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Pelagic seabirds are highly mobile, reducing opportunities for population isolation that might promote differentiation 
and speciation. At the same time, many seabirds are philopatric, and their tendency to return to their natal islands 
to breed might reduce gene flow sufficiently to permit local adaptation and differentiation. To test the net impact of 
these competing processes, estimates of differentiation and gene flow based on comprehensive geographical sampling 
are required. We leveraged diverse source material to achieve comprehensive geographical sampling in a widespread 
seabird, the Wedge-tailed Shearwater (Ardenna pacifica). Using data from sequence capture and high-throughput 
sequencing of 2402 loci containing 20 780 single nucleotide polymorphisms, we tested for population differentiation 
and gene flow among breeding areas. We found little evidence of deep divergences within A. pacifica but were able 
to resolve fine-scale differentiation across island groups. This differentiation was sufficient to assign individuals 
sampled away from breeding areas to their likely source populations. Estimated effective migration surfaces revealed 
reduced migration between the Indian Ocean and Pacific Ocean, presumably owing to land barriers, and across the 
equatorial Pacific Ocean, perhaps associated with differences in breeding schedule. Our results reveal that, despite 
their mobility, pelagic seabirds can exhibit fine-scale population differentiation and reduced gene flow among ocean 
basins.

ADDITIONAL KEYWORDS:  dispersal – marine biology – phylogeography – population genetics – seabirds – 
sequence capture

INTRODUCTION

Seabirds, like other marine taxa, tend to have 
broad, even cosmopolitan ranges. Their proclivity 
for nesting on isolated islands, however, produces 
highly patchy breeding distributions. Seabirds 
are extraordinarily mobile and can range widely 
while foraging and during the non-breeding season 
(Pinaud & Weimerskirch, 2007; Thaxter et al., 2012), 
increasing the potential for dispersal and gene flow 
among breeding areas. At the same time, most seabird 
species are highly philopatric (Sagar et al., 1998; 
Coulson, 2002, 2016), and their tendency to breed at 

their natal nesting grounds might reduce gene flow 
and present opportunities for population isolation and 
differentiation. These competing impacts of seabird 
life history can lead to unpredictable spatial patterns 
of genetic diversity that differ even among seabird 
species with otherwise similar biologies (Burg & 
Croxall, 2001; Friesen et al., 2007; Milot et al., 2008; 
Danckwerts et al., 2021). Information on the degree 
and extent of gene flow and population differentiation 
is crucial, however, because these processes mediate 
resilience to local declines (Matthiopoulos et al., 2005), 
adaptation to environmental differences (Dearborn 
et al., 2003), and the propensity to form new species 
(Friesen, 2015). Additionally, an understanding of 
genetic differentiation supports taxonomic decisions 
and the delimitation of conservation units (Friesen 
et al., 2007), in addition to the assignment of seabird 
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bycatch, vagrant individuals or victims of mortality 
events to their source populations (Edwards et al., 
2001; Gómez-Díaz & González-Solís, 2007; Baetscher 
et al., 2022).

Studies of genetic differentiation and gene flow 
require data from across a species distribution. 
However, many seabird studies lack comprehensive 
sampling (Friesen et al., 2007). Preserved genetic 
samples in natural history collections are lacking 
for many species, which are represented primarily 
by specimens collected during exploratory voyages 
dating to the early 1900s or earlier. Fresh samples 
are difficult to obtain because the isolation and sheer 
number of remote islands on which many seabirds 
breed preclude field expeditions to obtain new 
material from a sufficient number of breeding areas. 
New genomic methods have the potential to unlock 
genetic information stored in diverse types of samples. 
Samples that might be useful include not only tissue 
and blood preserved using modern methods, but also 
feathers, old museum specimens, bones and subfossil 
remains. Sequence capture, in particular, allows for the 
recovery of many parts of the genome from degraded 
samples, because its strategy of enriching DNA by 
hybridizing short RNA probes can recover even small 
fragments (Bi et al., 2013; McCormack et al., 2016). 
The markers captured with sequence capture, even 
sequence capture targeting conserved genomic loci, are 
informative for analyses of differentiation and gene 
flow at shallow timescales, such as within and among 
populations (Smith et al., 2014). Sequence capture, 
combined with material from diverse and degraded 

samples, might permit more comprehensive sampling 
in genetic studies of seabirds and other organisms for 
which fresh samples are difficult to obtain.

Here, we present a population genomic study of a 
widespread seabird using a sequence capture approach 
and a combination of samples from modern tissues, 
toe pads from museum specimens and dried whole 
blood. Our study species, the wedge-tailed shearwater 
(Ardenna pacifica Gmelin, 1789) is a medium-sized, 
highly pelagic Procellariiform bird with an extensive 
breeding distribution on islands across the subtropical 
and tropical Pacific and Indian oceans (Carboneras, 
1992). Wedge-tailed shearwaters range widely during 
the non-breeding season (Catry et al., 2009; Howell, 
2012; Ravache et  al., 2020; Fig. 1). They exhibit 
variation in size and in the frequencies of two or more 
plumage morphs (white-bellied and dark-bellied, with 
a possible intermediate morph) that corresponds 
loosely to geography (Murphy, 1951). Two subspecies 
are generally recognized: the widespread Ardenna 
pacifica chlororhyncha is replaced by the nominate 
subspecies on Norfolk Island, Kermadec Island, 
Fiji and Tonga (Murphy, 1951; Carboneras, 1992; 
Dickinson & Remsen, 2013). Although phylogenetic 
data are available for the wedge-tailed shearwater 
(Penhallurick & Wink, 2004; Obiol et al., 2022), there 
is no prior study of genetic diversity within the species.

We use wide geographical sampling to investigate 
the population genetics of wedge-tailed shearwaters. 
Initially, we evaluate the information content 
recovered across sample types using sequence capture. 
We then test for population genetic structure across 

Figure 1. A map showing the distribution of wedge-tailed shearwaters (red outline) and sampling localities used in this 
study, distinguished by source material (yellow, preserved tissue; red, whole blood; blue, toe pad). For sites with multiple 
samples, markers are separated from one another, with lines pointing to the locality.
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the distribution of wedge-tailed shearwaters, assess 
patterns of gene flow among breeding areas and 
evaluate evidence for the role of geographical barriers 
in impeding gene flow and facilitating differentiation. 
Finally, we conduct a preliminary examination of 
genetic diversity of each breeding area and associations 
between allelic variation across sampled loci and the 
plumage morphs of individuals.

MATERIAL AND METHODS
Sampling and laboratory methodS

We sampled wedge-tailed shearwaters spanning 
the entire breeding distribution (Fig. 1; Supporting 
Information, Table S1). We collected new tissue 
samples and prepared voucher specimens (N = 7) from 
individuals salvaged in the north-western Hawaiian 
islands and Johnston Atoll, obtained existing frozen 
tissue samples (N = 22) that are associated with 
voucher specimens from museum collections, collected 
toe pad material from round skin specimens (N = 13) 
for populations lacking vouchered tissue material, 
and obtained unvouchered blood samples (N = 6) 
from a conservation project run in Mauritius by the 
Durrell Wildlife Conservation Trust and Mauritius 
Wildlife Foundation. These samples were all from 
breeding localities except for two collected off the coast 
of Guatemala; one off the coast of Mexico; one off the 
coast of Washington, USA; and one from a grounded 
individual in California, USA. We also sampled two 
vouchered tissues from Buller’s shearwater (Ardenna 
bulleri), the sister species of the wedge-tailed 
shearwater (Penhallurick & Wink, 2004), to be used 
as an outgroup.

We extracted whole genomic DNA from all 
samples using a DNeasy blood and tissue kit and its 
standard protocols (Qiagen, Valencia, CA, USA). Blood 
samples were stored in ethanol and were air-dried 
before extraction. We conducted toe pad extractions 
separately from those for tissue and blood in a 
dedicated ancient DNA laboratory at the University of 
Michigan Biodiversity Lab. Toe pad extractions were 
completed on days without prior access to laboratories 
housing fresh samples and using clothing, equipment 
and reagents that were not exposed to fresh material. 
We sliced toe pad samples finely and adjusted the 
standard DNeasy protocol by extending the digestion 
step to 48 h, adding 40 µL of proteinase K, warming the 
elution buffer to 56 °C, allowing the elution buffer sit 
in filter tubes for 30 min, and eluting twice with 75 µL 
of elution buffer. We quantified DNA using a Qubit 
fluorometer (Thermo-Fisher, Waltham, MA, USA). We 
then sent samples to Rapid Genomics (Gainesville, 
FL, USA) for sequence capture and Illumina 
sequencing (Illumina, San Diego, CA, USA) following 

the protocol described by Faircloth et al. (2012) and  
Smith et al. (2014). Our capture array included 4715 
RNA probes targeting 2321 ultraconserved elements 
and 96 exons (Harvey et al., 2017). Samples were 
multiplexed at 100 samples per lane and sequenced 
using a paired-end HiSeq 2500 run.

Sequence read aSSembly and genotyping

Reads were demultiplexed by Rapid Genomics using 
custom scripts with strict barcode matching. We then 
cleaned reads using illumiproceSSor (Faircloth, 
2013). We used the seqcap_pop pipeline (Harvey et al., 
2017) for dataset assembly, substituting sqcl (Singhal 
et al., 2017) scripts for the steps in which contigs are 
mapped to RNA probe sequences and a contig from 
one sample at each locus is selected for inclusion in 
the pseudo-reference genome. This pipeline depends 
on software including VelVet (Zerbino & Birney, 
2008) and VelVetoptimiSer (Gladman & Seemann, 
2008) for contig assembly in each sample, BLAT (Kent 
2002) for matching contigs to probes to generate the 
pseudo-reference genome, BWA (Li & Durbin, 2009) 
for mapping reads to the pseudo-reference genome, 
SamtoolS (Li et  al., 2009) and PICARD (Broad 
Institute, Cambridge, MA, USA) for processing read 
pile-ups, GATK (McKenna et al., 2010) for calling and 
phasing alleles and filtering variants, and MAFFT 
(Katoh et al., 2005) with custom seqcap_pop scripts 
to obtain sequence alignments. Using the GATK 
VariantFiltration tool, we removed variants 
with overall quality < 99.9% accuracy, with quality 
normalized by read depth (QD) < 5.0, and with ≥ 10% 
of the reads exhibiting a mapping quality score of zero.

eStimation oF population genetic Structure

Initially, we examined genetic differentiation among 
geographical localities using principal components 
analysis (PCA). We ran PCAs of all single nucleotide 
polymorphisms (SNPs), both with and without 
the outgroup individuals included. We then used 
discriminant analysis of principal components (DAPC; 
Jombart et al., 2010) to cluster ingroup individuals 
into discrete populations. The DAPC uses discriminant 
analysis to partition samples in order to maximize 
the ratio of between-group to within-group genetic 
difference. Both PCA and DAPC were run using the 
adegenet package (Jombart, 2008) in R (R Core Team, 
2017), following the authors’ recommendations. We 
used STRUCTURE (Pritchard et al., 2000) both to 
cluster individuals into populations and to estimate 
admixture among populations. We used the linkage 
model and specified the distance between linked 
sites and provided phase information. We ran ten 
individual runs with 200 000 sampling iterations after 
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50 000 burn-in iterations at each value of number 
of populations (K) from one to ten. We assessed 
convergence by examining likelihood and parameter 
values within and across runs, and we determined the 
best K value using the Evanno et al. (2005) method 
in STRUCTURE HARVESTER (Earl & vonHoldt, 
2012). We combined assignment probabilities across 
runs for summary and visualization using CLUMPP 
(Jakobsson & Rosenberg, 2007).

We also assessed differentiation by calculating 
the fixation index (FST) between localities using the 
formulas of Weir & Cockerham (1984) in VcFtoolS 
(Danecek et  al., 2011) and the formula of Reich 
et al. (2009), which is robust to small sample sizes 
(Willing et al., 2012). Finally, we used raxml v.8.2.11 
(Stamatakis, 2014) to estimate a phylogenetic tree 
from concatenated nuclear SNPs. We used the 
GTRGAMMA substitution model and used 100 rapid 
bootstrap replicates to evaluate support. For nuclear 
SNPs, we assigned the two alleles from each individual 
randomly to one of two haplotypes for that sample and 
built trees both for all SNPs and for only those SNPs 
with no missing data.

eStimation oF migration and genetic diVerSity

We examined spatial variation in migration among 
populations (demes) and diversity within populations 
using estimation of effective migration surfaces 
(EEMS; Petkova et  al., 2016), which represents 
genetic differentiation as a function of migration rates 
among geo-referenced genetic samples and enables 
visual analytics of potential barriers to gene flow 
in geographical space. For EEMS, we removed the 
outgroup samples and the vagrant individuals to focus 
solely on breeding populations (N = 43 samples). We 
used PLINK v.1.9 (Chang et al., 2015) to convert VCF 
format to binary BED files. Given that missing data, 
especially non-randomly distributed missing data, can 
be problematic in EEMS, we reduced the SNP set to 
only those 2495 SNPs with high-quality genotypes 
in all 43 individuals. We calculated a distance matrix 
from these SNPs using the program bed2diff_v1 
from EEMS. We then ran EEMS using either 200 or 
400 demes and a Markov chain Monte Carlo with 
10 million burn-in iterations followed by 50 million 
sampling iterations. We conducted a series of runs, 
each time examining traces within and across replicate 
runs to evaluate convergence and using proposal 
acceptance rates to adjust the proposal variance of 
each parameter for subsequent runs. The settings for 
the final run, which was based on a model with 400 
demes, are presented in the Supporting Information 
(Table S2). Migration rates were presented on a log10 
scale relative to the overall migration rate across the 
habitat, such that a rate of one was equivalent to a 

tenfold higher migration rate relative to the average. 
We supplemented the EEMS estimates of genetic 
diversity, which are based only on divergence between 
samples within a population and on SNPs without 
missing data, with simple summaries of nucleotide 
diversity (calculated in VcFtoolS) and observed 
heterozygosity (calculated in rohan; Renaud et al., 
2019) at each locality.

morph-aSSociated SnpS

We scanned for any sequence capture loci associated 
with the wedge-tai led shearwater  plumage 
polymorphism using a subset of 31 individuals for 
which we were able to obtain morph information 
(17 dark morphs and 14 light morphs). We used 
VcFtoolS to convert the VCF containing both 
autosomal and sex-linked data for all individuals to 
formats readable by PLINK. We then used PLINK 
with the command ‘--assoc’ to run a simple association 
test comparing allele frequencies at all SNPs between 
the two morphs. Given that morph frequencies vary 
geographically, we also ran a stratified association 
analysis (command ‘--mh’) controlling for population 
structure based on the set of 12 breeding populations 
identified in Figure 3.

RESULTS

We recovered an average of 3.78 (SD = 1.51) million 
reads per sample after cleaning (Supporting 
Information, Table S3). Variant calling identified 
20 780 high-quality SNPs across 2373 loci. An average 
of 16 772 (SD = 5398) SNPs had high-quality genotypes 
in each sample, resulting in a matrix with 19.3% of 
missing data. Read depth averaged 24.4 (SD = 11.6) 
at genotyped SNPs (Supporting Information, Table 
S3). Read depths and the number of genotyped SNPs 
were similar across blood and tissue samples, but 
both read depth (t = −6.97, P < 0.01) and the number 
of genotyped SNPs (t = −15.59, P < 0.01) were lower in 
toe pads from museum skins (Fig. 2).

population genetic Structure

Visualization of genetic variation across samples 
using PCA revealed a surprising pattern, in which 
samples were well separated in multidimensional 
genotype space, but this separation did not correspond 
to geography. Further investigation revealed that 
separation on the first principal component axis (PC1) 
was associated with sex (Supporting Information, 
Fig. S1). Based on the knowledge that many bird 
species have non-degenerate W chromosomes, we 
hypothesized that the Z-linked locus assemblies 
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in female individuals might contain high levels of 
contamination from W-linked paralogues producing 
spurious alternative alleles. To confirm this, we 
mapped all loci to the zebra finch bTaeGut2.pat.W 
(Warren et al., 2010) and chicken Gallus_gallus-5.0 
(Warren et al., 2017) genomes and identified loci that 
mapped to either autosomal or sex-linked regions 
in both cases. We found that females, which are 
heterogametic and should be homozygous at sex-
linked sites, averaged 4.30 times greater heterozygous 
calls at sex-linked SNPs than at autosomal SNPs, 
compared with 0.75 times the heterozygosity at sex-
linked vs. autosomal SNPs in males. This suggests that 
paralogous alleles are included in female assemblies 
at sex-linked loci, presumably owing to incorporation 
of W chromosome reads. In order to avoid spurious 
downstream effects, we therefore removed sex-linked 
loci for all analyses except for the morph association 
genome scan. This resulted in 19 127 autosomal SNPs 
across 2206 loci.

Principal components analysis of autosomal data 
revealed low separation of the sexes in multidimensional 
genotype space, but clear fine-scale geographical 
separation (Fig. 3). Separation between Buller’s and 
wedge-tailed shearwaters was high in comparison to 
separation between samples within species (Supporting 

Information, Fig. S2). However, the PCA of only wedge-
tailed shearwaters clearly separated populations from 
many of the breeding regions sampled. This was true for 
the analysis of the full SNP dataset and for an analysis 
reducing the impact of linkage by using one randomly 
selected SNP per locus (Supporting Information, 
Fig. S3). Breeding regions in which samples were 
overlapping or in close proximity in multidimensional 
space, for example Hawaii and Guam or eastern 
Australia and the Solomon Islands, were generally in 
close proximity geographically. Principal component 1 
appeared to separate individuals largely by latitude, 
with the North Pacific Ocean samples at one end and 
the South Pacific Ocean and Indian Ocean samples 
at the other. Principal component 2 (PC2), in turn, 
separated South Pacific Ocean samples from Indian 
Ocean samples. Samples from the tropical Pacific 
were clustered in the middle of both PC1 and PC2. 
Notably, migrant or vagrant shearwaters collected 
at sea or wrecked onshore along the Pacific coast of 
North America largely clustered with samples from 
Hawaii and Guam, their presumed source population. 
However, one individual collected on a beach on 9 
September 2005 in Gray’s Harbor County, WA, USA 
(UWBM 63735) clustered with eastern Australian and 
Solomon Islands samples and, presumably, originated 

Figure 2. Comparisons of data recovery from samples with different source materials, showing both the number of single 
nucleotide polymorphisms (SNPs; A) and the mean read depth at those SNPs (B).
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from a south-western Pacific breeding area. The FST 
results largely corroborated those of the PCA but 
appeared, even using the Reich et al. (2009) estimator, 
to vary according to the relative sizes of the populations 
in a given comparison (Supporting Information, Tables 
S4–S6).

Despite the fine-scale geographical differentiation 
evident in the PCA, clustering of samples into 
larger, discrete populations was less clear. Bayesian 
information criteria across different numbers of 
clusters (K) in DAPC provided support for two or 
three populations (Supporting Information, Fig. S4). 
With K = 2, these clusters separated the North Pacific 
samples from the South Pacific plus Indian Ocean 
individuals. However, K = 3 combined the North Pacific 
samples with much of the tropical Pacific, separating 
only eastern Australia and the Solomons Islands into 
a second population, with Indian Ocean samples in a 
third. Although the best value of K in STRUCTURE 
was three, no K value between two and ten resulted 
in strong differences in assignment probabilities 
across samples (Supporting Information, Fig. S5). 
At K = 2, a step in probabilities between a cluster 
containing individuals from the North Pacific and 

another containing individuals from the South Pacific 
plus Indian Ocean was evident, but the difference in 
assignment probabilities to the two clusters was < 40% 
across individuals. Higher values of K did not reveal 
additional geographical clustering. raxml trees of 
concatenated SNPs separated the North Pacific, South 
Pacific and Indian Oceans into separate clades, but the 
branch lengths between them were relatively short, 
and bootstrap support values were low (Supporting 
Information, Fig. S6).

migration among populationS

The EEMS revealed two major regions of reduced 
rates of migration (Fig. 4). Migration rates between the 
Indian and Pacific Ocean were at least tenfold lower 
(1 log10 unit) than the average. This area of reduced 
migration coincides with the continental land barriers 
created by Asia and Australia. Low migration was 
even inferred between western and eastern Australian 
populations, which are geographically proximate and 
separated by a short distance by sea. Migration rates 
across the equator in the Pacific Ocean were also lower 
than the average across the distribution by ≥ 30 times 

Figure 3. The results of a principal components analysis of genomic SNPs in wedge-tailed shearwaters, with samples 
coloured by geographical origin. Vagrant individuals collected away from breeding localities are marked with an ‘X’.

D
ow

nloaded from
 https://academ

ic.oup.com
/biolinnean/article/137/1/125/6650017 by U

niversity of M
ichigan user on 20 O

ctober 2022

http://academic.oup.com/biolinnean/article-lookup/doi/10.1093/biolinnean/blac091#supplementary-data
http://academic.oup.com/biolinnean/article-lookup/doi/10.1093/biolinnean/blac091#supplementary-data
http://academic.oup.com/biolinnean/article-lookup/doi/10.1093/biolinnean/blac091#supplementary-data
http://academic.oup.com/biolinnean/article-lookup/doi/10.1093/biolinnean/blac091#supplementary-data
http://academic.oup.com/biolinnean/article-lookup/doi/10.1093/biolinnean/blac091#supplementary-data
http://academic.oup.com/biolinnean/article-lookup/doi/10.1093/biolinnean/blac091#supplementary-data


POPULATION GENETICS OF A SEABIRD 131

© 2022 The Linnean Society of London, Biological Journal of the Linnean Society, 2022, 137, 125–136

(1.5  log10 units). This area of reduced migration 
does not coincide with a land barrier or expanse of 
island-free ocean. Both areas of reduced migration 
inferred with EEMS correspond to areas across which 
differentiation was observed in the PCA, DAPC and 
raxml analyses.

population SizeS and diVerSity

The diversity rate (q) from EEMS represents the 
expected within-deme coalescence time, or the 
amount of diversity within a population attributable 
to differences between individuals while accounting 
for migration. The diversity rate was much higher, 
however, in the Bonin Islands and Kermadec 
populations than elsewhere (Supporting Information, 
Fig. S7). The samples from these two localities (each of 
which was represented by two toe pad samples) were of 
particularly poor quality based on read depths at SNPs 
(Supporting Information, Table S3). Both population 
nucleotide diversity (π) and the proportion of SNPs 
that were heterozygous showed an opposing pattern 
(Supporting Information, Fig. S8), with lower levels of 
diversity in individuals and populations represented 
by only toe pads. However, calling heterozygotes 
using rohan resulted in more similar estimates 
of heterozygosity across sample types (Supporting 
Information, Fig. S9). Within a particular sample type, 
we observed little variation among populations in 
nucleotide diversity or observed heterozygosity.

morph-aSSociated SnpS

We identified five SNPs that exhibited a strong 
association with plumage morph at an α-level of 

0.05 (Supporting Information, Fig. S10). These SNPs 
were not significant at an α-level of 0.01, and these 
associations were not present after controlling for 
population structure in a stratified analysis (Supporting 
Information, Fig. S11). This is perhaps not surprising 
given the wide spacing of the target conserved loci 
across the genome, small sample of individuals, and 
lack of within-population plumage polymorphism.

DISCUSSION

We found marked genetic differentiation among 
populations of wedge-tailed shearwaters breeding on 
different islands and archipelagos. Discrimination 
was sufficient to identify the regions serving as the 
sources for five non-breeding or vagrant individuals 
collected along the Pacific coast of North America. The 
differentiation we identified with sequence capture 
should therefore also be sufficient to identify the source 
populations of bycatch from fisheries, a challenge with 
traditional genetic markers (Edwards et al., 2001; 
Gómez-Díaz & González-Solís, 2007; Techow et al., 
2016; Ellis et al., 2020). Despite this fine-scale genetic 
structure, we did not find evidence for deep evolutionary 
divergences within wedge-tailed shearwaters. The 
separation of populations in the PCA, for example, 
was much less than between wedge-tailed and Buller’s 
shearwaters or than between closely related avian 
sister species in some other studies using similar 
genomic datasets (e.g. Irwin et al., 2018; Linck et al., 
2020). However, STRUCTURE and raxml results did 
identify at least some division between two or three 
major groups. The North Pacific was distinct from the 
South Pacific plus Indian Ocean, and the latter two 

Figure 4. A smooth contour map of the posterior mean migration rate from estimation of effective migration surfaces 
(EEMS).
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areas were also somewhat separated in the raxml 
results and based on EEMS migration patterns. 
Further study of morphological variation might reveal 
differences warranting subspecies status for these 
three groups. However, these genetic groups are highly 
discordant with current subspecies taxonomy, which 
was based primarily on morphometric characters and 
is in clear need of revision (Murphy, 1951; Dickinson 
& Remsen, 2013). Regardless, North Pacific, South 
Pacific and Indian Ocean populations merit treatment 
as separate conservation units based on their genetic 
distinctness and infrequent exchange of migrants.

Analysis of migration detected reduced gene flow 
corresponding roughly to the genetic subdivisions 
identified in differentiation analyses, but the explicitly 
spatial EEMS results provide additional insight into 
what might drive these discontinuities. The EEMS is 
agnostic with respect to geography (Petkova, 2017), hence 
it is of interest when areas of reduced migration overlap 
with apparent geographical barriers. As predicted, there 
is limited migration between the Pacific and Indian 
Oceans, presumably owing to land barriers, because 
pelagic seabirds generally avoid flying over landmasses 
(Steeves et al., 2005; Friesen et al., 2007; Lombal et al., 
2020). Surprisingly, migration is also very limited across 
the equator in the Pacific, suggesting that birds from the 
North Pacific are not exchanging genes with birds from 
the South Pacific. This might be attributable to a lack of 
movement between these areas, but the distance between 
North and South Pacific populations is relatively small, 
and wedge-tailed shearwaters from the North Pacific 
are known to migrate to the South Pacific in the non-
breeding season (Carboneras, 1992; Howell, 2012). In 
addition, we identified an instance of a vagrant individual 
in Washington state that was assigned to the south-
west Pacific populations, suggesting the possibility of 
transequatorial movement in the other direction. Instead, 
the equatorial barrier to migration might be attributable 
to historical or ecological factors, including ocean regime, 
currents and wind dynamics, environmental differences 
or breeding phenology (Friesen, 2015; Lombal et al., 
2020; Torres et al., 2021). For example, there is evidence 
that a mismatch in the timing of breeding between 
hemispheres plays a role. Most breeding of wedge-tailed 
shearwaters in Hawaii is between March and November, 
whereas breeding in southern Australia is from August 
to May (Carboneras, 1992; Brooke, 2004). Differences in 
the timing of breeding have been detected within other 
Procellariiform species, in some cases associated with 
genetically differentiated populations breeding in the 
same areas (allochrony; Friesen et al., 2007; Rayner et al., 
2011; Garrett et al., 2020). Discordant annual life cycles 
might be a more general explanation for reduced gene 
flow and differentiation among populations in seabirds.

We found different patterns of genetic diversity 
across breeding populations based on EEMS and 

summary statistics (nucleotide diversity and observed 
heterozygosity). These different patterns appear to be 
driven by biases in the data introduced by the different 
sampling sources. Toe pad samples and populations 
represented only by toe pads had lower heterozygosity 
and nucleotide diversity than those sampled with tissue 
and blood. This is likely to be because degradation of DNA 
combined with low read coverage in these poor-quality 
samples resulted in a failure to recover some alleles, 
producing a downward bias in both summary statistics. 
Accurate genotyping, particularly of heterozygotes, can 
be challenging below about 20 times coverage (Choi et al., 
2009; Green et al., 2009), and most of our toe pad samples 
fell within this range (Fig. 2; Supporting Information, 
Table S3). Conversely, the populations sampled with 
particularly degraded material had higher diversity in 
the EEMS results. The diversity rate in EEMS reflects 
the expected dissimilarity between individuals within a 
locality (Petkova, 2017), and therefore could be impacted 
greatly by contamination in a single individual. The two 
populations with higher diversity in the EEMS results 
(Bonin Islands and Kermadec) included the two poorest-
quality samples based on sequence recovery (Supporting 
Information, Table S3), and spurious private alleles are 
likely to have driven their higher diversity estimates. 
However, these spurious alleles do not appear to have 
impacted the migration surface, which is estimated from 
differences between sites (Petkova, 2017), because the 
Bonin Islands and Kermadec do not show evidence of 
reduced migration with other localities (Fig. 4).

These issues revealed here with genetic diversity 
estimated from low-quality samples might be alleviated 
in the future by optimizing laboratory protocols or 
implementing more robust genotyping models for 
low-coverage data in bioinformatics pipelines. Indeed, 
calling heterozygotes using a method that more 
explicitly factored in sequence coverage and missing 
data (rohan) resulted in estimates that appeared to 
less be biased among sample sources. However, strand 
or allele bias in DNA preservation or capture will be 
hard to eliminate entirely with downstream approaches. 
In datasets with mixed sample types, researchers might 
prefer to focus on analysing patterns of differentiation 
and gene flow rather than genetic diversity. The 
similarity in some measures of genetic diversity within 
a sample type in our data along with the lack of strong 
patterns in the rohan heterozygosity results suggest 
that wedge-tailed shearwaters exhibit little variation 
in genetic diversity or effective population size across 
their breeding distribution. This result is perhaps 
not surprising given the large population size of this 
species (Birdlife International, 2020) and the relatively 
extensive gene flow we observed among localities.

We have demonstrated that sequence capture and 
Illumina sequencing can be combined with a diverse 
set of sample sources to complete a comprehensive 
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phylogeographical and population genetic study 
of a widespread seabird. Although more degraded 
samples, toe pads from old specimens, had fewer data 
recovered than blood and tissue samples, those data 
were sufficient for examining patterns of genetic 
differentiation and gene flow (albeit less so for 
genetic diversity). In the wedge-tailed shearwater, 
we were able to identify fine-scale differentiation 
among breeding areas in addition to somewhat deeper 
divergences and reduced migration between the North 
Pacific, South Pacific and Indian Oceans. These results 
are significant because they will enable identification 
of the sources of future bycatch or vagrants; they will 
be useful in any revision of conservation units in the 
species, and they provide a framework for future work 
on population dynamics, adaptation and speciation. 
We expect that studies of differentiation and gene flow 
using sequence capture will prove a powerful tool for 
research in seabirds and other organisms for which 
comprehensive sampling is challenging.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online version of this article at the publisher’s website:

Figure S1. A principal components analysis of all single nucleotide polymorphisms, including sex-linked regions, 
showing separation of samples by sex on principal component 1 (PC1).
Figure S2. A principal components analysis containing both the ingroup (wedge-tailed shearwater) and outgroup 
samples, showing much greater divergence between than within species.
Figure S3. A principal components analysis (PCA) based on an unlinked analysis with only one randomly selected 
single nucleotide polymorphism per autosomal locus, showing similar patterns to the PCA using the full dataset.
Figure S4. Discriminant analysis of principal components (DAPC) results with K = 2 (top) and K = 3 (bottom), 
showing the assignment of individuals to different populations (indicated with different shades) using bar plots 
(left) and how those populations map onto the principal components analysis plots (right), using circles shaded to 
match the corresponding populations in the bar plots.
Figure S5. STRUCTURE results for K = 1 to K = 10, showing assignment probabilities of individuals to each of 
K groups, indicated with different shades of grey.
Figure S6. A raxml phylogeny of concatenated genomic single nucleotide polymorphisms, showing clustering 
of individuals by genetic distance.
Figure S7. A smooth contour map of the posterior mean diversity rate from estimation of effective migration 
surfaces (EEMS).
Figure S8. Plots of the proportion of called single nucleotide polymorphisms with heterozygous genotypes across 
individuals (A) and per-population nucleotide diversity (π; B), with the sizes of circles indicating relative diversity. 
Toe pad samples are coloured blue, blood samples red and tissue samples yellow.
Figure S9. Plots of relative observed heterozygosity across individuals based on rohan results (A) and the same 
values averaged for each locality and plotted on a map (B), with the sizes of circles indicating relative diversity. 
Toe pad samples are coloured blue, blood samples red and tissue samples yellow.
Figure S10. A plot of P-values for the association between wedge-tailed shearwater colour morph and allele 
frequencies at each sampled single nucleotide polymorphism. Points above the blue line are significant at α = 0.05 
and points above the red line at α = 0.01.
Figure S11. A plot of P-values for the association between colour morph and allele frequencies at each sampled 
single nucleotide polymorphism in a stratified analysis based on the 12 breeding populations depicted in Figure 
3. Points above the blue line are significant at α = 0.05 and points above the red line at α = 0.01.
Table S1. Sample information.
Table S2. Settings used in final estimation of effective migration surfaces (EEMS) analysis.
Table S3. Dataset attributes by sample.
Table S4. Weir & Cockerham’s (1984) mean FST between localities calculated using VcFtoolS.
Table S5. Weir & Cockerham’s (1984) weighted FST between localities calculated using VcFtoolS.
Table S6. Reich et al.’s (2009) FST between localities.
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