neutral 
buffered formalin. Weight (W), standard length (SL) 
and yolk area (YA) were measured after fixation fol-
lowing previous protocols (Donelson et al. 2008, 2012, 
2014), which have been found to cause negligible 
shrinkage (Donelson et al. 2008). W was measured to 
the closest 0.1 mg after the fish were blotted dry, while 
SL and YA were measured to the nearest 0.001 mm 
with ImageJ using photos of hatchlings taken on 5 × 
5 mm grids (Donelson et al. 2012). Juvenile condition 
was calculated as W for a given SL (condition; e.g. Lai 
& Helser 2004, Ma et al. 2017). A total of 112 (control–
control), 120 (control–warm), 94 (warm–control), 
and 61 (warm–warm) newly hatched juveniles were 
sampled to investigate thermal im pacts on offspring 
quality. One newly hatched juvenile from warm–
warm was excluded from the analysis on weight and 
condition due to a measurement error for weight. 

Following the summer breeding season in April 
2019, all F1 adults were anesthetized using clove oil 
and seawater to measure their SL (to the closest 
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0.01  mm) and W (to the closest 0.01 g). Proxies for 
physical condition were calculated using both Fulton’s 
K equation (FK = 100 × W SL–3) as well as condition. 
Adults recovered in aerated containers before being 
returned to their respective tanks. A total of 26 (con-
trol–control), 26 (control–warm), 18 (warm–control), 
and 16 (warm–warm) F1 adults were measured to 
investigate thermal impacts on adult morphometrics. 

2.3.  Statistical analysis 

The influence of temperature treatments (develop-
mental temperature, post-maturation temperature, 
and their interaction: fixed factor) on physical vari-
ables of F1 adults (SL, W, condition) was analysed 
using linear mixed-effects models (LMMs), with 
family lineage (Families A–F) included as random 
factors (Tables S2 & S3). Specifically, thermal impact 
on condition (i.e. weight for a given length) was ana-
lysed using W as a response variable and SL as a 
covariate. Models were also constructed including 
the gender of F1 adults as a covariate to determine 
whether the morphometrics of males and females 
were differentially influenced by their thermal his-
tory. Gender had no significant influence on adult 
morphometric traits (SL, W, and condition) and was 
consequently excluded from the final model based on 
Akaike’s information criterion (AIC) values. In addi-
tion to condition, we tested FK (Table S2, Fig. S1) to 
corroborate whether the results were similar and to 
allow FK to be used as a covariate where appropriate 
(e.g. see egg size below). 

The effect of thermal treatments (developmental 
treatment, post-maturation treatment, and their in -
teraction: fixed factor) on reproductive variables 
was analysed using generalized linear mixed-effects 
models for count data (number of clutches per pair, 
clutch size, and total eggs per pair) and LMMs for 
egg size (Tables S4 & S5). The appropriate error 
structure for count data (Poisson or negative bi -
nomial) was selected based on a dispersion test. A 
Poisson error structure was selected for the number 
of clutches per pair, while negative binomial was 
chosen for clutch size and total eggs per pair. For 
egg size, a random factor of F1 female ID nested 
within sump (i.e. the scale of temperature manipu -
lation) was included to capture variations among 
breeding pairs (e.g. differences among individual fe -
males and their male partners, and their F0 family 
lineage) and among tanks within the same sump (e.g. 
temperature differences due to tank position or 
water flow) (Tables S4b & S5b). 

The correlation between reproductive performance 
and maternal physical variables (SL, W and FK) was ex-
plored with simple linear regression to incorporate ma-
ternal effects. Maternal SL and FK were significantly 
correlated with clutch size (larger females produced 
larger clutches; adjusted r2 = 0.276, F1,18 = 8.22, p = 
0.010) and egg size (females in better condition produced 
larger eggs; adjusted r2 = 0.218, F1,18 = 6.30, p = 0.022), 
respectively. These maternal variables were included in 
the final model if they improved fit based on AIC values; 
maternal SL was included for clutch size, while maternal 
FK was excluded for egg size (see Table S6 for outputs 
including maternal FK for egg size). Finally, the pro -
portion of pairs that reproduced was compared across 
temperature treatments using Pearson’s chi-squared 
test to investigate whether temperature experience in -
fluenced the occurrence of breeding. 

The effect of parental thermal treatment (develop-
mental temperature, post-maturation temperature, 
and their interaction: fixed factor) on offspring 
quality at hatching (SL, W, YA, and condition) were 
explored with LMMs (Tables S7 & S8). As with egg 
size, a random factor of F1 female ID nested within 
sump was included to account for variability across 
breeding pairs and tanks. For condition, SL and W 
were both log10 transformed to adhere to the assump-
tions of linearity (Froese 2006). As with reproductive 
traits, maternal effects on offspring variables were 
also explored, but no maternal traits (SL, W, and FK) 
showed a significant correlation with offspring. In 
addition, the correlation between offspring variables 
and average egg size was explored. Average egg size 
was positively correlated with juvenile SL (adjusted 
r2 = 0.311, F1,18 = 9.58, p = 0.006) and YA (adjusted 
r2 = 0.322, F1,18 = 10.02, p = 0.005) (see Table S9 for 
model outputs including egg size as a covariate). 

Following the construction of models, main effects 
were determined using a Type II Wald chi-squared 
test for count data, and a Type III sequential F-test 
with Satterthwaite’s approximation for normally dis-
tributed data (α = 0.05 for both tests). All analyses 
were performed using R (v.4.1.10) (R Core Team 2021) 
and the associated packages ‘car’ (Fox & Weisberg 
2019), ‘DHARMa’ (Hartig 2024), ‘dplyr’ (Wickham et 
al. 2023), ‘emmeans’ (Lenth 2024), ‘ggplot2’ (Wick-
ham 2016), ‘ggpubr’ (Kassambara 2023), ‘glmmTMB’ 
(Brooks et al. 2017), ‘gridExtra’ (Auguie 2017), ‘lme4’ 
(Bates et al. 2015), ‘lmerTest’ (Kuznetsova et al. 2017), 
‘MASS’ (Venables & Ripley 2002), ‘MuMIn’ (Bartoń 
2023), ‘nlme’ (Pinheiro et al. 2023), ‘patchwork’ (Ped-
ersen 2020), ‘plyr’ (Wickham 2011), ‘readxl’ (Wick-
ham & Bryan 2023), ‘sjplot’ (Lüdecke 2023), and 
‘vegan’ (Oksanen et al. 2022). 
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3.  RESULTS 

3.1.  F1 adult morphometrics 

Adults that developed at an elevated tempera-
ture were on average 3.3% shorter in SL (ANOVA: 
F1,78 = 6.76, p = 0.011; Fig. 2a), and tended to be 
7.2 % lighter (F1,78 = 3.37, p = 0.070; Fig. 2b) than 
fish from the developmental control treatment. In 
contrast, adults in the post-maturation warm 
treatment were 4.2 % lighter for a given length 
(F1,77  = 5.49, p = 0.022; Fig. 2c) than adults in 

post-maturation control. Although the interaction 
between developmental and post-maturation treat-
ment had a marginal effect on adult SL (F1,78 = 
3.85, p = 0.053; Fig. 2a), no adult physical at -
tributes (SL, W, condition) were significantly in -
fluenced by this interaction (Table S2). Specifi-
cally, at post-maturation control, adults had 
similar SL (~8.93 cm) irrespective of their devel-
opmental temperature. In contrast, at post-matu-
ration warm, adults that developed in the warm 
treatment were on average  5.7 % shorter than 
those that developed in the control. 
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3.2.  Reproductive performance 

A similar proportion of pairs reproduced across all 
development and post-maturation treatment combi-
nations (Pearson’s chi-squared test: χ2 = 0.558, df = 3, 
p = 0.906), with reproductive success ranging be -
tween 37.5 and 63% across treatments. Developmen-
tal temperature significantly influenced fecundity, 
with pairs that developed in the control treatment 

producing ~8600 eggs across the breeding season 
(control–control pairs: 4344 eggs; control–warm pairs: 
4289 eggs) compared to ~3550 eggs from pairs that 
developed at warm temperatures (warm–control pairs: 
2192 eggs; warm–warm pairs: 1355 eggs). Although 
pairs produced similar numbers of clutches (Table S4a, 
Fig. 3a) of comparable size (Table S4a, Fig. 3b) across 
developmental treatments, pairs at developmental 
control temperatures produced ~300 more eggs over 
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the breeding season (Type II Wald chi-squared test: 
χ2 = 7.809, p = 0.005; Fig. 3c), driving the higher total 
egg output at developmental control. Developmental 
temperature, however, did not influence egg size 
(Table S4b). 

In contrast, warming after maturation resulted in 
pairs producing smaller eggs (~11.4%) than those at 
post-maturation control (Type III sequential F-test: 
F1,16 = 10.53, p = 0.005; Fig. 3d). No reproductive traits 
(egg size, clutch size, number of clutches per pair, and 
total eggs per pair) were impacted by the interaction 
be tween developmental and post-maturation treat-
ments (Table S4). Aspects of reproductive performance 
were also influenced by maternal morphometrics irre-
spective of thermal treatments. Specifically, larger (r2 = 
0.276, F1,18 = 8.224, p = 0.010) or heavier (r2 = 0.232, 
F1,18 = 5.422, p = 0.032) females produced larger 
clutches, and females with higher FK produced larger 
eggs (r2 = 0.218, F1,18 = 6.23, p = 0.022). 

3.3.  Offspring at hatching 

Offspring morphology at hatching (SL, W, YA, and 
condition) was not significantly impacted by the ther-
mal experience of parents (Table S7), despite the 
observed impacts on reproduction. While not signifi-
cant, juveniles produced by parents that experienced 
both development and post-maturation warm tempera-
tures were approximately 0.12–0.20 mm shorter than 
offspring from all other parental treatments (Fig. 4a). 
Juveniles from parents that developed at warm tem-
peratures tended to be 0.26 mg heavier (Fig. 4b), and 
7.6% heavier for a given length (Fig. 4c) than those 
from parents that developed at control temperatures 
(not significant; Table S7), while those produced at 
post-maturation warm tended to possess 6.7% less 
yolk reserve (Fig. 4d) than those produced at post-
maturation control (not significant; Table S7). Off-
spring length and yolk size at hatching, however, 
were influenced by egg size irrespective of thermal 
treatments, where juveniles from larger eggs were 
longer (F1,15 = 9.37, p = 0.008; Table S9a) and pos-
sessed more yolk reserve (F1,15 = 7.05, p = 0.018; 
Table S9a). 

4.  DISCUSSION 

Accurately representing the relationship between 
environmental experience and biological response is 
essential for predicting the persistence of species in 
a  warmer future. Our study highlighted the long-

lasting impacts of developmental conditions, as 
warming resulted in smaller adults that produced 
~60% fewer eggs compared to adults that developed 
in the present-day temperature. In contrast, warming 
after maturation led to adults being lighter for a given 
length and producing smaller eggs. Interestingly, 
however, these negative impacts of warming did not 
carry over to influence offspring traits at hatching. In 
addition, the impacts of post-maturation warming on 
fecundity were partially mitigated across breeding 
seasons with an extra year at elevated temperature, 
highlighting some capacity for reproductive plastic-
ity within a generation. Contrary to previous re -
search, however, the present study found limited evi-
dence for developmental plasticity. This is possibly 
due to our study simulating more realistic future 
scenarios, including diurnal temperature fluctuations 
and investigating breeding beyond the first season of 
maturity. Our results highlight that predicting the 
effects of ocean warming on marine fish is complex, 
as various aspects of reproduction are influenced 
depending on the timing, duration, and variability of 
the thermal experience. 

The effects of temperature on adult physical vari-
ables depended on when warming was experienced. 
Most notably, warming during development resulted 
in smaller adults, while warming after maturation led 
to adults being lighter for a given length. Generally, 
warming towards the thermal optimum for growth is 
expected to increase body size if sufficient food is 
available to sustain higher metabolic rates at elevated 
temperatures (Jobling 1997). As such, a small in -
crease within natural temperature ranges can im -
prove the growth rates of tropical reef fish larvae 
(Meekan et al. 2003, Green & Fisher 2004, Sponaugle 
et al. 2006), often enhancing their survivorship to 
recruitment (Bergenius et al. 2002, Wilson & Meekan 
2002). In accordance with other experimental studies 
documenting reduced juvenile and adult growth with 
developmental warming (Munday et al. 2008, Donel-
son et al. 2011, Rodgers et al. 2017), the present study 
suggests that 1.5°C above present-day temperatures 
may be beyond the thermal optimum for growth for 
Acanthochromis polyacanthus. The observed reduc-
tion in growth may be partly due to energetic trade-
offs from increased metabolic rate (Nilsson et al. 2009, 
Gardiner et al. 2010, Rummer et al. 2014). However, in 
such a case, we would expect warm–control fish to 
have caught up to control–control fish, as the rations 
used in the present study represent high feeding 
levels for A. polyacanthus (1–2% of their body mass; 
Donelson et al. 2010). Thus, it is likely that the 
observed reduction in growth may represent a cost of 
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plasticity (Munday et al. 2008, Nilsson et al. 2009, 
Gardiner et al. 2010). While it is possible that fish 
may sustain their growth in nature by increasing their 
food intake or conversion efficacy (Elliott & Elliott 
2010, Volkoff & Rønnestad 2020), it is likely that 
growth potential may be further reduced by climate-
induced patchiness or limitation in planktonic food 
availability (Hays et al. 2005, Cavole et al. 2016, 
 Barbeaux et al. 2020). 

Warming during development left long-lasting 
impacts on reproductive performance. Adults that 
developed in the warm temperature were shorter in 
SL and produced ~60% fewer eggs across the breed-
ing season. This supports a widely observed pattern 
whereby larger fish produce more and/or larger eggs 
(reviewed in Barneche et al. 2018) and could have 
substantial implications for population replenish-
ment considering the extremely high mortality dur-
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ing early life stages of marine fish (Almany & Webster 
2006). Previous studies have also highlighted such 
developmental effects whereby fish that are develop-
mentally (Spinks et al. 2021) or transgenerationally 
(Donelson et al. 2016) exposed to elevated tempera-
ture produce fewer eggs even when returned to opti-
mal conditions. Since post-maturation temperature 
did not influence the number of eggs produced, 
reduced fecundity may not simply be due to addi-
tional metabolic costs incurred from elevated tem-
perature (Nilsson et al. 2009, Gardiner et al. 2010, 
Rummer et al. 2014). Instead, developmental impacts, 
such as those on gonadal development (Pankhurst & 
King 2010, Wang et al. 2010, Butzge et al. 2021) or the 
proper establishment of the reproductive–endocrine 
axis (Lema et al. 2024), may have left long-lasting 
impacts on the reproductive physiology of adults. 

Elevated temperature during reproduction im -
pacted egg quality, as adults reproducing in the post-
maturation warm temperature produced significantly 
smaller eggs (~11.4%). As adults in the post-maturation 
warm treatment were lighter for a given length 
(~4.2%) and maternal condition positively correlated 
with egg size, smaller eggs produced by fish in the 
post-maturation warm treatment may have been due 
to reduced energy allocation for reproduction at elev-
ated temperature (Van Der Kraak & Pankhurst 1997, 
Donelson et al. 2010, Pankhurst & King 2010). Alter-
natively, as clutch sizes were similar across post-
maturation treatments (~255 eggs), our results may 
also represent an energetic trade-off whereby fecund-
ity at elevated temperature was maintained at the 
expense of egg size and provisioning (Fleming & 
Gross 1990, Brown & Shine 2009). Interestingly, the 
reduction in egg size with post-maturation warming 
did not lead to measurable impacts on offspring 
quality and no offspring traits were impacted by par-
ental thermal treatment both during development 
and/or after maturation. This lack of treatment effect 
was evident even in juvenile traits that were positively 
correlated with egg size. Specifically, juveniles from 
the post-maturation warm treatment were only 
slightly shorter (~0.13 mm) and had slightly smaller 
yolk reserve (~0.10 mm2) than those from the post-
maturation control. In both instances, patterns were 
better explained by egg size rather than parental ther-
mal treatment (Table S9). More broadly, limited dif-
ferences in offspring traits across treatments may also 
result from variations in yolk utilization (Fukuhara 
1990, Rombough 1997) and linear growth (Wen et al. 
2013, Rioual et al. 2021) during embryo genesis, which 
could buffer the effects of parental thermal experi-
ence. As size (Fisher et al. 2000, Marshall et al. 2006) 

and physical condition (Hoey & McCormick 2004, 
Grorud-Colvert & Sponaugle 2006) can be important 
determinants for juvenile survival, we expect the sur-
vival of newly hatched juveniles to be similar across 
the parental treatments. 

The spiny chromis damselfish A. polyacanthus has 
been extensively studied with respect to thermal sen-
sitivity and plasticity. Previous studies have almost 
exclusively simulated warming using seasonal tem-
perature cycles alone. The present study is among the 
first (but see Spinks et al. 2021) to include diurnal 
variation (±0.6°C) alongside seasonal fluctuations 
and highlights that diurnal variation could potentially 
magnify the impacts of developing in elevated tem-
peratures. For example, previous studies without 
diurnal variation reported complete restoration of 
reproductive capacity (back to control levels) when 
1.5°C warming is experienced throughout develop-
ment (Donelson et al. 2014, 2016). In contrast, in the 
present study and Spinks et al. (2021), which both 
include diurnal variation, negative impacts on repro-
duction remain. Compared to constant temperatures, 
fluctuating temperatures could have different im -
pacts on physiological performance (Peng et al. 2014, 
Morash et al. 2018, Rodgers et al. 2018, Salinas et al. 
2019, Guzzo et al. 2019, Li et al. 2021) or lead to differ-
ent phenotypic pathways when experienced during 
development (Schaefer & Ryan 2006, Duc & Massey 
2023). As such, the addition of diurnal fluctuations 
(±0.6°C) may have accentuated physiological sen -
sitivity by making conditions even more stressful 
(the magnitude of warming is 2.1°C rather than 1.5°C) 
or by altering the capacity of plasticity through 
more heterogenous environments (Burgess & Mar -
shall 2014, Herman et al. 2014, Leimar & McNamara 
2015). Since the present study did not have a treat-
ment that only included seasonal fluctuations, other 
factors (e.g. collection location of fish, different 
 genetics) could also have caused the observed dif -
ferences between studies. It is also possible that 
reproductive impacts documented in this study are 
accentuated due to the relatively low sample size 
(Ioannidis 2008, Ioannidis et al. 2011, Button et al. 
2013). However, the broad findings of reproductive 
thermal sensitivity generally match with previous 
work on this species and other marine fish (e.g. Soria 
et al. 2008, Donelson et al. 2010, Pankhurst & Munday 
2011, Vikingstad et al. 2016). Thus, the present find-
ings underscore the importance of incorporating 
natural temperature fluctuations in experiments to 
accurately understand biological responses to climate 
change (Reed et al. 2010, Vasseur et al. 2014, Burton 
et al. 2020). 
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Additionally, whether reproductive performance in 
elevated temperatures is influenced by extended 
warming can be explored by comparing reproductive 
performance in the first (Spinks et al. 2021) and sec-
ond (present study) breeding seasons. Comparing 
total eggs produced per pair, reproductive output in 
elevated temperature improved after an additional 
year of warming. In the first breeding season, con-
trol–warm pairs produced 21% fewer eggs than con-
trol–control pairs (Spinks et al. 2021), whereas in the 
second breeding season, they produced similar 
numbers of eggs (1% fewer). Similarly, while no pairs 
from the warm–warm treatment reproduced in the 
first breeding season (Spinks et al. 2021), warm–
warm pairs produced an equivalent of 62% of eggs 
compared to control–control pairs in the second sea-
son. These findings contrast with past studies show-
ing limited capacity of reef fish to acclimate to warm-
ing through reversible plasticity (Munday et al. 2008, 
Donelson et al. 2010, Nilsson et al. 2010, Donelson & 
Munday 2012, Bowden et al. 2014, Miller et al. 2015, 
Rodgers et al. 2019) and suggests that adult fish may 
have some capacity to maintain their performance in 
elevated temperatures given sufficient time. How-
ever, it is also important to note that impacts of devel-
oping in elevated temperatures remained regardless 
of a further year at present-day temperature, as 
warm–control pairs continued to produce 40% fewer 
eggs than control–control pairs in the second breed-
ing season. We are cautious in drawing emphatic con-
clusions from these results because the total number 
of breeding pairs participating in the study is re latively 
low (3–6 per treatment), and different breeding indi-
viduals between Spinks et al. (2021) and the present 
study may have also caused the disparity. Neverthe-
less, these findings could highlight the im portance of 
long-term experiments to accurately assess warming 
impacts across an individual’s lifetime. 

Our work strongly supports the fact that the timing 
of thermal experience is important for understanding 
organismal responses to climate change. Warming 
during development proved especially influential, 
leading to smaller adults that produced significantly 
fewer eggs even in their second breeding season. Our 
work also underscores the importance of including 
variation around the average when experimentally 
simulating thermal environments, as the addition of 
a ±0.6°C diurnal cycle on top of the seasonal 1.5°C 
treatment led to accentuated impacts. Finally, some 
negative impacts on reproduction were mitigated 
with a longer duration of warming after maturation, 
indicating that reproductive performance in warm 
temperatures may improve across an individual’s life-

time. These findings point to the increasing impor-
tance of research quantifying how the timing, dur-
ation, and variability of environmental experience 
influence phenotypic responses, allowing us to better 
understand thermal performance in an increasingly 
warmer and less predictable ocean. 
 
 
Data accessibility. All data used in this study and copies of 
the statistical analysis are available from https://doi.org/10.
25903/0bbh-bv95. 
 
 
Acknowledgements. Funding support for this research was 
provided by the ARC Centre of Excellence for Coral Reef 
Studies (J.M.D.) and the College of Science and Engineering 
JCU Student Support (Y.C.Y.). J.M.D. was supported by an 
ARC Future Fellowship (FT190100015). This research was con-
ducted under James Cook University’s animal ethics appro-
vals A1990, A2604 and A2315. The authors thank the Marine 
and Aquaculture Research Facility technicians at James 
Cook University, especially Simon Wever and Ben Lawes. 

 
 

LITERATURE CITED 
 
Alix M, Kjesbu OS, Anderson KC (2020) From gametogen-

esis to spawning:  how climate-driven warming affects 
teleost reproductive biology. J Fish Biol 97: 607– 632  

Almany GR, Webster MS (2006) The predation gauntlet:  
early post-settlement mortality in reef fishes. Coral Reefs 
25: 19– 22  

Angilletta MJ (2009) Thermal adaptation:  a theoretical and 
empirical synthesis. Oxford University Press, Oxford 

Auguie B (2017) gridExtra:  miscellaneous functions for ‘grid’ 
graphics. R package version 2.3. https: //CRAN.R-project.
org/package=gridExtra 

Australian Institute of Marine Science (AIMS) (2017) AIMS 
sea water temperature observing system (AIMS tempera-
ture logger program). https://doi.org/10.25845/5b4eb0f
9bb848 (accessed 22 Nov 2023) 

Barbeaux SJ, Holsman K, Zador S (2020) Marine heatwave 
stress test of ecosystem-based fisheries management in 
the Gulf of Alaska Pacific cod fishery. Front Mar Sci 7: 
562630  

Barlow CG, Pearce MG, Rodgers LJ, Clayton P (1995) Effects 
of photoperiod on growth, survival and feeding periodic-
ity of larval and juvenile barramundi Lates calcarifer 
(Bloch). Aquaculture 138: 159– 168  

Barneche DR, Robertson DR, White CR, Marshall DJ (2018) 
Fish reproductive-energy output increases dispropor-
tionately with body size. Science 360: 642– 645 

Bartoń K (2023) MuMIn:  multi-model inference. R package 
version 1.47.5. https: //CRAN.R-project.org/package=
MuMIn  

Bates D, Maechler M, Ben Bolker SW (2015) Fitting linear 
mixed-effects models using lme4. J Stat Softw 67: 1– 48  

Bergenius MA, Meekan MG, Robertson RD, McCormick MI 
(2002) Larval growth predicts the recruitment success of 
a coral reef fish. Oecologia 131: 521– 525  

Bleeker P (1855) Derde bijdrage tot de kennis der ichthyolo-
gische fauna van Batjan. Natuurkundig Tijdschrift voor 
Nederlandsch Indië 9: 491– 504 

105

https://doi.org/10.1111/jfb.14439
https://doi.org/10.1007/s00338-005-0044-y
https://cran.r-project.org/package=gridExtra
https://doi.org/10.25845/5b4eb0f9bb848
https://doi.org/10.3389/fmars.2020.00703
https://doi.org/10.1007/s00442-002-0918-4
https://doi.org/10.18637/jss.v067.i01
https://cran.r-project.org/package=MuMIn
https://doi.org/10.1126/science.aao6868
https://doi.org/10.1016/0044-8486(95)01073-4


Mar Ecol Prog Ser 756: 95–109, 2025

Bowden AJ, Gardiner NM, Couturier CS, Stecyk JAW, Nils-
son GE, Munday PL, Rummer JL (2014) Alterations in gill 
structure in tropical reef fishes as a result of elevated tem-
peratures. Comp Biochem Physiol A Mol Integr Physiol 
175: 64– 71  

Brooks ME, Kristensen K, van Benthem KJ, Magnusson A 
and others (2017) glmmTMB balances speed and flexibil-
ity among packages for zero-inflated generalized linear 
mixed modeling. R J 9: 378– 400  

Brown GP, Shine R (2009) Beyond size– number trade-offs:  
clutch size as a maternal effect. Philos Trans R Soc B 364: 
1097– 1106  

Burgess SC, Marshall DJ (2014) Adaptive parental effects:  the  
importance of estimating environmental predicta bility 
and offspring fitness appropriately. Oikos 123: 769– 776  

Burggren WW, Mueller CA (2015) Developmental critical 
windows and sensitive periods as three-dimensional con-
structs in time and space. Physiol Biochem Zool 88: 91– 102  

Burton T, Metcalfe NB (2014) Can environmental conditions 
experienced in early life influence future generations? 
Proc R Soc B 281: 20140311 

Burton T, Lakka H, Einum S (2020) Measuring phenotypes in 
fluctuating environments. Funct Ecol 34: 606– 615  

Button KS, Ioannidis JPA, Mokrysz C, Nosek BA, Flint J, 
Robinson ESJ, Munafò MR (2013) Power failure:  why 
small sample size undermines the reliability of neuro-
science. Nat Rev Neurosci 14: 365– 376 

Butzge AJ, Yoshinaga TT, Acosta ODM, Fernandino JI and 
others (2021) Early warming stress on rainbow trout 
juveniles impairs male reproduction but contrastingly 
elicits intergenerational thermotolerance. Sci Rep 11: 
17053  

Cavole LM, Demko AM, Diner RE, Giddings A and others 
(2016) Biological impacts of the 2013– 2015 warm-water 
anomaly in the northeast Pacific:  winners, losers, and the 
future. Oceanography 29: 273– 285  

Chevin LM, Lande R, Mace GM (2010) Adaptation, plastic-
ity, and extinction in a changing environment:  towards a 
predictive theory. PLOS BIOL 8: e1000357  

Ciannelli L, Bailey K, Olsen EM (2015) Evolutionary and 
ecological constraints of fish spawning habitats. ICES J 
Mar Sci 72: 285– 296  

Collins M, Knutti R, Arblaster J, Dufresne JL and others 
(2013) Long-term climate change:  projections, commit-
ments and irreversibility. In:  Stocker TF, Qin D, Plattner 
GK, Tignor M and others (eds) Climate change 2013:  the 
physical science basis. Contribution of Working Group I  
to the Fifth Assessment Report of the Intergovernmental 
Panel on Climate Change. Cambridge University Press, 
Cambridge, p 1029– 1136 

Crozier LG, Hutchings JA (2014) Plastic and evolutionary 
responses to climate change in fish. Evol Appl 7: 68– 87 

Dahlke FT, Wohlrab S, Butzin M, Pörtner HO (2020) Ther-
mal bottlenecks in the life cycle define climate vulner-
ability of fish. Science 369:65–70 

Deutsch CA, Tewksbury JJ, Huey RB, Sheldon KS, Ghalam-
bor CK, Haak DC, Martin PR (2008) Impacts of climate 
warming on terrestrial ectotherms across latitude. Proc 
Natl Acad Sci USA 105: 6668– 6672  

Donelson JM, Munday PL (2012) Thermal sensitivity does 
not determine acclimation capacity for a tropical reef 
fish. J Anim Ecol 81: 1126– 1131  

Donelson JM, McCormick MI, Munday PL (2008) Parental 
condition affects early life-history of a coral reef fish. 
J Exp Mar Biol Ecol 360: 109– 116  

Donelson JM, Munday PL, McCormick MI, Pankhurst NW, 
Pankhurst PM (2010) Effects of elevated water tempera-
ture and food availability on the reproductive perform-
ance of a coral reef fish. Mar Ecol Prog Ser 401: 233– 243  

Donelson JM, Munday PL, McCormick MI, Nilsson GE 
(2011) Acclimation to predicted ocean warming through 
developmental plasticity in a tropical reef fish. Glob 
Change Biol 17: 1712– 1719  

Donelson JM, Munday PL, McCormick MI (2012) Climate 
change may affect fish through an interaction of parental 
and juvenile environments. Coral Reefs 31: 753– 762  

Donelson JM, McCormick MI, Booth DJ, Munday PL (2014) 
Reproductive acclimation to increased water tempera-
ture in a tropical reef fish. PLOS ONE 9: e97223  

Donelson JM, Wong M, Booth DJ, Munday PL (2016) Trans-
generational plasticity of reproduction depends on rate 
of warming across generations. Evol Appl 9: 1072– 1081  

Donelson JM, Salinas S, Munday PL, Shama LNS (2018) 
Transgenerational plasticity and climate change experi-
ments:  Where do we go from here? Glob Change Biol 24: 
13– 34  

Duc M, Massey B (2023) Phenotypic plasticity in response to 
thermal variability within and across generations. PhD 
dissertation, Dalhousie University, Halifax 

Elliott JM, Elliott JA (2010) Temperature requirements of 
Atlantic salmon Salmo salar, brown trout Salmo trutta and 
Arctic charr Salvelinus alpinus:  predicting the effects of 
climate change. J Fish Biol 77: 1793– 1817  

Fawcett TW, Frankenhuis WE (2015) Adaptive explanations 
for sensitive windows in development. Front Zool 12: S3  

Fisher R, Bellwood DR, Job SD (2000) Development of swim-
ming abilities in reef fish larvae. Mar Ecol Prog Ser 202: 
163– 173  

Fleming IA, Gross MR (1990) Latitudinal clines:  a trade-off 
between egg number and size in Pacific salmon. Ecology 
71: 1– 11  

Foo SA, Byrne M (2017) Marine gametes in a changing 
ocean:  impacts of climate change stressors on fecundity 
and the egg. Mar Environ Res 128: 12– 24  

Fox J, Weisberg S (2019) An R companion to applied regres-
sion, 3rd edn. Sage Publications, Thousand Oaks, CA 

Fox RJ, Donelson JM, Schunter C, Ravasi T, Gaitán-Espitia 
JD (2019) Beyond buying time:  the role of plasticity in 
phenotypic adaptation to rapid environmental change. 
Philos Trans R Soc B 374: 20180174  

Froese R (2006) Cube law, condition factor and weight–
 length relationships:  history, meta-analysis and recom-
mendations. J Appl Ichthyol 22: 241– 253  

Frölicher TL, Fischer EM, Gruber N (2018) Marine heat-
waves under global warming. Nature 560: 360– 364 

Fukuhara O (1990) Effects of temperature on yolk utilization, 
initial growth, and behaviour of unfed marine fish-larvae. 
Mar Biol 106: 169– 174  

Fuxjäger L, Wanzenböck S, Ringler E, Wegner KM, Ahnelt 
H, Shama LNS (2019) Within-generation and transgener-
ational plasticity of mate choice in oceanic stickleback 
under climate change. Philos Trans R Soc B 374: 20180183  

Gardiner NM, Munday PL, Nilsson GE (2010) Counter-
gradient variation in respiratory performance of coral 
reef fishes at elevated temperatures. PLOS ONE 5: e13299  

Geffroy B, Wedekind C (2020) Effects of global warming on 
sex ratios in fishes. J Fish Biol 97: 596– 606  

Green BS, Fisher R (2004) Temperature influences swim-
ming speed, growth and larval duration in coral reef fish 
larvae. J Exp Mar Biol Ecol 299:115–132 

106

https://doi.org/10.1016/j.cbpa.2014.05.011
https://doi.org/10.32614/RJ-2017-066
https://doi.org/10.1098/rstb.2008.0247
https://doi.org/10.1111/oik.01235
https://doi.org/10.1086/679906
https://doi.org/10.1098/rspb.2014.0311
https://doi.org/10.1111/1365-2435.13501
https://doi.org/10.1038/nrn3475
https://doi.org/10.1038/s41598-021-96514-1
https://doi.org/10.5670/oceanog.2016.32
https://doi.org/10.1371/journal.pbio.1000357
https://doi.org/10.1093/icesjms/fsu145
https://doi.org/10.1111/eva.12135
https://doi.org/10.1126/science.aaz3658
https://doi.org/10.1073/pnas.0709472105
https://doi.org/10.1111/j.1365-2656.2012.01982.x
https://doi.org/10.1016/j.jembe.2008.04.007
https://doi.org/10.3354/meps08366
https://doi.org/10.1016/j.jembe.2003.09.001
https://doi.org/10.1111/jfb.14429
https://doi.org/10.1371/journal.pone.0013299
https://doi.org/10.1098/rstb.2018.0183
https://doi.org/10.1007/BF01314797
https://doi.org/10.1038/s41586-018-0383-9
https://doi.org/10.1111/j.1439-0426.2006.00805.x
https://doi.org/10.1098/rstb.2018.0174
https://doi.org/10.1016/j.marenvres.2017.02.004
https://doi.org/10.2307/1940241
https://doi.org/10.3354/meps202163
https://doi.org/10.1186/1742-9994-12-S1-S3
https://doi.org/10.1111/j.1095-8649.2010.02762.x
https://doi.org/10.1111/gcb.13903
https://doi.org/10.1111/eva.12386
https://doi.org/10.1371/journal.pone.0097223
https://doi.org/10.1007/s00338-012-0899-7
https://doi.org/10.1111/j.1365-2486.2010.02339.x


Yasutake et al.: Thermal history influences reproduction

Grenier S, Barre P, Litrico I (2016) Phenotypic plasticity 
and  selection:  nonexclusive mechanisms of adaptation. 
Scientifica 2016: 7021701 

Grorud-Colvert K, Sponaugle S (2006) Influence of condi-
tion on behavior and survival potential of a newly settled 
coral reef fish, the bluehead wrasse Thalassoma bifasci-
atum. Mar Ecol Prog Ser 327:279–288 

Guzzo MM, Mochnacz NJ, Durhack T, Kissinger BC, Killen 
SS, Treberg JR (2019) Effects of repeated daily acute heat 
challenge on the growth and metabolism of a cold water 
stenothermal fish. J Exp Biol 222: jeb198143  

Hartig F (2024) DHARMa:  residual diagnostics for hier -
archical (multi-level/mixed) regression models. R pack-
age version 0.4.6. https: //CRAN.R-project.org/package=
DHARMa 

Hays GC, Richardson AJ, Robinson C (2005) Climate change 
and marine plankton. Trends Ecol Evol 20: 337– 344  

Herman JJ, Spencer HG, Donohue K, Sultan SE (2014) How 
stable ‘should’ epigenetic modifications be? Insights 
from adaptive plasticity and bet hedging. Evolution 68: 
632– 643 

Hoey AS, McCormick MI (2004) Selective predation for low 
body condition at the larval-juvenile transition of a coral 
reef fish. Oecologia 139:23–29 

Ioannidis JPA (2008) Why most discovered true associations 
are inflated. Epidemiology 19: 640– 648  

Ioannidis JPA, Tarone R, McLaughlin JK (2011) The false-
positive to false-negative ratio in epidemiologic studies. 
Epidemiology 22: 450– 456  

Jobling M (1997) Temperature and growth:  modulation of 
growth rate via temperature change. In:  Wood CM, 
McDonald DG (eds) Global warming:  implications for 
freshwater and marine fish. Society for Experimental 
Biology seminar series. Cambridge University Press, 
Cambridge, p 225– 254 

Jonsson B, Jonsson N, Hansen MM (2022) Knock-on ef -
fects of environmental influences during embryonic 
de velopment of ectothermic vertebrates. Q Rev Biol 97: 
95– 139 

Kassambara A (2023) ggpubr:  ‘ggplot2’ based publication 
ready plots. R package version 0.6.0. https: //CRAN.
R-project.org/package=ggpubr 

Kavanagh KD (2000) Larval brooding in the marine damsel -
fish Acanthochromis polyacanthus (Pomacentridae) is 
correlated with highly divergent morphology, ontogeny 
and life-history traits. Bull Mar Sci 66: 321– 337 

Kitano J, Ansai S, Takehana Y, Yamamoto Y (2024) Diversity 
and convergence of sex-determination mechanisms in 
teleost fish. Annu Rev Anim Biosci 12: 233– 259  

Kuparinen A, Cano JM, Loehr J, Herczeg G, Gonda A, 
Merilä J (2011) Fish age at maturation is influenced by 
temperature independently of growth. Oecologia 167: 
435– 443  

Kuznetsova A, Brockhoff PB, Christensen RHB (2017) lmer-
Test package:  tests in linear mixed effects models. J Stat 
Softw 82: 1– 26  

Lai HL, Helser T (2004) Linear mixed-effects models for 
weight– length relationships. Fish Res 70: 377– 387  

Lande R (2009) Adaptation to an extraordinary environment 
by evolution of phenotypic plasticity and genetic assimi-
lation. J Evol Biol 22: 1435– 1446  

Le Roy A, Loughland I, Seebacher F (2017) Differential 
effects of developmental thermal plasticity across three 
generations of guppies (Poecilia reticulata):  canalization 
and anticipatory matching. Sci Rep 7: 4313  

Leimar O, McNamara JM (2015) The evolution of transgen-
erational integration of information in heterogeneous 
environments. Am Nat 185: E55– E69  

Lema SC, Luckenbach JA, Yamamoto Y, Housh MJ (2024) 
Fish reproduction in a warming world:  vulnerable points 
in hormone regulation from sex determination to spawn-
ing. Philos Trans R Soc B 379: 20220516  

Lenth R (2024) emmeans:  estimated marginal means, aka 
least-squares means. R package version 1.10.0. https: //
CRAN.R-project.org/package=emmeans 

Li S, Guo H, Chen Z, Jiang Y, Shen J, Pang X, Li Y (2021) 
Effects of acclimation temperature regime on the thermal 
tolerance, growth performance and gene expression of a 
cold-water fish, Schizothorax prenanti. J Therm Biol 98: 
102918  

Loisel A, Isla A, Daufresne M (2019) Variation of thermal 
plasticity in growth and reproduction patterns:  importance 
of ancestral and developmental temperatures. J Therm 
Biol 84: 460– 468  

Lüdecke D (2023) sjPlot:  data visualization for statistics in 
social science. R package version 2.8.12. https: //CRAN.
R-project.org/package=sjPlot 

Ma Q, Jiao Y, Ren Y (2017) Linear mixed-effects models to 
describe length– weight relationships for yellow croaker 
(Larimichthys polyactis) along the north coast of China. 
PLOS ONE 12: e0171811  

Marshall DJ, Cook CN, Emlet RB (2006) Offspring size 
effects mediate competitive interactions in a colonial 
marine invertebrate. Ecology 87: 214– 225  

McKenzie DJ, Zhang Y, Eliason EJ, Schulte PM and others 
(2021) Intraspecific variation in tolerance of warming in 
fishes. J Fish Biol 98: 1536– 1555  

Meehl GA, Tebaldi C (2004) More intense, more frequent, 
and longer lasting heat waves in the 21st century. Science 
305: 994– 997  

Meekan MG, Carleton JH, McKinnon AD, Flynn K, Furnas 
M (2003) What determines the growth of tropical reef fish 
larvae in the plankton:  food or temperature? Mar Ecol 
Prog Ser 256: 193– 204  

Miller GM, Kroon FJ, Metcalfe S, Munday PL (2015) Tem-
perature is the evil twin:  effects of increased temperature 
and ocean acidification on reproduction in a reef fish. 
Ecol Appl 25: 603– 620  

Morash AJ, Neufeld C, MacCormack TJ, Currie S (2018) The 
importance of incorporating natural thermal variation 
when evaluating physiological performance in wild 
species. J Exp Biol 221: jeb164673  

Morgan R, Finnøen MH, Jensen H, Pélabon C, Jutfelt F 
(2020) Low potential for evolutionary rescue from climate 
change in a tropical fish. Proc Natl Acad Sci USA 117: 
33365– 33372  

Munday PL, Kingsford MJ, O’Callaghan M, Donelson JM 
(2008) Elevated temperature restricts growth potential of 
the coral reef fish Acanthochromis polyacanthus. Coral 
Reefs 27: 927– 931  

Munday PL, Warner RR, Monro K, Pandolfi JM, Marshall DJ 
(2013) Predicting evolutionary responses to climate 
change in the sea. Ecol Lett 16: 1488– 1500  

Nilsson GE, Crawley N, Lunde IG, Munday PL (2009) Elev-
ated temperature reduces the respiratory scope of coral 
reef fishes. Glob Change Biol 15: 1405– 1412  

Nilsson GE, Östlund-Nilsson S, Munday PL (2010) Effects of 
elevated temperature on coral reef fishes:  loss of hypoxia 
tolerance and inability to acclimate. Comp Biochem 
Physiol A Mol Integr Physiol 156: 389– 393  

107

https://doi.org/10.1155/2016/7021701
https://doi.org/10.3354/meps327279
https://doi.org/10.1242/jeb.198143
https://cran.r-project.org/package=DHARMa
https://doi.org/10.1016/j.tree.2005.03.004
https://doi.org/10.1111/evo.12324
https://doi.org/10.1007/s00442-004-1489-3
https://doi.org/10.1097/EDE.0b013e31818131e7
https://doi.org/10.1097/EDE.0b013e31821b506e
https://doi.org/10.1086/720081
https://cran.r-project.org/package=ggpubr
https://doi.org/10.1146/annurev-animal-021122-113935
https://doi.org/10.1007/s00442-011-1989-x
https://doi.org/10.18637/jss.v082.i13
https://doi.org/10.1016/j.fishres.2004.08.014
https://doi.org/10.1111/j.1420-9101.2009.01754.x
https://doi.org/10.1038/s41598-017-03300-z
https://doi.org/10.1016/j.cbpa.2010.03.009
https://doi.org/10.1111/j.1365-2486.2008.01767.x
https://doi.org/10.1111/ele.12185
https://doi.org/10.1007/s00338-008-0393-4
https://doi.org/10.1073/pnas.2011419117
https://doi.org/10.1242/jeb.164673
https://doi.org/10.1890/14-0559.1
https://doi.org/10.3354/meps256193
https://doi.org/10.1126/science.1098704
https://doi.org/10.1111/jfb.14620
https://doi.org/10.1890/05-0350
https://doi.org/10.1371/journal.pone.0171811
https://cran.r-project.org/package=sjPlot
https://doi.org/10.1016/j.jtherbio.2019.07.029
https://doi.org/10.1016/j.jtherbio.2021.102918
https://cran.r-project.org/package=emmeans
https://doi.org/10.1098/rstb.2022.0516
https://doi.org/10.1086/679575


Mar Ecol Prog Ser 756: 95–109, 2025

Oksanen J, Simpson G, Blanchet F, Kindt R and others (2022) 
vegan:  community ecology package. R package version 
2.6-4. https: //CRAN.R-project.org/package=vegan 

Ospina-Álvarez N, Piferrer F (2008) Temperature-dependent 
sex determination in fish revisited:  prevalence, a single 
sex ratio response pattern, and possible effects of climate 
change. PLOS ONE 3: e2837  

Pandori LLM, Sorte CJB (2021) Spatial and temporal scales 
of exposure and sensitivity drive mortality risk patterns 
across life stages. Ecosphere 12: e03552  

Pankhurst NW, King HR (2010) Temperature and salmonid 
reproduction:  implications for aquaculture. J Fish Biol 
76: 69– 85  

Pankhurst NW, Munday PL (2011) Effects of climate change 
on fish reproduction and early life history stages. Mar 
Freshw Res 62: 1015  

Pankhurst NW, Hilder PI, Pankhurst PM (1999) Reproduc-
tive condition and behavior in relation to plasma levels of 
gonadal steroids in the spiny damselfish Acanthochromis 
polyacanthus. Gen Comp Endocrinol 115: 53– 69  

Pedersen TL (2020) patchwork:  the composer of plots. R 
package version 1.1.2. https: //CRAN.R-project.org/
package=patch work 

Peng J, Cao ZD, Fu SJ (2014) The effects of constant and 
diel-fluctuating temperature acclimation on the thermal 
tolerance, swimming capacity, specific dynamic action 
and growth performance of juvenile Chinese bream. 
Comp Biochem Physiol A Mol Integr Physiol 176: 
32– 40  

Pinheiro J, Bates D, DebRoy S, Sarkar D, R Core Team (2023) 
nlme:  linear and nonlinear mixed effects models. R 
package version 3.1-162. https: //CRAN.R-project.org/
package=nlme 

Pörtner HO, Farrell AP (2008) Physiology and climate 
change. Science 322: 690– 692 

Pörtner HO, Peck MA (2010) Climate change effects on 
fishes and fisheries:  towards a cause-and-effect under-
standing. J Fish Biol 77: 1745– 1779  

Pottier P, Burke S, Zhang RY, Noble DWA, Schwanz LE, 
Drobniak SM, Nakagawa S (2022) Developmental plastic-
ity in thermal tolerance:  ontogenetic variation, persist-
ence, and future directions. Ecol Lett 25: 2245– 2268  

R Core Team (2021) R:  a language and environment for stat-
istical computing. R Foundation for Statistical Comput-
ing, Vienna 

Rahmstorf S, Coumou D (2011) Increase of extreme events 
in a warming world. Proc Natl Acad Sci USA 108: 
17905– 17909  

Reed TE, Waples RS, Schindler DE, Hard JJ, Kinnison MT 
(2010) Phenotypic plasticity and population viability:  the 
importance of environmental predictability. Proc R Soc B 
277: 3391– 3400 

Rioual F, Ofelio C, Rosado-Salazar M, Dionicio-Acedo J, 
Peck MA, Aguirre-Velarde A (2021) Embryonic develop-
ment and effect of temperature on larval growth of the 
Peruvian anchovy Engraulis ringens. J Fish Biol 99: 
1804– 1821  

Robertson DR (1973) Field observations on the reproductive 
behaviour of a pomacentrid fish, Acanthochromis poly -
acanthus. Z Tierpsychol 32: 319– 324  

Rodgers GG, Donelson JM, Munday PL (2017) Thermosensi-
tive period of sex determination in the coral-reef dam-
selfish Acanthochromis polyacanthus and the implica-
tions of projected ocean warming. Coral Reefs 36: 
131– 138  

Rodgers EM, Cocherell DE, Nguyen TX, Todgham AE, 
Fangue NA (2018) Plastic responses to diel thermal vari-
ation in juvenile green sturgeon, Acipenser medirostris. 
J Therm Biol 76: 147– 155  

Rodgers GG, Rummer JL, Johnson LK, McCormick MI 
(2019) Impacts of increased ocean temperatures on a low-
latitude coral reef fish — processes related to oxygen 
uptake and delivery. J Therm Biol 79: 95– 102  

Rombough PJ (1997) The effects of temperature on embry-
onic and larval development. In:  Wood CM, McDonald 
DG (eds) Global warming:  implications for freshwater 
and marine fish. Society for Experimental Biology sem-
inar series. Cambridge University Press, Cambridge, 
p 177– 224 

Rummer JL, Munday PL (2017) Climate change and the evol-
ution of reef fishes:  past and future. Fish Fish 18: 22– 39  

Rummer JL, Couturier CS, Stecyk JAW, Gardiner NM, 
Kinch JP, Nilsson GE, Munday PL (2014) Life on the 
edge:  thermal optima for aerobic scope of equatorial reef 
fishes are close to current day temperatures. Glob 
Change Biol 20: 1055– 1066  

Rummukainen M (2012) Changes in climate and weather 
extremes in the 21st century. Wiley Interdiscip Rev Clim 
Change 3: 115– 129  

Salinas S, Brown SC, Mangel M, Munch SB (2013) Non-
genetic inheritance and changing environments. Non-
Genet Inherit 1: 38– 50  

Salinas S, Irvine SE, Schertzing CL, Golden SQ, Munch SB 
(2019) Trait variation in extreme thermal environments 
under constant and fluctuating temperatures. Philos 
Trans R Soc B 374: 20180177  

Sandoval-Castillo J, Gates K, Brauer CJ, Smith S, Bernatchez 
L, Beheregaray LB (2020) Adaptation of plasticity to pro-
jected maximum temperatures and across climatically 
defined bioregions. Proc Natl Acad Sci USA 117: 
17112– 17121  

Schaefer J, Ryan A (2006) Developmental plasticity in the 
thermal tolerance of zebrafish Danio rerio. J Fish Biol 69: 
722– 734  

Schindelin J, Arganda-Carreras I, Frise E, Kaynig V and 
others (2012) Fiji:  an open-source platform for biological-
image analysis. Nat Methods 2012 9: 676– 682 

Schunter C, Jarrold MD, Munday PL, Ravasi T (2021) Diel 
pCO2 fluctuations alter the molecular response of coral 
reef fishes to ocean acidification conditions. Mol Ecol 30: 
5105– 5118  

Servili A, Canario AVM, Mouchel O, Muñoz-Cueto JA 
(2020) Climate change impacts on fish reproduction are 
mediated at multiple levels of the brain–pituitary–
gonad axis. Gen Comp Endocrinol 291: 113439  

Shoji J, Toshito Si, Mizuno Ki, Kamimura Y, Hori M, Hira-
kawa K (2011) Possible effects of global warming on fish 
recruitment:  shifts in spawning season and latitudinal 
distribution can alter growth of fish early life stages 
through changes in daylength. ICES J Mar Sci 68: 
1165– 1169  

Snell-Rood EC, Swanson EM, Young RL (2015) Life history 
as a constraint on plasticity:  developmental timing is cor-
related with phenotypic variation in birds. Heredity 115: 
379– 388  

Soria FN, Strüssmann CA, Miranda LA (2008) High water 
temperatures impair the reproductive ability of the 
pejerrey fish Odontesthes bonariensis:  effects on the 
hypophyseal– gonadal axis. Physiol Biochem Zool 81: 
898– 905  

108

https://cran.r-project.org/package=vegan
https://doi.org/10.1371/journal.pone.0002837
https://doi.org/10.1002/ecs2.3552
https://doi.org/10.1111/j.1095-8649.2009.02484.x
https://doi.org/10.1071/MF10269
https://doi.org/10.1006/gcen.1999.7285
https://cran.r-project.org/package=patchwork
https://doi.org/10.1016/j.cbpa.2014.07.005
https://cran.r-project.org/package=nlme
https://doi.org/10.1126/science.1163156
https://doi.org/10.1111/j.1095-8649.2010.02783.x
https://doi.org/10.1111/ele.14083
https://doi.org/10.1073/pnas.1101766108
https://doi.org/10.1098/rspb.2010.0771
https://doi.org/10.1111/jfb.14882
https://doi.org/10.1111/j.1439-0310.1973.tb01108.x
https://doi.org/10.1086/588178
https://doi.org/10.1038/hdy.2015.47
https://doi.org/10.1093/icesjms/fsr059
https://doi.org/10.1016/j.ygcen.2020.113439
https://doi.org/10.1111/mec.16124
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1111/j.1095-8649.2006.01145.x
https://doi.org/10.1073/pnas.1921124117
https://doi.org/10.1098/rstb.2018.0177
https://doi.org/10.2478/ngi-2013-0005
https://doi.org/10.1002/wcc.160
https://doi.org/10.1111/gcb.12455
https://doi.org/10.1111/faf.12164
https://doi.org/10.1016/j.jtherbio.2018.12.008
https://doi.org/10.1016/j.jtherbio.2018.07.015
https://doi.org/10.1007/s00338-016-1496-y


Yasutake et al.: Thermal history influences reproduction

Spinks RK, Bonzi LC, Ravasi T, Munday PL, Donelson JM 
(2021) Sex- and time-specific parental effects of warming 
on reproduction and offspring quality in a coral reef fish. 
Evol Appl 14: 1145– 1158  

Sponaugle S, Grorud-Colvert K, Pinkard D (2006) Tempera-
ture-mediated variation in early life history traits and 
recruitment success of the coral reef fish Thalassoma 
bifasciatum in the Florida Keys. Mar Ecol Prog Ser 308: 
1– 15  

Stenseth NC, Mysterud A (2002) Climate, changing phen-
ology, and other life history traits:  nonlinearity and 
match– mismatch to the environment. Proc Natl Acad Sci 
USA 99: 13379– 13381  

Stillman JH (2003) Acclimation capacity underlies suscepti-
bility to climate change. Science 301: 65– 65 

Taborsky B (2006) Mothers determine offspring size in 
response to own juvenile growth conditions. Biol Lett 2: 
225– 228  

Tewksbury JJ, Huey RB, Deutsch CA (2008) Putting the heat 
on tropical animals. Science 320: 1296– 1297 

Thresher RE (1983) Habitat effects on reproductive success 
in the coral reef fish, Acanthochromis Polyacanthus 
(Pomacentridae). Ecology 64: 1184– 1199  

Truebano M, Fenner P, Tills O, Rundle SD, Rezende EL 
(2018) Thermal strategies vary with life history stage. 
J Exp Biol 221: jeb171629 

Uller T, Nakagawa S, English S (2013) Weak evidence for 
anticipatory parental effects in plants and animals. J Evol 
Biol 26: 2161– 2170  

Vagner M, Zambonino-Infante JL, Mazurais D (2019) Fish 
facing global change:  Are early stages the lifeline? Mar 
Environ Res 147: 159– 178  

Van Der Kraak G, Pankhurst NW (1997) Temperature effects 
on the reproductive performance of fish. In:  Wood CM, 
McDonald DG (eds) Global warming. Society for Experi-
mental Biology seminar series. Cambridge University 
Press, Cambridge, p 159– 176 

Vasseur DA, DeLong JP, Gilbert B, Greig HS and others 
(2014) Increased temperature variation poses a greater 

risk to species than climate warming. Proc R Soc B 281: 
20132612 

Venables WN, Ripley BD (2002) Modern applied statistics 
with S, 4th edn. Springer, New York, NY 

Vikingstad E, Andersson E, Tom Johnny H, Birgitta N and 
others (2016) Effects of temperature on the final stages of 
sexual maturation in Atlantic salmon (Salmo salar L.). 
Fish Physiol Biochem 42: 895– 907  

Volkoff H, Rønnestad I (2020) Effects of temperature on 
feeding and digestive processes in fish. Temperature 
(Austin) 7: 307– 320  

Wang N, Teletchea F, Kestemont P, Milla S, Fontaine P 
(2010) Photothermal control of the reproductive cycle in 
temperate fishes. Rev Aquacult 2: 209– 222  

Wen W, Huang X, Chen Q, Feng L, Wei L (2013) Tempe -
rature effects on early development and biochemical 
dynamics of a marine fish, Inimicus japonicus. J Exp Mar 
Biol Ecol 442: 22– 29  

West-Eberhard MJ (2003) Developmental plasticity and 
evolution. Oxford University Press, Oxford 

Wickham H (2011) The split– apply– combine strategy for 
data analysis. J Stat Softw 40: 1– 29 

Wickham H (2016) ggplot2:  elegant graphics for data analy-
sis. Springer-Verlag, New York, NY 

Wickham H, Bryan J (2023) readxl:  read Excel files. R pack-
age version 1.4.3. https: //CRAN.R-project.org/package=
readxl 

Wickham H, François R, Henry L, Müller K, Vaughan D 
(2023) dplyr:  a grammar of data manipulation. R package 
version 1.1.4. https: //CRAN.R-project.org/package=
dplyr 

Wilson DT, Meekan MG (2002) Growth-related advantages 
for survival to the point of replenishment in the coral reef 
fish Stegastes partitus (Pomacentridae). Mar Ecol Prog 
Ser 231: 247– 260  

Zahangir MM, Rahman ML, Ando H (2022) Anomalous tem-
perature interdicts the reproductive activity in fish:  neuro-
endocrine mechanisms of reproductive function in re -
sponse to water temperature. Front Physiol 13: 902257

109

Editorial responsibility: Scott C. Burgess, 
 Tallahassee, Florida, USA 
Reviewed by: R. H. Leeuwis and 1 anonymous referee 

Submitted: November 23, 2023 
Accepted: January 22, 2025 
Proofs received from author(s): February 27, 2025

https://doi.org/10.1111/eva.13187
https://doi.org/10.3354/meps308001
https://doi.org/10.1073/pnas.212519399
https://doi.org/10.1126/science.1083073
https://doi.org/10.1098/rsbl.2005.0422
https://doi.org/10.1126/science.1159328
https://doi.org/10.2307/1937828
https://doi.org/10.1242/jeb.171629
https://doi.org/10.1111/jeb.12212
https://doi.org/10.3389/fphys.2022.902257
https://doi.org/10.3354/meps231247
https://cran.r-project.org/package=dplyr
https://doi.org/10.18637/jss.v040.i01
https://doi.org/10.1016/j.jembe.2013.01.025
https://doi.org/10.1111/j.1753-5131.2010.01037.x
https://doi.org/10.1080/23328940.2020.1765950
https://doi.org/10.1007/s10695-015-0183-1
https://doi.org/10.1098/rspb.2013.2612
https://doi.org/10.1016/j.marenvres.2019.04.005



