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Abstract Coral populations are rapidly declining due to
global warming and local anthropogenic stressors, with
nearly all living corals at risk if temperatures rise beyond
1.5°C. As reversing climate change becomes increasingly
unrealistic, effective local actions are essential to mitigate
its impacts and support coral recovery through targeted
restoration and protection efforts. Biophysical models that
simulate coral larval dispersal at reef-scale resolution are
crucial for guiding these actions. However, the high com-
putational cost of such models has limited most studies to
a few species and spawning events, limiting insights into
interannual and interspecific variability. Here, we used the
multi-scale ocean model sLiM to simulate larval dispersal
for six key reef-building coral species (Diploria labyrin-
thiformis, Acropora cervicornis, Pseudodiploria strigosa,
Colpophyllia natans, Montastraea cavernosa, and Orbicella
faveolata) across Florida’s Coral Reef over a 10-year period
(2012-2021), incorporating experimentally calibrated larval
dynamics. Our results show that connectivity indicators are
most strongly correlated among species with similar spawn-
ing windows. Notably, incoming and outgoing connections
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exhibited the highest interspecific and interannual correla-
tions. By integrating these metrics into a restoration indica-
tor, we identified large clusters of reefs in the Dry Tortugas
and northern Broward-Miami regions with significant res-
toration potential. The in- and out-degrees displayed lim-
ited interannual variability, with most fluctuations observed
at outer shelf reefs in the Lower Keys and Dry Tortugas,
where the ocean circulation is more variable. By providing
long-term connectivity estimates for multiple reef-building
species, this study offers valuable insights to inform marine
conservation strategies.

Résumé Les populations de coraux subissent un déclin
rapide causé par le déreéglement climatique et des facteurs de
stress anthropogénique locaux, la quasi-totalité des coraux
étant menacée dans le cas d’un réchauffement global supé-
rieur a 1.5°C. Renverser le déréglement climatique devenant
de plus en plus irréaliste, il est essentiel de mettre en place
des actions locales de restauration et de protection pour ré-
duire ses effets et favoriser le rétablissement des coraux. Les
modeles bio-physiques capables de simuler la dispersion
des larves de corail a 1’échelle des récifs sont cruciaux pour
guider de telles actions. Cependant, leurs cofits de calcul
élevés cantonnent la plupart des études a quelques especes
et périodes de reproduction, limitant ainsi notre compréhen-
sion de la variabilité interespece et inter-annuelle. Nous
avons utilisé le modele océanique multi-échelle SLIM pour
simuler la dispersion des larves de 6 especes clés de coraux
formant les récifs (Diploria labyrinthiformis, Acropora
cervicornis, Pseudodiploria strigosa, Colpophyllia natans,
Montastraea cavernosa, et Orbicella faveolata) a travers les
récifs coralliens de Floride durant une période de 10 ans
(2012-2021), en incluant une dynamique larvaire calibrée
expérimentalement. Nos résultats montrent que les indi-
cateurs de connectivité sont plus fortement corrélés entre
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especes ayant des périodes de frai similaires. Les connec-
tions entrantes et sortantes en particulier ont montré les
plus fortes corrélations interespeces et inter-annuelles. En
combinant ces métriques pour former un indicateur de res-
tauration, nous avons identifiés de larges groupes de récifs
avec un potentiel de restauration important dans les régions
des Dry Tortugas et du nord de Broward-Miami. Les degrés
entrants et sortants ont montré une variabilité inter-annuelle
limitée. La plupart des fluctuations ont été observées dans
les récifs extérieurs des Lower Keys et des Dry Tortugas,
ol la circulation océanique est plus variable. En fournissant
des estimations a long terme de connectivité pour plusieurs
especes formant les récifs, cette étude apporte de précieuses
informations pour guider les stratégies de conservation ma-
rine.

Keywords Florida’s Coral Reef - Biophysical modeling -
Connectivity - Interannual and interspecific coral
variability

Introduction

Coral reefs are complex and biodiverse ecosystems that for
the past decades have been facing multiple stressors leading
to their global decline. This rapid decline is due to direct
and indirect anthropogenic stressors, such as climate change,
nutrient and sediment run-off, overharvesting of herbivores
and pollution (Hughes et al. 2003, 2018; Hoegh-Guldberg
et al. 2007, 2017). Increased frequency and intensity of dis-
turbances, such as heat events and disease, decrease coral
fecundity and often lead to mortality. When adult coral den-
sity is low, it becomes less likely that the eggs of a colony
will meet the sperm of another colony, reducing fertilization
success and consequently the number of larvae that could
recruit and replenish populations. Larval settlement success
and post-settlement survival and growth are also reduced
due to increased sedimentation, turf and macroalgae over-
growth and high frequency of heat disturbances (Tuttle and
Donahue 2022). As a result, many reefs around the world,
such as the Florida’s Coral Reef (FCR), have lost resilience
and no longer fully recover following acute disturbances
(Jones et al. 2022).

As an infamous hotspot for coral disease, the Caribbean
has already experienced a 50-80% decline of live coral cover
since the 1970 s (Gardner et al. 2003; Jackson et al. 2014).
Furthermore, the Caribbean is currently experiencing an
outbreak of the stony coral tissue loss disease (SCTLD),
one of the most pervasive and virulent coral diseases on
record, which affects over 22 species of reef-building corals
(Walton et al. 2018; Hayes et al. 2022). This disease was first
observed off the coast of Miami in 2014 (Precht et al. 2016)
and has since then decimated coral populations throughout
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the entirety of Florida’s Coral Reef (FCR) (Williams et al.
2021; Hayes et al. 2022; FRRP 2022). As a consequence,
coral cover in Southeastern Florida has now dropped below
1%, while reefs in the Florida Keys maintained a cover of
roughly 6% (Grove et al. 2022). However, extreme warm
events have increased significantly in the Florida Keys in
recent decades and culminated in 2023 with massive die-
off (Neely et al. 2024) and, if trends persist, annual bleach-
ing could occur in the region before 2034 (Manzello 2015).
Besides, Florida is a prime landfall target for hurricanes,
which are expected to increase in intensity under climate
change (Dobbelaere et al. 2024). It thus becomes urgent
to maintain coral populations and support their recovery
through restoration and conservation efforts.

Connectivity-informed coral restoration can directly
repopulate small reef areas but, if environmental conditions
are favorable, also indirectly accelerate natural processes
of recovery through sexual reproduction and recruitment
on neighboring reefs. When genetically different corals
are outplanted on the reef in close proximity, it increases
the chances their gametes will get fertilized (Omori 2019).
Moreover, if restoration site selection is focused on reefs that
distribute larvae to a greater number of farther, unrestored
reefs (termed source reefs, Bode et al. 2018) due to local
currents (King et al. 2023), it could (if local environmen-
tal conditions were favorable) hasten reef recovery and the
broader resilience to disturbances. Reef connectivity, and
thus the location of source reefs within a reef system, can be
determined using biophysical models of coral larval disper-
sal (Frys et al. 2020; Figueiredo et al. 2022; Holstein et al.
2014, 2022; King et al. 2023). These models use high-reso-
lution (multi-year) ocean circulation dynamics and empiri-
cally calibrated larval dynamics, specifically larval survival
(how long larvae remain alive for) and competency (when
larvae become ready to settle and metamorphose into a coral
polyp and when this ability is lost), to predict larval dispersal
and settlement within a reef system. The accuracy of these
models therefore directly depends on larval trait estimates,
which are generally experimentally calibrated (Limer et al.
2024).

Understanding reef connectivity is also important to
determine where to place marine protected areas (MPAs),
identify areas which are more vulnerable to disturbance (by
being less connected to upstream reefs and hence with fewer
chances to be repopulated by them), and areas which are
more resilient (well-connected). Interspecific differences
in larval survival and competency determine the species’
tendency to either settle on their natal reef (local retention,
a measure of reef’s self-persistence) and/or disperse long-
distances, potentially recolonizing distant reefs thus increas-
ing the connectivity and genetic diversity of its populations.
At the reef level, having high levels of local retention (pro-
portion of larvae produced by a reef that settled back on
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that reef) means a reef has a higher ability of self-replen-
ishment. If a reef has high self-recruitment (proportion of
the settlers on a reef that originated from larvae produced
on that reef), it means it could be highly isolated. However,
due to the relative nature of this indicator, reefs with high
self-recruitment might still receive high exogenous recruit-
ment, even if relatively lower than endogenously sourced
recruitment. Therefore, total settlement on the reef must be
known to confirm isolation in the network. Although more
shielded from human influence, isolated reefs are more sus-
ceptible to larger perturbations such as severe storms or oil
spills (Baumann et al. 2022) because if disturbed they are
rarely replenished by larvae coming from other locations.
Sink reefs, i.e., reefs which receive larvae from many other
reefs, have a high network persistence and are expected to
recover faster following disturbances. Source reefs are opti-
mal locations for marine resource managers to prioritize for
protection; the preservation of source reefs through marine
reserves or MPAs ensures larval supply at both local and
regional scales (Muenzel et al. 2023), contributing to the
resilience of entire reef system.

As biophysical models used to estimate reef connectivity
at a fine spatial scale typically require significant compu-
tational resources, most connectivity studies cover thus a
limited number of spawning events and coral species. This
undermines the robustness of the derived connectivity esti-
mates, as they lack interannual and interspecific variability.
In this study, we fill in this gap by simulating the dispersal
of larvae from six key reef-building coral species of Florida
over 10 consecutive years (2012-2021). Using these 10
years of simulation, we identify consistent connectivity hot-
spots and strongly connected reef clusters for all simulated
years and species. Furthermore, by identifying pairs of coral
species with strongly correlated connectivity metrics, we
highlight the potential for coupled management strategies.

Methods

This study follows a multidisciplinary approach that inte-
grates experimental measurements, numerical modeling,
and network analyses. First, we quantified key larval traits
through controlled experiments on six reef-building coral
species. These empirically calibrated traits were then incor-
porated into a high-resolution biophysical model to simulate
potential larval connectivity during mass spawning events
over ten consecutive years. Finally, we analyzed the result-
ing connectivity networks using graph theory and statistical
methods to quantify interannual and interspecific variability
and identify reefs most suitable for restoration.

Larval survival and competency dynamics

We experimentally calibrated the larval survival and com-
petency of six key reef-building Caribbean coral species
that were strongly impacted by SCTLD: Diploria labyrin-
thiformis, Acropora cervicornis, Pseudodiploria strigosa,
Colpophyllia natans, Montastraea cavernosa, and Orbicella
faveolata. Larvae were obtained through successful induc-
tion of gonad maturation and synchronous spawning ex situ
at Nova Southeastern University, Florida Aquarium, and
University of North Carolina Wilmington. Acropora cervi-
cornis gametes were collected from sexually mature colo-
nies off Fort Lauderdale, while O. faveolata gametes were
obtained from Biscayne Bay National Park. The other spe-
cies were kept in aquaria year-round and induced to spawn in
the lab. Montastraea cavernosa, the only gonochoric species
studied, had sperm collected using a 25-mL pipette, ensuring
the necessary higher concentration of sperm for fertiliza-
tion (Fogarty et al. 2012a, b; dela Cruz and Harrison 2020).
Eggs were collected from the water surface and mixed with
the sperm for fertilization. Hermaphroditic species released
both eggs and sperm in bundles. Bundles were collected
at the surface of the water and put into fertilization bowls
with seawater to attain the concentration of 10° sperm cells/
mL known to maximize fertilization (Fogarty et al. 2012a,
b; dela Cruz and Harrison 2020). Fertilization success was
confirmed by observing embryos undergoing cell division.
Embryos were then washed to remove unused sperm and
ensure a clean culture. For each species, to assess larval
survival, 400 fertilized embryos were equally distributed
into four 200-mL jars at a constant temperature of 28°C
and monitored daily under a microscope. The water was
exchanged daily, and larvae were washed and placed into
clean jars until all had died. For larval competency, once lar-
vae were observed rotating, ca. 3,500 larvae were randomly
divided into three bowls kept at a constant temperature of
28°C and aerated to prevent settlement and anoxic condi-
tions. Daily, 40 larvae from each species were placed into 4
replicate jars (10 larvae/jar) with pre-conditioned aragonite
tiles with crustose coralline algae and checked for settlement
and metamorphosis after 24 h using a microscope. Com-
petency trials were repeated daily until all larvae had died.
Larval survival and competency dynamics for each species
were modeled using the methodology described by Figue-
iredo et al. (2022), with detailed methods in their online
supplementary information.

Larval dispersal and connectivity modeling

We simulated the hydrodynamics over the entire FCR during
10 years (2012-2021) with the 2D barotropic multi-scale
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Fig. 1 Model mesh (A) and bathymetry (B) with close-up views of
the simulated currents in the Dry Tortugas (C) and the Marquesas
Keys (D). The different regions of Florida’s Coral Reef, as defined in
the Unified Reef Map, are shown in panel B. This illustrates the abil-

ocean circulation model sLiv! This model has already been
successfully validated and applied in Florida to simulate
the dispersal of larvae and disease agents (Frys et al. 2020;
Dobbelaere et al. 2020, 2022b; King et al. 2023). sLiM uses
an unstructured mesh whose resolution can be locally refined
in order to represent flow features down to the reef scale
(Fig. 1). The model mesh was generated using the seamsh?®
Python library, based on the open-source mesh generator
GMSH (Geuzaine and Remacle 2009). It was made up of
about 6,6 x 10° triangles, whose size ranged from ~ 50 m
near reefs to ~ 10 km further offshore. The mesh element
size was refined based on the distance to reefs and coastlines,
as well as the bathymetry and bathymetry gradient. sLim
currents were relaxed toward the operational Navy HYbrid

L https://www.slim-ocean.be.
2 https://github.com/alcoat/seamsh.
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Coordinate Ocean Model (Hycom ; Chassignet et al. 2007)
following the approach of (Dobbelaere et al. 2022a) to cap-
ture the baroclinic dynamics of the Florida Current. Further
details about the model formulation can be found in Frys
et al. (2020).

The modeled currents and the experimentally calibrated
larval survival and competency parameters were then used
to simulate the larval dispersal of A. cervicornis, C. natans,
D. labyrinthiformis, M. cavernosa, O. faveolata, and
P. strigosa. Larval dynamics were implemented through
mortality and competence, i.e., the ability of larvae to settle
onto a reef. Mortality was modeled using a Weibull model
(King et al. 2023) with parameters A and v. After minimum
time to competence #,, larvae were becoming competent at
a rate « and losing competence at a rate f (see Appendix
B for more details). The species-specific spawning dates
and times were defined in days after the full moon (DAFM)
and minutes after sunset (MAS) (Vermeij et al. 2021).
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D. labyrinthiformis spawned in April and May, M. caver-
nosa in July and August, and all other coral species spawned
in August and/or September.

The reefs of Florida were extracted from the “coral reefs
and hardbottom” layer of the Unified Florida Reef Tract
Map (FWC-FWRI 2017). The extracted reef polygon were
then further divided into 16, 823 500 m X 500 m sub-reef
patches to model larval exchanges at a finer scale (Fig. 1).
From these 16, 823 polygons, we then excluded any area
deeper than 18 m, or near areas with strong anthropogenic
stressors (ports, pipeline corridors, anchorages, etc.), result-
ing in 10, 055 polygons. This filtering was performed to
eliminate areas of FCR where outplanting is not viable,
feasible or cost-effective using current restoration methods.
More details about the excluded areas can be found in Lustic
et al. (2024). We assumed a uniform coral cover over all
reefs and released a total of about 10° particles over all the
reef polygons during each spawning simulation. Particles in
the model were not representing discrete larvae but rather
a continuous amount of larvae, initialized at 1. Settlement
of competent larvae onto reef was occurring at deposition
rate y = 0.2 hour™!, consistent with observed larval set-
tling velocity (Hata et al., 2017, Table 1). For each mod-
eled spawning, the exchanges of larval mass between reefs
were recorded into connectivity matrices, whose rows cor-
respond to source reefs and whose columns correspond to
destination reefs. Connectivity matrices can be more easily
interpreted as large networks whose nodes are the reefs and
whose edges are the larval exchanges between reefs. Con-
nectivity metrics can then be derived from these networks
using graph theory tools. The connectivity indicators used
in this study are summarized in Table 1. Finally, we iden-
tified reef clusters inside the connectivity networks using
the Strongly Connected Components (SCC) detection algo-
rithm (Nuutila and Soisalon-Soininen 1994). This method
groups reefs in the same community if they present numer-
ous bidirectional connections to each other, and if they are
weakly connected to reefs located in other clusters. Such
methods aim at identifying ecologically separated groups,

hence inferring the presence of dispersal barriers between
those groups (Thomas et al. 2014; Saint-Amand et al. 2023).

Connectivity analysis

We estimated the similarity of the distribution of the connec-
tivity metrics between species using the Pearson correlation
coefficient following the methodology described in Bocca-
letti et al. (2014). The correlation was computed between
all pairs of simulated species for each indicator of Table 1.
The obtained values range from -1 to 1, where 1 indicates a
perfect positive correlation, O no correlation and -1 a perfect
negative correlation.

We identified connectivity hotspots for each indicator
across all simulated years and species. For each simulated
spawning event, we identified the reefs for which the value
of each connectivity indicator was among the top 10% for
that indicator. We then computed the frequency with which
each reef was among the top 10% performers for each indica-
tor across all simulated spawning events. This approach was
used for all indicators except self-recruitment. Following the
approach of Lustic et al. (2024), we defined our restoration
indicator as a weighted geometric average of the weighted
in- and out-degrees, in order to identify reefs with the poten-
tial to export larvae to other reefs while being sufficiently
resilient to maintain their own population. Hotspots of this
restoration indicator were identified by evaluating the fre-
quency with which reefs were in the top 10% performer for
this indicator.

We also assessed the interannual variability of the con-
nectivity indicators and the structure of the communities
in the connectivity networks. The variability of the con-
nectivity indicators was computed with the quartile coef-
ficient of dispersion (QCD) of each indicator, for each
reef and each simulated species. The QCD is expressed as
(Q5 — 0 /(05 + Q,), where Q, and Q5 are the first and third
quartiles of the indicator distribution across all simulated
spawning events. We then computed the average of the QCD
of all species at each reef. Furthermore, we computed the
SCCs for each simulated species using the 10-year averaged

Table 1 Connectivity indicators used to analyze the dispersal of coral larvae in the reef network

Indicator Description

What it shows

Weighted out-degree (C,,,)

Weighted combination of the number of reefs to which a given reef sends

Reef’s potential to export larvae

larvae and the probability of larval export to those reefs

Weighted in-degree (C;,)

Weighted combination of the number of reefs from which a given reef

Reef’s potential to import larvae

receives larvae and the probability of larval imports from these reefs

Self-recruitment
Local retention

Restoration index Cg,'ﬁ X C&'Z

Proportion of particles settling on a reef that originated from that same reef

Proportion of particles released on a given reef that settle on the same reef

Reef isolation
Self-replenishment potential

Reef’s potential to export larvae
while maintaining its own
population
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Table 2 Biological and spawning parameters used to simulate the
dispersal of larvae for each modeled species: days after the full moon
(DAFM), minutes after sunset (MAS), Weibull model parameters for

mortality (4,v), minimum time to competence (#,), competence acqui-
sition (a) and loss (f) rates. The mortality rate at larval age t was
given by Av(Ar)¥~!

Species DAFM MAS A v t, a p
[day] [minute] [hour™] [-] [hour] [hour™] [hour™]

A. cervicornis 2-4 150 - 180 0.0051 1.30 156.1 0.0084 0.0561
C. natans 6-8 25-115 0.0056 1.10 28.20 0.0031 0.0474
D. labyrinthiformis 10-12 -70- 10 0.0063 1.00 45.00 0.0034 0.0165
M. cavernosa 5-8 15-225 0.0027 1.50 118.0 0.0026 0.0338
O. faveolata 5-8 185 - 255 0.0046 1.28 108.0 0.0013 0.0444
P. strigosa 6-8 35-100, 205 - 270 0.0075 1.60 36.02 0.0255 0.1775

connectivity matrices. We then computed the SCC using the
yearly connectivity matrices to evaluate the variability of the
coral communities based on yearly connectivity estimates.
This was performed by counting the number of simulated
years during which any given pair of reefs was found in the
same SCC. This resulted in a symmetric matrix of shape
10,055 x 10,055, whose entries ranged between 0 and 10.
Entries of this matrix with high values indicate pairs of reefs
that were consistently found in the same SCC over the 10
simulated years. Lower values of this indicator for all reef
pairs would hence infer a strong interannual variability of
the composition of the SCCs.

Finally, we assessed the number of simulated years
needed to capture the magnitude of the interannual vari-
ability of the simulated potential connectivity. This was per-
formed by computing the mean standard deviation of the
entries of the yearly species-averaged connectivity matrices
as a function of the number of simulated years, following
the methodology of Thompson et al. (2018). If simulating
an additional year increases the mean standard deviation,
this would suggest that the number of years simulated so
far is not sufficient to capture the interannual variability of
the connectivity network. However, if simulating an addi-
tional year does not increase the mean standard deviation,

A cervicornis Local retention Weighted in-degree Weighted out-degree Self-recruitment

' Species-avg: 0.55 Species-avg: 0.92 Species-avg: 0.79 Species-avg: 0.42
5 C. natans E
k<t
2 D. labyrinthiformis 0.78 1.00 g
o
(8]
§ M. cavernosa - iR 0.87 0.76 1.00
©
& 0. faveolata LA SNINE:S 0.90 0.99 1.00 0.90 0.78 0.97 1.00

P. strigosa .0.95 0.56 0.60 1.00 0.88 0.86 0.88 1.00 0.90 0.65 0.65 0.70 1.00
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Fig. 2 Top: Pearson correlations of the distributions of local reten-
tion, weighted in-degree and out-degree, and self-recruitment for all
pairs of species. Bottom: Spawning windows of all coral species in
days after full moon. The spawning windows are indicated by the
thicker horizontal lines, while the lighter vertical colored areas high-
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Days after full moon

light the overlap between the species’ spawning windows. Note that
D. labyrinthiformis spawns in April-May, while all other species
spawn in July—August. Connectivity indicators are more strongly cor-
related between species with similar spawning windows
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this would suggest that the interannual variability of the con-
nectivity network has been sufficiently captured.

Results

The experimentally calibrated survival and competency
parameters are given in Table 2. The model of best fit
for the shape of mortality of all species was the standard
Weibull model except for D. labyrinthiformis, whose mor-
tality was best represented with an exponential model. For
all species, the model of best fit for the loss of competency
evolution was the exponential model. Best-fitted mortality
and competency loss curves are shown against observations

in Appendix A (Figs. 8 and 9). The rates of larval mortal-
ity and acquisition and loss of competency varied among
species; however, these differences may not necessarily be
species-specific, and they are more likely driven by paren-
tal history and/or genotype. The main difference between
species is the minimum time to pre-competency, i.e., the
time it takes embryos to develop into larvae competent to
settle and metamorphose. This obligatorily planktonic time
is known to be well related to the species egg size (Figue-
iredo et al. 2013, 2025). Among the species studied, A. cer-
vicornis had the longest minimum pre-competency time
thus having the highest chances of dispersing away from
their natal reef. Orbicella faveolata and M. cavernosa have
a pre-competency time of about 6 days, so just 2 days less

Fig. 3 Frequency of reefs in the top 10% performers for local reten-
tion, weighted in-degree, weighted out-degree and restoration index.
The restoration index was computed as weighted geometric average
of the weighted in- and out-degrees. Clusters of top performers were
found in the Dry Tortugas for all indicators. Other clusters of top-

Aty 1.0
N
\\ | Local
\ .
1 retention
Weighted
| in-degree 0.8
1
: Weighted
- — out-degree
} Restoration 06 g
f | index =
L ¥ | Q.
7] L
i £
I o)
3 o g ) 7 5
o - — I S
¢ hy - v 3.
-04 2
N 7) [
& 3 _\ _
= ‘ & B
‘ X - 0.2
- \/
—- 0.0

performers were found in Biscayne and Broward-Miami for weighted
out-degree and north of Biscayne for weighted in-degree. Clusters of
top performers were more spread out across the whole FCR for local
retention
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than A. cervicornis, thus likely still able to disperse long
distances. In the other extreme is P. strigosa with a shorter
pre-competency time of 1.5 days and a small competency
window. This species should therefore have less chances to
disperse and settle closer to their natal reef. Like P. strigosa,
the larvae of D. labyrinthiformis and C. natans also have a
short pre-competency time, but they remain competent for
a longer period of time. Therefore, while a good proportion
may self-recruit, they may also be able to disperse longer
distances.

Connectivity indicators are more strongly correlated
between species with similar spawning windows (Fig. 2).
The most strongly correlated indicators were weighted in-
degree and out-degree, with a species-averaged correlation
factor of 0.901 and 0.732, respectively. Local retention
was the least strongly correlated indicator, with an aver-
age correlation factor of 0.347. The species pairs with the

most strongly correlated connectivity were C. natans and
P. strigosa, and M. cavernosa and O. faveolata, with an aver-
age correlation factor of 0.88 and 0.83, respectively, across
all considered indicators. These two pairs of species have
similar spawning windows and time to competence (Table.
2). However, the connectivity of D. labyrinthiformis, which
spawns in April-May, was more weakly correlated with the
other species, which spawn in July—August. Our result also
suggests that the duration of the daily spawning (in MAS) is
a significant driver of the correlation between connectivity
indicators. As the species with the widest daily spawning
windows in terms of MAS, P. strigosa tended to be more
weakly correlated with most other species spawning dur-
ing the same months with narrower windows. It was most
weakly correlated with A. cervicornis, which exhibited the
narrowest spawning window in terms of MAS.
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variability in some parts of FCR, while significant interannual vari-
ability in terms of local retention and self-recruitment was observed
on most reefs
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When looking at the spatial distribution of the different
connectivity indicators, we can identify clusters of top-per-
forming reefs (Fig. 3). For local retention, they were found
in the Dry Tortugas, north of the Marquesas, in the Upper
Keys, and in the northern Broward-Miami and Deerfield.
Top performers in terms of weighted in-degree were found
in the northern FCR (above latitude 25.6) and in the Dry
Tortugas. Top performers in terms of weighted out-degree
were found in the Dry Tortugas, Biscayne, and Broward-
Miami regions. The presence of reefs with high out-degrees
(i.e., good sources) in the Dry Tortugas and high in-degrees
(i.e., good sinks) north of Biscayne suggests that larval
exchanges are mostly driven northward by the Florida Cur-
rent. However, the clusters of reefs with high local reten-
tion (i.e., high ability to self-replenish) and in-degree in the
Dry Tortugas indicate that this northward transport may be
disrupted, causing larval retention in the Dry Tortugas. By
contrast, the spatial distribution of self-recruitment did not
reveal any clusters of top-performing reefs.

As the weighted in- and out-degrees are the two indica-
tors with the best defined clusters to top-performing reefs,
we combine them to build a restoration indicator. Following
the approach of Frys et al. (2020), we assume that a reef well
suited for restoration efforts should, at the same time, be a
good source reef (to have a positive impact on reefs down-
stream) and also a good sink reef (to bolster its resilience
against disturbances). Following the approach of Lustic et al.
(2024), we consider a weighted geometric average of both
indicators with exponents of 0.8 for the out-degree and 0.2

Fig. 5 Mean interannual le-5

for the in-degree, i.e., R = C23 x C%2. The resulting indica-
tor shows that reefs with the greatest restoration potential are
mostly located in the Dry Tortugas and northern Broward-
Miami, and more marginally in the Middle Keys and North
and South Palm Beach (Fig. 3).

Self-recruitment exhibited the highest interannual vari-
ability, as indicated by large quartile coefficients of disper-
sion across most reefs (Fig. 4). This would suggest that no
reef is continuously isolated over time in the network. Local
retention also displayed significant interannual variability,
except in the Marquesas, Biscayne, and North Palm Beach
regions, where smaller quartile coefficients of dispersion
were observed. In contrast, weighted in- and out-degrees
were relatively stable across most reefs, with some excep-
tions. Significant variability in both indicators was detected
in the Dry Tortugas and Lower Keys, primarily on the outer
shelf. Additionally, the weighted out-degree exhibited larger
variability in the northernmost part of the FCR, particularly
in North Palm Beach and the Lower Keys. These patterns
suggest that, while in- and out-degrees remain mostly con-
sistent over time, they can still fluctuate in areas where the
ocean circulation is more variable, i.e., on the outer shelf and
between the Dry Tortugas and the Lower Key. Local reten-
tion and self-recruitment are subject to more widespread
interannual fluctuations. Computing the quartile coeffi-
cient of dispersion (QCD) using all connectivity matrices
gives similar results for the weighted in- and out-degrees,
but QCDs close to 1 on all reefs for local retention and

potential connectivity standard
deviation (the average standard
deviation of annual mean
potential connectivity across all
source-sink site combinations)
as a function of the number of
years over which potential con-
nectivity was simulated (black
line). Dashed black lines repre-
sent the 5th and 95th percentiles
of 1000 random realizations
(gray), where the (annual) tem-
poral sequence was randomly
sampled from the potential
connectivity simulation. These
results indicate that a simula-
tion length of at least 8 years is
necessary to capture more than
96% of the total (intra-annual
and interannual) potential con-
nectivity variability
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Fig. 6 Strongly Connected Components (SCCs) derived from the
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other panes show the lower parts of the symmetrical matrices indi-
cating the number of simulated years during which each pair of reefs
was found in the same SCC for these all species. Reefs are ordered
according to their geographical coordinates. Reefs of the bottom

self-recruitment. This indicates that the latter two indica-
tors show significant interspecific variability, while weighted
in- and out-degrees are more uniform across species.
Given the interannual variability in ocean circulation pat-
terns within and around the FCR and the resulting fluctua-
tions in potential connectivity, we evaluated the number of
simulated years required to accurately capture the observed
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magnitude of interannual potential connectivity variability
over the 10-year simulation period. We find that connectivity
variability increases with simulation length up to approxi-
mately 8 years, after which it stabilizes near the mean value
observed in the full 10-year simulation (Fig. 5). These find-
ings indicate that a simulation length of at least 8 years is
necessary to capture more than 96% of the total (intra-annual
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and interannual) potential connectivity variability (Fig. 5).
Additionally, simulations shorter than 5 years account for,
at most, 80% of the total variability, potentially leading to an
incomplete understanding of stability in connectivity.

A Strongly Connected Component (SCC) was found in
the Dry Tortugas for all simulated species using the 10-year-
averaged connectivity networks (Fig. 6). Large communities
were also found in the Florida Keys for all species except
O. faveolata, which exhibited the most fragmented SCCs.
However, D. labyrinthiformis exhibited a large SCC cov-
ering the entirety of the Florida Keys. Additionally, large
SCCs were found between Deerfield and North Palm Beach
for all species except O. faveolata, with C. natans and
P. strigosa exhibiting the largest communities in this area.
Our results suggest that the SCC in the Dry Tortugas was
stable for all species, with most pairs of reefs in the Dry
Tortugas found in the same SCC for most simulated years.
Stable communities were also found in the Upper Keys, and
Deerfield and South Palm Beach for most species. D. laby-
rinthiformis exhibited the largest, most stable communities,
with large groups of reef pairs found in the same SCC in the
Dry Tortugas, the Marquesas, and the Keys. Our results sug-
gest that SCCs of A. cervicornis in the Keys were unstable
as numerous reef pairs in this area were found in the same
SCC during at most 2 years. P. strigosa and O. faveolata
exhibited a more local community structure, as SCCs were
mostly made of reef pairs from the same region.
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Fig. 7 A: Invariant community made up of reefs found in the same
SCC for all simulated years and species. B: Species-averaged sym-
metrical matrix total number of simulated years spent by each pair
of reefs in the same SCC in the connectivity networks. Reefs are

Discussion

In this study, we combined experimental measurements of
coral larval traits with biophysical modeling to assess the
potential connectivity of six key reef-building coral spe-
cies in the Florida Coral Reef (FCR) over a 10-year period.
Effective biophysical connectivity studies require high-qual-
ity experimental data to characterize coral larvae’s biologi-
cal traits, which directly influence the duration during which
larvae can drift before settling on a reef, and sufficiently
long, fine-scale hydrodynamic simulations to capture both
interannual oceanic variability and the scale of individual
reefs. Our results show that connectivity indicators for coral
species with similar spawning windows are strongly corre-
lated, making such "correlated species" suitable candidates
for joint restoration efforts. This is evident, for instance, in
the cases of P. strigosa and C. natans, as well as M. caver-
nosa and O. faveolata. The weighted in- and out-degree indi-
cators reveal stable clusters of reefs that consistently perform
well across all species and throughout the simulation period.
In contrast to self-recruitment and local retention, source and
sink indicators exhibited limited interannual variability, rein-
forcing their utility in identifying reefs with strong restora-
tion potential. Additionally, the stability of reef communities
over time varies significantly between species; some species
form smaller, less stable communities, suggesting the need
for more localized and short-term management strategies.
Connectivity is shaped by the interplay between ocean
circulation and coral larvae biological traits. The ocean cir-
culation patterns around coral reefs in Florida are primarily
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Table 3 Parameterization of the mortality, competency acquisition
and competency loss rates used in the model

Larval trait Equation

Mortality (exponential)
Mortality (Weibull)

Competency acquisition

u@) =4
u@ = Av(an!

o) = { 0r<t,

a otherwise.

Competency loss

b =b

driven by the Florida Current (FC), which flows from south-
west to northeast and facilitates long-distance larval trans-
port along the outer shelf. The meandering of the FC and
its associated eddies modulate these connectivity pathways
(Lee et al. 1994; Kourafalou and Kang 2012). In contrast,
circulation on the inner shelf is largely governed by local
winds and tides, resulting in more localized and predictable
transport patterns (Lee and Smith 2002; Liu and Weisberg
2012). On the inner shelf, currents exhibit a well-defined
seasonal cycle, which can either enhance or restrict larval
dispersal depending on the timing of spawning events (Liu
and Weisberg 2012). In contrast, the outer shelf, dominated

A) Acropora cervicornis

B) Colpophyllia natans

by the FC, shows limited seasonality but significant inter-
annual variability, primarily due to the influence of Loop
Current (LC) eddy separation events (Kourafalou and Kang
2012). These eddy events can modify the path and intensity
of the FC, intermittently creating or obstructing connectivity
pathways along the Florida’s Coral Reef. The region between
the Dry Tortugas and the Marquesas presents a particularly
complex case due to the influence of mesoscale eddies, espe-
cially the Tortugas eddies (Dobbelaere et al. 2022b). These
eddies can remain stationary near the Dry Tortugas for up
to 120 days, effectively disrupting westward larval transport
from the Marquesas and acting as barriers to connectivity
(Fratantoni et al. 1998; Kourafalou and Kang 2012). Con-
nectivity between these regions lacks a clear seasonal pattern
and exhibits high interannual variability, likely due to the
unpredictable presence of these eddies and variations in LC
penetration (Lee et al. 1994).

The variability induced by ocean circulation is further
compounded by biological variability among coral species.
Most species spawn in July—August, typically between 2 and
12 days after the full moon, except for D. labyrinthiformis,

C) Diploria labyrinthiformis
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Fig. 8 Percent larvae alive over time for the six Caribbean coral spe-
cies studied. A) A. cervicornis, B) C. natans, C) D. labyrinthiformis,
D) M. cavernosa, E) O. faveolata, and F) P. strigosa. Circles repre-
sent the observations, and lines the best fitted model. The model of
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best fit for shape of mortality of all species was the standard Weibull

model except for D. labyrinthiformis, which mortality was best fit
with an exponential model
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Fig. 9 Proportion of competent larvae over time for the six species studied. A) A. cervicornis, B) C. natans, C) D. labyrinthiformis, D) M. cav-
ernosa, E) O. faveolata, and F) P. strigosa. The model of best fit for shape of loss of competency of all species was the exponential model

which spawns in April-May. Larvae released at different
spawning times encounter distinct oceanic conditions, result-
ing in varying dispersal pathways. This temporal difference
in spawning likely explains the weaker correlation observed
between connectivity indicators for species with widely
separated or narrow spawning windows. The interspecific
variability in larval survival and competency dynamics also
explains the interspecific variability in connectivity patterns.
For all species, larval survival decreased over time for all
species (Fig. 8) because coral larvae are mainly lecitho-
trophic (i.e., feeding on stored yolk during dispersal) and
thus their energy reserves slowly become exhausted resulting
in eventual death. It remains to be determined if the recorded
rates of larval mortality are species-specific and/or driven by
parental genotype, history of stress exposure, food quantity
and quality they had access to, and/or symbiont community
(Jones and Berkelmans 2011; Baums et al. 2013; Padilla-
Gamino et al. 2013; Kirk et al. 2018). The estimated rates
of acquisition (a) and loss of competency (b) also differed
between species (Table 2). For some species, the proportion
of larvae that settled was quite low (Fig. 3), thus it is possible
that the crustose coralline algae and microbial biofilm used
to induce settlement were not as adequate for them. How-
ever, the species that displayed lower settlement, P. strigosa,
also registered the highest mortality suggesting that rather
than species-specific, rates of mortality, and acquisition and
loss of competency are mostly explained by parental condi-
tion. The interspecific differences in the minimum time to

competency are unequivocally species-specific, and mostly
explained by their egg size (Figueiredo et al. 2013, 2025).
As egg size (and ratio of the surface-area to the volume)
increases, the elimination of CO, (which is toxic) from the
embryo surface is progressively harder, reducing the pace of
larval development (Berrill 1935; Einum et al. 2002).

Our model results suggest that reefs with a strong restora-
tion potential are located in the Dry Tortugas and northern
Broward-Miami, and to a lesser extent, in the Middle Keys
and North and South Palm Beach. These were identified
using a restoration index defined as a weighted geomet-
ric mean of both the source and sink indicators. Identify-
ing clusters of reefs consistently acting as good sources or
sinks of larvae is essential for developing effective restora-
tion and conservation strategies. The interannual variabil-
ity of weighted in- and out-degree connectivity indices—
proxies for sink and source characteristics—is limited for
most reefs, suggesting that management planning based on
these connectivity metrics will be robust. Local retention (a
measure of self-persistence) and self-recruitment (indicating
reef isolation) show greater variability across years, hence
limiting their use for reef management. Reefs characterized
by high source indices should be prioritized for restoration
and protection due to their significant downstream foot-
print. Such reefs are also good places to establish spawning
hubs, i.e., areas where corals from different sites are moved
to a smaller area to be in close proximity and thus, when
they spawn, maximize chances of successful fertilization.
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Conversely, reefs with higher sink indices, while less valu-
able for active restoration, play a critical role as reservoirs
of genetic diversity. They support network persistence and
represent valuable sites for donor fragment collection for
nurseries or outplanting (King et al. 2023). Furthermore,
reefs exhibiting relatively high values in both source and
sink indices can act as stepping stones for multigenerational
connectivity, receiving larvae from many reefs and subse-
quently distributing larvae widely (Frys et al. 2020). Such
reefs contribute substantially to maintaining network-wide
genetic diversity and resilience, making them high-priority
candidates for both protection and restoration efforts.

We found highly stable strongly connected components
(SCCs), i.e., communities of bidirectionally connected reefs,
across both time and species in the Dry Tortugas and the
Upper Keys. Restoring reefs found within large and stable
communities should thus have durable effects on the other
reefs of the community. Although the interannual variability
of the community composition and structure varied across
species, some groups of reefs were consistently found in the
same community for all simulated years and species. The
largest of these stable communities were found in the north-
ern Dry Tortugas, the northern Marquesas, and the Upper
Keys. Except for the Upper Keys, these regions correspond
to sheltered inshore areas that are less affected by the vari-
ability of the outer-shelf circulation. Our results suggest that
the interspecific variability of the community structure was
partly driven by the biological traits of coral larvae. Spe-
cies with low precompetency period and high mortality such
D. labyrinthiformis and P. strigosa tended to have more reef
pairs in the same community for all simulated years. The
connectivity of such species is dominated by shorter-dis-
tance connections (Figueiredo et al. 2022). As larvae settle
sooner and closer from their reef of origin, their dispersal is
less likely to be impacted by the variability of the outer-shelf
ocean circulation.

Although the use of a 2D model made estimating coral
connectivity across a large number of years and species
computationally tractable, it also implied modeling assump-
tions and limitations. Coupling sLim with Hycom allowed
the model to capture baroclinic features such as mesoscale
eddies near the Dry Tortugas (Dobbelaere et al. 2022b).
However, due to its barotropic nature, SLiM might be underes-
timating submesoscale eddy activity along the Florida shelf.
This underestimation of current variability might lead to an
overestimation of the "conveyor belt effect” of the Florida
Current (Frys et al. 2020) and an underestimation of local
larval retention. However, the recent developments in GPU-
accelerated ocean models may make the use of high-resolu-
tion 3D barotropic model computationally feasible for this
type of long-term study in the near future. Computational
costs would then be especially critical as more simulated
years are expected to be needed to capture the interannual
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variability of such models. Furthermore, this study relied
on potential connectivity, as we assumed a uniform coral
cover and spawning over all reefs and did not account for
habitat suitability and post-settlement survival. Successful
coral settlement may indeed be impeded by various factors
such as soundscape (Lillis et al. 2016), substrate characteris-
tics (Jorissen et al. 2021) or competition with turf algae and
macroalgae (Webster et al. 2015). Taking these factors into
account, the potential connectivity matrices computed in this
study might then be further refined into effective connectiv-
ity matrices by pre- and post-multiplying them by habitat
suitability matrices.

By combining a high-resolution ocean model with lab
experiments, we evaluated the connectivity of 6 coral spe-
cies over a period long enough to capture the variability in
the ocean circulation. Based on these long-term connectivity
data, we derived robust indicators to inform coral restoration
strategies beneficial to all species considered and identified
reefs with strong restoration potential in the Dry Tortugas
and northern Broward-Miami. In a context of rapidly declin-
ing coral populations, this study provides additional tools to
optimize the selection of restoration sites to ensure durable
and widespread impacts. The presented indicators could be
further refined by incorporating data about coral cover, water
and habitat quality, and disease connectivity to account for
the risk of coral bleaching or infection by stony coral tissue
loss disease.
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Invariant component of the SCCs

We computed the number of years that each pair of reefs was
found in the same strongly connected component (SCC) for
all simulated species. This indicator was then species-aver-
aged. Reef pairs with a species-averaged indicator value of
10 would thus correspond to pairs of reefs that were found in
the same SCC for all computed connectivity networks. The
largest robust reef communities were found in the northern
Dry Tortugas, north of the Marquesas, and in the Upper
Keys. See Fig. 7.

Larval survival and competency measurements
and models

Methods
Species

Through successful induction coral spawning ex situ at Nova
Southeastern University, Florida Aquarium, and Univer-
sity of North Carolina Wilmington, we were able to obtain
embryos of six coral species, Diploria labyrinthiformis,
Acropora cervicornis, Pseudodiploria strigosa, Colpophyl-
lia natans, Montastraea cavernosa, and Orbicella faveolata.

Ex situ coral spawning

Montastraea cavernosa was the only gonochoric species
studied. Sperm was collected using a 25-mL pipette, ensur-
ing the necessary higher concentration of sperm for fertiliza-
tion (Fogarty et al. 2012b, a; dela Cruz and Harrison 2020).
Eggs were collected at the surface of the water and mixed
with the sperm in bowls for fertilization. All the other spe-
cies were hermaphroditic and thus released both eggs and
sperm in bundles. Bundles were collected at the surface of
the water and put into fertilization bowls. As bundles disso-
ciated, seawater was added to the bowls to attain the sperm
concentration close to 106 sperm cells/mL known to maxi-
mize fertilization (Fogarty et al. 2012b, a; dela Cruz and
Harrison 2020). Fertilization success was confirmed about
one to one and a half hours after pooling the gametes by
observing embryos undergoing cell division. Embryos were
then promptly washed two to three times to remove unused
sperm, using a gravy separator to ensure a clean culture.

Acropora cervicornis gametes were collected from colonies
which sexually matured on the reefs off Fort Lauderdale,
FL (USA), and brought to the outdoor aquaria for spawning
a few days before their expected spawning time. Orbicella
faveolata gametes were obtained from colonies at Biscayne
Bay National Park. The other species were kept in aquaria
year-round and induced to mature their gonads and spawn in
the lab by mimicking natural cycles of light and temperature.

Larval survival trials

After confirmation of fertilization, 400 fertilized embryos
were collected and randomly assigned to one of four separate
200-mL glass jars each containing 100 embryos. Jars were
kept on a water bath equipped with a thermostat and a small
circulation pump to maintain temperature constant at 28°C.
Salinity and temperature were monitored and maintained
daily. All larvae were counted daily under a microscope to
record the proportion of larvae alive over time. Every day
for each species, water in the jar was exchanged and larvae
were washed using clean seawater and placed into a clean
jar. Survival experiments ended once all larvae had died.

Larval competency trials

Once the larvae of each species were observed rotating,
ca. 3, 500 larvae were randomly divided into three bowls.
Bowls were kept in a water bath equipped with a thermostat
and a small circulation pump to maintain temperature con-
stant at 28°C and monitored daily. Aeration was added to
each individual bowl to prevent settlement within the bowl
and avoid anoxic conditions. The larvae in the bowls were
washed daily over a filter using clean seawater. After wash-
ing, larvae were placed into clean bowls in the water bath.
Daily, 40 larvae from each species were collected at random
and divided evenly into four separate 200-mL glass jars that
contained one pre-conditioned aragonite tile that had crus-
tose coralline algae sprinkled upon it. After 24 h, the tile in
each jar was examined under the microscope to assess the
number of larvae that had settled and metamorphosed. This
process was repeated daily; larvae that remained swimming
at the end of each day were not reused in the competency
trials. Competency trials were completed once all larvae of
a species had died in the survival trials.

Modeling

Larval survival and competency dynamics for each species
were modeled using the methodology described by Figue-
iredo et al. (2022). Specifically, in our model, larvae suffer
mortality at stochastic rate (), where ¢ denotes time after
spawning. Larvae acquire competence at stochastic rate
a(t) and lose competence at stochastic rate f(¢). Since the
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survival and competence data sets were collected separately,
survival and competence modeling was also performed
separately.

Survival

We used a standard likelihood formulation for our survival
analysis. Since no larvae were removed during the study, and
larvae were censused at fixed points in time, our design was
interval-censored. Thus, the log-likelihood is:

i
logL = A —-1)—-A(®)logP,(t—1)
Z{ ( B.1)

—P, (1)) + Aty) log(P, (1))

where 7 is time (days since fertilization), 7 is the last day lar-
vae were censused, A(?) is the number of individuals alive at
time ¢, A(t — 1) — A(¢) is the number of larvae that died from
one day to the next (i.e., between time ¢ — 1 and ), P,(¢) is
the probability of being alive at time ¢, and P, (¢t — 1) — P,(t)
is the probability to dying from one day to next (i.e., between
time t — 1 and 7). The probability of being alive at time t is
given by:

P,(t) = exp (—/ y(w)dco)
0

For mortality, we considered the standard Weibull survival
model, which allows monotonic increases or decreases in
mortality rate over time, is the limiting case of the general-
ized Weibull as v = 0 (Table 3), and the exponential model,
according to which mortality rate is constant over time, is
the special case of the Weibull model when v = 1 (Table 3).
To assess which distribution (exponential or Weibull) best
described the survival dynamics, we fitted the survival data
to the two possible distributions, estimating the param-
eters with maximum likelihood methods and using AICc
(Akaike’s Information Criterion with the small-sample bias-
correction term) to select the model that best described the
survival dynamics.

(B.2)

Competence

For the acquisition of competence, since there is a minimum
period of time required for individuals to complete embryo-
genesis and develop the structures needed for settlement,
we assume that a(f) = 0 when ¢ < ¢, and afterward larvae
acquire competence at a constant stochastic rate a (Table 3).
After acquiring competence, larvae lose competence at a
stochastic rate f(¢) which was constant over time, i.e., was
well fit with an exponential distribution, thus g(t) = b. The
competence likelihood is given by the probability of being
competent at each of the sampling days (¢), which is given

@ Springer

by the probability density of having acquired competence
between time 7., and ¢, and remained competent until at least
time t:

P.(t) = / aexp <—a(f—tc)— / ﬁ(y)dy>df (B.3)
t 0

.

Results

In the absence of settlement cues, larval survival decreased
over time for all species, with M. cavernosa displaying the
lowest and P. strigosa displaying the highest mortality rates
(Figure 8). The per capita mortality rate was constant over
time for D. labyrinthiformis, but decreased over time for
all the other species, i.e., was higher during embryogenesis
(likely because defective cell divisions are more fatal) than
once most larvae had reached the planula stage (2-7 days
after spawning). It remains to be determined if the recorded
rates of larval mortality are species-specific and/or driven
by parental genotype, history of stress exposure, and food
quantity and quality they had access to, and/or symbiont
community (Jones and Berkelmans 2011; Baums et al. 2013;
Padilla-Gamino et al. 2013; Kirk et al. 2018).

The estimated rates of acquisition (a) and loss of compe-
tency (b) also differed between species (Table 3, Figure 9).
For some species, the percentage of larvae that settled was
quite low, thus is possible that the crustose coralline algae
and microbial biofilm used to induce settlement were not as
adequate for them. However, the species that displayed lower
settlement, P. strigosa, also registered the highest mortality
suggesting that rather than species-specific, rates of mor-
tality, and acquisition and loss of competency are mostly
explained by parental condition. Furthermore, because
larvae lose competency when they exhaust their energy
reserves, species with larger eggs, i.e. theoretically more
energy reserves, were hypothesized to remain competent
for longer periods of time, but this is not supported by our
data. The rate of loss competency might instead be related
to the quality of those energy reserves. It is also possible
that species with larger eggs have higher metabolic rates
and thus exhaust their energy disproportionally faster. The
interspecific differences in the minimum time to competency
are unequivocally species-specific, and likely explained by
egg size (Figueiredo et al. 2025).
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