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Abstract

Marine heatwaves are increasing in intensity and frequency however, responses and sur-

vival of reef corals vary geographically. Geographical differences in thermal tolerance may

be in part a consequence of intraspecific diversity, where high-diversity localities are more

likely to support heat-tolerant alleles that promote survival through thermal stress. Here, we

assessed geographical patterns of intraspecific genetic diversity in the ubiquitous coral

Pocillopora damicornis species complex using 428 sequences of the Internal Transcribed

Spacer 2 (ITS2) region across 44 sites in the Pacific and Indian Oceans. We focused on

detecting genetic diversity hotspots, wherein some individuals are likely to possess gene

variants that tolerate marine heatwaves. A deep-learning, multi-layer neural-network model

showed that geographical location played a major role in intraspecific diversity, with mean

sea-surface temperature and oceanic regions being the most influential predictor variables

differentiating diversity. The highest estimate of intraspecific variation was recorded in

French Polynesia and Southeast Asia. The corals on these reefs are more likely than corals

elsewhere to harbor alleles with adaptive potential to survive climate change, so managers

should prioritize high-diversity regions when forming conservation goals.

Introduction

Coral reefs are one of the world’s most diverse ecosystems, supporting over 35% of all known

marine species [1], and providing vital resources for millions of people globally [2]. However,

coral reefs are degrading rapidly because of local pollution, diseases, and land-use changes [3].

More concerning are the global emissions of greenhouse gases that increase the intensity, fre-

quency, and extent of marine heatwaves [4]. Marine heatwaves cause widespread coral bleach-

ing and mortality [5–7]. Yet the response to thermal stress varies within individual coral

colonies [8], among species [9], among habitats [10], and across regions and oceans [7, 11].

While several factors may explain such differences in thermal tolerance, here we are interested

in examining geographical differences in the intraspecific genetic diversity of Pocillopora
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damicornis species complex in the Indian and Pacific Oceans. We investigate where corals may

support high-standing intraspecific genetic diversity, which potentially increases the likelihood

that some individuals may harbor variants that promote survival under natural and anthropo-

genic disturbances.

Differences in intraspecific genetic diversity may arise from the same evolutionary mecha-

nisms that shape interspecific variations, such as geographical conditions, isolation-by-dis-

tance, phylogenetic ancestry, and historical bottlenecks [12]. Many natural evolutionary

processes can change the diversity of a population at a given locality, including migration,

genetic drift, and selection pressure. While genetic diversity is thought to be maintained

through balancing selection, extreme ocean warming may cause strong directional selection,

resulting in rapid adaptation through novel heat-tolerant alleles that promote survival [13].

These processes can lead to beneficial mutations becoming fixed, especially in small-isolated

populations that experience strong genetic drift. As a consequence, locally-adapted alleles in

areas that historically experience thermal stress [14] may be promoted at the expense of overall

diversity [15], such that diversity itself is not always a direct predictor of survival.

Yet, intraspecific genetic variation is known to provide the raw material for adaptation, and

highly-diverse populations of a given species are more resistant to extinction because they har-

bor variants that prove adaptive to changes in unpredictable environments, including climate-

driven warming [13, 16, 17]. For example, high intraspecific variability helps fish populations

adapt to warmer water [18], and seagrass populations with high intraspecific diversity have

higher survival rates through physical [19] and thermal [20] disturbances. Similarly, increasing

intraspecific genetic diversity has been shown to increase coral survival at high temperatures

[21]. High genetic diversity in such reef-building organisms as corals, whose growth and struc-

ture shape the entire ecosystem [22], can also enhance habitat complexity. This has led investi-

gators to hypothesize that such diverse “hotspots” may tolerate anthropogenic ocean warming

and serve as climate refugia [23]. Thus, while it is not known whether directional or balancing

selection is acting at a given moment, high genetic diversity is known to be associated with

stress resistance and adaptive potential, and the loss of such diversity is likely to decrease sur-

vival in the face of modern climate change [24].

Here we examine geographical differences in the standing genetic diversity of the coral spe-

cies Pocillopora damicornis species complex (herein after Pocillopora damicornis), which we

chose for the following five reasons. Firstly, P. damicornis can reproduce sexually and asexu-

ally, depending on geographical location [25, 26]. Secondly, P. damicornis has been shown to

hybridize and form a species complex [27], a group of closely related but morphologically- and

genetically-distinct subspecies, all potentially inhabiting different niches and responding dif-

ferently to disturbances [28]. Thirdly, considerable genetic data are publicly available for P.

damicornis in online repositories. Fourthly, P. damicornis is widely distributed throughout the

Indian and Pacific Oceans. Fifthly, other researchers have focused on regional trends in popu-

lation structure for P. damicornis [29, 30], but not on across-ocean comparisons.

While the ubiquitous nature of P. damicornis is well known across the Indian and Pacific

Oceans, the geographical pattern of intraspecific genetic diversity of P. damicornis is not. The

Coral Triangle region encompassing the Philippines, Indonesia, Malaysia, Papua New Guinea,

Timor-Leste, and the Solomon Islands supports the highest coral species diversity [31] as the

region is known to be both a source and sink of marine evolutionary variation [32, 33].

Because of this trend, the geographical pattern of intraspecific genetic diversity may follow the

trend of elevated interspecific diversity, and thus the intraspecific genetic diversity in P. dami-
cornis may be highest in the Coral Triangle. However, there are few sequences available for P.

damicornis in the Coral Triangle, and therefore we hypothesize that background ocean tem-

peratures are a reasonable predictor of intraspecific diversity. Testing this hypothesis is
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pertinent as we seek to identify reef locations that may potentially act as climate-change refugia

with high adaptive potential [34], providing valuable information for conservation [35, 36].

Any method used to examine genetic diversity must be able to differentiate among individ-

uals from different populations [37]. Ribosomal DNA (rDNA) has been shown to evolve at a

faster rate than other loci in acroporid corals [38] and is therefore suited to provide high-reso-

lution estimates of population-level variation across geographical scales [39]. The rDNA gene

cluster includes the 18S, 5.8S, and 28S rRNA genes, plus Internal Transcribed Spacers (ITS) 1

and 2. We used the selectively-neutral ITS region because of its appropriateness for the large

geographical scale of the research, across the Indian and Pacific Oceans, and because its ubiq-

uity as a tool meant that many sequences were publicly available for this analysis. Specifically,

we examined the ITS2 region from P. damicornis across the Indian and Pacific Oceans to (1)

determine geographical patterns of intraspecific nucleotide diversity, and (2) examine whether

the intraspecific diversity was a function of any of eight predictor variables related to abiotic

conditions and geography. As climate change continues to impact ocean habitats globally,

understanding spatial patterns of intraspecific genetic diversity may provide insight into the

survival mechanisms of some of the world’s most vulnerable ecosystems.

Methods

Sampling strategy

Ribosomal DNA (rDNA) sequence data including the nuclear Internal Transcribed Spacer 2

(ITS2) of Pocillopora damicornis were collected from GenBank [40]. Sequences were identified

by searching the key terms “Pocillopora damicornis ITS2” or “Pocillopora damicornis internal

transcribed spacer two”. Sequences that contained ITS2 region, and portions of neighboring

gene regions were used in this study. All sequences with > 3% sequence divergence from

known P. damicornis accessions were filtered from our dataset to avoid potentially mislabeled

samples that likely belonged to other established species. The resulting dataset includes 428

DNA sequences that were added to Genbank from 2005 to 2020 (S1 File). Wherever possible,

the geographical location of each sampling site was taken from the latitude and longitude coor-

dinates provided in the source publication. In the absence of coordinates, the latitude and lon-

gitude were determined using Google Earth [41] based on locations or maps provided in the

associated publication. This strategy resulted in 44 unique sampling sites that contained a pos-

sible range of 1 to 32 individual DNA sequences. The final set of 428 sequences from 44 sites

(Fig 1) was uploaded into Geneious Prime 2023 [42] using the NCBI Nucleotide plugin tool.

The raw downloaded sequences were cleaned using the following seven methods in which

the sequence ends were: (i) trimmed, (ii) trimmed and indels removed, (iii) trimmed and

Fig 1. Geographical distribution of Pocillopora damicornis samples. The spatial distribution of the 44 Pocillopora damicornis sampling sites used in this

study in the Pacific and Indian Oceans from 2005 to 2020. The colored points depicted in the key represent five ocean regions. The points representing sites

with few coral samples are less opaque.

https://doi.org/10.1371/journal.pone.0316380.g001
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cleaned, (iv) cleaned and one gap left for indels, (v) trimmed, cleaned, and all indels removed,

(vi) trimmed, cleaned, indels removed, and transversions cleaned, and (vii) trimmed, cleaned,

indels removed, and point mutation cleaned (all data are available at https://github.com/

InstituteForGlobalEcology/Pocillopora). We saw similarities in genetic diversity across sites

and regions before and after cleaning (S1 and S2 Figs in S1 File), therefore we used the data

with only the sequence ends trimmed, without any further cleaning or alterations, for further

analyses in R [43]. The deep-learning neural-network results for the trimmed and the cleaned

data were virtually identical (S3 Fig in S1 File).

Data analysis

For each sampling site with three or more samples, genetic diversity, as measured by nucleo-

tide diversity, was calculated as the average number of pairwise sequence differences per base

pair using the pegas package [44]. Genetic diversity was used as the response variable in the

analysis. The eight predictor variables used in the analysis were: (i) ocean, (ii) ocean region,

(iii) ecoregion, (iv) latitude, (v) longitude, (vi) reef density (i.e., the number of reef centroids

within 500 km of a given study site), (vii) mean sea-surface temperature (⁰C) from 2002 to

2023, and (viii) the number of samples per study site. More information on each variable is

provided below.

The five ocean regions were: Africa, Southeast Asia, Australia, French Polynesia, and

Hawaii; and where the ten ecoregions were: (i) the central and northern Great Barrier Reef,

Australia (ii) French Polynesia, (iii) east Hawaii, (iv) Kenya and Tanzania, Africa, (v) Lord

Howe Island, Australia, (vi) Mauritius, Africa, (vii) Ryukyu Islands, Okinawa, Japan, (viii) Sol-

itary Islands, French Polynesia, (ix) the South China Sea, and (x) Torres Strait and the far

northern Great Barrier Reef, Australia. Reef density and mean sea-surface temperatures were

examined to determine whether there were relationships between the eight predictor variables

and the genetic diversity of P. damicornis. The number of samples per study site was used in

the model to determine whether sampling effort played a role in intraspecific genetic diversity.

All continuous variables were examined for autocorrelation (S4 Fig in S1 File). The first five

predictor variables were used in the model to examine the geographical scale of variability in

genetic diversity.

Using a global reef shapefile, we generated a metric to measure reef density [45]. The cen-

troids of each reef polygon were identified using the raster package [46], and the density of

reef centroids within 500 km (250 km radius) of each site was calculated. Mean sea-surface

temperature (⁰C) acquired from NASA Earth Observation from 2002 to 2023 (https://neo.gsfc.

nasa.gov) was examined to determine the potential role that ocean temperature plays in the

intraspecific genetic diversity of P. damicornis.
To characterize the relationship between the intraspecific genetic diversity of P. damicornis

and environmental variables and geographical features, we used the Artificial Intelligence

deep-learning platform H2O.ai, coded through R using h2o [47, 48]. Using this platform, we

constructed a supervised deep-learning, multi-layer feedforward neural-network model. The

data were partitioned into three folds, using 70% to train, 15% to validate, and 15% to test the

model. We evaluated a suite of models using a random grid algorithm to optimize hidden lay-

ers and L1 regularization. The most optimal model, with the lowest deviance, had 32 hidden

layers, an L1 regularization value of 0.00042, 10 epochs, three stopping rounds, a 0.005 stop-

ping tolerance, and cross-validation.

Partial dependency plots were used to examine the relationships between genetic diversity

and the eight predictor variables mentioned above. Following the implementation of the deep-

learning model, we examined variable importance using the R package imp [49], which
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reshuffles each predictive variable in the model and measures the drop in model performance

[50]. Loss in model performance was determined using the mean-absolute error, representing

the average-absolute difference between actual and predicted values.

Finally, to examine the role of geographical species origin in our analysis, we built a phylog-

eny using the tree builder plugin for Geneious to construct a neighbor-joining maximum like-

lihood tree with bootstrap resampling. The software jModelTest [51] was used to derive the

most likely mutational model for our data based on Aikake Information Criteria, and ITS2

sequences from three congeneric species (Pocillopora meandrina, P. ligulata, and P. moloken-
sis) were downloaded from Genbank to serve as taxonomically-diverse outgroups (accession

numbers in S2 File). We discarded all samples with >3% sequence divergence and verified

that all sequences grouped in our phylogenetic tree, and well away from the outgroup. All data

and R code used in the analyses are available at https://github.com/InstituteForGlobalEcology/

Pocillopora.

Results

The deep-learning neural network used to estimate the relative importance of predictive vari-

ables on genetic diversity showed that mean sea-surface temperature and geographical location

(i.e., ocean region) had the greatest influence on the genetic-diversity model (Fig 2). The high-

est intraspecific genetic diversity was apparent in French Polynesia, in the South Pacific

Ocean, and Southeast Asia, in the Western Pacific Ocean, and the lowest was in Hawaii, the

central and southern Great Barrier Reef, the Solitary Islands, and Lord Howe Island, Australia

Fig 2. Variable importance plot. Variable importance plot using results from the deep-learning neural network model showing the relative influence of eight

predictor variables on the genetic diversity of Pocillopora damicornis across 44 sites in five ocean regions, in the Pacific and Indian Oceans, from 2005 to 2020.

The points are medians, and the whiskers are 5% and 95% quantiles. The eight predictor variables were: (i) ocean, (ii) ocean region, (iii) ecoregion, (iv) latitude,

(v) longitude, (vi) reef density (i.e., the number of reef centroids within 500 km of a given study site), (vii) mean sea-surface temperature (⁰C), and (viii) the

number of samples per study site. The five ocean regions (as depicted in Fig 1) were: Africa, Southeast Asia, Australia, French Polynesia, and Hawaii.

https://doi.org/10.1371/journal.pone.0316380.g002

PLOS ONE Intraspecific diversity of Pocillopora damicornis

PLOS ONE | https://doi.org/10.1371/journal.pone.0316380 January 22, 2025 5 / 13

https://github.com/InstituteForGlobalEcology/Pocillopora
https://github.com/InstituteForGlobalEcology/Pocillopora
https://doi.org/10.1371/journal.pone.0316380.g002
https://doi.org/10.1371/journal.pone.0316380


(Fig 3). Intraspecific diversity was moderately high in Kenya, Tanzania, and Mauritius in the

Indian Ocean, and in the Torres Strait and the far northern Great Barrier Reef, in the Pacific

Ocean (Fig 3). The deep-learning model showed that reef density (i.e., the density of reef cen-

troids within 500 km) had a relationship with genetic diversity (Fig 2). The oceans, the number

of samples, longitude, latitude, and ecoregion were not particularly influential on the genetic

diversity of Pocillopora damicornis (Fig 2).

The partial dependency plots showed a strong positive relationship between the 21-year

mean sea-surface temperature and intraspecific genetic diversity of Pocillopora damicornis,
with the highest diversity found at reefs with mean temperatures between 26˚C and 28˚C

(Fig 4). Reef density had a negative relationship with genetic diversity mainly because corals in

French Polynesia had high genetic diversity and relatively low reef density. The overall intra-

specific genetic diversity of P. damicornis was higher in the Pacific than in the Indian Ocean,

although the difference was slight (Fig 4). Diversity varied considerably across oceanic regions,

with the East Australian sites supporting the lowest diversity. Interestingly, the number of sam-

ples at each site, longitude, and latitude had little influence on overall genetic diversity (Fig 4).

The jModelTest inferred the most likely mutational model for our data was Tamura-Nei

with no gamma correction, which was input to the Geneious tree builder before analysis. The

resulting phylogenetic tree showed relatively low overall discriminatory variation but enough

to reflect the subtle geographical differences in our diversity analyses (S2 File). Specifically, the

basal clade contained samples primarily from French Polynesia, with some representation

from Hawaii, China, Australia, and East Africa. The more derived clades show separate incur-

sions into the broader region, including novel lineages in China, southern Japan, French Poly-

nesia, Australia, Hawaii, and especially east Africa.

Discussion

The deep-learning model showed a strong influence of geographical location on the intraspe-

cific nucleotide diversity of Pocillopora damicornis. Genetic diversity was particularly depen-

dent on oceanic regions and not simply a consequence of latitude or longitude. The highest

intraspecific diversity of P. damicornis was found in French Polynesia and Southeast Asia, and

the lowest was found in Hawaii and the Great Barrier Reef, Australia. High intraspecific

Fig 3. Nucleotide diversity. Map of nucleotide diversity of the coral Pocillopora damicornis among 34 sites (each with� 3 samples) in five ocean regions in the

Pacific and Indian Oceans (from 2005 to 2020). Dark-green sites have high nucleotide diversity and light-green sites have low nucleotide diversity. The five

ocean regions (as depicted in Fig 1) were Africa, Southeast Asia, Australia, French Polynesia, and Hawaii.

https://doi.org/10.1371/journal.pone.0316380.g003
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diversity in a given locality is thought to help preserve populations that experience stressful

environmental events [14]. Because selection acts upon traits that already exist within a popu-

lation, high genetic variation increases the likelihood that some individuals will survive the

stressors of the environment [52]. In Acropora palmata, for example, Parkinson et al. [53]

found that the stress response to cold water differed among individuals with the same symbi-

onts, but with different coral genotypes. Gillette [54] also found that the thermal tolerance of

corals was more dependent on the coral genotype than the endosymbionts and the micro-

biome, suggesting the possibility of local adaptation.

We found a negative relationship between reef density and genetic diversity, likely driven

in part by the low reef density and high genetic diversity in French Polynesia. Though consis-

tent with the theoretical expectation that isolated reefs experience genetic drift more strongly

than connected ones, this is surprising because it is known that high-density reefs can be more

resilient to climate change [55], and the absence of neighboring reefs increases climate vulner-

ability [56]. Adaptation to environmental stress is assumed to occur in large metapopulations

through a mix of dispersal and isolation, which could facilitate an adaptive response to selec-

tion pressure [13, 17]. High gene flow among dense reefs may cause alleles to homogenize

before local adaptation can develop, whereas high genetic drift among isolated reefs can cause

alleles to be culled even if they provide a selective advantage. However, moderate gene flow

among semi-isolated subpopulations can promote the evolution of locally-adapted alleles,

Fig 4. Partial dependency plots. Partial dependency plots showing the relationships of eight predictor variables to genetic diversity in Pocillopora damicornis
across 44 sites in five ocean regions in the Pacific and Indian Oceans, from 2005 to 2020, as determined by the deep-learning neural network. The response

variable was the nucleotide diversity of the Internal Transcribed Spacer 2 (ITS2) and flanking regions at each of the sites. The points are means and the

whiskers and purple shading are standard deviations. The eight predictor variables were (i) ocean, (ii) ocean region, (iii) ecoregion, (iv) latitude, (v) longitude,

(vi) reef density (i.e., the number of reef centroids within 500 km of a given study site), (vii) mean sea-surface temperature (˚C), and (viii) the number of

samples per study site. The five ocean regions (as depicted in Fig 1) were: Africa, Southeast Asia, Australia, French Polynesia, and Hawaii. The ten ecoregions

were (i) the central and northern Great Barrier Reef, Australia (ii) French Polynesia, (iii) east Hawaii, (iv) Kenya and Tanzania, Africa, (v) Lord Howe Island,

Australia, (vi) Mauritius, Africa, (vii) Ryukyu Islands, Okinawa, Japan, (viii) Solitary Islands, Australia, (ix) South China Sea, and (x) Torres Strait and the far

northern Great Barrier Reef, Australia.

https://doi.org/10.1371/journal.pone.0316380.g004
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while still allowing those alleles to spread to neighboring populations, increasing diversity in

the region as a whole [12].

Moderate gene flow and relative isolation from other reefs in the Pacific Ocean may be

responsible for the high diversity we observed in French Polynesia, which extends from 7 to

17˚S and 134 to 155˚W, supporting 130 islands, 78 atolls, and 6,340 km2 of coral reefs. This

region is a hotspot for marine diversity, likely because of a combination of geographical cir-

cumstances, historical vicissitudes, and the relative isolation of French Polynesia from other

Pacific reefs. Modern oceanographic observations in French Polynesia show a weak and shal-

low westward flow of the South Equatorial Current that is frequently interrupted by eastward

countercurrents, particularly during El Niño Southern Oscillation events [57]. These events

may cause connectivity to fluctuate, causing shifts in the rate of genetic drift and local adapta-

tion among subpopulations. High intraspecific diversity in P. damicornis in French Polynesia

and Southeast Asia is likely to enhance the chances of those populations surviving future ther-

mal stress events, and potentially benefit neighboring ecoregion populations [14, 20].

Pocillopora is thought to have diverged from Stylophora some 56 million years ago at the

beginning of the Eocene [58]. The ancestry of P. damicornis diverged from P. eydouxi (now

called P. grandis according to the World Register of Marine Species) around 7.5 million years

ago [59] (S5 Fig in S1 File), and the species is thought to have originated ~1 million years ago

[58]. The present study found the Indo-West Pacific to be a potential site of origin for P. dami-
cornis (S2 File), though examination with additional loci is needed to resolve this question.

This is because of the relatively low variation observed at ITS2, which was chosen for its ubiq-

uity among genetic studies on coral rather than its ability to discriminate between sites. None-

theless, the fact that the basal clade in our tree contains genotypes from most sites included in

this study suggests that geographical origin does not play a role in shaping patterns of

diversity.

Many studies have investigated diversity in the Coral Triangle, which harbors the highest

species-level variation of many reef-associated organisms, including scleractinian corals [31].

These studies have hypothesized that the area: (i) is the center of origin of many tropical and

subtropical species [60], (ii) supports more derived genotypes than in the central Pacific

Ocean [61], and (iii) is the center of overlap for some species [62] but the center of accumula-

tion for others [63, 64]. In a meta-analysis in the Pacific Ocean, Chaudhary and Kastner [65]

found species richness peaked at latitudes 15˚ north and south of the Equator. A similar trend

was observed for foraminiferal diversity [66]. Our study found little influence of latitude and

longitude on the genetic diversity of P. damicornis, although there was a diversity peak at 15˚

south of the equator, but no second peak in the northern latitudes.

Data scarcity imposed several limitations on this study. While we gathered all the ITS2

sequences available in GenBank, many regions across the Indian and Pacific Oceans were not

represented. We also examined the P. damicornis species complex as a whole, realizing that the

complexities of this species and its response to climate change may differ within the species

complex [67]. Moreover, we used the ITS2 gene for this study, but mitochondrial genes [68]

and rapidly-evolving nuclear markers such as microsatellites [69] have also been used to study

diversity patterns. Since such loci mutate at different rates and under different evolutionary

models, they reflect different temporal scales of evolutionary history, so different methods

could obtain slightly different results. Further studies examining other genetic markers in

additional species across the Indo-Pacific will provide greater insight into the geographical var-

iation of intraspecific genetic diversity in corals.

Extreme thermal stressors like marine heatwaves exert strong directional selection on coral

reefs, which can fix beneficial heat-tolerant mutations, particularly in small, isolated popula-

tions that experience genetic drift. Therefore, diversity may only be a good predictor of
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survival through stress events in some cases, as low diversity within a particular site or region

may reflect a history of local heat adaptation. In that scenario, thermally tolerant alleles are

promoted at the expense of overall diversity at frequently stressed sites [70]. Though we did

not address this particular hypothesis, we emphasize that conservation decisions based solely

on genetic diversity would erroneously ignore those heat-tolerant sites. With further informa-

tion on intraspecific genetic diversity, conservation plans can target locations that have high

potential survivability. Restoration and outplanting efforts can be more effective when armed

with information on the intraspecific diversity of stock populations, by prioritizing the out-

planting of heat-tolerant variants and reducing the potential for genetic incompatibility

among propagules.

In conclusion, we highlight patterns of intraspecific diversity of Pocillopora damicornis in

the Indian and Pacific Oceans, providing insight into geographical differences in the potential

of coral populations to adapt to climate change. We found that the reefs in French Polynesia in

the South Pacific Ocean and reefs in Southeast Asia in the Western Pacific Ocean support high

intraspecific diversity, with a strong likelihood of harboring individuals capable of surviving

future thermal stress events. Geographical vicissitudes and high mean temperatures led to

higher intraspecific diversity in the past, however anomalously high temperatures associated

with climate change will likely reshape patterns of genetic diversity. Ultimately, genome-wide

analyses are required to identify adaptive alleles and pinpoint reef populations that harbor

genetic variants with the potential to withstand climate-induced stresses. However, until spe-

cific adaptive alleles are found, the genetically diverse corals on these reefs should be given the

highest conservation status, as they are most likely to harbor adaptive alleles.
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