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Resumo  Na ausência de dados demográficos, podem ser 
utilizadas características facilmente mensuráveis do histo-
rial de vida, como o tamanho do ovo, para prever como 
as taxas demográficas variam entre espécies, facilitando a 
modelação e a análise de communidades de alta diversidade. 
Avaliámos a sobrevivência larvar e a dinâmica de aquisição 
de competência, ambas determinantes da dispersão larvar, 
de quatro espécies de corais não estudadas anteriormente 
a temperaturas atuais e aquecidas. Este conjunto de dados 
foi combinado com dados comparáveis para três outras 
espécies de corais para avaliar o quão bem o tamanho do 
ovo prevê a mortalidade das larvas, o tempo mínimo para a 
competência e a sua sensibilidade ao aquecimento. O tempo 
mínimo para a competência aumentou com o tamanho do 
ovo; além disso, as reduções induzidas pelo aquecimento no 
tempo para a competência foram maiores para as espécies 
com ovos maiores. Em contraste, a taxa de mortalidade e 
a sua resposta ao aquecimento foram ambas independentes 
do tamanho do ovo. Estas descobertas mostram como as 
respostas ao nível da comunidade às alterações ambientais 
podem ser inferidas para comunidades diversas e indicam 
como as alterações induzidas pelo aquecimento na biologia 
larvar podem remodelar as metacomunidades de recifes de 
coral.
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Introduction

Predicting how species and metacommunities will respond 
to environmental change is a key challenge for ecology (Orr 
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et al. 2020; Thompson et al. 2021). For relatively species-
poor communities, this can be accomplished using models 
of metacommunity dynamics calibrated by direct measure-
ments of growth, intra- and interspecific competition and/
or facilitation, reproduction, recruitment and dispersal (e.g., 
Pacala et al. 1996). Such models not only help us answer 
ecological and evolutionary questions, such as about the rel-
ative importance of different coexistence mechanisms (Adler 
et al. 2010), they can also be used to inform management 
decisions, such as the design of networks of protected areas 
(Born et al. 2008; Edwards et al. 2010). For species-rich 
communities, however, such demographic data are rarely 
available, nor easily collectable, for the vast majority of spe-
cies (Urban et al. 2016). One solution to this is to character-
ize how the demographic characteristics of species vary with 
more readily measurable species traits (Adler et al. 2014; 
Madin et al. 2016; Wieczynski et al. 2021), and to infer spe-
cies-level demography based on species’ portfolios of traits.

Egg size is an easy-to-measure, highly conserved life 
history trait (Robertson and Collin 2015) which, in many 
organisms with a dispersal life stage, can serve as proxy 
for larval development time, and consequently dispersal 
potential. Larger eggs tend to have greater energy con-
tent (McEdward and Morgan 2001; Robertson and Collin 
2015) and produce larger feeding larvae or newly metamor-
phosed recruits (Strathmann 1977; Sinervo 1990; Bernardo 
1996; Fox and Czesak 2000; García-Barros 2000; Marshall 
and Keough 2008; Allen and Marshall 2014). Egg size is 
inversely related to larval development time (Berrill 1935; 
Steele 1977; Emlet et al. 1987; García-Barros 2000), both 
within (Marshall and Bolton 2007) and among species 
(Staver and Strathmann 2002) with the same feeding modes 
and at similar temperature. Increased metabolic demands for 
oxygen, coupled with a decrease in the capacity to acquire 
oxygen by diffusion, have been hypothesized to explain 
this pattern (Einum et al. 2002). Because planktonic period 
affects dispersal potential, egg size can also be a good proxy 
for larval dispersal potential in some groups, particularly 
those whose larvae are weak swimmers (see Shanks 2009 
for a study on the influence of larval swimming on homing 
behaviors that can limit dispersal). Dispersal is a particu-
larly important demographic process because, alongside 
post-settlement processes that influence survival, growth 
and fecundity (Keesing and Halford 1992; Fraschetti et al. 
2003; Ritson-Williams et al. 2009; Penin et al. 2010; Riegl 
and Purkis 2015), it influences species distribution, persis-
tence, gene flow and local adaptation, as well as the capacity 
for degraded areas to recover via the arrival of larvae from 
connected undisturbed locations.

For stony corals, the main structure-formers of coral reef 
ecosystems, dispersal is limited to the egg, embryo and larval 
stages. How long larvae remain alive and when they become 
able to settle are important determinants of coral larval 

dispersal patterns. However, corals are a highly diverse group, 
and the parameterization of competency dynamics for all coral 
species in the metacommunity would be time-consuming and 
costly. In broadcast spawning corals, egg size explains ca. 80% 
of the variation in time to motility (i.e., the time it takes from 
egg fertilization to the acquisition of cilia and start of move-
ment; Figueiredo et al. 2013); however, the potential relation-
ship between egg size and the minimum time to competency 
(when larvae have developed the necessary structures to settle 
and metamorphose when exposed to suitable settlement cues) 
has not yet been assessed, nor has the relationship between 
egg size and mortality rate. Such relationships could facilitate 
inferences about assemblage-level changes in dispersal poten-
tial in reef corals, particularly if egg size explains a substantial 
proportion of the interspecific variation in these parameters.

Larval dispersal patterns of corals are expected to be 
affected by climate change, mostly driven by changes in lar-
val development dynamics (Figueiredo et al. 2022). Warming 
accelerates embryogenesis and larval development of most 
marine ectothermic species (Hoegh-Guldberg and Pearse 
1995; O’Connor et al. 2007), including multiple broadcast 
spawning corals (Nozawa and Harrison 2007; Heyward and 
Negri 2010), altering their larval dispersal potential. Specifi-
cally, local retention of coral larvae increases (Figueiredo et al. 
2014) and reef connectivity decreases (Figueiredo et al. 2022) 
when larval development time is shorter. However, the mag-
nitude of interspecific variability in such responses, and the 
role of modulators such as egg size, have not been assessed. In 
this study, we experimentally assessed the larval survival and 
competency acquisition dynamics of four previously unstudied 
coral species at current and warmed temperatures. We then 
combined these new data with previously collected data from 
three other coral species in metaregressions. Specifically, 
we estimate the magnitude of interspecific variation in these 
demographic quantities, assess the extent to which key param-
eters driving larval dispersal potential are predicted by egg 
size and determine whether egg size predicts the magnitude of 
warming-induced changes in those parameters. Our findings 
highlight how changes to the larval survival and competency 
acquisition dynamics (hereafter, “larval development dynam-
ics”) might influence dispersal and consequently the metacom-
munity structure and dynamics of reef coral assemblages in the 
coming decades, and illustrate how readily measurable trait 
values can inform projected changes to high-diversity com-
munities more broadly.

Material and methods

Larval survival and competency experiments

Six colonies of Ctenactis cf. echinata, Acropora aff. digitif-
era, Acropora aff. tenuis and Lobophyllia cf. corymbosa 
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were collected nearshore at Sesoko Island (Okinawa, Japan) 
and transferred to a flow-through raceway before spawning 
in June or July 2013. The colonies were identified in the 
field following Nishihira and Veron (1995). After spawn-
ing in the laboratory at Sesoko Marine Research Station of 
University of the Ryukyus, the gametes of all colonies of the 
same species were collected and mixed. Except for A. tenuis, 
fifty eggs of each species were measured under a stereomi-
croscope with a calibrated micrometer; the eggs size of A. 
tenuis was taken from Tan et al. (2020) which performed 
measurements in colonies from the same site. Embryos/
larvae of each species were reared at three temperatures: 
current temperature after spawning in the reef of Sesoko, + 2 
and + 4 °C (respectively, 27, 29 and 31 °C), except for A. 
digitifera whose embryos/larvae were only reared at current 
and + 4 °C, due to an insufficient number of larvae for an 
intermediate temperature treatment. Temperature was main-
tained using water baths with thermostats (± 0.5 °C) and 
monitored at least twice a day with a digital thermometer 
(± 0.1 °C). Larvae were not stirred nor provided artificial 
light, following the natural diel cycle with PAR reaching a 
maximum of 10 µmol photons m−2 s−1.

For all species, larval survival was assessed using four 
replicates of 50 embryos/larvae per temperature. Each 
200 mL glass jar (replicate) was filled with filtered (0.2 μm) 
seawater and stocked with 50 embryos (2 h post-spawning). 
The total number of larvae alive from the initial stock was 
counted daily; water was changed daily during this process.

For A. digitifera and L. corymbosa, the larval competency 
at each temperature was assessed using four replicates of 100 
embryos (2 h post-spawning). In each replicate, embryos 
were stocked to a 200 mL glass jar filled with filtered 
(0.2 μm) seawater with a 2 × 2 × 0.5 cm pre-conditioned 
ceramic tile to induce settlement and metamorphosis. The 
tiles were pre-conditioned for at least one month on the reef 
flat in front of Sesoko Station from where the adult colonies 
had been collected. Every day, the tile was removed from 
the jar, censused under a scope for metamorphosed corals, 
and replaced by another tile; censuses were performed until 
the day no larvae were observed settling in any temperature 
treatment. The number of larvae that remained alive but had 
not settled until the end of the experiment was also counted.

For C. echinata and A. tenuis, embryos were reared in 
three or more 2L bowls per temperature (starting 2 h post-
spawning). To assess competency at each temperature, every 
day until day 6, and then on days 9, 16, 20 and 30 post-fer-
tilization, four replicates of twenty larvae were haphazardly 
collected from all bowls and placed in 200 mL glass jars 
filled with filtered seawater at the same temperature and pro-
vided a 2 × 2 × 0.5 cm pre-conditioned ceramic tile to induce 
settlement and metamorphosis. A day later the larvae that 
had settled and metamorphosed at each temperature were 
recorded.

Larval dynamics modeling

The larval survival and competency acquisition dynamics 
from seven species [four from this study (above) and three 
previously published (Figueiredo et al. 2014, 2022) identi-
fied in the field using Nishihira and Veron (1995) in Sesoko, 
and Veron (2000) in the Great Barrier Reef] representing a 
wide range of egg diameter (mean ± SE) [Ctenactis cf. echi-
nata (256 ± 2.1 µm), Cyphastrea japonica (297 ± 2.6 µm), 
Favites stylifera (454 ± 4.8 µm), Acropora aff. digitifera 
(521 ± 3.4 µm), Acropora aff. millepora (540 ± 4.7 µm), 
Lobophyllia cf. corymbosa (593 ± 2.7 µm) and Acropora aff. 
tenuis (602 ± 3.3 µm, Tan et al. 2020); the “cf.” and “aff.” 
abbreviations reflect the ongoing taxonomic revision but will 
not be used hereafter] were modeled using standard like-
lihood formulations, and parameters were estimated using 
maximum likelihood (Figueiredo et al. 2014, 2022, detailed 
in Supplement). These species are broadcast spawners and 
produce aposymbiotic gametes. For each species, we used 
model selection to assess whether there was support for 
temperature-dependent mortality and competency rates by 
comparing a model where all parameters were independent 
of temperature with models where different combinations of 
parameters were dependent on temperature, using Akaike’s 
information criterion corrected for small samples (AICc) and 
likelihood ratio tests. The time to 25% mortality (M25) was 
estimated as the time when the probability of having already 
died, calculated as 1 − e(−�t)

v (where t is time, and  � and ν 
are mortality parameters that allow a monotonic decrease in 
mortality rate over time, Figueiredo et al. 2022), was equal 
to 0.25. The variances of the minimum time to competency 
(tc, i.e., the time it takes an embryo of broadcast spawning 
coral species to develop, settle and metamorphose when 
exposed to suitable settlement cues) and M25 were calcu-
lated by randomly generating 1000 (multivariate normal) 
estimates of survival and competency model parameters 
[including temperature-(in)dependent log(tc) and survival 
parameters log(µ) and log(ν)] using the variance–covari-
ance matrix (i.e., inverse of the hessian matrix, evaluated at 
the maximum likelihood), then using each parameter set to 
generate 1000 estimates of the time to 25% mortality and tc, 
and from these calculate their respective variance (Table 1).

Effect of egg diameter on coral larval development 
and its sensitivity to warming

To describe the relationship between egg diameter and the 
minimum time to competency (tc) at current temperature 
conditions in corals (Table 1), a mixed-effects metaregres-
sion was conducted using the maximum likelihood estimate 
of tc and its estimated sampling variance for the same seven 
species, with species identity as a random factor and egg 
diameter (µm) as a moderator. To determine the effect of 
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egg diameter on the minimum time to competency (tc) at 
current temperature, this metaregression was compared with 
one where the egg diameter was not included as moderator 
using AICc and the likelihood ratio test (LRT); both metar-
egressions were run using the maximum likelihood method 
(as opposed to restricted maximum likelihood) to allow 
for the comparison of models with different fixed-effects 
structures (Zuur et al. 2009). The variance explained by the 
egg size was quantified using a pseudo-R2 statistic which 
estimates the proportional reduction in the variance of the 
model with the moderator (egg size), relative to the model 
without it (using ML). Once the best model was identified, 
this was refit using restricted maximum likelihood to obtain 
less biased parameter estimates. The same methodology was 
used to test the effect of egg diameter on the time to 25% 
mortality (M25) at current temperature conditions.

To assess the effect of egg diameter on the warming-
induced reduction of the minimum time to competency, 
we used a two-step metaregression analysis. First, for each 
species, a fixed-effects metaregression of the minimum 
time to competency was conducted using the estimated 
minimum time to competency at each temperature and its 
variance (Table 1), and temperature as moderator. Then, 
a mixed-effects metaregression of the estimated slopes of 
each species’ metaregression (Δtc/ΔT, in h/°C) and their 
variance (calculated by squaring the product of the esti-
mated slope by number of temperatures tested minus 1) 
was conducted using species identity as a random effect 
and egg diameter as the moderator. To assess the effect 

of egg diameter on the warming-induced changes to the 
minimum time to competency, this metaregression was 
compared, using the AICc and LRT, with one where egg 
diameter was not included as moderator. The best model 
was refit using restricted maximum likelihood (REML). 
The total interspecific variance explained by the moderator 
was estimated as the proportional reduction in the variance 
component of the model with the moderator, relative to 
the model without it (using ML). The same methodology 
was used to test the effect of egg diameter on the warming-
induced changes to the time to 25% mortality (M25).

Results

Larval survival and competency dynamics

For the species examined experimentally in this study, 
warming accelerated the acquisition of competency (i.e., 
reduced minimum time to competency by third to half) in 
A. tenuis, A. digitifera and L. corymbosa and increased 
larval mortality (ca. 25–33%) of C. echinata, A. digitifera 
and A. tenuis, particularly during the early stages of larval 
development (embryogenesis). In contrast, the larval com-
petency dynamics of C. echinata and the larval survival of 
L. corymbosa were not affected by warming (Fig. 1, and 
Tables S1-4 and Figures S1-4 in Supplement).

Table 1   Mean (and SD) egg diameter (µm) and minimum time to 
competency (tc) and time to 25% mortality (M25) and its estimated 
standard deviation (SD) for each temperature for the seven species 
used in the metaregressions, with n being the sample size. * indicates 
species which egg size and larval dynamics were previously pub-

lished in Figueiredo et al. (2014). ** indicates species which egg size 
(but not larval dynamics) was published in Tan et  al. (2020). Note 
that in some cases the standard deviations (SD) for M25 are consid-
erably large because mortality never reached 25% during the experi-
mental period

Species Egg diam-
eter (µm)

Minimum time to competency, tc (h) (SD) Time to 25% mortality, M25 (h)
(SD)

27 °C
(current)

29 °C
(+ 2 °C)

31 °C
(+ 4 °C)

n 27 °C
(current)

29 °C
(+ 2 °C)

31 °C
(+ 4 °C)

n

Ctenactis echinata 256 28.35 (3.61) 28.35 (3.61) 28.35 (3.61) 54 4
(1.21)

2
(0.55)

1
(0.14)

132

Cyphastrea japonica* 297 50.00 (1.45) 42.63 (2.11) 41.86 (2.34) 72 44
(6.48)

39
(6.10)

12
(3.47)

198

Favites stylifera* 454 60.04 (0.45) 51.57 (1.30) 44.12 (1.85) 81 194
(23.21)

194
(23.21)

194
(23.21)

198

Acropora digitifera 521 97.00 (1.31) 81.88 (0.30) 72 305
(85.74)

30
(9.48)

152

Acropora millepora* 540 103.81 (1.04) 86.34 (0.47) 62.67 (0.44) 120 18
(3.73)

5
(1.27)

3
(0.65)

360

Lobophyllia corymbosa 593 83.26 (1.14) 79.02 (1.75) 55.14 (1.70) 96 57
(6.44)

57
(6.44)

57
(6.44)

120

Acropora tenuis** 602 85.32 (2.07) 60.27 (1.04) 41.66 (0.33) 120 1659
(531)

647
(151)

361
(74)

360
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Effect of egg diameter on coral larval development 
and its sensitivity to warming

Combining our estimates from the data above with those 
obtained from previous work in a meta-analysis revealed 
that the minimum time to competency (tc) at current tem-
perature (Table 1) significantly increased with egg diam-
eter, taking 17.2 ± 3.6 h (mean ± SE) longer to develop per 
each 100 µm increase in egg diameter (LRT: p = 1.4 × 10–3, 
Fig. 2):

with 77% of the total interspecific variance being explained 
by egg diameter. Minimum time to competency decreased by 
about 5.6 ± 1.5 h (mean ± SE) per each increased degree in 
temperature (°C); Δtc/ΔT is normally distributed (one-sam-
ple Kolmogorov–Smirnov test, D = 0.24, p = 0.75), and it 
varies considerably among species (SD = 3.6). The decrease 
in the minimum time to competency of coral larvae, Δtc (h), 
with temperature increase, ΔT (°C), increases with the mean 
egg diameter of the species (µm) (LRT, p = 0.0085) and can 
be described by the following (Fig. 3):

with 62% of the interspecific variance in Δtc/ΔT explained 
by egg diameter. This suggests that as temperature increased, 

tc = −7.53 + 0.17 × Eggdiameter(�m)

Δtc∕ΔT(h∕◦C) = 5.83 − 2.41 × 10
−2 × EggDiameter(�m)

Fig. 1   The larval survival and competency models of Ctenactis 
echinata, Acropora digitifera, Lobophyllia corymbosa and Acro-
pora tenuis, at current-day temperature during spawning time in 

Okinawa, Japan (27 °C, purple) and 2 °C warmer (29 °C, green) and 
4 °C warmer (31 °C, orange). The gray line indicates cases where the 
model is equal for the three temperatures

Fig. 2   Relationship between egg diameter (µm) and minimum time 
to competency (h) at current-day conditions. The middle/straight line 
represents the line of best fit and the upper, and lower lines represent 
the 95% confidence interval of the regression. The circles and error 
bars represent the mean ± SD for each coral species
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species with larger egg diameter experienced a greater 
reduction in the minimum time to competency.

At current temperature, larvae took on average 
96.3 ± 41.6 h (± SE) to reach 25% mortality (M25), and 
this time decreased by about -2.4 ± 1.5 h on average (± SE) 
for every degree increase in temperature (°C) (Table 1). 
Both M25 and its sensitivity to warming (ΔM25/ΔT) var-
ied substantially among species (SD = 3.6 and SD = 101.9, 
respectively). Model selection did not favor including egg 
diameter as a predictor of the time until 25% mortality at 
current temperature (log likelihood ratio test, p = 0.30), nor 
did egg size predict the sensitivity of increased mortality to 
temperature (LRT, p = 0.22), suggesting that it explains, at 
most, a small proportion of the total interspecific heteroge-
neity in mortality.

Discussion

In this study, we identified strong relationships between 
egg size and minimum time to competency in a number 
of broadcast spawning corals. These relationships suggest 
that a substantial proportion of the interspecific variation 
in larval competency acquisition dynamics, and how this is 
affected by warming, is predictable from readily measurable 
characteristics of the eggs. Specifically, the minimum time to 
competency increases with egg diameter, making the larvae 

of species with larger eggs to develop slower. Additionally, 
species with larger eggs also experienced more substantial 
reductions of the minimum time to competency with increas-
ing temperatures. As a result, as the climate continues to 
warm, broadcasting spawning coral species with larger eggs 
are expected to experience greater changes to their disper-
sal patterns than species with smaller eggs. The estimated 
trait-based relationships provided by this study, including the 
distribution of the warming-induced increase in mortality, 
the relationship between egg diameter and minimum time to 
competency and the relationship between egg diameter and 
warming-induced changes to the minimum time to compe-
tency, can therefore facilitate projections of metacommunity 
scale responses to environmental change.

The diameter of the eggs of broadcast spawning corals 
was a good predictor of their minimum time to competency 
at current temperature conditions (Fig. 2) likely because, 
as in other animals, larger eggs have lower respiratory 
exchange and thus longer larval development times. The 
relationship between egg size and larval development time 
has been previously documented using data for other coral 
species (Figueiredo et al. 2013; Randall et al. 2024); how-
ever, both existing studies used different metrics. Figueiredo 
et al. (2013) found a relationship between egg diameter 
and time to motility [i.e., time until larvae start rotating, 
tm (h) = 0.0596 × egg size (µm) + 0.067, R2 = 0.80] using 
the data from 20 broadcasting coral species, while Ran-
dall et al. (2024) found a relationship between egg diam-
eter and the time until 50% of the larvae were competent 
[tc50 (days) = 0.0037 × egg diameter + 2.32, R2 = 0.26] for 
21 broadcasting coral species. While these are not directly 
comparable to this study, the trend is similar. For coral spe-
cies with smaller eggs, the predictions of time to motility are 
very similar to the minimum time to acquire competency, as 
one would expect from species with a very fast larval devel-
opment; the time to 50% competency occurs later as larvae 
within the same cohort typically acquire competency at dif-
ferent rates (Fig. S5 in Supplement). As egg size increases, 
the time to motility becomes increasingly shorter than the 
minimum time to competency (Fig. S5 in Supplement) as 
expected for species with longer development times. For 
species with larger eggs, mostly Acropora, the minimum 
time to motility is relatively similar to the time to 50% com-
petency (Fig. S5 in Supplement) which suggests Acropora 
species tend to be have a relatively higher intra-cohort syn-
chrony in the acquisition of competency and/or the optimal 
settlement cues for this genus are better identified. With 
respect to dispersal, the most important trait is the minimum 
time to competency because this is the point at which lar-
vae can swim directionally and thus can leave the plankton 
and start exploring the benthos. The relationship between 
egg size and larval development time is not unique to cor-
als. From marine to aquatic environments, within closely 

Fig. 3   Relationship between egg diameter (µm) and change in mini-
mum time to competency with increased temperature (Δtc/ΔT, h/°C). 
The middle/straight line represents the line of best fit, and the upper 
and lower lines represent the 95% confidence interval of the regres-
sion. The circles and error bars represent the mean ± SD for each 
coral species
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related animals which inhabit the same temperature regime, 
species with larger eggs typically take longer to complete 
larval development (Staver and Strathmann 2002). Egg size 
has been found to be a good proxy for larval development 
time in multiple animal groups, including amphipods (Steele 
and Steele 1973), ascidians (Berrill 1935; Staver and Strath-
mann 2002), bivalves (Staver and Strathmann 2002), but-
terflies (García-Barros 2000), copepods (McLaren 1966), 
decapods (Wear 1974), fish (Duarte and Alcaraz 1989), 
frogs (McLaren and Cooley 1972), gastropods (Staver and 
Strathmann 2002), hydromedusas (Staver and Strathmann 
2002), nudibranchs (Wray and Hadfield 1987) and seastars 
(Strathmann and Staver 2002). The relationship between 
egg size and larval development time is mostly explained 
by the ratio of the surface area to the volume of the egg, as 
this determines the rate of respiratory exchange and thus 
control development rate (Rubalcaba et al. 2020; Pettersen 
et al. 2022; White et al 2022). However, it is not oxygen dif-
fusion that limits larval development as during early stages 
development does not require much oxygen, and oxygen 
consumption increases relatively slowly with increasing 
egg mass (Berrill 1935; Einum et al. 2002). Interestingly, it 
appears to be driven by carbon dioxide, which can be very 
toxic and thus needs to be removed from the egg. As egg 
size (and ratio of the surface area to the volume) increases, 
the elimination of CO2 from the egg and embryo surfaces 
is progressively harder, requiring a reduction in the pace of 
larval development so that CO2 generation does not outpace 
its elimination (Berrill 1935).

The minimum time to competency of the larvae of broad-
cast spawning coral species decreases as temperatures warm 
(Table 1, Fig. 1) because the latter accelerates metabolic 
rates and consequently larval development. Temperature is 
of greatest influence upon the duration of larval development 
for all species (Thorson 1950), not just corals. Within a spe-
cies’ tolerance range, low temperatures lengthen the pelagic 
life, while high temperatures shorten it (provided food avail-
ability or maternal reserves are high enough to support the 
increased metabolic rate at these high temperatures) (Berrill 
1935; O’Connor et al. 2007). This trend has been reported 
in multiple marine and freshwater animals, such as amphi-
pods (Steele and Steele 1973), ascidians (Berrill 1935), 
brine shrimp (Figueiredo et al. 2009), copepods (McLaren 
1966), decapods (Wear 1974; Kumlu et al. 2000; Figue-
iredo and Narciso 2006), fish (Duarte and Alcaraz 1989), 
frogs (McLaren and Cooley 1972), sea cucumber (Asha and 
Muthiah 2005) and other corals (Nozawa and Harrison 2007; 
Randall and Szmant 2009a,bHeyward and Negri 2010), and 
is commonly exploited by aquaculture facilities to accelerate 
production (Rothlisberg 1998; Morais et al. 2016). Warmer 
temperature increases the activity of enzymes, accelerating 
fundamental biochemical processes and consequently meta-
bolic rates (Clarke and Fraser 2004) and larval development.

Together with previous observations, the additional 
warm-induced larval dynamics provided in this study con-
firm that the hastening of larval development under warmer 
conditions likely extends to all broadcasting spawning coral 
species. Our findings suggest that estimates of the change 
in minimum time to competency with increased tempera-
ture can be randomly generated from a normal distribution 
(mean = -5.6 and SD = 3.6). The ability to produce estimates 
of the minimum time to competency, i.e., the minimum time 
larvae are obligatorily planktonic and dispersing, without 
information on the reproductive ecology of the species in 
a community, can improve estimates of demographic con-
nectivity of coral populations. However, these estimates can 
be even further improved if the egg size of the coral species 
present in a community is known.

The extent of the reduction of minimum time to com-
petency under warmer temperatures is directly related to 
egg size, with coral species with larger eggs experiencing 
greater reductions (Fig. 3). For each degree (°C), tempera-
ture increases, and coral species with larger eggs (> 450 µm) 
will become ready to settle ca. 5-10 h earlier, while species 
with smaller eggs (< 300 µm) will only develop ca. 1-2 h 
faster. This is likely a result from having a longer larval 
development, and thus, any acceleration in development 
shortens considerably more the time required for their lar-
vae to become competent. The greater the increase in tem-
perature, the more striking these differences become. For 
example, a 4 °C increase leads to a hastening of develop-
ment of ca. 0-8 h for species with small eggs vs. 20-40 h for 
species with large eggs. This magnitude of shortening of 
larval development (1 day or more) can cause a substantial 
change in coral larval dispersal patterns and connectivity, 
namely an increase in local retention and self-recruitment 
and a weakening of connectivity (Figueiredo et al. 2022), 
with important consequences for the persistence and recov-
ery of populations following disturbances (Figueiredo et al. 
2022), as well as genetic diversity and adaptation processes. 
Since the experiments used to estimate this relationship did 
not expose the adult coral colonies to warmer conditions, 
the proposed equation presumes that their egg diameter will 
not be altered by warming. Existing studies suggest that egg 
size may vary with some environmental conditions, but tem-
perature stress seems to have a minor effect on egg size. 
Corals associated with the more thermally tolerant algal 
Durusdinium symbionts produced eggs with a lower lipid 
content and smaller size than the ones associated with the 
thermally sensitive Cladocopium; however, while exposure 
of adult corals to warming also reduced the number and 
lipid content of the eggs produced, it did not affect the size 
of their eggs (Jones and Berkelmans 2011). Temperature 
differences between seasons have also been found not alter 
the egg size nor fecundity of four biannually spawning coral 
species (Foster and Gilmour 2020). This evidence is still 
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insufficient to determine if and to which extent the egg size 
of coral species will be altered by warming. However, if 
the egg size of corals does shrink under warmer tempera-
tures, since egg size is directly related to the minimum time 
to competency, the reduction of time to competency under 
warm conditions described above would be even more pro-
nounced than predicted here.

For most coral species studied, larval mortality increased 
with temperature (Nozawa and Harrison 2007; Randall and 
Szmant 2009a,b; Heyward and Negri 2010; Figueiredo 
et al. 2014; Putnam and Gates 2015; Graham et al. 2017; 
Matsuda et al. 2021; Figueiredo et al. 2022, this study) and 
independently of egg size. The observed increased mortality 
of corals during embryogenesis and larval development at 
higher (than optimal/current-day) temperatures is common 
among ectotherms (e.g., echinoderms [Byrne et al. 2013], 
fish [Madeira et al. 2016] and crustaceans [Quinn 2017]) 
and explained by an acceleration of enzyme activity under 
warmer temperatures that accelerates cell division and in the 
process potentially increases the chances of malformation 
due to lack of synchronicity among tissues. However, the 
magnitude of increase in coral larval mortality with tempera-
ture was independent of egg size, suggesting that even if egg 
size partially explains the differential mortality among coral 
species, its effect will be much smaller than the effects of 
parental genotype, history of stress exposure, food quantity 
and quality and/or symbiont community (Jones and Berkel-
mans 2011; Baums et al. 2013; Padilla-Gamiño et al. 2013; 
Kirk et al. 2018).

Coral species with larger eggs are expected to disperse 
further but as oceans warm, they will experience greater 
reductions in dispersal distance and connectivity. Since coral 
larvae are mostly passive dispersers (Hata et al. 2017), the 
direct relationship between egg size and time to competency, 
and of the latter with dispersal potential (Figueiredo et al. 
2013, 2014, 2022), means species with larger eggs have a 
greater potential to disperse away from their parental habi-
tat. Furthermore, as the reduction of the minimum time to 
competency with warming is greater in species with larger 
eggs, we project that as oceans warm, these species will 
experience greater reductions in dispersal distance and con-
nectivity. Reducing the time larvae spend in the plankton 
(pre-competency time) will also increase the probability 
larvae will settle before being flushed from their natal reef, 
thus experiencing a greater relative increase in local reten-
tion and self-recruitment. The broadcast spawning corals 
with the largest eggs are from the genera Lobophyllia and 
Acropora. Acropora is the most diverse and abundant genus 
of reef-building corals (Veron 2000); their branching mor-
phology provides habitat to a multitude of reef fish species. 
An increase in local retention and self-recruitment and 
reduction in connectivity of these species are expected to 
reduce the inter-reef genetic exchange, increasing isolation 

and reducing gene flow and recruitment subsidies follow-
ing disturbance. Considering that Acropora are also some 
of the most susceptible species to bleaching (Marshall 
and Baird 2000), these changes are likely to considerably 
reshape metacommunities worldwide, particularly in the 
Indo-Pacific, which is still dominated by this genus.

Measuring demographic parameters to predict assem-
blage-level responses to environmental change in highly 
diverse communities is extremely challenging, but readily 
measurable life history traits, like egg size, may at least in 
some cases be used to characterize interspecific differences 
and thus facilitate modeling analysis and predictions. Exist-
ent projections of how demographic parameters, and conse-
quently species abundance and distribution, will be affected 
by environmental change use empirically calibrated models 
or the ecological niche of the species based on time-series 
distributions over large spatial scales (e.g., Bozec et al. 2022 
and Cresswell et al. 2024 [corals]; O’Connor et al. 2007 
[marine fish and invertebrates]; Buckley et al. 2011 [butter-
flies]; Bowler et al. 2017 [many groups]; Sanchez-Salguero 
et al. 2017 [trees]; Simon-Nutbrown et al. 2020 [coralline 
algae]; and Benedetti et al. 2021 [plankton]). For corals, 
projections of warm-induced changes to larval dispersal pat-
terns and connectivity have been based on “generic” larval 
dynamics (Wood et al. 2016), thus not reflecting the interspe-
cific variability, or focused on a single species (Figueiredo 
et al. 2022; Holstein et al. 2022); projections of dispersal 
for entire coral communities are inexistent. Experimentally 
assessing how demographic parameters of a species will 
change with warming often requires access to a temperature-
controlled laboratory and is time-consuming, labor-intensive 
and expensive; for larval development dynamics, data col-
lection is often restricted to one annual reproductive event. 
Early coral post-settlement interactions are another aspect 
of the life cycle that is a critical demographic bottleneck 
but where getting data is extremely difficult, and thus, it is 
another great candidate for using approaches like this one 
as more information accumulates. Doing experimental cali-
brations for all species of a diverse taxonomic group, such 
as corals, is virtually impossible. The relationships between 
readily measurable life history traits and effects of environ-
mental change on demographic parameters, such as the one 
described here for corals, allow us to bypass that, facilitating 
estimations of future abundance and ability to recover from 
disturbances for unstudied species and, more importantly, 
entire metacommunities. For corals, projections of future 
dispersal using the relationship between egg size and warm-
driven changes in larval development time would greatly 
benefit the design of networks of marine protected areas and 
siting of reef restoration efforts that aim to counteract the 
negative effects of climate change. The relationship between 
egg size and warming effects on larval development has not 
been studied in other taxonomic groups, and thus, it is not 
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clear if the species with larger eggs within other taxonomic 
groups are also expected to experience greater declines in 
dispersal. However, considering (within taxonomic group 
and habitat) relationships between egg size and larval devel-
opment time, and the known relationship between tempera-
ture and larval developmental rates, it is quite possible that 
that is the case. Further studies have the potential to greatly 
expand our ability to predict the dispersal, and consequently 
the persistence, of large multi-taxon communities.
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