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Abstract

Historical records suggest that the petrels of Round Island (near Mauritius, Indian

Ocean) represent a recent, long-distance colonization by species originating from the

Atlantic and Pacific Oceans. The majority of petrels on Round Island appear most similar

to Pterodroma arminjoniana, a species whose only other breeding locality is Trindade

Island in the South Atlantic. Using nine microsatellite loci, patterns of genetic

differentiation in petrels from Round and Trindade Islands were analysed. The two

populations exhibit low but significant levels of differentiation in allele frequencies and

estimates of migration rate between islands using genetic data are also low, supporting

the hypothesis that these populations have recently separated but are now isolated from

one another. A second population of petrels, most similar in appearance to the Pacific

species P. neglecta, is also present on Round Island and observations suggest that the two

petrel species are hybridizing. Vocalizations recorded on the island also suggest that

hybrid birds may be present within the population. Data from microsatellite genotypes

support this hypothesis and indicate that there may have been many generations of

hybridization and back-crossing between P. arminjoniana and P. neglecta on Round

Island. Our results provide an insight into the processes of dispersal and the

consequences of secondary contact in Procellariiformes.
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Introduction

Movement and dispersal in animal species has been

described as ‘one of the most studied yet least under-

stood concepts in evolutionary biology’ (Clobert et al.

2001). Dispersal is a major evolutionary force, affecting

both population dynamics and gene flow, yet the eco-

logical and behavioural factors influencing the evolution

of dispersal are often difficult to determine. Recently, it

has been suggested that dispersal strategies in animals

can change in response to changing environmental con-

ditions (Clobert et al. 2001; Genovart 2009). Therefore,

one impact of anthropogenic environmental disturbance

may be to alter patterns of dispersal and colonization in

animal species. Such changes in dispersal behaviour

could lead to secondary contact between previously iso-

lated species, potentially allowing hybridization and

genetic introgression, and in extreme cases the extinc-

tion of taxa through genetic homogenization (Rhymer &
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Simberloff 1996). Given the current global rates of habi-

tat loss and climatic change there is an increasingly

urgent need to understand the causes and consequences

of dispersal and how these may be affected by ecologi-

cal disturbance.

The Order Procellariiformes (albatrosses, petrels,

shearwaters, storm-petrels and diving-petrels) provide

an intriguing system in which to study dispersal. Most

species forage over vast areas of ocean and breed on

offshore islands, often in large and dense colonies.

Although some species breed only at a single island or

archipelago, others maintain a number of breeding colo-

nies, sometimes thousands of kilometres apart and in

different ocean basins (Brooke 2004). The ability of Pro-

cellariiformes to traverse large stretches of ocean with

ease implies that there are few barriers to gene flow

between populations on different islands. Nevertheless,

mark-recapture data and genetic analyses indicate that,

in many species, dispersal of individuals between

breeding colonies is extremely limited. This fact has

prompted discussion of the ‘seabird paradox’ (Milot

et al. 2008), that is, given the apparent reluctance of

many species to disperse, how could a system of frag-

mented and isolated populations have arisen?

High levels of natal philopatry have long been

reported in Procellariiformes through the recovery of

banded individuals at the colonies where they fledged

(e.g. Inchausti & Weimerskirch 2002; V Tatayah unpub-

lished; Friesen et al. 2007a; Zino et al. 2008). However, a

more compelling source of evidence for philopatry is

now emerging through the use of molecular markers to

identify population differentiation and to estimate levels

of gene flow. Significant genetic differentiation among

populations has been found in numerous Procellariiform

species, including Cory’s shearwater (Calonectris diome-

dea; Gómez-Dı́az et al. 2009), the Galapagos petrel

(Pterodroma phaeopygia; Friesen et al. 2006), the Band-

rumped storm petrel (Oceanodroma castro; Friesen et al.

2007a) and Leach’s storm petrel (Oceanodroma leucorhoa;

Friesen et al. 2007b). The colonization of new habitat by

species that display high site fidelity is likely to be slow

or impossible (Matthiopoulos et al. 2005), therefore the

philopatric habits of Procellariiformes are thought to

limit their potential for dispersal. Dispersal in this

group may also be limited by physical barriers such as

land (Friesen et al. 2007b) or oceanographic boundaries

(Gómez-Dı́az et al. 2009). In Procellariiformes, therefore,

colonization by long-distance dispersal is generally

regarded as an unlikely or rare occurrence. However,

the occurrence of genetic structure among widely dis-

tributed populations of various species suggests that

dispersal must have occurred at some stage in their his-

tory, either through range expansion and subsequent

fragmentation, or through long distance colonization.

Yet the circumstances which promote dispersal in Pro-

cellariiformes remain unclear, and identifying recent

colonization events in this group is an important step

towards understanding their long-term population

dynamics.

In this study we examine a suspected long-range col-

onization event by the Trindade petrel, Pterodroma

arminjoniana. Petrels were first recorded breeding on

Round Island (near Mauritius in the Indian Ocean) in

1949 and were initially identified as P. arminjoniana

(Vinson 1949). This species was previously thought to

breed only at Trindade Island in the South Atlantic

Ocean. Although Round Island is uninhabited, a num-

ber of earlier expeditions to the island made no record

of petrels being present (Lloyd 1846; Newton 1861; Pike

1869, 1873; Meinertzhagen 1912). Petrels may have been

present on Round Island prior to 1949 (Cheke & Hume

2008). However, it is generally assumed that the Round

Island population represents a recent colonization by

birds originating from Trindade. The two islands are

separated by a distance of roughly 9000 km and by the

landmass of continental Africa. Although the identifica-

tion of Round Island petrels as P. arminjoniana has

never been questioned, this species is difficult to distin-

guish from some congeners, for example the Pacific spe-

cies P. heraldica and P. atrata, and no diagnostic

taxonomic characters have been identified which sepa-

rate these species.

In the mid 1980s, a second species of petrel was

observed at Round Island. Petrels giving a call which is

different to that of P. armonjoniana were first noted in

1986 by Don Merton (Brooke et al. 1999) who identified

the calls as belonging to the Kermadec petrel, P. neglec-

ta, a species with which he was familiar. P. neglecta is

widely distributed throughout the Pacific Ocean but

was at that time not known to breed in the Indian

Ocean (Brooke et al. 1999). In subsequent years, breed-

ing pairs of petrels were discovered on Round Island

which had the characteristic white-shafted primary

wing feathers of P. neglecta. The primary feather shafts

of P. arminjoniana and a number of other congeners are

dark brown or black, whereas white feather shafts are

considered a diagnostic trait of P. neglecta (Murphy &

Pennoyer 1952). Therefore, there is little doubt that

white-shafted Round Island birds represent a previ-

ously unreported breeding colony of P. neglecta. The

number of breeding pairs of white-shafted birds on

Round Island is roughly an order of magnitude lower

than that of dark-shafted birds. In the field season of

2004–2005, 93 active nests belonging to dark-shafted

birds were identified compared with just four active

nests involving white-shafted birds. In recent years,

dark-shafted and white-shafted birds on Round Island

have been observed forming pairs, which may therefore
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be mixed species pairs (C. Jones, personal observation).

These mixed morpho-type pairs have been recorded

incubating eggs on a number of occasions. During the

course of this study three such pairs were identified

and one pair successfully hatched a chick. A small pro-

portion of the birds caught on Round Island have been

found to have primary shafts that are partly white and

partly dark brown ⁄ black. In addition, birds have been

observed on Round Island giving a call that appears to

be intermediate between the calls of P. arminjoniana and

P. neglecta. Based on these observations, it has been sug-

gested that birds on Round Island displaying the inter-

mediate plumage-type and intermediate call-type are

the hybrid offspring of P. arminjoniana (dark-shafted

birds) and P. neglecta (white-shafted birds).

Interspecific hybribization has been reported in some

other Procellariiform taxa. The Northern giant petrel

(Macronectes halli) and the Southern giant petrel (M. gi-

ganteus) are known to hybridize at Bird Island, South

Georgia (Hunter 1982), and possible hybrid offspring of

the Black-browed albatross (Thalassarche melanophris)

and Campbell albatross (T. impavida) have been identi-

fied at Campbell Island (Moore et al. 2001). Hybridiza-

tion between the Balearic shearwater (Puffinus

mauretanicus) and the Yelkouan shearwater (P. yelkouan)

has been uncovered using evidence from mtDNA hapl-

otypes. In this case, the authors concluded that back-

crossing between hybrid individuals and Balearic

shearwaters had occurred on one of the islands in the

species’ range, but that introgressed DNA had not

spread substantially beyond this island to other popula-

tions of Balearic shearwaters (Genovart et al. 2007).

However, in most cases it remains unclear whether

these hybridization events have resulted in gene flow

between the species involved and therefore whether

species integrity has been compromised. The role of

hybridization as an evolutionary process in animals is

becoming increasingly evident (e.g. Gompert et al. 2006;

Mallet 2007), and the identification of interspecific

hybridization events in natural populations is a neces-

sary pre-requisite to studying such processes (Nolte &

Tautz 2010).

Using multilocus genotype data from nuclear markers

(microsatellite loci) this study aims to investigate

whether the petrels on Round Island which resemble P.

arminjoniana truly represent a recent, long-distance colo-

nization event by this species, and whether the Round

Island population is now isolated from the putative par-

ent population on Trindade Island. Specifically, we aim

to address the following questions: (i) Do microsatellite

allele frequencies support the identification of dark-

shafted Round Island petrels as P. arminjoniana? (ii) Is

there evidence of a genetic bottleneck in the Round

Island population, indicating a recent founder event?

(iii) Do birds identified as P. arminjoniana on Round

and Trindade Islands comprise a single panmictic pop-

ulation? Interspecific hybridization may be occurring

between dark-shafted and white-shafted birds on

Round Island. In this study we provide sonograms of

the calls of the putative parental species and hybrids

and address the additional question: (iv) does genetic

data provide evidence of hybridization and backcross-

ing between dark-shafted and white-shafted birds on

Round Island?

Materials and methods

Two field trips were undertaken to Round Island from

November 2004–February 2005 and September–October

2005. Blood samples were collected from 303 adult pet-

rels which were caught by hand on the ground. Blood

was obtained by puncturing a vein in the footpad using

a sterile hypodermic needle. Around 75 lL of blood

was collected using a capillary tube and stored in 100%

ethanol at ambient temperature. Adults were identified

to species based on the colour of the primary shafts.

Individuals with white shafts were recorded as Ptero-

droma neglecta (n = 17), those with dark brown ⁄ black

shafts were recorded as P. arminjoniana (n = 260) and

individuals with shafts that were partially white and

partially dark were classified as intermediate-type

(n = 26). A further 80 blood samples were collected

from P. arminjoniana on Trindade Island in the South

Atlantic by L. Bugoni between June 2006 and April

2007. All adult birds had dark brown ⁄ black primary

shafts. Blood was collected from the tarsal vein using

needles and syringes and stored in absolute ethanol.

Petrel vocalizations were recorded on Round Island

in September and October 2005 using a Sony WMD6C

Professional Walkman and Sennheiser directional

microphone. Calls are given by birds in flight, therefore

it is usually impossible to identify birds giving particu-

lar calls to species level using the primary shaft charac-

teristic. However, in one case a bird observed giving

the intermediate call was subsequently caught and was

classified as intermediate-type based on the primary

shafts. Calls were recorded on Trindade Island between

December 2006 and April 2007 using similar equip-

ment.

Total genomic DNA was isolated from approximately

5 mg of coagulated blood using the Promega Wizard 96

Genomic DNA Purification System, following the man-

ufacturer’s protocol. DNA was eluted in 500 lL of

ddH2O and stored at )20 �C. All samples from Round

Island (n = 303) and Trindade (n = 80) were genotyped

using the following nine microsatellite loci- Parm01,

Parm02, Parm03 (Brown & Jordan 2009); Paequ3, Paequ13

(Techow & O’Ryan 2004); 10C5, 12H8 (Dubois et al.
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2005); De11 (Burg 1999) and Calex01 (Küpper et al.

2007). Amplifications were performed in a 6 lL reaction

mix containing �10 ng genomic DNA; 4 lL Multiplex

Mastermix (Qiagen) and 0.8 lL primer mix. Separate

reactions were performed for each of three primer

mixes (final primer concentrations in lM are given in

parentheses) as follows: primer mix A—Paequ13 (0.27),

Parm03 (0.40), Paequ3 (0.13); primer mix B—10C5

(0.27), 12H8 (0.27), Parm01 (0.27); primer mix C—De11

(0.13), Parm02 (0.53), Calex01 (0.27). Thermal cycling

was performed in a GeneAmp PCR System 9700

(Applied Biosystems) and consisted of 12 min at 95 �C

then 30 cycles of 30 s at 94 �C, 2 min at 55 �C and

1 min at 72 �C with a final cycle of 30 min at 60 �C. The

forward primer of each pair was labelled at the 5¢ end

with a fluorescent dye (HEX, FAM or NED) and micro-

satellite amplification products were visualised on an

ABI 3100 Automated DNA Sequencer. Allele sizes were

scored using GENEMAPPER v3.5.

Dark-shafted and white-shafted birds from Round

Island and P. arminjoniana from Trindade were tested at

all loci for deviations from Hardy–Weinberg equilib-

rium and linkage equilibrium using GENEPOP v4.0, with

Markov chain parameters left at the default settings

(Raymond & Rousset 1995). Allelic diversity was calcu-

lated by counting the number of alleles at each locus

and averaging over the nine loci. Allelic richness, which

uses a rarefaction method to standardize uneven sam-

ple sizes (Petit et al. 1998), was calculated using FSTAT

v2.9.3 (Goudet 2001). Observed and expected heterozy-

gosity were calculated for each locus in each population

using GENEPOP, as well as the mean heterozygosity for

each population. A one-way ANOVA was used to test for

significant differences in mean heterozygosity and alle-

lic richness among the three populations.

Estimates of genetic differentiation among popula-

tions were calculated using Weir & Cockerham’s (1984)

variant of FST, h, in FSTAT. Four populations were speci-

fied- P. arminjoniana from Trindade Island and dark-

shafted, white-shafted and intermediate-type birds from

Round Island. 95% confidence intervals were calculated

by bootstrapping over all loci and statistical significance

was determined after 1000 random permutations of the

data.

In order to identify the number of genetically distinct

clusters (K) within the microsatellite data set, a Bayesian

admixture procedure was used (STRUCTURE v2.3; Prit-

chard et al. 2000; Falush et al. 2003, 2007; Hubisz et al.

2009). This program searches for Hardy–Weinberg or

linkage disequilibrium within the data set and intro-

duces population structure by clustering individuals

into groups that are not in disequilibrium. The log

probability of the data, Pr(X | K), where X is the geno-

types of the sampled individuals, is generated for speci-

fied values of K and the highest value of Pr(X | K) is

widely used to indicate the most likely number of

genetic clusters within the data.

STRUCTURE v2.3 allows the use of models which

include information on sampling location or pheno-

type when the data indicate that this information

would be helpful in detecting population structure

(Hubisz et al. 2009). These models are able to detect

structure within data sets which are not highly infor-

mative, for instance where there are a small number

of individuals or loci, or where there is a low level of

differentiation between clusters. For the analyses pre-

sented here, population structure was inferred with

the assistance of information on the sampling location

and morphotype of each individual. Earlier analyses

using the standard STRUCTURE model, which does not

make use of this information (version 2.2), did not

provide a clear signal of population structure despite

evidence from an analysis of FST values indicating

that these subpopulations ⁄ species had significant dif-

ferences in allele frequency. In the new STRUCTURE

analysis, the model allows for admixture between sub-

populations and correlated allele frequencies among

subpopulations (such as would arise if they had

diverged from a common ancestral species). The vec-

tor specifying the degree of admixture between each

subpopulation, a, was inferred from the data, the

parameter of the distribution of allele frequencies, k,

was set to one and rmax was set to 1000. These

parameters are the default settings of the program

and are suggested as being the most generally appro-

priate by the program authors (Pritchard et al. 2007;

Hubisz et al. 2009). The first 10 000 generations of

data were discarded as burn-in and data were col-

lected for 100 000 generations thereafter. Visual

inspection of the summary statistics produced during

each run showed that 10 000 generations was a suffi-

cient burn-in period for the Markov chain to con-

verge. Simulations were run with each value of K

ranging from 1 to 5. The estimate for K was then

taken as the K with the highest log likelihood. The

parameter r was used to determine how informative

sample group information was to the model. Values

of r < 1 imply that sample group information is

potentially very informative (Hubisz et al. 2009).

During the 2004 ⁄ 2005 field season, a chick hatched on

Round Island to a mixed morpho-type pair of birds

(one with white primary shafts and one with dark pri-

mary shafts). Blood samples were obtained from the

chick and both putative parents and these birds were

sexed and genotyped at nine microsatellite loci. Because

extra-pair paternity has been reported for many appar-

ently monogamous birds (e.g. Huyvaert et al. 2000;

Abbott et al. 2006) we used the genetic evidence to
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evaluate the paternity probability (for the putative

father) using Bayes’ Theorem, which can be written

Pðfjgenetic dataÞ ¼ PðfÞLRðfÞ=
X

PðiÞLRðiÞ;

where P(f | genetic data) is the posterior probability of

paternity by the putative father f; P(i) is the prior proba-

bility of paternity by individual i, and LR(i) is the likeli-

hood ratio obtained from the genetic data for paternity

by individual i. The summation is over all possible

fathers, in this case the male birds on the island. The

likelihood ratios were obtained as the antilogs of the

log likelihood ratio scores calculated using CERVUS 3.0

(Marshall et al. 1998).

The proportion of admixture in the Round Island

population was determined using LEADMIX 1.0 (Wang

2003). P. arminjoniana from Trindade and white-shafted

birds from Round Island were selected to represent the

parental populations. The degree of introgression was

initially determined for intermediate-type birds from

Round Island, then for dark-shafted birds from Round

Island and finally for dark-shafted and intermediate-

type birds together. The parameter ti (the minimum

genetic drift allowed in estimation) was set at 0.00001

(equivalent to the amount of drift occurring in a popu-

lation with Ne of 100 000 over one generation). Ninety-

five per cent confidence intervals were obtained from

profile log-likelihood curves (Wang 2003).

BOTTLENECK v1.2.02 (Cornuet & Luikart 1996; Piry et al.

1999) was used to test for the genetic signature of a

recent population bottleneck in petrels from Round

Island. Expected heterozygosity was calculated using

the two-phase model of mutation (TPM), which is

believed to be the most appropriate model of mutation

for microsatellite loci (Di Renzo et al. 1994). The proba-

bility of a single-step mutation was set at 95% and that

of multi-step mutations at 5%, as recommended by the

authors. Estimates were based on 1000 replications and

a Wilcoxon sign-rank test (considered the most power-

ful and robust when using <20 loci) was used to deter-

mine if the number of loci exhibiting heterozygote

excess was significant (Piry et al. 1999). Both dark-shaf-

ted and white-shafted birds from Round Island were

tested for evidence of a recent bottleneck. The program

M_P_VAL (Garza & Williamson 2001) was also used to

calculate the ratio (M) of the number of alleles in a pop-

ulation to the range of allele size. Estimates of M were

compared to equilibrium values of M calculated using

the TPM of Di Renzo et al. (1994). A mutation rate (l)

of 5 · 10)4 was assumed (Ellegren et al. 1995). M

was calculated for three populations, P. arminjoniana

from Trindade Island (n = 80), dark-shafted birds from

Round Island (n = 260) and white-shafted birds from

Round Island (n = 17). The average size of multi-step

mutations and the percentage occurrence of multi-step

mutations were calculated separately for each popula-

tion. The current estimate of global population size for

P. neglecta is 100 000 (Brooke 2004), and effective popu-

lation size (Ne) was estimated as 10% of the global pop-

ulation size (Frankham et al. 2004). Luigi et al. (2009)

estimated the number of breeding pairs of P. arminjoni-

ana on Trindade Island to be around 1000 and this

value was used as the pre-bottleneck effective popula-

tion size. However, since M can be strongly dependent

on the assumed value of Ne, calculations were repeated

using a range of values of Ne (100, 500, 1000 and 2000

for P. arminjoniana and 1000, 2000, 10 000 and 20 000 for

P. neglecta).

To determine whether contemporary gene flow is

occurring between populations, pairwise values for the

number of migrants per generation (Ne m, where Ne is

the effective population size and m is the migration

rate) were calculated using the coalescent-based maxi-

mum likelihood method in MIGRATE v2.0 (Beerli & Fel-

senstein 2001; Beerli 2004). The parameters M and h
were estimated from microsatellite allele frequency

data. M is the ratio of migration rate to mutation rate

(m ⁄ l) and h is equal to 4Ne l (Ne = effective population

size, l = mutation rate). The Brownian motion model

was used as an approximation of the stepwise mutation

model and search criteria were set at 10 short chains of

20 000 steps and three long chains of 200 000 steps with

the first 10 000 iterations discarded as burn-in. Two

independent runs were carried out for each comparison

from different random starting seeds to check for con-

sistency of results. Ne m was calculated from M and h
as follows: Ne m = (Mh) ⁄ 4 (Beerli 2004).

Results

Population genetic structure

Genetic diversity within the dark-shafted and white-

shafted petrel populations on Round Island, and within

P. arminjoniana on Trindade Island was estimated using

HE and allelic richness (Table 1). No significant differ-

ences in heterozygosity or allelic richness were found

among these three populations (one-way ANOVA,

F2,24 = 0.83, P = 0.91 and 0.61, respectively). Only one

locus in one population (Parm02 in P. arminjoniana from

Trindade) showed significant deviation from Hardy–

Weinberg equilibrium after strict Bonferroni correction

(P < 0.05, adjusted to a P-value of 0.0056 for nine tests).

Pairwise comparison of all loci in each population

revealed one case of significant deviation from linkage

equilibrium after Bonferroni correction (P < 0.05,

adjusted to a P-value of 0.0007 for 72 tests), between

Parm01 and Calex01 in P. arminjoniana from Trindade.
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The global estimate of FST (h) for all populations was

0.031, and was significantly greater than zero (P < 0.05)

indicating the presence of population structure. FST was

significantly greater than zero (P < 0.01) in all pairwise

comparisons except for the comparison of dark-shafted

and intermediate-type birds from Round Island

(Table 2).

Results from STRUCTURE provided strong support for

three genetic clusters. The analysis allocated dark-shaf-

ted and intermediate-type birds from Round Island into

genetic group 1, white-shafted birds from Round Island

into genetic group 2 and birds from Trindade Island

into genetic group 3, with particularly high probability

for the white shafted birds (Fig. 1). None of the other

models (K = 1, 2, 4 or 5) had a log likelihood within 48

log likelihood units of the value for K = 3. The distribu-

tion of r values has a mode less than 0.2 and was

almost entirely less than 1, indicating that sample group

information was highly informative in detecting popu-

lation structure.

Private alleles (alleles present in only one population)

were detected in three of the petrel populations—

P. arminjoniana from Trindade and both dark-shafted

and white-shafted birds from Round Island (Fig. 2).

The frequencies of private alleles are low, ranging from

0.004 to 0.059 (Table 3).

Population bottleneck

Results from BOTTLENECK did not suggest significant

heterozygote excess in either dark-shafted or white-

shafted birds from Round Island (one-tailed Wilcoxon

test for HE excess, P = 0.79 and 0.67, respectively).

Therefore, neither population contains the genetic signa-

ture of a recent bottleneck according to this method.

The M-ratio and Mc (critical value of M estimated using

Table 1 Characterization of genetic diversity in petrel populations from Round Island (RI) and Trindade Island (TI). Allelic diversity

(A), allelic richness (R(17)), observed heterozygosity (HO) and expected heterozygosity (HE) are shown for each locus and averaged

over all nine loci. Total numbers of alleles per locus (At) and number of individuals genotyped (n) are also shown

Dark primary shafts (RI)

(n = 260)

White primary shafts (RI)

(n = 17) P. arminjoniana (TI) (n = 80)

AtA R(17) HO HE A R(17) HO HE A R(17) HO HE

Locus

Parm01 8 5.97 0.725 0.687 9* 9.0 0.647 0.788 9* 6.22 0.738 0.668 12

Parm02 4* 3.77 0.346 0.391 3 3.0 0.588 0.535 3 2.71 0.125† 0.186 4

Parm03 8* 4.47 0.598 0.577 6* 6.0 0.588 0.602 5 3.81 0.582 0.507 9

Paequ3 5 3.43 0.486 0.543 4 4.0 0.412 0.689 4 3.69 0.575 0.529 5

Paequ13 4* 2.84 0.527 0.530 2 2.0 0.529 0.486 3 2.7 0.513 0.509 4

10CH 2 2.0 0.294 0.303 2 2.0 0.353 0.299 2 1.97 0.150 0.161 2

12H8 4 3.35 0.612 0.579 4 4.0 0.529 0.619 4 3.76 0.500 0.573 4

De11 2 2.0 0.399 0.433 2 2.0 0.176 0.258 3* 2.62 0.525 0.510 3

Calex01 3 2.13 0.363 0.343 4* 4.0 0.235 0.223 2 2.0 0.388 0.384 4

Mean 4.4 3.33 0.483 0.487 4 4 0.451 0.5 3.9 3.28 0.455 0.447

*Private alleles present.

†Significant deviation from Hardy–Weinberg equilibrium (P < 0.05) after Bonferroni correction.

Significant deviation from linkage equilibrium (P < 0.05) was recorded between Parm01 and Calex01 in P. arminjoniana from Trindade

Island, after Bonferroni correction.

Table 2 Pairwise values of FST variant h for petrel populations from Round Island (RI) and Trindade Island (TI) above the diagonal,

P-values after 1000 random permutations below the diagonal

Dark primary

shafts (RI)

Intermediate-type

(RI)

White primary

shafts (RI)

P. arminjoniana

(TI)

Dark primary shafts (RI) – 0.006 0.099* 0.017*

Intermediate-type (RI) 0.108 – 0.088* 0.021*

White primary shafts (RI) 0.001 0.001 – 0.125*

P. arminjoniana (TI) 0.001 0.001 0.001 –

*Significantly different from zero (P < 0.01).
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simulations) were calculated for three populations

assuming a range of values for Ne. For all values of Ne,

the average M was 0.83 for dark-shafted birds from

Round Island (Mc = 0.71), 0.88 for P. arminjoniana from

Trindade (Mc = 0.70) and 0.81 for white-shafted birds

(Mc = 0.49), suggesting that none of these populations

have experienced a strong bottleneck. Estimates of the

number of migrants per generation between Round

Island and Trindade Island populations based on mi-

crosatellite allele frequency data ranged from 0.56 to

1.36 (Table 4).

Estimation of admixture

The suspected hybrid chick and the adult birds rearing

it were genotyped at nine microsatellite loci. Parm03

failed to amplify in the chick. The chick’s genotype at

the remaining loci was consistent with it being the off-

spring of the putative parents. As a conservative prior

on paternity, we took the most extreme value for extra-

pair paternity for a Procellariiform species that we

found in the literature: 0.25 in the Waved albatross,

Phoebastria irrorata (Huyvaert et al. 2000). The remaining

prior probability (0.75) was allocated uniformly around

the remaining birds on Round Island (estimated to com-

prise 300 males of whom 152 had been genotyped). The

genetic data provided strong support for the paternity

of the putative father:

PðfÞLRðfÞ ¼ 0:75� 347 ¼ 260:25;

whereas the sum for the 152 genotyped birds was:

X
genotyped

PðiÞLRðiÞ ¼ 2:1;

and the corresponding sum for the 148 ungenotyped

birds was:

X
ungenotyped

PðuÞLRðuÞ ¼ 0:123;

where LR(u) = 1, by definition, as it was used as the

denominator in the other likelihood ratios. Using these

values the posterior probability of extra pair paternity

was reduced to 0.0085 of which 0.0005 is the proportion

due to ungenotyped birds.

The estimated admixture between white-shafted

birds and the other groups can be obtained from the a
values computed using STRUCTURE. The program esti-

mates the parameters of a Dirichlet distribution

describing the admixture proportions for each type of

bird: one a value for each of the genetic groups into

which the data fall. The mean contribution from

genetic group i is given by a ⁄ Raj. Some individuals

will be more admixed than others, and the distribution

of proportions around this average is given by the

marginal distribution of the Dirichlet, which is a beta

distribution with parameters ai and (Raj-ai). Curves for

each group are shown in Fig. 3. The lowest estimates

of average admixture with white-shafted Round Island

birds are for Trindade Island birds (1.6%) and dark-

shafted Round Island birds (1.6%), whilst the value

for intermediate-type Round Island birds is higher

(11.8%).

Fig. 1 Proportion of times in 100 000 replicates that petrels were assigned to genetic groups 1 (green), 2 (red) or 3 (blue) by STRUC-

TURE for K = 3. RI dark = dark-shafted Round Island birds, RI int = intermediate-type Round Island birds, RI white = white-shafted

Round Island birds, TI P. arm = P. arminjoniana from Trindade Island.

Dark-shafted (RI) + intermediate-type (RI)

P. arminjoniana (TI)White-shafted (RI)

3

27

214

5 6

Fig. 2 Numbers of alleles shared by various groups of Ptero-

droma petrels from Round Island (RI) and Trindade Island (TI).
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Estimates of genetic contribution of white-shafted

birds into putative hybrid populations using the likeli-

hood estimation of admixture were 13.9% (95% CI

3–25), 27.0% (95% CI 9–49) and 14.6% (95% CI 3–26)

respectively for dark-shafted birds alone, intermediate

type birds alone and dark-shafted and intermediate-

type birds together.

Vocalizations

The call of P. arminjoniana consists of a rapidly repeated

series of ‘kyek’ sounds lasting for 2–3 s and repeated

10–12 times (Brooke et al. 1999; Luigi et al. 2009). The

call is terminated by a ‘wuk-oo-wuk-oo-wuk’ sound,

with ‘wuk-oo’ repeated 4 or 5 times. The call of P. neg-

lecta consists of a single ‘kyek’ followed by a long,

drawn-out ascendent and descendent ‘keraaooouw’ of

about 3 s and again terminated with the ‘wuk-oo-wuk’

(Brooke et al. 1999). Figure 4 shows arminjoniana-type

and neglecta-type calls recorded on Round Island, as

well as the unknown call-type, which consists of the

drawn out sound of P. neglecta, but broken down into

shorter sections and repeated at a rate of about 3–4 per

second. The call of P. arminjoniana from Trindade Island

is also included for comparison.

Discussion

The results presented here support the theory that

Round Island was colonized by petrels following recent,

long-distance dispersal. Similarities in the microsatellite

allele frequencies of P. arminjoniana from Trindade

Island and dark-shafted birds from Round Island

support the classification of dark-shafted Round Island

birds as P. arminjoniana, and suggest that these two

populations have recently diverged. There is no genetic

signature of a recent population bottleneck in Round

Island P. arminjoniana, and this may be due to interspe-

cific hybridization with P. neglecta. Significant genetic

Table 3 Allele frequencies for petrels from Round Island (RI) and Trindade Island (TI), for alleles that are absent from one or more

population. n = Number of individuals genotyped

Locus Allele

P. arminjoniana

(TI) (n = 80)

Dark primary

shafts (RI) (n = 260)

Intermediate-type

(RI) (n = 26)

White primary shafts

(RI) (n = 17)

Parm01 201* 0.031 0.041 0.038 0

213* 0.035 0.021 0 0

215* 0.006 0 0 0

219† 0 0 0 0.029

223‡ 0.006 0 0 0.029

227† 0 0.002 0 0.029

235† 0 0 0 0.029

Parm02 196 0 0.056 0.02 0

Parm03 174* 0.006 0.002 0 0

176† 0 0.041 0.077 0.088

178† 0 0 0 0.059

184 0 0.006 0 0

190* 0.038 0.004 0 0

192† 0 0.015 0.019 0.088

Paequ3 218* 0.106 0.012 0 0

224† 0 0.004 0 0.029

Paequ13 136* 0.031 0.035 0.038 0

142 0 0.004 0 0

De11 170* 0.025 0 0 0

Calex01 224† 0 0.004 0 0.029

228† 0 0 0 0.059

*Alleles present in P. arminjoniana (Trindade) but absent in white-shafted birds.
†Alleles present in white-shafted birds but absent in P. arminjoniana (Trindade).
‡Alleles present in both P. arminjoniana (Trindade) and white-shafted birds but absent in other Round Island petrels.

Table 4 Estimates of the number of migrants per generation

between petrel populations from Round Island (RI) and

Trindade Island (TI) with 95% confidence intervals shown in

brackets

a · b a fi b b fi a

Dark-shafted (RI) ·
P. arminjoniana (TI)

1.36 (1.14–1.61) 1.01 (0.81–1.23)

Dark-shafted (RI) ·
White-shafted (RI)

0.67 (0.53–0.85) 0.74 (0.50–1.09)

P. arminjoniana (TI) ·
White-shafted (RI)

0.69 (0.50–0.94) 0.56 (0.35–0.86)
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differentiation was detected between P. arminjoniana

populations on Round and Trindade Islands, indicating

that these two populations are not panmictic. In addi-

tion, genetic data indicate that secondary contact

between P. arminjoniana and P. neglecta on Round Island

has led to interspecific hybridization.

Identity of Round Island petrels

The pairwise FST value for P. arminjoniana and dark-

shafted petrels from Round Island was low but signifi-

cant. Analysis of genotype data using STRUCTURE v2.3

suggested that P. arminjoniana from Trindade and

dark-shafted Round Island birds formed separate

genetic clusters. Therefore both FST and STRUCTURE show

that there is detectable genetic differentiation between

dark-shafted birds from Round Island and P. arminjoni-

ana from Trindade, but that this differentiation is low.

Both populations contained private alleles but these

were at low frequency and may therefore be sampling

artifacts. Cumulatively, the results from FST and STRUC-

TURE support the classification of dark-shafted birds on

Round Island as a second population of P. arminjoniana.

Population structure in P. arminjoniana

Analysis of microsatellite genotypes revealed no evi-

dence of a recent bottleneck on Round Island, therefore

either no bottleneck occurred or its effects have been

obscured. One possibility is that P. arminjoniana have

been present on Round Island for a long time and any

loss of genetic variability due to a bottleneck has been

masked by mutation and drift. This seems unlikely

given the low level of differentiation in allele frequencies

between the two islands. A second explanation is that

there is a high level of gene flow between the islands.

There are numerous records of petrels covering vast dis-

tances at sea, therefore it is not unreasonable to suggest

that they regularly migrate between Round Island and

Trindade. However, direct evidence of migration, in the

form of birds ringed on one island being recovered on

the other, has never been recorded. A lack of contempo-

rary gene flow between the populations on Round

Island and Trindade is also supported by significant

pairwise FST values and the detection of separate genetic

clusters by STRUCTURE. A maximum likelihood estimator

of migration between Round and Trindade Islands sug-

gested around one migrant per generation in both direc-

tions. When the migration rate is low, number of

migrants per generation (N m) can be related to FST

using the equation FST = 1 ⁄ (4Nm + 1; Wright 1969). With

one migrant per generation, FST = 1 ⁄ (4 + 1) = 0.2. This

theoretical value of FST is an order of magnitude higher

than the actual value calculated for the two P. arminjoni-

ana populations, suggesting that migration rate may

have been overestimated. If the two populations have

split from one another recently then evidence from allele

frequencies may lead to an overestimation of migration

rate due to shared ancestral genotypes.

The low but significant genetic differentiation detected

between P. arminjoniana from Round Island and Trindade

Island supports the theory that these two populations

have recently diverged. Historical records suggest that

the Round Island colony is new, and both ringing data

and genetic analysis indicate that there is little or no con-

temporary gene flow between the two populations. In

addition, theory predicts that land masses represent a

significant barrier to gene flow in seabirds (Friesen et al.

2007b) and the continent of Africa is a substantial barrier.

We therefore conclude that the similarities between these

two populations are a result of their recent historical

association rather than ongoing gene flow. The absence

of evidence for a population bottleneck in the Round

Island population might therefore be explained by

hybridization between P. arminjoniana and P. neglecta,

causing the reintroduction of alleles that were lost from

Round Island P. arminjoniana during a founder event. P.

arminjoniana and P. neglecta share a large number of

alleles at the loci sampled during this study, which lends

weight to this hypothesis.

Interspecific hybridization on Round Island

This study provides the first directly observed case of

hybridization between P. arminjoniana and P. neglecta.
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Fig. 3 The distribution of admixture proportions from genetic

group 2: 0 = no admixture, 1 = complete admixture. Lines rep-

resent white-shafted Round Island birds (red), dark-shafted

Round Island birds (blue), intermediate-type Round Island

birds (black) and P. arminjoniana from Trindade Island (green).
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Genetic analysis of the suspected hybrid chick and its

putative parents supported the conclusion that these

birds were the true parents. Analysis of microsatellite

genotype data suggests that, rather than being a rare

event, hybridization and back-crossing between

P. arminjoniana and P. neglecta on Round Island is

widespread. The pairwise FST value for Round Island

P. arminjoniana and Round Island P. neglecta was lower

than the value for Trindade P. arminjoniana and Round

Island P. neglecta. Results from STRUCTURE suggest a high

degree of admixture between P. neglecta and intermedi-

ate-type birds on Round Island, though intermediate-

type birds were placed in the same genetic cluster as

Round Island P. arminjoniana and had a non-significant

pairwise FST value when compared with Round

Island P. arminjoinana. Results from LEADMIX also indi-

cate that there is admixture between P. arminjoniana

and P. neglecta on Round Island.

It has been suggested that birds on Round Island dis-

playing intermediate-type plumage and giving the

intermediate call type are the F1 hybrid offspring of

P. arminjoniana and P. neglecta. This view may be overly

simplistic. The results of this study suggest that the

allele frequencies of intermediate-type birds are more

similar to P. arminjoniana than they are to P. neglecta.

Although the genetic basis of inheritance of primary

shaft colour is unknown, the observed pattern on

Round Island can be explained if we assume that this

plumage characteristic is controlled by a single locus

with simple Mendelian inheritance and incomplete

dominance. All F1 hybrids will be intermediate-type,

but given the larger population size of P. arminjoniana

on Round Island compared with P. neglecta, F1 hybrids

will be more likely to back-cross with P. arminjoniana.

Thus, most F2 hybrids will derive a larger proportion

of their genome from P. arminjoniana. Continued

back-crossing of hybrid individuals with P. arminjoniana

will result in further swamping of P. neglecta DNA,

producing a hybrid swarm in which birds carry a small

number of introgressed P. neglecta genes, but are geneti-

cally more similar to P. arminjoniana.

Since P. arminjoniana and P. neglecta call in flight, it

was not possible to determine whether birds giving

intermediate-type calls also had intermediate-type

plumage, except in one case. However, theory suggests

that intermediate-type calls are made by hybrids.

Hybridization in other bird species has been shown

to result in call types that are intermediate between

the two parental species. For example, the Vinaceous

dove, Streptopelia vinacea, and the Ring-necked dove,
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Fig. 4 Sonograms of the call of P. arminjoniana recorded on Trindade Island (Atlantic Ocean) and the three petrel call types recorded

on Round Island (Indian Ocean).
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S. capicola, have highly distinctive vocalizations and

hybridize where their ranges overlap. Hybrid individu-

als produce various forms of intermediate vocalization

(Hartog et al. 2007). Although cultural transmission of

vocal characteristics by birds has been widely reported

in passerines, it is largely unknown outside this group.

This subject has not been rigorously investigated in the

Procellariiformes, however chicks of the Snow petrel

(Pagodroma nivea) reared by Cape petrels (Daption

capense) developed the calls of their own species

(Bretagnolle 1996) and Bolton (2007) speculates that

geographic variation in calls within petrel species is most

likely due to genetic variation, rather than cultural trans-

mission. It therefore seems likely that the calls of petrel

species are genetically determined and not learned. The

intermediate-type call from Round Island has never

been reported from the population of P. arminjoniana on

Trindade Island, nor has the intermediate plumage-type

(L. Bugoni, personal observation). Therefore it seems

possible that hybridization of P. arminjoniana and

P. neglecta on Round Island has resulted in the merging

of two genetically determined call types, but that the calls

of the Trindade population remain pure because there

has been no introgression of P. neglecta DNA.

We conclude that hybridization and back-crossing

between P. arminjoniana and P. neglecta on Round

Island is widespread, however given the skewed pop-

ulation sizes of these two species birds with intermedi-

ate plumage and giving intermediate calls are not

necessarily F1 hybrids. Birds from Round Island carry-

ing introgressed P. neglecta DNA do not appear to

have spread to the population of P. arminjoniana on

Trindade Island, a conclusion that is further supported

by evidence from mtDNA haplotypes, ectoparasites

and morphometrics (Hammer et al. 2010; Brown,

unpublished).

Dispersal in philopatric seabirds

In Procellariiformes, species that breed at a single

island or archipelago are assumed to display stronger

philopatry than those that breed at several locations

(Brooke 2004). However, here we present an example

of a species that previously bred at a single island (P.

arminjoniana at Trindade Island), but that has now

colonized a second island in a different ocean basin

from its original colony. Another example of a recent

range expansion by petrels that previously bred at a

single archipelago is given by the Black-winged

petrel, Pterodroma nigripennis. Once restricted to the

Kermadec Islands north-east of New Zealand, this

species has colonized five other islands or archipela-

gos since 1971 (Hutton & Priddel 2002). In the Black-

winged petrel, colonization of at least one of these

islands (Lord Howe) followed the eradication of intro-

duced pigs, goats and cats (Hutton et al. 2007). On

Round Island, colonization by petrels followed severe

deforestation of the island by introduced herbivores,

together with a reduction in numbers of other seabird

species through poaching, which may have increased

the number of available nest sites on the island.

Therefore, in both these species, range expansion

appears to coincide with ecological changes in the

newly colonized habitat.

Dispersal in seabirds is thought to be limited by physi-

cal barriers such as land and oceanographic features.

Nevertheless, colonization of Round Island by petrels

from the Atlantic Ocean has occurred despite the pres-

ence of a significant land barrier. The Yellow-eyed pen-

guin, Megadyptes antipodes, is another example of a

highly philopatric seabird which has undertaken range

expansion across a physical barrier. Yellow-eyed pen-

guins were restricted to Aukland and Campbell Islands

until around 1500 AD. Following the extinction on main-

land New Zealand of an endemic penguin species (M.

waitaha), the Yellow-eyed penguin expanded its range

northwards and now occupies breeding sites on South

Island. Here again we see range expansion that is linked

with ecological perturbation of the newly colonized hab-

itat. In addition, dispersal occurred despite the presence

of the subtropical convergence, a biogeographical

boundary known to limit movement in marine taxa (Bo-

essenkool et al. 2009a,b). In both the Yellow-eyed pen-

guin and P. arminjoniana, gene flow between the newly

formed and parental colonies seems to have ceased fol-

lowing the dispersal event. This process of long-distance

colonization followed by cessation of genetic exchange is

thought to be responsible for the emergence of at least

one new species in Procellariiformes. Evidence from

both microsatellite genotypes and mtDNA sequence

data suggest that the Shy albatross, Thalassarche cauta,

may have originated through range expansion and sub-

sequent speciation by a small number of White-capped

albatross T. steadi (Abbott & Double 2003).

These examples imply that dispersal ability in

philopatric seabirds may not be as restricted as previ-

ously thought. Dispersal ability in animals was once

considered a fixed trait, but is now thought to be more

flexible and may change in response to prevailing envi-

ronmental conditions (Clobert et al. 2001; Genovart

2009). In the examples cited here, sudden range expan-

sion in philopatric species appears to be correlated

with the appearance of new or altered habitat, therefore

we suggest that in addition to behavioural and physical

barriers to dispersal, availability of habitat may be an

important factor shaping the distribution, and conse-

quently the evolutionary trajectory, of Procellariiform

species.
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Consequences of hybridization

Although there are a number of examples of interspe-

cific hybridization in Procellariiformes, there have been

few genetic studies investigating the extent of introgres-

sion between the species involved. Here we show that

secondary contact between two petrel species has led to

extensive hybridization and backcrossing where their

ranges overlap. The fate of hybridizing species depends

on the fitness of hybrid individuals compared with the

parental species and rates of migration or dispersal of

both parents and hybrids. Once a hybrid swarm has

developed there are three potential outcomes- one of

the parental species is lost through complete genetic

homogenization, a stable hybrid zone forms and both

parental species persist, or a third species is formed

through hybrid speciation (Genovart 2009). The fate of

the Round Island hybrid swarm is as yet unknown. Int-

rogressed DNA does not appear to have spread to the

Atlantic population of P. arminjoniana, however it

remains unclear whether P. arminjoniana genotypes

have spread into Pacific populations of P. neglecta, and

this is an area that warrants further study. The Round

Island population provides a rare opportunity to study

the evolutionary dynamics following secondary contact

and hybridization between species—an area which may

be crucial to our understanding of hybridization as an

evolutionary mechanism (Mallet 2007; Nolte & Tautz

2010).

Concluding remarks

The ability of Procellariiformes and other philopatric

seabirds to disperse and colonize new habitat may be

more flexible than was once thought. In some cases dis-

persal may result from anthropogenic habitat alteration,

leading to an increased probability of secondary contact

and hybridization between species, as appears to be the

case on Round Island. Thus human actions may have a

significant impact on dispersal and hybridization in

Procellariiformes, and ultimately on evolutionary pro-

cesses in this group.
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