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ARTICLE INFO ABSTRACT

Keywords: The study of systematics in wide-ranging seabirds can be challenging due to the vast geographic scales involved, as
ddRAD well as the possible discordance between molecular, morphological and behavioral data. In the Southern Ocean,
Single nucleotide polymorphisms macaroni penguins (Eudyptes chrysolophus) are distributed over a circumpolar range including populations in
Speciation

Antarctic and sub-Antarctic areas. Macquarie Island, in its relative isolation, is home to a closely related endemic
taxon — the royal penguin (Eudyptes schlegeli), which is distinguishable from E. chrysolophus mainly by facial
coloration. Although these sister taxa are widely accepted as representing distinct species based on morphological
grounds, the extent of their genome-wide differentiation remains uncertain. In this study, we use genome-wide
Single Nucleotide Polymorphisms to test genetic differentiation between these geographically isolated taxa and
evaluate the main drivers of population structure among breeding colonies of macaroni/royal penguins. Genetic
similarity observed between macaroni and royal penguins suggests they constitute a single evolutionary unit.
Nevertheless, royal penguins exhibited a tendency to cluster only with macaroni individuals from Kerguelen Island,
suggesting that dispersal occurs mainly between these neighboring colonies. A stepping stone model of differ-
entiation of macaroni/royal populations was further supported by a strong pattern of isolation by distance detected
across its whole distribution range, possibly driven by large geographic distances between colonies as well as natal
philopatry. However, we also detected intraspecific genomic differentiation between Antarctic and sub-Antarctic
populations of macaroni penguins, highlighting the role of environmental factors together with geographic dis-
tance in the processes of genetic differentiation between Antarctic and sub-Antarctic waters.
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1. Introduction

Understanding the systematics and taxonomy of widespread sea-
birds can be a challenging task. Limited morphological variation can
mask ongoing diversification processes in recently-differentiated
lineages (Vianna et al., 2017). This could potentially result in recently-
diverged lineages being difficult to distinguish from each other in the
absence of obvious differentiation in external morphology (Grosser
et al., 2015), even when the lineages are effectively reproductively
isolated (Garg et al., 2016). On the other hand, phenotypic plasticity or
phenotypic variation can lead to the description of different taxa within
single genetic units (Cole et al., 2019; Grosser et al., 2015; Mason and
Taylor, 2015).

Seabirds in general exhibit high dispersal capabilities. Although
they can be distributed over an apparently uniform marine environ-
ment, populations are often isolated by cryptic geographic barriers
(Friesen et al., 2007). In some cases, population genetic structure
within widespread taxa may by influenced by processes occurring
across both the breeding and nonbreeding distribution as well as by
fidelity to natal colonies (philopatry) (Friesen et al., 2007). Particularly
in penguins, the main drivers of genetic differentiation and within
species lineage diversification appear to be associated with the extent of
natal philopatry, the distribution range occupied during the inter-
breeding period, and possibly, the presence of oceanic fronts (Clucas
et al., 2018; Frugone et al., 2018; Moon et al., 2017).

Macaroni penguins (Eudyptes chrysolophus) are the most widely
distributed Eudyptes species and the only member of this genus that
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occupies the Antarctic region. Macaroni breeding sites include colonies
located in Antarctic waters like Elephant Island and South Georgia, as
well as colonies located in sub-Antarctic waters in areas such as Crozet
and Kerguelen Islands. Around 5000 km east of the Kerguelen Islands,
Macquarie Island (and nearby Bishop and Clerk Islands) provides the
only nesting grounds for the endemic royal penguin (Eudyptes schlegeli).
While royal penguins are commonly considered a separate species to
macaroni penguins (Bertelli and Giannini, 2005; Ksepka et al., 2006),
the taxonomic classification remains controversial, with some recent
studies considering them a sub-species (Cole et al., 2019), and others
considering them conspecific (Christidis and Boles, 2008). Differences
between royal and macaroni penguins include: (1) distribution (royal
are endemic to Macquarie Island, whereas macaroni, though distributed
over a wide range, but do not reach Macquarie; Fig. 1) and (2) their
morphology. In particular, royal penguins have white to grey faces (in
contrast to black faces of macaroni penguins), are slightly larger, and
have longer and deeper beaks compared to macaroni penguins (Hart
et al., 2009; Hull, 1996). Additionally, there are some differences in
breeding phenology but differences among colonies of macaroni pen-
guins tend to be in a similar range of variation (days or a few weeks)
than those observed between macaroni and royal penguins (Hindell,
1988; Hull, 1999). The same is true for differences in diet composition
between royal and macaroni penguins since similar variations have
been observed among macaroni penguins colonies, suggesting that prey
availability could account for these differences (Hindell, 1988; Hull,
1999; Kooyman, 2002).

The hypothesis that royal and macaroni penguins may be a single

Fig. 1. Sampling locations of macaroni and royal (Macquarie) penguins.
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evolutionary unit has been hinted at by several recent molecular stu-
dies, mainly using mtDNA (Cole et al., 2019; Cole et al., 2018b; Frugone
et al., 2018). However, it remains unclear whether these taxa represent
recently diverged lineages in the process of speciation (Cole et al.,
2018b), or a single taxon. On the other hand, a study using mtDNA and
nuclear introns across the distributional range of macaroni penguins
suggested there may be some differentiation between Antarctic and
sub-Antarctic populations (Frugone et al., 2018). Here, we use genome-
wide Single Nucleotide Polymorphisms (SNPs) to test whether royal
penguins are genetically isolated from macaroni penguins and evaluate
the main drivers of population structure among breeding colonies of
macaroni penguins.

2. Methods
2.1. Genomic data collection

Tissue samples were collected from royal penguins at Macquarie
Island (n = 7), and blood samples from macaroni penguins were col-
lected from six Southern Ocean locations (Fig. 1; Table 1) representing
the circumpolar range of the species (total n = 69). In the capture and
handling of penguins, we followed established procedures described in
Wilson (1997), to reduce stress for both sampled penguins and sur-
rounding colony members. Approximately 0.5 mL of blood was taken
from the brachial or external metatarsal vein, using 23 G needles and
were stored in > 95% ethanol. Permission for sampling, access to the
penguin colonies, and animal ethics approval were granted by the re-
sponsible authorities for each sample location (Supplementary Table 1).

Genomic DNA was isolated from each sample following the salting
out protocol from Aljanabi and Martinez (1997) with the modifications
described in Vianna et al. (2017). We evaluated the quality of DNA
through electrophoresis, in a 1% agarose gel. The concentration of each
sample was determined by a Qubit fluorometer (Life Technologies). We
prepared double digest Restriction-site Associated DNA (ddRAD seq)
libraries, following the protocol described in Peterson et al. (2012).
Genomic DNA of each individual (500 ng) was digested using 0.5 pL of
EcoRI (0.1 U/uL) and 0.5 uL of SphI-HF (0.1 U/uL), at 37 °C for 3h.
Each sample was then ligated to one of 24 unique barcodes (P1). We
used a Pippin Prep (Sage Science) to select fragments of 300-400 bp
and assessed size selection, integrity, and quantification of the samples
using the Agilent 2100 Bioanalyzer system. Illumina adapters (P5 and
P7) were ligated for each sample, and each pool was amplified using
8-10 PCR cycles with an Applied Biosystems 2720 Thermal Cycler,
using the following protocol: initial denaturation was at 98 °C for 30s,
then 8-10 cycles of 98°C for 30s, 60 °C for 30s, and 72°C for one
minute, ending with a final elongation step of 72 °C for five minutes. We
purified samples using the Thermo Scientific MagJET Separation Rack
and performed a final quantification using a Qubit fluorometer (Life

Table 1
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Technologies). Libraries were sequenced across three lanes on the Il-
lumina HiSeq 4000 platform at the Vincent J. Coates Genomics Se-
quencing Laboratory, California Institute for Quantitative Biosciences
(http://qb3.berkeley.edu/gsl/Home.html).

2.2. Construction of species-specific reference genome

In order to improve the efficiency and accuracy of short-read
mapping, and to reduce alignment bias to a divergent genome (Shafer
et al., 2017), we sequenced the genome of a macaroni penguin, which,
based on past genetic studies (Frugone et al., 2018; Cole et al., 2019),
would be effectively used as a reference genome for both royal and
macaroni penguin sequences. We prepared libraries for the genome
sequencing of macaroni penguins using an Illumina TruSeq Nano kit
following the manufacturer’s instructions. In brief, 100 ng of genomic
DNA was fragmented to 350 bp segments using an ultrasonicator. After
cleaning with beads, fragmented DNA was treated with end repair mix
and then with A-tailing to add an adenine to the 3’-end, to which in-
dexing adapters were ligated. Ligated DNA fragments were amplified
and purified with beads prior to quantification using a Qubit fluo-
rometer. Library size was measured with an Agilent TapeStation (Agi-
lent Technologies Inc). The library was sequenced to ~40 X coverage
with 150 paired reads using an Illumina HiSeqX Ten platform at
MedGenome (USA).

To process raw sequence reads, exact duplicates were removed
using SUPER DEDUPER (https://github.com/dstreett/Super-Deduper).
Reads were then filtered using CUTADAPT (Martin, 2011) and TRIM-
MOMATIC (Bolger et al., 2014) to trim adapter contaminations and
low-quality reads. Overlapping PE reads were merged using FLASH
(Magoc and Salzberg, 2011). We then aligned the resulting cleaned
reads to the genome (http://gigadb.org/dataset/100005) of an emperor
penguin (Aptenodytes forsteri) (Jarvis et al., 2014; Li et al., 2014; Zhang
et al., 2011; Zhang et al., 2014), using LAST (http://last.cbrc.jp/). The
resulting alignment was converted to sorted BAM format using SAMT-
OOLS (Li et al., 2009). We used samtools mpileup, beftools, vefutils.pl
vef2fq and seqtk (https://github.com/lh3/seqtk) to convert alignments
into FASTA format from the reference genome. These species-specific
reference fasta sequences were evaluated for completeness by com-
paring them against the emperor penguin draft genome.

2.3. ddRAD data processing, SNP calling and filtering

We used a custom PERL pipeline encompassing various external
programs for processing the ddRAD data. The pipelines are available at
https://github.com/CGRL-QB3-UCBerkeley/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,

Macaroni and royal penguin sample sizes, locations, and genetic diversity indices. Grouping schemes: (1) all macaroni and royal populations (2) royal penguins from
Macquarie and Antarctic and sub-Antarctic populations of macaroni penguins. Values in parenthesis corresponds to the standard error of each estimate. Fjs refers to
inbreeding coefficient, and “n” to nucleotide diversity. "denotes royal penguins from Macquarie Island.

Grouping scheme  Population Geographic position ~Sample size  Private alelles Observed Heterozygosity =~ Expected Heterozygosity  Fis 4

1 Elephant 61°13’S; 55°21'W 6 0 0.269 (0.003) 0.253 (0.002) 0.015 (0.000)  0.276 (0.002)
Bird 54°00’S; 38°02'W 11 0 0.263 (0.002) 0.262 (0.002) 0.033 (0.002) 0.275 (0.002)
Bouvet 54°25’S; 03°22'E 7 0 0.271 (0.003) 0.256 (0.002) 0.013 (0.000)  0.276 (0.002)
Marion 46°50'S; 37°48'E 12 0 0.266 (0.002) 0.266 (0.002) 0.035 (0.002)  0.278 (0.002)
Crozet 45°25’S; 50°24’'E 12 0 0.269 (0.002) 0.265 (0.002) 0.019 (0.002)  0.276 (0.002)
Kerguelen 49°42'S; 69°46'E 7 0 0.262 (0.003) 0.258 (0.002) 0.039 (0.000)  0.278 (0.002)
Macquarie' 54°29’S; 158°56'E 7 0 0.246 (0.002) 0.252 (0.002) 0.061 (0.000) 0.271 (0.002)

2 Macquarie’ 7 0 0.244 (0.002) 0.247 (0.002) 0.057 (0.000)  0.266 (0.002)
Antarctic 24 11 0.260 (0.002) 0.265 (0.001) 0.035 (0.006) 0.271 (0.002)
Sub-Antarctic 31 25 0.261 (0.002) 0.270 (0.001) 0.048 (0.007)  0.274 (0.001)
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allowing for one mismatch. The reads were then filtered using CUTA-
DAPT (Martin, 2011) and TRIMMOMATIC (Bolger et al., 2014) to trim
adapter contaminations and low-quality reads. All reads were of 91 bp
length. Quality of each samples was assessed using FASTQC (Andrews,
2019) and MULTIQC (Ewels et al., 2016) software. The resulting
cleaned reads for each individual and each taxon were then aligned to
the macaroni penguin reference genome, using the bwa mem algorithms
(Li and Durbin, 2009) and we sorted and indexed bam files using
SAMTOOLS (Li et al., 2009).

SNP calling was made using STACKS version 2.2 (Catchen et al.,
2013; Rochette et al., 2019) under the Marukilow model, with an alpha
threshold for discovering SNPs and calling genotypes set at 0.05. We
removed three macaroni individuals (1 each from Elephant, Bouvet and
Kerguelen Islands) that exhibited low sequencing-depth. A preliminary
Principal Component Analysis (PCA) was performed using PLINK 1.9
(Purcell et al., 2007) to evaluate possible outlier individuals. We de-
tected 12 macaroni penguin outliers from Bouvet and Elephant Islands
(Supplementary Fig. S1). Genetic relatedness among individuals re-
constructed via an Identity-by-State analysis using SNPRELATE (Zheng
etal., 2012)in R 3.4.1 (R Core Team, 2017), showed an atypical pattern
for these individuals. Each of the 6 outliers from Bouvet were intimately
clustered with one outlier of Elephant, and each pair conformed a very
distant branch from all other samples (Supplementary Fig. S2), sug-
gesting that this pattern corresponded to a laboratory or sequencing
artifact. Thus, we removed them for subsequent analyses and retained a
total of 62 individuals (Table 1).

We used the populations program from STACKS (Catchen et al.,
2013) to filter loci. We chose a minimum percentage (90%) of in-
dividuals in a given population to process each locus, eliminated loci
that were not present in all populations, and chose a minimum allele
frequency of 0.05. In addition, we also filtered sites exhibiting a de-
viation from Hardy-Weinberg equilibrium (HWE) when present in 50%
of the populations. Since several population analyses, including the
algorithm underlying the program STRUCTURE, require loci to be at
linkage equilibrium (Pritchard et al., 2010; Pritchard et al., 2000), we
used PLINK 1.9 (Purcell et al., 2007) to identify loci at linkage dis-
equilibrium and filtered them using the blacklist in STACKS. We only
retained sites that passed all the above filters for SNP calling, using two
grouping options; (1) all geographic populations sampled, and (2) three
populations corresponding to royal penguins, Antarctic populations of
macaroni penguins and sub-Antarctic populations of macaroni pen-
guins. The second grouping scheme was only used for exploratory
analyses of genetic diversity indices.

In addition, as several analyses required a neutral dataset, we used
BAYESCAN 2.1 (Foll and Gaggiotti, 2008) to evaluate if there were loci
under selection, to remove them. We group individuals into Antarctic
populations versus sub-Antarctic populations, as we found that they
formed separated clusters (see results). Prior odds for these analyses
were set to 10 and chose a g-value of 0.05 (False discovery rate analog
to a p-value) to assess significance.

2.4. Genetic diversity, population differentiation and clustering

Using populations program in Stacks, we calculated genetic diversity
indices for each population of macaroni and royal penguins, and also
for (1) royal penguin, (2) sub-Antarctic and (3) Antarctic populations of
macaroni penguins.

Pairwise Fsy was calculated among colonies using ARLEQUIN V.
3.5.1.2 (Excoffier and Lischer, 2010). Statistical significance of the es-
timates was calculated under 10,000 permutations. The p-value for
pairwise Fsy between populations was corrected using a false discovery
rate correction (Benjamini et al., 2006). Results were considered sig-
nificant when p < 0.05. We also performed a Global Mantel test to
determine if there was a correlation between genetic differentiation and
geographical distance between colonies. The Global Mantel test was
performed in R using the vegan package (Oksanen et al., 2019) using
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10,000 permutations. We used previously calculated pairwise Fs va-
lues and the minimum distance between colonies obtained using Google
Earth Pro v. 7.3.2.5495. Because we found a strong pattern of isolation
by distance and the main clusters found corresponded to Antarctic and
sub-Antarctic regions (see results), we then evaluated, separately, the
effect of temperature and distance over genetic differentiation of ma-
caroni/royal penguins populations. This approach was carried in order
to control the effect of distance and temperature, respectively, to avoid
mistaking a pattern of IBD with a hierarchical structuring pattern
(Meirmans, 2012). Temperature data were obtained from BIO-ORACLE
2.0 (Assis et al., 2018) using the temporal maximum temperatures from
monthly climatologies (2002-2009) from SeaWiFS. Distance tempera-
ture matrices were constructed using the dist function in Vegan
(Oksanen et al., 2019). To compare genetic, geographic and tempera-
ture dissimilarity, all distance matrices values were standardized (x-
mean(x)/SD(x)). Then, we performed (1) a Partial Mantel test using
genetic distance (i.e. Fsy) and geographical distance between colonies,
using temperatures as covariates and, conversely, (2) we performed a
Partial Mantel test using genetic distance and maximum temperatures
using geographical distances as a covariate. Partial Mantel test were
carried out ECODIST (Goslee and Urban, 2007) package in R. We also
evaluated independence between geographic distance and temperature
dissimilarity between colonies by performing a Mantel test before to
evaluate the relative contribution of temperature and geographic dis-
tance over genetic differentiation. We then performed a Multiple Matrix
Regression with Randomization analysis (MMRR) (Wang, 2013) using
the package PopGenReport (Adamack and Gruber, 2014; Gruber and
Adamack, 2015). Finally, we conducted a Mantel Test between the
genetic distance and the combined effects of geographic distances and
temperatures, weighted by their relative contribution on genetic dif-
ferentiation as measured by MMRR analysis.

Potential genetic clusters were determined using both non-model
and model-based approaches. For all analyses, the same dataset of 4577
SNPs was used (see results). Specifically, we used PLINK 1.9 (Purcell
et al., 2007) and GGPLOT2 (Wickham, 2016) in R to calculate and vi-
sualize a PCA. We used ADEGENET (Jombart, 2008; Jombart and
Ahmed, 2011) in R to evaluate the number of clusters with K-means and
a Bayesian Information Criterion (BIC), using the function find.clusters.
In ADEGENET we also performed a discriminant analysis of principal
components (DAPC) (Jombart et al., 2010). As the most likely number
of clusters (K) identified by K-means was 1 (see results), we grouped
individuals by their colonies for DAPC analysis (see Clucas et al., 2018).
In addition, we performed a Bayesian clustering method implemented
in STRUCTURE (Falush et al., 2003; Pritchard et al., 2000). All runs
were made using PARALLELSTRUCTURE (Besnier and Glover, 2013) in
R, not including the sampling location of each individual as a prior.
Given that high levels of genetic similarity were previously detected
between populations, suggesting that sampled individuals may have
ancestors from multiple populations and that populations are closely
related (Porras-Hurtado et al., 2013), we chose the admixture ancestry
model and correlated allele frequencies options (Falush et al., 2003). To
infer lambda, we first performed one run with 150,000 iterations and
50,000 Burn-in. This run calculated a lambda of 0.71, which we used in
the subsequent structure runs. We evaluated K = 1-7, which corre-
sponded to all sampled colonies. We performed 10 independent runs for
each value of K, with 500,000 MCMC and a 50,000 burn-in period and
we estimated the 90% probability intervals for admixture coefficients.
The web version of STRUCTURE HARVESTER (Earl and vonHoldt,
2012) (http://taylor0.biology.ucla.edu/structureHarvester/) was used
for inferring the most likely K using the Evanno’s method (Evanno
et al., 2005) and we also checked the highest posterior mean log-like-
lihood (mean LnP(K)). Finally, CLUMPP (Jakobsson and Rosenberg,
2007) was used for summarizing the results of all previous runs and
DISTRUCT V. 1.1 (Rosenberg, 2003) was used for to visualize the re-
sults.

To determine whether geographic or taxonomic clustering better
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explained the genetic variation in our data, we performed several
Analyses of Molecular Variance (AMOVA) in ARLEQUIN, using 10,000
permutations. The AMOVA groups were defined as: (1) all populations
of macaroni penguins against Macquarie populations of royal penguins;
(2) Antarctic populations of macaroni penguins (Elephant Island, Bird
Island, Bouvet Islands) against sub-Antarctic populations of macaroni
and royal penguins (Marion Island, Crozet Islands, Kerguelen Islands,
Macquarie Island), and (3) three groups consisting of the Antarctic
populations of macaroni penguins, sub-Antarctic populations of ma-
caroni penguins and royal penguins from Macquarie Island.

3. Results
3.1. ddRAD data processing, SNP calling and filtering

The consensus reference of macaroni penguins exhibited a mean
coverage of 28 X, and contained 18,969 scaffolds and N50 of 5,071,598
length. In the ddRAD data, the effective per-sample coverage mean was
72.8 X, the Standard Deviation was 18.4 X, the minimum coverage was
24.0 X, the maximum coverage was 109.5 X and the mean number of
sites per locus was 90.6. We removed the eight loci that were out of
HWE in at least 50% of the populations, and 695 loci that were in
linkage disequilibrium. We did not detect any loci under significant
selection (Supplementary Fig. S3a and b). Following filtering, we re-
tained 4577 SNPs in the dataset comprising all sampled colonies, and
5429 SNPs in the dataset comprising royal penguins, Antarctic ma-
caroni penguins and sub-Antarctic macaroni penguins.

3.2. Population differentiation and clustering

Observed and Expected heterozygosity, Fjs, and nucleotide diversity
(;t) were similar among colonies (Table 1). When evaluating all colonies
separately, no private alleles were detected. However, when contrasting
macaroni colonies from (1) the Antarctic, (2) sub-Antarctic with the
third group composed by royal penguins, we found 11 and 25 private
alleles, respectively, while royal penguins did not exhibit private alleles
(Table 1). Pairwise Fsy values were very low, although significantly
different from O for most comparisons (Fig. 2, Supplementary Table
S2a, b and c). Fgr ranged between 0 and 0.024. The highest Fgr values
(0.024) corresponded to comparisons of macaroni penguins sampled
from Bird and Elephant Islands with royal penguins sampled from
Macquarie Island. In contrast, the lowest Fsr values were recovered
among the Antarctic islands: Bouvet, Elephant and Bird Islands (Ele-
phant-Bouvet not significant). Among the sub-Antarctic colonies, we
recovered low Fsr values between Marion, Crozet and Kerguelen Is-
lands. Pairwise comparisons involving populations from Antarctic and
sub-Antarctic colonies had higher values than comparisons within each
region; however, they were still low (around 0.01). For all macaroni/
royal populations considered together, the Global Mantel test revealed
a pattern of isolation by distance (IBD), with a significant correlation
between distance and Fsr calculations (Mantel r = 0.828, p = 0.001,
Supplementary Fig. 4). However, an inverse relationship between ge-
netic and geographic distances was observed among Antarctic localities
(Supplementary Fig. 4). Nevertheless, this inverse IBD relationship was
not significant (Mantel r = —0.82, p = 0.16), as only three localities
were compared. Furthermore, Partial Mantel tests were highly sig-
nificant for both geographical distance controlled by temperature dis-
similarity (Mantel r = 0.79, p = 0.0003; Fig. 3a) and temperature
controlled by geographic distance (Mantel r = 0.48, p = 0.007;
Fig. 3b). The correlation coefficient between geographic distance and
sea surface temperature dissimilarity was not significantly different
from 0 (Mantel r = 0.40, p = 0.054, Fig. 3c), although very close to the
alpha threshold. This suggests that both variables are not correlated or
only weakly correlated and thus, it meets the assumptions of MMRR
method (Wang, 2013). The multiple regression coefficient for geo-
graphic distance ( = 0.7, p = 0.0005) was about two times higher
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than the coefficient for temperature (f = 0.299, p = 0.044), suggesting
that geographic distance explained more of the genetic variation,
however, temperature dissimilarity also contributed significantly. The
Mantel test for genetic distances using the combined effect of geo-
graphic distance and temperature distance, yielded the best correlation
model (Mantel r = 0.87, p = 0.0004, Fig. 3d).

In the PCA (Fig. 4) three groups can be identified, one corre-
sponding to Antarctic populations, a second corresponding to sub-
Antarctic populations and a third composed by royal penguins and
some macaroni penguins from Kerguelen. However, Kerguelen in-
dividuals were also present in the sub-Antarctic group.

When evaluating the numbers of clusters with K-means, the smallest
number of BIC was found for one cluster, although BIC values were
similar for K =1, K= 2 and K = 3 (Supplementary Fig. S5a). When
choosing two clusters, one corresponded to colonies from the Antarctic
region, and the other corresponded to colonies from the sub-Antarctic
region (Supplementary Fig. S5b). When three clusters were selected,
one corresponded to Antarctic populations, the second to sub-Antarctic
populations (not including royal penguins) and the third included royal
penguins and some macaroni individuals from Kerguelen
(Supplementary Fig. S6a). However, the discriminant functions from
the last two groups (sub-Antarctic and royal-Kerguelen individuals)
suggest that they conform a single group (Supplementary Fig. S6b).

Using prior locations accounting for all sampled colonies, DAPC
(Fig. 5a) also revealed two well-differentiated groups discriminated by
the first component (horizontal axis). Also, in the DAPC analyses royal
penguins were close to the cluster formed by macaroni penguins from
Kerguelen Island, whereas other individuals sampled from Kerguelen
fall in the sub-Antarctic group constituted by penguins from Marion and
Crozet Islands. These results are in accordance with PCA results.

For structure analysis, the highest posterior mean log-likelihood
(mean LnP(K)) and the Evanno’s method suggest that the most likely K
was K = 2 (Supplementary Fig. S7a, b and Supplementary Table S3).
The group composition for each k was consistent with the results from

Macquarie Fst value
] 0.03
Kerguelen l 0.02
‘ 0.01
Crozet
0.00
Marion
Bouvet
Bird
Elephant NS
(0]
¢ 5§ ® 5 ® T oz
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T 3 & 3 2 S
Q o o = m [
© Q |
S X

N —
Royal Sub-Antarctic Antarctic

Fig. 2. Pairwise Fg; between populations of royal and macaroni penguins. NS
denotes not significant values. The bar below the heatmap indicates which
populations are from royal penguins and from sub-Antarctic and Antarctic
populations of macaroni penguins.
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significant correlations (mantel p < 0.05).

previous analyses: one group included Elephant, Bird and Bouvet Is-
lands, and the other group included Marion, Crozet, Kerguelen and
Macquarie (royal penguins) Islands (Fig. 5b). These groups were clearly
identified even when visualizing plots for K > 2 (Supplementary Fig.
S8). Estimated admixture coefficients were low overall between the
clusters. In the Antarctic region, five individuals (2 from Elephant is-
land and 3 from Bouvet) and only two individuals from sub-Antarctic
region (Marion and Kerguelen) showed an admixture coefficient with a
90% probability interval that did not overlap with zero or one. AMOVA
(Supplementary Table S4) indicated that only 0.75% of the observed
genetic variation among the individuals sampled was explained by
differences between royal and macaroni penguin colonies (Fcr = 0.007,
p = 0.144) whereas 1.0% of genetic variation was explained by dif-
ferences among populations within groups (Fsc = 0.010, p = 0.000).
When we performed AMOVA analysis between Antarctic and sub-

Antarctic colonies (encompassing both macaroni and royal penguins),
the genetic variation explained among groups was slightly higher
(0.8%, Fcr = 0.007, p = 0.027), while 0.74% of the genetic variation
was explained by differentiation among colonies within groups
(Fsc = 0.007, p = 0.001). Highest among group component occurred in
three groups (Antarctic macaroni penguins, sub-Antarctic macaroni
penguins and Macquarie royal penguins), but only explained 1.01% of
the whole genetic variation (Fcr = 0.01, p = 0.015), while 0.49% was
explained by differentiation among colonies within groups
(Fsc = 0.004, p = 0.001). Most of the genetic variation 98.5% was ex-
plained by differences among individual, indicative of weak population
genetic structure.
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Recent studies using short mitochondrial and nuclear sequences,
and whole mitogenomes (Cole et al., 2019, 2018a; Frugone et al., 2018)
have been unsuccessful in recovering reciprocal monophyly between
royal and macaroni penguins. The authors of these studies suggest that
the lack of genetic divergence between the two species may have been
linked to recent isolation of royal penguins on the geologically young
Macquarie Island where incomplete lineage sorting across the genome
may underlie the sharing of alleles. Differentiation and quick fixation of
morphological traits, such as facial coloration and beak size, may have
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Fig. 5. Clustering analyses. (a) DAPC analysis for royal and macaroni penguin populations and (b) Structure results for analyses involving populations of macaroni
and royal penguins. The analyses favored K = 2, with the two major genotypic clusters corresponding to Antarctic and Sub-Antarctic populations. The bar above
indicate which populations are on the Antarctic and sub-Antarctic region and the position of the Antarctic Polar Front (APF).
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occurred through a founder event or through selective pressures (e.g.
sexual selection), thereby explaining the discordance between mor-
phological traits and molecular markers. Similarly, a previous study on
penguin diversification demonstrated that three Megadyptes subspecies,
including two extinct lineages, only diverged from each other within
the past half a million years, even though they are morphologically
distinct (Cole et al., 2019). Other avian studies have suggested that
morphological traits such as coloration could evolve much more rapidly
than some genetic markers (Zink et al., 2005). Nevertheless, it is ex-
pected that reduced representation techniques, such as ddRAD methods
which generate thousands of independent SNPs, should provide en-
hanced resolution to detect even subtle genetic differentiation (Lavinia
et al.,, 2019; Mason and Taylor, 2015). However, in this study, using
more than four thousand neutral SNP markers, we were unable to de-
tect genetic evidence for considering royal and macaroni penguins as
separate species. Instead, we found very low levels of population dif-
ferentiation between royal and macaroni colonies; e.g < 1% of the total
genetic variation was explained by the separation of both species
(Supplementary Table S4). Secondly, our clustering analyses, including
model and non-model based methods, failed to discriminate royal
penguins as a separate cluster from macaroni penguins. Moreover,
differentiation between Antarctic and sub-Antarctic populations of
macaroni penguins was higher than differentiation between royal and
macaroni penguins. For this reason, the degree of genetic similarity
between royal and macaroni penguins does not support the presence of
historical reproductive isolation and suggests that the two taxa should
be considered the same species. Even so, royal penguins exhibited a
tendency to cluster only with some macaroni penguins from Kerguelen
and the variance explained by AMOVA was slightly higher when se-
parating royal penguins as a third group. This may indicate an incipient
speciation process with gene flow, as observed in other species
(Arnason et al., 2018; Figueir6 et al., 2017; Lavinia et al., 2019; Veale
et al., 2018). Given that we evaluated genetic differentiation from a
subset of the complete genome rather than using the complete genome,
it is also possible that our sampling may have been insufficient to detect
more differentiated loci (Campagna et al., 2017; Irwin et al., 2018; Kim
et al., 2019; Toews et al., 2016). Future studies using whole genomes
are needed in order to evaluate these considerations.

Overall, our results suggest that contemporary gene flow exists be-
tween macaroni and royal penguins. Reports of royal penguins (or
white-faced penguins) on the Falkland/Malvinas islands (Dehnhard
et al., 2012) and on Marion, Crozet and Kerguelen islands (Garcia and
Boersma, 2013) may be indicative of occasional dispersal. Furthermore,
there are reports of macaroni penguins on Macquarie Island (Warham,
1971). The present study found that royal and macaroni penguins from
Kerguelen Islands exhibited a tendency to form a genetic cluster, which
is consistent with a previous study using mtDNA (Frugone et al. 2018)
in which haplotypes (mtDNA HVR1) from royal penguins formed a
separated haplogroup that included haplotypes from Kerguelen. These
results suggest that gene flow between royal and macaroni penguins
may occur almost exclusively between individuals from Macquarie and
Kerguelen Islands, possibly in association with their geographic proxi-
mity, as suggested by the Mantel test.

Considering macaroni and royal penguins as a single evolutionary
unit, hereby referred as “macaroni/royal”, the maintenance of a white-
faced phenotype at Macquarie Island remains unclear. Facial coloration
is determined by the production and distribution of melanic pigments in
feathers and is controlled by a number of recessive and dominant genes
(Ng and Li, 2018; Van Grouw, 2006). It may be the case that F1 hybrids
between black and white-faced penguins should retain a dark face
phenotype. In this context, a marked asymmetrical migration from
Macquarie Island to other colonies may explain the maintenance of the
white-face phenotype on this island. If migration to Macquarie were
uncommon, the black-face phenotype would not readily spread, even
when taking into account the dominance of the black-faced phenotype.
This hypothesis could not be tested in our study through the classical
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approach, such as by using the program BayesAss (Wilson and Rannala,
2003), as the low levels of genetic differentiation we observed may lead
to inaccurate results when studying migration rates (Faubet et al., 2007;
Meirmans, 2014). However, a comparison of the proportion of private
alleles among colonies supports our hypothesis of asymmetrical gene
flow, as penguins from Macquarie Island do not exhibit any private
alleles in contrast with macaroni penguins from both Sub-Antarctic and
Antarctic colonies (Table 1).

The use of plumage coloration to delimit species has yielded mixed
results (Mason and Taylor, 2015; Ng and Li, 2018; Paxton, 2009). In
agreement with our results, other researchers have found a lack of
congruence between coloration (confined to a particular geographic
region) and molecular data, in which phenotypes do not form a re-
ciprocally monophyletic group (e.g., Rocha-Mendez et al., 2018). These
cases highlight the importance of using molecular markers in con-
junction with different traits for the purpose of defining species and
evaluating the underlying evolutionary history in birds (Lavinia et al.,
2019).

4.2. Genetic structure and genetic differentiation among macaroni/royal
colonies

When we considered all macaroni and royal penguin colonies to-
gether, we recovered limited population structure across much of the
Southern Ocean, stretching from Macquarie Island to the South
Shetland Islands. High dispersal capabilities and low levels of popula-
tion differentiation are common in most penguin species, except in
gentoo (Clucas et al., 2018; Vianna et al., 2017) and possibly in rock-
hopper (Eudyptes chrysocome, E. filholi and E. moseleyi) penguins, which
may be restricted by their dispersal capabilities (Frugone et al., 2018).
In a recent comparative genomic study, Clucas et al. (2018) reported
Fgr values for king (Aptenodytes patagonicus), emperor, chinstrap (Py-
goscelis antarcticus) and Adélie penguins (P. adeliae) ranging from 0.002
to 0.008, despite colonies being separated by thousands of kilometers.
Such low genetic structure could be related to high dispersal cap-
abilities in these species, since few effective migrants could be re-
sponsible of genetic homogeneity (Cristofari et al., 2016). During the
inter-breeding period, Adélie, chinstrap and emperor penguins travel
long distances, reaching mean maximum distances of 2235 km (Dunn
et al., 2011), 3900 km (Hinke et al., 2015) and > 2840 km from their
respective breeding colonies (Kooyman et al., 1996; Thiebot et al.,
2013; Wienecke et al., 2010). Similar distances have been reported for
macaroni penguins during the inter-breeding period (mean maximum
distance from the colony of 1778 * 902 km, Thiebot et al. (2011)), but
the Fgr values among macaroni/royal colonies exceeded the values for
the species mentioned above by an order of magnitude, and almost all
Fsr pairwise comparisons were significantly different from 0. Moreover,
we found a strong pattern of isolation by distance detected across the
whole macaroni/royal distribution, possibly driven by large geographic
distance between colonies (Fig. 3), whereas no correlation between
geographic distance and genetic differentiation has been recovered for
Adélie, chinstrap and emperor penguins (Clucas et al., 2018).

Higher genetic structure in macaroni/royal penguins compared to
former penguin species may be associated with variation in natal phi-
lopatry or with the establishment of new breeding sites. For example,
emperor penguins sometimes change breeding sites from year to year
and relocate when severe environmental disturbances have occurred
(Ancel et al., 2014; Larue et al., 2015). Similar relocations have been
observed in Adélie penguins (Forcada and Trathan, 2009). In both
species, recolonization events may involve individuals from different
colonies, promoting genetic homogenization. This proposition is sup-
ported by the subtle genetic differentiation in emperor penguins
(Younger et al., 2017), and by calculations of the percentage (0.7-10%
of Ne) of migrants of emperor penguins that could, theoretically, reach
a certain colony each generation (Cristofari et al., 2016). Both pre-
viously mentioned studies include different views, however, they seem
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to support the hypothesis that dispersal (and gene flow) between co-
lonies may be a relatively common event in emperor penguins.

Technical constraints may make it difficult to obtain accurate esti-
mates of philopatry in penguins. However, reported nest and mate fi-
delity of 69-87% and 70-73%, respectively (Williams and Rodwell,
1992), may suggest that a high proportion of macaroni penguin in-
dividuals are philopatric. Outside of the breeding period, macaroni
penguins also exhibit site fidelity to their foraging areas (Thiebot et al.,
2011). However, natal philopatry may not arise for all individuals
within a population, and a proportion of individuals may migrate to
other nearby colonies, as suggested by the pattern of isolation by dis-
tance. Indeed, the lowest genetic differentiation (Fs) was between the
nearest populations from Bouvet and Elephant islands, and the highest
between royal penguin from Macquarie and macaroni penguins from
Kerguelen islands. The pattern of isolation by distance may also in-
dicate that despite potentially high dispersal capabilities
(1778 + 902 km; Thiebot et al. (2011)), there could be a distance-re-
lated restriction over migration for each colony across their entire range
of macaroni/royal penguins.

4.3. Environmental driver of differentiation between Antarctic and sub-
Antarctic provinces

In addition to the isolation by distance model evidenced among
royal/macaroni colonies, we consistently detected two genetic clusters
corresponding to the Antarctic and sub-Antarctic provinces, suggesting
that differences in environmental characteristics of both regions may be
involved in their genetic structure. The Antarctic and sub-Antarctic
waters are delimitated by the Antarctic Polar Front (APF) in which an
abrupt change temperature and salinity occurs. Also, the APF coincides
with the boundaries of several species distributions, which are re-
stricted to either the Antarctic or sub-Antarctic provinces (De Broyer
et al., 2014) and have led to the proposition that the APF acts as a
barrier to dispersal (Fraser et al., 2012; Gonzalez-Wevar et al., 2017;
Poulin et al., 2014). Therefore, sharp variation of environmental
parameters at the AFP may be limiting gene flow between macaroni
penguins from each biogeographical region and then contribute to the
genetic structure of the species. As a matter of fact, we found that ge-
netic differentiation was effectively associated to differences in sea
surface temperatures between colonies, even if to a lesser extent than
with the geographical distance.

The role of oceanic fronts as a barrier to dispersal in penguins has
been suggested for species exhibiting both high or limited dispersal
capabilities and different foraging behaviors, such as king and gentoo
penguins (Clucas et al., 2018; Clucas et al., 2016; Levy et al., 2016;
Vianna et al., 2017). Moreover, speciation and diversification of rock-
hopper penguins (E. moseleyi, E. chrysocome and E. filholi) has been
explained by the presence of the Subtropical Front (STF) separating
their colonies (Fig. 1), and by the latitudinal shift of the STF during past
glacial periods (de Dinechin et al., 2009; Frugone et al., 2018). This
suggests that oceanic fronts play an important role in the evolutionary
histories of penguins. For testing this hypothesis on macaroni penguins
populations, new sampling locations of breeding colonies from South
America may allow further evaluating whether the APF is limiting
dispersal more than geographic distance between the colonies.

Finally, other factors may influence dispersal between the Antarctic
and sub-Antarctic groups, possibly in association with differences in
environmental conditions at the breeding grounds within each region
(Fraser et al., 2016; Moon et al., 2017). Other cases of genetic struc-
turing associated with biogeographic breaks in highly dispersive taxa
had shown that local adaptation to distinct environmental conditions,
such as differences in resource use, could explain genetic differentiation
(Pérez-Alvarez et al., 2015). This could be also the case of macaroni
penguin populations inhabiting Antarctic and sub-Antarctic regions, as
they experience different biotic and abiotic environmental conditions.
Macaroni penguins present inter-annual fidelity to foraging areas
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(Thiebot et al., 2011), and that may reflect specialization in resource
use and foraging strategies.

4.4. Conclusions and conservation implications

The main conclusion of our study is that genetic differentiation
between macaroni and royal penguins is extremely low, and compar-
able to that found among macaroni colonies alone. Mainly because of
its endemism to Macquarie Island and nearby Bishop and Clerk Islands,
the International Union for Conservation (IUCN) has classified royal
penguins as near threatened (BirdLife International, 2018). While our
results suggest that macaroni and royal penguins could be a single
species, we suggest that conservation efforts should continue to con-
sider the two taxa as separate management units. Variation in plumage
coloration and morphology are often related to mate choice and may
promote speciation over time (Ng and Li, 2018). Moreover, diversifi-
cation with ongoing gene flow still remains as a possible explanation for
the limited genetic differences found between royal and macaroni
penguins, but given the genetic similarity between the two taxa, whole
genome data will be required to test this possibility. Furthermore, the
distribution of private alleles suggests the existence of asymmetrical
gene flow from Macquarie to the other colonies. Macquarie Island royal
penguins may not receive migrants from other localities, thus in-
creasing the vulnerability of this population in terms of persistence over
time.

In addition, our results suggest that the main factors associated with
population differentiation in macaroni/royal penguins correspond to
distance between colonies and sea surface temperatures. In general, the
low levels of differentiation found among macaroni/royal penguin co-
lonies are similar to that recovered for other penguin species, except in
the cases of gentoo and possibly rockhopper penguins, which may be
more constrained by their dispersal capabilities. Even so, we found that
macaroni/royal penguins exhibited more genetic differentiation com-
pared to other highly dispersive penguin species. This may be explained
by higher levels of natal philopatry in macaroni penguins.
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