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ABSTRACT
Aim: Knowledge of the main drivers of population differentiation is crucial for understanding evolutionary processes and pre-
serving biodiversity. While primarily studied in terrestrial habitats, the mechanisms operating in the marine realm are less well 
understood. This study reconstructed the phylogeographic history of a tropical seabird to identify relevant marine barriers pro-
moting intraspecific diversity in the Western Indian Ocean.
Location: Western Indian Ocean.
Taxon: Three subspecies of tropical shearwater: Puffinus bailloni bailloni , P. b. nicolae, P. b. colstoni.
Methods: We used restriction site-associated DNA sequencing and applied population genomics to birds from six breeding 
colonies to assess intraspecific diversity, population genetic structure and connectivity in the tropical shearwater. Results were 
complemented with data from six oceanographic variables and effective migration surfaces to evaluate the role of oceanographic 
factors in driving population differentiation.
Results: All analyses consistently separated the birds from the northern colonies (subsp. nicolae and colstoni) from those of the 
southern islands (subsp. bailloni), but failed to assign the colstoni birds as a different taxon. Results revealed remarkable levels of 
genetic differentiation within an ocean basin in a highly vagile species and suggested higher levels of gene flow at the northern 
limit of the species' distribution compared to the southern range.
Main Conclusions: Our study suggests that ocean surfaces and sea surface temperature may constitute an important barrier to 
gene flow for the tropical shearwater and potentially other marine species in the region. This study does not support the colstoni 
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form as a different subspecies, highlighting the need for further taxonomic reassessment. Ultimately, the results allowed us to 
identify Europa and Aldabra as the most threatened management units and propose conservation strategies directly applicable 
to these most at-risk colonies.

1   |   Introduction

Since the pivotal study of the Galapagos finches by Charles 
Darwin, the spatial variation of biodiversity patterns has be-
come a central research focus. Knowledge of the main drivers of 
population differentiation is crucial for understanding species 
distribution, persistence and defining effective conservation 
units (Humeau et al. 2020; Morris-Pocock et al. 2016). Mainly 
studied in terrestrial habitats, the mechanisms operating in the 
marine realm are less well understood due to the continuous na-
ture of the marine environment, the absence of (obvious) phys-
ical barriers and the complex ecology of marine species (Faria 
et al. 2010; Morris-Pocock et al. 2010; Russo et al. 2016). Over the 
past few decades, advances in new technologies (e.g., biologging 
data, high-throughput sequencing) have enabled researchers 
to track the movement of individuals and assess the popula-
tion connectivity of marine species. Multiple studies have in-
clusively reported the existence of population genetic structure 
in highly vagile marine species, including whales (Olavarría 
et al. 2007), sharks (Duncan et al. 2006; Nikolic et al. 2020), dol-
phins (Mendez et al. 2010; Richards et al. 2013) and sea turtles 
(Bourjea et  al.  2007; Jensen et  al.  2019), contradicting the ex-
pectations of substantial gene flow among populations in ma-
rine ecosystems. Oceanographic conditions (e.g., sea surface 
temperature (SST), salinity, oceanic currents) (Faria et al. 2010; 
Gómez-Díaz et al. 2009, 2012), historical climatic changes, par-
ticularly in high latitude species, isolation by distance (Kersten 
et al. 2021) and behavioural traits (e.g., dispersal capacity, assor-
tative mating, differences in breeding phenology, natal or breed-
ing philopatry) have emerged as the most cited mechanisms of 
isolation in marine species.

The Western Indian Ocean (WIO), here defined as the region 
extending from the coasts of East Africa (35° E) to the lon-
gitude 75° E and situated between the latitudes 0° and 25° S, 
hosts remarkable levels of terrestrial and marine endemism 
(Keesing and Irvine 2005). The region experiences a tropical to 
subtropical climate influenced by the Indian Ocean's seasonal 
monsoons, with the areas near the equator characterised by a 
warmer and humid climate, while regions further south expe-
rience distinct wet and dry seasons, with a peak rainfall during 
the northeast monsoon (December to April) (Bailey  1968; 
Keesing and Irvine  2005). The monsoon winds also play a 
crucial role in determining the direction and intensity of the 
surface currents in the region (Schott and Mccreary  2001). 
Although the WIO offers an ideal system to test biogeographic 
hypotheses on marine biota diversification, only a few studies 
have inferred the population structure of highly mobile spe-
cies (Humeau et al. 2020; Jensen et al. 2019) and other marine-
dependent species (Gagnaire et al. 2009; Triest et al. 2021; van 
der Ven et al. 2021) at a large scale. Nevertheless, these studies 
relied on a limited number of molecular markers, which may 

lack the power to fully characterise contemporary factors influ-
encing population structure and gene flow (Choquet et al. 2023; 
Poelstra et al. 2022).

Among mobile marine species, seabirds stand out as an intrigu-
ing model to evaluate the mechanisms underlying population 
differentiation due to the dichotomy between their capacity to 
travel vast transoceanic distances (Egevang et  al.  2010) and the 
tendency to return to their natal colonies to breed (Friesen 2015; 
Milot et  al.  2008). Shearwaters (order Procellariiformes) are 
highly pelagic and philopatric seabirds that breed mostly on re-
mote oceanic islands (Brooke 2004). The phylogenetic complexity 
of Procellariiformes, a debated group in avian systematics (Ferrer 
Obiol et al. 2021, 2023; Gangloff et al. 2012, 2013; Pyle et al. 2011), 
is notably exemplified by the tropical shearwater (Puffinus bail-
loni), which is distributed across the Indian and Pacific Oceans. 
Within the WIO, it is classified into four subspecies based on mor-
phological differences, with the smallest birds found in the inner 
islands of Seychelles (subsp. nicolae; body mass 168.5 ± 18.99 g), 
intermediate-sized birds found exclusively at Aldabra Atoll (subsp. 
colstoni; 214.3 ± 3.78 g), and the largest birds in Réunion (subsp. 
bailloni; 217.4 ± 15.08) and Comoros (subsp. temptator; body weight 
unknown) (Bretagnolle et al. 2000; Shirihai and Bretagnolle 2015) 
(Figure 1). The species is additionally reported to breed in small 
colonies in Europa Island (Mozambique Channel), the Maldives 
and the Chagos Archipelago (Table  1). Subsp. bailloni is also 
distinguished from other specimens by its unique white under-
tail coverts (Bretagnolle et al. 2000). This broad classification is, 
however, controversial (Austin et al. 2004; Bretagnolle et al. 2000; 
Jouanin 1970; Shirihai and Christie 1996; Torres et al. 2021) and 
uncorroborated by other criteria such as genetic data. Outside the 
WIO, the species is also represented by a fifth subspecies, P. bail-
loni persicus, found only on Socotra (Yemen), and a sixth subspe-
cies, P. bailloni dichrous, which breeds on several islands in the 
southern Pacific Ocean. The population structure of this species 
therefore remains unresolved at all spatial scales, along with much 
of its behaviour at sea and on land, hindering efforts to assess dis-
persal barriers and limiting our understanding of the process of 
genetic differentiation in the region.

Here, we use restriction site-associated DNA sequencing 
(DArTseq) and apply phylogenomic and population genomics 
methods to six tropical shearwater populations from all major 
breeding areas of the western Indian Ocean to (i) identify diag-
nosable Operational Taxonomic Units (OTUs; i.e., populations 
characterised by significant phylogenetic divergence) from the 
sampled populations; (ii) investigate levels of genetic differenti-
ation and population structure in the WIO; and (iii) evaluate the 
role of oceanographic factors in driving genetic differentiation. 
Results will add a significant contribution to knowledge of the 
role of oceanographic features on the divergence of marine taxa 
in the southern tropics.
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2   |   Materials and Methods

2.1   |   Study Area and Specimen Collection

The present study focuses on three described tropical shearwa-
ter subspecies in the WIO breeding in Europa and Réunion (P. b. 
bailloni), Aldabra Atoll (P. b. colstoni), and in Aride and Cousin 
(Seychelles archipelago) and South Brother (Chagos archipel-
ago, hereafter called Chagos) Islands (P. b. nicolae; Figure  1). 
The distance between colonies ranged from 12 km (Aride and 
Cousin) to 3820 km (Europa and Chagos). The largest colony is 
located at Aride (> 20,000 breeding pairs; Calabrese 2016), while 
the smallest study colonies are in Europa and Aldabra (< 100 
breeding pairs each) (Table 1).

Biological samples were collected between 2005 and 2023. 
Except for Europa and Réunion, all birds were captured by hand 
at their nesting burrows. Birds from Europa were caught in mist 
nets at their display areas—where they are known to perform 
aerial pursuits and actively vocalise—at dusk or at dawn. Blood 
samples (approx. 0.5 mL) were collected from live birds by veni-
puncture of the medial metatarsal or basilic veins. Additionally, 
muscle samples (approx. 10 g) were collected from dead birds 
fatally injured as a consequence of light pollution on Réunion 
(Chevillon et  al.  2022). Samples were stored in 70% ethanol 
until DNA extraction. Genomic DNA was extracted using the 
NucleoSpin Tissue kit (Macherey-Nagel) for the extractions per-
formed by GenoScreen (Lille, France) and the QIAmp Blood 
and Tissue kit (Qiagen) for the extractions performed by the 

authors. Individuals were sexed by PCR amplification with the 
primer pair 2550F and 2718R, following the method described 
in Fridolfsson and Ellegren (1999), which relies on the size dif-
ferences between the CHD1W and CHD1Z introns located on 
the W and Z sex chromosomes, respectively. Results were visu-
alised via gel electrophoresis (1.5% agarose gel).

2.2   |   SNP Genotyping and Filtering

A total of 90 tropical shearwater samples (i.e., 17 from Europa 
Island, 18 from Réunion, 14 from Aldabra, 15 from Aride, 15 
from Cousin and 11 from Chagos) were available for DArTseq, 
a sequencing method for reduced genomic representation 
(Dorey et al. 2021; Georges et al. 2018), similar to double-digest 
restriction-associated DNA sequencing (ddRAD) (Davey and 
Blaxter 2010). The method employs a combination of restriction 
enzymes and implicit fragment size selection to generate a large 
number of DNA fragments truncated to 69 bp. These fragments 
are then sequenced and analysed to identify single nucleotide 
polymorphisms (SNPs) and presence/absence variants. Genomic 
DNA (~20–40 ng/μL) was digested with the restriction enzymes 
PstI and SphI at the Diversity Arrays Technology Facility (DarT 
Pty Ltd., Canberra), following the routines described by Georges 
et al.  (2018). Sequence data was processed using a proprietary 
DArT analytical pipeline (Jaccoud et al. 2001; Kilian et al. 2012; 
Sansaloni et al.  2011) and mapped to the genome assembly of 
the congener Puffinus mauretanicus (ASM2333356v1) (Cuevas-
Caball et al. 2022), assuming a sequence identity ≥ 80% (E-value: 

FIGURE 1    |    Distribution of the tropical shearwater (Puffinus bailloni) across the Indian Ocean. Dashed lines indicate the range of the different 
forms of the tropical shearwater regarded as subspecies: Puffinus bailloni bailloni from Réunion and Europa, P. b. nicolae from the inner Seychelles, 
Chagos and Maldives, P. b. colstoni from Aldabra, P. b. persicus from Socotra and P. b. temptator from Comoros. Taxa have been described based on 
body size and undertail coverts colouration only (Bretagnolle et al. 2000; Shirihai and Christie 1996). The colour coding of the colonies is consistently 
used throughout the manuscript. Seabird illustrations modified from Trevail et al. (2023).
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5 × 10−7). Additional quality filtering was performed by the 
authors in R v4.3.3 using the “dartRverse” package (Gruber 
et al. 2018; Mijangos et al. 2022) at both individual and loci lev-
els. Individuals with a call rate (i.e., proportion of scored loci per 
individual) below 80% and/or with a high individual heterozy-
gosity (Figure S1) were excluded from the dataset. Further fil-
tering was applied to single nucleotide polymorphisms (SNPs) 
that had a call rate (i.e., proportion of scored individuals for a 
locus) lower than 90%, a genotyping reproducibility (i.e., average 
repeatability of alleles at a locus across replicates) below 100%, 
and an average read depth lower than 10× (Bagley et al. 2017; 
Garot et  al.  2019; Meier et  al.  2017; Nadachowska-Brzyska 
et al. 2016) and higher than 80× sequences per locus. Multiple-
linked SNPs per sequenced tag were also filtered out to control 
for short-distance linkage disequilibrium (i.e., only one SNP per 
fragment was retained at random). Sex-linked markers were 
excluded from the dataset, assuming that if an SNP is present 
only on the Z chromosome but not on the W chromosome, all fe-
males will be heterozygous (ZW) at that locus and all males ho-
mozygous (ZZ). OutFLANK (Whitlock and Lotterhos 2015) was 
additionally used to identify outlier SNPs, considering a cut-off 
value of 0.01. All the cut-off values were defined after plotting 
the data (Devloo-Delva et al. 2019; Feutry et al. 2020). To ensure 
that duplicated individuals (i.e., birds sampled more than once) 
and closely related individuals were not included in the down-
stream analyses, the software ngsRelateV2 (Hanghøj et al. 2019) 
implemented in the ANGSD framework (Korneliussen et  al. 
2014) was used to investigate the presence of clones and first-
degree relatives (i.e., parent-offspring and full siblings) in our 
dataset. Relatedness analyses followed the routines thoroughly 
described in Teixeira et  al.  (2024). Data for the outgroup taxa 
was retrieved from the DArT dataset previously generated 
for the Mascarene petrel (Pseudobulweria aterrima) (Teixeira 
et al. 2024), a member of the same bird family (Procellariidae). 
Collection information for all specimens is provided in Table S1.

2.3   |   Identification of Diagnosable Operational 
Taxonomic Units

Due to the current taxonomic uncertainty of the tropical shearwa-
ter, two phylogenetic approaches were used to evaluate whether 
the described subspecies (bailloni, nicolae and colstoni) form 
well-supported monophyletic lineages. First, a genetic distance 
tree was constructed based on the UPGMA algorithm. Genetic 
distance between samples was estimated using the bitwise.dist 
function, which calculates the proportion of allelic differences 
between pairs of samples in a genlight object. Analysis was per-
formed using the aboot function implemented in the “poppr” R 
package (Kamvar et al. 2014) considering 1000 bootstraps. The 
resulting tree was plotted using the plot.phylo function available 
in the “ape” (Paradis et  al.  2019) R package. The second ap-
proach used SVDquartets analysis (Chifman and Kubatko 2014) 
implemented in PAUP* v 4.0a. SVDquartets evaluates unlinked 
multilocus data for subsets of four taxa (quartets) and assigns a 
score to each of the three possible unrooted topologies for each 
quartet. The topology with the lowest score is selected as the 
best supported, and the final set of quartets is combined to es-
timate the species tree (Chifman and Kubatko 2014). Analyses 
were performed considering 100,000 randomly selected quartets 
and 10,000 standard bootstraps. Phylogenies were estimated 

considering all individuals as a separate lineage (taxparti-
tion = none) and assigning all individuals to their sampling 
location (taxpartition = pops). The SVDquartets trees were vi-
sualised using FigTree v.1.4.4 (Rambaut and Drummond 2008). 
The resulting trees were rooted to the Mascarene petrel.

Complementary fixed difference analysis was performed using 
the gl.fixed.diff and gl.collapse functions in the “dartRverse” R 
package (Gruber et  al.  2018; Mijangos et  al.  2022) to help de-
fine diagnosable operational taxonomic units (OTUs). A fixed 
difference between two populations at a locus occurs when the 
populations do not share any alleles at that locus. Thus, the ac-
cumulation of fixed differences between two populations serves 
as a robust indication of the absence of gene flow (Georges 
et  al.  2018). Given that less than 10 birds were available for 
Cousin after stringent quality filtering, this colony was amal-
gamated with Aride (12 km apart) before analyses in line with 
the population structure and phylogenomic reconstructions (see 
results). Fixed differences were calculated for each pairwise col-
ony comparison, and colonies that exhibited no fixed differences 
were aggregated. This process was repeated until there was no 
further reduction following Georges et al. (2018). To avoid con-
flation of true fixed differences with false positives due to finite 
sample sizes, the fixed differences between final OTUs were 
tested for statistical significance using 1000 simulations.

2.4   |   Population Genetic Structure and Admixture

As an initial representation of the genetic structure of the tropi-
cal shearwater, a principal component analysis (PCA) was per-
formed using the gl.pcoa and gl.pcoa.plot functions implemented 
in the “dartRverse” R package (Gruber et  al.  2018; Mijangos 
et  al.  2022). A complementary dimensionality-reduction clus-
tering was performed with discriminant analysis of principal 
components (DAPC), using the find.clusters function in the 
“Adegenet” v2.1.7 R package (Jombart et al. 2010). The K-means 
clustering algorithm was employed to identify the optimal num-
ber of genetic clusters (K) from K = 1 to K = 6, and the best K 
value was selected based on the lowest Bayesian Information 
Criterion (BIC) following Jombart et  al.  (2010). To avoid over-
fitting of discriminant functions, a-score optimisation was used 
to evaluate the optimal number of principal components to re-
tain in the analysis (Bagley et  al.  2017). Population structure 
was further examined using the Bayesian assignment approach 
implemented in Structure v2.3.4 (Pritchard et  al.  2000), with 
the number of genetic clusters set from 1 to 6. Analyses were 
performed assuming an admixture model, correlated allele fre-
quencies and no population priors, for a run length of 100,000 
iterations and 10,000 burn-in. A total of 10 independent runs 
were performed for each K, and ancestry proportions across 
runs were averaged using Clumpak (Kopelman et  al.  2015). 
The optimal number of genetic clusters was determined based 
on the log likelihood given K (L(K)) (Pritchard et al. 2000) and 
the second-order rate of change of mean log likelihood (ΔK), fol-
lowing Evanno's method (Evanno et al. 2005), using Clumpak 
(Kopelman et al. 2015). Since the ΔK method is known to detect 
the uppermost level of genetic structure (Evanno et  al.  2005), 
the analyses were repeated using a hierarchical approach to un-
cover underlying population substructure. Likewise, the PCA 
and DAPC analyses were also repeated for the subsp. nicolae 
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and colstoni dataset. Genetic differentiation among breeding 
colonies was additionally estimated using Wright's F-statistics 
FST (Weir and Cockerham  1984). Analyses were performed 
using the “StAMPP” (Pembleton et al. 2013) R package, and sig-
nificance was tested using 10,000 bootstraps. To test whether 
sites with a low minor allele frequency (MAF; frequency of the 
second most common allele in a population) affected the pop-
ulation structure interpretations, all analyses were performed 
considering all sites (27,273 SNPs) and filtering out sites with 
an MAF lower than 0.01 (22,752 SNPs). As both datasets led to 
the same interpretations, we report only the results from runs 
assuming the most comprehensive dataset (i.e., the dataset with 
MAF sites).

Evolutionary relationships among colonies of tropical shear-
water were further explored using TreeMix v.1.13 (Pickrell and 
Pritchard 2012). This approach assumes that extant populations 
primarily result from splits between ancestral populations and 
that differences in allele frequencies between groups are a re-
sult of genetic drift since the splits. First, the software estimates 
a bifurcating graph with the minimum amount of genetic drift 
between populations using a maximum likelihood approach. 
Subsequently, TreeMix identifies populations that poorly fit the 
tree model and models migration events involving such popu-
lations (Pickrell and Pritchard  2012). The SNPs dataset was 
initially converted to a TreeMix input file using the gl2treemix 
function in the “dartRverse” R package (Gruber et  al.  2018; 
Mijangos et al. 2022). Analyses were then conducted consider-
ing a number of migration events (m) between 1 and 5, a total of 
50 replicates for each value of m, and using the Mascarene petrel 
as an outgroup to root the tree. The optimal number of migration 
events was selected according to (i) the distribution of the mean 
log likelihoods across m, (ii) the ad hoc log likelihood statistic 
based on the second-order rate of change (Δm) implemented on 
the “OptM” R package (Fitak 2021) and (iii) the inspection of the 
residual plots of covariance (Pickrell and Pritchard 2012). This 
analysis was complemented by the three- and four-population 
tests (ƒ3 and ƒ4, respectively) to corroborate possible admix-
ture events. The ƒ3- and ƒ4-statistics were calculated for each 
unique combination of (A; B, C) (Reich et al. 2009) and (A, B; C, 
Outgroup) (Keinan et al. 2007) of the six tropical shearwater col-
onies using TreeMix v.1.13. Significance was determined using 
the default Z-value.

2.5   |   Identification of Potential Drivers of Genetic 
Structure

Two distinct approaches were used to identify the potential 
drivers of genetic structure in the tropical shearwater in the 
WIO. First, the Estimated Effective Migration Surfaces (EEMS) 
(Petkova et al. 2015) were used to identify and visualise poten-
tial barriers to gene flow across the landscape. EEMS identifies 
geographic areas where genetic dissimilarity is greater than 
expected under isolation-by-distance using genetic data and 
geo-referenced samples, without requiring environmental or 
topographic data. The filtered SNPs dataset was firstly converted 
to a VCF (Variant Call Format) file using the gl2vcf function im-
plemented in the “dartRverse” R package (Gruber et  al.  2018; 
Mijangos et al. 2022). PLINK v.2.00a4 (Purcell et al. 2007) was 
subsequently used to convert VCF format to binary bed files. 

The EEMS software (Petkova et  al.  2015) was then executed 
based on the pairwise genetic dissimilarity matrix (i.e., average 
number of allelic differences between each pair of individuals 
across all genotyped loci) (Pedersen et al. 2018) estimated from 
the plink files with the bed2diFFs programme, for an MCMC 
length of 25,000,000, a burn-in of 1,000,000, considering a deme 
grid of 500. Resultant effective migration (m) surfaces were plot-
ted using EEMS' reemsplots2.

Second, data from six oceanographic variables, including five 
dynamic variables and one static variable (bathymetry), were 
compiled to evaluate whether isolation-by-distance (IBD) or 
isolation-by-environment (IBE) explains the marked genetic 
differentiation observed for the tropical shearwater in the 
WIO. SST (°C), sea surface salinity, chlorophyll a concentration 
(mg m−3), wind speed (m s−1) and current speed (m s−1) were ex-
tracted from the E.U. Copernicus Marine Service Information 
Website (https://​data.​marine.​coper​nicus.​eu/​products), while 
bathymetry (m) was compiled from the ETOPO Global Relief 
Model (https://​www.​ncei.​noaa.​gov/​produ​cts/​etopo​-​globa​l-​relie​
f-​model​) (Table  S2). For each of the dynamic oceanographic 
variables, except wind speed, the monthly means and standard 
deviations were computed over a span of 20 years (2000–2020). 
For wind speed, a 12-year dataset (2008–2020) was used. Values 
were extracted within a 300 km radius circle around each breed-
ing colony, assuming this encompasses most of the foraging 
range of breeding birds at each site (MLC personal comm.; but 
see Calabrese  2016). Mean values (±SD) were then calculated 
for each oceanographic variable at each site. Correlations be-
tween the pairwise genetic distances (FST) and geographical or 
environmental distances were tested using Mantel tests (Mantel 
1967) with 10,000 random permutations of the variables, using 
the “ade4” R package (Dray et al. 2007). Geographical distances 
were calculated as great circle distance (i.e., the shortest distance 
between two points on the surface of a sphere; WGS84 ellipsoid) 
using the “sp” R package (Pebesma 2012). Environmental dis-
tances were calculated as the pairwise difference in each vari-
able among colonies. Partial Mantel tests based on Pearson's 
product–moment correlation was additionally used to estimate 
the correlation of the genetic and environmental distances while 
controlling for the potential confounding effect of geograph-
ical distances. Partial Mantel tests were performed using the 
“vegan” R package (Oksanen 2013).

2.6   |   Morphometric Analyses

Five morphometric measurements were obtained from 197 breed-
ing adults (i.e., 74 from Europa, 63 from Réunion, 30 from Aldabra, 
20 from Cousin and 10 from Chagos) from all colonies excluding 
Aride: wing length (i.e., flattened wing chord from the carpal joint 
to the tip of the longest primary), tarsus length (i.e., the portion 
of the leg measured from the notch at the back of the intertarsal 
joint to the distal edge of the large complete scale at the front of 
the foot, just before the toes diverge), bill length (i.e., exposed cul-
men), bill depth (i.e., bill depth at gonys) and hook length (i.e., dis-
tance from the base to the tip of the hooked part of the bill). The 
colour of undertail coverts was also recorded for each individual, 
whereas all the birds studied exhibited white underwing coverts. 
Global patterns in morphological differences among birds and 
colonies were investigated using PCA followed by a multivariate 

https://data.marine.copernicus.eu/products
https://www.ncei.noaa.gov/products/etopo-global-relief-model
https://www.ncei.noaa.gov/products/etopo-global-relief-model
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analysis of variance (MANOVA) using the “ade4” R package (Dray 
et al. 2007). The three principal component scores from the PCA 
(i.e., PC1–PC3) were the variables in the MANOVA from which a 
Wilks' lambda (Huberty and Olejnik 2007) was derived following 
10,000 permutations. Corrected pairwise permutation MANOVAs 
were performed to compare morphometric measurements 
among pairwise colonies, using the “RVAideMemoire” R pack-
age (Herve 2020). A Factor Analysis for Mixed Data (FADM) was 
additionally used to integrate a categorical variable (i.e., colour of 
undertail coverts) (Pages 2004). Morphometric measurements of 
all individuals are available in Table S3.

3   |   Results

3.1   |   Genomic Dataset

A total of 78,676 polymorphic SNP loci were called for 90 trop-
ical shearwater individuals from six colonies across the WIO. 
After stringent filtering, 27,273 SNPs and 74 unrelated birds 
(i.e., 14 from Europa, 16 from Réunion, 13 from Aldabra, 12 
from Aride, 9 from Cousin and 10 from Chagos) were retained in 
the dataset and considered in all downstream analyses (ingroup 
dataset). A subset of this dataset was also used to investigate the 
underlying population substructure (subsp. nicolae and colstoni: 
18,065 SNPs across 44 birds; subsp. bailloni: 16,105 SNPs across 
30 birds). Detailed information on the number of SNPs and in-
dividuals retained at each step of the quality filtering is given in 
Table S4. The tropical shearwater dataset was additionally co-
analysed with generated Mascarene petrel sequences (Teixeira 
et  al.  2024) to include a suitable outgroup for complementary 
analyses (outgroup dataset). A total of 16,152 SNP loci from 
74 ingroup individuals and 20 outgroup individuals were con-
sidered for the population-based analyses (i.e., TreeMix), and 
27,850 SNP loci from 74 ingroup individuals and two outgroup 
individuals for the phylogenomic reconstructions. See Table S5 
for details about individuals used for each analysis.

3.2   |   Identification of Diagnosable Operational 
Taxonomic Units

Two diagnosable OTUs emerged from the fixed difference anal-
ysis. Europa and Réunion, in the southern limit of the species 
distribution, formed one diagnosable OTU (corresponding to 
subsp. bailloni), while Aride, Cousin, Aldabra and Chagos in 
the northern range of the tropical shearwater formed a second 
diagnosable OTU (corresponding to subsp. nicolae and colstoni), 
with a total of 11 absolute fixed differences (p < 0.0001). Aldabra 
(subsp. colstoni) shared alleles at all loci with the other northern 
populations (Table S6).

Phylogenetic reconstructions using the UPGMA (Figure  2a) 
and SVDquartets (Figure  2b) consistently inferred the same 
tree topology, with both methods showing a deep split between 
the northern and southern colonies, corresponding to the two 
identified OTUs. In the southern WIO, both analyses supported 
the further split of Europa and Réunion, with each colony form-
ing a well-supported monophyletic clade (100% bootstrap sup-
port). The phylogenies also confirmed that individuals from 
Aride and Cousin formed a strongly supported mixed clade 

(100% bootstrap support) and positioned the individuals from 
Chagos in a poorly supported clade sister to Aride-Cousin. Both 
methods consistently inferred a monophyletic clade for Aldabra 
(subsp. colstoni), but this clade was only well supported by the 
distance-based tree (i.e., UPGMA; 93% bootstrap support).

3.3   |   Population Structure and Role 
of the Environmental Factors

Patterns of population structuring among tropical shearwater col-
onies were not consistent with the currently recognised subspe-
cies nomenclature. The subsp. bailloni was consistently separated 
from the subsp. nicolae and colstoni in all the performed analyses. 
The PCA analysis performed on the entire dataset clearly discrim-
inated the northern from the southern colonies along PC1 (21.8% 
of variation; Figure  3a). While Europa and Réunion were well-
separated along PC2 (3.8% of variation), an overlap was observed 
among the northern colonies, including Aldabra (subsp. colstoni). 
However, the PCA analysis carried out only on the northern colo-
nies separated the birds from Aldabra, Chagos and Cousin-Aride 
along the PC1 (4.4% of variance; Figure S2). The DAPC analyses 
suggested either K = 2 or K = 3 as the optimal number of genetic 
clusters considering the entire dataset (Figure S3a). For K = 2, in-
dividuals from the subsp. nicolae and colstoni were assigned to 
one genetic cluster, whereas birds from the subsp. bailloni were 
assigned to a second cluster. At K = 3, birds from Aldabra (subsp. 
colstoni) were not assigned to a third group (Figure S4). Instead, 
the birds from Europa and Réunion were further divided into two 
distinct groups, mirroring the PCA findings. Structure analyses for 
the entire dataset suggested K = 2 as the optimal number of genetic 
clusters (Figure S5a) and assigned birds from subsp. nicolae and 
colstoni and subsp. bailloni to different clusters with a membership 
coefficient of 100% for all the birds (Figure 3c). Hierarchical struc-
ture analyses confirmed the existence of a marked population 
substructure between Europa and Réunion, whereas the northern 
colonies exhibited a subtle population differentiation (Figure 3c; 
Figures S6–S8). While the analyses performed only for the subsp. 
nicolae and colstoni failed to assign the birds from Aldabra to a 
distinct group at K = 2, these birds were assigned to their own ge-
netic cluster when considering K = 3 (Figure S8). Birds from Aride 
and Cousin clustered together across all K solutions. Pairwise FST 
values were highest when comparing northern vs. southern colo-
nies (FST = 0.23–0.28; p < 0.0001), whereas comparisons involving 
the northern populations showed substantially lower FST values 
(FST = 0.01–0.03; p < 0.0001 except for Aride-Cousin), including 
Aldabra. A moderate genetic differentiation was observed between 
Réunion and Europa (FST = 0.09; p < 0.0001) (Figure 3b).

One of the most striking results was the complete absence of ad-
mixture between the subsp. nicolae-colstoni and subsp. bailloni, 
suggesting long-term isolation among these taxa. The patterns of 
population divergence inferred with TreeMix were consistent with 
the phylogenetic and population clustering results (Figure  S9). 
Analyses suggested a model without migration events (Figure S10), 
which was corroborated by the three- and four-population tests. 
Results showed that none of the ƒ3-statistics were significantly 
negative for all unique combinations of the six tropical shearwater 
colonies, and none of the ƒ4-statistics were significantly different 
from zero, suggesting that the tropical shearwater colonies are not 
the result of historical admixture events (Tables S7 and S8).
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Mantel tests showed a significant correlation between ge-
netic distances and SST (r = 0.853; p < 0.05), latitude (r = 0.937; 
p < 0.05) and geographic distances (r = 0.527; p < 0.05). SST re-
mained significant after controlling for the effect of geographi-
cal distances with a partial Mantel test, but not after controlling 
for the effect of latitude (Figure 4b). The EEMS detected an area 
of reduced migration (at least tenfold lower than the average mi-
gration) between the latitudes 10° and 20° S, coinciding with the 
Mozambique Channel and the continental land barrier created 
by Madagascar (Figure 4a). These findings supported a lack of 
gene flow between birds from subsp. nicolae-colstoni and subsp. 
bailloni and are consistent with the population structure and 
phylogenomic results.

3.4   |   Morphometric Analyses

The first axis of the PCA based on five morphometric mea-
surements (explaining 56% of the total variance) separated the 
individuals following a decreasing gradient in body size from 
the subspecies bailloni to the subspecies nicolae (Figure  S11). 
The colonies differed significantly in morphology when tested 

by parametric MANOVA (Wilks' lambda = 0.20; df = 20; 
p < 2.2 × 10−16). All colonies were significantly different 
(p < 0.05), with the birds from Europa and Réunion being the 
largest and those from Cousin being the smallest, except for 
birds from Aldabra and Chagos, which share the same interme-
diate body size (p = 0.135). FADM analysis, including the quali-
tative character, yielded the same results.

4   |   Discussion

This study integrated genomic, morphometric and oceano-
graphic data to examine relationships among closely related sea-
bird taxa breeding in the tropical Indian Ocean. The analyses of 
the tropical shearwater yield two key findings. First, our data 
did not support the current species nomenclature, highlighting 
the need for an accurate revision of the shearwater's taxonomy. 
Second, our study revealed high genetic differentiation within 
an ocean basin in a highly vagile taxon, likely driven by a com-
bination of oceanographic, topographic and life-history factors. 
The taxonomic, biogeographic and conservation implications of 
these findings are discussed below.

FIGURE 2    |    Phylogenetic relationships of the tropical shearwater (Puffinus bailloni). (a) Genetic distance tree based on the UPGMA algorithm. 
Branch length represents the number of allelic differences between samples. Bootstrap values were estimated based on 1000 bootstraps, and (b) a 
phylogenetic tree generated with SVDquartets. Analyses were performed considering 100,000 randomly selected quartets and 10,000 bootstraps. For 
(a) and (b), node labels show bootstrap support ≥ 80%. Both trees included the 74 tropical shearwater (Puffinus bailloni) individuals that passed the 
quality filtering. The trees were rooted to the Mascarene petrel (Pseudobulweria aterrima).
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4.1   |   Insights Into P. bailloni Taxonomy

The tropical shearwater subsp. colstoni was proposed as a 
new taxon based on the premise that the birds from Aldabra 
were intermediate in size to those from Seychelles (nicolae) 
and Réunion (bailloni) (Shirihai and Christie 1996). However, 
the sample sizes available for the Aldabra colony were limited 
(n = 5 in Shirihai and Christie (1996) and n = 8 in Bretagnolle 
et  al.  (2000)), precluding robust statistical analyses and this 
hypothesis has never been tested using datasets other than 
morphometrics (but see Austin et al. 2004). Our morphomet-
ric analyses, using a comprehensive dataset, confirmed that 

birds from Aldabra were intermediate in size between nico-
lae and bailloni (Figure  S11). Although the genetic analyses 
performed in this study revealed subtle genetic differences 
among all the studied populations except Aride-Cousin, the 
levels of genetic differentiation do not correspond to the cur-
rent subspecies nomenclature. The largest genetic differences 
undoubtedly occurred between the northern (nicolae and 
colstoni) and the southern (bailloni) colonies. This is sup-
ported by the phylogenomic reconstructions (i.e., only two 
statistically well-supported OTUs), the clustering analyses 
for the entire dataset (which failed to assign the birds from 
Aldabra to a distinct genetic cluster, even when assuming 

FIGURE 3    |    Population genetic structure of 74 tropical shearwaters (Puffinus bailloni) across the Western Indian Ocean. (a) Principal coordinates 
analysis (PCA). Each circle represents a sample, and colours indicate the different colonies; (b) heatmap of pairwise FST estimates between pairs of 
colonies. Shades of red highlight moderate to higher genetic differentiation, while whitish tones indicate no genetic differentiation among colonies; 
(c) results from structure analyses assuming two genetic clusters (K = 2) for the entire dataset (n = 74 birds), the subsp. bailloni (n = 30 birds; yellow 
cluster) and the subsp. nicolae and colstoni (n = 44 birds; blue cluster). For the latter analyses, birds from Aldabra (subsp. colstoni) were not assigned to 
a distinct group at K = 2. Horizontal bars on top represent the three proposed tropical shearwater subspecies within our sampling range. Each vertical 
bar represents one individual, and each colour a genetic cluster. Values were obtained by averaging the posterior probabilities over 10 independent 
runs. Individuals were sorted following their geographic location. For plots showing different values of K, see Figures S6–S8.
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K = 3), and by the FST estimates (which suggest no genetic dif-
ferentiation between the birds sampled in the inner Seychelles 
and Chagos and those from Aldabra). Following this major 
split, our results consistently separated the birds from Europa 
and Réunion (bailloni), suggesting they are more genetically 
differentiated from each other than birds from subsp. nicolae 
and colstoni. Finally, at a finer scale, our data revealed that 
the four northern populations form three genetic clusters, 
with birds from Aride and Cousin clustering together. The dis-
tinctness of the bailloni taxa from nicolae-colstoni aligns with 
recent phylogenetic studies on shearwaters based on mtDNA, 

nuclear markers (Torres et  al.  2021) and genomic datasets 
(Ferrer Obiol et al. 2021), which confirmed the differentiation 
of birds from Réunion and the inner Seychelles. Likewise, the 
genetic similarity between the birds from Aldabra and the 
inner Seychelles is corroborated by an early phylogenetic in-
ference of the Puffinus shearwaters based on a single mtDNA 
locus (Austin et al. 2004).

Although our study does not allow a complete review of the 
taxonomic relationships of the tropical shearwater, the ge-
nomic, phenotypic and spatial data presented here support 

FIGURE 4    |    Identification of potential drivers of genetic structure in the tropical shearwater (Puffinus bailloni) across the Western Indian Ocean. 
(a) Estimated effective migration surface (EEMS) results considering 500 demes. The effective migration rate (m) is shown on a log10 scale, with a 
colour gradient ranging from orange to blue. Shades of blue highlight higher migration rates than the global mean, while oranges indicate reduced 
migration. Colonies are indicated using a colour code consistent with those in Figure 1. Arrows represent the major ocean surface current patterns 
in the Indian Ocean during the austral summer (northeast) monsoon, while dashed lines represent currents occurring only during the austral winter 
monsoon. Data compiled from Schott et al. (2009). SEMC = South East Madagascar Current; NEMC = North East Madagascar Current; SEC: South 
Equatorial Current; SECC = South Equatorial Countercurrent; (b) Results of the Mantel tests for the correlation (r) between pairwise genetic distance 
(FST) and geographic distances (Isolation-by-distance), latitude, longitude, or relevant oceanographic variables (Isolation-by-environment). Mantel 
tests were additionally performed to assess the significance of the correlations between FST and sea surface temperature (SST), while controlling for 
geographical distance [SST (−geo)] and latitude [SST (−lat)]. Significant correlations are indicated with * (p < 0.05).
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the existence of two distinct taxa within our sampled pop-
ulations, corresponding to the nicolae-colstoni and bailloni 
forms. The complete lack of gene flow between these taxa, as 
demonstrated by both recent and historical admixture analy-
ses, raises the question of whether they should be classified as 
distinct subspecies or separate species, though this remains to 
be investigated. If divergence occurred at the species level, the 
bailloni form may consist of two cryptic subspecies breeding 
on Europa and Réunion. In contrast, our study does not pro-
vide support for colstoni as a different taxon. We hypothesise 
that the Aldabra colony resulted from relatively recent disper-
sal from the other colonies of the central Seychelles and, there-
fore, there has not been enough time for significant genetic 
differentiation to accumulate, even if birds from Aldabra and 
the central Seychelles are no longer interbreeding. Indeed, 
Aldabra experienced repeated inundations during glacial pe-
riods, due to dramatic rises in sea level, with the most recent 
submergence occurring around 125,000 years ago (Agnarsson 
and Kuntner  2012; Warren et  al.  2003). Consequently, the 
colonisation of the present-day fauna likely took place more 
recently (Austin et al. 2004; Warren et al. 2003). Taxonomic 
uncertainties in the genus Puffinus are not surprising, with 
a recent study on the North Atlantic and Mediterranean 
Puffinus (Obiol et  al. 2023) suggesting the elevation of some 
taxa to species status, while others were reclassified as sub-
species. In summary, our findings emphasise the need for a 
comprehensive taxonomic review of the tropical shearwater. 
Further research including birds from the Maldives (subsp. 
nicolae), Comoros (subsp. temptator), Yemen (subsp. persicus) 
and the southern Pacific (subsp. dichrous) is essential to re-
assess the taxonomic classification of this species across its 
complete range and subsequently delineate effective conser-
vation units.

4.2   |   Connectivity and Barriers to Gene Flow in 
the WIO

The present study revealed remarkable levels of genetic differ-
entiation within an ocean basin in a highly vagile species. The 
highest genetic differentiation was observed between the north-
ern (Aldabra, Aride, Cousin and Chagos) and southern (Europa 
and Réunion) colonies, with the FST estimates, clustering anal-
yses, TreeMix and the ƒ3- and ƒ4-statistics tests suggesting re-
productive isolation. These findings have major biogeographic 
implications, given the absence of apparent physical barriers 
(except for Madagascar; see below) that might promote genetic 
differentiation within our study area. Several non-exclusive 
non-physical barriers to gene flow are therefore plausible. First, 
Mantel tests revealed significant positive correlations between 
genetic distances and SST, even after controlling for the effect 
of geographic distance, although SST was no longer significant 
after controlling for latitude due to the likely confounding na-
ture of these variables. Indeed, sea temperature (Grémillet 
et  al.  2008) has been proposed as the main driver of genetic 
differentiation of the Puffinus shearwater complex (Torres 
et al. 2021), as it is known to affect not only marine productivity, 
prey species abundance and diversity (Grémillet et al. 2008), but 
also seabird distribution, breeding phenology, adult survival and 
growth rate (Cruz-Flores et al. 2022; Dunn et al. 2024; McDuie 
et al. 2018). We note that the oceanographic data used for the 

IBE analyses cover only the past 20 years and may not reflect 
the conditions during the time of the population divergence. 
Second, the geographical distribution of the two genetic clus-
ters, together with the putative barriers to gene flow identified 
by the EEMS, suggests that the South Equatorial Current (SEC) 
and South Equatorial Countercurrent (SECC) (see Schott and 
Mccreary 2001) as well as the Intertropical Convergence Zone 
(ITCZ), may limit the movement of the birds across the whole 
at-sea range of the species. The SEC and SECC are two major 
oceanic currents in the Indian Ocean that flow in opposite di-
rections: while the SEC flows year-round westward along ap-
proximately 15° S, the SECC flows eastward along the equator 
during the winter monsoon (Figure 4a). The ITCZ is a signifi-
cant meteorological system active in the tropics, where the trade 
winds of the Northern and Southern Hemispheres converge and 
rise into the stratosphere, leading to increased humidity and, 
consequently, high rainfall in the region (Carvalho et al. 2022). 
Although the highly colonial nature of the tropical shearwater 
populations may have resulted in a spatial sampling bias (but 
see Herman et al. (2022)), as the species tends to breed in a few 
larger colonies, the biogeographic importance of surface cur-
rents as oceanographic barriers has been shown in other marine 
realms. For instance, the Eastern Pacific Barrier, the Benguela 
Current off southwestern Africa and the Almeria–Oran Front, 
at the interface between the Atlantic Ocean and Mediterranean 
Sea, act as significant barriers to gene flow in other seabirds by 
aiding or hindering their flight at sea and by shaping the dis-
tribution of prey (Gómez-Díaz et al. 2009, 2012; Morris-Pocock 
et  al.  2010, 2016; Steeves et  al.  2003, 2005a, 2005b). Surface 
currents were also shown to impact gene flow in other ma-
rine organisms (Baums et  al.  2012; El Ayari et  al.  2019; Reid 
et  al.  2016; Romero-Torres et  al.  2018). However, except for 
Aride (Calabrese 2016; Trevail et al. 2023), the nonbreeding and 
at-sea foraging distributions of our study birds are currently un-
known. Tracking studies would be necessary to investigate the 
subspecies movement at sea and further explore this hypothesis. 
Third, dispersal in other petrel species was shown to be limited 
by species-specific life-history traits, including natal philo-
patry and differences in breeding phenology (i.e., allochrony) 
(Danckwerts et al. 2021; Teixeira et al. 2024). If philopatry alone 
was driving the tropical shearwater differentiation, one could 
expect each colony to constitute its own genetic cluster. Instead, 
our results revealed substantial gene flow among all the north-
ern colonies. We also observed overlapping breeding phenology 
among most of the studied colonies (Figure S12, but see below), 
suggesting that other factors may contribute to the genetic dis-
tinctiveness of the northern and southern colonies.

At the southern limit of the species distribution, the colonies 
on Europa and Réunion exhibited reduced connectivity and 
population substructure, in contrast to the higher levels of gene 
flow observed in the northern range. One potential explana-
tion is that Madagascar limits the straight-line bird movement 
between Europa and Réunion, as seabirds generally avoid fly-
ing over land (but see Hailer et al. (2011)). Glaciers and other 
continental landmasses, including the Isthmus of Panama and 
the African continent, have been cited as the major barrier 
to gene flow in seabirds (Friesen et  al.  2007; Morris-Pocock 
et al. 2016; Silva et al. 2015; Steeves et al. 2003, 2005a, 2005b). 
It is also worth noting that half of Europa's breeding period 
occurs when only a few pairs are breeding on Réunion Island 
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(Figure S12), suggesting that the isolation observed between 
these two populations may be partly explained by temporal 
reproductive isolation, as has been shown in other petrels 
(Garrett et  al.  2020; Monteiro and Furness  1998). However, 
the genetic isolation of Europa is not unique to the tropical 
shearwater. Similar genetic signatures have been observed 
in other marine taxa within the Mozambique Channel, in-
cluding the white-tailed tropicbird (Humeau et  al.  2020), 
the green sea turtle (Bourjea et al. 2007; Jensen et al. 2019), 
brooding corals (van der Ven et al. 2021) and mangrove trees 
(Triest et  al.  2021). These findings suggest that the oceanic 
environment of the Mozambique Channel may constitute 
an additional ecological barrier for marine species, possibly 
influenced by the Comoros eddies generated by both anticy-
clonic and cyclonic eddies (reviewed in Lett et al. (2024)) and/
or by differences in the SST, which is known to be coolest to 
the south of Madagascar (Figure  S13). Multi-taxa compara-
tive studies across the WIO are essential to assess the role of 
oceanographic factors in driving genetic differentiation and 
speciation in marine communities in the region.

4.3   |   Conservation Implications

Defining effective management units is one of the most im-
portant contributions of population genetics to conservation 
(Humeau et  al.  2020). Although the tropical shearwater is a 
widespread and relatively abundant seabird, colony size fluc-
tuates substantially, with some colonies hosting more than 
10,000 birds (e.g., Aride, Réunion; Calabrese  2016; Gineste 
et al. 2017), while others host fewer than 20 breeding pairs (e.g., 
various islands in the Chagos archipelago; Carr et  al.  2021). 
Genetic evidence indicates that the tropical shearwater con-
sists of (at least) two distinct taxa within the WIO. These find-
ings have important conservation implications, since subspp. 
bailloni is far less abundant than subspp. nicolae-colstoni. 
Additionally, analyses uncovered a remarkable population 
structure within the subsp. bailloni, suggesting Europa and 
Réunion as two genetically differentiated populations. Among 
all the studied sites, Europa stands as the most vulnerable 
management unit, being one of the smallest known tropical 
shearwater colonies (< 50 breeding pairs) (Le Corre  2000). 
The population is further threatened by predation of eggs and 
chicks by invasive rats, which are abundant on the island (Le 
Corre  2000). Its small population size, coupled with spatial 
and genetic isolation, makes the colony particularly vulner-
able to genetic bottlenecks and demographic stochasticity, all 
of which could erode genetic diversity and increase the risk of 
extinction (Frankham et al. 2002). We therefore recommend 
prioritising the Europa breeding colony in future conservation 
efforts, including the eradication of invasive predators within 
nesting areas (Le Corre  2000). Although our study suggests 
that the birds from Aldabra do not constitute an endemic sea-
bird subspecies, this colony hosts few individuals, which are 
restricted to tiny islets within Aldabra's lagoon, where they 
are threatened by rat predation, suggesting that this colony 
requires further monitoring and conservation attention (NB 
personal comm.). It is worth noting that, although the trop-
ical shearwater is not considered to be of conservation con-
cern at the species level (BirdLife International; IUCN), some 
populations may warrant an uplisting to endangered status if 

the subspecies status were recognised. Altogether, our study 
underlines the need to firstly reassess the taxonomic and con-
servation status of the tropical shearwater before populations 
face the same fate as those from Mauritius, Rodrigues and po-
tentially Madagascar (Mlíkovský 2005).
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and the Δm values indicating the second-order rate of change in the log 
likelihood between models with different m (black triangles) following 
Fitak (2021).  Figure S11: Scatterplot from a principal component anal-
ysis (PCA) of morphological variation based on five morphometric mea-
surements based on 197 tropical shearwaters (Puffinus bailloni) from 
all study sites but Aride.  Figure S12: The breeding phenology of the 
studied Tropical shearwater (Puffinus bailloni) colonies is displayed by 
different shades of darkness: black = known breeding season, grey = 
breeding reported only for few pairs, and white = no breeding.  Figure 
S13: Monthly mean variation (± SD) of the sea surface temperature 
(SST, °C) among the six study sites. 
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