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ABSTRACT
Aim: Understanding local adaptation in species along environmental gradients provides insight for how species can and will 
adapt to increasing climate-driven marine heatwaves. Here, the population structure of two closely related Pocillopora corals was 
evaluated across environmentally heterogeneous reef gradients to understand spatially variable adaptive potential of vulnerable 
species.
Location: Australia's Coral Sea and Great Barrier Reef Marine Parks span a ca. 1300 km latitudinal gradient across a 1.6°C range 
in Maximum Monthly Mean temperatures.
Method: A total of 255 colonies of Pocillopora verrucosa  and 188 colonies of Pocillopora cf. meandrina were prepared and 
genotyped by sequencing using Illumina NovaSeq. Initial filtering and population statistics were conducted for each species. 
Correlations between genetic structure and environmental variables were assessed using partial redundancy analyses. The spe-
cific effects of environmental (including temperature, which was also analysed separately) and spatial variables were quantified 
to understand the drivers of local adaptation and how this varies across taxa and regions.
Results: Both species exhibited gene flow between the two reef systems (Coral Sea and Great Barrier Reef), indicating connectivity 
across ~12° of latitude and longitude. Population structure differed between species: P. cf. meandrina displayed pronounced genetic 
subdivision with two ancestral lineages partitioned along a north–south axis, while P. verrucosa  maintained one dominant lineage 
across most reefs. In both species, population structure was shaped by ancestral lineage and thermal history. Additionally, P. cf. me-
andrina showed genetic structure correlated with sea current velocity, whereas P. verrucosa  correlated with sea surface temperature.
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Main Conclusions: Closely related taxa can exhibit distinct population genetic patterns and environmental responses, reflect-
ing different capacities for local adaptation. These results highlight the importance of incorporating multiple taxa and environ-
mental variables when predicting responses to environmental change. Conservation strategies relying solely on environmental 
data may suffice for some species but not others.

1   |   Introduction

Increasing sea surface temperatures and marine heatwaves 
are exposing corals to thermal pressures beyond their current 
limits (McManus et  al.  2021). In response to such increasing 
thermal pressures, phenotypic variation in bleaching responses 
(i.e., the dissociation of the coral-Symbiodiniaceae relationship 
(Weis et  al.  2008)) can result from either physiological accli-
mation within a generation (McRae et al. 2021; Yu et al. 2020), 
evolutionary adaptation of the host across multiple generations 
(Kenkel et al. 2013), or shifts in the coral's algal symbiont com-
munity (Symbiodiniaceae) (Berkelmans and Van Oppen 2006). 
The adaptive potential of coral reef communities is influenced 
by local abiotic and biotic factors (Savolainen et al. 2013), evi-
denced by variable bleaching responses both within and among 
populations (Dixon et  al.  2015; Howells et  al.  2016; Humanes 
et  al. 2022), among species (Álvarez-Noriega et  al.  2023), and 
between habitats (Marhoefer et  al.  2021). Phenotypic varia-
tion occurs spatially across populations spanning vast latitu-
dinal ranges (Ayre and Hughes  2000; Thomas et  al.  2017), or 
highly variable temperature environments (Barshis et al. 2013; 
Bay and Palumbi 2014; Palumbi et al. 2014; Safaie et al. 2018). 
Documenting the adaptive potential of coral populations to a 
rapidly changing environment is crucial for understanding 
and predicting population trajectories under prolonged climate 
change.

Corals harbour the capacity to evolve in response to rapid environ-
mental change, reliant on specific demographic traits (e.g., disper-
sal capacity, mode/rate of reproduction, thermal limits), which can 
facilitate adaptation to environmental disturbances (Hoffmann 
and Sgró 2011). The underlying processes that mediate population 
genetic structure across environmental gradients can also contrib-
ute to the adaptive potential of coral populations. For example, 
genetic drift and migration can alter the neutral and adaptive ge-
netic structure among populations, while abiotic factors can drive 
divergence between populations, therefore reinforcing the genetic 
differentiation among populations (Riginos and Liggins  2013). 
Disentangling the processes of genetic drift and selection is com-
plicated, particularly in broadcast spawning marine organisms 
with extensive pelagic larval phases (Lowe and Allendorf 2010). 
Broadcast spawners often have weak population structure due to 
the ability for larvae to disperse far from natal reefs, which can 
mask interactions between gene flow and the environment on the 
genetic structure of populations (Thomas et al. 2020). To separate 
these two components, it is necessary to investigate corals across 
large spatial gradients with contrasting environmental conditions 
or disturbance history. Doing so can elucidate the environmental 
patterns that shape both neutral and adaptive diversity of coral 
populations (Holderegger et al. 2006), and subsequently the poten-
tial for populations to withstand or recover from the impacts of 
recurrent disturbances.

The amount and direction of gene flow between coral reefs 
can shape population replenishment following disturbances 
(Bernhardt and Leslie  2013). These patterns are mediated by 
the spatial distance between reefs, sea currents, and physi-
cal geographic barriers (Keith et al. 2013; Wood et al. 2014). A 
range of biotic factors can also influence connectivity, includ-
ing the development and behaviour of larvae, the duration of 
larval phases, and post-settlement survivorship of new recruits 
(Graham et al. 2008; Miller and Mundy 2003). Such abiotic and 
biotic factors can result in biogeographically isolated reefs with 
high population structure due to larger geographical distances 
and a paucity of source reefs for recruitment and population re-
plenishment (Thomas et al. 2017). In contrast, reefs and species 
with higher connectivity promote the redistribution of standing 
genetic variation among populations and present an avenue for 
alleles increasing thermal tolerance to enter a population (Matz 
et al. 2018). Isolated reefs therefore benefit from stronger local 
adaptation to present environmental conditions in the absence 
of extensive dispersal (Borregaard et al. 2017; Santos et al. 2016), 
but simultaneously face heightened vulnerability to environ-
mental change, due to lower connectivity and therefore lower 
larval replenishment potential following disturbances.

Coral genetic diversity mirrors taxa-specific reproductive 
modes and subsequent migration. Species of brooding corals 
release larvae that often settle close to, or within their natal 
reef, resulting in stronger genetic differentiation between reefs 
(Underwood et  al.  2009; van der Ven et  al.  2021). Broadcast 
spawning corals differ with a pelagic fertilisation and thus a 
greater dispersal range of larvae, resulting in higher genetic 
connectivity and weaker population structure among reefs 
(Afiq-Rosli et al. 2024; Buitrago-López et al. 2023; Underwood 
et al.  2020). Other processes may also play a role in shaping 
taxa-specific patterns of genetic diversity and connectivity, in-
cluding geographical range margins within a species (Chevin 
and Bridle 2025; Keith et al. 2013; Schmidt-Roach et al. 2012). 
Most existing genomic studies of coral populations have tar-
geted a single species to identify the specific extrinsic fac-
tors which shape neutral genetic structure (Selmoni, Bay, 
et  al.  2024). Differentiating the amount of genetic variation 
associated with the environment presents a challenge when 
using a single study species due to species-specific rates of gene 
flow. Therefore, the parallel investigation of two or more con-
generic species sharing similar life history traits (e.g., mode 
of reproduction, morphology) and habitats allows for a more 
comprehensive view of the specific environmental processes 
which drive genetic variation and whether these predictors are 
consistent across sympatric taxa.

A seascape genomics approach contextualises both neutral 
and adaptive genetic structure against environmental gradi-
ents and corridors or barriers to gene flow (Manel et  al. 2003; 
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Saenz-Agudelo et al. 2015; Riginos et al. 2016; Selmoni et al. 2020). 
Using this approach, we assessed population structure and con-
nectivity for two congeneric coral species, Pocillopora verrucosa  
and Pocillopora cf. meandrina, across the same environmentally 
heterogenous seascape. We also investigated the predominant 
abiotic factors that influence genetic variation, including the ef-
fects of (1) thermal and (2) non-thermal environmental predic-
tors while controlling for spatial autocorrelation. The study area 
included two environmentally contrasting seascapes, Australia's 
Coral Sea Marine Park, which consists of geographically isolated 
atoll reefs forming distinct habitat patches, and the adjacent 
Great Barrier Reef, which maintains greater spatial connectiv-
ity among reefs via a higher density of reefs per km2 (Ceccarelli 
et al. 2013; Hoey et al. 2022). Previous genetic studies that quan-
tified population structure and/or gene flow of marine organisms 
between the Coral Sea and GBR demonstrated that a brooding 
coral (van Oppen et al. 2008) and a common coral grouper (Payet 
et al. 2022) maintained minimal connectivity between the Coral 
Sea and the GBR. This highlights the paucity of empirical data 
to determine the existing population structure and connectiv-
ity between these important reef systems. Both seascapes have 
been exposed to five recent mass bleaching events in 2016, 2017, 
2020, 2022, and 2024 (Harrison et al. 2019; Hughes, Anderson, 
et al. 2018; Pratchett and Heron 2021), with bleaching suscepti-
bility varying markedly across reefs and taxa (Burn et al. 2023). 
The detection of neutral and adaptive population structure in 
contrasting seascapes and species can provide a baseline to iden-
tify reefs which harbour higher genetic resilience amidst rapidly 
changing environmental conditions.

2   |   Methods

2.1   |   Coral Collection and Sampling

Two common Pocilloporid coral species, Pocillopora cf. mean-
drina and Pocillopora verrucosa , were collected, both of which 
are broadcast spawning corals (Schmidt-Roach et al. 2012) with 
vertical transmission of algal-symbionts (Hirose et  al.  2000). 
Corals were collected from Australia's Great Barrier Reef (here-
after, GBR) and Coral Sea Marine Park (hereafter, Coral Sea) 
(Figure 1a). Corals were collected from 16 sites within the GBR 
and 13 sites within the Coral Sea, with tissue fragments (< 5 cm) 
from 188 P. cf. meandrina and 255 P. verrucosa  coral colonies 
obtained across both regions and processed for downstream mo-
lecular analyses. The samples were collected on SCUBA at an 
average depth of 6.75 m (±0.28) from the GBR between January 
2019 and April 2021 on four separate expeditions, and from the 
Coral Sea on one expedition between February and March 2020. 
Reef coordinates and details for all 29 sampling locations are 
specified in SOM Table  S1. Samples were collected from dis-
tinct coral colonies > 5 m apart to minimise the likelihood of 
collecting clonal genotypes, of which none were detected. For 
each coral individual, photographs were taken at the colony and 
macro-scales using an Olympus TG-5, and bleaching scores were 
recorded in situ using a Coral Health Chart (Siebeck et al. 2006). 
A branch of each coral individual was collected using a hammer 
and chisel. Each individual fragment was placed into a separate, 
numbered Ziploc bag while under water and stored in 100% eth-
anol within 1 h of collection.

FIGURE 1    |    Population structure for Pocillopora cf. meandrina and P. verrucosa across the GBR and Coral Sea. (a) Map of sectors partitioned in 
Australia's Great Barrier Reef (GBR) and Coral Sea Marine Park. Sectors considered in the analysis of population structure include: Cape Grenville 
(CGR), Princess Charlotte Bay (PCB), Cairns (CNS), Townsville (TSV), Swains (SWN), Capricorn Bunkers (CPB), Coral Sea sectors 1–6 (CS1-6). 
Pairwise comparisons of genetic diversity (FST) between sectors for (b) Pocillopora cf. meandrina and (c) for Pocillopora verrucosa.
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2.2   |   Species Identification and Sample Selection

Corals were first genetically identified to haplotype level by am-
plification of the mitochondrial open reading frame (mtORF) 
marker using two complementary approaches. First, we con-
ducted a Restriction Fragment Length Polymorphism (RFLP) 
assay modified from Johnston et  al.  (2018) and detailed in 
Marzonie et al. (2023). We then used Sanger sequencing of the 
mtORF region to resolve any unidentified samples and to con-
firm identification from the RFLP assay with higher resolution. 
Samples confirmed as either P. verrucosa  (n = 255) or P. cf. me-
andrina (n = 188) were selected for a genotype-by-sequencing 
approach. All samples that could not be identified to species 
using the RFLP assay or Sanger sequencing were excluded from 
further analyses. As both P. meandrina  and P. grandis  share 
the same mtORF region (type1/ORF27; Burgess et al. 2024), we 
cannot explicitly confirm the absence of P. grandis  in our data-
set. However, the morphology and genetic exchange between 
individuals sampled point to population structure rather than 
speciation, and we use the convention ‘P. cf. meandrina’ to refer 
to this species complex throughout the paper.

2.3   |   Genotype-By-Sequencing Approach

Coral tissue samples of P. verrucosa  and P. cf. meandrina 
were sent to Diversity Arrays Technology (DArT, Canberra, 
Australia), where DNA extractions, library preparation, and 
sequencing were performed. Briefly, DNA was extracted from 
Pocillopora samples using a NucleoMag kit (Machery-Nagel). 
Libraries were constructed following a proprietary method 
of reduced-representation sequencing (DArT-seq; Kilian 
et  al.  2012) following a double digestion with PstI and HpaII 
to maximise the complementarity of reads between samples 
(Sansaloni et  al.  2011). The two Pocillopora species were se-
quenced on separate Illumina NovaSeq runs using 150 bp 
paired-end sequencing, each across two lanes. Sequencing reads 
from both Pocillopora species were mapped to the P. verrucosa  
reference genome from Buitrago-López et  al.  (2020), which is 
now recognised as the genome of P. favosa  (Oury et al. 2025). 
In addition, a DArT species database was developed for each of 
the two species. Data were initially filtered using proprietary 
DArT-sequencing pipelines (DArTsoft14). Filtering was then 
performed on raw sequences using a minimum Phred pass score 
of 30 for the inline sample barcode region (used for demultiplex-
ing), and a minimum Phred score of 10 for the entire read. Of the 
255 samples of P. verrucosa , 206 (80.8%) passed initial quality 
control. Of the 188 samples of P. cf. meandrina submitted, 115 
(61.2%) passed initial quality control and were used in down-
stream analyses.

2.4   |   QC Filtering of SNPS

The initial filtering was conducted using the dartR package 
version 2.9.7 (Gruber et  al.  2018) and filtering steps were car-
ried out separately for the two Pocillopora species with identical 
filtering parameters. SNPs were filtered for linkage disequilib-
rium to retain a single SNP within a fragment when more than 
one SNP tag was detected. Loci were then filtered by call rate 
(< 0.80) to exclude loci and/or individuals with more than 20% 

missing data. Further, loci with a mean read depth below 5× 
were removed from the analysis using the ‘gl.filter.rdepth’ func-
tion (dartR). SNPs with minor allele frequencies (MAF) below 
0.05 were filtered out to minimise the effects of rare variants. 
Clone or duplicate samples were identified using the ‘mlg.filter’ 
function in poppr (Kamvar et al. 2015) and removed from down-
stream analyses. Missing data were imputed using the ‘nearest 
neighbour’ function (dartR) in order to run downstream mul-
tivariate statistics. Quality filtering resulted in the retention of 
200 individuals for P. verrucosa  and 108 individuals of P. cf. me-
andrina. The number of loci retained after each filtering step 
can be found in SOM Table S2. Multiple call rate filtering sce-
narios (threshold: 0.90, 0.85, 0.80) were tested for downstream 
estimates of pairwise genetic comparisons (FST) and multidi-
mensional analyses to ensure that population estimates of FST 
were stable irrespective of filtering (SOM Figures S1–S4). Each 
filtered dataset was scanned for outlier loci using PCAdapt (Luu 
et al. 2017) and the ‘gl.outflank’ function in dartR. As either no 
or very few outlier loci were detected with either method (range: 
0–11 SNPs), all downstream analyses were conducted using the 
full SNP datasets.

2.5   |   Population Structure Analyses

Reefs were grouped into 'sectors' which were determined based 
on spatial proximity (Figure  1a) and pairwise comparisons of 
genetic structure, to balance sample sizes after molecular con-
firmation of P. verrucosa  and P. cf. meandrina. The partition-
ing into sectors and additional collection metadata can be found 
in SOM Table  S2. Heterozygosity (He and Ho) and inbreeding 
(FIS) statistics for each sector were calculated using the package 
hierfstat (Goudet and Jombart 2022). Pairwise FST values using 
the ‘WC84’ method (hierfstat) were computed following Weir 
and Cockerham  (1984). Additionally, five samples were ran-
domly selected and subsampled from each sector and FST values 
were computed, where no strong effect of unbalanced sample 
sizes among sectors was detected (SOM, Figures S5 and S6). An 
Analysis of Molecular Variance (AMOVA) was run with 999 
permutations in poppr (Kamvar et  al.  2015) to assess the pro-
portion of genetic variance explained within samples, between 
samples, and between sectors (SOM Tables S3–S4). To explore 
patterns of isolation-by-distance (IBD) between reefs, the rela-
tionship between the linearised genetic distance and the log of 
geographic distance was measured. Geographic distances were 
calculated as Euclidean distances between reef centroids using 
the ‘gl.ibd’ function (dartR), based on the average latitude and 
longitude of sampled sites at each reef. While these distances 
do not explicitly avoid landmasses, the open-ocean configura-
tion of reefs in this region minimises potential land barriers. 
Significance of IBD was assessed using a Mantel test in vegan 
(Oksanen et al. 2022) (SOM Figure S7).

A principal component analysis (PCA) was performed to in-
vestigate genetic variation among samples without predictor 
constraints on population structure (SOM Figure S8). Group 
membership probabilities were then computed with admix-
ture analysis using the 'snmf' function in LEA to define the 
number of K-clusters for each species and membership coeffi-
cients per individual (Frichot and François 2015). We selected 
the optimal number of K ancestral populations between 1 and 
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10 and chose the model with the lowest cross-entropy value 
(SOM Figure S9). Once the optimal K was selected, ten repeti-
tions were performed, and the repetition with the lowest cross 
entropy was selected. We then extracted membership coeffi-
cients for each individual sample under the optimal number 
of K-clusters and plotted admixture coefficients in ggplot2 
(Wickham 2016).

2.6   |   Full and Partial Redundancy Analyses

A redundancy analysis (RDA) was used to assess associations 
between environmental and host population structure, with 
individual-level SNP genotypes (allele counts per locus) as the 
response matrix in the vegan package (Oksanen et  al.  2022). 
Environmental and spatial variables were extracted at the level 
of individual sampling location (i.e., reef). We included several 
predictors related to (1) climate (thermal-related), (2) environ-
ment (non-thermal related), and (3) geographic distance be-
tween reefs (Table  1). Climatic predictors were acquired from 
RECIFS (Selmoni et al. 2023). The selected variables included 
the mean of monthly maxima Degree Heating Weeks (max 
DHW) from 1985 to 2020, average Sea Surface Temperature 
(SST) (1985–2020), and Maximum Monthly Mean (MMM) cli-
matology (1986–2012) (NOAA Coral Reef Watch; Liu et al. 2014). 
The average number of maximum DHW summarises heat stress 
trends per reef and correlates significantly both with heatwave 
frequency and maximal intensity of heatwaves (Selmoni, Cleves, 
and Exposito-Alonso  2024). Environmental predictors were 
acquired from RECIFS (Selmoni et  al.  2023) and from eReefs 

(Australian Institute of Marine Science). The selected variables 
included light irradiance (kd490) and sea current velocity (SCV) 
of each reef (Table 1) (EU Copernicus Marine Service 2022). To 
account for the geographic and spatial proximity between reefs, 
distance-based Moran's Eigenvector Maps (db-MEMs) were 
used to estimate spatial distribution across sites at multiple spa-
tial scales. Db-MEMs were extracted from each reef site using 
the ‘dbMEM’ function in adespatial (Dray et al. 2023) and used 
as conditional variables to account for geographic structure in 
the partial RDA models (SOM Figures S10 and S11).

After model construction, we checked for correlation among all 
climate, environment, and geographic predictors to minimise 
the effects of collinearity and randomly removed one of two vari-
ables when r > |0.8| using ‘Corrplot’ (Wei and Simko 2021) (SOM 
Figure  S12). Variance Inflation Factor (VIF) Scores of selected 
variables were < 5 and did not exhibit strong collinearity. A back-
ward stepwise model was run with the selected variables using the 
'Ordistep' function (vegan) which iteratively runs all factors and 
reduces the model until the highest adjusted R2  value is reached. 
The significant factors from the Ordistep model were selected as 
the final predictors in each partial RDA model (Table 1).

Partial RDA models were then run for each species with iden-
tical predictor and response variables to identify the effects 
of thermal and environmental predictors (Capblancq and 
Forester 2021). We included two types of models where the dom-
inant admixture coefficient served as (1) a predictor variable and 
(2) a constraining variable. In both model types, we constrained 
these for spatial autocorrelation (SOM Table S5). Constraining 
for the dominant admixture coefficient was used to control for 
the potential effects of two species and/or strong genetic parti-
tioning present in the P. cf. meandrina dataset to unmask trends 
of environmental predictors on within-lineage genetic variance.

3   |   Results

3.1   |   Library Statistics

The genotype-by-sequencing analysis resulted in the detection of 
43,980 single-nucleotide polymorphisms (SNPs) across 108 individ-
uals for P. cf. meandrina, and 44,310 SNPs across 200 individuals 
for P. verrucosa. After quality filtering, a total of 2075 SNPs for P. cf. 
meandrina and 3722 SNPs for P. verrucosa  were retained. There 
was no evidence of duplicate samples or clones observed for either 
species. The observed heterozygosity estimates were significantly 
higher for P. verrucosa  (mean Ho = 0.12 ± 0.01, SD) compared to 
P. cf. meandrina (mean Ho = 0.06 ± 0.01, SD) across all individuals 
and sectors (t-test; p < 0.001, t = 9.77, Df = 18). Inbreeding coeffi-
cients, averaged across all sectors of the GBR and Coral Sea, were 
positive for both P. cf. meandrina (mean FIS = 0.259 ± 0.03, SD) and 
P. verrucosa  (mean FIS = 0.209 ± 0.05, SD), and genetic diversity 
appeared higher within P. verrucosa  populations (Table 2).

3.2   |   Genetic Structure Among Regions 
and Sectors

Pairwise comparisons of global FST values revealed that 
P. cf. meandrina exhibited stronger overall population 

TABLE 1    |    Climatic, environmental, and geographic metrics used in 
redundancy analyses to determine the significant predictors of genetic 
variance in Pocillopora verrucosa  and P. cf. meandrina.

Type of predictor Variable Definition

Climatic Max DHW The mean of monthly 
maxima degree 

heating weeks from 
1985 to 2020

Mean SST The average sea 
surface temperature 

experienced from 
1985 to 2020

MMM Maximum Monthly 
Mean climatology 

(1986–2012)

Environmental Kd490 Light irradiance

SCV Mean sea current 
velocity

Geographic MEM1 Moran eigenvector 
map (1)

MEM2 Moran eigenvector 
map (2)

MEM3 Moran eigenvector 
map (3)
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structure among reef sectors (FST range: 0–0.146; mean 
FST = 0.030 ± 0.035), which were generally higher than pair-
wise comparisons among sectors for P. verrucosa  (FST range: 
0–0.024; mean FST = 0.004 ± 0.007). The analysis of molecular 
variance (AMOVA) indicated that genetic differences between 
sectors were small but significant and stronger for P. cf. me-
andrina than P. verrucosa  (P. cf. meandrina = 0.7%, p = 0.04; 
P. verrucosa  = 0.1%; p = 0.02). AMOVA results also revealed 
higher genetic variation between colonies within a sector 
than between sectors alone (P. cf. meandrina = 36.6%; P. ver-
rucosa  = 25.9%; p < 0.001), supporting high within-population 
variation in genetic structure.

Pocillopora verrucosa  demonstrated overall weaker popula-
tion structure compared to P. cf. meandrina. Except for CS6, 
all sectors and regions displayed extremely low population 
structure for P. verrucosa  (FST range: 0–0.009) (Figure  1c). 
The strongest genetic differences were detected within reefs 
of the Coral Sea, between the highest latitude sector (CS6) 
and the two lowest latitude sectors, CS1 and CS2 (FST range: 
0.021–0.024). Similar levels of genetic differences were also 
observed between the lowest latitude sectors in the GBR, Cape 
Grenville and PCB (FST range: 0.021–0.022), suggesting com-
parably low rates of genetic structure within and between re-
gions for this species. Stronger sector-level genetic differences 
for P. cf. meandrina occurred between spatial extremes in the 
sampling, namely a low latitude sector of the GBR (Princess 
Charlotte Bay) and the two highest latitude sectors of the 
Coral Sea (CS5, CS6). The highest latitude Coral Sea sectors 
(CS5, CS6) and the GBR were genetically similar in popula-
tion structure (Capricorn Bunkers; FST range: 0.007–0.018). 
Interestingly, there were greater genetic differences between 
CS5 and CS6 and the geographically closer, offshore Swains 
reefs (FST range: 0.084–0.105) (Figure 1b), indicating that geo-
graphic distance was not the predominant influence on pop-
ulation structure.

Isolation-by-distance (IBD) models revealed a stronger relation-
ship between geographic and genetic distances for P. verrucosa  
(R2 = 0.325; p = 0.038) that was predominantly driven by high 
latitude reef sectors in the Coral Sea (CS5 and CS6). In compar-
ison, patterns of isolation-by-distance in P. cf. meandrina were 
6-fold weaker (R2 = 0.058; p = 0.058) (Figure S3).

3.3   |   Model-Based Estimation of Ancestry

Admixture analyses indicated the presence of two distinct ge-
netic clusters for Pocillopora cf. meandrina, PMCL1 and PMCL2, 
which were detected across all sectors within the GBR and 
Coral Sea (Figure  2a,c). Although both genetic lineages were 
evenly present in the study area (frequency of PMCL1 = 47.0%; 
PMCL2 = 52.9%), their relative abundance varied markedly by 
region. The two lineages were unevenly distributed through-
out the two regions, where PMCL1 was found in higher preva-
lence across the GBR (72.6%) compared to the Coral Sea (32.6%). 
Conversely, PMCL2 was found more commonly in the Coral Sea 
(67.3%) compared to the GBR (27.3%) (Figure 2a,c). Within re-
gions, PMCL2 was significantly more abundant in high latitude 
sectors of the Coral Sea (CS5 and CS6) and the southern GBR 
while PMCL1 was detected in higher abundance in low latitude 
sectors of the Coral Sea and GBR (Figure 2a,c; t-test; F1 = 23.34, 
p < 0.001). The genetic cluster PMCL1 comprised a significantly 
higher proportion of sampled colonies in Princess Charlotte 
Bay and Townsville (69.9%), compared to CS5 and CS6 (12.3%) 
(t-test; F1 = 37.72, p = 0.03). The detection of PMCL1 increased 
in the Coral Sea in lower latitude reefs, comprising 70.0% of 
group membership in CS1 and CS2. The Swains sector of the 
GBR represented higher group membership to PMCL1 (87.1%) 
than the Capricorn Bunker region (62.9%), despite the Swains 
sector being in geographical proximity to the CS5 and CS6 sec-
tors where high PMCL2 group membership occurred (87.7%) 
(Figure 2a,c).

TABLE 2    |    Genetic diversity metrics for Pocillopora verrucosa  and Pocillopora cf. meandrina  across sectors in the GBR and CSMP.

Region Sector

P. verrucosa P. cf. meandrina

N NQC Ho He FIS N NQC Ho He FIS

GBR Cape Grenville 30 24 0.11 0.13 0.221 — — — — —

Princess Charlotte Bay 30 23 0.11 0.13 0.223 19 13 0.07 0.12 0.229

Cairns 8 5 0.11 0.13 0.192 — — — — —

Townsville 30 15 0.11 0.13 0.235 7 4 0.04 0.13 0.229

Swains — — — — — 24 8 0.05 0.13 0.325

Capricorn Bunkers 6 — — — — 24 14 0.07 0.13 0.26

Coral Sea CS1 29 29 0.11 0.14 0.239 14 8 0.06 0.13 0.285

CS2 46 38 0.11 0.14 0.229 12 4 0.08 0.13 0.227

CS3 24 20 0.11 0.14 0.214 28 18 0.07 0.13 0.283

CS4 14 10 0.15 0.15 0.082 15 8 0.06 0.13 0.276

CS5 31 31 0.12 0.14 0.225 17 8 0.07 0.12 0.223

CS6 8 5 0.12 0.14 0.229 48 23 0.06 0.13 0.257

Note: The number of samples sequenced per species within each sector (N) and the corresponding number of samples passing quality control (NQC). Population 
statistics calculated include observed heterozygosity (Ho), expected heterozygosity (He), and population-level FIS statistics per coral species within each sector.
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Two distinct genetic clusters for P. verrucosa  (PVCL1 and 
PVCL2) were detected through admixture analysis across 
the GBR and Coral Sea (Figure 2b,d). There was less defined 
spatial structuring in P. verrucosa  compared to P. mean-
drina  across both regions. The minimal spatial structuring 
in P. verrucosa  was attributed to a dominance of the lineage 
PVCL1 which accounted for an average membership coeffi-
cient of 86.3% per individual across both regions. In contrast, 
PVCL2 represented 13.6% of membership across all sectors. 
There were not significant differences in the proportion of 

PVCL1 and PVCL2 between the GBR and Coral Sea, where 
PVCL1 made up 92.1% of group membership in samples 
across the GBR region and 83.5% of samples in the Coral Sea 
(Figure  2b,d; t-test; F1 = 2.01, p = 0.194). The proportion of 
group membership to PVCL2 ranged markedly from 6.2% in 
the lowest latitude GBR sector (Cape Grenville) to 72.5% in 
the highest latitude Coral Sea sector (CS6) (Figure 2b,d) and 
was significantly different between the three highest latitude, 
offshore reefs (CS4, CS5, and CS6) compared to all other reefs 
(Figure 2b,d; t-test; F1 = 15.78, p < 0.001).

FIGURE 2    |    Genetic membership probability and clustering of Pocillopora cf. meandrina and P. verrucosa. Admixture analyses indicated two ge-
netic clusters (K = 2) for both species, including (a) P. cf. meandrina (PMCL1 and PMCL2) and (b) P. verrucosa  (PVCL1 and PVCL2). Each vertical bar 
depicts one individual and the estimated ancestry coefficient to each cluster. Admixture coefficients in relation to biogeographic patterns of structure 
for (c) P. cf. meandrina and (d) P. verrucosa.
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3.4   |   Environmental Correlations With Individual 
Genetic Structure

A partial redundancy analysis (pRDA) revealed that genetic 
differences among individuals were partially attributed 
to a combination of climatic and environmental gradients 
throughout the two reef regions, while accounting for spatial 
autocorrelation. The two main axes of variation explained 
5.2% of genetic variation in P. cf. meandrina, compared to 
0.2% of genetic variation in P. verrucosa . For P. cf. meandrina, 
the first axis alone explained 4.2% of genetic variation among 
samples and was significantly associated with both thermal 
history (mean maximum Degree Heating Weeks [DHW]) and 
sea current velocity (SCV). The second axis had negligible in-
fluence from both significant predictors, explaining 1.0% of 
variation (Figure 3a). The significant predictors of P. cf. mean-
drina in the partial RDA model included mean SCV (F1 = 2.77, 
p < 0.001) and max DHW (F1 = 1.98, p = 0.003) (Table  2). 
Individual genetic differences between P. verrucosa  were as-
sociated only with thermal metrics compared to non-thermal 
predictors. However, the first axis explained only 0.1% of vari-
ation and was associated with mean Sea Surface Temperature 
(SST), while the second axis explained an additional 0.1% of 
variation and was associated with thermal disturbance history 
(max DHW) (Figure  3b). For P. verrucosa, genetic variation 

was significantly explained by mean SST (F1 = 1.71, p < 0.001) 
and max DHW (F1 = 1.15, p < 0.001) (Table 2).

In parallel, a partial RDA with the additional predictor of ad-
mixture coefficients (genetic lineage) indicated that the ge-
netic structure of P. verrucosa  was still explained by the same 
thermal predictors including max DHW (F1 = 1.08, p = 0.024) 
and mean SST (F1 = 1.08, p = 0.038), as well as by ancestry 
(F1 = 2.03, p < 0.001) (SOM Table S5). In the model with admix-
ture coefficients as an added predictor, the genetic structuring 
of P. cf. meandrina was only explained by the dominant ances-
try (F1 = 12.12, p < 0.001) with no significant thermal or envi-
ronmental variables when including admixture coefficients as a 
predictor (SOM Table S5).

3.5   |   Spatial Distribution of Environmental 
Predictors Across the Coral Sea and GBR

Climate history over the past 35 years, including maximum 
DHW and mean SST (Figure  4a,b) and sea current velocity 
(Figure  4c), was the strongest predictor of genetic structure 
across the two regions for both P. cf. meandrina and P. verru-
cosa  when accounting for the conditional effects of geographic 
distance. Notably, the high latitude reefs of the Coral Sea had 

FIGURE 3    |    Partial redundancy analysis (pRDA) for the environmental drivers of genetic structure among individuals in (a) P. cf. meandrina and 
(b) P. verrucosa . Plots are coloured by sectors within the Great Barrier Reef (GBR) and Coral Sea Marine Parks. Vectors indicate environmental pre-
dictors which are significant in the partial RDA models (Table 3).

TABLE 3    |    Backward stepwise partial redundancy analysis outputs for the environmental predictors of individual genetic structure for Pocillopora 
cf. meandrina and P. verrucosa.

Species Variable Df Variance F Pr (> F)

P. cf. meandrina Max DHW 1 11.15 1.9843 0.003

Mean SCV 1 15.59 2.7738 0.001

Residual 103 579.01

P. verrucosa Max DHW 1 7.96 1.1463 0.001

Mean SST 1 11.86 1.7088 0.001

Residual 175 1214.50
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contrasting patterns of thermal and environmental variation 
compared to adjacent reefs in the GBR (Figure  4a–c). The 
mean of maximum DHW ranged between 0.30 and 0.69 DHW 
in the GBR and 0.54–0.88 DHW in the Coral Sea and varied 
significantly by region (Figure 4a; t-test; F1 = 37.15, p < 0.001). 
In contrast, the average SST ranged between 24.39°C and 
26.85°C in the GBR and 25.16°C–27.11°C in the Coral Sea 
and was not significantly variable by region (Figure 4b; t-test; 
F1 = 3.00, p = 0.09). Between the two regions, the strength of 
sea current velocity was not significantly variable between 
the GBR (0.06–0.23 m/s) and the Coral Sea (0.07–0.26 m/s) 
(Figure 4c; t-test; F1 = 0.11, p = 0.74).

The South Equatorial Current bifurcates at ~15° latitude, 
where currents split in a north and southern trajectory 
(Ceccarelli et al. 2013; Sun et al. 2024). Grouping across lati-
tude, the northern/central and southern sectors demonstrated 
significantly variable patterns in average SST (Figure  4b; 
t-test; F1 = 6.48, p = 0.01) and the strength of sea current ve-
locity (Figure  4c; t-test; F1 = 17.62, p < 0.001). However, the 
mean of maximum DHW did not vary significantly between 
the northern/central and southern sectors (Figure  4a; t-test; 
F1 = 0.86 p = 0.36).

4   |   Discussion

Few studies to date have assessed the population structure and 
connectivity of corals between the Coral Sea and GBR, which 
are key metrics to quantify the genetic diversity and connec-
tivity of these ecologically important seascapes. Our analyses 
revealed the genetic structure of Pocilloporids across reefs and 
regions in the Coral Sea and GBR spanning 12° in both lati-
tude and longitude. The presence of gene flow across large sea-
scapes indicates evidence for gene flow between the GBR and 
Coral Sea, with important implications for co-management of 
marine estates in both the GBR and Coral Sea Marine Parks 
(Roberts et al. 2021). The taxa-specific variability in population 

structure occurred for two closely related Pocilloporids, where 
Pocillopora cf. meandrina maintained higher population struc-
ture compared to P. verrucosa. These taxa-specific disparities 
in genetic structure emphasise the importance of quantifying 
gene–environment trends even in taxa with similar demo-
graphic traits. Further, the genetic structure of both species 
of Pocilloporids correlated with a gradient in thermal history 
across the GBR and Coral Sea, as well as sea surface tempera-
ture for P. verrucosa  and sea current velocity for P. cf. mean-
drina, indicating gene–environment interactions associated 
with contemporary and historical environmental gradients.

4.1   |   High Latitude Reefs Are Genetically Distinct

High latitude, offshore reef populations maintained the stron-
gest genetic separation for both Pocillopora species. Specifically, 
high latitude reefs in the Coral Sea were most genetically distinct 
from low latitude reefs in the GBR. This genetic structuring in-
dicates potential edge effects of species existing close to their en-
vironmental or thermal range limits, with cascading effects on 
their genetic structure (Ries et al. 2004). The geographic isola-
tion of high latitude reefs may promote greater local adaptation, 
but also vulnerability, following disturbances (Hughes, Kerry, 
et al. 2018). High latitude reefs in the Coral Sea and GBR have 
experienced higher recent thermal disturbance (recent maxi-
mum DHW between 2016 and 2020) compared to lower latitude 
reefs, potentially leading to selection for more heat tolerant spe-
cies and individuals (Marzonie et al. 2023). The observed genetic 
differentiation of high latitude reefs may therefore reflect selec-
tion for traits associated with heat tolerance. Similar patterns of 
genetic differentiation have been demonstrated in high latitude 
reef populations in Western Australia, where strong population 
structure has been quantified compared to lower latitude and 
spatially proximate reefs (Thomas et al. 2017). Our study corrob-
orates this evidence in Eastern Australian coral reefs, suggest-
ing local adaptation to environment in isolated, high latitude 
populations.

FIGURE 4    |    Spatial distribution of significant model predictors for P. cf. meandrina and P. verrucosa  across the Great Barrier Reef and Coral Sea 
Marine Parks. (a) Max DHW refers to the mean of monthly Maximum DHW experienced at each reef. (b) Mean SST refers to the average sea surface 
temperature at each location. (c) Mean SCV refers to the strength of sea current velocity at each reef. All variables are averaged between 1985 and 
2020 using 5 km resolution.

 14724642, 2025, 8, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ddi.70065 by Jam

es C
ook U

niversity, W
iley O

nline L
ibrary on [05/03/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



10 of 14 Diversity and Distributions, 2025

4.2   |   Population Structure Varies in Sympatric 
Species

Comparisons across Pocilloporids with similar traits (e.g., 
broadcast spawners with vertical symbiont transmission) re-
vealed the importance of quantifying population structure and 
connectivity not only in distinct, but also co-occurring and 
sympatric taxa. There are several biological and environmental 
factors that contribute to the patterns observed in the genetic 
structure of the two Pocilloporid species. First, Pocillopora ver-
rucosa  has a higher thermal tolerance than P. cf. meandrina, 
which has been empirically quantified through controlled heat 
stress experiments (Marzonie et  al.  2023) and is evidenced 
by variable distribution across warmer and cooler reefs in 
both the Coral Sea and GBR in this study, as well as across 
Hawaiian reefs in Johnston et al. (2018). The thermal limits of 
these species may in part explain the contrasting genetic pat-
terns observed in this study. The stronger population structure 
observed in P. cf. meandrina may also be influenced by the 
presence of additional taxa (e.g., P. grandis/P. eydouxi), cryptic 
speciation (Riginos et al. 2024), or hybridisation, factors which 
cannot be resolved using the mitochondrial ORF marker alone 
(Burgess et al. 2024).

The disparities in population structure among the two 
Pocilloporids are potentially driven by early divergence in the 
P. cf. meandrina host and their symbiont communities. The 
strong division among two symbiont groups residing in the tissue 
of P. cf. meandrina (Cladocopium latusorum ‘north’ and ‘south’) 
compared to P. verrucosa  (Cladocopium pacificum) across the 
Coral Sea (Marzonie et al.  2024) is mirrored in trends of host 
population structure here, indicating that the rapid generation 
time of symbionts and high-resolution SNP data of the coral 
host elucidate early signals of genetic subdivision among popu-
lations (but not the less rapidly evolving mitochondrial marker 
of the host). Panmictic populations comprising high gene flow 
have been observed in P. verrucosa  across the Western Indian 
Ocean (Oury et al. 2021; Oury et al. 2023), Eastern African coast 
(Chiazzari et al. 2019) and Red Sea (Buitrago-López et al. 2023). 
In contrast, Oury et  al.  (2021) observed stronger population 
structure in the P. meandrina/P. eydouxi species complex across 
New Caledonia reefs, reflecting the trends observed in this 
study. Species-specific population structure has also been ob-
served in two brooding Pocillopora species in New Caledonia, 
where P. damicornis  comprised higher population structure 
than P. acuta  (Selmoni et  al.  2021), consistent with the taxa-
specific variability observed in this study and highlighting the 
importance of interspecific studies to identify patterns of local 
adaptation and connectivity.

4.3   |   Potential Climatic, Environmental, 
and Geographic Drivers of Genetic Structure

Climatic factors were the strongest drivers of the population 
structure for both species. Maximum Degree Heating Weeks 
was a stronger predictor compared to non-thermal geographic 
predictors for both Pocilloporids, highlighting the significant in-
fluence of marine heatwaves on population structure across dis-
tinct regions and species over a short ecological and evolutionary 
timeframe (1985–2020). Additionally, the co-dominant clusters 

of P. cf. meandrina were influenced by sea current velocity, indi-
cating that non-thermal factors might also play a role in shaping 
the higher partitioning of population structure observed. Mean 
current speed has been shown to be a predictor of genetic struc-
ture in the brooding coral species, Stylophora pistillata, across 
the GBR (Meziere et al. 2024), corroborating evidence of oceano-
graphic processes in driving population structure. The Southern 
Equatorial Current bifurcates north and south in the Coral Sea 
and GBR at between 15° and 17° latitude dependent on depth 
(Ceccarelli et al. 2013; Sun et al. 2024) and might explain the 
strong geographic partitioning in the two genetic lineages of 
P. cf. meandrina (PMCL1 and PMCL2) and the stronger associa-
tions of non-thermal predictors for this species. However, P. ver-
rucosa  was correlated only with thermal predictors including 
SST and DHW, where several genetically distinct individuals in 
the high latitude, Coral Sea reefs strongly influenced this trend. 
These patterns suggest that local adaptation in these reefs may be 
driven by their variation in thermal histories (Burn et al. 2023; 
Harrison et al. 2019; Marzonie et al. 2023). Given samples were 
genetically confirmed as P. verrucosa  and P. cf. meandrina with 
multiple genetic markers (mtORF marker, SNPs), this trend is 
likely not an artefact of sampling or sequencing, but potentially 
a biological signal of adaptation and/or this species reaching the 
end of their thermal range limits in high latitude reefs.

An important caveat to note with gene–environment associa-
tions (i.e., partial RDAs) is that many of the tested variables are 
likely correlated, and signals of one predictor may also be ex-
plained by the influence of other untested predictors that were 
removed due to high collinearity (Capblancq and Forester 2021). 
Here, we aimed to reduce the effects of collinearity by account-
ing for both dominant ancestral lineages (genetic covariate) and 
spatial autocorrelation when determining the main thermal and 
environmental predictors driving population genetic structure. 
Pocillopora verrucosa  maintained significant genetic variance 
driven by both maximum DHW and mean SST, indicating that 
both genetic groups (PVCL1 and PVCL2) are using the same 
loci and/or gene groups to adapt to environmental variation. In 
contrast, P. cf. meandrina had more pronounced patterns of ge-
netic specialisation to differential habitats given the contrasting 
spatial structuring of the two lineages (PMCL1 and PMCL2). 
However, the lack of significant environmental predictors when 
accounting for the dominant ancestral lineage in P. cf. mean-
drina indicates difficulties in disentangling the relative influ-
ence of predictors (ancestral lineage, environment, geographical 
partitioning) on the population genetic structure in this species.

5   |   Conclusion

This study presented an opportunity to measure the population 
structure of two common Pocilloporid coral species in the GBR 
and Coral Sea. The genetic variation of Pocillopora cf. meandrina 
and P. verrucosa  was associated with thermal history, suggest-
ing that population structure in Pocillopora spp. may have been 
influenced by the severity of disturbance history experienced at 
reefs, as well as the variation in the frequency and magnitude 
of these disturbances among reefs and regions. Our study pro-
vides a strong foundation for aligning the variation of thermal 
and environmental clines with the genetic structure of corals 
across large marine seascapes. The detection of environmental 
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trends that shape the genetic structure of coral populations and 
species can improve our understanding of how reefs are natu-
rally equipped to adapt or respond to the effects of thermal and 
environmental disturbances.
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Supporting Information

Additional supporting information can be found online in the 
Supporting Information section. Table  S1: List of sample collec-
tion reefs, their assigned sector groupings, latitude, longitude, and 
Maximum Monthly Mean for each reef.  Table  S2: The number of 
loci retained after each filtering parameter for Pocillopora meandrina  
and Pocillopora verrucosa.  Table S3: Analysis of Molecular Variance 
(AMOVA) summary statistics for P. meandrina  to assess the proportion 
of genetic variance explained within samples, between samples, and 
among sectors.  Table  S4: Analysis of Molecular Variance (AMOVA) 
summary statistics for P. verrucosa  to assess the proportion of genetic 
variance explained within samples, between samples, and among sec-
tors.  Table S5: Backward stepwise partial redundancy analysis outputs 
for the environmental predictors of individual genetic structure while 
accounting for the effects of admixture coefficients as a predictor vari-
able. Model results are separate for Pocillopora meandrina  and P. ver-
rucosa.  Figure S1: Genetic pairwise comparisons (FST) for Pocillopora 
meandrina  using three call rate scenarios (0.90, 0.85, and 0.80) across 
populations.  Figure S2: Principal component analyses for Pocillopora 
meandrina  using three call rate scenarios (0.90, 0.85, and 0.80). Points 
are coloured by sector.  Figure S3: Genetic pairwise comparisons (FST) 
for Pocillopora verrucosa  using three call rate scenarios (0.90, 0.85, and 
0.80) across populations.  Figure S4: Principal component analyses for 
Pocillopora verrucosa  using three call rate scenarios (0.90, 0.85, and 
0.80). Points are coloured by sector.  Figure S5: ddi70065-sup-0001-
DataS1.docx. Pocillopora meandrina  genetic pairwise comparisons 
(FST) for a subset reduced to n = 5 randomly subsampled from each sec-
tor (left) compared to the full model with all samples present (right).  
Figure S6: ddi70065-sup-0001-DataS1.docx. Pocillopora verrucosa  ge-
netic pairwise comparisons (FST) for a subset reduced to n = 5 randomly 
subsampled from each sector (left) compared to the full model with all 
samples present (right).  Figure S7: Isolation-by-distance models for P. 
meandrina  (left) and P. verrucosa  (right) using the log of geographic 
distance vs. genetic distance (Fst/1-Fst), including significance and cor-
relation using a Mantel test.  Figure S8: A principal component anal-
ysis (PCA) illustrates the neutral population structure of P. meandrina  
(left) and P. verrucosa  (right). Individual genetic distances (points) 
are coloured by region (top), longitude (middle), and latitude (bot-
tom).  Figure S9: Cross-entropy criterion showing optimal K-cluster 
value for P. meandrina  (left) and P. verrucosa  (right).  Figure S10: 
Distance-based Moran Eigenvector Models (db-MEMs) for Pocillopora 
meandrina.  Figure S11: Distance-based Moran Eigenvector Models 
(db-MEMs) for Pocillopora verrucosa.  Figure S12: Correlation plots 
for climate, environmental, and geographic drivers of host population 
structure for P. meandrina  (left) and P. verrucosa  (right). Only numeric 
factors are shown. 
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