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1  |  INTRODUC TION

Understanding the extent to which populations are connected is 
key to exploring population dynamics, predicting extinction risk 

and informing conservation management (Hanski & Gilpin, 1991; 
Lowe & Allendorf, 2010; Mills & Allendorf, 1996). In species with 
isolated populations characterized by limited dispersal, the risk of 
extirpation from local depletion is high (Reed, 2004). In such cases, 
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Abstract
Understanding population connectivity and genetic diversity is of fundamental impor-
tance to conservation. However, in globally threatened marine megafauna, challenges 
remain due to their elusive nature and wide-ranging distributions. As overexploitation 
continues to threaten biodiversity across the globe, such knowledge gaps compro-
mise both the suitability and effectiveness of management actions. Here, we use a 
comparative framework to investigate genetic differentiation and diversity of manta 
rays, one of the most iconic yet vulnerable groups of elasmobranchs on the planet. 
Despite their recent divergence, we show how oceanic manta rays (Mobula birostris) 
display significantly higher heterozygosity than reef manta rays (Mobula alfredi) and 
that M. birostris populations display higher connectivity worldwide. Through inferring 
modes of colonization, we reveal how both contemporary and historical forces have 
likely influenced these patterns, with important implications for population manage-
ment. Our findings highlight the potential for fisheries to disrupt population dynamics 
at both local and global scales and therefore have direct relevance for international 
conservation of marine species.
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2  |    HUMBLE et al.

local and regional scale management will be most appropriate for 
preventing and reversing population declines (Palumbi, 2003). 
In contrast, species with high rates of gene flow are potentially 
demographically and genetically more resilient to extrinsic fac-
tors (Lowe & Allendorf, 2010; Pascual et al., 2017). However, in 
order to maintain connectivity and mitigate genetic diversity loss 
in these taxa, management measures must be coordinated and 
encompass migratory corridors. As overexploitation and habitat 
destruction threaten to disrupt population dynamics at a global 
scale, characterizing genetic variation and connectivity has be-
come more important than ever before (Funk et al., 2012; Kardos 
et al., 2021; Palsbøll et al., 2007).

In widely distributed marine species with high dispersal po-
tential, genetic differentiation is often found to be subtle or 
non-existent (Palumbi, 2003; Waples, 1998; Ward et al., 1994). 
Such patterns can arise from a range of mechanisms – from high 
contemporary gene flow to recent divergence of historically 
large populations (Palumbi, 2003; Waples et al., 2008; Waples 
& Gaggiotti, 2006) – and can therefore be difficult to interpret. 
The latter scenario reflects a disconnect between demographic 
and genetic connectivity and has important implications for 
species resilience (Bailleul et al., 2018; Lowe & Allendorf, 2010; 
Waples, 1998). This is because populations that appear genetically 
connected may not operate as a single demographic unit, making 
them more vulnerable to overexploitation. High-resolution SNP 
datasets go some way to addressing this problem by providing 
greater power to detect subtle differences at both neutral and 
adaptive loci (Gagnaire et al., 2015; Hauser & Carvalho, 2008). 
However, since population genetic differentiation can be affected 
by past, as well as contemporary patterns, parallel inference of 
historical relationships and genetic variation can allow the rela-
tive contribution of historical processes to be explicitly evalu-
ated (Foote & Morin, 2016; Liu et al., 2022; Louis et al., 2021). 
Furthermore, when carried out within a comparative framework, 
such an approach can provide powerful insights into the drivers of 
population divergence and therefore improve recommendations 
for conservation management (Gagnaire, 2020).

Manta rays are large, mobile elasmobranchs inhabiting tropical 
and sub-tropical oceans (Couturier et al., 2012) (Figure 1a,c) and 
provide an excellent opportunity to evaluate the genomic con-
sequences of historical and contemporary population processes 
within a comparative framework. They comprise two described 
species estimated to have diverged less than 0.5 Mya as a re-
sult of distinct habitat preferences (Kashiwagi et al., 2012). The 
reef manta ray (Mobula alfredi) frequents near-shore tropical reef 
environments, such as coral atolls and barrier reefs (Kashiwagi 
et al., 2011), with a high degree of residency (Braun et al., 2015; 
Deakos et al., 2011; Germanov et al., 2022; Jaine et al., 2014; 
Knochel, Hussey, et al., 2022; Peel et al., 2019; Setyawan 
et al., 2018). In contrast, while the oceanic manta ray (Mobula bi-
rostris) also inhabits near-shore environments, it is often found 
ranging into sub-tropical habitats along continental coastlines 
and at oceanic islands, usually adjacent to productive deep-water 

upwellings (Andrzejaczek et al., 2021; Kashiwagi et al., 2011). As 
a result of these differences in habitat use, M. alfredi and M. biros-
tris have long been considered to display marked differences in 
their migratory abilities and levels of gene flow. Yet, only a hand-
ful of long-distance movements have ever been recorded in M. bi-
rostris (Andrzejaczek et al., 2021; Knochel, Cochran, et al., 2022) 
alongside observations of site fidelity (Cabral et al., 2023; Garzon 
et al., 2023; Gordon & Vierus, 2022), raising questions about the 
extent to which population structure and genetic variation may 
differ across species. To date, assessments of genetic differen-
tiation in M. alfredi have focussed on local and regional patterns 
(Lassauce et al., 2022; Venables et al., 2021; Whitney et al., 2023), 
and we have little understanding of how genetic variation is dis-
tributed across the species' range. In, M. birostris, the situation is 
even less clear, with studies reporting both widespread connec-
tivity and population differentiation (Hosegood et al., 2020; López 
et al., 2022; Stewart et al., 2016). Critically, these differences and 
uncertainties exist against a background of ongoing global ex-
ploitation and uncertain implications for management.

Targeted and incidental fisheries, driven in part by increasing 
demand for mobulid gill plates (Couturier et al., 2012; O'Malley 
et al., 2017), have led to widespread population declines in manta 
rays (Carpenter et al., 2023; Croll et al., 2016; Moazzam, 2018; 
Rohner et al., 2017; Ward-Paige et al., 2013). Currently, both species 
are managed through a patchwork of local, regional and international 
measures with varying levels of implementation and enforce-
ment (Fernando & Stewart, 2021; Lawson et al., 2017; Lawson & 
Fordham, 2018). To determine the appropriateness of management 
measures and assess population vulnerability, a global assessment of 
management units is urgently required (Lawson et al., 2017; Stewart, 
Jaine, et al., 2018). Here, we undertake a comparative genomic anal-
ysis of manta ray populations from across their global distribution 
to investigate connectivity, genetic variation and historical relation-
ships with an aim to guide effective fisheries management and em-
phasize the value of genomic research for advancing knowledge of 
understudied elasmobranchs.

2  |  MATERIAL S AND METHODS

2.1  |  Sample collection

Tissue samples were opportunistically collected from 12 geo-
graphic locations to represent the global distribution of each 
species (Figure 1a,c). For M. alfredi (total n = 120), these origi-
nated from the Chagos Archipelago (n = 5), the Maldives (n = 48), 
Seychelles (n = 24), Australia Pacific (n = 4), Fiji (n = 9) and Hawaii 
(n = 30). For M. birostris (total n = 112), these originated from 
Sri Lanka (n = 43), the Philippines (n = 37), South Africa (n = 3), 
Mexico Caribbean (n = 4), Mexico Pacific (n = 13) and Peru (n = 12). 
Samples from Mexico Caribbean, where a third putative manta ray 
species occurs in sympatry (Mobula cf. birostris, Hinojosa-Alvarez 
et al., 2016; Hosegood et al., 2020), were visually and genetically 
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    |  3HUMBLE et al.

confirmed as M. birostris. For both species, samples were collected 
from a combination of live animals and fisheries specimens (see 
Appendix S1 for further information).

2.2  |  DNA extraction and ddRAD sequencing

Genomic DNA was extracted using the Qiagen DNeasy Blood and 
Tissue Kit and quantified using a Qubit 3.0 Broad Range Assay. 
Double digest restriction-site associated DNA (ddRAD) libraries 
were prepared following the Peterson et al. (2012) protocol with 
modifications described in Palaiokostas et al. (2015) and were 
125 bp paired-end sequenced on an Illumina HiSeq. Sequencing 
reads from both species were assessed for quality using FastQC 
and processed together using the Stacks v2.54 de novo assembly 

pipeline (Catchen et al., 2013). The three main assembly param-
eters were chosen following the optimization procedure outlined in 
Rochette and Catchen (2017) (Figures S1 and S2). Initial quality fil-
ters were applied to the resulting genotypes before generating three 
high-quality datasets for use in downstream analysis: two species-
specific datasets, and one dataset comprising both species. For the 
species-specific datasets, we extracted either M. birostris or M. al-
fredi individuals, removed individuals with high relatedness coeffi-
cients (Korneliussen & Moltke, 2015; Waples et al., 2019, Figure S3) 
and filtered out SNPs with a minor allele count of less than 3, a geno-
typing rate less than 90% and that were in linkage disequilibrium 
using PLINK. For the dataset comprising both species, we first re-
moved closely related individuals and then filtered out SNPs with a 
minor allele count of less than 3 and a genotyping rate less than 90%. 
Population genetic summary statistics were calculated using the R 

F I G U R E  1  Contrasting patterns of population structure in manta rays. (a, c) Geographic distributions of (a) Mobula alfredi and (c) Mobula 
birostris visualized together with the locations of samples used in this study. Dark-shaded distributions denote the confirmed species range, 
and light-shaded distributions denote the expected species range. Sampling location points are distinguished by colour and scaled by the 
number of samples. Further details are provided in the Appendix S1. (b, d) Scatterplots showing individual variation in principal components 
(PC) one and two derived from discriminant analysis of principal components analysis for (b) M. alfredi and (d) M. birostris individuals. The 
amount of variance explained by each PC is shown in parentheses. Population abbreviations: AP, Australia Pacific; CHAG, Chagos; FIJI, 
Fiji; HAW, Hawaii; MAL, Maldives; MC, Mexico Caribbean; MP, Mexico Pacific; PERU, Peru; PHI, the Philippines; SA, South Africa; SEY, 
Seychelles; SL, Sri Lanka.
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4  |    HUMBLE et al.

package diversity (Keenan et al., 2013, Table S1). See Appendix S1 
for further information on library preparation, read processing and 
SNP and individual filtering.

2.3  |  Population structure

To investigate population structure, we used the species-specific 
datasets and three complementary approaches. First, we carried out 
a discriminant analysis of principal components (DAPC) using the 
R package adegenet (Jombart, 2008). This approach initially trans-
forms the SNP data using a principal components analysis (PCA) 
and then performs a discriminant analysis on the retained PCs. This 
serves to maximize discrimination of individuals between groups 
while minimizing variation within (Jombart et al., 2010). Following 
the recommendations outlined in Thia (2023), the number of PCs 
retained as predictors was determined based on the K−1 criterion, 
where K is equal to the number of effective populations. For M. 
alfredi, this was set to 5, under the assumption that each sample 
site reflects a separate population. For M. birostris, this was set to 
4 under the assumption that Mexico Pacific and Peru may repre-
sent a single population given their close geographic proximity. 
Second, we estimated admixture proportions for the individuals in 
each dataset using ADMIXTURE. Admixture runs were performed 
for ancestry clusters ranging from K = 1–8, with 10 runs for each K. 
The optimal K was identified based on the lowest cross-validation 
error. The runs with the highest likelihood were visualized. Third, 
we estimated pairwise genetic differentiation between populations 
within each species using the Weir and Cockerham FST value (Weir 
& Cockerham, 1984) calculated in the R package dartR (Gruber 
et al., 2018). Confidence intervals and p-values were estimated 
based on bootstrap resampling of individuals within each population 
1000 times. Mobula alfredi samples from Australia Pacific and M. bi-
rostris samples from South Africa were excluded from this analysis 
due to low sample sizes.

2.4  |  Isolation by distance

To investigate patterns of isolation by distance, we examined the 
relationship between genetic and geographic distance between 
all pairs of populations in each species. Genetic distances were 
based on the pairwise FST estimates calculated above. Geographic 
distances were determined based on a least-cost path analy-
sis implemented using the R package marmap (Pante & Simon-
Bouhet, 2013) with a minimum depth constraint of −10 m in 
order to prevent paths overland. The significance of associations 
between genetic and geographic distance matrices was inferred 
using distance-based Moran's eigenvector maps (dbMEM) by 
redundancy analysis (RDA, Legendre et al., 2015). For this, geo-
graphical distances were transformed into dbMEMs using the R 
package adespatial, and genetic distances were decomposed into 
principal components using the R function prcomp. RDA was then 

performed using the R package vegan, with significance tested 
using 1000 permutations.

2.5  |  Contemporary gene flow

To infer the strength and directionality of contemporary gene flow 
between populations, we used the programme BA3-SNPs BayesAss 
v1.1 (Mussmann et al., 2019) which estimates the proportion of im-
migrants in a given population using Bayesian inference. This analy-
sis was restricted to M. alfredi as it assumes low levels of connectivity 
and imposes an upper bound on the proportion of non-migrants in a 
population. We first performed initial runs of BayesAss to determine 
optimal mixing parameters (dM = migration rate, dA = allele frequency 
and dF = inbreeding coefficient) using the autotune function in BA3-
SNPs. We then ran BayesAss-3 with 10,000,000 iterations, a burn-
in of 1,000,000 and a sampling interval of 1000. Mixing parameters 
were set to dM = 0.21, dA = 0.44 and dF = 0.08. Results were averaged 
across five replicate runs, and migration rates were considered signifi-
cant if 95% credible sets (mean migration rate ± 1.96 × mean standard 
deviation) did not overlap zero. Chain convergence was assessed, and 
migration rates were visualized using R (Figure S4).

2.6  |  Historical relationships among populations

To explore historical relationships among populations of M. al-
fredi and M. birostris, we used the programme TreeMix (Pritchard 
et al., 2000). TreeMix uses population allele frequencies to estimate 
a bifurcating maximum likelihood tree with which to infer historical 
population splits, admixture events and the degree of genetic drift. 
We first supplemented the M. alfredi dataset with one randomly se-
lected M. birostris individual and the M. birostris dataset with one ran-
domly selected M. alfredi to act as outgroups when rooting the trees. 
Both datasets were then filtered for linkage, a minor allele count of 
less than 3, a genotyping rate less than 90% and related individuals 
using PLINK v1.9 (Purcell et al., 2007). Allele frequencies for each 
population were then calculated using the –freq and –within argu-
ments in PLINK. For both the M. birostris and M. alfredi datasets, we 
then performed 10 initial runs of TreeMix for each migration event 
(M) ranging from 0 to 10. The number of migration edges that ex-
plained 99.8% of the variance was selected as the best model for 
each species (M. birostris: M = 0; M. alfredi: M = 2, Figure S5). We then 
re-ran TreeMix 100 times using the optimal number of migration 
edges. Consensus trees and bootstrap values were estimated and 
visualized using code modified from the BITE R package (Milanesi 
et al., 2017).

2.7  |  Genome-wide heterozygosity

To assess levels of genetic variation both within and between spe-
cies, we used the high-quality SNP dataset comprising both species. 
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    |  5HUMBLE et al.

We then calculated multi-locus heterozygosity for each individual 
using the R package inbreedR (Stoffel et al., 2016).

3  |  RESULTS

High-quality SNPs were genotyped in 173 individuals from 12 
locations representing the global distribution of each species 
(Figure 1a,c). The species-specific datasets contained a total of 
1553 SNPs in 91 M. alfredi individuals, and 6278 SNPs in 82 M. biro-
stris individuals, while the full dataset contained a total of 15,312 
SNPs called across both species. See Materials and Methods and 
Appendix S1 for details.

3.1  |  Contrasting patterns of population structure 
at a global scale

To investigate population differentiation within each species, we 
used four complementary approaches: discriminant analysis of prin-
cipal components (DAPC), admixture, pairwise FST and isolation by 
distance analysis. In M. alfredi, all methods supported the presence 
of strong population structure at both global and regional scales. 
Populations inhabiting different ocean basins displayed the high-
est degree of differentiation in the DAPC, with Pacific and Indian 

Ocean populations forming distinct clusters along PC1 (Figure 1b). 
Regional differentiation was also detected, with Seychelles, Chagos 
and the Maldives clustering apart along PC2, and Hawaii separating 
from Australia Pacific and Fiji along PC3 (Figure 1b and Figure S6A). 
These patterns were reinforced in the admixture analysis which 
highlighted two major ancestral source populations, inferred an op-
timal value of K = 4 and resolved hierarchical structure up to K = 7 
(Figures S7 and S8A). Interestingly, only weak separation was ob-
served between Australia Pacific and Fiji; however, this pattern may 
be confounded by the small sample size of the former, which can 
lead to spurious merging of distinct populations (Puechmaille, 2016). 
Pairwise FST estimates between ocean basins were on average over 
two times higher than those within (mean pairwise FST between 
ocean basins = 0.30, mean pairwise FST within ocean basins = 0.13, 
Figure 2a); yet all population comparisons were found to be signifi-
cant (Figure S9A, mean = 0.23, min = 0.08, max = 0.43). Finally, we 
detected a significant relationship between pairwise FST and geo-
graphic distance (adjusted R2 = .65, p = .03) indicating an effect of 
isolation by distance (Figure 2b).

In stark contrast, M. birostris displayed little evidence of strong 
population structure across all methods. Individuals from different 
ocean basins clustered closely together along each axis in the DAPC 
(Figure 1d and Figure S6B). Admixture identified K = 1 as the opti-
mal number of clusters, with increasing values of K merely introduc-
ing additional mixing (Figures S7 and S8B). Pairwise FST estimates 

F I G U R E  2  Population genetic differentiation, isolation by distance and contemporary migration in manta rays. (a, c) Pairwise FST 
estimates between sampling locations for (a) M. alfredi and (c) M. birostris. Samples from Australia Pacific and South Africa were excluded 
from this analysis due to low sample sizes. (b, d) Relationship between genetic (FST) and geographic distance as calculated by least-cost path 
analysis for all pairwise population comparisons in (b) M. alfredi and (d) M. birostris. Solid lines and shaded areas reflect the regression slopes 
and standard errors, respectively, based on a linear model. Samples from Australia Pacific and South Africa were excluded from this analysis 
due to low sample sizes. Note that FST scales differ between (a) and (c), and axis scales differ between (b) and (d). (e) Contemporary gene flow 
estimates between populations of M. alfredi. The direction of each arrow represents the direction of gene flow, and the width of each ribbon 
reflects the relative amount of gene flow. Population abbreviations: AP, Australia Pacific; CHAG, Chagos; FIJI, Fiji; HAW, Hawaii; MAL, 
Maldives; MC, Mexico Caribbean; MP, Mexico Pacific; PERU, Peru; PHI, the Philippines; SEY, Seychelles; SL, Sri Lanka.
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6  |    HUMBLE et al.

were two-fold lower than in M. alfredi, with no pairwise compari-
son falling above 0.007 (mean = 0.002, min = −0.005, max = 0.006, 
Figure 2c). Nevertheless, despite these broad patterns, several lines 
of evidence indicate the presence of subtle geographic differentia-
tion in this species. First, individuals from Mexico Pacific, Peru and 
Mexico Caribbean clustered separately from those sampled in South 
Africa, Sri Lanka and the Philippines along PC1 (Figure 1d). Second, 
despite pairwise FST estimates being low, comparisons between 
Eastern-Pacific and Indo-Pacific populations, and between Sri Lanka 
and the Philippines were statistically significant (Figure S9B). Small 
FST values are expected when minor allele frequencies are low and 
therefore do not necessarily reflect an absence of differentiation 
(Jakobsson et al., 2013). Furthermore, it is possible that overall levels 
of population structure were underestimated due to the small sam-
ple size of two of our six populations (Puechmaille, 2016). Finally, 
while no significant relationship was observed between pairwise 
FST and geographic distance (adjusted R2 = .50, p = .10), there was a 
tendency for populations separated by greater distances to display 
higher differentiation (Figure 2d).

3.2  |  Contemporary gene flow

To characterize the strength and direction of gene flow between pop-
ulations, we used the programme BA3-SNPs (Mussmann et al., 2019) 
to estimate recent migration. As this method assumes low levels 
of connectivity and imposes an upper bound on the proportion of 
non-migrants in a population, this analysis was restricted to M. al-
fredi. As expected, contemporary gene flow was low (Figure 2e); the 
average migration rate between populations, measured as the esti-
mated number of migrants per generation, was 0.029 (min = 0.008, 
max = 0.15), with this figure falling to 0.018 (min = 0.008, max = 0.03) 
when considering gene flow between populations in different ocean 
basins. Migration into both Hawaii and the Maldives was lowest, in-
dicating these populations are the most isolated of those sampled 
(Table S2). Migration rates were only deemed significant between 
Seychelles and Chagos (0.15) and between Fiji and Australia Pacific 
(0.15), in line with these populations being last to separate in the ad-
mixture analysis. These patterns highlight that while M. alfredi may 
have the propensity to travel over large distances, restricted move-
ment likely dominates.

3.3  |  Historical relationships among populations

To place patterns of genetic differentiation into a historical context, 
we investigated population origins and colonization patterns using 
TreeMix (Pritchard et al., 2000). This programme uses allele frequency 
data to infer patterns of population splits and admixture events 
through the construction of a maximum likelihood tree. In M. alfredi, 
internal branch lengths were relatively long, with an initial split clearly 
separating populations in the Indian and Pacific Oceans (Figure 3a). 
The Maldives and Australia Pacific were the first to separate within 

each locality and displayed the lowest levels of genetic drift overall. 
Hawaii was among the last populations to split and displayed the high-
est amount of drift, in line with its geographic isolation. The best sup-
ported model inferred two migration events (Figure S5A): one from 
the M. alfredi population in Seychelles into M. birostris and one from 
Chagos into Hawaii. However, because not all geographic regions are 
represented in our dataset, the true sources and sinks of these admix-
ture events may originate from related ghost populations. In contrast 
to M. alfredi, the addition of migration events led to no substantial 
improvement in the model for M. birostris (Figure S5B), and therefore 
the tree without migration is presented here. Interestingly, internal 
branch lengths were considerably shorter in M. birostris, indicating 
rapid radiation from a shared ancestral source population (Figure 3b). 
External branch lengths were also short, consistent with larger popu-
lations displaying marginal drift and low divergence. Nevertheless, 
despite these patterns, some geographic signal was detected in the M. 
birostris tree, with individuals originating from the Eastern Pacific and 
the Caribbean (Peru, Mexico Caribbean and Mexico Pacific) grouping 
separately from those originating from the Atlantic and Indo-Pacific 
(South Africa, the Philippines and Sri Lanka), although bootstrap sup-
port was overall low.

3.4  |  Heterozygosity landscape across species and 
populations

To explore how patterns of population structure and colonization 
are associated with genome-wide variation, we compared individ-
ual multi-locus heterozygosity between species and among popu-
lations. Strikingly, heterozygosity was on average over three times 
higher in M. birostris (mean = 0.10, min = 0.053, max = 0.12) than 
in M. alfredi (mean = 0.03, min = 0.01, max = 0.051), with every in-
dividual displaying a higher value than any M. alfredi (β = .07, 95% 
CI = 0.06–0.07, p = <2.2 × 10−16, Figure 3c). This finding is in line 
with the patterns of population structure and historical splits 
we observed in each species. Variation in heterozygosity was 
also observed at a population level (Figure 3d,e). In M. alfredi, the 
Maldives and Australia Pacific had the highest levels of heterozy-
gosity within each ocean basin, in line with these populations 
being first to split in the TreeMix analysis. Indian Ocean popula-
tions displayed higher overall heterozygosity than Pacific popula-
tions and had mean values that were overall similar. Interestingly, 
heterozygosity within Pacific populations declined steeply from 
west to east, with heterozygosity in Hawaiian individuals being 
around half that of the Australian animals (Figure 3d), in line with 
this population being last to split in the TreeMix analysis and dis-
playing the highest amount of drift. In contrast, M. birostris popu-
lations displayed less extreme variation in heterozygosity, with 
mean values differing by less than 0.02 and having no clear geo-
graphical pattern (Figure 3e). Furthermore, variance within popu-
lations was an order of magnitude greater in M. birostris than in M. 
alfredi, and was particularly large in Sri Lanka, the Philippines and 
Mexico Pacific populations.

 1365294x, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/m

ec.17220 by B
angor U

niversity, W
iley O

nline L
ibrary on [30/11/2023]. 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
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4  |  DISCUSSION

Manta rays are iconic megafauna with cultural, socio-economic 
and ecological significance. Due to targeted and bycatch fisheries 
operating across their broad-ranging distributions, populations are 
declining worldwide. Elucidating levels of connectivity and genetic 
variation remain a crucial priority for conservation management. We 
use reduced-representation sequencing on a global set of samples 
and reveal striking differences in the population genetic landscape 
of two recently diverged manta ray species. By considering the in-
fluence of both contemporary and historical processes, our study 

provides a precautionary framework for assessing conservation 
units in widely distributed marine species.

We first demonstrate the presence of strong genetic differ-
entiation in M. alfredi at a global and regional scale. From a total 
of six sampling locations, we found evidence for at least five ge-
netically distinct, and by extension, demographically indepen-
dent populations. Two of these were separated by a distance of 
~1200 km, which is close to the maximum recorded movement in 
the species (Armstrong et al., 2019; Jaine et al., 2014), indicat-
ing that long-distance migrations are likely rare. Indeed, contem-
porary gene flow was low – especially between geographically 

F I G U R E  3  Historical relationships and heterozygosity in manta rays. (a, b) TreeMix maximum likelihood consensus tree displaying the 
historical relationships among (a) M. alfredi and (b) M. birostris populations. Horizontal branch lengths reflect the amount of genetic drift 
that has occurred along each branch. Bootstrap support values for each node are indicated. Migration edges inferred using TreeMix are 
represented as arrows and coloured according to their migration weight. The scale bar reflects 10 times the average standard error of the 
entries in the sample covariance matrix. (c–e) Variation in individual multi-locus heterozygosity between (c) species and among populations 
of (d) M. alfredi and (e) M. birostris. Note that y-axis scales differ for (d) and (e). Centre lines of boxplots reflect the median, bounds of the 
boxes extend from the first to the third quartiles, and upper and lower whiskers reflect the largest and smallest values but no further than 
1.5 × the interquartile range from the hinge. Population abbreviations: AP, Australia Pacific; CHAG, Chagos; FIJI, Fiji; HAW, Hawaii; MAL, 
Maldives; MC, Mexico Caribbean; MP, Mexico Pacific; PERU, Peru; PHI, the Philippines; SA, South Africa; SEY, Seychelles; SL, Sri Lanka.
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distant locations – with only a small proportion of individuals in 
any population being identified as first- or second-generation 
migrants. Furthermore, when gene flow was observed, it tended 
to be unidirectional. These results are in line with recent stud-
ies demonstrating population differentiation between Western 
Australia and Mozambique (Venables et al., 2021) and between 
Eastern Australia and New Caledonia (Lassauce et al., 2022), to-
gether highlighting how large ocean basins form significant barri-
ers to dispersal in coastal elasmobranchs (Hirschfeld et al., 2021). 
High site fidelity has been widely reported in M. alfredi based on 
tagging and mark-recapture studies (Braun et al., 2015; Deakos 
et al., 2011; Germanov et al., 2022; Jaine et al., 2014; Knochel, 
Hussey, et al., 2022; Peel et al., 2019; Setyawan et al., 2018). 
However, the degree of residency has been shown to vary, with 
movements rarely exceeding a few hundred kilometres in some lo-
cations (Braun et al., 2015; Deakos et al., 2011; Kessel et al., 2017; 
Knochel, Hussey, et al., 2022; Setyawan et al., 2018) yet reach-
ing over 1000 km in others (Armstrong et al., 2019; Germanov & 
Marshall, 2014). Our study presents a comparatively broad-scale 
analysis relevant to regional and global management planning. 
Further work on local patterns of population structure will shed 
light on the nuances and drivers of fine-scale movement patterns 
in this species (Whitney et al., 2023).

To explore the mechanism by which manta rays colonized their 
distribution, we reconstructed historical relationships and assessed 
levels of heterozygosity. In M. alfredi, we found strong evidence for 
an initial split between the Indian and Pacific Oceans followed by 
further separation within each locality. Furthermore, populations 
in the Pacific displayed a signal of declining heterozygosity from 
west to east, together suggesting that M. alfredi underwent a step-
ping-stone pattern of range expansion from an Indo-Pacific Ocean 
origin, involving opportunistic long-range movements and associ-
ated founder events. This is consistent with a recent observation of 
a pregnant M. alfredi individual at Cocos Island, Costa Rica (Arauz 
et al., 2019), almost 6000 km east of the nearest confirmed sighting, 
and the first record of M. alfredi in the Eastern Pacific. Range ex-
pansion inherently impacts genetic variation, with a stepping-stone 
model of colonization predicted to result in the strongest cumulative 
effect of founder events (Le Corre & Kremer, 1998). Among our sam-
pled populations, Hawaii is the most geographically isolated, situ-
ated at the edge of the M. alfredi distribution. Interestingly, not only 
was Hawaii the most genetically differentiated from all populations 
in our study, but it displayed the longest external branch lengths in 
the TreeMix analysis and the lowest levels of heterozygosity. This 
could be suggestive of a single founder event by a small population. 
Genetic variation is fundamental for enabling populations to adapt 
in response to selection (Bonnet et al., 2022; Kardos et al., 2021; Lai 
et al., 2019). Our findings therefore expose how isolated M. alfredi 
populations at the periphery of their distribution may be intrinsically 
more vulnerable to changing environmental conditions and the ge-
netic impacts of population decline.

In stark contrast to the patterns observed in M. alfredi, M. bi-
rostris displayed markedly higher levels of heterozygosity and only 

subtle genetic differentiation across ocean basins. Weak popula-
tion structure is common in highly mobile marine species (Leslie & 
Morin, 2018; Nikolic et al., 2023; Vignaud et al., 2014), and yet war-
rants careful interpretation, particularly considering management 
recommendations (Younger et al., 2017). On the one hand, these 
findings may be an indication of high contemporary gene flow and 
low natal philopatry, in line with the species' occurrence at remote 
oceanic islands, tendency to range into sub-tropical habitats and 
lower overall re-sight rates than M. alfredi (Couturier et al., 2014; 
Harty et al., 2022; Rambahiniarison et al., 2023). To date, our un-
derstanding of the movement behaviour in M. birostris has largely 
been based on coastal aggregations of adult individuals over rela-
tively short timeframes (Beale et al., 2019; Harty et al., 2022; Rohner 
et al., 2013; Stewart et al., 2016). Such studies have a tendency to 
capture seasonal migrations as opposed to dispersal events and 
may explain why only a handful of long-distance (~1000 km) move-
ments have been recorded in the species (Andrzejaczek et al., 2021; 
Knochel, Cochran, et al., 2022). In an infinite island model, only a 
few migrants per generation are required to obscure strong popu-
lation structure when Ne is large (Wright, 1931), and therefore it is 
possible the patterns we observe translate to infrequent dispersal 
events. Furthermore, dispersal could be segregated by age and/or 
sex (McClain et al., 2022; Phillips et al., 2021) and may vary among 
individuals (Papastamatiou et al., 2013; Perryman et al., 2022; 
Thorburn et al., 2019). While challenging, there is benefit in extend-
ing future tagging efforts to transient individuals away from known 
aggregation sites (Garzon et al., 2023), as well as previously under-
represented age classes – such as juveniles – to capture what may be 
infrequent yet evolutionarily relevant movements.

An alternative explanation for the patterns we observe in M. 
birostris is that insufficient time has elapsed to reliably identify re-
cent genetic divergence among localities. In contrast to M. alfredi, 
our TreeMix analysis indicated that M. birostris rapidly radiated from 
a large ancestral source, with only marginal genetic drift occur-
ring between regions. This was further evidenced by substantially 
higher levels of genetic variation that differed little across sampling 
locations. In addition, little differentiation was observed between 
Mexico Pacific and Mexico Caribbean, two regions that have been 
geographically separated since the emergence of the Isthmus of 
Panama. These findings are consistent with a recent mark-re-sight 
analysis that estimated the population of M. birostris in coastal 
Ecuador to number at least 22,000 individuals (Harty et al., 2022). 
Large effective population sizes and high genetic variation increase 
the time taken for populations to diverge due to genetic drift (Bailleul 
et al., 2018; Taylor & Dizon, 1996; Wright, 1931). This is further com-
pounded in species with long and overlapping generations (Hoffman 
et al., 2017) as is the case for manta rays (Dulvy et al., 2014). Taken 
together, genetic similarities among M. birostris localities may be 
partially confounded by recent shared ancestry and large effective 
population size.

On the basis of these considerations, we propose that a combina-
tion of large historical population size and contemporary gene flow 
has contributed to the comparatively high levels of heterozygosity 
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and genetic homogeneity in M. birostris. The subtle population dif-
ferentiation we observe between the Indian Ocean, South-East Asia 
and the Eastern Pacific is likely best explained by the geographic 
limits of dispersal as opposed to complete geographic isolation. Yet, 
unlike in M. alfredi where genetic clusters almost certainly reflect 
discrete demographic units relevant for conservation management, 
the extent to which genetic connectivity in M. birostris reflects de-
mographic connectivity is less clear. For example, in extreme cases, 
the number of migrants required to eliminate signals of population 
structure will not be enough to demographically link populations, 
and more importantly, replenish those that have been depleted 
(Waples, 1998). Interestingly, while re-sight rates are typically lower 
in M. birostris than M. alfredi, demographic independence has been 
implicated in several mark-recapture studies where re-sightings 
follow predictable patterns (Beale et al., 2019; Cabral et al., 2023). 
Furthermore, a population genetic analysis based on FST outliers 
uncovered allele frequency differences between two Mexican loca-
tions and Sri Lanka (Stewart et al., 2016), suggesting recent diver-
gence against a background of ongoing gene flow. Taken together, 
we highlight the potential for further work investigating adaptive 
divergence between M. birostris populations and emphasize the 
need to combine molecular measures of connectivity with empiri-
cal demographic data in this species (Cayuela et al., 2018; Lowe & 
Allendorf, 2010; Younger et al., 2017).

4.1  |  Conservation implications

The remarkable differences we observe in the population genetics 
of manta rays directly inform likely response to continued exploita-
tion and respective conservation measures. At present, M. alfredi is 
among the most protected mobulid species worldwide, with some 
management frameworks in place at local, national and international 
levels (Lawson et al., 2017; Stevens et al., 2018). Our findings of 
global population structure underline how local initiatives recogniz-
ing populations as distinct management units will be most appropri-
ate for this species. However, we also demonstrate the consequence 
of geographic isolation on genetic variation and reveal how M. alfredi 
likely faces a greater risk from local depletion. This is especially true 
for populations at the edge of the species range and in regions with 
high coastal fishing pressure. Prioritizing these populations in con-
servation action plans and maintaining local connectivity will there-
fore be crucial for boosting resilience and preventing local extinction 
in this vulnerable species.

The implications of our findings for M. birostris are more nuanced. 
Despite detecting only subtle population genetic differentiation, we 
cannot rule out the possibility that historical processes and large ef-
fective population size are obscuring a higher degree of contempo-
rary demographic separation. Together with studies reporting high 
site fidelity and restricted movement patterns, our findings strongly 
suggest that local and national management actions should be con-
sidered essential for protecting resident aggregations of M. birostris. 
Nevertheless, we expect that weak population structure and high 

genetic variation are simultaneously being driven by some degree 
of contemporary dispersal. Consequently, any fishing activity taking 
place along migratory corridors threatens to disrupt a mode of gene 
flow that may be fundamental for long-term resilience of the species. 
Similarly, although we have limited understanding of the number and 
distribution of breeding and nursery grounds (Knochel, Cochran, 
et al., 2022; Pate & Marshall, 2020; Stewart, Nuttall, et al., 2018), 
significant reduction in local stocks may impact long-term recruit-
ment at oceanic and even global scales. We therefore emphasize 
the escalating need to improve the implementation of regional and 
international measures that seek to protect taxa in the high seas. 
Together with local scale management, appropriate evidence-based 
actions will contribute to maintaining large, connected and geneti-
cally diverse populations of manta rays into the future.
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