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Abstract
Molecular genetic analyses present powerful tools for elucidating demographic and biogeo-

graphic histories of taxa. Here we present genetic evidence showing a dynamic history for

two cryptic lineages within Eudyptula, the world's smallest penguin. Specifically, we use a

suite of genetic markers to reveal that two congeneric taxa ('Australia' and 'New Zealand')

co-occur in southern New Zealand, with only low levels of hybridization. Coalescent model-

ling suggests that the Australian little penguin only recently expanded into southern New

Zealand. Analyses conducted under time-dependent molecular evolutionary rates lend sup-

port to the hypothesis of recent anthropogenic turnover, consistent with shifts detected in

several other New Zealand coastal vertebrate taxa. This apparent turnover event highlights

the dynamic nature of the region’s coastal ecosystem.

Introduction
Molecular and computational analytical techniques provide important tools for assessing bio-
logical history [1, 2], including tests for historic demographic and biogeographic shifts in native
species [3, 4]. Such analyses are now key for understanding the histories and trajectories of
numerous iconic species e.g., [5, 6]. In addition, the use of these molecular tools has facilitated
the discovery of substantial cryptic diversity within many taxa, biodiversity that was previously
undetectable using traditional taxonomic approaches [7]. Even within well-known taxa, cryptic
species continue to be discovered [8, 9], and researchers have further suggested that many
widespread 'species' might actually comprise multiple taxa [10].

Human activity is frequently implicated as a cause of species decline and extinction, but can
also facilitate major range shifts in some taxa [5, 11–13]. Such shifts may obscure declines in
native species from which the range-expanding species was not previously taxonomically dis-
tinguished; the range shift may have contributed to the decline in the native species, or been
facilitated by it. For example, the decline of a native Californian blue mussel,Mytilus trossulus,
was masked by the invasion of the Mediterranean blue mussel,M. galloprovincialis [11].
Genetic analyses are often key to unravelling such cryptic range shifts.
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The little penguin, Eudyptula minor (Forster, 1781), endemic to southern Australia and
New Zealand (NZ), is the world's smallest extant penguin species [14]. Systematic and taxo-
nomic questions surrounding this taxon have long been controversial. While several subspecies
have been recognised based on morphometric and plumage features [15], early molecular anal-
yses failed to support these groupings [16]. In contrast, more recent analyses based on mito-
chondrial DNA (mtDNA) detected two deeply divergent lineages of little penguin, one
restricted to NZ, and another occurring in both Australia and in NZ’s southeast (Otago) [17,
18]. Components of E.minor vocalisations were also differentiated between Australia and NZ,
with Otago birds exhibiting calls similar to those of Australian birds [17]. Based on the deep
mtDNA divergence, Banks [17] and Taveres & Baker [19] suggested the possibility of two dis-
tinct little penguin species. However, no nuclear DNA evidence has yet been presented to assess
the status of these lineages [20], and thus the possibility that Eudyptula comprises multiple
taxa remains unresolved.

An additional question concerning E.minor relates to the mechanism whereby these two
lineages—potentially distinct species—have come to co-occur in NZ. Recent studies of other
vertebrate taxa have revealed several cases of trans-oceanic self-introduction following human
impacts [21]. The mtDNA similarity of Otago little penguins to those in Australia was previ-
ously attributed to an ancient trans-Tasman dispersal event from Australia to NZ [17, 18]
approximately 180,000 years ago (ya) [18]. In contrast, recent discoveries of human-mediated
turnover events in southern NZ suggest that anthropogenic forces might instead explain this
apparent shift [5, 13]. Under such a scenario, divergence between the Australian and Otago
populations would have occurred less than 750 ya [22].

In this study we use a suite of nuclear DNAmarkers (microsatellites and an intron marker)
to test the following hypotheses: (1) that Eudyptula comprises two distinct taxa that co-occur
in NZ; and (2) that the Australian lineage in Otago represents a recent invasion. We use Mar-
kov chain Monte Carlo coalescent analysis to assess timeframes of population divergence.

Materials and Methods

Sampling and DNA extraction
Frozen or ethanol-preserved samples of E.minor were collected from localities spanning the
distributional range of this species (Fig 1; S1 Table). Samples were collected from beach-
wrecked specimens or live sampling at small colonies; individuals sampled or found in the
same general geographic area were pooled and considered a population to increase population
sample sizes. All samples were collected or held under NZ Department of Conservation (DoC)
permit number OT34124-DOA and two variations of this permit. Collection of carcasses did
not require an ethics approval. Samples from living birds were received from other research
that held independent ethics approvals for their sampling regime. No animals were killed for
the purpose of this study. Total DNA was extracted from tissue using a standard 5% Chelex
protocol [23]. Alternatively, 5 μL blood samples were extracted using the protocol described in
[24]. DNA was also extracted from needles used for insertion of passive integrated transponder
(PIT) tags as described in [25]. PIT tags were inserted with permission from DoC under ethics
approval no. AEC214 and permit to place transponders into absolutely protected wildlife
Authority no. OT – 26993 –FAU. The entire study was approved by the Otago University Ani-
mal Ethics Committee.

Sequencing and genotyping of mitochondrial and nuclear DNA
A 655 bp fragment of the mitochondrial control region HVRI [26] was amplified following
[17] with adjusted cycling conditions: initial denaturation at 94°C for 2 min followed by 30
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cycles of 94°C for 10 s, 50°C for 10 s, 72°C for 25 s and a final extension at 72°C for 4 min. The
PCR product was sequenced using primer ‘D H-Box’ due to the presence of length hetero-
plasmy (poly-C region) at the opposite end of the fragment (which prevented successful
sequencing with CL-tRNAglu) [26]. Sequences were trimmed to a final length of 393 bp. We
tested haplotype frequencies for non-neutrality using the Ewens-Watterson-Slatkin test [27]
implemented in ARLEQUIN v.3.5 [28] with 10,000 simulations. Ambiguities were coded as
missing data in all analyses. Such ambiguities were interpreted as likely reflecting single-site
heteroplasmy, as little penguins do not possess a duplicated control region [29]. Analysis of
resolved sequences (PHASE v. 2.1 [30]; data not shown) provided no evidence for the existence
of nuclear pseudogenes within the data set (e.g., no divergent amplicons from a single sample;
no major rate-heterogeneity; broad tree-like structure of sequence data; [31]).

Samples were genotyped at 20 microsatellite loci as described in Grosser &Waters [32].
Microsatellite loci were tested for deviation from Hardy-Weinberg expectations (HWE) and
linkage disequilibrium (LD) in each population using GENEPOP v. 4.2.2 [33] with Markov
chain parameters of 10,000 dememorisations, 1,000 batches and 10,000 iterations. Corrections
for multiple comparisons were carried out to control for False Discovery Rate (FDR) [34] as
implemented in the p.adjust function in R. For loci that were inferred to be in LD we attempted
to align original 454 sequence reads, from which microsatellite markers where developed (Gen-
Bank accessions: KM272221-KM272240), against the chicken and zebra finch genomes (NCBI
Genomes database) using NCBI BLAST [35]. Additionally, we used MICRO-CHECKER v.

Fig 1. Map of distribution of Eudyptula penguins. Blue and red colours indicate previously-inferred ranges
of New Zealand and Australian mitochondrial lineages [18,19], respectively. Lineage distributions in grey
dashed areas are unknown. White circles mark sampling localities for the current study. Black lines indicate
proximate samples pooled as a priori regional groupings to increase population sample size.

doi:10.1371/journal.pone.0144966.g001
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2.2.3 [36] to test for null-alleles, large allele drop-out and stutter-related miscalling in each
population.

The seventh intron of the nuclear β-fibrinogen gene (β-fibint7) was amplified for a spatially
representative subset of E.minor samples (n = 63) using universal primers FIB-BI7U and FIB-
BI7L [37]. β-fibint7 was amplified in a 20 μL reaction, containing 10–20 ng of template DNA,
1 × PCR buffer, 1.5 mMMgCl2, 200 μM of each dNTP, 0.25 μM of each primer and 0.5 units of
Taq DNA polymerase (Bioline, London, UK). Cycling parameters consisted of an initial dena-
turation at 95°C for 5 min, followed by 38 cycles at 95°C for 20 s, 61°C for 25 s and 72°C for
90 s, with a final extension of 72°C for 10 min. Gel purification of PCR products was necessary
due to double bands. Bands of approximately 1100 bp were cut from the gel and purified using
the Illustra GFX PCR DNA and Gel Band Purification Kit (GE Healthcare, Little Chalfont,
UK). PCR fragments were sequenced in both directions, and the alignment was trimmed to
1009 bp. Haplotypes of heterozygous individuals were resolved probabilistically using PHASE
v. 2.1 with a phase-probability threshold of 0.95, implemented in DNASP v. 5.10.1 [38].
Sequences were tested for recombination using the Phi test [39] in SPLITSTREE v. 4 [40]. All
sequencing and fragment separation was carried out by the Genetics Analysis Service, Univer-
sity of Otago.

Population structure analysis
We employed a Bayesian clustering approach, implemented in the software STRUCTURE v.
2.3.4 [41] to identify the number of genetic clusters (K) of individuals. For the complete dataset
containing 477 individuals from all sampling locations and 19 microsatellite loci (with locus
Em15 excluded due to null alleles (see Results)) we performed STRUCTURE runs for K = 1 to
K = 10 with 15 iterations for each K, a burn-in length of 500,000 followed by 1,000,000 MCMC
replications using the admixture and correlated allele frequency models without sampling loca-
tion information [41, 42]. 95% probability intervals were displayed (ANCESTDIST function
turned on) to estimate the error in the calculation of admixture proportions. All other parame-
ters were left at default settings. We estimated the optimal number of clusters following Evanno
[43], as implemented in STRUCTURE HARVERSTERWeb v. 0.6.93 [44]. CLUMPP v. 1.1.2
[45] was used to average results across the 15 iterations for each STRUCTURE run and final
results were visualised using DISTRUCT v 1.1 [46].

Analysis of genetic variability and population differentiation
Levels of genetic variability for microsatellites and mtDNA were assessed by calculating average
number of alleles, expected heterozygosity, observed heterozygosity, numbers of haplotypes,
and haplotype and nucleotide diversity in ARLEQUIN. Allelic richness corrected for sample
size differences was computed using ADZE v. 1.0 [47].

We quantified levels of genetic differentiation between populations by calculating pairwise
Fst and Fst values in ARLEQUIN. Fst values for mtDNA were calculated using Kimura-
2-Parameter genetic distances. Significance of Fst and Fst values between populations was
tested by permuting haplotypes or alleles between populations (10,000). P-values were adjusted
for multiple comparisons. We further tested for hierarchical differentiation within and between
the NZ vs. AUS lineages using Analysis of Molecular Variance (AMOVA) [48] performed in
ARLEQUIN, based on 10,000 permutations. Median-joining networks were drawn to recon-
struct haplotype relationships for mtDNA control region and βcontrol using PopART (http://
popart.otago.ac.nz).

Separate analyses on NZ and AUS lineage subsets of the dataset, including Bayesian cluster-
ing, AMOVA and Mantel test are described in S1 Appendix.
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Hybrid detection and assignment
We employed two different methods to detect hybrid individuals and evaluate levels of gene
flow between Eudyptula lineages. First, the assignment method in STRUCTURE was used with
500,000 burn-in, 1,000,000 steps with two groups (AUS and NZ) and migration prior ayText>
[47]1. Other parameters were left at default settings. Second, NEWHYBRIDS v.1.1 [49] was
run for 500,000 steps after 100,000 burn-in to calculate individual posterior probabilities of
being either pure bred to either lineage, a F1 hybrid, a F2 hybrid, or a backcross to either line-
age. Results were visualised using DISTRUCT.

Coalescent analysis
The age of divergence between Otago and Phillip Island populations was assessed under the
“Isolation with Migration” framework [50], employing IMa2 [51]. Phillip Island was selected
as the genetically closest Australian population for this analysis based on STRUCTURE results
(Fig C in S1 Appendix). Mitochondrial, microsatellite, and β-fibint7 markers were analysed
concurrently to estimate up to six parameters (two contemporary and one ancestral population
size, divergence time of populations, and rates of post-isolation gene flow between populations
in each direction). The HKY mutation model was employed for DNA sequence data, and a
stepwise mutation model (SMM) for microsatellites (Em2 and Em8 were excluded from the
analysis as they exhibited alleles incompatible with SMM). A random subsample of 60 Otago
and 20 Phillip Island individuals was selected for analysis (for mtDNA and microsatellites;
only eight Otago and four Phillip Island individuals were available for β-fibint7); Otago indi-
viduals that represented putative hybrids between AUS and NZ lineages were excluded from
this analysis.

Mitochondrial mutation rates were employed in the analysis, against which mutation rates
at the nuclear loci would be scaled. Estimates of rates for birds vary widely, perhaps reflecting
time-dependency [52, 53]. Here we adopted a conservative approach, using a fast rate
(0.86x10-6 mutations site-1 year-1 [54]) derived from Adélie penguin ancient DNA, a pedigree
rate (0.55x10-6 mutations site-1 year-1) derived from Adélie penguin family comparisons [54]
and a slow rate (0.0295x10-6 mutations site-1 year-1) to explore demographic history. Adélie
penguin rates were based on the mtDNA control region. The slower rate estimate was derived
from comparisons of cytochrome b (cyt b) and control region (CR) divergence between the
AUS and NZ lineages (4% and 11.8%, respectively [17]). A divergence rate of 2% is often
employed for cyt b [55]; given the three-fold higher divergence evident in little penguin CR, we
calculated a CR-specific divergence rate of 5.9%. For coalescent-derived calibrations we used
the associated lineage-specific substitution rate of 2.95%.

We used uniform priors for population size and divergence time parameters, and exponen-
tial priors for gene flow, given an expectation that low rates of gene flow were likely. Upper lim-
its on uniform priors of θ (= 4Neμ) were set at 20, and the upper limit of the uniform
population divergence time prior was set to 1.0. Exponential priors for gene flow were set
around a value approximating a mean of 6x10-6. Analyses were also carried out under a model
assuming no post-divergence gene flow.

An initial run was conducted until stationarity was achieved, assessed based on the lack of
trends in posterior parameter estimates, employing MCMC sampling with 80 chains, a geomet-
ric chain heating scheme with first and second heating parameters of 0.95 and 0.50, respec-
tively, and eight chain-swap attempts per step. This was then used to seed 24 independent
(different random number seed) 24-hour runs each with a short (4 hour) burn-in, but other-
wise using the same parameters as above. These 24 runs produced a total of 39,308 (migration)
or 38,960 (no migration) genealogies for estimation of model parameters.
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Results

Identification of genetic clusters
Following FDR correction there was evidence for linkage between some loci, however, the sig-
nal was inconsistent between populations and all loci were retained for further analyses. Only
one locus (Em15) deviated consistently from HWE after FDR correction and was removed
from subsequent analyses (see S1 Appendix for more details).

Bayesian clustering of individuals suggested two genetically distinct groups, corresponding
to the Australian (AUS) and New Zealand (NZ) mtDNA-defined lineages (Fig 2; Evanno and
STRUCTURE plots for K = 2–5 are shown in S1 and S2 Figs, respectively). Individuals from
the four Australian populations showed no admixture with the NZ lineage. Similarly, several
NZ populations (Northland/Auckland, Bay of Plenty, Golden Bay, Chatham Islands, and
Banks Peninsula) showed no admixture with the AUS lineage (credible intervals for the
STRUCTURE plot are displayed in S3 Fig). Two individuals from the NZ locations Kaikoura
and Stewart Island showed a high assignment-probability to the AUS lineage. Small numbers
of admixed individuals were found in several other NZ locations including Otago, suggesting
possible hybridization between these two lineages in NZ (see below).

Genetic variability and differentiation within and between little penguin
colonies and lineages
The Ewens-Watterson-Slatkin test did not reject selective neutrality of mtDNA haplotype fre-
quencies after FDR correction. The Phi test found no evidence for recombination in β-fibint7.

Fig 2. Genetic clustering of E.minor samples based on STRUCTURE analysis for K = 2. Horizontal and
vertical bars represent proportional membership of individuals to genetic clusters. Individuals between black
lines represent distinct sampling localities as indicated on the map.

doi:10.1371/journal.pone.0144966.g002
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The NZ and AUS lineage exhibited similar levels of genetic variation across the 19 microsatellite
loci, with mean number of alleles per locus of 9.21 and 9.16, and mean expected heterozygosity
of 0.64 and 0.65, respectively. The NZ lineage displayed higher levels of haplotype and nucleotide
diversity at the mtDNA control region, 0.98 and 0.024 respectively, compared to 0.86 and 0.013
in the AUS lineage. This difference is also illustrated in the mtDNA haplotype network (Fig 3).
Genetic variation of E.minor lineages and populations is summarised in Table 1.

The β-fibint7 median-joining network revealed allele groupings and levels of diversity simi-
lar to the mtDNA pattern (Fig 4). Several alleles were exclusively or predominantly found in
the NZ lineage (Fig 4). While two of these alleles were also detected at low frequencies in the
Otago population, the individuals carrying these alleles were identified as hybrids based on
mtDNA and microsatellite data. In addition, three alleles were predominantly found in Austra-
lian and/or Otago birds. Four individuals from the NZ lineage carrying these ‘Australian’ alleles
were also (with only one exception) identified as hybrids.

The NZ and AUS E.minor lineages exhibited highly significant genetic differentiation, with
a Fst value of 0.187 (p< 0.0001) and Fst value of 0.855 (p< 0.0001) for microsatellites and
mtDNA control region, respectively. Within the NZ and AUS lineages, many population com-
parisons yielded significant pairwise Fst and Fst values, and the Chatham Island population

Fig 3. Median-joining network of Eudyptulamitochondrial control region haplotypes. Circle size is
proportional to haplotype frequency. Colours represent different sampling locations as indicated on the map.
Edges between haplotypes represent single mutational steps. Unobserved haplotypes are indicated by small
black circles. The red and blue boxes indicate AUS and NZ lineages, respectively.

doi:10.1371/journal.pone.0144966.g003
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Table 1. Genetic variation within E.minor samples at 19 microsatellite loci andmtDNA control region.

Microsatellites mtDNA

Location N Lpoly Na Ar Nu He Ho N H h π

New Zealand lineage 249 19 9.21 8.41 33 0.64 0.62 270 84 0.98 0.025

Northland/Auckland 34 18 6.32 3.44 2 0.61 0.6 34 19 0.95 0.013

Bay of Plenty 40 18 5.95 3.41 3 0.61 0.62 40 13 0.86 0.010

Hawke's Bay 9 18 5 3.65 0 0.65 0.67 10 5 0.8 0.014

Wellington 14 19 5.58 3.55 1 0.64 0.64 14 10 0.96 0.038

Golden Bay 23 18 5.9 3.43 1 0.62 0.63 23 14 0.92 0.020

West Coast 40 18 6.58 3.58 0 0.64 0.63 50 17 0.91 0.020

Kaikoura 12 16a 5.74 3.79 1 0.67 0.66 12 7 0.91 0.032

Chatham Islands 8 11a 3.74 3.05 1 0.55 0.55 9 3 0.72 0.002

Banks Peninsula 40 18 6.26 3.29 4 0.58 0.58 45 10 0.83 0.005

Stewart Island 29 19 6.11 3.64 2 0.65 0.68 33 15 0.91 0.012

Australian lineage 228 19 9.16 8.39 28 0.65 0.62 239 44 0.86 0.014

Oamaru 96 19 7.37 3.56 3 0.65 0.65 101 13 0.75 0.021

Otago Peninsula 56 18 6.37 3.45 1 0.63 0.64 71 8 0.81 0.005

Phillip Island 20 18 5.53 3.32 3 0.61 0.59 20 7 0.8 0.008

Kingscote 20 19 5.63 3.43 1 0.62 0.62 20 11 0.91 0.009

Pearson 16 11a 5.05 3.38 5 0.62 0.57 11 9 0.96 0.009

Cheyne 20 18 5.26 3.33 5 0.62 0.56 16 12 0.96 0.009

N–number of sampled individuals, Lpoly–number of polymorphic loci, Na–mean number of alleles per locus, Ar–allelic richness, Nu–number of private

alleles, He–expected heterozygosity, Ho–observed heterozygosity, H–number of haplotypes, h–haplotype diversity, π–nucleotide diversity.
a missing data at locus.

doi:10.1371/journal.pone.0144966.t001

Fig 4. Median-joining network of Eudyptula β-fibrinogen intron 7 alleles.Circle size is proportional to allele frequency. Colours represent sampling
locations from Australia and Otago (red) and all other NZ locations (blue). Edges between alleles represent single mutational steps. The red and blue boxes
contain alleles associated with AUS and NZ lineages of E.minor, respectively.

doi:10.1371/journal.pone.0144966.g004
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was particularly strongly differentiated from all other NZ lineage populations (Table 2).
AMOVA indicated high levels of variation among lineages (NZ vs. AUS), with Fct of 0.182
(p< 0.01) for microsatellites and Fct of 0.840 (p< 0.01) for mtDNA (S2 Table).

Results from separate analyses on AUS and NZ lineage subsets of the dataset are presented
in S1 Appendix.

Migration and gene flow between little penguin lineages
STRUCTURE assignment and NEWHYBRIDS analyses detected two putative AUS-lineage
first generation migrants in NZ lineage locations (Kaikoura, Stewart Island), likely sourced
from the Otago population (Fig 5). While the Kaikoura individual also carried distinctive AUS
mtDNA and β-fibint7 markers, the Stewart Island bird carried a NZ mtDNA haplotype and
AUS-lineage β-fibint7, confirming a degree of hybrid ancestry. In addition, STRUCTURE and
NEWHYBRIDS analyses detected 10 and nine birds from New Zealand colonies (Hawke’s Bay,
Wellington, West Coast, Kaikoura), and 23 and 28 birds from Otago colonies with> 50% pos-
terior probability of mixed ancestry, respectively (Fig 5). With the exception of one potential
F1 hybrid, all other individuals with mixed ancestry were most likely backcrosses. Six Otago
(Oamaru) birds also carried NZ mtDNA haplotypes. We further found putatively introgressed
AUS mtDNA haplotypes and β-fibint7 alleles in NZ birds for which microsatellite-based
assignment-tests did not detect hybrid ancestry.

Coalescent analysis
Divergence-time estimates for the Otago and Phillip Island populations consistently support a
recent (Holocene) isolation event (Table 3), and fail to reject post-human (<750 ya) divergence

Table 2. Pairwise genetic differentiation among E.minor samples for microsatellite loci (Fst, above diagonal) andmtDNA control region (Φst,
below diagonal).

New Zealand lineage Australian lineage

Location Nthl Bop Hwk Wel GB Wtc Kai ChI BP SI Oa OP PI KKS PS CW

Nthl 0.002 0.003 0.031 0.026 0.027 0.018 0.110 0.043 0.031 0.208 0.227 0.252 0.262 0.256 0.258

Bop 0.009 0.011 0.045 0.035 0.034 0.034 0.108 0.055 0.040 0.209 0.231 0.254 0.261 0.254 0.254

Hwk -0.009 -0.010 -0.001 -0.001 0.004 0.004 0.113 0.030 0.006 0.152 0.165 0.188 0.203 0.206 0.198

Wel 0.090 0.137 0.005 0.015 0.018 0.014 0.123 0.026 0.018 0.152 0.167 0.195 0.210 0.201 0.194

GB 0.092 0.125 0.009 0.011 0.010 -0.004 0.129 0.022 0.020 0.182 0.199 0.222 0.239 0.232 0.229

Wtc 0.570 0.612 0.497 0.367 0.471 0.008 0.095 0.031 0.009 0.161 0.177 0.204 0.211 0.204 0.202

Kai 0.074 0.082 -0.027 0.004 0.026 0.490 0.095 0.023 0.013 0.156 0.173 0.193 0.204 0.204 0.206

ChI 0.707 0.759 0.717 0.437 0.572 0.495 0.548 0.147 0.081 0.215 0.240 0.275 0.263 0.282 0.279

BP 0.243 0.258 0.180 0.292 0.197 0.657 0.113 0.847 0.030 0.205 0.229 0.253 0.268 0.253 0.252

SI 0.583 0.636 0.523 0.349 0.459 0.088 0.494 0.562 0.699 0.147 0.163 0.189 0.199 0.187 0.190

Oa 0.859 0.864 0.847 0.805 0.844 0.850 0.813 0.862 0.881 0.867 0.010 0.017 0.033 0.024 0.033

OP 0.946 0.950 0.954 0.914 0.937 0.920 0.926 0.966 0.964 0.949 0.047 0.023 0.048 0.051 0.052

PI 0.923 0.932 0.927 0.844 0.899 0.887 0.867 0.956 0.957 0.928 0.018 0.012 0.021 0.023 0.032

KKS 0.921 0.931 0.923 0.842 0.896 0.885 0.864 0.949 0.956 0.925 0.187 0.370 0.296 0.001 0.008

PS 0.920 0.931 0.920 0.815 0.888 0.877 0.843 0.959 0.960 0.923 0.163 0.343 0.260 0.071 0.006

CW 0.919 0.929 0.920 0.828 0.891 0.879 0.853 0.953 0.956 0.923 0.068 0.105 0.086 0.192 0.111

Values marked in bold were significantly different from zero after correction for multiple comparisons. Nthl–Northland/Auckland, Bop–Bay of Plenty, Hwk–

Hawke’s Bay, Wel–Wellington, GB–Golden Bay, Wtc–West Coast, Kai–Kaikoura, ChI–Chatham Islands, BP–Banks Peninsula, SI–Stewart Island, Oa–

Oamaru, OP–Otago Peninsula, PI–Phillip Island, KKS–Kangaroo Island, Kingscote, PS–Pearson, CW–Cheyne.

doi:10.1371/journal.pone.0144966.t002
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for the Otago population. Posterior distributions (Fig 6) differed only slightly depending on
whether post-divergence migration was included in the model, and there was little evidence for
migration when this parameter was included. However, we note that power to detect migration
between these recently-diverged lineages may be limited by a lack of diagnostic markers.

Discussion
Our multilocus genetic analyses of Eudyptula penguins confirm that the genus comprises two
genetically distinct units. These units broadly correspond to the geographic regions of Australia
and NZ, with the exception that the Australian lineage is also present in southern NZ’s Otago
region. Multilocus coalescent analyses imply that the Otago population established more
recently than previously suggested.

Differentiation of Eudyptula lineages
Analyses of Eudyptulamicrosatellite markers (19 loci) revealed a clear distinction between NZ
and AUS lineages, and thus provide broad genomic support for the previously reported
mtDNA-based distinction [17, 18]. Their magnitude of mtDNA control region divergence
(10–14%) is clearly comparable to interspecific divergences in Spheniscus penguins (8–10%,
data not shown). Additionally, Tavares & Baker [19] reported an average sequence divergence
between the AUS and NZ lineage at the COI gene of 3.8% compared to only 0.8% between

Fig 5. Individual assignment to genetic clusters and hybrid ancestry as determined by STRUCTURE
assignment test (bottom plot) and NEWHYBRIDS (top plot). Sampling locations are separated by black
vertical lines. Individuals are represented by vertical bars where the colour represents the posterior
probability of ancestry of being NZ lineage (blue), AUS lineage (red), a first generation hybrid (F1; purple), a
second generation hybrid (F2; pink), a backcross between a F1 and NZ lineage individual (yellow), a
backcross between a F1 and AUS lineage individual (orange) or a F2/backcross with either lineage (white; for
STRUCTURE plot only). The grey horizontal line indicates 50% posterior probability threshold.

doi:10.1371/journal.pone.0144966.g005

Table 3. Divergence time estimates t and 95% highest posterior densities (HPD) for Otago and Phillip
Island populations based on different mutation rates.

Mutation rate (mutations site-1

Myr-1)
Source t in years 95% HPD in years

0.86 ancient DNA [53] 49 (92) 16 (27)–211 (309)

0.55 pedigree data [53] 76 (144) 25 (42)–331 (483)

0.0295 CR/cyt b divergence ratio
[18]

1422
(2687)

474 (790)–6163
(9008)

Estimates incorporating post-divergence gene flow are shown in parentheses.

doi:10.1371/journal.pone.0144966.t003
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African and Magellanic penguins, and 1.5% between Southern and Northern rockhopper pen-
guins [56], further supporting recognition of multiple Eudyptula species.

The β-fibint7 locus revealed less differentiation between the lineages, with some alleles
shared between NZ and AUS lineage individuals. While such patterns could reflect either
ancestral polymorphism or incomplete lineage sorting [57, 58], the cases of allele sharing
between Eudyptula lineages typically involved hybrid individuals (as inferred from mtDNA
and microsatellite analyses) and thus are most likely attributable to introgression.

In addition to genetic data, there is clear biological evidence supporting a species-level dis-
tinction. Feather-colour exhibits significant differentiation between lineages for their blue
chroma and maximum brightness [59]. Moreover, vocalisation patterns differ between AUS
and NZ lineages [17], and between males from Oamaru (AUS lineage) and Tiritiri Matangi
(NZ lineage), with female preference for local calls [60]. Behavioural observations further sup-
port a biological distinction between these genetic lineages. Specifically, colonies of the AUS
lineage are well-known to come ashore after dusk in 'rafts', i.e., individuals congregate at sea
and swim ashore as groups and walk simultaneously to their nesting sites [61, 62]. In NZ, simi-
lar rafting behaviour has only been observed in Otago (AUS lineage). This distinctive behav-
iour may potentially represent a predator avoidance strategy [61]. Interestingly, Eudyptula
penguins in NZ have not experienced terrestrial vertebrate predators until recently, whereas
Australian birds might have regularly encountered carnivorous marsupials [63]. Another dis-
tinctive behaviour specific to the AUS lineage (observed in Australia and Otago) is double
brooding, i.e., the laying of a second clutch of eggs after a successfully-fledged first clutch [64].
Although double brooding is not found in all Australian colonies, and is thought to be linked

Fig 6. Posterior distributions from analysis under the ‘Isolation with Migration’model for Otago and
Phillip Island populations. Results are presented for analyses with and without post-divergence gene flow
(migration). All parameters are scaled by mutation rate. Note that the migration posteriors are described in
coalescent terms (movement backwards through time).

doi:10.1371/journal.pone.0144966.g006
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to sea-surface temperature and resulting differences in food availability [65, 66], it has never
been reported for NZ-lineage colonies despite a similar latitudinal range [67].

Taxonomic recommendations
Based on our multilocus genetic analyses and concordant biological evidence, we recommend
the Australian little penguin to be elevated to full species status, Eudyptula novaehollandiae
[68], with its type locality restricted to Port Jackson, New South Wales [69]. The NZ little pen-
guin should remain Eudyptula minor [70] with the type locality recognised as Dusky Sound,
Fiordland. While the divergent mitochondrial and nuclear genetic lineages could alternatively
be interpreted as reflecting intraspecific diversity, we feel there is sufficient grounds for them to
be considered distinct species. Specifically, these lineages are distinguishable based on phyloge-
netic, morphological (Grosser, unpublished data) and behavioural features, with evidence for
assortative mating, and only limited hybridization despite their occurrence in sympatry for at
least a century.

Extinction-replacement due to anthropogenic causes?
Given controversies around the time-dependency of molecular rates (TDMR) [52, 53, 71], we
adopted a conservative approach, using both ‘rapid’ [54], and ‘slow’ rates. Coalescent analyses
performed using these rates suggest the Australian and Otago populations diverged substan-
tially more recently (<6200 ya) than previous mtDNA-based estimates (~180 kya) [18]. All
three rates indicate recent colonisation timeframes, and all fail to reject a divergence event fol-
lowing human colonisation of NZ (750 ya) [22] when 95% HPD are considered. These findings
may parallel human-associated extinction-colonisation events recently inferred for several NZ
vertebrate taxa, whereby extirpated mainland lineages were replaced via trans-oceanic coloni-
sation [5, 13].

In addition to coalescent analyses (above), archaeological records provide further evidence
of anthropogenic impacts, with substantial Eudyptula population declines apparently occurring
soon after human settlement. Specifically, while Eudyptula is one of the most widely-repre-
sented taxa in many of NZ’s pre-human deposits and early archaeological middens, the genus
is apparently absent from the majority of late prehistoric midden sites [72]. Based on results
from coalescent modelling alone (using different mutation rates and considering the contro-
versy around fast-rate estimates) we cannot completely exclude the possibility that Australian
Eudyptula colonised Otago before human settlement in NZ. However, given archaeological evi-
dence a post-human arrival for this lineage seems likely. Comprehensive aDNA analyses of fos-
sil and archaeological Eudyptula remains similarly support recent (post-human) turn-over of
Eudyptula lineages in southern NZ (Grosser unpublished data).

Limited hybridisation between Eudyptula species
Genetic exchange between the Australian and NZ little penguins was restricted to the New Zea-
land mainland where they co-occur in secondary-contact. It is, however, not yet clear whether
introgression of the AUS DNA into NZ populations is exclusively caused by Otago individuals,
or if Australian birds occasionally breed in NZ. While the frequency of trans-Tasman dispersal
is unknown, it seems reasonable to assume that such events are rare, given that these land-
masses are separated by approximately 2,000 km of ocean. Nevertheless, our data demonstrate
eastward trans-Tasman migration in the recent past, consistent with prevailing winds and
ocean currents e.g., [73, 74]. It is also unclear whether the two apparent first-generation AUS
migrants (in Kaikoura and Stewart Island; beach-wrecked specimens) were breeding in these
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NZ locations or were vagrants. However, it should be noted that birds originally from Oamaru
(Otago) have been directly observed breeding in Kaikoura (Agnew, personal communication).

We observed a higher degree of introgression from the NZ species into Otago, matching the
theory that a species expanding into the range of a sister taxon will experience greater intro-
gression than the resident species [75]. Nevertheless, the detection of only one F1 hybrid, with
all other admixed individuals likely being backcrosses, suggests that levels of gene flow between
the species are currently low. This observation might be explained by possible assortative mat-
ing, as suggested by female preference of conspecific calls [60] and/or by philopatry [65].

Conservation implications
Elevation of the Australian little penguin to full species status warrants the reassessment of
Eudyptula conservation status. While little penguins are globally evaluated as ‘least concern’,
their general demographic trend is one of decline [76]. In NZ, most populations are currently
considered ‘at risk’ [77], with substantial decline also documented in numerous Australian col-
onies [78, 79]. Currently, the absence of long-term demographic data precludes an accurate
conservation assessment of these species [78].

Our study's findings represent the second recognition of new extant penguin species diver-
sity within a decade [80], and exemplify that cryptic diversity can remain undiscovered even in
iconic taxa. Indeed, additional undescribed penguin diversity may exist elsewhere [56]. Our
study further highlights the value of genetic approaches for assessing demographic histories of
iconic taxa.

Supporting Information
S1 Appendix. Additional information. Separate analyses on NZ and AUS lineage subsets of
the dataset.
(DOCX)

S2 Appendix. Microsatellite alleles. Provided as an Excel file in GenAlEx format.
(XLS)

S1 Fig. STRUCTURE HARVESTER diagrams. Selection of optimal number of clusters K for
the complete dataset according to the Evanno method.
(TIFF)

S2 Fig. Genetic clustering of Eudyptula minor. Based on STRUCTURE analysis of the com-
plete dataset for K = 2 to K = 5. Individuals are represented by vertical bars and colour indicates
proportional membership of the individual to a genetic cluster. Black lines separate sampling
localities as named below the plot.
(TIFF)

S3 Fig. STRUCTURE plot and 95% probability intervals (PI). The middle plot represents the
mean values of q1 and q2; the top plot represents the upper PI of q1 and the lower PI of q2; and
the bottom plot represents the lower PI of q1 and the upper PI of q2.
(TIFF)

S1 Table. Sampling location information. Information on sampling location, sample pro-
vider, collection date and tissue type of samples used for population genetic analyses. 1samples
newly acquired for this study (collected by researcher in connection with other studies); 2sam-
ples newly acquired for this study; 3samples present at the Department of Zoology from previ-
ous studies. DoC–New Zealand Department of Conservation.
(DOCX)

Secondary-Contact of Cryptic Penguin Species

PLOS ONE | DOI:10.1371/journal.pone.0144966 December 14, 2015 13 / 17

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0144966.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0144966.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0144966.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0144966.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0144966.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0144966.s006


S2 Table. AMOVA table. Assessment of hierarchical genetic variation between regional E.
minor groupings based on genotypes from 19 microsatellite loci together with sequences from
mtDNA control region. NZ–New Zealand, AUS–Australia. Values that were significantly dif-
ferent from zero are indicated by an asterisk.
(DOCX)

Acknowledgments
L. Argilla, D. Brunton, J. Cockrem, S. Flemming, R. Goldsworthy, M. Kennedy, R. Lane (West
Coast Blue Penguin Trust), Massey University (H. McConnell), R. Overeem, H. Ratz and D.
Tompkins kindly provided samples. K. Miller assisted with Figs 1–3, B. Robertson provided
analytical advice, T. King provided laboratory support, and P. Scofield provided taxonomic
expertise.

Author Contributions
Conceived and designed the experiments: SG JMW. Performed the experiments: SG. Analyzed
the data: SG CPB. Contributed reagents/materials/analysis tools: CPB AJP. Wrote the paper:
SG CPB JMW AJP.

References
1. Avise JC. Molecular markers, natural history, and evolution. 2nd Edition. Sunderland, MA: Sinauer

Associates; 2004.

2. Beaumont MA. Approximate Bayesian Computation in Evolution and Ecology. Annu Rev Ecol Evol S.
2010; 41(1): 379–406. doi: 10.1146/annurev-ecolsys-102209-144621

3. Barnes I, Matheus P, Shapiro B, Jensen D, A. C. Dynamics of Pleistocene population extinctions in Ber-
ingian brown bears. Science. 2002; 295: 2267–2270. PMID: 11910112

4. Hofreiter M, Muenzel S, Conard NJ, Pollack J, Slatkin M, Weiss G, et al. Sudden replacement of cave
bear mitochondrial DNA in the late Pleistocene. Current Biology. 2007; 17: R122–R3. PMID: 17307042

5. Boessenkool S, Austin JJ, Worthy TH, Scofield P, Cooper A, Seddon PJ, et al. Relict or colonizer?
Extinction and range expansion of penguins in southern New Zealand. Proc R Soc B. 2009; 276(1658):
815–821. doi: 10.1098/rspb.2008.1246 PMID: 19019791

6. Miller W, Hayes VM, Ratan A, Petersen DC, Wittekindt NE, Miller J, et al. Genetic diversity and popula-
tion structure of the endangered marsupial Sarcophilus harrisii (Tasmanian devil). Proc Natl Acad Sci
USA. 2011; 108(30): 12348–12353. doi: 10.1073/pnas.1102838108 PMID: 21709235

7. Bickford D, Lohman DJ, Sodhi NS, Ng PKL, Meier R, Winker K, et al. Cryptic species as a window on
diversity and conservation. Trends Ecol Evol. 2007; 22(3): 148–155. doi: 10.1016/J.Tree.2006.11.004
PMID: 17129636

8. Feinberg JA, Newman CE, Watkins-Colwell GJ, Schlesinger MD, Zarate B, Curry BR, et al. Cryptic
diversity in metropolis: confirmation of a new leopard frog species (anura: ranidae) from New York City
and surrounding atlantic coast regions. PLoS One. 2014; 9(10): e108213. doi: 10.1371/journal.pone.
0108213 PMID: 25354068

9. Hrbek T, da Silva VMF, Dutra N, GravenaW, Martin AR, Farias IP. A new species of river dolphin from
Brazil or: how little do we know our biodiversity. PLoS One. 2014; 9(1). doi: 10.1371/journal.pone.
0083623

10. Scheffers BR, Joppa LN, Pimm SL, LauranceWF. What we know and don't know about Earth's missing
biodiversity. Trends Ecol Evol. 2012; 27(9): 501–510. doi: 10.1016/J.Tree.2012.05.008 PMID:
22784409

11. Geller JB. Decline of a native mussel masked by sibling species invasion. Conserv Biol. 1999; 13(3):
661–664. doi: 10.1046/j.1523-1739.1999.97470.x

12. Waters JM, Fraser CI, Hewitt GM. Founder takes all: density-dependent processes structure biodver-
sity. Trends Ecol Evol. 2013; 28(2): 78–85. doi: 10.1016/J.Tree.2012.08.024 PMID: 23000431

13. Collins CJ, Rawlence NJ, Prost S, Anderson CNK, Knapp M, Scofield RP, et al. Extinction and recoloni-
zation of coastal megafauna following human arrival in New Zealand. Proc R Soc B. 2014; 281(1786).
doi: 10.1098/Rspb.2014.0097

Secondary-Contact of Cryptic Penguin Species

PLOS ONE | DOI:10.1371/journal.pone.0144966 December 14, 2015 14 / 17

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0144966.s007
http://dx.doi.org/10.1146/annurev-ecolsys-102209-144621
http://www.ncbi.nlm.nih.gov/pubmed/11910112
http://www.ncbi.nlm.nih.gov/pubmed/17307042
http://dx.doi.org/10.1098/rspb.2008.1246
http://www.ncbi.nlm.nih.gov/pubmed/19019791
http://dx.doi.org/10.1073/pnas.1102838108
http://www.ncbi.nlm.nih.gov/pubmed/21709235
http://dx.doi.org/10.1016/J.Tree.2006.11.004
http://www.ncbi.nlm.nih.gov/pubmed/17129636
http://dx.doi.org/10.1371/journal.pone.0108213
http://dx.doi.org/10.1371/journal.pone.0108213
http://www.ncbi.nlm.nih.gov/pubmed/25354068
http://dx.doi.org/10.1371/journal.pone.0083623
http://dx.doi.org/10.1371/journal.pone.0083623
http://dx.doi.org/10.1016/J.Tree.2012.05.008
http://www.ncbi.nlm.nih.gov/pubmed/22784409
http://dx.doi.org/10.1046/j.1523-1739.1999.97470.x
http://dx.doi.org/10.1016/J.Tree.2012.08.024
http://www.ncbi.nlm.nih.gov/pubmed/23000431
http://dx.doi.org/10.1098/Rspb.2014.0097


14. Marchant S, Higgins PJ. Handbook of Australian, New Zealand & Antarctic Birds: Ratites to ducks. Vol-
ume 1. South Melbourne, Victoria, Australia: Oxford University Press; 1990.

15. Kinsky FC, Falla RA. A subspecific revision of the Australasian blue penguin (Eudyptula minor) in the
New Zealand area. Rec Nat Mus New Zeal. 1976; 1(7): 105–126.

16. Meredith MAM, Sin FYT. Genetic variation of four populations of the little blue penguin, Eudyptula
minor. Heredity. 1988; 60: 69–76.

17. Banks JC, Mitchell AD, Waas JR, Paterson AM. An unexpected pattern of molecular divergence within
the blue penguin (Eudyptula minor) complex. Notornis. 2002; 49: 29–37.

18. Peucker AJ, Dann P, Burridge CP. Range-wide phylogeography of the little penguin (Eudyptula minor):
evidence of long-distance dispersal. Auk. 2009; 126(2): 397–408. doi: 10.1525/auk.2009.08055

19. Tavares ES, Baker AJ. Single mitochondrial gene barcodes reliably identify sister-species in diverse
clades of birds. BMC Evol Biol. 2008; 8. doi: 10.1186/471-2148-8-81

20. Moritz C, Cicero C. DNA barcoding: promise and pitfalls. PLoS Biology. 2004; 2(10): e354. doi: 10.
1371/journal.pbio.0020354 PMID: 15486587

21. Holdaway RN, Worthy TH, Tennyson AJD. A working list of breeding bird species of the New Zealand
region at first human contact. New Zeal J Zool. 2001; 28(2): 119–187.

22. Wilmshurst JM, Anderson AJ, Higham TFG,Worthy TH. Dating the late prehistoric dispersal of polyne-
sians to New Zealand using the commensal Pacific rat. Proc Natl Acad Sci USA. 2008; 105(22):7676–
7680. doi: 10.1073/Pnas.0801507105 PMID: 18523023

23. Walsh PS, Metzger DA, Higuchi R. Chelex 100 as a medium for simple extraction of DNA for PCR-
based typing from forensic material. Biotechniques. 1991; 10(4): 506–513. PMID: 1867860

24. Zavodna M, Sandland GJ, Minchella DJ. Effects of intermediate host genetic background on parasite
transmission dynamics: A case study using Schistosomamansoni. Exp Parasitol. 1202008. p. 57–61.

25. Grosser S, Ratz H, Waters JM. DNA samples from wild animal populations as a byproduct of PIT tag-
ging. Conserv Genet Resour. 2015.

26. Roeder AD, Ritchie PA, Lambert DM. New DNAmarkers for penguins. Conserv Genet. 2002; 3(3):
341–344. doi: 10.1023/A:1019982009059

27. Slatkin M. A correction to the exact test based on the Ewens sampling distribution. Genet Res. 1996;
68(3): 2.

28. Excoffier L, Lischer HEL. Arlequin suite ver 3.5: a new series of programs to perform population genet-
ics analyses under Linux andWindows. Mol Ecol Resour. 2010; 10(3): 564–567. doi: 10.1111/J.1755-
0998.2010.02847.X PMID: 21565059

29. Slack KE, Janke A, Penny D, Arnason U. Two new avian mitochondrial genomes (penguin and goose)
and a summary of bird and reptile mitogenomic features. Gene. 2003; 302(1–2): 43–52. http://dx.doi.
org/10.1016/S0378111902010533 PMID: 12527195

30. Stephens M, Donnelly P. A comparison of Bayesian methods for haplotype reconstruction from popula-
tion genotype data. Am J HumGenet. 2003; 73(5): 1162–1169. doi: 10.1086/379378 PMID: 14574645

31. Collura RV, Stewart C-B. Insertions and duplications of mtDNA in the nuclear genomes of Old World
monkeys and hominoids. Nature. 1995; 378(6556): 485–489. PMID: 7477403

32. Grosser S, Waters JM. Development and characterisation of 20 novel microsatellite markers for the lit-
tle blue penguin (Eudyptula minor) using next-generation sequencing. Conserv Genet Resour. 2015; 7
(1): 143–145. doi: 10.1007/s12686-014-0313-6

33. Rousset F. genepop'007: a complete re-implementation of the genepop software for Windows and
Linux. Mol Ecol Resour. 2008; 8(1): 103–106. doi: 10.1111/j.1471-8286.2007.01931.x PMID:
21585727

34. Benjamini Y, Hochberg Y. Controlling the false discovery rate—a practical and powerful approach to
multiple testing. J R Stat Soc B Met. 1995; 57(1): 289–300.

35. Altschul SF, GishW, Miller W, Myers EW, Lipman DJ. Basic local alignment search tool. J Mol Biol.
1990; 215(3): 403–410. http://dx.doi.org/10.1016/S0022-2836(05)80360-2 PMID: 2231712

36. Van Oosterhout C, HutchinsonWF, Wills DPM, Shipley P. Micro-Checker: software for identifying and
correcting genotyping errors in microsatellite data. Mol Ecol Notes. 2004; 4(3): 535–538. doi: 10.1111/
J.1471-8286.2004.00684.X

37. Prychitko TM, MooreWS. The utility of DNA sequences of an intron from the beta-fibrinogen gene in
phylogenetic analysis of woodpeckers (Aves: Picidae). Mol Phylogenet Evol. 1997; 8(2): 193–204. doi:
10.1006/Mpev.1997.0420 PMID: 9299224

38. Librado P, Rozas J. DnaSP v5: a software for comprehensive analysis of DNA polymorphism data. Bio-
informatics. 2009; 25(11): 1451–1452. doi: 10.1093/Bioinformatics/Btp187 PMID: 19346325

Secondary-Contact of Cryptic Penguin Species

PLOS ONE | DOI:10.1371/journal.pone.0144966 December 14, 2015 15 / 17

http://dx.doi.org/10.1525/auk.2009.08055
http://dx.doi.org/10.1186/471-2148-8-81
http://dx.doi.org/10.1371/journal.pbio.0020354
http://dx.doi.org/10.1371/journal.pbio.0020354
http://www.ncbi.nlm.nih.gov/pubmed/15486587
http://dx.doi.org/10.1073/Pnas.0801507105
http://www.ncbi.nlm.nih.gov/pubmed/18523023
http://www.ncbi.nlm.nih.gov/pubmed/1867860
http://dx.doi.org/10.1023/A:1019982009059
http://dx.doi.org/10.1111/J.1755-0998.2010.02847.X
http://dx.doi.org/10.1111/J.1755-0998.2010.02847.X
http://www.ncbi.nlm.nih.gov/pubmed/21565059
http://dx.doi.org/10.1016/S0378111902010533
http://dx.doi.org/10.1016/S0378111902010533
http://www.ncbi.nlm.nih.gov/pubmed/12527195
http://dx.doi.org/10.1086/379378
http://www.ncbi.nlm.nih.gov/pubmed/14574645
http://www.ncbi.nlm.nih.gov/pubmed/7477403
http://dx.doi.org/10.1007/s12686-014-0313-6
http://dx.doi.org/10.1111/j.1471-8286.2007.01931.x
http://www.ncbi.nlm.nih.gov/pubmed/21585727
http://dx.doi.org/10.1016/S0022-2836(05)80360-2
http://www.ncbi.nlm.nih.gov/pubmed/2231712
http://dx.doi.org/10.1111/J.1471-8286.2004.00684.X
http://dx.doi.org/10.1111/J.1471-8286.2004.00684.X
http://dx.doi.org/10.1006/Mpev.1997.0420
http://www.ncbi.nlm.nih.gov/pubmed/9299224
http://dx.doi.org/10.1093/Bioinformatics/Btp187
http://www.ncbi.nlm.nih.gov/pubmed/19346325


39. Bruen TC, Philippe H, Bryant D. A simple and robust statistical test for detecting the presence of recom-
bination. Genetics. 2006; 172(4): 2665–26681. doi: 10.1534/genetics.105.048975 PMID: 16489234

40. Huson DH, Bryant D. Application of phylogenetic networks in evolutionary studies. Mol Biol Evol. 2006;
23(2): 254–267. doi: 10.1093/molbev/msj030 PMID: 16221896

41. Pritchard JK, Stephens M, Donnelly P. Inference of population structure using multilocus genotype
data. Genetics. 2000; 155(2): 945–959. PMID: 10835412

42. Falush D, Stephens M, Pritchard JK. Inference of population structure using multilocus genotype data:
Linked loci and correlated allele frequencies. Genetics. 2003; 164(4): 1567–1587. PMID: 12930761

43. Evanno G, Regnaut S, Goudet J. Detecting the number of clusters of individuals using the software
Structure: a simulation study. Mol Ecol. 2005; 14(8): 2611–2620. doi: 10.1111/J.1365-294x.2005.
02553.X PMID: 15969739

44. Earl DA, von Holdt BM. Structure Harvester: a website and program for visualizing Structure output and
implementing the Evannomethod. Conserv Genet Resour. 2012; 4(2):359–361. doi: 10.1007/S12686-
011-9548-7

45. Jakobsson M, Rosenberg NA. Clumpp a cluster matching and permutation program for dealing with
label switching and multimodality in analysis of population structure. Bioinformatics. 2007; 23
(14):1801–1806. PMID: 17485429

46. Rosenberg NA. Distruct: a program for the graphical display of population structure. Mol Ecol Notes.
2004; 4(1): 137–138. doi: 10.1046/J.1471-8286.2003.00566.X

47. Szpiech ZA, Jakobsson M, Rosenberg NA. ADZE: a rarefaction approach for counting alleles private to
combinations of populations. Bioinformatics. 2008; 24(21): 2498–2504. doi: 10.1093/Bioinformatics/
Btn478 PMID: 18779233

48. Excoffier L, Smouse PE, Quattro JM. Analysis of molecular variance inferred frommetric distances
among DNA haplotypes—application to human mitochondrial-DNA restriction data. Genetics. 1992;
131(2): 479–491. PMID: 1644282

49. Anderson EC, Thompson EA. A model-based method for identifying species hybrids using multilocus
genetic data. Genetics. 2002; 160(3): 1217–1229. PMID: 11901135

50. Hey J, Nielsen R. Multilocus methods for estimating population sizes, migration rates and divergence
time, with applications to the divergence of Drosophila pseudoobscura and D. persimilis. Genetics.
2004; 167(2): 747–760. doi: 10.1534/Genetics.103.024182 PMID: 15238526

51. Hey J. Isolation with migration models for more than two populations. Mol Biol Evol. 2010; 27(4): 905–
920. doi: 10.1093/Molbev/Msp296 PMID: 19955477

52. Ho SYW, Phillips MJ, Cooper A, Drummond AJ. Time dependency of molecular rate estimates and sys-
tematic overestimation of recent divergence times. Mol Biol Evol. 2005; 22(7): 1561–1568. doi: 10.
1093/Molbev/Msi145 PMID: 15814826

53. Emerson BC, Hickerson MJ. Lack of support for the time-dependent molecular evolution hypothesis.
Mol Ecol. 2015; 24(4): 702–709. doi: 10.1111/mec.13070 PMID: 25640964

54. Millar CD, Dodd A, Anderson J, Gibb GC, Ritchie PA, Baroni C, et al. Mutation and evolutionary rates in
Adélie penguins from the Antarctic. PLoS Genet. 2008; 4(10): e1000209. doi: 10.1371/journal.pgen.
1000209 PMID: 18833304

55. Weir JT, Schluter D. Calibrating the avian molecular clock. Mol Ecol. 2008; 17(10):2321–2328. doi: 10.
1111/J.1365-294x.2008.03742.X PMID: 18422932

56. Banks J, Van Buren A, Cherel Y, Whitfield JB. Genetic evidence for three species of rockhopper pen-
guins, Eudyptes chrysocome. Polar Biol. 2006; 30(1): 61–67. doi: 10.1007/S00300-006-0160-3

57. MaddisonWP. Gene trees in species trees. Syst Biol. 1997; 46(3): 523–536. doi: 10.1093/sysbio/46.3.
523

58. Holder MT, Anderson JA, Holloway AK. Difficulties in detecting hybridization. Syst Biol. 2001; 50(6):
978–982. doi: 10.1080/106351501753462911 PMID: 12116644

59. Macey S, Meadows M, Clark JA, Banks JC, Agnew P, Waas JR. The blue in little 'blue' penguins: quan-
tifying colour by sex and clade. In: Proceedings of the 9th Oamaru Penguin Symposium 2014. New
Zeal J Zool; 2015. doi: 10.1080/03014223.2014.995107

60. Miyazaki M, Nakagawa S. Geographical variation in male calls and the effect on female response in lit-
tle penguins. acta ethologica. 2014. doi: 10.1007/s10211-014-0193-5

61. Stahel C, Gales R. Little penguin: fairy penguins in Australia: NSWU Press; 1987.

62. Daniel TA, Chiaradia A, Logan M, Quinn GP, Reina RD. Synchronized group association in little pen-
guins, Eudyptula minor. Anim Behav. 2007; 74: 1241–1248. doi: 10.1016/J.Anbehav.2007.01.029

Secondary-Contact of Cryptic Penguin Species

PLOS ONE | DOI:10.1371/journal.pone.0144966 December 14, 2015 16 / 17

http://dx.doi.org/10.1534/genetics.105.048975
http://www.ncbi.nlm.nih.gov/pubmed/16489234
http://dx.doi.org/10.1093/molbev/msj030
http://www.ncbi.nlm.nih.gov/pubmed/16221896
http://www.ncbi.nlm.nih.gov/pubmed/10835412
http://www.ncbi.nlm.nih.gov/pubmed/12930761
http://dx.doi.org/10.1111/J.1365-294x.2005.02553.X
http://dx.doi.org/10.1111/J.1365-294x.2005.02553.X
http://www.ncbi.nlm.nih.gov/pubmed/15969739
http://dx.doi.org/10.1007/S12686-011-9548-7
http://dx.doi.org/10.1007/S12686-011-9548-7
http://www.ncbi.nlm.nih.gov/pubmed/17485429
http://dx.doi.org/10.1046/J.1471-8286.2003.00566.X
http://dx.doi.org/10.1093/Bioinformatics/Btn478
http://dx.doi.org/10.1093/Bioinformatics/Btn478
http://www.ncbi.nlm.nih.gov/pubmed/18779233
http://www.ncbi.nlm.nih.gov/pubmed/1644282
http://www.ncbi.nlm.nih.gov/pubmed/11901135
http://dx.doi.org/10.1534/Genetics.103.024182
http://www.ncbi.nlm.nih.gov/pubmed/15238526
http://dx.doi.org/10.1093/Molbev/Msp296
http://www.ncbi.nlm.nih.gov/pubmed/19955477
http://dx.doi.org/10.1093/Molbev/Msi145
http://dx.doi.org/10.1093/Molbev/Msi145
http://www.ncbi.nlm.nih.gov/pubmed/15814826
http://dx.doi.org/10.1111/mec.13070
http://www.ncbi.nlm.nih.gov/pubmed/25640964
http://dx.doi.org/10.1371/journal.pgen.1000209
http://dx.doi.org/10.1371/journal.pgen.1000209
http://www.ncbi.nlm.nih.gov/pubmed/18833304
http://dx.doi.org/10.1111/J.1365-294x.2008.03742.X
http://dx.doi.org/10.1111/J.1365-294x.2008.03742.X
http://www.ncbi.nlm.nih.gov/pubmed/18422932
http://dx.doi.org/10.1007/S00300-006-0160-3
http://dx.doi.org/10.1093/sysbio/46.3.523
http://dx.doi.org/10.1093/sysbio/46.3.523
http://dx.doi.org/10.1080/106351501753462911
http://www.ncbi.nlm.nih.gov/pubmed/12116644
http://dx.doi.org/10.1080/03014223.2014.995107
http://dx.doi.org/10.1007/s10211-014-0193-5
http://dx.doi.org/10.1016/J.Anbehav.2007.01.029


63. Pemberton D, Gales S, Bauer B, Gales R, Lazenby B, Medlock K. The diet of the Tasmanian devil, Sar-
cophilus harrisii, as determined from analysis of scat and stomach contents Pap Proc R Soc Tasmania.
2008; 142(2): 13–21.

64. Gales R. Breeding seasons and double brooding of the little penguin Eudyptula minor in New Zealand.
Emu. 1985; 85: 127–130.

65. Mickelson MJ, Dann P, Cullen JM. Sea temperature in Bass Strait and breeding success of the little
penguin Eudyptula minor at Phillip Island, south-eastern Australia. Emu. 1992; 91: 355–368.

66. Cullen JM, Chambers LE, Coutin PC, Dann P. Predicting onset and success of breeding in little pen-
guins Eudyptula minor from ocean temperatures. Mar Ecol Prog Ser. 2009; 378: 269–278. doi: 10.
3354/Meps07881

67. Agnew P, Houston D, Lalas C, Wright J. Variation in reproductive performance of Little Penguins
(Eudyptula minor) attributable to double brooding. J Ornithol. 2014; 155(1): 101–109. doi: 10.1007/
s10336-013-0992-x

68. Stephens JF. Spheniscus Novae Hollandiae. In: Shaw G, editor. General Zool. 13. London 1826. p. 68.

69. Mathews GM. The Birds of Australia. London: Witherby; 1911.

70. Forster JR. Aptenodytes minorComment Phys Soc Reg Sci Gottingensis 1781; 3: 135.

71. Ho SYW, Lanfear R, Bromham L, Phillips MJ, Soubrier J, Rodrigo AG, et al. Time-dependent rates of
molecular evolution. Mol Ecol. 2011; 20(15): 3087–3101. doi: 10.1111/j.1365-294X.2011.05178.x
PMID: 21740474

72. Smith I. Pre-European Maori exploitation of marine resources in two New Zealand case study areas:
species range and temporal change. J R Soc New Zeal. 2013; 43(1): 1–37. doi: 10.1080/03036758.
2011.574709

73. Burridge CP, Smolenski AJ. Lack of genetic divergence found with microsatellite DNAmarkers in the
tarakihi Nemadactylus macropterus. New Zeal J Mar Freshwater Res. 2003; 37(2): 223–230. doi: 10.
1080/00288330.2003.9517160

74. Chiswell SM, Wilkin J, Booth JD, Stanton B. Trans-Tasman Sea larval transport: Is Australia a source
for new Zealand rock lobsters? Mar Ecol Prog Ser. 2003; 247:173–182. doi: 10.3354/Meps247173

75. Petit RJ, Excoffier L. Gene flow and species delimitation. Trends Ecol Evol. 2009; 24(7): 386–393. doi:
10.1016/J.Tree.2009.02.011 PMID: 19409650

76. IUCN. IUCN Red List categories and criteria: version 3.1. Second edition. Gland, Switzerland and
Cambridge, UK: IUCN; 2012.

77. Robertson HA, Dowding JE, Elliott GP, Hitchmough RA, Miskelly CM, O’Donnell CF, et al. Conserva-
tion status of New Zealand birds, 2012. New Zealand threat classification series. 2013; 4: 11–14.

78. Stevenson C, Woehler EJ. Population decreases in little penguins Eudyptula minor in southeastern
Tasmania, Australia, over the past 45 years. Mar Ornithol. 2007; 35: 71–76.

79. Dann P. Distribution, population trends and factors influencing the population size of little penguins
Eudyptula minor on Phillip Island, Victoria. Emu. 1991; 91(5): 263–272. http://dx.doi.org/10.1071/
MU9910263

80. Jouventin P, Cuthbert RJ, Ottvall R. Genetic isolation and divergence in sexual traits: evidence for the
northern rockhopper penguin Eudyptes moseleyi being a sibling species. Mol Ecol. 2006; 15(11):
3413–3423. doi: 10.1111/J.1365-294x.2006.03028.X PMID: 16968279

Secondary-Contact of Cryptic Penguin Species

PLOS ONE | DOI:10.1371/journal.pone.0144966 December 14, 2015 17 / 17

http://dx.doi.org/10.3354/Meps07881
http://dx.doi.org/10.3354/Meps07881
http://dx.doi.org/10.1007/s10336-013-0992-x
http://dx.doi.org/10.1007/s10336-013-0992-x
http://dx.doi.org/10.1111/j.1365-294X.2011.05178.x
http://www.ncbi.nlm.nih.gov/pubmed/21740474
http://dx.doi.org/10.1080/03036758.2011.574709
http://dx.doi.org/10.1080/03036758.2011.574709
http://dx.doi.org/10.1080/00288330.2003.9517160
http://dx.doi.org/10.1080/00288330.2003.9517160
http://dx.doi.org/10.3354/Meps247173
http://dx.doi.org/10.1016/J.Tree.2009.02.011
http://www.ncbi.nlm.nih.gov/pubmed/19409650
http://dx.doi.org/10.1071/MU9910263
http://dx.doi.org/10.1071/MU9910263
http://dx.doi.org/10.1111/J.1365-294x.2006.03028.X
http://www.ncbi.nlm.nih.gov/pubmed/16968279

