
1 23

Conservation Genetics
 
ISSN 1566-0621
Volume 21
Number 4
 
Conserv Genet (2020) 21:747-756
DOI 10.1007/s10592-020-01284-4

Subtle genetic clustering among South
Australian colonies of little penguins
(Eudyptula minor)

Diane Colombelli-Négrel, Amy Slender,
Tessa Bradford, Terry Bertozzi, Scarlett
S. Graf & Michael G. Gardner



1 23

Your article is protected by copyright and

all rights are held exclusively by Springer

Nature B.V.. This e-offprint is for personal

use only and shall not be self-archived

in electronic repositories. If you wish to

self-archive your article, please use the

accepted manuscript version for posting on

your own website. You may further deposit

the accepted manuscript version in any

repository, provided it is only made publicly

available 12 months after official publication

or later and provided acknowledgement is

given to the original source of publication

and a link is inserted to the published article

on Springer's website. The link must be

accompanied by the following text: "The final

publication is available at link.springer.com”.



Vol.:(0123456789)1 3

Conservation Genetics (2020) 21:747–756 
https://doi.org/10.1007/s10592-020-01284-4

RESEARCH ARTICLE

Subtle genetic clustering among South Australian colonies of little 
penguins (Eudyptula minor)

Diane Colombelli‑Négrel1  · Amy Slender1  · Tessa Bradford1,2,3  · Terry Bertozzi2,3  · Scarlett S. Graf1 · 
Michael G. Gardner1,2 

Received: 4 July 2019 / Accepted: 2 June 2020 / Published online: 10 June 2020 
© Springer Nature B.V. 2020

Abstract
Information on the extent of genetic differentiation among seabird populations is essential for conservation planning. Here 
we used, for the first time in little penguins (Eudyptula minor), a next generation sequencing approach to investigate popula-
tion genetic structure, gene flow and inbreeding among eight colonies in South Australia. We found that Troubridge Island 
individuals were genetically distinct from the other sampled colonies, and that colonies on all islands were connected by 
moderate levels of gene flow possibly due to migration from the Kangaroo Island colonies. While further genetic sampling is 
needed, these data support the idea that South Australia may be a zone of subtle and rapid genetic change for little penguins.

Keywords Population structure · Conservation genetics · Eudyptula minor · Spheniscidae · Next-generation sequencing · 
Gene flow

Introduction

Understanding the mechanisms responsible for population 
differentiation is a major challenge for conservation biolo-
gists (Friesen et al. 2007). Genetic diversity substantially 
affects many ecological processes, such as population 
dynamics, interspecific competition, community structure 
and recovery following disturbance, and is therefore a key 
component of maintaining biodiversity (e.g., Gamfeldt et al. 
2005; Hughes et al. 2008; Rizvanovic et al. 2019). Genetic 
diversity thus forms the basis of conservation research 
(Coates et al. 2018).

A strong connection exists between the spatial structure 
of a species and its population dynamics, including vulner-
ability and adaptability to environmental change (Garro-
way et al. 2013). Species with high specialisation to their 
environment—in phenology, physiology or morphology for 
example—and limited dispersal may have reduced abilities 
to respond to sudden changes in their local environment 
(see Walther et al. 2002) and higher chances of losing large 
amounts of their genetic pool when populations are lost or 
depleted (Friesen et al. 2007; Rizvanovic et al. 2019). It 
is therefore important to understand how the biology of a 
species as well as environmental factors impact population 
connectivity for conservation management.

Loss of genetic diversity is another important considera-
tion for conservation management of populations, especially 
for declining or small and isolated populations. Inbreeding 
depression, resulting in loss of genetic diversity, can be sub-
stantial enough to affect both individual and population func-
tionality (Keller and Waller 2002), although the levels vary 
across taxa, populations and environments. Data from birds 
and mammals suggest that inbreeding often leads to lower 
individual fitness (Soulé 1987; Höglund 2009) and decreases 
genetic diversity (Charlesworth and Charlesworth 1987). As 
a result, inbreeding often affects birth weight, reproduction, 
disease resistance, and response to environmental stress on 
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a significant level (e.g., Keller and Waller 2002; Keller et al. 
2002).

Seabirds, and penguins in particular, are known to be 
highly susceptible to environmental changes (Croxall et al. 
2002; Chambers et al. 2014; Trathan et al. 2014). Some 
populations of Adélie (Pygoscelis adeliae) and chinstrap 
penguins (Pygoscelis antarctica), for example, have severely 
declined as a result of climate-driven reductions in sea ice 
surfaces and prey availability (Sander et al. 2007; Trivel-
piece et al. 2011; Lynch et al. 2012). The distribution of 
many seabird species is patchy due to their social aggrega-
tion in colonies mainly located on islands (Oro and Rux-
ton 2001). In addition, seabirds often exhibit high levels of 
philopatry—the tendency for individuals to return to their 
natal colony for breeding (e.g., Coulson 2001; Milot et al. 
2008)—as well as site and mate fidelity (Williams 1995; 
Ancel et al. 2013), where individuals usually occupy nest 
sites within a few meters of the ones used in previous years 
(Reilly and Cullen 1981). Both these attributes have the 
potential to limit connectivity between the colonies and act 
as isolating mechanisms and barriers to gene flow. Accurate 
baseline data on genetic exchanges among seabird popula-
tions is therefore essential for conservation planning and 
species risk assessments, including to mitigate the effects 
of environmental changes as a result of climate change or 
human activities.

South Australia supports several little penguin (Eudyp-
tula minor) colonies whose numbers have been declining 
over the past decades (Bool et al. 2007; Wiebkin 2011; 
Colombelli-Négrel 2017). Based on recent surveys and his-
torical records, this decline might result in the extinction 
of some little penguin colonies in the near future, a trend 
which has already been observed in Australia (Stevenson 
and Woehler 2007; Wiebkin 2011; Colombelli-Négrel and 
Kleindorfer 2014). On Granite Island, for example, the 
number of penguins coming ashore has decreased between 
8–16% p.a. since population censuses began in 2001 and 
stands at approximately 20–30 individuals at present (Bool 
et al. 2007; Colombelli-Négrel 2019). Possible factors and 
mechanisms responsible for these declines include (but are 
not limited to): increased predation from the recent recovery 
of the long-nosed fur seals (Arctocephalus forsteri) (Bool 
et al. 2007; Wiebkin 2011), predation by introduced terres-
trial predators (Bool et al. 2007; Overeem and Wallis 2007; 
Wiebkin 2011; Colombelli-Négrel and Tomo 2017), limited 
prey availability due to overfishing (Wiebkin 2011; Golds-
worthy et al. 2013), lessened fledging success (Bool et al. 
2007; Overeem et al. 2008), parasite presence (Cannell et al. 
2013), and/or climate change (Dann and Chambers 2013; 
Agnew et al. 2015; Ganendran et al. 2016). As the reasons 
for population decline are not fully understood, efforts to 
gain baseline data to determine hidden genetic structure that 
may influence the population dynamics of this species are 

of high importance. A first step to unlocking the pieces of 
this complex puzzle is investigating the extent of genetic 
structuring in South Australian little penguin colonies.

Our study aims to quantify genetic structure and identify 
potential patterns of gene flow between eight South Austral-
ian little penguin colonies, as well as to determine levels 
of inbreeding within colonies. In particular, we expected 
a raised level of inbreeding on Granite Island due to the 
decline in the number of active nests over recent years 
(Bool et al. 2007; Colombelli-Négrel 2015). We selected 
a next generation sequencing method that identifies single-
nucleotide polymorphisms (SNP) because SNPs are the most 
abundant genetic markers and their high density makes them 
ideal for studying the inheritance of genomic regions, and 
hence, the extent of population differentiation (Baird et al. 
2008; Glaubitz et al. 2014). Finally, this study will help 
resolve inconsistencies in Australian little penguin genet-
ics findings to date. Using mitochondrial and microsatellite 
analyses, Overeem et al. (2008) and Peucker et al. (2009) 
have suggested genetic homogeneity and the presence of 
gene flow between colonies throughout southern Australia, 
whereas Burridge et al. (2015) found significant genetic dis-
tinctions between several colonies of the same area and sug-
gested that South Australia (particularly the region between 
Troubridge and Granite Islands) was a mixing zone of “east-
ern” (Victoria, New South Wales and Tasmania) and “west-
ern” (Western Australia and western South Australia) little 
penguin lineages, but that these two lineages would have 
not been isolated for long due to the lack of deep mtDNA 
divergence between them (see also Peucker et al. 2009). In 
the latter study, Burridge et al. (2015) suggested that the 
Troubridge Island colony was likely relatively new, implying 
that the potential for recolonising declining South Australian 
colonies would be low (see also Wiebkin 2010).

Materials and methods

Study sites

We sampled a total of 91 little penguins from eight colo-
nies (n = 5–27 individuals per colony) across the coastline 
of South Australia (Fig. 1, Table S1A). The study sites were 
on four islands: (1) Granite Island (35° 56′ S, 138° 63′ E)—
this island is dominated by indigenous grasses with patchy 
woodlands and shrubs covering the lower areas of the island 
with a granite rocky coastline. The island is accessed by a 
bridge causeway, which is open to pedestrians and there-
fore also potential predators such as feral cats and foxes; 
(2) Kangaroo Island (35° 75′ S, 137° 21′ E)—this island is 
accessible by a ferry, is 150 km long and includes several 
penguin colonies. These include colonies at Antechamber 
Bay, Emu Bay, Penneshaw, Kingscote, and Vivonne Bay 
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which were included in this study. (3) Troubridge Island (35° 
12′ S, 137° 83′ E) is a small sandy island ~ 7 km off the coast 
and is only accessible by boat with restricted access; and (4) 
Althorpe Island (35° 37′ S, 136° 86′ E) is part of a group of 
small uninhabited islands located ~ 7.7 km south-southwest 
of the mainland. These islands can only be accessed by sea 
or helicopter.

Blood and tissue sampling and DNA extraction

DNA was extracted from blood, liver and muscle samples 
(Table S1A). Blood samples (100 μl) were collected during 
the 2013 breeding season between August and January. For 
each bird, blood was collected with a 25G needle from the 
foot vein and stored on FTA® Classic cards (Smith and Bur-
goyne 2004). DNA was extracted from the blood samples 
following a modified FTA card extraction protocol (Smith 
and Burgoyne 2004). For each sample, 2 mm2 was cut from 
the FTA card and 200 µl of lysis buffer added (100 mM Tris, 
0.1% SDS), followed by a gentle mixing at room tempera-
ture for 30 min. The supernatant was removed and 200 µl 
of DNAzol (Invitrogen, Waltham, MA, USA; 200 µl) was 
added, mixing gently for a further 10 min. The FTA card 
was washed twice with 200 µl of  H2O (5 min gentle mix-
ing) and then once with 200 µl 95% ethanol (10 min gentle 
mixing). Supernatant was removed and the FTA paper air 
dried at room temperature for 1 h before eluting with 50 µl 
10 mM Tris, 0.1 mM EDTA, pH 8.0 at 90 °C for 5 min. DNA 
concentration was measured using the Invitrogen Qubit 

fluorometer (Waltham, Massachusetts, USA). Extractions 
were repeated between 2–4 times for each FTA card sample 
to achieve the DNA amount required for library preparation 
and sequencing (200 ng total). Liver and muscle samples 
were obtained from the South Australian Museum. These 
samples were collected from deceased chicks during the 
2011 and 2014 breeding seasons on Granite and Althorpe 
Islands and at the Kingscote and Penneshaw colonies (Tomo 
2012, 2014). DNA was extracted from these tissues using 
the Puregene® Genomic DNA purification kit (Gentra Sys-
tems, Minneapolis, USA) according to the manufacturer’s 
protocol for fresh tissues and the amount of DNA quantified 
on the Qubit.

SNP discovery and genotyping

Sequencing libraries were constructed using a modified 
double-digest GBS protocol, with the restriction enzymes 
Pst1 and Msp1 (Poland et al. 2012). To determine the appro-
priate amount of adapter required for the GBS method, an 
adapter titration test was performed on DNA extracts from 
both blood and tissue samples (Elshire et al. 2011; see also 
Supplementary material S2). The final sequencing library 
included one blank and four duplicate samples, and was 
sent to the Australian Genome Research Facility (Ade-
laide) for single end sequencing (100 bp) on the Illumina 
HiSeq 2000. The Universal Network Enabled Analysis Kit 
(UNEAK) Tassel pipeline version 3.0.169 was used to infer 
loci and call SNPs, using a default error rate, a minor allele 

Fig. 1  Location of the eight South Australian little penguin colonies 
sampled in this study. Emu Bay, Kingscote, Penneshaw, Antecham-
ber Bay and Vivonne Bay colonies all belong to Kangaroo Island, 

whereas Troubridge Island, Granite Island and Althorpe Island repre-
sent one colony each
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frequency cut-off of > 0.05 and a minimum call rate of 80% 
(Lu et al. 2013; Glaubitz et al. 2014; Supplementary mate-
rial S2). Inferred loci with a read depth of < 10 or that did 
not occur in at least 90% of individuals were removed. We 
only selected a single SNP per fragment and SNPs with a 
minor allele ratio of < 0.2 were called as homozygotes for 
the major allele.

We used the CAR  package in R (R Core Team 2015) to 
recode the output file for use with the R package Genetics 
and the program Coancestry (Wang 2011) (see Supplemen-
tary material S3 and https ://bitbu cket.org/tbert ozzi/unlin 
krad). Relatedness was estimated with Coancestry ver-
sion 1.0.1.5 (Wang 2011) (Supplementary material S2). To 
remove bias in population genetic analysis caused by relat-
edness, we removed an individual from a related pair when 
the dyadic likelihood estimator (DyadML) (Milligan 2003) 
score was > 0.4. Potentially linked loci were identified using 
the LD function in the Genetics package in R, then a custom 
Perl script was used to remove linked loci (https ://bitbu cket.
org/tbert ozzi/unlin krad). This script calculates Bonferroni-
corrected alpha values to avoid type 1 errors associated with 
multiple tests (Rice 1989) and incrementally removes linked 
loci from the dataset beginning with those with the most 
number of links. When an equal number of links are found, 
the code removes the locus with the lowest call rate. Ties are 
broken by removing one of the loci randomly.

Genetic structure

We assessed genetic structure among individuals using 
STRU CTU RE version 2.3.4 (Pritchard et al. 2000), model-
ling the number of populations K from a single panmictic 
population to the maximum number of colonies sampled 
plus three (K = 1–11; Evanno et al. 2005). As suggested by 
Wang (2017), we enabled the population-specific ancestry 
prior and set the initial value of ALPHA to 0.125 (1/max 
number of colonies sampled). To obtain reliable probability 
estimates of individual membership under the admixture 
model with correlated allele frequencies (Falush et al. 2003), 
20 replicates with a 50,000 burnin period and 1,000,000 
Markov Chain Monte Carlo (MCMC) iterations were run for 
each value of K. We then reran the STRU CTU RE analysis 
as described above implementing the LOCPRIOR model, 
which uses sampling locations to assist clustering in situa-
tions where weak genetic signal is present (Porras-Hurtado 
et al. 2013). All structure runs were carried out on 12 core 
Linux virtual machines in the Nectar Research Cloud (https 
://necta r.org.au/), running Ubuntu 18.04. The resulting mul-
tiple independent STRU CTU RE runs for each value of K 
were summarised using Clumpak (Kopelman et al. 2015). 
The optimum number of clusters for each analysis was exam-
ined using both the ΔK method of Evanno et al. (2005) and 
the Ln Pr(X|K) method of Pritchard et al. (2000).

To infer genetic clustering of individuals using a different 
method to STRU CTU RE (Pritchard et al. 2000), we carried 
out a discriminate analysis of principal components (DAPC) 
using the R package Adegenet version 2.1.2 (Jombart 2008; 
Jombart and Ahmed 2011). The program uses a hierarchical 
factor model where genetic clustering is identified using K 
latent factors from a principal component analysis (PCA). It 
then searches for loci that are atypically related to a genetic 
cluster as measured by these latent factors. This analysis also 
differs to STRU CTU RE in that no assumptions exist regard-
ing Hardy–Weinberg equilibrium. We used Bayescan version 
2.1 (Foll and Gaggiotti 2008) to identify outlier loci that are 
potentially under natural selection, using differences in allele 
frequencies between genetic clusters with the default param-
eters of 50,000 burnin, 100,000 iterations, thinning interval 
of 10 and 20 pilot runs. Input files for Bayescan were created 
in PGDSpider version 2.0.7.4 (Lischer and Excoffier 2012).

Isolation by distance, migration and inbreeding 
analyses

To test for migration among islands, we used BayesAss 
version 3.0.4 (Wilson and Rannala 2003; Mussmann et al. 
2019) following the creation of input files with PGDSpider. 
All loci were included, and the following mixing parameters 
changed from 0.1 (default) to attempt to achieve the optimal 
recommended acceptance rate between 20 and 60%: allele 
frequencies = 0.9; inbreeding = 0.9; and, migration = 0.6. A 
burnin of 100,000 was chosen with 10,000,000 iterations 
(run in triplicate with different random seeds) for analysis 
followed by assessment of convergence of the trace files 
using the program Tracer (Rambaut et al. 2014).

Average inbreeding coefficients per colony were meas-
ured with Coancestry. Inbreeding was estimated using 
DyadML where inbreeding was assumed to be present. We 
took an average score of inbreeding across individuals from 
each colony and estimated 95% confidence intervals based 
on 1000 bootstraps. Genetic differentiation between colonies 
was calculated using Nei’s pairwise  FST with the R package 
Hierfstat version 0.04-22 (https ://githu b.com/jgx65 /hierf 
stat) (Supplementary material S4).

Mantel tests (based on Spearman’s rank correlation with 
999 permutations) were used to analyse spatial genetic struc-
ture within each of the eight colonies using the R package 
dartR version 1.1.11 (Gruber et al. 2018). The coordinates 
used for each locality can be viewed in Table S1A.

Results

The 91 samples yielded a total of 16,346 loci. We retained 
978 of these following filtering based on number of reads per 
SNP, heterozygosity ratio and coverage across individuals 
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(Table S1B). The blank was removed as part of the filter-
ing pipeline and the duplicates were merged to improve 
read coverage for those individuals. Of the 91 samples, we 
retained 75 samples following removal of 12 individuals 
with > 20% of missing data and four individuals from highly 
related pairs. The linkage disequilibrium test found 14,922 
putative pairwise linkages. Our custom script removed 224 
loci, leaving 754 putatively unlinked loci. The observed het-
erozygosity averaged over all SNPs was similar across all 
colonies and is presented in Table S1C.

Genetic structure

Plots of ΔK and mean Ln Pr(X|K) modelled with and with-
out the LOCPRIOR model implied that two genetic clusters 
were adequate to describe these data (Fig. S1A). However, 
given that the ΔK method cannot evaluate K = 1 and that val-
ues for Ln Pr(X|K) were reasonably close for K = 1–3 with-
out the LOCPRIOR model and K = 1–4 with the LOCPRIOR 
model, at least this range of models (i.e. K = 1–4) should be 
interpreted from a biological perspective. Bar plots depicting 
shared ancestry between individuals (Fig. 2; see also Fig. 
S1B and Fig. S1C) showed that Troubridge Island individu-
als were clearly distinct from the other sampled colonies in 
all models (K = 2–4). There appears to be some introgression 
of the Troubridge Island population, particularly into the 
geographically proximal northern Kangaroo Island colonies 
(Emu Bay, Kingscote and Penneshaw), but the magnitude 
of that introgression differed according to the number of 
genetic clusters considered. Furthermore, our analyses have 
demonstrated bimodality in the Bayesian probability density 

function for most of the values of K being considered here 
regardless of whether the LOCPRIOR model was imple-
mented (Fig. 2; see also Figs. S1B and S1C).

The DAPC analysis supported a single panmictic popula-
tion based on the plot of the Bayesian Information Criterion 
versus the numbers of clusters (Fig. S1D). However, if two 
clusters were selected (which is the minimum number of 
clusters to run the analysis), the assignment of individuals 
to the clusters clearly delineated the Troubridge Island indi-
viduals plus two individuals from Emu Bay and one from 
Penneshaw (Fig. S1E). This result was reflected in both the 
K = 2 and K = 3 STRU CTU RE bar plots but more so when 
the LOCPRIOR model was not implemented (Fig. S1B).

PCA highlighted the low levels of genetic structure 
between the colonies as the Troubridge Island individuals 
represented the majority of the rightmost quadrants where 
individual scores for Principal Component 1 (PC1) were > 3 
(Fig. 3). The proportion of variation that PC1 accounted 
for was 3.2%. Pairwise  FST comparisons between colonies 
showed low genetic differentiation (Table 1). The Bayescan 
analysis detected no outliers in the dataset.

Migration and inbreeding

BayesAss revealed evidence of gene flow from Kanga-
roo Island (consisting of Antechamber Bay, Vivonne Bay, 
Emu Bay, Kingscote, and Penneshaw) to the other islands 
(Table 2). Trace files showed that the chain had reached con-
vergence with Effective Sample Sizes of > 200. The analy-
sis suggested that: (1) 0.25 (per generation) of the Granite 
Island individuals sampled were migrants from Kangaroo 

Fig. 2  Results of the STRU CTU RE analysis with LOCPRIOR of the 75 little penguin individuals sampled across four islands of the South Aus-
tralian coastline. Each column represents a single individual’s estimated membership coefficients for each cluster (K = 2–4)
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Island, (2) 0.30 of the Troubridge Island individuals were 
migrants from Kangaroo Island, and (3) 0.17 of the Althorpe 
Island individuals were migrants from Kangaroo Island 
(Table 2). Acceptance rates on the inbreeding parameter 
could not be lowered to give a mean posterior estimate of 
inbreeding coefficients from the BayesAss analysis. How-
ever, Coancestry analysis revealed little evidence of inbreed-
ing within the colonies (Table 3).

Isolation by distance

Spatial genetic structure at the colony level suggested a 
pattern consistent with isolation by distance: individuals 
breeding in colonies located further from each other showed 
greater levels of genetic divergence than those breeding in 
adjacent colonies (Mantel test: r = 0.53, P = 0.02).

Discussion

The conservation management of species is informed by the 
elucidation of population genetic structure. In this study, we 
used genotyping-by-sequencing with 754 genomic markers 
to assess genetic clustering of little penguins across eight 
colonies in South Australia, an area where this species 
is under decline. In all analyses, Troubridge Island was 
clearly distinct from the other colonies sampled in South 
Australia. Although we detected moderate levels of migra-
tion from Kangaroo Island to the other islands, including 
Troubridge, the colonies showed low Fst values suggest-
ing that genetic structuring was very subtle and difficult to 
demarcate. Additionally, our analyses showed colonies on 
these islands are likely to be influenced by strong isolation 
by distance—meaning genetic structuring is subtle and chal-
lenging to determine. Our results show that South Australia 
is an important source of genetic variation for little penguins 

Fig. 3  Principal coordinate analysis based on pairwise  FST in South 
Australian little penguin colonies in Adegenet. Symbols represent 
the following colonies: GI Granite Island, AB Antechamber Bay, KI 
Kingscote, EB Emu Bay, VB Vivonne Bay, PE Penneshaw, TI Trou-
bridge Island, AI Althorpe Island

Table 1  FST pairwise matrix 
between the eight little penguin 
colonies sampled in South 
Australia (N = 75 individuals)

GI Granite Island, AB Antechamber Bay, PE Penneshaw, KI Kingscote, EB Emu Bay, VB Vivonne Bay, TI 
Troubridge Island, AI Althorpe Island

GI AB PE KI EB VB TI

AB 0.03
PE 0.06 0.04
KI 0.04 0.03 0.05
EB 0.03 0.03 0.05 0.03
VB 0.04 0.03 0.07 0.04 0.04
TI 0.03 0.03 0.02 0.02 0.02 0.07
AI 0.06 0.04 0.13 0.05 0.05 0.07 0.02

Table 2  Estimates (and 95% 
confidence intervals for each 
estimate) of the proportion 
of migrants from each island 
(mean posterior estimate of 
migrant proportion) derived 
from BAYESASS (754 loci; 
N = 75 individuals)

The column header represents sampled islands and the row header represents the island where individuals 
migrated (GI Granite Island, KI Kangaroo Island, TI Troubridge Island, AI Althorpe Island). The propor-
tion of individuals derived from the source island (i.e. residents) are highlighted in bold

Migration from

GI KI TI AI

Migration into
 GI [95% CI] 0.69 [0.67 to 0.72] 0.25 [0.21 to 0.29] 0.03 [0.00 to 0.05] 0.03 [0.00 to 0.05]
 KI [95% CI] 0.01 [0.00 to 0.01] 0.96 [0.94 to 0.98] 0.02 [0.00 to 0.04] 0.01 [0.00 to 0.01]
 TI [95% CI] 0.01 [0.00 to 0.02] 0.23 [0.28 to 0.32] 0.68 [0.67 to 0.69] 0.01 [0.00 to 0.02]
 AI [95% CI] 0.06 [0.02 to 0.07] 0.17 [0.10 to 0.23] 0.05 [0.01 to 0.10] 0.72 [0.67 to 0.77]
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considering that there is little genetic variation amongst col-
onies in Western Australia or Victoria (Burridge et al. 2015) 
and that the loss of any South Australian colony could result 
in a reduction of genetic variability for the species. Further 
conservation measures for little penguins should be con-
sidered to preserve this genetic variability. Such measures 
include, but are not limited to, changing of the regulations 
to increase protection of seabirds on land, the eradication 
of introduced predators on islands to eliminate predation 
risks on little penguins and the implementation of additional 
measures to limit further reduction in the size of the island 
for Troubridge Island (see Colombelli-Négrel 2017, 2019; 
DEWNR 2016).

Inbreeding impacts survival, reproduction and response 
to environmental stress (e.g., Keller and Waller 2002; Kel-
ler et al. 2002), and is particularly common in small pop-
ulations due to founder effects or limited dispersal. Here, 
we found little evidence of inbreeding within the colonies, 
with inbreeding (all  FIS < 0.018) within the levels reported 
in other seabird species  (FIS = 0.001—0.25; Akst et al. 2002; 
Ludwig and Becker 2012; Freer et al. 2015). Species with 
long life-span, high philopatry and lifelong pair bonds with 
bi-parental care, like little penguins (Pledger and Bullen 
1998; Bull 2000; Johannesen et al. 2002), are expected to 
have low tolerance for inbreeding (Jamieson et al. 2009; 
Ludwig and Becker 2012). This suggests that little penguins 
may be discriminating against kin for mating partners, which 
would require kin recognition and remains to be tested at 
our study sites. Recognition of mate, offspring and siblings 
have been shown in a wide range of penguin species (e.g., 
Aubin and Jouventin 2002; Coffin et al. 2011), including 
little penguins (Nakagawa et al. 2001).

Support for two genetic clusters of little penguins in 
South Australia is equivocal. Burridge et al. (2015) found 
genetic structuring in South Australia and suggested that 
this region was a mixing zone of two little penguin lineages 
occurring east or west of Troubridge Island. However, in this 
previous study, the ΔK plot showed little difference between 
K = 2 and K = 3 and the LnP(K) plot undeniably indicated 

the presence of three genetic clusters (see Burridge et al. 
2015 Figs. 1 and 2 in Supplementary Material), but Burridge 
et al. (2015) did not consider the possibility of three separate 
populations. Our analysis suggested that there could be up to 
three or even four genetic clusters within the sampled region 
in South Australia (Fig. 2). In addition, the supplementary 
material associated with this previous study indicated that 
an alternative interpretation is that Troubridge individuals 
formed a genetic cluster with penguins from northern Kan-
garoo Island colonies (see Burridge et al. 2015 Figs. 1 and 
2 in Supplementary Material). Here, we found evidence for 
limited introgression of the Troubridge Island population 
into the northern Kangaroo Island colonies (Emu Bay, King-
scote and Penneshaw), with the magnitude changing when 
considering different numbers of genetic clusters. Therefore, 
under a scenario of three genetic lineages, we show signifi-
cant divergence with little gene flow between Kingscote and 
Troubridge Island while Burridge et al. (2015) showed that 
these colonies belong to a single lineage. Our analyses also 
consistently indicated that Troubridge Island individuals all 
belonged to a separate genetic cluster, which was not found 
by Burridge et al. (2015). The inherent differences between 
the two studies may account for the observed differences in 
results. First, we did not include samples from outside South 
Australia. Second, our population structure was based on 
SNPs, which contained several hundred loci, while Burridge 
et al. (2015) used a relative low number of microsatellites 
(e.g., Gärke et al. 2012; Fischer et al. 2017). Microsatellites, 
with larger numbers of alleles, could also be more influenced 
by increased relatedness within or among populations than 
SNPs (Hess et al. 2011). We expect associations of highly 
related individuals and isolation by distance to influence 
population genetic studies in little penguins because both 
sexes are highly philopatric (Reilly and Cullen 1981).

Documenting population divergence can be critical for 
implementing effective conservation measures to ensure 
that distinct traits from those populations are preserved 
(Moritz 1994; Lesica and Allendorf 1995; Crandall et al. 
2000). The ecology of Troubridge Island differs from the 
other surrounding little penguin colonies in many aspects: 
the island has shallower feeding grounds with different 
prey types that are abundant in different quantities (Wieb-
kin 2010). Individuals on this island are genetically (this 
study) and morphologically (Wiebkin 2012; Colombelli-
Négrel 2016) different from the individuals living on 
adjacent colonies and have different breeding phenology 
(Wiebkin 2012) and vocalisations (Colombelli-Négrel 
and Smale 2017). Troubridge Island is also suspected to 
be a recently established colony (see also Burridge et al. 
2015). During his visits of the island in the early 1900s, 
the well-known ornithologist S.A. White did not record 
any little penguins present on Troubridge Island despite 
careful notes of all the birds present on the island (see 

Table 3  Average inbreeding coefficients and 95% confidence inter-
vals obtained from Coancestry for the eight sampled colonies

Colony N FIS 95% CI

Granite Island 8 0.038 0.039–0.051
Antechamber Bay 12 0.018 0.020–0.030
Penneshaw 3 0.019 0.022–0.036
Kingscote 10 0.020 0.021–0.031
Emu Bay 10 0.024 0.026–0.037
Vivonne Bay 6 0.029 0.029–0.040
Troubridge Island 24 0.024 0.026–0.038
Althorpe Island 2 0.031 0.029–0.039
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Dann 2016). In fact, the earliest records of little penguins 
on Troubridge Island start in the late 1960–1980s (1966: 
M. Waterman historical banding data in Copley 1996, see 
DEWNR 2016; 1982: South Australian Museum records). 
Given that there is potential for a genetic lineage of South 
Australian origin, Troubridge Island may have been colo-
nised after all the other islands. Potentially the Troubridge 
individuals represent recent colonisation from another 
source independent of our South Australian colonies but 
without any samples from Western Australia, Victoria, 
New South Wales or Tasmania, we are unable to confirm 
that possibility.

In conclusion, these findings provide baseline genetic 
information useful for the future conservation management 
of South Australian little penguin colonies. While little 
penguins are currently listed as “Least Concern” (IUCN 
2019), they are of high conservation significance (Nature 
Conservation Act 2002). Little penguin populations in 
our sampled area are showing declining trends with up to 
50–80% of local decline on Granite, Kangaroo and Alt-
horpe Islands (see DEWNR 2016). If these populations 
are part of the same genetic cluster, this may suggest that 
the loss of one of these local populations should not result 
in major losses of genetic variability within South Aus-
tralia. However, we found that the colonies were intercon-
nected by moderate levels of gene flow, and this connec-
tivity (as well as the persistence of colonies on Kangaroo 
Island) could be important in maintaining the persistence 
of smaller colonies, such as Granite Island. Our results 
support the idea that determining the correct number of 
genetic clusters is a multi-faceted process and that studies 
should apply caution when trying to fit individuals into 
discreet population when isolation by distance and natal 
philopatry are present.
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