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Abstract
The Southern Ocean represents a continuous stretch of circumpolar marine habitat, 
but the potential physical and ecological drivers of evolutionary genetic differentia‐
tion across this vast ecosystem remain unclear. We tested for genetic structure across 
the full circumpolar range of the white‐chinned petrel (Procellaria aequinoctialis) to 
unravel the potential drivers of population differentiation and test alternative pop‐
ulation differentiation hypotheses. Following range‐wide comprehensive sampling, 
we applied genomic (genotyping‐by‐sequencing or GBS; 60,709 loci) and standard 
mitochondrial‐marker approaches (cytochrome b and first domain of control region) 
to quantify genetic diversity within and among island populations, test for isolation 
by distance, and quantify the number of genetic clusters using neutral and outlier 
(non‐neutral) loci. Our results supported the multi‐region hypothesis, with a range 
of analyses showing clear three‐region genetic population structure, split by ocean 
basin, within two evolutionary units. The most significant differentiation between 
these regions confirmed previous work distinguishing New Zealand and nominate 
subspecies. Although there was little evidence of structure within the island groups 
of the Indian or Atlantic oceans, a small set of highly‐discriminatory outlier loci could 
assign petrels to ocean basin and potentially to island group, though the latter needs 
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1  | INTRODUC TION

The distinctive circumpolar distributions of numerous Southern 
Ocean species is thought to be shaped by contemporary circumpolar 
connectivity, driven by major wind and oceanic currents in a system 
that is getting windier (Fraser et al., 2018; Udvardy, 1987; Waters, 
2008; Weimerskirch, Louzao, de Grissac, & Delord, 2012). Biological 
connectivity in the Southern Ocean ecosystem can be substantial, 
with minimal genetic differentiation often detected among highly 
disjunct populations (Friesen, Burg, & McCoy, 2007; Moon, Chown, 
& Fraser, 2017; Munro & Burg, 2017). Many such examples involve 
highly‐mobile species with substantial dispersal potential, like leop‐
ard seals Hydrurga leptonyx, macaroni penguins Eudyptes chryso‐
lophus, and king penguins Aptenodytes patagonicus (Clucas et al., 
2016, 2018; Davis, Stirling, Strobeck, & Coltman, 2008; Frugone 
et al., 2018), and various albatrosses and petrels (Burg & Croxall, 
2001; Lawrence, Lyver, & Gleeson, 2014; Milot, Weimerskirch, & 
Bernatchez, 2008; Quillfeldt et al., 2017; Techow et al., 2010; Van 
Bekkum, Sagar, Stahl, & Chambers, 2006).

Despite the general pattern of high connectivity among wide‐
ranging circumpolar species, there are some exceptions. Genetic 
differentiation is seen in some circumpolar animals with large geo‐
graphic ranges, including black‐browed albatrosses Thalassarche 
melanophris, gentoo penguins Pygoscelis papua, emperor penguins 
Aptenodytes forsteri and Patagonian toothfish Dissostichus eleginoi‐
des (Alderman, Double, Valencia, & Gales, 2005; Burg & Croxall, 
2001; Clucas et al., 2018; Toomey et al., 2016; Vianna et al., 2017; 
Younger et al., 2017). In such species with substantial dispersal po‐
tential, differentiation may potentially be driven by distance, forag‐
ing segregation during the nonbreeding period, and breeding site 
fidelity (reviewed in Friesen et al., 2007; Munro & Burg, 2017).

In a rapidly changing world, understanding existing patterns of 
relatedness and connectivity can provide a benchmark for monitor‐
ing future biological consequences of global change. Polar regions 
are experiencing rapid rates of change (Chown et al., 2012; King, 
1994; Walsh, 2008), yet the patterns of differentiation that shape 
species distributions at high latitudes in the Southern Hemisphere 
are still largely unclear. The vast Southern Ocean ecosystem pro‐
vides an intriguing setting within which to test for the drivers of evo‐
lutionary differentiation in wide‐ranging species.

The white‐chinned petrel (Procellaria aequinoctialis Linnaeus) is 
an ideal model for exploring circumpolar relatedness and connectiv‐
ity. They breed on subantarctic islands that ring Antarctica (Figure 1), 

showing substantial natal and site fidelity like most seabirds (Burg & 
Croxall, 2001; Techow, Ryan, & O'Ryan, 2009), yet forage widely 
throughout temperate waters and the Southern Ocean (Table 1; 
Catard, Weimerskirch, & Cherel, 2000; Perón, Delord, et al., 2010; 
Phillips, Silk, Croxall, & Afanasyev, 2006; Rollinson, Dilley, Davies, & 
Ryan, 2018; Spear, Ainley, & Webb, 2005). The white‐chinned pe‐
trel is the seabird species most frequently recorded as bycatch in 
Southern Hemisphere fisheries (Delord et al., 2010; Robertson et 
al., 2006; Rollinson et al., 2018), driving a need for defined conser‐
vation units with clear geographic boundaries. Although the white‐
chinned petrel is generally treated as a single global taxon (Gill et 
al., 2010), several lines of evidence (morphometric and genetic) sug‐
gest two subspecies‐level taxa: Procellaria a. steadi Mathews in the 
New Zealand region, and P. a. aequinoctialis Linnaeus including all 
Atlantic Ocean and Indian Ocean island populations (Fraser, 2005; 
Techow et al., 2009). However, other data indicate there may be 
additional structure within this species: despite a failure to detect 
genetic differentiation in the New Zealand region based on single‐
marker studies (Rexer‐Huber & Robertson, 2015; Techow et al., 
2009), populations from different island groups (archipelagos) are 
differentiated by body size (Fraser, 2005; Mischler, Robertson, & 
Bell, 2015). At oceanic scales, isotopic and tracking data indicate 
that foraging habitat or diet differ between white‐chinned petrels 
from Atlantic and Indian ocean island archipelagos (Barquete, 2012; 
Catard et al., 2000; Jaeger et al., 2013; Perón, Delord, et al., 2010; 
Phillips et al., 2006). In addition, the physical oceanography differs 
around island groups on which they breed in the Atlantic and Indian 
oceans (Table 1), which are either side of the Antarctic Polar Front 
(APF; Figure 1). The APF represents a thermal or ecological barrier 
for some marine species (e.g., Clucas et al., 2018; Frugone et al., 
2018; Vianna et al., 2017), but is an unlikely barrier for flying sea‐
birds. The large distances between populations within the Atlantic‐
Indian oceanic region (7,720 km between the Falkland Islands and 
Îles Kerguelen) could contribute to population differentiation via 
isolation‐by‐distance (Slatkin, 1993). Considered together, isoto‐
pic markers, tracking studies, morphometric data, and the large 
breeding range suggest the potential for greater levels of popula‐
tion‐genetic (and potentially phylogeographic) differentiation within 
white‐chinned petrels than has been detected to date (Rexer‐Huber 
& Robertson, 2015; Techow et al., 2009).

The lack of finer‐scale genetic structuring in white‐chinned petrels 
could simply be an artefact of resolution (Rexer‐Huber & Robertson, 
2015; Techow et al., 2009). Limited marker sets restrict the ability 

further verification. Genomic data hold the key to revealing substantial regional ge‐
netic structure within wide‐ranging circumpolar species previously assumed to be 
panmictic.
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to detect fine‐scale patterns of population structure (reviewed for 
Southern Ocean species by Moon et al., 2017). Comprehensive sam‐
pling of all breeding sites is rare (Munro & Burg, 2017), and sampling 
design can substantially influence results even when employing thou‐
sands of markers (regional vs. global sampling; Pazmiño et al., 2018; 
Pazmiño, Maes, Simpfendorfer, Salinas‐de‐León, & van Herwerden, 
2017). The purpose of our study was therefore to examine white‐
chinned petrel population structure in more depth with comprehen‐
sive sampling (even sampling of populations, from all populations), 
using genome‐wide data produced by genotyping‐by‐sequencing 

(GBS; Elshire et al., 2011) as well as standard mitochondrial markers. 
We tested two alternative hypotheses: (a) a two‐region hypothesis, 
with white chinned petrels on islands in the New Zealand region sep‐
arated from all others, but high connectivity within regions, and (b) a 
multi‐region structure, with varying levels of differentiation between 
island groups. The first of these was suggested on the basis of previ‐
ous genetic results (Techow et al., 2009). Other comparative studies 
have suggested that genetic structure is lower in seabirds from polar‐
temperate waters than those from the tropics (Friesen et al., 2007), 
and in seabirds which forage over very large distances (both oceanic 

F I G U R E  1   Major Southern Ocean currents and fronts, and all island groups with breeding white‐chinned petrels. ACC is the Antarctic 
Circumpolar Current, or west‐wind drift (ACC arrows and fronts drawn from Orsi & Harris, 2015; Orsi, Whitworth, & Nowlin, 1995), and sea‐
ice maximum is the mean September extent (AAD, 2017). Oceanographic zones are STZ subtropical zone; SAZ subantarctic zone; PFZ polar 
frontal zone; and AZ Antarctic Zone [Colour figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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and coastal shelf waters) compared with species that forage mostly 
inshore (Burg & Croxall, 2001; Clucas et al., 2018), and white‐chinned 
petrels forage over very large distances in polar‐temperate waters (e.g. 
Perón, Delord, et al., 2010; Rollinson et al., 2018). The hypothesis of 
a multi‐region structure, with stronger population‐genetic (and poten‐
tially phylogeographic) differentiation, is based on evidence of mor‐
phometric and foraging‐habitat differences in white‐chinned petrels 
that do not align with a two‐region structure (Barquete, 2012; Fraser, 
2005). Specifically, fine‐scale structuring appears likely in the Atlantic 
and Indian oceans, as some breeding sites are separated by very large 
distances, and since there is no apparent overlap in at‐sea ranges of 
breeding birds from those populations (Barquete, 2012; Jaeger et al., 
2013; Perón, Delord, et al., 2010; Phillips et al., 2006; Rollinson et al., 
2018). A further goal was to test if the origin of white‐chinned petrels 
caught at sea can be determined using a small subset of our genetic 
markers. Similar methods are employed to identify the source popu‐
lation of at‐sea captures of fish (e.g., for fisheries modelling; Gilbey et 
al., 2016; Larson, Palti, Gao, Warheit, & Seeb, 2018). If there are highly 
discriminatory loci for region‐ or island‐specific identification, then 
these could be used in future studies to help quantify island specific 
bycatch mortality by genotyping these bycatch birds.

2  | MATERIAL S AND METHODS

2.1 | Sampling and sequencing

We collected tissue, feather or blood samples from white‐chinned 
petrel chicks and breeding adults from all eight island groups where 
they breed: the Auckland Islands (n = 30), Antipodes Island (n = 23), 

Campbell Island (n = 30), Prince Edward Islands (n = 20), Îles Crozet 
(n = 21), Îles Kerguelen (n = 20), Falkland Islands (n = 20) and South 
Georgia (n = 56; Table 1; see Figure 1 for island locations). Tissue and 
blood samples were stored in ethanol or lysis buffer, except blood 
samples from Kerguelen that were stored as freeze‐dried red blood 
cells. Sampling was conducted under permits from the New Zealand 
Department of Conservation (Wildlife Act Authority No. 38414‐
FAU, 38027‐LND and 40203‐LND), the Falkland Islands Government 
(permit R13/2014 and entry permission), the Prince Edward Island 
management committee and the South Georgia Government, and 
the ethics committee of the Institut Polaire Français Paul Emile 
Victor (IPEV) approved fieldwork at Crozet and Kerguelen Islands. 
Procedures conformed to New Zealand legislation under the Animal 
Welfare Act 1999 and were designed to minimise impacts on the 
individuals and their habitat. We received ethical approval from the 
University of Otago Animal Ethics Committee (AEC No. 60/14), the 
University of Cape Town, and the IPEV Ethics Committee.

Genomic DNA was extracted and purified using a phenol‐chlo‐
roform extraction following Sambrook, Fritsch, and Maniatis (1989), 
or for mitochondrial sequencing using a standard Chelex‐proteinase 
K digest with ethanol precipitation (Barth, Matschiner, & Robertson, 
2013). We sequenced the mitochondrial cytochrome b gene (cyt 
b, ~1,200 base pairs) to enable direct comparison with other stud‐
ies on white‐chinned petrels (Techow, O'Ryan, Robertson, & Ryan, 
2016; Techow et al., 2009), and the first domain of the mitochondrial 
control region (CR1D, ~559 base pairs) which has been widely used 
for studies of seabird phylogeography (Friesen et al., 2007; Munro 
& Burg, 2017). Sequencing details are provided in Supplemental 
Information. We amplified cyt b and CR1D in all samples, sequenced 

TA B L E  1   Information on breeding populations of white‐chinned petrels, sampling, and the number (n) of individuals with cytochrome b 
(cyt b) and control region (CR) sequences, or with a complete set of genotyping‐by‐sequencing (GBS) data

Breeding island group

Wintering areaa

Sampling n sequences n birds

Location Lat °S Oceanic zone N birds Type cyt b CR GBS

Pacific Ocean

Antipodes 49.8 Subantarctic Pacific South America 23 Blood 23 9 12 (12)

Auckland 50.8 Subantarctic Pacific South America 30 Blood 23 11 13 (12)

Campbell 52.5 Subantarctic Unknown 30 Blood 17 8 12 (12)

Indian Ocean

Prince Edward 46.9 Polar front Southern Africa 20 Tissue 12 12 12 (12)

Crozet 46.4 Polar front Southern Africa 21 Blood 15 11 12 (9)

Kerguelen 49.7 Polar front Southern Africa 20 Tissue 0b 9 8 (7)

Atlantic Ocean

South Georgia 54.0 Antarctic Patagonian Shelf, Pacific South 
America

56 Blood 9 8 13 (13)

Falkland 51.7 Subantarctic Patagonian Shelf 20 Blood 0b 12 12 (12)

   Totals 220  99 (83) 80 (67) 94 (89)

Note: Parentheses show the number of individuals retained after data filtering.
aFrom tracking studies by de Grissac, Borger, Guitteaud, and Weimerskirch (2016); Delord et al. (2010); Perón, Delord, et al. (2010); Phillips et al. 
(2006); Rexer‐Huber (2017); Rollinson et al. (2018); Weimerskirch, Catard, Prince, Cherel, and Croxall (1999). 
bSamples not available at time of analysis. 
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the PCR products using the Sanger method on an ABI 3730xl DNA 
analyser (Applied Biosystems), then aligned the products using ge-
neious v. 6.1.8 (Kearse et al., 2012). For each locus, sequencing of an 
initial subsample of individuals from each island group progressed 
incrementally until it became clear that adding more samples was 
not revealing any further structuring. The same set of individuals 
was used for screening across all three data sets (cyt b, CR1D and 
GBS) with the exception of Falkland and Kerguelen samples which 
were not available when cyt b sequencing took place. This approach 
gave 99 complete cyt b sequences and 80 sequences of control re‐
gion (Table 1).

2.2 | Genotyping

Genotyping‐by‐sequencing, including library preparation, was 
performed at Genomnz Animal Genomics Group (AgResearch). 
Procedures followed Dodds et al. (2015) after Elshire et al. (2011), 
with the following modifications. Briefly, genomic DNA was digested 
with PstI and MspI restriction enzymes (NEB R140L and R0106L; 
New England Biolabs). We chose enzymes based on bioanalyser 
traces (2100 Bioanalyser; Agilent Technologies) showing an even 
digestion pattern with no evidence of repeat sequences through 
the region of interest. Following ligation to barcoded adapters, the 
uniquely barcoded individuals were pooled into a multiplexed library 
of 94 samples. Libraries post‐pooling were run through PCR in mul‐
tiples of four and pooled again prior to column clean‐up, then each 
library was further purified and size selected (193–500 bp) using a 
Pippin (SAGE Science; 2% agarose, dye‐free with internal standards 
CDF2050, Marker L CDF2010). We then sequenced the library on an 
Illumina HiSeq2500 using single‐end reads, with 101 cycles in high‐
output mode (v4 chemistry). Samples were run in a single library on 
a single lane on a single flowcell.

Quality checks and adapter removal followed Dodds et al. 
(2015). Raw fastq files were quality checked using fastqc v. 0.10.1 
(http://www.bioin forma tics.babra ham.ac.uk/proje cts/fastq c/). 
Barcodes and adapters were removed using cutadapt (Martin, 2011), 
then a random 15,000 reads were checked for contamination using 
BLAST + against the NT database (https ://blast.ncbi.nlm.nih.gov), 
with the following settings: blastn ‐query ‐ ‐task blastn ‐num_threads 
2 ‐db nt ‐evalue 1.0e‐10 ‐dust “20 64 1” ‐max_target_seqs 1 ‐outfmt 
“7 qseqid sseqid pident evalue staxids sscinames scomnames ssk‐
ingdoms stitle”. The other approach to checking for contamination 
utilised kmers to provide a high‐level overview of the sequence com‐
position, as described in McCulloch et al. (2018). We then produced 
a catalogue of SNP loci (single nucleotide polymorphisms, or single 
base variants within genes) following Dodds et al. (2015) and the 
general guidelines of Benestan et al. (2016). After trimming adapt‐
ers with cutadapt (Martin, 2011), reads were assembled de novo in 
UNEAK tassel v. 3.0.170 (Lu et al., 2013). SNPs were called only if a 
tag was present at least 12 times to remove rare/single tags (from 
potential sequencing errors; Supplemental Information). We also 
applied a minor allele frequency (MAF) threshold of 0.03 across all 
individuals, such that the minor allele must be seen in at least three 

individuals so cannot be a sequencing error. Specific detail on param‐
eter settings is available in the Supplemental Information. A range of 
additional quality control diagnostics were applied via KGD (Kinship 
using GBS with Depth adjustment; https ://github.com/AgRes earch/ 
KGD; Dodds et al., 2015). Allele frequencies and sequence depths 
were evaluated, and SNP call rates and their MAFs were calculated. 
To identify repeat regions and filter out SNPs that are not behaving 
properly, we used a fin‐plot of MAFs vs. Hardy‐Weinberg (H‐W) dis‐
equilibrium (observed frequency of the reference allele homozygote 
minus its expected value; Figure S4). The fin‐plot highlights SNP 
average depth and identifies SNPs with non‐Mendelian inheritance. 
High depth and low H‐W disequilibrium (often high MAF) are as‐
sumed to represent genome duplication or repetitive regions (Dodds 
et al., 2015). Consequently, SNPs with H‐W disequilibrium below 
−0.05 were removed to avoid inclusion of SNPs not properly assem‐
bled. After we applied the H‐W <−0.05 filter we retained 84,674 
SNPs at mean depth of 5.05 (mean 0.03–8.80 for each petrel; Table 
S3). What remained was read numbers of alleles for each variant. 
SNP calls still have missing values and low‐depth calls which will 
underrepresent heterozygotes, but these can be addressed via rela‐
tionship matrices adjusted for missing values and sequencing depth 
as shown in Dodds et al. (2015). An adjusted relationship matrix is 
shown in Figure S5. SNPs were further filtered to maximise data 
quality: a filter to retain only those that were present across >50% 
of individuals, and a filter on individuals so that only individuals with 
>50% of the SNPs were retained (Table S3), giving a final data set 
of 60,709 loci for each of the 89 retained individuals. A different 
genotyping method (Stacks; Catchen, Hohenlohe, Bassham, Amores, 
& Cresko, 2013) and more stringent filtering for coverage and miss‐
ing data did not affect our original results from the complete data 
set (Supplemental Information). Genotypic data were exported in 
genepop format (Raymond & Rousset, 1995) and converted for sub‐
sequent population genomic analyses using pgdspider v. 2 (Lischer & 
Excoffier, 2012).

2.3 | Outlier loci detection and annotation

Because loci potentially under selection may influence genetic struc‐
ture analysis, and non‐neutral loci can be more sensitive indicators 
of population structure (Freamo, O'Reilly, Berg, Lien, & Boulding, 
2011), we tested for loci under selection or outliers after filtering 
for individual coverage. We used two different methods for identify‐
ing highly divergent outlier loci, due to the limitations of differentia‐
tion‐based methods and the potentially high false positive rates (De 
Mita et al., 2013; Vilas, Pérez‐Figueroa, & Caballero, 2012). First, we 
used an approach that identifies loci whose allelic divergence is sig‐
nificantly associated with each of the principal components in the 
R package pcadapt (Luu, Bazin, & Blum, 2017). This has the advan‐
tage of simultaneously identifying population structure and the loci 
that are excessively linked to this structure, which may therefore 
be under differential selection between clusters. We conducted hi‐
erarchical outlier detection on the complete data set including all 
individuals, and on subsets of the data (within each ocean basin). 

http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://blast.ncbi.nlm.nih.gov
https://github.com/AgResearch/KGD
https://github.com/AgResearch/KGD
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The number of principal components retained (K) for each analysis 
was determined by the graphical approach based on the scree‐plot 
(Jackson, 1993) as recommended by Luu et al. (2017). We recorded 
all loci with q‐values ≤0.2, and identified the principal component 
associated with each outlier.

The second method used to detect outlier loci was an FST‐based 
outlier approach between a priori population‐pairs implemented in 
bayescan (Foll & Gaggiotti, 2008). bayescan was run first performing 
pairwise comparisons between the populations within each ocean 
basin. In addition, we conducted pairwise bayescan runs between 
paired island groups within each region. For each analysis, bayescan 
was run using 10,000 output iterations, a thinning interval of 10, 20 
pilot runs of length 10,000, and a burnin period of 10,000, with prior 
odds of the neutral model of 10. We recorded all loci with a q‐value 
≤0.2, which equates to a false discovery rate of 20%. Q‐values are 
far more stringent than p‐values in classical statistics as they are ad‐
justed for the false discovery rate given multiple comparisons, rather 
than the individual false positive rates in each comparison (Storey & 
Tibshirani, 2003).

2.4 | Population history and differentiation

Summary statistics for mitochondrial data sets (nucleotide diversity 
π; haplotype diversity h; average number of nucleotide difference 
k) were calculated and genetic differentiation quantified (gam‐
maST γST; Nei, 1982) in dnasp v. 5.10 (Librado & Rozas, 2009). We 
inferred phylogeographic structure, reconstructed on haplotypes, 
using Bayesian and maximum likelihood (ML) approaches imple‐
mented in mrbayes 3.2.1 (Huelsenbeck & Ronquist, 2001; Ronquist 
& Huelsenbeck, 2003) and paup* 4.0b10 (Swofford, 2003). Finally, 
we explored relationships among CR1D haplotypes using median 
joining networks (Bandelt, Forster, & Röhl, 1999) in popart 1.7 (Leigh 
& Bryant, 2015). For detail on analyses of mitochondrial data, see 
Supplemental Information.

For the genomic SNP data set, we calculated standard ge‐
netic diversity indices (Ho and He) for each island in arlequin v. 3.5 
(Excoffier & Lischer, 2010) and calculated these for all islands in 
each oceanic region (New Zealand, Atlantic and Indian). We also 

calculated the effective sizes of the populations on each island 
using neestimator 2.1 using the Linkage Disequilibrium method (Do 
et al., 2014).

Genetic structure among white‐chinned petrel populations was 
investigated in the genomic data set using several methods. The 
number of inferred genetic populations (or clusters) represented in 
the entire putatively neutral SNP data set were investigated using 
faststructure (Raj, Stephens, & Pritchard, 2014) with default param‐
eters, a logistic prior, and K from 1 to 12. The appropriate number 
of model components that explained structure in the data set was 
determined using the chooseK.py function (Raj et al., 2014). To test 
for unrecognized substructure in the global faststructure analysis, 
we grouped populations according to their cluster membership and 
repeated the above analyses on the reduced data sets as recom‐
mended by Pritchard, Stephens, and Donnelly (2000). Results for the 
identified optimal values of K (the number of inferred clusters) were 
visualised using distruct (Rosenberg, 2004).

To highlight fine‐scale structure, population structure was also vi‐
sualized using discriminant analysis of principal components (DAPC) 
data sets as implemented in the R package adegenet (Jombart, 2008; 
Jombart, Devillard, & Balloux, 2010). DAPC describes clusters in ge‐
netic data via discriminant functions that maximise among‐group (is‐
land sampled) variance while minimising within‐group variance. We 
also visualised where individuals were sampled for a global view of 
the composition of DAPC clusters. We calculated a genomic relat‐
edness matrix in KGD (Kinship using GBS with Depth adjustment) as 
described in Dodds et al. (2015). KGD produces unbiased relation‐
ship matrices adjusted for missing values and sequencing depth (un‐
dercalling of heterozygotes). We then displayed a clustered heatmap 
of the genomic relatedness matrix, showing the levels of relatedness 
among all individuals, with the most closely related individuals adja‐
cent to each other.

Both locus‐specific and population‐wide FST (Weir & Cockerham, 
1984) were calculated using the R package diversity (Keenan, 
McGinnity, Cross, Crozier, & Prodöhl, 2013) with the full 60,709 loci 
and a reduced data set of 28,798 loci. Since the reduced data set 
(28,798 loci, maximum of 5% missing data per locus) was based on 
the same number of individuals and spread across sampling sites as 

Comparison
Number of outliers 
at 0.2

Number of outliers 
at 0.1

Number of out‐
liers at 0.01

New Zealand—Atlantic 64 44 14

New Zealand—Indian 101 70 29

Atlantic—Indian 99 55 9

Auckland—Antipodes 26 14 3

Auckland—Campbell 31 18 4

Campbell—Antipodes 7 1 0

South Georgia—Falkland 13 7 0

Prince Edward—Crozet 7 2 0

Prince Edward—Kerguelen 0 0 0

Kerguelen—Crozet 3 1 0

TA B L E  2   Number of white‐chinned 
petrel outlier loci in each pairwise 
bayescan comparison at different detection 
thresholds, based on the data set of 
60,709 SNPs
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the larger data set, it was used to test the hypothesis of departure 
from panmixia with 110 random permutations of the data to deter‐
mine the statistical significance of each pairwise FST value between 
colonies in arlequin v. 3.5 (Excoffier & Lischer, 2010). A two‐dimen‐
sional UPGMA tree of populations (Bryant & Moulton, 2004) was 
reconstructed based on the population FST values, as implemented 
in splitstree4 (Huson & Bryant, 2006). To compare geographic and 
genetic distances, we also constructed a UPGMA tree of geographic 
distances among breeding sites (measured as rhumb lines maintain‐
ing a constant angle with respect to latitude), using identical meth‐
ods as those for constructing the population differentiation UPGMA 
tree. We tested for isolation‐by‐distance (IBD) using the Isolde pro‐
gram in genepop v. 4.2 (Raymond & Rousset, 1995; Rousset, 2008) 
using linear geographic rhumb‐line distances, with significance lev‐
els calculated using a Mantel test with 1,000 permutations.

2.5 | GBS loci mapping to the northern fulmar 
Fulmarus glacialis genome

While there is no published genome of the white‐chinned petrel, 
there is one published genome within the family Procellariidae—the 
genome of the northern fulmar (Zhang, Li, Li, Gilbert, Jarvis, The 
Avian Genome Consortium, et al., 2014; Zhang, Li, Li, Gilbert, Jarvis, 
Wang, et al., 2014). Given the high genomic synteny within birds, it is 
likely that the overall genomic structure and gene order will be very 
similar between members of the same family (Zhang, Li, Li, Li, et al., 
2014); in other seabirds this similarity and synteny has been used for 
SNP ascertainment and mapping (Galla et al., 2018). We mapped the 
loci retained for white‐chinned petrels to those in the northern ful‐
mar though a Blast‐n search implemented in geneious 9.1.4 (Kearse et 
al., 2012). We accepted any hit with an E‐value of >E‐10 and a query 
coverage of at least 75%. Mapping was done primarily to map loci of 
interest, to determine if they were in close proximity to each other, 
and not for loci assembly since the fulmar is a different species.

2.6 | Population assignment using outlier loci

To evaluate the effectiveness of outlier loci at identifying individuals to 
their source population we created a reduced “outlier data set”, com‐
bining the top ten outlier loci recorded in each of the pairwise bayescan 
runs used above. This number of loci retained per comparison (10) was 
selected arbitrarily, with the goal of determining whether a small panel 
of markers with high discriminatory power could be used to assign 
individuals. Using this reduced outlier data set, we then performed 
population assignment using geneplot (McMillan & Fewster, 2017). 
Geneplot calculates the absolute fit of each individual to a given refer‐
ence population, and presents assignment results graphically as log 
posterior probability plots for all populations. Geneplot was run using 
the priors recommended by Rannala and Mountain (1997) and a leave‐
one‐out procedure, so that each individual was not included in the 
reference populations while being assigned.

3  | RESULTS

We sampled 220 white‐chinned petrels, representing all known 
breeding populations, and included 8–23 individuals per island group 
in the final data set (Table 1). The complete cytochrome b (cyt b) 
alignment consisted of 85 sequences of 1,143 bp, and 559 bp of the 
control region 1st domain (CR1D) were used across 68 sequences. 
GBS produced 274,895,222 reads. After filtering for quality, each 
individual had on average 2,924,417 reads (SD = 1,055,214) with an 
average depth per tag of 6.27× and proportion of missing genotypes 
0.312. Following GBS processing and filtering, we collected geno‐
typic data at 60,709 SNPs across 94 white‐chinned petrel individu‐
als, retaining 89 individuals after filtering for low coverage (Table 1).

To detect loci that might be under selection and affect the results 
of population structure, 10 pairwise bayescan SNP analyses found 351 
outlier loci at a 0.2 q‐value cutoff, and fewer (though still multiple in 
most comparisons) at more stringent detection thresholds (Table 2). The 
only pairwise comparison without significant outlier loci was between 
Prince Edward Islands and Îles Kerguelen (both in the Indian Ocean). All 
these outlier loci (and those detected in each pcadapt comparison) are 
shown, along with summary statistics in Appendix S1. Despite some 
highly differentiated outlier SNPs, there were no fixed differences 
recorded between the groups. The pcadapt analyses found 2,144 loci 
strongly correlated to PC1 (NZ vs. Indian and Atantic Oceans) and 251 
loci strongly correlated to PC2 (Indian vs. Atlantic Oceans). We describe 
these analyses in more detail in the population structure discussions 
below. Population‐level analyses were performed both with and with‐
out these outliers, finding no difference in the results obtained.

3.1 | Genetic diversity and effective 
population sizes

Both observed and expected heterozygosity were similar across 
all of the colonies sampled, with no significant differences ob‐
served between observed and expected (Table 3). The proportion 

TA B L E  3   Genetic diversity statistics for white‐chinned petrels 
from each ocean region and island group

 
Ho (standard 
deviation)

He (standard 
deviation)

% loci 
polymorphic

Atlantic Ocean 0.24 (0.18) 0.26 (0.15) 43.2

Indian Ocean 0.22 (0.17) 0.24 (0.15) 45.3

New Zealand 0.23 (0.17) 0.24 (0.15) 43.1

Antipodes 0.26 (0.18) 0.28 (0.15) 36.2

Auckland 0.26 (0.18) 0.28 (0.15) 36.3

Campbell 0.26 (0.19) 0.28 (0.15) 37.1

Falkland 0.27 (0.19) 0.29 (0.15) 37.8

South Georgia 0.27 (0.19) 0.28 (0.15) 39.8

Prince Edward 0.24 (0.18) 0.27 (0.15) 39.1

Crozet 0.26 (0.19) 0.28 (0.15) 38.6

Kerguelen 0.30 (0.21) 0.36 (0.14) 28.5

Abbreviations: Ho, observed heterozygosity; He, expected 
heterozygosity.



     |  4559REXER‐HUBER Et al.

of polymorphic sites differed between sites and ocean basins, with 
populations in the Indian Ocean having the highest diversity, and 
those in the Atlantic Ocean having the lowest (Table 3). The effective 
population sizes calculated for all the island populations was infinite, 
apart from that for the very small Falkland Islands population, which 
was predicted to only be 130 individuals.

3.2 | Population history and differentiation

Mitochondrial data identified two well‐supported, geographically 
concordant evolutionary units. Bayesian phylogenetic reconstruc‐
tions of the mtDNA data showed a genetic split between white‐
chinned petrels from the New Zealand region and those from Atlantic 
and Indian ocean islands (Supplemental Information Figures S1–S3), 
supporting the two‐region structure. Mitochondrial data showed no 
evidence for additional structure within the Atlantic‐Indian ocean 
region (Figures S1 and S2; Table S2), and despite more variability 
within the New Zealand region (Tables S1 and S2), there was little 
evidence for differentiation among island groups.

Genome‐wide SNP data identified units with a multi‐region struc‐
ture: clustering approaches showed highest support for three genetic 
populations. DAPC analyses showed that three clusters were optimal 
for the SNP data, with marginally higher support than for four or five 

clusters. The scatter plot of the DAPC clearly differentiated the three 
ocean regions (New Zealand, Atlantic Ocean, and Indian Ocean) and 
highlighted some differentiation of the Auckland Island population 
relative to the other two New Zealand populations (Figure 2). To fur‐
ther evaluate the differentiation between islands, we examined cluster 
membership for each individual petrel within the DAPC, with clusters 
defined a priori as being each of the island groups (Figure 3). This again 
showed differentiation between the three oceanic regions, while also 
highlighting that the Auckland Islands are disconnected (no evidence 
of immigration or emigration; Figure 3). Individuals from other islands 
within regions exhibited mixed cluster membership, indicating some 
degree of connectivity (for example between Antipodes and Campbell 
islands, or South Georgia and the Falklands); either recent migration 
between islands, or that differentiation between islands is too low 
to allow resolution at this level. faststructure analysis also provided 
evidence of a three‐region structure, again with all white‐chinned 
petrels assigned (each individual with over 98% cluster membership, 
optimal value of K = 3) to their region of origin, but could not resolve 
any deeper structure. The population divergence tree (as measured by 
FST) similarly indicated a clear three‐region structure (Figure 4a), with 
significant isolation‐by‐distance (IBD; p < .00001). This is not classical 
isolation‐by‐distance, which occurs in a continuous population over 
space, because white‐chinned petrels breed on island groups that are 

F I G U R E  2   Cluster plot of genetic relatedness of white‐chinned petrels captured at different island groups, based on discriminant analysis 
of principal components from adegenet, using 60,709 SNP loci. Individuals are represented as dots with the majority grouped within inertia 
ellipses. Inset graph gives eigenvalues of the analysis showing that the genetic structure was captured by the first two principal components 
[Colour figure can be viewed at wileyonlinelibrary.com]
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long distances apart. However, comparing the genetic divergence in 
Figure 4a to the geographic distance between islands (Figure 4b) re‐
inforces that there is a strong correlation between genetic and geo‐
graphic distance. The minor deviations from the general pattern of 
greater distance equalling greater genetic differentiation were the 
white‐chinned petrels from the Auckland Islands being slightly more 
diverged from the other New Zealand populations than would be pre‐
dicted according to IBD, and those from Îles Crozet and Prince Edward 
islands being slightly more similar (Figure 4).

Relatedness among individuals further reinforced the three‐region 
structure, with a greater division between the New Zealand region and 
the other two oceanic regions (Figure S5). This analysis also revealed 
the high intrapopulation similarity of Auckland Island birds. Petrels 
from island groups within the Indian Ocean region showed more (and 
more variable) between‐population genetic variation (as measured by 
FST; from 0.002 to 0.017, Prince Edward‐Crozet and Crozet‐Kerguelen, 
respectively) than those from islands within the New Zealand region 
(0.006–0.014) or between islands in the south Atlantic region (0.010; 
Table 4). All pairwise FST values among island groups were significantly 
different from zero (most p < .001). Despite these within‐region dif‐
ferences in genetic variation, the broad patterns agree with other 
analyses: within‐region genetic differentiation was relatively low, and 
substantial genetic variation occurred among regions.

Further support for a three‐region population structure was seen 
in pcadapt analyses, which highlight population structure and simulta‐
neously identify outlier loci that are highly associated with this struc‐
ture. Up to eight principal components were supported by the data 
based on the scree‐plot (Figure S10), although most variation was 
accounted for in the first two principal components: PC1 (6.3% of 

variation) separates New Zealand white‐chinned petrels from all other 
populations, and PC2 (2.2% of variation) separates Indian Ocean and 
Atlantic Ocean white‐chinned petrel populations (Figure 5a). PC3, 4, 
5, 7 and 8 on the complete SNP data set do not appear linked to ge‐
ography and separate a few individuals each (Figure S10); PC6, how‐
ever, clearly separates Auckland Island white‐chinned petrels from the 
other New Zealand populations (Figure 5b). Including the complete 
worldwide data set was expected to swamp the minor signal present 
in each region, so pcadapt was run separately for each ocean basin to 
examine evidence for further subdivision (Figure 5c,d,e). In these anal‐
yses, no structure was detected within either the Indian Ocean or the 
Atlantic Ocean populations (Figure 5c,d). However, Auckland Island 
white‐chinned petrels were separate from Campbell and Antipodes is‐
land populations (Figure 5e), and when Campbell and Antipodes island 
populations were analysed together without Auckland Island, it was 
possible to separate birds from Campbell Island and Antipodes Island 
based on principal components (Figure 5f). Of the outlier loci detected 
by pcadapt, 19 were also detected in the pairwise bayescan analyses. All 
outlier loci detected across both analyses are found in Appendix S1.

3.3 | Loci mapping to the fulmar genome

A total of 45,663 (75.2%) loci mapped to the northern fulmar genome 
given our relatively stringent mapping criteria. The map of these loci 
with the scaffold and position of each locus is provided in Appendix 
S2. Given the highly fragmented nature of the fulmar genome (with 
over 50,000 scaffolds), there were, on average, only 2.3 loci per scaf‐
fold. Because of this fragmentation Manhattan plots of genetic differ‐
entiation were considered to be inappropriate here as they cannot be 

F I G U R E  3   Population membership graph of white‐chinned petrels sampled at their breeding islands, based on discriminant analysis of 
principal components from adegenet. Cluster membership probability is the percentage of SNP loci in each individual (horizontal coloured line) 
that sorted into each of K = 8 clusters, obtained with prior information of sampling sites [Colour figure can be viewed at wileyonlinelibrary.com]
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used to visualise linkages among loci. Eight pairs of outlier loci mapped 
to the same scaffold (Table S4), with most of these located close to 
each other separated by <10,000 bp; as such, these loci are closely 
linked physically and therefore are not independent.

3.4 | Outlier loci for assigning provenance

Despite the lack of fixed differences, a small panel of markers with 
high discriminatory power (a reduced outlier data set, Appendix 
S3) was effective at assigning individuals to their source popula‐
tion. Viewing the absolute fit of each individual to a given reference 
population as log posterior probability plots, or GenePlots, individu‐
als were potentially assignable to both their ocean basin and island 
of origin. Pairwise assignment probabilities for the Antipodes Island 

and Campbell Island populations, including Auckland Island birds, are 
shown here to illustrate the accuracy of this assignment (Figure 6). 
All individuals from Antipodes and Campbell islands were assigned 
correctly to their source population, and all but one individual from 
the Auckland Islands was excluded from both Antipodes Island and 
Campbell Island populations, as they were outside the 1% quantiles 
(Figure 6). The remaining pairwise GenePlots for all regions and is‐
land pairs are included in the Supplemental Information (Figure S11).

4  | DISCUSSION

The Southern Ocean is an apparently continuous ecosystem with no 
obvious physical barriers to movement of wide‐ranging circumpolar 

F I G U R E  4   (a) Genetic divergence compared with (b) geographic distance, in white‐chinned petrels from different populations. Trees are 
UPGMA; population divergence is measured by FST from a SNP data set; and geographic distances are rhumb line distances in kilometres. 
Colours correspond to sampling location on map inset [Colour figure can be viewed at wileyonlinelibrary.com]
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seabirds, yet some highly‐mobile species show substantial differ‐
entiation (e.g., Alderman et al., 2005). Here, we used population‐
genomic approaches and range‐wide comprehensive sampling to 
test hypotheses about the scale and geographic range of differentia‐
tion in the white‐chinned petrel: is there a simple two‐region struc‐
ture, or is differentiation more extensive (multi‐region)? GBS data 
revealed strong evidence for multi‐region structuring undetected 
both in our mitochondrial results, and in previous analyses of small 
sets of mitochondrial genes in white‐chinned petrels. These mito‐
chondrial sequences showed two‐region phylogeographic structure 
differentiating white‐chinned petrels from New Zealand breeding 
populations, and those in the Indian and Atlantic oceans (Rexer‐
Huber & Robertson, 2015; Techow et al., 2009). Across multiple anal‐
yses, GBS data showed significant structure between ocean basins: 
white‐chinned petrels from islands in the Atlantic Ocean were dif‐
ferentiated from populations in the Indian Ocean, and from the New 
Zealand subspecies identified previously (Techow et al., 2009). The 
strong differentiation between breeding populations in the Atlantic 
and Indian oceans is consistent with patterns in some other Southern 
Ocean seabirds (Friesen et al., 2007; Munro & Burg, 2017). Genome‐
wide data also revealed weak but significant population structure 
at very fine scales, among white‐chinned petrels on different island 
groups within a region. The island‐level resolution of our data, which 
included genetics of previously unsampled populations (Campbell, 
Falkland and Kerguelen islands), provides comprehensive informa‐
tion for guiding conservation priorities, management and policy. Our 
work also adds to a growing number of studies on Southern Ocean 
taxa that have revealed more differentiation using genomic data 
sets than that detected with traditional approaches (Clucas et al., 
2016; Fraser, McGaughran, Chuah, & Waters, 2016; Piertney et al., 
2016; Trucchi et al., 2014; Younger et al., 2017, 2015). This highlights 
the possibility of important but undetected structuring in other 

wide‐ranging Southern Ocean species. Given the disjunct distribu‐
tions over such large scales, true panmixia becomes improbable. 
Even at much smaller scales, some seabirds show striking population 
isolation, like the Peruvian diving petrel Pelecanoides garnotii in the 
Humboldt current system off South America (Cristofari et al., 2019). 
With enough polymorphic markers, future studies are expected to 
detect population structuring, which could be used to quantify his‐
torical and contemporary migration rates within species.

4.1 | What drives regional genetic structure in the 
white‐chinned petrel?

The ocean‐basin level of genetic structure that we detected in 
white‐chinned petrels has biogeographic implications, considering 
there are no obvious physical barriers in the Southern Ocean (land 
or ice) that might be expected to foster differentiation (Friesen, 
2015; Munro & Burg, 2017). Several nonphysical barriers to gene 
flow are plausible. Differentiation in white‐chinned petrels was ex‐
plained in part by geographic distance (IBD), as individuals do not 
disperse across the whole at‐sea range of the species (Slatkin, 1993). 
This is despite their dispersal ability—white‐chinned petrels from 
New Zealand can migrate ~11,000 km to the Humboldt Upwelling 
(Rexer‐Huber, 2017; Spear et al., 2005), which is much further than 
the maximum distance between breeding sites in the Atlantic and 
Indian oceans (max. 7,700 km). It also runs counter to the suggestion 
that IBD will be less pronounced in highly‐mobile species (Slatkin, 
1993). However, distance is not always linked to population‐genetic 
structure in other seabirds (storm petrels, some Eudyptes penguins, 
blue petrels Halobaena caerulea and Pachyptila prions; Friesen et 
al., 2007; Frugone et al., 2018; Quillfeldt et al., 2017). The APF is a 
nonphysical barrier that could produce genetic differentiation (e.g., 
toothfish and penguin spp.; Clucas et al., 2018; Frugone et al., 2018; 

TA B L E  4   Genetic differentiation of white‐chinned petrels between island groups (FST, island‐pair comparisons) based on the data set of 
60,709 SNPs

 

New Zealand Indian Ocean Atlantic Ocean

ANT AKL CBL PEI CRZ KER FKL SG

New Zealand

ANT         

AKL 0.014****         

CBL 0.006****  0.013****        

Indian Ocean

PEI 0.080****  0.082****  0.079****       

CRZ 0.083****  0.083****  0.081****  0.002*      

KER 0.102****  0.103****  0.100****  0.015**  0.017**     

Atlantic Ocean

FKL 0.116****  0.116****  0.115****  0.040****  0.042****  0.063****    

SG 0.110****  0.111****  0.109****  0.034****  0.037****  0.054****  0.010****   

Note: Bold highlights comparisons among breeding sites within ocean basins.
Breeding islands: ANT, Antipodes; AKL, Auckland; CBL, Campbell; PEI, Prince Edwards; CRZ, Crozet; FKL, Falklands; SG, South Georgia.
*p < .05; **p < .01; ****p < .00001: significant difference from zero. 
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Shaw, Arkhipkin, & Al‐Khairulla, 2004; Vianna et al., 2017), but there 
is little evidence that the APF is a barrier to flying seabirds like white‐
chinned petrels; rather, we see gene flow between islands that lie 
either side of the APF (Falkland Islands and South Georgia; Figure 1). 
Glacial cycles have had profound influences on the distribution of 
other Southern Ocean species (penguins, elephant seals Mirounga 
leonina; Durvillaea kelp, Catharacta skuas; Clucas et al., 2014; de 
Bruyn et al., 2009; Fraser, Nikula, Spencer, & Waters, 2009; Frugone 
et al., 2018; Ritz et al., 2008; Vianna et al., 2017), and white‐chinned 
petrels appear to be highly philopatric, like most seabirds (Schreiber 
& Burger, 2001; Warham, 1990). Current regional differentiation 
in white‐chinned petrels could plausibly reflect rare long‐distance 
colonisation as breeding habitat became available in interglacial peri‐
ods (Techow et al., 2009), followed by high fidelity to breeding‐sites. 
Using mitochondrial data, Techow et al. (2009) showed demographic 
expansion for white‐chinned petrels about 0.50 million years ago 
(mya) and a possible founder event 0.27 mya, both coinciding with 
interglacial periods. The wandering albatross Diomedea spp. com‐
plex is thought to reflect similar long‐distance movements, with 

populations in each ocean basin differentiating over time because 
of subsequent very high breeding‐site fidelity (Burg & Croxall, 2004; 
Milot et al., 2008). Geographic distances between island groups 
within the Indian Ocean and Atlantic Ocean basins are small rela‐
tive to those between regions, facilitating gene flow by occasional 
immigration. Other nonphysical drivers of differentiation could in‐
clude differences in at‐sea distributions, divergence in breeding time 
(allochrony), and other forms of local adaptation (Brown, Techow, 
Wood, & Phillips, 2015; Clucas et al., 2018; Friesen et al., 2007; 
Munro & Burg, 2017; Perón, Delord, et al., 2010; Phillips et al., 2006; 
Rayner et al., 2016; Taylor & Friesen, 2017).

4.2 | What drives genetic structure within ocean 
basins?

Genomic data showed differentiation between island groups in the 
white‐chinned petrel that was not resolved using traditional sin‐
gle‐gene approaches (this study; Rexer‐Huber & Robertson, 2015; 
Techow et al., 2016; Techow et al., 2009). Along with the clear three‐
region structure, white‐chinned petrels from the Auckland Islands 
appeared to be the most isolated genetically, with little or no contem‐
porary or recent exchange with other populations. This differentiation 
was supported across clustering methods and differentiation metrics.

There were hints of further island‐level substructuring within 
oceanic regions (e.g., between South Georgia and the Falklands, 
or Antipodes and Campbell islands) that might suggest a degree of 
isolation. However, taking together the results from our full range 
of analyses, there was little evidence for structure within the is‐
land groups of the Atlantic or Indian oceans, and only outlier loci 
could be used to assign individuals to the appropriate island group. 
The relatively small geographic distances between island groups 
within the Atlantic and Indian oceans (1,350 and 2,400 km, re‐
spectively) and the long‐distance flight abilities of white‐chinned 
petrels (up to ~11,000 km; Rexer‐Huber, 2017) probably facilitate 
regional dispersal and genetic exchange, as seen other seabirds 
(e.g., grey‐headed albatrosses Thalassarche chrysostoma, macaroni 
penguins; Burg & Croxall, 2001; Frugone et al., 2018). Population 
connectivity could also have been shaped by anthropogenic in‐
fluences, including mammalian predator introduction (reviewed 
in Moon et al., 2017); exploitation or harvesting (e.g., commercial 
sealing, Wynen et al., 2000); and human arrival, with attendant 
examples of extinctions (e.g., Tennyson & Martinson, 2006) and 
(sometimes) recolonization as seen in penguins Megadyptes antip‐
odes and sea lions Phocarctos hookeri in the New Zealand region 
(Boessenkool et al., 2009; Collins et al., 2014). Rapidly‐develop‐
ing GBS‐type methods for ancient DNA from fossils and subfos‐
sils (Burrell, Disotell, & Bergey, 2015; Lagerholm et al., 2017) may 
soon make it possible to determine past population structure and 
colonisation patterns for white‐chinned petrels in great detail. 

F I G U R E  5   Population structure for white‐chinned petrels from pcadapt, where each colour corresponds to individuals sampled from the 
same island group. (a) shows the first two principal components and (b) PC5 and PC6 for the complete white‐chinned petrel data set. Each 
ocean basin is then treated separately in (c–e), and (f) shows just individuals from Campbell and Antipodes Islands (New Zealand) [Colour 
figure can be viewed at wileyonlinelibrary.com]

F I G U R E  6   Assignment probabilities for white‐chinned petrels 
to Campbell and Antipodes Island populations in the New Zealand 
region, based on reduced panel of outlier SNP. The GenePlot x‐
axis shows the fit of each individual (point) with respect to one 
reference population, and its fit to the other reference population 
on the y‐axis. Individuals from other relevant populations other 
than the two reference populations are included (Auckland Is 
individuals). The thick diagonal line is the line of equal fit in both 
populations, and thinner diagonal lines show where the fit for one 
population is nine times larger than the fit for the other population. 
Vertical dashed lines show the 1% quantile for the Antipodes Is 
population, and the horizontal dashed lines show the 1% and 100% 
quantiles for the Campbell Is population [Colour figure can be 
viewed at wileyonlinelibrary.com]
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Theories about drivers could then be tested, tracing putative bot‐
tlenecks (potentially associated with human arrival and exploita‐
tion), and detecting glacial refugia and patterns of post glacial 
recolonisation.

It is intriguing that within the New Zealand region, petrels 
from islands that are geographically close (920 km, Auckland to 
Antipodes) show substantial genetic differentiation, whereas island 
populations elsewhere that are far more isolated (e.g., 2,400 km 
between Prince Edward and Kerguelen) are relatively genetically 
similar. We suggest that these contrasting genetic patterns may 
reflect different colonisation histories, with New Zealand's south‐
ern islands hosting relatively stable refugial populations during 
recent ice ages, in contrast to high‐latitude subantarctic islands 
heavily affected by ice during the Last Glacial Maximum (South 
Georgia, Kerguelen; Chown, Gremmen, & Gaston, 1998), where 
populations probably re‐established post‐glacially (Trucchi et al., 
2014). Previous studies have suggested that many subantarctic is‐
land coastal populations were extirpated during the LGM (Fraser, 
Nikula, Ruzzante, & Waters, 2012; Trucchi et al., 2014). Crucially, 
our finding of three distinct lineages within a circumpolar Southern 
Ocean taxon contrasts with the genetic findings of Fraser et al. 
(2009) and Nikula, Fraser, Spencer, and Waters (2010) (for inter‐
tidal species) which support circumpolar expansion events from 
single glacial refugia. In contrast to these previous studies, we sug‐
gest that the apparent survival of a Southern Ocean petrel species 
in multiple LGM refugia may highlight the ability of highly vagile 
seabirds to track shifting habitats, and thereby respond dynami‐
cally to shifting climatic conditions (see also Carrea et al., 2019). 
Notably, our findings support a refugial population in the southern 
Indian Ocean.

4.3 | Ability of different marker types to 
detect structure

The type of genetic structure that we were able to detect depended 
on the method. Mitochondrial data supported a two‐region phy‐
logeographic structure. GBS data confirmed the split apparent in 
mtDNA data, but also showed further (more recent) differentiation 
between white‐chinned petrels from the Atlantic and Indian oceans, 
supporting our hypothesis of multi‐region differentiation. Despite 
more comprehensive sampling, our cyt b results were very similar to 
those for cyt b in Techow et al. (2009), suggesting that the newly‐de‐
tected multi‐region structure was based on the temporal resolution 
of markers and not increased sampling. A growing number of studies 
on Southern Ocean taxa show previously suspected fine‐scale pop‐
ulation structure using GBS data in species ranging from Durvillaea 
kelp and brown rats Rattus norvegicus, to emperor and king penguins 
(Fraser et al., 2016; Fraser et al., 2018; Piertney et al., 2016; Younger 
et al., 2017, 2015; but see Clucas et al., 2016; Trucchi et al., 2014). In 
the case of white‐chinned petrels, the finer‐scale multi‐region struc‐
ture identified using GBS data is consistent with tracking and isotopic 
work which shows that birds from these regions differ in foraging 
habitat or at‐sea distribution, particularly during the nonbreeding 

period (Catard et al., 2000; Jaeger et al., 2013; Perón, Delord, et al., 
2010; Phillips et al., 2006; Rexer‐Huber, 2017; Rollinson et al., 2018). 
Moreover, there are differences in morphology and at‐sea foraging 
distributions between white‐chinned petrels from the Auckland and 
Antipodes islands (Fraser, 2005; Mischler et al., 2015; Rexer‐Huber, 
2017).

4.4 | Conservation implications

White‐chinned petrels are currently listed on the International Union 
for Conservation of Nature IUCN Red List as Vulnerable (BirdLife 
International, 2017). Within a metapopulation, separate, clearly‐
defined evolutionary units can be valuable for prioritising targeted 
conservation intervention and management (e.g., Funk, McKay, 
Hohenlohe, & Allendorf, 2012; Moritz, 1994; Palsbøll, Bérubé, & 
Allendorf, 2007). The white‐chinned petrel metapopulation sepa‐
rates into two evolutionary units, by way of phylogeographic anal‐
yses: New Zealand and Atlantic‐Indian ocean ESUs (evolutionarily 
significant units, defined following Moritz, 1994). However, popu‐
lation genetics reveals marked genetic structure corresponding to 
three important conservation units: Atlantic islands (Falklands‐South 
Georgia), Indian Ocean islands (Prince Edwards‐Crozet‐Kerguelen), 
and New Zealand islands (Antipodes‐Campbell, Auckland, with 
weak but significant population structure separating Auckland). A 
major population decline within an ESU risks loss of much of the 
overall genetic variation and evolutionary potential of the species, 
and reduces the ability to recover from perturbations (Cristofari 
et al., 2019; Friesen et al., 2007; Munro & Burg, 2017). In practice, 
this means that white‐chinned petrel numbers must be maintained 
in both conservation units of each ocean‐basin ESU to retain genetic 
variation at the species level. The largest population of any island 
group is at South Georgia, in the Atlantic‐Indian ESU, and consists 
of 0.9 million pairs of breeding‐age birds (Martin et al., 2009). The 
steep decline of this population from the 1980s to at least the late 
1990s (Berrow, Croxall, & Grant, 2000) is clearly of serious concern, 
as are declines at Île de la Possession in the Îles Crozet (Barbraud, 
Marteau, Ridoux, Delord, & Weimerskirch, 2008). This may be miti‐
gated somewhat by increases elsewhere in the Atlantic‐Indian ESU, 
at Marion in the Prince Edward Islands (Dilley, Schramm, & Ryan, 
2017). The New Zealand ESU is arguably of more concern, since 
population trends in the New Zealand region are entirely unknown.

Declines in white‐chinned petrel numbers have been linked to 
impacts of introduced mammals, to large‐scale incidental mortality 
(bycatch) in fisheries, and to climate fluctuations (Barbraud et al., 
2008; Berrow et al., 2000; Phillips et al., 2006; Reid, Lecoq, & Catry, 
2007). Introduced mammals can have substantial impacts (Dilley et 
al., 2018; Jouventin, Bried, & Micol, 2003), but mammal impacts can 
be challenging to tease apart from the effects of climate and fisher‐
ies bycatch (Barbraud et al., 2012). For example, white‐chinned pe‐
trel recovery on Marion Island in the Prince Edward Islands is linked 
to removal of cats Felis catus (Dilley et al., 2017), and to the concur‐
rent reduction of bycatch in longline fisheries (Rollinson et al., 2018). 
Bycatch rates have been reduced in several fisheries worldwide by 
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adoption of mitigation measures and improved monitoring of compli‐
ance, but remains a major problem where mitigation is not best‐prac‐
tice or is not enforced (Anderson et al., 2011; Barbraud et al., 2008; 
Delord et al., 2010; Gilman, Passfield, & Nakamura, 2014; Lewison 
et al., 2014; Phillips et al., 2016; Rollinson, Wanless, & Ryan, 2017).

4.5 | Genotyping birds to determine provenance

Identifying the origins of bycatch seabirds could help to identify island 
populations disproportionately affected by bycatch. Within our data 
set we did not find any diagnostic SNPs (loci with differentially fixed 
alleles) that could individually assign white‐chinned petrels to ocean 
basin, or to island of origin; however, there were multiple SNPs with 
extremely high differentiation between ocean basins, and between 
some paired island groups within a region. Despite the lack of fixed 
differences, we could assign individuals to their ocean basin and is‐
land of origin using a small subset of SNPs. These loci could therefore 
be used to develop affordable assays (such as TaqMan genotyping as‐
says) to determine the provenance of white‐chinned petrels bycaught 
in fisheries. Highly discriminatory loci such as those we identified are 
often used to assign individuals to a fisheries management stock (e.g., 
Martinsohn & Ogden, 2009; Veale & Russello, 2016) and to detect 
differentiation within populations (e.g., Pazmiño et al., 2018). In fact, 
using highly discriminatory loci to ascertain the provenance of fish is 
one of the best examples of genomic information applied in a conser‐
vation management setting (Garner et al., 2016; Shafer et al., 2015). 
Extending these techniques to assign bycaught birds to their source 
populations would be a useful addition to current management and 
could be applied to find out more about the movements and mortality 
of each white‐chinned petrel population.

While we show that a small set of genotyping assays are likely 
to be able to assign individuals to their population of origin, we have 
not optimized these genotyping panels for assignment purposes. It 
is optimistic to assume that the outlier SNPs are as highly divergent 
as indicated in our data set, in that we currently only have genotypes 
for the individuals used to create the marker panel. To develop a 
marker panel to assign individuals to their population of origin, we 
need to test genotyping assays on independent samples for each 
population (e.g., Veale & Russello, 2016). Once we have enough 
novel samples genotyped to estimate the true population frequen‐
cies of alleles at these loci, we can create an optimized panel for 
specific management questions (Bromaghin, 2008), such as assign‐
ing birds caught at sea within the New Zealand region, or to the New 
Zealand or Atlantic population in the region where their ranges over‐
lap off the coast of South America (Rexer‐Huber, 2017). Although we 
show that there was at least some differentiation between the New 
Zealand island populations of white chinned petrels, which may be 
detectable through the outlier loci, no differentiation metric or clus‐
tering method was able to assign individuals to island group in the 
Atlantic and Indian oceans (other than assignment based on outlier 
loci). Therefore, it remains possible that these loci are false positives 
and these populations could be truly panmictic, with provenance 
only detectable at ocean‐basin level.

Broadly, environmental changes taking place across the Southern 
Ocean are expected to accelerate, and may pose the biggest challenge 
for seabirds (Barbraud et al., 2012; Grémillet & Boulinier, 2009; Krüger 
et al., 2018). The magnitude of global actions required to stop or reverse 
climate change is daunting; by comparison, fisheries bycatch reduc‐
tions and introduced predator eradications are manageable, achievable 
and effective, and can provide some resilience against future climate‐
change challenges (Barbraud et al., 2008; Mattern et al., 2017; Phillips 
et al., 2016). We show that to safeguard the white‐chinned petrel, such 
conservation actions are required both at sea and on land for each ESU. 
Within each ocean basin, there are hotspots of seabird bycatch (e.g., 
Lewison et al., 2014), as well as breeding islands where introduced 
mammals remain at large (DIISE, 2015; Phillips et al., 2016). Removing 
introduced mammals from seabird breeding islands is resource inten‐
sive and requires prioritisation (Dawson et al., 2015; Phillips, 2010). 
This prioritisation could be informed by fisheries impacts, with work 
to identify—within each ESU—island populations disproportionately 
affected by bycatch and therefore most urgently in need of land‐based 
conservation action. Genetic assignment of bycaught white‐chinned 
petrels has so far been limited to broad geographic region (Techow et 
al., 2016), but the use of SNPs, as in our study, can provide improved 
resolution. As in studies of other bycaught seabirds (e.g., Abbott et al., 
2006; Burg, Catry, Ryan, & Phillips, 2017; Lombal et al., 2018), this 
would highlight white‐chinned petrel populations that are dispropor‐
tionately impacted, helping prioritise conservation effort.

In summary, the high resolution of genome‐wide data revealed 
genetic structure in white‐chinned petrels at both fine and broad 
scales (island‐scale and ocean‐basin scale differentiation) that was 
not detected in single‐gene analyses. Genomic data showed for the 
first time that evolutionary units for white‐chinned petrels contain 
marked genetic structure, corresponding to important conserva‐
tion units: Atlantic Ocean, Indian Ocean and New Zealand region. 
Populations on island groups within the New Zealand region exhib‐
ited some genetic structure, indicating very high natal philopatry 
and a lack of connectivity over multiple generations, but there was 
little evidence for similar structure within the island groups of the 
Indian Ocean or Atlantic Ocean. More broadly, genomic data at this 
scale—from around the full Southern Ocean range of white‐chinned 
petrels, describing the entire geographical pattern of genetic varia‐
tion—are unparalleled in any circumpolar species. Assessing related‐
ness and connectivity across a species' whole range, not just from 
a subset of sites, allows greater confidence in describing the pat‐
terns of differentiation that shape circumpolar species distributions. 
Given that polar and subpolar regions are experiencing rapid rates of 
change (Chown et al., 2012; King, 1994; Perón, Authier, et al., 2010; 
Walsh, 2008; Weimerskirch et al., 2012), clear data on current con‐
nectivity are a valuable benchmark for understanding the biological 
consequences of change in the great Southern Ocean wilderness.
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