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1  | INTRODUC TION

Accurate delimitation of species is essential for the management 
and conservation of biodiversity (Agapow et al., 2004; Frankham 
et al., 2012). Indeed, conservation action plans and assessments 
are often based on biological and demographic attributes focused 
primarily at the species level (Agapow et al., 2004). Any failure to 
recognize cryptic species diversity could lead to overestimates of 
population and range sizes, and thereby misinform the assessment of 
threat levels and compromise the prioritization of conservation re-
sources (Bickford et al., 2007). Conversely, over- splitting of lineages 

through inaccurate recognition of multiple species might impair 
management through the exclusion of potentially valuable source 
stocks that could otherwise be used for relocations or genetic res-
cue efforts (Frankham et al., 2012). Furthermore, with limited fund-
ing for biological conservation, over- splitting dilutes and misdirects 
available resources (Agapow et al., 2004).

Despite its importance, species delimitation can be a challenging 
task (Fujita et al., 2012; Sangster, 2014). The root of this problem 
lies in the biological complexity and variability accompanying the 
speciation process, and how we define a species (De Queiroz, 2007; 
Schilthuizen, 2000). Consequently, there is no universal species 
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Abstract
Aim: Delimiting recently diverged species is challenging. During speciation, genetic 
differentiation may be distributed unevenly across the genome, as different genomic 
regions can be subject to different selective pressures and evolutionary histories. 
Reliance on limited numbers of genetic markers that may be underpowered can make 
species delimitation even more challenging, potentially resulting in taxonomic in-
consistencies. Rockhopper penguins of the genus Eudyptes comprise three broadly 
recognized taxa: northern (E. moseleyi), southern (E. chrysocome) and eastern rock-
hopper (E. filholi). Their taxonomic status has been controversial for decades, with 
researchers disagreeing about whether E. chrysocome and E. filholi are distinct spe-
cies or conspecific. Our goal is to evaluate genome- wide patterns of divergence to 
evaluate genetic differentiation and species delimitation in rockhopper penguins, and 
to assess which mechanisms may underlie previous discordance among nuclear ver-
sus mitochondrial analyses.
Location: Sub- Antarctic and temperate coastal regions of the Southern Hemisphere.
Methods: We generated reduced- representation genomic libraries using double 
digest restriction- site associated DNA (ddRAD) sequencing to evaluate genetic dif-
ferentiation, contemporary migration rates and admixture among colonies of rock-
hopper penguins.
Results: The extent of genetic differentiation among the three taxa was consistently 
higher than population- level genetic differentiation found within these and other 
penguin species. There was no evidence of admixture among the three taxa, sug-
gesting the absence of ongoing gene flow among them. Species delimitation analyses 
based on molecular data, along with other lines of evidence, provide strong support 
for the taxonomic distinction of three species of rockhopper penguins.
Main conclusions: Our results provide strong support for the existence of three dis-
tinct species of rockhopper penguins. The recognition of this taxonomic diversity 
is crucial for the management and conservation of this widely distributed species 
group. This study illustrates that widespread dispersive seabird lineages lacking obvi-
ous morphological differences may nevertheless have complex evolutionary histories 
and comprise cryptic species diversity.
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concept that can be applied to all living organisms to confidently 
delimit species. Additionally, the most basic assumption of species 
delimitation strategies is that “true species” will exhibit variation in 
traits of different biological dimensions (e.g. genetics, behaviour, 
morphology, ecology). This carries an additional level of complexity, 
as different traits along these biological dimensions could diverge 
at different times during the speciation process (De Queiroz, 2007). 
Furthermore, variation in traits may be the result of local adapta-
tion or phenotypic plasticity and not be indicative of the speciation 
process (Frugone et al., 2019; Mason & Taylor, 2015). Thus, inte-
grative taxonomy, in which traits from multiple lines of evidence 
(ecology, genomics, phenotype, behaviour, geography) aid the iden-
tification of divergent lineages, has become a widely accepted ap-
proach to delimiting species (Cicero et al., 2021; De Queiroz, 2007; 
Sangster, 2014). Using this approach, it is essential to understand the 
underlying processes generating trait variation (or the lack of it) that 
may be responsible for discordances between independent lines of 
evidence.

Molecular data and the availability of sophisticated analyt-
ical methods (e.g. coalescent- based species delimitation; Fujita 
et al., 2012) have provided a useful tool for uncovering cryptic di-
versity and delimiting species. However, discordances may arise 
among different sets of nuclear markers or between nuclear and 
mitochondrial DNA (mtDNA) when delimiting species, especially 
for recently diverged lineages (Pedraza- Marrón et al., 2019; Spinks 
et al., 2014). The nuclear genomes of recently diverged species may 
contain varying levels of genetic differentiation dispersed through-
out the genome (Nosil et al., 2009; Wu, 2001). Even under complete 
reproductive isolation, genomic regions with reduced mutation 
rates, or which are subject to stabilizing selection, may remain con-
served for a considerable length of time compared to other regions 
with higher mutation rates or those under divergent selection (Nosil 
et al., 2009). Furthermore, when speciation occurs in the presence 
of gene flow, different regions of the genome may either become 
homogenized, or remain differentiated if introgressed alleles carry 
negative fitness consequences, and if selection is stronger than 
gene flow (Bazykin, 1969; Key, 1968; Wu, 2001). This may lead to 
genomic “islands” of differentiation against a highly undifferenti-
ated genomic background (Cutter, 2013; Feder et al., 2012; Nosil 
et al., 2009; Wu, 2001). Therefore, to some extent, discrepancies in 
species delimitation can be explained by introgressive hybridization 
and Incomplete Lineage Sorting (ILS) across segments of the genome 
(Cutter, 2013; Maddison, 1997; Pedraza- Marrón et al., 2019).

Discrepancies may also occur between mtDNA and nu-
clear markers due to differences in selective regimes and sex- 
biased gene flow, or more commonly, because of the relative 
degree of divergence among lineages for each type of marker 
(Edwards & Bensch, 2009; Toews & Brelsford, 2012; Zink & 
Barrowclough, 2008). The effective population size is four times 
smaller for mtDNA than for nuclear DNA, due to intrinsic differ-
ences in ploidy and the maternal mode of inheritance of mtDNA. 
Consequently, monophyly after diversification will occur for 
mtDNA before nuclear DNA (Zink & Barrowclough, 2008). In 

this sense, mtDNA may exhibit greater differentiation and be 
better suited for detecting recently diverged taxa than nu-
clear DNA, especially if just a few nuclear genetic markers are 
used to assess species-  and population- level divergence (Zink & 
Barrowclough, 2008). One way to overcome such limitations, and 
to estimate the underlying causes of discordance between phy-
logenetic hypotheses generated using mtDNA and nuclear DNA, 
is through the use of thousands of unlinked genetic markers. This 
multilocus approach encompasses regions subject to a variety of 
evolutionary constraints in order to infer genome- wide patterns of 
divergence (Esquerre et al., 2019; Guo et al., 2019).

Eudyptes is the most species- rich penguin genus (6– 8 extant spe-
cies), with “rockhopper penguins” comprising three recently diverged 
lineages: the subtropical taxon E. moseleyi and the sub- Antarctic taxa 
E. chrysocome and E. filholi (Figure 1). Using the fossil record or dates 
of geological events, the oldest diversification time across different 
studies for the split between E. moseleyi and the sub- Antarctic taxa is 
3.06 Mya, while the divergence of the sub- Antarctic taxa from each 
other occurred from 0.5 to 2.26 Mya (Cole, Dutoit, et al., 2019; Cole, 
Ksepka, et al., 2019; de Dinechin et al., 2009; Frugone et al., 2018; 
Gavryushkina et al., 2017; Vianna et al., 2020). The taxonomic status 
of rockhopper penguins has been repeatedly revised. In the 1990s, 
these three lineages were considered to represent a single species 
(Martínez, 1992). In 2006, based on differences in their mating calls, 
timing of breeding (starting ~2 months earlier in E. moseleyi), ge-
netics (mtDNA; HVRI) and morphological characters, rockhoppers 
were classified into two species (García & Boersma, 2013; Jouventin 
et al., 2006): the southern rockhopper (E. chrysocome) and the north-
ern rockhopper (E. moseleyi), hereafter the two- species hypothesis. 
In the same year, based on genetic evidence (mtDNA; 12S, cytb and 
COI), Banks et al. (2006) proposed that rockhopper penguins should 
instead be classified as three species (hereafter the three- species 
hypothesis) comprising E. moseleyi, and E. chrysocome split into two 
species: the eastern rockhopper, E. filholi distributed on islands in 
the Indian and western Pacific oceans, and the southern rockhopper, 
E. chrysocome occupying islands in the eastern Pacific and Atlantic 
oceans (Figure 1).

The three- species hypothesis has been supported by recent 
studies including more extensive geographic sampling using mtDNA 
(Cole, Dutoit, et al., 2019; Cole, Ksepka, et al., 2019; Frugone 
et al., 2018). Conflicting with the above, Mays et al. (2019) suggested 
that E. filholi and E. chrysocome should be considered conspecific, 
in agreement with the two- species hypothesis, as their species de-
limitation analyses did not find sufficient differences to discriminate 
among the taxa, and analyses of migration rates between colonies 
suggested ongoing gene flow. However, such conclusions were 
based on the analysis of only six nuclear introns, and their species 
delimitation analysis could not discriminate the even more diver-
gent and widely accepted split (around 5 Mya) between macaroni 
(E. chrysolophus) and rockhopper penguins; only one out of their four 
Genealogical Diversity Index (GDI) scenarios exceeded the 0.2 GDI 
threshold for recognizing potential species, but it did not reach the 
0.7 GDI threshold for a strongly divergent species lineage. With a 
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different set of nuclear introns, Frugone et al. (2018) were also un-
able to discriminate macaroni and rockhopper penguins, nor could 
they discriminate among lineages within rockhopper penguins, de-
spite their strong divergence and reciprocal monophyly with mtDNA 
markers.

If E. chrysocome and E. filholi are conspecific and are not re-
productively isolated, discordances between mtDNA and nuclear 
markers might be explained by skewed dispersal (and gene flow) 
towards males (i.e. with females being more philopatric). Another 
possibility is that the chosen nuclear markers correspond to un-
differentiated regions of the genomes of the taxa under study, a 
situation that may arise from different mechanisms, such as intro-
gression or ILS. Unravelling the causes of discordance between 
mtDNA and nuclear DNA is important to more accurately infer 
species delimitations that could ultimately reinforce biodiversity 
conservation. Our reassessment of the evolutionary history of 
rockhopper penguins using a reduced genomic representation 
library of single nucleotide polymorphisms (SNPs), resulting in 
thousands of genetic markers, allow us to evaluate whether the 
genomic pattern of divergence is in accordance with that previ-
ously shown by mtDNA or if other processes, unrelated to ge-
nomic coverage, are responsible. In addition to evaluating genetic 
differentiation and species delimitation of E. moseleyi, E. filholi and 
E. chrysocome, we also evaluate contemporary migration rates 
and search for evidence of admixture based on prior suggestions 

about ongoing gene flow among rockhopper penguins (Mays 
et al., 2019). Finally, we explore regional population genomics 
within each taxon to improve our understanding of the extent of 
intra-  and interspecific genetic differentiation.

Currently, the IUCN recognizes two rockhopper penguin species, 
E. moseleyi and E. chrysocome, categorizing them as endangered and 
vulnerable, respectively (BirdLife International, 2020a, 2020b). The 
conservation actions proposed by the IUCN include the determina-
tion of the taxonomic status of E. filholi and E. chrysocome, repre-
senting a key data source for the development of conservation plans 
for these charismatic birds.

2  | METHODS

2.1 | Blood sampling and ddRAD- seq library 
preparation

We collected 96 blood samples across an extensive area cover-
ing nearly the entire distribution of the three rockhopper taxa: 24 
E. moseleyi (n = 12 from Nightingale Island, Tristan da Cunha; n = 12 
from Amsterdam Island); 30 E. chrysocome (n = 13 from Terhalten 
Island, Chile; n = 13 from Staten Island, Argentina; n = 4 from the 
Falkland/Malvinas Islands); and 42 E. filholi (n = 14 from Marion 
Island; n = 10 from Crozet Island; n = 10 from Kerguelen Island; n = 8 

F I G U R E  1   Sample locations for 
rockhopper penguins throughout their 
distribution. Eudyptes filholi (eastern 
rockhopper), E. chrysocome (southern 
rockhopper) and E. moseleyi (northern 
rockhopper)



     |  2281FRUGONE Et al.

from Macquarie Island; Figure 1, Table S1). Access to penguin colo-
nies, permission to collect blood samples and animal ethics approv-
als were granted by the responsible authorities for each sampling 
location (Table S2). We used blood samples to prepare double digest 
restriction- site associated DNA (ddRAD) libraries, following the pro-
tocol described in Peterson et al. (2012). Laboratory procedures and 
the library preparation protocol are described in the Appendix S1 
Methods Section II.1.

2.2 | ddRAD- seq data processing, SNP 
calling and filtering

We used a custom PERL pipeline encompassing various external 
programmes for processing the ddRAD- seq data (https://github.
com/CGRL- QB3- UCBer keley/ RAD). Raw fastq reads were first de- 
multiplexed based on the sequences of internal barcodes with a 
tolerance of one mismatch. De- multiplexed reads were removed if 
the expected cutting sites were not found at the beginning of the 
sequences, allowing for one mismatch. The reads were then filtered 
using CUTADAPT V. 1.8.1 (Martin, 2011) and TRIMMOMATIC V. 
0.36 (Bolger et al., 2014) to trim adapter contamination and low- 
quality reads, respectively.

To improve the efficiency and accuracy of short- read mapping, 
we used reference genomes for aligning ddRAD- seq data (Shafer 
et al., 2017). We used the genomes of E. moseleyi (mean coverage: 
24x, 16,344 Scaffolds, N50 length: 5,071,598), E. chrysocome (mean 
coverage: 31x, 21,917 Scaffolds, N50 length: 5,071,598) and E. fil-
holi (mean coverage: 26x, 19,210 Scaffolds, N50 length: 5,071,598) 
from Vianna et al. (2020). For our population genomic analyses 
(i.e. analyses performed within each of the three taxa; Table S3), 
we aligned the reads of each taxon to its own reference genome 
(Vianna et al., 2020). For analyses involving only E. chrysocome and 
E. filholi, we generated a second dataset, aligning the reads to E. mo-
seleyi genome (see Table S3). For analyses involving the three taxa 
(see Table S3), reads from all individuals were aligned to an E. chrys-
olophus reference genome (mean coverage: 28x, 18,969 scaffolds, 
N50 length: 5,071,598; Frugone et al., 2019; Vianna et al., 2020). 
All alignments were performed using the bwa mem algorithms (Li & 
Durbin, 2009) sorting and indexing bam files using SAMTOOLS V. 
1.9 (Li et al., 2009).

Single nucleotide polymorphisms calling was conducted using 
gstacks (Catchen et al., 2013). We used the populations programme 
in STACKS V. 2.52 (Catchen et al., 2013) and VCFTOOLS V. 0.1.13 
(Danecek et al., 2011) to filter loci. For this step, we used different cri-
teria following the assumptions and recommendation for each analy-
sis as documented in Benestan et al. (2016) and O’Leary et al. (2018). 
For all datasets, we filtered out sites with observed heterozygosity 
>0.5 and those with a mean depth of <10x or >175x to avoid unre-
liable genotypes or SNPs called from repetitive regions of the ge-
nome (indicated by the hump in distribution of locus depths above 
175x, Figure S1). We removed sites that exhibited >20% of missing 
data within each population/grouping option, aiming for a similar 

distribution of missing data across them. We retained sites that were 
present in >70% of individuals in a population/grouping option, as 
established on the population map from STACKS (Table S3). Mean 
depth and missing data across sites and groups were calculated for 
each dataset using VCFTOOLS and then filtered using the blacklist 
in STACKS. These filtering criteria were used to generate Manhattan 
plots and to perform FINERADSTRUCTURE and OUTFLANK anal-
yses (see below). We refer to the datasets obtained following these 
filtering criteria as the “full datasets.”

To perform STRUCTURE, PCA, pairwise FST and genetic diver-
sity analyses, we further filtered our datasets, as several population 
genomic analyses required loci to be in Hardy– Weinberg equilibrium 
(HWE) and at linkage equilibrium (e.g. Pritchard et al., 2000, 2010). 
We used PLINK V. 1.9 (Purcell et al., 2007) to remove loci in link-
age disequilibrium calculated using a window size of 50 SNPs, two 
SNPs to shift the window at each step and a variance inflation factor 
of two. Then, using VCFTOOLS, we calculated the deviation from 
HWE and removed sites that exhibited significant deviations (after 
FDR correction) in over ~50% of the populations. We retained sites 
exhibiting a minimum allele frequency (MAF) of 0.05. We refer to 
these datasets as “unlinked datasets.” For BAYESASS, SNAPP and 
Bayes factor delimitation (BFD*) described below, we did not filter 
by MAF and for SNAPP and BFD*, we retained only sites that were 
present across all individuals. Detailed descriptions for all filtering 
options are summarized in Table S3. Also, we evaluated whether our 
dataset included loci under selection, as several analyses of popu-
lation genetics assume neutrality of the data. We ran OUTFLANK 
V. 0.2 (Whitlock & Lotterhos, 2015) in R 3.6.3 (R Core Team, 2020) 
to detect sites that could be under selection. We conducted these 
outlier analyses for all pairwise comparisons among the three taxa 
using the unlinked dataset, and also for all intraspecific datasets. In 
OUTFLANK, we set a trim factor (left and right) of 0.05, a minimum 
heterozygosity of 0.1 and a q threshold of 0.05. We used PGDSPIDER 
V. 2.1.1.5 to transform some VCF files into input files for multiple 
programs (Lischer & Excoffier, 2012). Finally, a preliminary PCA anal-
ysis revealed the presence of three outliers corresponding to E. filholi 
individuals from Kerguelen Island (Figure S2a; Appendix S1 Methods 
Section II.2). We further explored the genetic relatedness of these 
outliers to all other sampled individuals (including both E. filholi and 
E. chrysocome) via an identity- by- state analysis using SNPRELATE 
V. 1.20.1 (Zheng et al., 2012). Results showed that the distance be-
tween these individuals was higher than that observed among the 
rest of E. filholi individuals, although the analysis assigned them 
correctly to the E. filholi group (Figure S2b; Appendix S1 Methods 
Section II.2). Such genetic differences in these three E. filholi individ-
uals may be a result of either (a) a hybrid individual from a cross with 
other unknown penguin species, (b) migrant individuals from unsam-
pled colonies exhibiting higher levels of genetic differentiation (e.g. 
Campbell, Auckland and Antipodes Islands; Cole, Dutoit, et al., 2019; 
Cole, Ksepka, et al., 2019) or (c) a laboratory or sequencing artefact. 
Given that we do not have additional data needed to test these hy-
potheses, we removed them for subsequent analyses and retained a 
total of 93 individuals.

https://github.com/CGRL-QB3-UCBerkeley/RAD
https://github.com/CGRL-QB3-UCBerkeley/RAD
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2.3 | Private alleles, FST and Manhattan plots

We used the populations program in STACKS to calculate the num-
ber of private alleles for each population and taxon using unlinked 
datasets of 2,302 and 1,211 SNPs, respectively (Table S3). Other 
genetic diversity calculations (mean expected heterozygosity and 
nucleotide diversity (π) and inbreeding coefficient (FIS) can be found 
in Table S6. To estimate genomic differentiation, we calculated pair-
wise FST among all colonies from the three taxa using GENODIVE 
V. 3.04 (Meirmans & Van Tienderen, 2004). Significance was deter-
mined with 10,000 permutations of the unlinked dataset. p- values 
were corrected using the False Discovery Rate method (Benjamini 
et al., 2006).

To evaluate differentiation across genomic sites, we also calcu-
lated FST on a per- site basis using STACKS to produce Manhattan 
plots for each pair of taxa (E. moseleyi/E. chrysocome, E. moseley-
i/E. filholi and E. chrysocome/E. filholi) and among all populations 
within each taxon. Calculations were made with the full datasets 
(Table S3). To generate one intraspecific Manhattan plot for each 
taxon, we calculated the mean FST for all sites that were shared 
across all populations. Manhattan plots were generated in R V. 
3.6.3 (R Core Team, 2020) using the QQMAN V. 0.1.4 package 
(Turner, 2014).

2.4 | Clustering analyses

We employed several approaches to evaluate population genetic 
structure and genetic differentiation among the three rockhopper 
penguin taxa. We used PLINK V. 2.00a3 (Purcell et al., 2007) and 
GGPLOT2 V. 3.3.3 (Wickham, 2016) in R 3.6.3 (R Core Team, 2020) 
to calculate and visualize a PCA using the unlinked datasets. Missing 
data (E. moseleyi- E. chrysocome- E. filholi ~40%; E. chrysocome- E. fil-
holi ~0.46%; E. moseleyi ~0.78%; E. chrysocome ~1.37%; E. filholi 
~0.53%) was replaced using the “meanimpute” modifier in PLINK 
that performs a mean impute of missing genotype calls.

We also used FINERADSTRUCTURE (Malinsky et al., 2018) to 
infer shared ancestry among all individuals, using the full dataset 
that included all taxa, and RADPAINTER to generate the input file 
from the VCF file and to calculate the co- ancestry matrix. We re-
ordered loci according to linkage disequilibrium with the script pro-
vided with the package and ran FINERADSTRUCTURE using default 
parameters.

In addition, we used the Bayesian clustering method in 
STRUCTURE (Falush et al., 2003; Pritchard et al., 2000). All runs 
were made using PARALLELSTRUCTURE (Besnier & Glover, 2013) 
on the CIPRES V. 3.3 (Miller et al., 2010) platform. We performed this 
analysis with (a) all nine populations across the three taxa together 
in a single analysis, (b) the seven populations of E. chrysocome and 
the E. filholi populations and (c) separately for each taxon. For these 
analyses, we used the unlinked datasets (Table S3). For the analyses 
involving more than one taxon (a and b), we chose the admixture 
ancestry model, uncorrelated allele frequencies (Falush et al., 2003; 

Porras- Hurtado et al., 2013) and adjust the alpha parameter to 1/K 
due to the differences in sample size for each taxon (Wang, 2017). 
For analyses at the taxon level, we chose the admixture ances-
try model and correlated allele frequencies (Falush et al., 2003; 
Porras- Hurtado et al., 2013). Given the taxonomic uncertainty of 
E. chrysocome and E. filholi, we also used this parameter setting for 
the analysis, including all populations of these taxa, to compare re-
sults yielded by the uncorrelated allele frequency model. In all cases, 
we did not include the geographical origin of each individual as a 
prior, given our interest in detecting strong population structure. We 
performed 10 independent runs for each value of K, with 500,000 
MCMC permutations and a burn- in of 50,000 permutations. The 
number of K values tested for each dataset was determined based on 
the number of geographic populations sampled for each taxon. We 
used the online version of STRUCTURE HARVESTER V. 0.6.94 (Earl 
& von Holdt, 2012) (http://taylo r0.biolo gy.ucla.edu/struc tureH arves 
ter/) to infer the most likely K by the highest mean ln likelihood for 
each value of K and compared them with the results from Evanno's 
method when testing K > 2 (Evanno et al., 2005). We then used 
CLUMPAK (Kopelman et al., 2015), an online server that automati-
cally delivers results from CLUMPP (Jakobsson & Rosenberg, 2007) 
and DISTRUCT (Rosenberg, 2003), to visualize and summarize the 
results of all previous runs.

Finally, we conducted an analysis of molecular variance (AMOVA) 
to assess how much of the molecular variation could be explained 
by differences among populations in contrast with that which could 
be explained by separately grouping populations of E. filholi and 
E. chrysocome. The AMOVA was performed using the unlinked data-
set of 922 SNPs (Table S3) using POPPR V. 2.8.5 (Kamvar et al., 2014, 
2015) in R V. 3.6.3 (R Core Team, 2020). The statistical significance 
was assessed through 10,000 permutations.

2.5 | Species delimitation and phylogeographic 
reconstruction

For species delimitation analyses and phylogenetic reconstruction, 
we included five macaroni penguin individuals (E. chrysolophus) 
from Frugone et al. (2019) as an outgroup. This was done to test 
the one- species hypothesis for rockhopper penguins. We used the 
SNAPP package V. 1.5.1 (Bryant et al., 2012) from BEAST V. 2.6.1 
(Bouckaert et al., 2014) to delimit species using SNP data. We 
evaluated five competing species models using the BFD* method 
(Leaché et al., 2014). We included models representing the one-  to 
three- species hypotheses of rockhopper penguins (Models a, b, c 
in Table 1) (Banks et al., 2006; de Dinechin et al., 2009; Frugone 
et al., 2018; Jouventin et al., 2006; Mays et al., 2019) and two extra 
models that further split divergent populations of E. moseleyi (Model 
d, Table 1), and divergent populations of both E. moseleyi and E. chry-
socome (Model e, Table 1). These last two models were based on 
previous studies showing high levels of population divergence 
within E. moseleyi (Frugone et al., 2018) and E. chrysocome (Frugone 
et al., 2018; Lois et al., 2020).

http://taylor0.biology.ucla.edu/structureHarvester/
http://taylor0.biology.ucla.edu/structureHarvester/
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Because BFD* is computationally demanding, we ran two in-
dependent analyses to check for consistency by twice randomly 
selecting five macaroni penguin individuals as an outgroup and 18 
rockhopper penguin individuals as an ingroup, which included six 
samples from each of the three rockhopper penguin taxa, repre-
senting 1– 3 individuals from nine populations. The selected individ-
uals for both runs and their populations of origin are summarized 
in Table S4a and S4b. We used unlinked loci datasets, and we re-
tained only the sites that were present in all individuals (Table S3). 
The total numbers of SNPs for each dataset were 1,798 and 1,806 
respectively.

We used the Python script vcf2phylip.py (Ortiz, 2019), available 
at https://github.com/edgar domor tiz/vcf2p hylip, to convert the 
VCF files to binary nexus format. After fixing the mutation rates (u 
and v) to 1 and assigning a gamma distribution G (1, 250) to the prior 
for the expected genetic divergence (parameter θ) and a gamma dis-
tribution G (2, 200) for the speciation rate parameter λ, we carried 
out stepping- stone path sampling analyses for every competing spe-
cies model. Marginal likelihood estimates were obtained using alpha 
=0.3 and 36 MCMC steps, each consisting of 100,000 cycles with 
a pre- burn- in run of 10,000 cycles. All models were compared by 
calculating Bayes factors. We followed Kass and Raftery (1995) and 
considered that, for two competing models, no evidence favours any 
model when BF <2, and that evidence for the most- likely model is 
positive for 2 <BF <6, strong for 6 < BF <10 and decisive for BF >10.

To evaluate the phylogenetic relationships among rockhopper 
penguins, we performed the Bayesian coalescent method imple-
mented in SNAPP (Bryant et al., 2012) and performed a maximum 
likelihood estimate of tree topology using IQTREE V. 2.1.2 (Nguyen 
et al., 2015). The dataset for SNAPP included the five macaroni 
penguin individuals as an outgroup and 34 rockhopper penguin in-
dividuals (12 E. moseleyi, 10 E. chrysocome and 12 E. filholi, aiming 
to include at least three individuals from each study population) as 
the ingroup. We followed filtering criterion similar to what we used 
for the BFD* analyses (Table S3). The MCMC was run for 600,000 
generations and sampled every 500 cycles, and a 20% burn- in rate 

was applied. We performed three independent runs and joined the 
estimated parameters and trees to evaluate consistency and conver-
gence using TRACER V. 1.7.1 (Rambaut et al., 2018). All estimated 
posterior distributions of parameters, except for a few θ values of in-
ternal branches, had ESS values >200. We used DENSITREE V. 2.2.7 
(Bouckaert, 2010) to plot the sampled posterior tree topologies for 
all combined runs. We summarized the posterior distribution into 
a Maximum Clade Credibility (MCC) tree using TREEANNOTATOR 
(part of the BEAST V. 2 2.6.1 package).

For the maximum likelihood phylogeny, we selected the 
same individuals analysed using SNAPP, but given that this is a 
concatenation- based analysis, we did not filter SNPs by linkage dis-
equilibrium. The dataset consisted of 2,270 variable sites with no 
missing information. To estimate the best substitution model, we 
used MODELFINDER (Kalyaanamoorthy et al., 2017) implemented 
in IQTREE V. 2.1.2, and applied the Ascertainment Bias Correction 
(+ASC) as this is strongly recommended when analysing SNP data 
(Lewis, 2001). The best substitution model estimated using the 
Bayesian Information Criterion (BIC) was K3Pu+F+ASC+R2. To 
evaluate branch support values, we used 10,000 ultrafast boot-
straps (Hoang et al., 2017) optimized by NNI, and we used 10,000 
replicates for the Shimodaira- Hasegawa- like approximate likelihood 
test (SH- aLRT) (Guindon et al., 2010).

2.6 | Gene flow among rockhopper taxa

In the light of previous studies suggesting the existence of contem-
porary gene flow among rockhopper penguins (Mays et al., 2019), 
we used BAYESASS V. 3.0.4 (Wilson & Rannala, 2003) to test for 
recent migration between the three taxa using an unlinked dataset 
(Table S3). BAYESASS uses a Bayesian approach with MCMC to es-
timate migrant ancestries of each individual based on an assignment 
method and infers migration rates based on the frequency of indi-
viduals exhibiting migrant ancestry. We set the mixing parameters 
for allele frequencies and inbreeding coefficients to 0.25 and 0.05, 

Models
Bayes Factor 
(subset 1)

Bayes Factor 
(subset 2)

a) 2 species = E. chrysolophus/E. moseleyi + E. chrysocome 
+ E. filholi

- - - - 

b) 3 species = E. chrysolophus/E. moseleyi/E. chrysocome + 
E. filholi

−3187.32 −3407.18

c) 4 species = 
E. chrysolophus/E. moseleyi/E. chrysocome/E. filholi

−3844.5 −4020.74

d) 5 species = E. chrysolophus/Nightingalea /
Amsterdama /E. chrysocome/E. filholi

−3832.32 −4013.34

e) 6 species = E. chrysolophus/Nightingalea /Amsterdama /
Falklandsb /Statenb  + Terhaltenb /E. filholi

−3828.72 −4000.64

Note: Bayes factor was calculated against the two- species hypothesis (a). Negative Bayes factor 
indicates that the alternative model (b to e) is favoured.
aE. moseleyi populations.
bE. chrysocome populations.

TA B L E  1   Bayes factor delimitation 
results for all models tested

https://github.com/edgardomortiz/vcf2phylip
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respectively, after achieving acceptance rates of 20%– 60% on the 
test run. The MCMC was run for 50,000,000 iterations, discarding 
the first 4,000,000 as burn- in, with a sampling interval of 4,000. We 
performed five independent runs with different random seeds and 
compared the results from each run. We checked for convergence 
using TRACER V. 1.7.1 (Rambaut et al., 2018). We plotted the re-
sults from BAYESASS in R V. 3.6.3 (R Core Team, 2020) using TIDYR 
V. 1.0.2 (Wickham & Henry, 2018) and DPLYR V. 0.8.5 (Wickham 
et al., 2018) to prepare the data and used CIRCLIZE V. 0.4.13 (Gu 
et al., 2014) to plot the results.

3  | RESULTS

3.1 | SNP calling

For all ddRAD datasets, the mean effective per- sample depth of cov-
erage ranged from 73.0× to 98.2×, with a minimum per- sample cov-
erage of >18.2× (Table S5). We did not find any evidence for a site 
being under selection or out of Hardy– Weinberg equilibrium in more 
than ~50% of the populations or under different grouping criteria 
(described on Table S3). The total number of SNPs retained after 
each filtering step and the final number of SNPs from each dataset 
(full datasets ranging from 2,975 to 14,226 SNPs; unlinked datasets 
ranging from 898 to 4,674 SNPs) are presented in Table S3.

3.2 | Genetic diversity and differentiation

All populations of E. moseleyi, E. chrysocome and E. filholi exhibited 
private alleles, ranging from 63 (2.7%) for E. chrysocome on the 
Falkland/Malvinas Islands to 11 (0.47%) for E. chrysocome and E. fil-
holi on Staten and Crozet islands respectively (Table S6). When we 
calculated genetic diversity within each taxon, we determined that 
around 10% of the alleles were private to each taxon (E. moseleyi 
=121, E. chrysocome =99 and E. filholi =106).

Among populations of each taxon, pairwise FST values were 
low, ranging from 0.002 to 0.053, and most were not significantly 
differentiated (Figure 2a). The highest intraspecific differentiation 
was found among E. moseleyi (0.053) populations; FST values within 
E. chrysocome (FST =0.002– 0.032) and E. filholi (FST =0.004– 0.013) 
were consistently low. In contrast, interspecific FST values were all 
significant, ranging from 0.140 to 0.497. The highest FST was recov-
ered for pairwise comparisons between E. moseleyi and populations 
of E. chrysocome/E. filholi (Figure 2a; Table S7).

Manhattan plots revealed clear contrasts in the extent of genomic 
differentiation across sites within versus among taxa. Specifically, 
intraspecific Manhattan plots exhibited a narrower distribution of 
FST values than those involving different taxa. The maximum FST for 
the intraspecific calculations was ~0.4 between E. moseleyi popula-
tions. Considering 0.4 as a cut- off, Manhattan plots between E. mo-
seleyi and E. chrysocome/E. filholi revealed high variation in FST values 
across the genome, with around 800 sites exhibiting FST values >0.4 

(Figure 3a,b). E. chrysocome and E. filholi exhibited lower FST val-
ues, although 64 sites with FST >0.4 were detected (Figure 3c). In 
contrast, intraspecific differentiation across genomic regions was 
characterized by far lower FST values (Figure 3d,e,f); the only site ex-
hibiting FST >0.4 corresponded to a comparison between two E. mo-
seleyi populations.

3.3 | Clustering analyses

A PCA including all three taxa revealed three separate, tightly 
clustered groups according to species boundaries (Figure 2b). 
Specifically, the first principal component separated E. moseleyi from 
E. chrysocome and E. filholi, explaining 45.45% of the variance, and 
the second principal component separated E. filholi from the E. chry-
socome populations, explaining 22.19% of the variance. When a PCA 
was conducted with just E. filholi and E. chrysocome, the first princi-
pal component separated these taxa, explaining 43.34% of the total 
variance, and the second principal component separated individu-
als from populations of E. chrysocome from the Falkland/Malvinas 
Islands from those on Terhalten and Staten islands, explaining 7.8% 
of the variance (Figure 2c). At the population level, PC1 (16.42%) 
separated E. moseleyi populations at Nightingale and Amsterdam 
islands (Figure 2d) and the E. chrysocome (12.01%) population on 
the Falklands/Malvinas Islands from the neighbouring mainland 
Patagonian populations (Figure 2e). In contrast, E. filholi did not 
exhibit clear geographic structure among the sampled populations 
(Figure 2f).

Similar results were observed when the SNPs were analysed 
using FINERADSTRUCTURE (Figure 4a): three groups were iden-
tified by shared ancestry, each corresponding to one of the three 
rockhopper taxa. These analyses revealed no evidence of hybrid 
individuals; that is, no individuals exhibited similar levels of co- 
ancestry between groups (Malinsky et al., 2018).

For STRUCTURE analyses of E. moseleyi, E. chrysocome and 
E. filholi performed in the same run (Figure 4b), the mean LnP(K) 
identified the best K was four; however, no additional groups were 
formed when K > 3 (Figure S3). On the other hand, the Evanno 
method suggested two clusters (Table S8), reflecting the relatively 
deep genetic differentiation between E. moseleyi and the remaining 
rockhopper taxa. Across all successive K, we did not find evidence 
of shared ancestry among the three rockhopper penguin taxa 
(Figure S3). We obtained similar results from testing E. chrysocome 
and E. filholi, without including E. moseleyi, despite using different 
allele frequency models. Both methods indicated that K = 2 was 
the best K (Table S8), and no additional structure was identified for 
K > 2 (Figure S4a,b).

In the intraspecific analyses, K = 2 exhibited a higher proba-
bility than K = 1 in E. moseleyi, corresponding to separation of the 
populations on Nightingale and Amsterdam islands (Table S8). We 
found low levels of admixture between individuals from both pop-
ulations (Figure 4c). For E. chrysocome, the optimal K suggested 
by both methods was K = 2, where one group corresponded 
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to the Falkland/Malvinas population and the other to those of 
Staten/Terhalten islands. We found low levels of admixture be-
tween these groups (Figure 4d) but did not detect any popula-
tion structure across the distributional range of E. filholi. The 
Evanno method suggested K = 3, but closer inspection revealed 
that ancestries for each cluster were evenly distributed among 
all individuals, indicative of a panmictic population (i.e. K = 1; 
Figure S5). The highest value of the mean LnP(K) also supported 
K = 1 (Figure 4e; Table S8). Finally, AMOVA revealed that 22.93% 
(p =.026) of the molecular variance was explained by differenti-
ation between E. chrysocome and E. filholi, whereas only 1.63% 
(p <.01) was explained by differentiation among samples within 
each taxon (Table S9).

3.4 | Species delimitation and phylogeographic 
reconstruction

The BFD* analysis for both independent runs using a different sub-
set of individuals yielded similar results; the most favoured model 
was the one with four species (i.e. the three rockhopper species hy-
pothesis +macaroni penguins; Table 1).

The phylogenetic tree inferred using the coalescent method im-
plemented in SNAPP recovered E. filholi sister to E. chrysocome, and 
this clade sister to E. moseleyi, all with high posterior probabilities 
(PP = 1). In contrast, posterior probabilities were much lower for the 
nodes within species (i.e. populations). This tree topology was highly 
consistent among different tree estimations (Figure 5a). The maximum 

F I G U R E  2   Genetic differentiation within and among rockhopper penguin taxa. (a) Pairwise FST among all sampled colonies. NS, not 
significant. (b) PCA results of individuals from the three taxa (E. moseleyi, E. chrysocome and E. filholi). (c) PCA between E. chrysocome and 
E. filholi. (d) Intraspecific PCA of E. moseleyi individuals. (e) Intraspecific PCA of E. chrysocome individuals. (f) Intraspecific PCA of E. filholi 
individuals. Population codes (colour) are indicated on the side of the plot. Eudyptes moseleyi populations: Amsterdam and Nightingale, 
E. chrysocome populations: Terhalten, Staten and Falkland/Malvinas, E. filholi populations: Marion, Crozet, Kerguelen and Macquarie. Replicas 
of these figures with an alternative colour scheme and additional visual patterns are available in Appendix S1 (section IV: Alternative figures)
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F I G U R E  3   Manhattan plots comparing interspecific versus intraspecific differentiation across genomic regions. Interspecific locus- by- 
locus pairwise FST values are shown for (a) E. moseleyi– E. chrysocome, (b) E. moseleyi– E. filholi and (c) E. chrysocome– E. filholi. Intraspecific 
locus- by- locus FST (mean) is shown for (d) E. moseleyi, (e) E. chrysocome and (f) E. filholi
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likelihood reconstruction yielded similar results: a similar topology 
with reciprocal monophyly for each taxon with high support values 
(SH- aLRT and ultrafast bootstrap support values ~100%; Figure 5b).

3.5 | Gene flow among rockhopper taxa

Migration rates, estimated as the fraction of migrant individuals per 
generation and calculated using BAYESASS, yielded almost identical 

results across different runs, starting with different random seeds 
(Table S10). The proportion of migrant individuals between each 
taxon (all results expressed as mean, 95% credibility interval) are: 
E. moseleyi to E. chrysocome, 0.010 (−0.009– 0.027); E. chrysocome 
to E. moseleyi, 0.012 (−0.012– 0.036); E. moseleyi to E. filholi, 0.008 
(−0.008– 0.024); E. filholi to E. moseleyi, 0.012 (−0.012– 0.036); 
E. chrysocome to E. filholi, 0.008 (−0.008– 0.024); and E. filholi to 
E. chrysocome, 0.010 (−0.009– 0.027). These results are summarized 
in Figure 4f.

F I G U R E  4   Genetic clustering analyses and estimated migration rates among rockhopper penguins. (a) Co- ancestry matrix derived by 
FINERADSTRUCTURE showing the estimated co- ancestry among all individuals; relationships between populations are shown in the top 
of the plot, with values corresponding to posterior assignment probabilities. Population codes for each individual are denoted by the colour 
of each bar. (b) Structure results (K = 3) involving individuals from the three rockhopper penguins taxa. Intraspecific runs of structure for 
(c) E. moseleyi (K = 2), (d) E. chrysocome (K = 2) and (e) E. filholi (K = 1). (f) Circular migration plot exhibiting, for each taxon, the fraction of 
migrant individuals (size of the band and numbers on each band) per generation and its origin. Replicas of this figure with an alternative 
colour scheme and additional visual patterns are available on Appendix S1 (section IV: Alternative figures)
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4  | DISCUSSION

4.1 | Molecular evidence for species delimitation

One of the challenges in delimiting recently divergent species is 
the absence of a clear genomic differentiation threshold for distin-
guishing intraspecific versus interspecific lineages. Pragmatically, 
comparing patterns observed among related well- delimited spe-
cies sharing similar ecological, behavioural and life- history traits 
with those observed in the taxa under consideration is one way 
to help guide taxonomic decisions, especially within an integrative 
taxonomic framework. We therefore investigated genomic differ-
entiation among E. moseleyi, E. chrysocome and E. filholi, a species 
complex of penguins whose taxonomy has been the subject of 
considerable debate for several decades. Our results consistently 
provided support for the recognition of three species of rockhop-
per penguins. The global PCA clearly distinguished the subtropical 
E. moseleyi from sub- Antarctic E. chrysocome and E. filholi (first axis; 
45% of genetic variance; Figure 2b) and also separated E. chryso-
come from E. filholi (second axis 22%; Figure 2b). The genetic vari-
ance explaining the separation of E. chrysocome from E. filholi was 
even higher when performing the PCA not including E. moseleyi 
(First axis 43%; Figure 2c). In contrast, intraspecific comparisons 
explained relatively small proportions of genetic variance (11%– 
16%; Figure 2d,e,f). This contrast was also evident in the range 
of inter- taxon FST (0.140– 0.497) relative to intraspecific values 
(0.002– 0.053). Similarly, when testing FST across sites throughout 
the penguin genomes, several sites exhibited moderate to high ge-
netic differentiation (FST >0.4) when comparing taxa, in contrast 
to intraspecific comparisons where a much narrower distribution 
of FST values occurred (most sites exhibited FST <0.2 and almost all 
were <0.4; Figure 3).

The range of intraspecific variation observed in our study is 
similar to that reported previously for rockhopper penguins (Cole, 
Dutoit, et al., 2019; Cole, Ksepka, et al., 2019) and within other 
penguin species (broader discussion on Appendix S1 section III). 
For example, a recent genomic study found that the intraspecific 
variance explained (PCA1) among individuals from different popu-
lations of king (Aptenodytes patagonicus), emperor (A. forsteri), chin-
strap (Pygoscelis antarctica) and Adélie (P. adeliae) penguins ranged 
from 1.28% to 2.02%, and FST ranged from 0.002 to 0.003 (Clucas 
et al., 2018). Gentoo penguins (P. papua), on the other hand, exhibited 
greater genomic structure among colonies geographically isolated 
on different islands (15.81% and FST =0.217). However, the anal-
ysis of gentoo penguins involved divergent lineages that were re-
cently proposed to represent at least four distinct species, based on 
their genomic divergence and fine- scale morphometric differences 
(Clucas et al., 2018; de Dinechin et al., 2012; Pertierra et al., 2020; 
Tyler et al., 2020; Vianna et al., 2017). Another recent study using 
mitochondrial genomes from all penguin species found that the 
range of sequence divergence among well- defined species is 0.8%– 
5.2% (Cole, Dutoit, et al., 2019; Cole, Ksepka, et al., 2019). These 
authors found that E. chrysocome and E. filholi are 0.7% divergent, 

while the range of differentiation for macaroni (E. chrysolophus) and 
royal (E. schlegeli) penguins, which probably comprise a single spe-
cies, is 0.2% (Cole, Dutoit, et al., 2019; Cole, Ksepka, et al., 2019; 
Frugone et al., 2019). Thus, compared to several other penguin spe-
cies, the range of variation we found among the three rockhopper 
taxa exceeded the expected values for intraspecific variation across 
genomic regions. Furthermore, our AMOVA results showed that the 
variance explained by grouping populations to reflect each taxon 
was ~23%, whereas differentiation among populations within each 
taxon was only around 2%.

In further support of recognizing three rockhopper penguin spe-
cies, we did not find evidence of admixture among the three taxa 
in STRUCTURE and FINERADSTRUCTURE. Also, our BAYESASS re-
sults suggest that only ~0.01 individuals per generation are migrants 
from another taxon. However, because all credibility intervals over-
lapped with 0, we are unable to reject a scenario of zero gene flow and, 
hence, complete genetic isolation among the three taxa. We found 
high proportions of private alleles (~10%) within E. moseleyi, E. chryso-
come and E. filholi, consistent with little or no gene flow among the 
three rockhopper taxa. The apparent absence of admixture, the high 
proportions of private alleles and the 13– 17 mutational steps sepa-
rating their mtDNA haplogroups (Frugone et al., 2018) together pro-
vide strong support for the historical isolation of these taxa. While 
it is possible that hybrid individuals have been unsampled (Crofts 
& Robson, 2015), hybridization among these three taxa appears to 
be negligible. Low frequencies of hybridization have been reported 
between other penguin sister lineages that are accepted as distinct 
species, such as the Humboldt (Spheniscus humboldti) and Magellanic 
(S. magellanicus) penguins (Simeone et al., 2009), and among several 
species of Eudyptes penguins (Hull & Wilthshire, 1999; Napier, 1968; 
White & Clausen, 2002), including hybridization between E. filholi 
and E. chrysolophus (Woehler & Gilbert, 1990) and E. chrysocome 
and E. chrysolophus (White & Clausen, 2002). Further, high levels 
(up to 25%) of ancestral introgression were detected among several 
Eudyptes species (Vianna et al., 2020). In this sense, the strong ge-
nomic differentiation found among the three rockhopper penguins 
may be the result of their geographic isolation and not necessarily 
implying reproductive isolation, and thus, it is not possible to discard 
the possibility of hybridization if they come into geographic contact.

Finally, the best model found by our species delimitation anal-
yses using SNP data supported the existence of three species of 
rockhopper penguins. Despite earlier reports that the multispecies 
coalescent model as implemented in SNAPP and other programs 
such as BPP (Yang & Rannala, 2010) might delimit population struc-
ture and not species (Sukumaran & Knowles, 2017), our compre-
hensive population- level sampling of all three putative rockhopper 
penguin taxa enabled us to clearly delineate taxonomic boundar-
ies, separating intraspecific from interspecific variation. The rec-
ognition of three rockhopper penguin species is also supported 
using different species delimitation methods including the tree- 
based ABGD (Puillandre et al., 2012), the threshold- based GMYC 
(Pons et al., 2006)— both of which are presented in Frugone et. 
al. (2018)— and the BPP (Yang & Rannala, 2010) analyses presented 
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by Mays et al. (2019). Mays et al. (2019) rejected the findings of 
their BPP analyses because their 6- locus dataset yielded ambigu-
ous results and were unable to reliably distinguish any taxa based 
on the GDI (Jackson et al., 2017; Leache et al., 2019). This result 

was surprising because it also failed to recognize even the highly 
divergent and widely recognized species E. chrysolophus, suggest-
ing that their six- locus dataset was underpowered for evaluating 
species boundaries in these recently diverged penguin species.

F I G U R E  5   Phylogenetic relationships among rockhopper penguins. (a) Posterior distribution of different topologies yielded by SNAPP 
analyses. (b) Maximum likelihood reconstruction from IQ- tree. Posterior probabilities are indicated on the nodes of each phylogeny
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In summary, at the molecular level, several lines of evidence 
support recognition of three species of rockhopper penguins: 1) ge-
nomic differentiation among E. moseleyi, E. chrysocome and E. filholi 
substantially exceeds differentiation observed within each taxon; 
2) there is no genomic evidence of admixture or hybrid individuals 
among these taxa; 3) our analyses suggest no contemporary gene 
flow among the three taxa; and 4) species delimitation analyses 
strongly support a three- species designation to the exclusion of a 
model designating E. chrysocome/E. filholi as conspecific. Our results, 
thus, confirm the findings of previous studies revealing reciprocal 
monophyly with mtDNA markers, supporting this three- species des-
ignation (Banks et al., 2006; Cole, Dutoit, et al., 2019; Cole, Ksepka, 
et al., 2019; de Dinechin et al., 2009; Frugone et al., 2018; Mays 
et al., 2019).

Our analyses provide insights into the causes of discordance 
among nuclear/mitochondrial markers leading to different conclu-
sions regarding species delimitation in this group. Previous studies 
(e.g. Frugone et al., 2018; Mays et al., 2019) included sampling from 
the entire range of each taxon, and the high mtDNA divergence 
found among taxa is therefore not a consequence of sparse sam-
pling, which may result in isolation- by- distance being undetected 
(Chambers & Hillis, 2020). In this study, we used thousands of un-
linked genetic markers and found that results are in accordance with 
the pattern exhibited across all studies using mtDNA. This finding 
suggests that the previous discordance among studies did not result 
from sex- biased dispersal of rockhopper penguins, but rather from a 
lack of power owing to low levels of divergence in the nuclear mark-
ers previously utilized. The value of using a few nuclear markers for 
species delimitation is likely to be further eroded under introgres-
sion scenarios, and/or when lineage sorting among closely related 
lineages is incomplete.

4.2 | Integrative taxonomy

Over- splitting of lineages potentially presents a valid concern in 
taxonomy given the power of modern genomic methods to detect 
rapidly evolved, fine- scale differentiation among populations. One 
could argue that should enough SNPs be used in an analysis, any 
two populations could be delimited through either different allele 
frequencies or by a few fixed mutational differences. As such, under 
an integrative taxonomic framework, it is important that additional 
lines of evidence (e.g. ecology, phenotypes, behaviour, geography, 
parasites) are investigated and contrasted with molecular species 
delimitations (Matos- Maraví et al., 2019; Solís- Lemus et al., 2015). In 
the case of rockhopper penguins, additional factors in support of the 
molecular results that reinforce the recognition of three rockhopper 
penguin species include: (a) the non- overlapping geographical distri-
butions of each lineage— E. moseleyi (subtropical area in the Atlantic 
and Indian Oceans), E. chrysocome (sub- Antarctic area of the eastern 
Pacific and Atlantic Oceans) and E. filholi (sub- Antarctic area of the 
western Pacific and Indian oceans; Figure 1); (b) different dispersal 
capabilities in winter, with E. filholi traversing greater distances than 

E. chrysocome (Raya Rey et al., 2007; Thiebot et al., 2012); (c) the dis-
tinct species of parasitic chewing lice found on each taxon, which is 
consistent with little to no gene flow among taxa (Banks et al., 2006); 
(d) differences in the timing of reproduction, starting about 2 months 
earlier for E. moseleyi populations, with E. chrysocome and E. filholi 
colonies exhibiting variation in the timing of the onset of repro-
duction (Clausen & Pütz, 2002; Hiscock, 2013; Hull et al., 2004; 
Morrison, 2016; Raya Rey et al., 2009); and (e) the presence of 
morphological and vocal differences among taxa. Eudyptes moseleyi 
can be distinguished from the sub- Antarctic E. chrysocome/E. filholi 
by its larger size and longer crests (Banks et al., 2006), whereas 
the main morphological differentiation between the sub- Antarctic 
taxa corresponds to a more pronounced pink to white gape (bare 
skin around the bill) on E. filholi which is black on E. chrysocome 
(Tennyson & Miskelly, 1989). Other morphological features differ-
entiating E. filholi from E. chrysocome include a narrower bill and the 
shape of the black mark on the undersurface of the apex of the wing 
(Hutton, 1879). Finally, vocalizations are an important behavioural 
trait in penguins, since they may rely more strongly on auditory cues 
for mate selection and individual recognition than on morphological 
characters (Aubin & Jouventin, 2002; Jouventin et al., 2006; Searby 
& Jouventin, 2005). Differences have been found in the mating calls 
of E. moseleyi in comparison with those of E. chrysocome (when con-
sidered a single species to E. filholi), providing an additional line of 
evidence for delimiting those taxa (Jouventin et al., 2006). However, 
as far as we know, vocalizations of E. chrysocome and E. filholi have 
not been directly compared and should be a priority for future data 
collection and study.

There are several well- documented historic cases of over- 
lumping of species due to the absence of obvious morphological 
variation among taxa (Adams et al., 2014; Bickford et al., 2007; 
Grosser et al., 2015). The absence of apparent diagnostic morpho-
logical variation in such cryptic or sibling species may be explained 
by recent diversification, morphological constraints imposed by se-
lective pressures, or by convergence (Fiser et al., 2018). Conversely, 
high variability in morphological characters within a species may 
lead to over- splitting taxa. For example, in birds, variation in meristic 
or plumage characters may result from local (population) adaptation 
across an environmental gradient (Mason & Bowie, 2020) or could 
be due to phenotypic plasticity (e.g. Mason & Taylor, 2015). Penguin 
species exhibit very low variation in their diet, and have similar ecol-
ogy, behaviour and morphology when compared to other groups of 
birds, such as ducks (Anseriformes), shorebirds (Charadriiformes), 
pheasants (Galliformes) or songbirds (Passeriformes) (Winkler 
et al., 2015). Despite not overlapping in their distributions, both 
E. chrysocome and E. filholi breed in similar marine environments, al-
though in different ocean basins, prey on similar items, and differ 
very slightly in their timing of reproduction (Clausen & Pütz, 2002; 
Hull, 1999). These aspects are also shared with other penguin species 
distributed in the sub- Antarctic area. For example, similarities in diet 
and reproductive timing are also present when comparing E. chryso-
come and E. filholi with other Eudyptes species like the macaroni pen-
guin (Thiebot et al., 2011; Williams & Croxall, 1991). This implies that 
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because E. chrysocome, E. filholi and several other penguin species 
overlap in ecological niche space (e.g. oceanographic conditions over 
their distributional range, diet and breeding period), it may constrain 
differentiation in some phenotypic traits (Fiser et al., 2018) if they 
have moved towards the same adaptive peak. The extent of niche 
overlap might also explain the limited morphological differentiation 
among Eudyptes penguins, not only for the rockhopper penguin, but 
also among other penguin species complexes (Tyler et al., 2020). In 
this sense, the use of genomic approaches with extensive sampling 
across the species complex range is critically important if inter-  ver-
sus intraspecific taxonomic boundaries are to be delineated.

Most bird species were initially delimited under the 
Morphological Species Concept (MSC) (Cronquist, 1978) and/
or Biological Species Concept (BSC) (Cracraft, 1992; Mayr, 1942). 
However, under the MSC, cryptic species or subtle morphologi-
cal variation can lead to underestimation of species diversity, and 
hence, a poor understanding of the underlying evolutionary history, 
which can have significant impacts on the management of threat-
ened taxa. On the other hand, in birds, hybridization might be more 
common than in other groups and has been documented in ~16% 
of their species (Ottenburghs et al., 2015). Furthermore, multispe-
cies hybridization (i.e. hybridization between more than two spe-
cies) might also be common in this group (Ottenburghs, 2019). In 
this sense, divergent bird species that occasionally hybridize might 
be considered conspecific under the BSC, given that it assumes 
reproductive isolation. Moreover, to test for the BSC criterion of 
reproductive isolation in allopatric taxa may be difficult without the 
use of molecular markers to estimate gene flow. The phylogenetic 
species concept (PSC) (Cracraft, 1983; Nelson & Platnick, 1981) 
clarified the taxonomy of several bird species (e.g. Cracraft, 1992) 
including penguins, facilitated by the advances in molecular biol-
ogy and genomics. For example, macaroni and royal penguins were 
considered by several authors as different species mainly based 
on their allopatric distribution and morphological differentiation. 
However, genomic data revealed absence of reciprocal monophyly 
(Frugone et al., 2018, 2019), suggesting that they should be con-
sidered a single species. Here, we recognized the three rockhop-
per species under the unified species concept proposed by De 
Queiroz (2007) within an integrative taxonomy framework (Cicero 
et al., 2021; Sangster, 2014), which reconciles elements from sev-
eral species concepts including the MSC, BSC and the PSC. We 
suggest the distinction of three rockhopper species based on the 
criteria described above: concordance and genealogical agreement 
across multiple loci (e.g. mtDNA and genomic data) with sampling 
encompassing most of the species distributional ranges, concor-
dance with biogeographical patterns, morphological characters and 
no evidence of recent gene flow.

Population structure could be viewed as a first step in the spe-
ciation process. In general, seabirds, especially those inhabiting the 
Southern Ocean, exhibit very low levels of genetic structure (e.g. 
Burg & Croxall, 2001; Milot et al., 2008; Quillfeldt et al., 2017). 
Our results, however, reveal an opposite pattern and highlight that 
even widespread seabirds with great dispersal potential can house 

cryptic diversity previously undetected due to limited morpholog-
ical differentiation. We also suggest that it is especially important 
to understand the role of introgression, as seabird colonies may 
have been connected multiple times in the past, and account for 
this by sampling across the genome to have confidence in species 
delimitation.

4.3 | Conservation implications

Declining numbers recently observed for populations of all three 
rockhopper penguin species are of major concern for contempo-
rary conservation. Rising oceanic temperatures and associated 
oceanographic changes, the introduction of predators and over-
fishing are among the threats thought to have influenced these 
demographic declines (Crawford et al., 2003; Cuthbert et al., 2009; 
Trathan et al., 2015; Wilson et al., 2010). Currently, E. moseleyi 
is considered endangered (BirdLife International, 2020b) and 
E. chrysocome/E. filholi, as a single taxon, is considered vulnerable 
(BirdLife International, 2020a). Delimiting E. chrysocome and E. filholi 
as distinct species may heighten the severity of their conservation 
status due to more restricted ranges and smaller population sizes 
and acknowledge their independent evolutionary histories. Eudyptes 
filholi has a wider geographical range than E. chrysocome, and census 
data suggest smaller population sizes for E. filholi (422,000 breed-
ing pairs) than E. chrysocome (850,000 breeding pairs). Overall, 
while populations of both species are decreasing, E. filholi has ex-
perienced particularly severe population contractions over recent 
decades (BirdLife International, 2020a). Whereas some authors sug-
gest that the largest E. chrysocome breeding colony in the Falkland/
Malvinas Islands has increased (Baylis et al., 2013), E. filholi popula-
tions have significantly declined across most of the species distri-
butional range, including Marion (Crawford et al., 2003), Campbell 
(Morrison et al., 2015) and Crozet islands (Barbraud et al., 2020). 
Following the recommendations of the most recent IUCN report 
(BirdLife International, 2020a), we also suggest the need for con-
tinuing monitoring of population trends for these two species 
separately, and especially for E. filholi. Additionally, it is of utmost 
importance to prioritize research efforts aiming to understand the 
underlying causes of these severe population declines. In this sense, 
the accurate delimitation of these birds is of paramount importance 
to the conservation of rockhopper penguins (Bickford et al., 2007; 
Cuthbert et al., 2009) and will be necessary for effective manage-
ment decisions.
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