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Abstract Seabird life-history traits such as long generation
time, low annual fecundity and delayed sexual maturation
make them more prone to population loss and consequently
to extinction; petrels are indeed amongst the most threatened birds. Based on coalescence and multiloci inference
this study examines the extent of genetic differentiation of
a vulnerable New Caledonia (caledonica) and Australia
(leucoptera) subspecies of Pterodroma leucoptera
(Gould’s Petrel), and whether the genetic relationship
between them results from the influence of past events like
variation in sea level, or is dominated by contemporary
gene flow. Sequences of two mitochondrial genes and five
nuclear introns were obtained from 86 individuals from
both populations. Haplotype networks were used to infer
relationships between the haplotypes of both populations.
The demographic history of the P. leucoptera complex was
studied using neutrality tests and Extended Bayesian Skyline Plots. A weak population differentiation was revealed.
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The Extended Bayesian Skyline plot suggested a population expansion approximately 80,000 years before present
(bp) for caledonica and 30,000 years bp for leucoptera.
The split was dated to 30,000 years bp by means of multilocus inference through *BEAST. Despite genetic similarity of the two taxa, we advocate to consider them as
independent units for conservation management, given
their strong ecological distinctiveness (foraging distribution, winter distribution, breeding phenology and breeding
distribution).
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Introduction
Anthropogenic impacts on islands, in particular biological
invasion and habitat destruction, have been identified as the
most important causes of genetic diversity loss, population
extinction and, island fauna depletion (Lande 1998;
Steadman 2006; Illera et al. 2012). Population extinction is
(usually) a long process through which the population first
declines in size, then experiences demographic stochasticity and finally becomes extinct (Caughley 1994). Indeed,
population genetic theory predicts that when a population
declines, genetic diversity is lost as a result of genetic drift
and inbreeding depression (Frankham et al. 2002; Allendorf and Luikart 2009). However, disentangling the relative roles of contemporary and historical processes on the
overall genetic diversity and population differentiation, and
ultimately, survival of populations, is notoriously difficult
(Chiucchi and Gibbs 2010; Henriques et al. 2014).
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Maximum likelihood and Bayesian analyses based on
coalescent theory, when applied to DNA (site and length
polymorphism), may provide insights into demographic
history and genetic structure (Rocha et al. 2011; Brown
et al. 2012; Zieliński et al. 2013). Coalescent theory
assumes that for any two genetic sequences drawn from a
population at random, the probability that they coalesce at
a given time is a function of population size at that time
(Kingman 1982). Coalescent theory also allows estimation
of historic gene flow (Beerli and Felsenstein 1999; Hey and
Nielsen 2004). This approach has proved useful in conservation genetics to understand patterns of intraspecific
diversity, especially when population size and gene flow
are key factors for the long-term survival of conservation
units (Hey 2005; Rocha et al. 2011; Zieliński et al. 2013).
Pleistocene climatic oscillations have influenced population distribution, gene flow and genetic variability
through changes in habitat availability in various marine
organisms (e.g. Pielou 2008; Cheang et al. 2012). In particular, Pleistocene glacial/interglacial cycles seems to
have had marked effects on seabirds due to their current
extreme characteristics in life-history traits (Gómez-Dı́az
et al. 2006; Mareile Techow et al. 2009; Techow et al.
2010; Gangloff et al. 2012; Silva et al. 2015) that make
them particularly suitable for investigating past and recent
population changes using genetic tools. Among seabirds,
petrels (Procellariidae) are the most extreme in regard to
demographic parameters (as reviewed in Dobson and
Jouventin 2007). They usually show large distributions and
have very high dispersal abilities (Shaffer et al. 2006). In
addition, they breed on remote oceanic islands and exhibit
high natal philopatry, often returning to breed within a few
meters of their natal nest (Rabouam et al. 1998; Huyvaert
and Anderson 2004). High dispersal ability and philopatry
act in opposition: strong dispersal capacities should promote gene flow (van Bekkum et al. 2006), while their
strong philopatry should promote genetic differentiation
(Burg and Croxall 2001; Dearborn et al. 2003).
Within the petrels, the genus Pterodroma (c.35 species)
alone accounts for 10 % of all seabird species. Gould’s
Petrel Pterodroma leucoptera is a small pelagic gadfly
petrel (200–250 g), breeding only on two sites separated by
c.1500 km in the Southwest Pacific Ocean (Fig. 1). Each
population has been treated as an endemic subspecies
because of subtle differences in morphology and coloration
(Imber and Jenkins 1981; Bretagnolle and Shirihai 2010).
The Australian subspecies, P. l. leucoptera (hereafter leucoptera), now breeds only on two small islands in New
South Wales (Cabbage Tree Island and Boondelbah Island
separated by 1.6 km: Carlile et al. 2003), while the New
Caledonian subspecies (P. l. caledonica, hereafter caledonica) is restricted to the south central chain of New
Caledonia (Naurois and Rancurel 1978; Bretagnolle and
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Shirihai 2010). Several thousands of birds have been ringed
but no exchange has ever been documented; however longterm ringing has been done only on Cabbage Tree Island
(Priddel et al. 2014). Subspecies also differ in breeding
behavior and habitats (leucoptera nests in natural cavities
among rock scree close to sea level, caledonica excavates
soil burrows high in the mountains), breeding phenology (a
lag of one month; Priddel et al. 2014), foraging zones while
breeding, and migration and non-breeding areas (Priddel
et al. 2014). However, the genetic relationship between the
two taxa remains mostly unknown. Both taxa experienced
recent fluctuations in population sizes: leucoptera was
numerous when discovered in the eighteenth century
(Gould 1865), but decreased to fewer than 1500 individuals
in 1992 (c. 200 pairs). Classified as vulnerable (IUCN
2015), its population recovered to 1000 pairs thanks to a
recent restoration program (Priddel and Carlile 1995;
2009). Although no precise information on population
trend exists for caledonica, its numbers decreased following the introduction of predators (black rats Rattus rattus,
cats Felis catus and pigs Sus scrofa) with European settlement approximately 190 years ago (Miller and Mullette
1985; Armstrong 1992; IUCN 2015).
In this study, seven molecular markers were used (two
mitochondrial genes and five nuclear introns), (i) to clarify
whether taxonomic treatment of the two subspecies is
supported by molecular data, (ii) to test whether present
genetic structure results from demographic fluctuations
(expansions and bottlenecks) due to Pleistocene climatic
oscillations, or from more recent changes likely related to
anthropogenic pressure; and (iii) to estimate time of
divergence of the two populations and their past effective
population sizes.

Methods
Sampling, DNA purification, gene amplification,
and sequencing
A total of 86 samples of Pterodroma leucoptera, consisting
of blood (45) and feathers (41), were collected from the
two known breeding localities (Fig. 1). Feathers were
sampled from live adult birds from the Mt. Dzumac colony,
New Caledonia, during the breeding seasons of 2005–2006
and 2008–2009. Similarly, blood samples were collected
from Australian birds at the Cabbage Tree Island colony
from 2005 to 2008. Blood was collected from veins on the
leg or wing using microcapillaries. Samples were stored
until analysis in 70 % ethanol at -20 °C. Total genomic
DNA was isolated from blood samples using QiagenDNeasy Blood and Tissue extraction kits (Qiagen, Inc.,
Valencia, CA). Polymerase Chain Reaction (PCR) was
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Fig. 1 Sampled breeding localities of Pterodroma leucoptera: Dzumac, New Caledonia; Cabbage Tree Island, Australia

used to amplify two mitochondrial DNA (mtDNA) loci and
five nuclear introns using previously published primers
(Supplementary Table 1). Amplifications were performed
in 25 ll reactions containing 1.5 ll (30–100 ng/ll) of the
DNA template, 1X QIAGEN Multiplex PCR Master Mix
(Qiagen, UK) and 0.8 lM of each forward and reverse
primer (Supplementary Table 1) PCR products were purified and sequenced using the same PCR primers by Eurofins Scientific (France) and Genome Québec Innovation
Centre (McGill University, Montreal, QC, Canada).
Mitochondrial origin and intralocus recombination
Mitochondrial origin of the concatenated mtDNA gene
sequences was confirmed by translating DNA sequences to
check for stop codons and other potential indications of
nuclear origin (Ibarguchi et al. 2006) in BioEdit Sequence
alignment Editor v. 7.2.5 (Hall 1999). Sequences were
checked visually and aligned with CLUSTAL X (Thompson et al. 1997), implemented in BioEdit Sequence alignment Editor. Recombination in nuclear loci was tested with
the four gamete test (Hudson and Kaplan 1985) implemented in DnaSp v.5.10.01 (Librado and Rozas 2009).
When the test suggested intralocus recombination, we
retained the longest contiguous unrecombined sequence for
subsequent analyses. Because the Isolation with Migration

and BEAST analysis requires having known phase for
nuclear sequences, we determined the gametic phase using
the program PHASE (Stephens et al. 2001) implemented in
DnaSp with default parameters and a threshold value of
0.90. Phased nuclear data were then used in all analyses,
individuals thus being represented by two sequences.
Evolutionary relationships, genetic diversity
and population differentiation
Haplotype frequencies were inferred with DnaSP.
Genealogical relationships among haplotypes were reconstructed using a median-joining network and default
parameters (Bandelt et al. 1999) in NETWORK v.4.6.0.0
(http://www.fluxus-engineering.com). Concatenated mitochondrial and nuclear sequences were used to estimate
general statistics of genetic diversity, including number of
polymorphic sites (Np), number of haplotypes (H), number
of private haplotypes (PH), haplotype diversity (h; Nei
1987) and nucleotide diversity (p; Nei and Tajima 1983),
for each subspecies using DnaSP and Arlequin v. 3.5.1
(Excoffier and Lischer 2010). The proportion of genetic
variance accounted for within and between subspecies was
estimated using an analysis of molecular variance,
AMOVA (Excoffier et al. 1992) in Arlequin, and tested for
statistical significance using 10,000 permutations. We
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calculated pairwise differentiation between subspecies
using UST (with Tamura-Nei substitution model), a direct
analogue of Wright’s Fst for nucleotide sequence
divergence.
Population size fluctuations through time
Two tests were used to assess if genetic variation deviated
from neutral expectations due to either a recent population
expansion or selection: Tajima’s D (Tajima 1989) and Fu’s
Fs (Fu 1997) both implemented in Arlequin. Tajima’s D
values [0 suggest either a recent population bottleneck or
balancing selection, while D \ 0 indicates a population
expansion or directional selection. These values are considered significant when p \ 0.05. Fu’s Fs tends to be
negative when there is an excess of recent mutations
(therefore an overabundance of rare alleles), characteristic
of a recent population expansion. Positive Fu’s Fs values
indicate a deficiency of rare alleles, suggesting a population bottleneck or overdominant selection. Following (Fu
1997) Fu’s Fs values are regarded as significant if
p \ 0.02. which corresponds to the conventional significant p \ 0.05 for Tajima’s D. Significant negative Tajima’s D and Fu’s Fs indices may also indicate selection and
genetic hitchhiking associated with selective sweeps. These
analyses were conducted for all genes.
A coalescent-based graphical method, the Extended
Bayesian Skyline Plot (EBSP) was carried out in BEAST v.
2.1.3 (Drummond and Rambaut 2007) for both populations
independently and pooled together to infer potential historical fluctuations in effective population size (Ne). The
EBSP allows simultaneous analysis of data from multiple
unlinked loci, taking into account their specific mode of
inheritance, thus significantly improving the reliability of
demographic inferences over single-locus analyses (Heled
and Drummond 2008; Shapiro and Ho 2011). EBSP analysis was run using strict clock models as it is considered a
good approximation for intra-population level analyses,
and it simplifies the coalescent model, helping convergence. Per lineage mutation rate (mu) was calculated by
using l = dxy/2T (Nei 1987), where dxy stands for interlineage divergence and T is the divergence time since two
unique lineages diverged (See Supplementary Table 3).
For concatenated mtDNA, dxy = 1.89 9 10-8 s/s/y (substitution/site/years) (Weir and Schluter 2008) and for
nuclear introns dxy = 3.6 9 10-9 s/s/y (Axelsson et al.
2004); All analyses were run three times to check for
convergence with 7 9 107 generations, and sampling every
2 9 103 generations. The first 30 % of the genealogies
were discarded as burn-in. Convergence, stationarity,
effective sample size for each parameter of interest and the
appropiate burn-in were evaluated using the software
TRACER v.1.6 (Rambaut et al. 2014). The uncorrected
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median population size obtained by EBSP, which is the
product Neg where Ne is the effective population size and
g generation time (expressed in the same units as the
divergence times) was rescaled and expressed as Ne by
dividing by g (Drummond and Bouckaert 2015). A generation time of 20 years as indicated by (Gangloff et al.
2013) was used to rescale the uncorrected population size.
Estimation of gene flow and population connectivity
Patterns of historical and contemporary connectivity
between the two subspecies were disentangled through a
coalescent inference using the Isolation with Migration
under Changing Population Size model (IM) (Hey and
Nielsen 2004; Hey 2005). The following parameters were
calculated between leucoptera and caledonica: effective
population sizes (Ne caledonica; Ne leucoptera; Ne
ancestral), population divergence time (T), the splitting
parameter (S) allowing for population size change through
time, and migration rates (M1, M2), where M1 indicates the
probability of migration per generation migrating from
caledonica to leucoptera forwards in time, and M2 indicates migration in the other direction. Concatenated
mtDNA and multilocus nuclear DNA were used both
jointly and separately to perform the IM analysis. Several
preliminary runs were conducted to optimize priors
(looking for posterior density curves that rise from zero,
peak and then fall to zero within the range for each of the
required demographic parameters) following Hey 2009.
The final analysis was carried out with the HKY mutation
model (Hasegawa et al. 1985) for both nuclear introns and
mtDNA, a geometric heating scheme (g1 = 0.96 and
g2 = 0.9), 10 chains, and a chain length of 2 million steps
following a 1 million step burn-in. To assess convergence,
three separate runs were conducted with different random
seed numbers. Effective sample size (ESS) values were
monitored to ensure proper mixing of the Markov chain. To
convert raw parameter estimates into demographic values,
we used the per-locus mutation rates (substitution/year)
obtained by multiplying per lineage mutation rate (as used
in EBSP) by the number of base pairs of each sequence.
The geometric mean of the per-locus mutation rates (l)
was calculated and then used to compute the divergence
time by using T = t/l, expressed in years before present (t,
is the maximum likelihood estimate of the parameter T).
To calculate effective population size (Ne), we used
Ne = h/(4G l), with a generation time (G) of 20 years
(Gangloff et al. 2013). To estimate the population migration rate (M), we used 2NeM = Nem/2, where m stands for
the maximum likelihood estimate of the parameter M. The
number of migrants from the ancestral to the leucoptera
population was calculated as (1-s)ha (where (1-s) represents the size of the P. leucoptera population and ha
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stands for the effective size of the ancestral population
(Hey 2005).
As the divergence time obtained with IM was unreliable
(Supplementary Table 5; Fig. 1), we also used *Beast
(Heled and Drummond 2010), implemented in BEAST
v.1.6.1 (Drummond and Rambaut 2007), which provides
simultaneously phylogenies and divergence time estimates.
To root the tree four related species were used as outgroups, two of them, P. brevipes and P. oculta, were
amplified and sequenced in this study while sequences
from P. feae and P. madeira were obtained from GeneBank
(Supplementary Table 4). Three runs of 5 9 107 generations, sampling every 1000 generations with a burn in of
2000 trees were performed and then combined in
LogCombiner v.1.6.1 (Heled and Drummond 2010). HKY
nucleotide substitution model and a strict clock model with
an uncorrelated lognormal distribution were used. Per lineage mutation rate of 4.87 9 10-3 s/s/My was used. For
the species tree, a Yule process speciation under a coalescent model assuming a constant population over the time
period was chosen. Finally, Tracer v.1.6 (Drummond and
Rambaut 2007) was used to visualize the results of the runs
and to check the effective sample size of each parameter.

Table 1 Diversity indices and
results of tests for deviations
from neutrality for two
subspecies of Pterodroma
leucoptera

Gene

Subspecies

N

Results
We sequenced 1327 base pairs for concatenated CO1 and
Cytb (see Table 1 for exact numbers of individuals
sequenced for each gene) and 500, 481, 924, 637, and 452
base pairs for the introns PAXIPI, CSDE1, bfibint7,
IRF2F1 and TPM1 respectively. Of the five nuclear introns,
Bfibint7 was the only one presenting signals of recombination, so we kept the longest possible contiguous unrecombined sequence (918 base pairs) for subsequent
analyses. As TPM1 did not present any variation, it was
withdrawn from any further analysis. The concatenated
mtDNA data did not display insertions or deletions, and
after translation, no nonsense or stop codons were found.
No ambiguous sites were detected, and true mitochondrial
origin of obtained sequences was therefore very likely.
DNA was amplified with specific primers designed for
Pterodroma species (Primmer et al. 2002; Kimball et al.
2009; Jesus et al. 2009; Gangloff et al. 2013) rather than
universal primers, which is supposed to reduce the risk of
the coamplification of nuclear copies of mitochondrial
genes (numts) amplification (Sorenson and Quinn 1998;
Ibarguchi et al. 2006).

Np

Nh

ph

Diversity indices
Hd [SD

(910-2)

]

Neutrality tests
p % (SD)

Tajima’s D

Fu’s Fs

CO1-Cytb
caledonica

17

13

11

9

0.93 (0.05)

0.16 (0.09)

-1.04

25.19

leucoptera

20

7

8

6

0.79 (0.07)

0.063 (0.05)

-1.40

24.46

caledonica

26

2

4

2

0.28 (7.0)

0.04 (0.06)

-0.64

-2.12

leucoptera

56

5

7

5

0.21 (5.2)

0.05 (0.06)

21.41

25.81

caledonica

16

10

8

6

0.68 (5.6)

0.08 0.06)

21.62

23.08

leucoptera

50

5

5

3

0.38(5.0)

0.03 (0.03)

-1.16

-1.83

caledonica

15

19

17

13

0.88 (5.1)

0.09 (0.06)

21.87

212.9

leucoptera

35

7

8

4

0.56 (4.8)

0.031 (0.03)

-1.25

23.91

caledonica

26

4

5

3

0.68 (6.0)

0.25 (0.18)

0.47

-0.24

leucoptera

45

3

3

1

0.46 (6.0)

0.19 (0.15)

0.86

1.89

caledonica

15

0

1

0

0

0

leucoptera

18

0

1

0

0

0

PAXIPI

CSDE1

bfibint7

IRF2F1

TPM1

Number of individuals sequenced (N), number of polymorphic sites (Np); number of haplotypes (Nh);
number of private haplotypes (ph); haplotype diversity (Hd), nucleotide diversity (p, in %), average number
of nucleotide differences between haplotypes (K). Significant values for tests of neutrality: p \ 0.05 for
Tajima’s D and p \ 0.02 for Fu’s Fs are shown in bold
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Molecular variability
Concatenated mitochondrial data contained 18 polymorphic sites with a total of 17 different haplotypes (13 for
caledonica and 7 for leucoptera; Table 1). Nuclear data
exhibited a total of 55 variable sites (7 in PAXIP1, 15 in
CSDE1, 26 in bfibint7 and 7 in IRF2F1), leading to 7, 9, 17
and 4 haplotypes respectively (after phasing the nuclear
intron sequences). Haplotype and nucleotide diversities
tended to be lower in leucoptera than in caledonica
(Table 1).
Population structure and evolutionary relationships
Pairwise single locus estimates of population (subspecies)
differentiation for mtDNA and nuDNA were low but significantly different from 0 between the two subspecies
taken together (p \ 0.05 for all global mtDNA and nuDNA
except PAXIPI (p [ 0.05) (Supplementary Table 2).
Indeed, [90 % of genetic variation was detected at the
intra-population level for all loci. No pronounced phylogeographic structure could be detected in the haplotype
networks, either for mitochondrial or nuclear markers
(Fig. 2). Indeed, all networks were characterized by one or
more dominant haplotypes shared by the two subspecies.
Similarly, most networks showed star-like topologies, with

Fig. 2 Haplotype networks obtained with concatenated mtDNA CO1
and Cytb genes, and five nuclear introns, PAXIP1, bFibint7, CSDE1
and IRF21 within Pterodroma leucoptera (TPM1 not shown since
there was no variation). Node sizes are proportional to number of
individuals found with that haplotype, while color codes refer to
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one central prevalent haplotype, and other haplotypes
having much lower frequencies, suggesting possible past
and rapid population expansion (Slatkin and Hudson 1991;
Kulikova et al. 2005). Pterodroma l. caledonica showed a
higher number of private haplotypes despite a lower sample size (Table 1; Fig. 2).
Past population history
Most estimates of Tajima’s D and Fu’s Fs were negative,
suggesting a recent population expansion for either caledonica or leucoptera (see Table 1 for all values and associated statistics). Reconstruction of the population size
history by means of EBSP suggested an expansion episode
for both caledonica and leucoptera (Fig. 3). EBSP further
underlined an earlier population increase in caledonica (c.
60,000 years bp) than in leucoptera (c. 15,000 years bp).
Estimation of gene flow and population connectivity
Migration rates, divergence time and present effective
population sizes were obtained with IM analysis only for
the two mitochondrial loci since our data failed to find
convergence when using all loci. Posterior density curves
were acceptable (see Hey 2007) for all but three parameters
(Supplementary Table 5; Fig. 2), and therefore, estimates

sampling site (see Fig. 1 for sample site locations). Polygons
correspond to intermediate (non-sampled) haplotypes. Branch lengths
are not scale to improve visualization. Numbers on branches show the
number of mutations between alleles. When no number is indicated,
only one mutation step occurred
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Fig. 3 Extended Bayesian
Skyline Plots of P. l. caledonica
and P. l. leucoptera subspecies
based on the CO1, Cytb,
PAXP1, CSDE1, bFibint7 and
IRF21 data sets. The green and
red lines represent the median
of the parameter Ne,
proportional to the effective
population size in thousands,
while the grey lines are the
95 % CI

of ha, T (divergence time) and f (number of founder individuals of leucoptera) were unreliable and not presented in
the results. Estimates of divergence time obtained by
BEAST analysis indicated a split event of 30,000 years ago
[95 % HPD = 0-0.058] (Fig. 4) between P. l. caledonica
and P. l. leucoptera.

Discussion
The two P. leucoptera subspecies show evidence of recent
divergence. Results are inconclusive in regard to whether
the populations are still connected by gene flow, possibly
indicated by high numbers of shared haplotypes, few private haplotypes, and low indices of differentiation. In the
absence of population bottlenecks, higher haplotype and
nucleotide diversities are expected in ancestral populations
compared to more recent ones (Bisconti et al. 2011). Here,
we found greater nucleotide and haplotype diversity in
caledonica, for five out of the six loci under study, suggesting that caledonica may be the ancestral form.

A proposed historical reconstruction
Pterodroma l. caledonica was apparently stable in numbers
and remained at low population size during the climate
cooling period that extended from 130,000 to
70,000 years bp (associated lowering sea levels (Lambeck
et al. 2002). From 70,000 years bp, a very smooth increase
in population size is however apparent, possibly in relation
to further cooling of water temperature and a presumable
increase in ocean productivity: today, the two populations
feed in southern seas during breeding, and this is especially
marked in caledonica (Priddel et al. 2014). We thus suggest that colder, more productive waters, moving slowly
northward and therefore closer to breeding localities in
New Caledonia, may have allowed this population
increase. The two lineages apparently split during the Last
glacial cycles of the pleistocene epoch (starting
70,000 years bp). Between 70,000 and 20,000 years bp sea
level dropped from c. -80 to -120 m, while sea surface
temperature decreased sharply (Rohling et al. 1998; Barrows et al. 2007). Several ridges between New Caledonia
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Fig. 4 *Beast tree using two mitochondrial genes (concatenated CO1
and Cytb) and four nuclear intron (PAXIP1, CSDE1, bfibint7,
IRF2F1) showing simultaneously the phylogeny and divergence time
of P. l. caledonica and P. l. leucoptera sub-species under a relaxed

clock assumption. The divergence times expressed in Million years
are displayed at each node. Purple bars represent the 95 %HPD
interval of the node ages. Numbers on branches represent the posterior
probability of each clade

and Australia, currently underwater (e.g. Chesterfield
Ridge; Fig. 1), were presumably above sea level, providing
many lowland islets. P. l. caledonica may have colonized
one or several islets halfway between New Caledonia and
Australia at this time (see Fig. 1). Divergence hypothetically occurred between the populations, leading to the
leucoptera lineage. Interestingly, these new islands were
lowland islets, a character now found in the breeding
habitat of leucoptera. Around 18,000 years bp, sea level
and sea surface temperatures started to rise. Breeding sites
became unavailable for leucoptera and the population then
presumably colonized or survived only on the few islands
off the Australian coast, where they are breeding today.
This proposed historical scenario, however, relies on an
accurate estimate of time of divergence as well as population size estimates. However, our IM simulations did not
fully converge for parameters such as divergence time and
long-term effective size. Indeed similar lack of convergence was already found in other petrel studies (Welch
et al. 2011), with the posterior distribution of the curves
showing two distinct peaks, hence very wide HPD. Low
resolution in parameter estimates with IM can result from
sensitivity to inadequate sampling of target populations
(Jacobsen and Omland 2012) since parameter estimates
will also depend on the level of gene flow between
unsampled populations. Besides, low numbers of loci
coverage was suggested to promote failure convergence of
the IM parameters estimates (Hey 2005; Jacobsen and
Omland 2012). In our study we also used multi locus

coalescence-based approaches implemented in EBSP and
*BEAST rather than concatenated sequences analysis
(Degnan and Rosenberg 2006; Kubatko and Degnan 2007),
the latter accounting for discrepancies between gene and
species trees history when studying closely related species
(Zink and Barrowclough 2008). Indeed *BEAST accepts
shared polymorphisms originated from incomplete lineage
sorting but excludes introgression, treating the latter by
conducting separate analyses for each marker (Heled and
Drummond 2010; Drummond and Bouckaert 2015; Meyer
et al. 2016). To conclude, polyphyly and dissimilarities in
gene tree topologies were expected since we analysed
closely related species or subspecies, as was appointed by
Maddison and Knowles 2006.
The accuracy of estimates of divergence times based on
evolutionary substitution rates is also increasingly debated
(Garcia-Moreno 2004; Lovette 2004; Ho et al. 2007; Shapiro and Ho 2011), since they are affected by base composition, calibration point sensitivity, generation time,
metabolic rates and population size (Lovette 2004; Ho
et al. 2005). For instance, Nunn and Stanley 1998 used a
calibration point older than 12 Myr, causing saturation of
mutations in their cytb sequences and consequently
underestimating sequence divergence. It is indeed recommended to use calibrations derived from lineages as close
as possible to the organism under study (Lovette 2004;
Peterson 2006). For these reasons, we used the interlineage
molecular rate derived from (Weir and Schluter 2008) and
converted it to a per lineage mutation rate. There was some
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discrepancy between our estimate of *30,000 years bp
divergence time as obtained with BEAST and the fact that
IM analysis suggested that one of the taxon started to
increase in size earlier, 60,000 years bp in caledonica. It
should however be noted that both estimates stay within
respective confidence intervals, so discrepancy may result
from large uncertainty in estimated times.
Contemporary differentiation and taxonomic
consequences
These two populations are currently classified as separate
subspecies based on slight morphological and color differentiation (Imber and Jenkins 1981). Some researchers
even suggested species status (e.g. Onley and Scofield
(2007) despite strong overlap in measurements and coloration (Bretagnolle and Shirihai 2010). Our haplotype
networks, based on seven loci including both nuclear
introns and mitochondrial DNA, revealed very low population differentiation between the two taxa based on UST
statistics (mitochondrial UST = 0.01, nuclear UST ranging
0.0049–0.0876) and no phylogeographic differentiation in
haplotype networks. Several petrel studies have now used
both nuclear and mtDNA, revealing, in general, greater
resolution in mitochondrial loci and deeper levels of
genetic divergence than for nuclear loci (Silva et al. 2011;
Welch et al. 2011; Gangloff et al. 2012; Silva et al. 2015).
Unlike other petrels (Ovenden et al. 1991; Friesen et al.
2006), our two taxa showed few locally restricted haplotypes. Conversely, these populations differ in their breeding as well as non-breeding ecology (Priddel et al. 2014).
Differences in ecological traits despite similarity at neutral
molecular markers and few locally restricted haplotypes
may suggest recent divergence with on-going gene flow
between caledonica and leucoptera, with lineages currently
unsorted but likely in the process of divergence, rather than
a remnant of a large ancestral population.
Conservation implications
Conservation management should target demographically
independent populations whose population dynamics
depend largely on local birth and death rates rather than on
migration (Palsbøll et al. 2007). Conservation genetics can
help decide whether subspecies or populations within a
species should be managed as separate units (Moritz 2002).
Furthermore, independently evolving populations are arguably worth conserving even if they are not different species
or taxa (Tobias et al. 2010). The present study provides an
interesting case, where neutral molecular markers failed to
find strong differences between two populations that are
traditionally considered separate conservation units given
their different ecological requirements and breeding
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habitats. In addition, these populations currently have different potential fates: leucoptera shows a very small but
increasing breeding population on safe islands, while caledonica shows a much bigger but currently declining population on an unsafe island where predation by invasive
species occurs. Overall, Pterodroma leucoptera is considered vulnerable (Birdlife International 2015). Given differences in ecology and conservation status, and despite the
weak neutral genetic and morphological differentiation, we
thus recommend that both populations should be protected to
preserve the evolutionary potential of these lineages. In
particular, as a source of variability able to maintain the
genetic diversity of this species, taxon caledonica warrants
more conservation effort.
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