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Abstract

Many species are shifting their ranges in response to climate-driven environmental
changes, particularly in high-latitude regions. However, the patterns of dispersal and
colonization during range shifting events are not always clear. Understanding how
populations are connected through space and time can reveal how species navigate
a changing environment. Here, we present a fine-scale population genomics study
of gentoo penguins (Pygoscelis papua), a presumed site-faithful colonial nesting spe-
cies that has increased in population size and expanded its range south along the
Western Antarctic Peninsula. Using whole genome sequencing, we analysed 129 gen-
too penguin individuals across 12 colonies located at or near the southern range edge.
Through a detailed examination of fine-scale population structure, admixture, and
population divergence, we inferred that gentoo penguins historically dispersed rapidly
in a stepping-stone pattern from the South Shetland Islands leading to the coloniza-
tion of Anvers Island, and then the adjacent mainland Western Antarctica Peninsula.
Recent southward expansion along the Western Antarctic Peninsula also followed
a stepping-stone dispersal pattern coupled with limited post-divergence gene flow
from colonies on Anvers Island. Genetic diversity appeared to be maintained across
colonies during the historical dispersal process, and range-edge populations are
still growing. This suggests large numbers of migrants may provide a buffer against
founder effects at the beginning of colonization events to maintain genetic diversity
similar to that of the source populations before migration ceases post-divergence.
These results coupled with a continued increase in effective population size since ap-
proximately 500-800years ago distinguish gentoo penguins as a robust species that

is highly adaptable and resilient to changing climate.
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1 | INTRODUCTION

Species-level range shifts are ongoing phenomena that often occur
during periods of changing climate. While many shifts in species
distributions are attributed to the last deglaciation period approx-
imately 10,000years ago (Van der Putten, 2012), ongoing rapid
climate perturbations are accelerating such events (Germain &
Lutz, 2020; Gervais et al., 2021; Sekercioglu et al., 2008). As sea
temperatures increase, marine species are shifting their range
boundaries poleward as current ranges become unsuitable, and
higher latitude waters provide new refugia of suitable habitat (Perry
et al.,, 2005; Pinsky et al., 2019; Poloczanska et al., 2016). In the
Southern Ocean, however, we are also observing poleward range
expansions in species that are not necessarily shifting their ranges
all together, but rather capitalizing on new suitable habitat. For
example, king penguins (Aptenodytes patagonicus) have colonized
areas on the South Shetland Islands, south of their previous range
edge, while maintaining historical ranges and exhibiting increases in
breeding population size (Foley et al., 2018; Péron et al., 2012; Petry
et al., 2013). Meanwhile, king crabs (Paralomis birsteini) have colo-
nized the Antarctic continental shelf, a region historically too cold
for this species, posing substantial threats to the benthic ecosys-
tem (Aronson et al., 2015; Smith et al., 2012). However, the dispersal
patterns involved in these colonization events, particularly in verte-
brates, are often not known.

Gentoo penguins (Pygoscelis papua), another historically sub-
Antarctic distributed species, have increased in population size
and are expanding their range south along the Western Antarctic
Peninsula (WAP) (Herman et al., 2020; Lynch et al., 2012), where de-
clines in sea ice and increases in precipitation have been linked to a
suite of oceanographic and ecological changes over the last 40years
(Lin et al., 2021; Meredith et al., 2017; Turner et al., 2005, 2013).
Gentoo penguin populations have grown most quickly in areas with
declining sea ice during the pre-breeding season (Lynch et al., 2012),
suggesting sea ice concentrations may be one environmental feature
driving range expansion in this species.

Eight new colonies of gentoo penguins have been established on
the WAP in the last 30years concurrent with local sea ice decline
(Herman et al., 2020). Continued immigration of individuals has been
shown to sustain population growth at least during the early coloni-
zation phase of such colonies (Herman & Lynch, 2022). This move-
ment of individuals was estimated to account for approximately
7.6% of the entire gentoo penguin population on the WAP, a scale
of ongoing range expansion that is to our knowledge unprecedented
in this region. This represented a rare opportunity to study the dis-
persal patterns of range expansion facilitated by changing climate
in real time.

Despite the scale of dispersal involved in this recent southward
expansion, the source populations of individuals and dispersal path-
ways are currently unknown. Identifying source populations can
help to determine the causes and mechanisms of range shifts, as
well as habitat features that facilitate or restrict dispersal. However,
real-time observations of dispersal and colonization events can be

difficult, particularly in highly mobile, pelagic species such as pen-
guins. While advances in tracking technology have improved our
ability to trace the movement of individuals of highly mobile spe-
cies (Hindell et al., 2020), these methods are not easily applied when
source populations are unknown.

Population genomics has been effective at investigating gene
flow among populations of seabirds (Clucas et al., 2018; Cristofari
et al., 2018; Herman et al., 2022; Kersten et al., 2021), but very
few genomics studies address dispersal and colonization patterns
(Friesen et al., 2007). Colonial seabirds provide a natural model
system to examine the relative roles that genetic divergence and
gene flow play in population structure. Seabirds breed along coast-
lines, island clusters, and island chains, where migration models
such as the n-island (random migration among populations inde-
pendent of distance), continent-island (migration from a source to
n-islands), and the stepping-stone models (migration restricted to
adjacent habitat patches) can be tested (Kimura & Weiss, 1964;
Slatkin, 1993). Analogous models have been proposed to describe
seabird colonization, which could take place via geographically
adjacent stepping-stones or be unaffected by geographic dis-
tance and disperse to form multiple new populations from a single
source (Munilla et al., 2016). The patchy colony distribution and
recent range expansion of gentoo penguins on the WAP facilitates
the application of robust genomic methods to examine historical
patterns of colonization and current patterns of migration and
identify any barriers to gene flow.

Here, we present a fine-scale population genomics study of 129
gentoo penguin individuals across 12 colonies along the WAP using
whole genome sequencing, where we explicitly contrast the fit of
our data to (a) a stepping-stone model versus (b) a continental-island
model of dispersal. To our knowledge, this is the first study to use
whole genome-wide approaches to investigate fine-scale popula-
tion structure, demographic history, and dispersal in a top marine
predator in the Southern Hemisphere. Our detailed examination of
a species undergoing rapid and continuing range expansion reveals
a pattern of historical and current dispersal that reflects a modified
stepping-stone model with some post-divergence gene flow and

buffering against founder effects.

2 | METHODS
2.1 | Sample collection

All sampling protocols and procedures employed were ethically
reviewed and approved by Stony Brook University's Institutional
Animal Care and Use Committee (IACUC). During the 2019/2020
and 2021/2022 breeding seasons, we collected blood samples
from 129 breeding gentoo penguins across 12 colonies along the
Western Antarctic Peninsula. Nine of these locations represent po-
tential source colonies for individuals dispersing to recently colo-
nized breeding locations: Damoy Point, Danco Island, Neko Harbour,
Jougla Point, Port Charcot, Joubin Islands, Gerlache Island, Hannah
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Point, and Petermann Island (Figure 1a, circles). Fifteen samples were
collected at each of these sites, except for Damoy Point and Hannah
Point where we collected ten samples from each, and Petermann
Island where we collected three samples. We also collected sam-
ples from three newly established colonies: three samples from
Moot Point, ten samples from Tuxen Rocks, and five samples from
Noble Rocks (Figure 1a, squares). In addition, we collected a blood
sample from a non-breeding individual at Armstrong Reef, a location
approximately 75km to the south of their southernmost range limit
(Figure 1a). We determined breeding status by observing incubation
or chick brooding behaviour to confirm targeted adults were a mem-
ber of a specific colony. 1-2mL of blood was then collected for each
individual and stored in ethanol or DNA/RNA shield at -20°C.

2.2 | DNA extraction, sequencing, and
bioinformatic processing

DNA extractions were performed on collected blood using Qiagen
DNEasy blood and tissue kits. Whole genome resequencing with
150bp paired-end was conducted at Beijing Genomics Institute
(BGI) using their DNBseq technology with a target average cover-
age of ~20x. We aligned raw sequence reads to an indexed gen-
too penguin reference genome (Pan et al., 2019) using BWA (Li &
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Durbin, 2009). We then merged read groups using samtools (Li
et al., 2009) and marked duplicates using Picard (2.20.4). We called
variants using GATK HaplotypeCaller and hard filtered for high-
quality variants following GATK Best Practices recommendations
(McKenna et al., 2010; Van der Auwera & O'Connor, 2020). For
SNPs, we used the following GATK VariantFiltration expression fil-
ters: QUAL <50.0, QD<2.0, FS>60.0, SOR >3.0, and MQ<40.0.
For INDELs, we used the following GATK VariantFiltration expres-
sion filters: QD < 2.0, QUAL <50.0, and FS>60.0. We then ran a
base quality recalibration with GATK BQSR using the hard-filtered
high-quality variants. We then did our final variant calling step using
GATK HaplotypeCaller.

We filtered out likely sex chromosomes by testing for bimodal-
ity of the depth of coverage within each contig using Hartigan's Dip
Test (Hartigan & Hartigan, 1985). Contigs that had a p-value of less
than .05 were considered to be located on a sex chromosome and
removed. We then took the average depth of coverage across all
contigs and removed contigs that were either greater than or less
than 5x coverage from the mean genome-wide coverage to filter out
repeat elements such as transposable elements. This resulted in a
final set containing 5,752,817 SNPs representing ~78% of the full
genome across 398 contigs. Individual 10 sampled from Gerlache
Island showed an unusually high level of homozygosity, consistent
with high levels of inbreeding, and unlike any other individual in the
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FIGURE 1 (a) Map of colony locations on the Western Antarctic Peninsula. Each coloured circle represents a colony established prior
to 20years ago, and each coloured square represents a recently established colony within the past 20years. The dark square with a white
Xindicates Armstrong Reef. Black dots on inset represent all known gentoo penguin colonies. Individual colours are used consistently
throughout the figures to represent each colony. (b) Principal component analysis results from smartPCA of 129 individuals projected onto
PC axes 1 and 2. (c) ADMIXTURE results with k=5. Bars indicate individual samples and vertical white lines separate individual sample
columns by colony. Colours show ancestry clusters with very little admixture. Gentoo penguin artwork by Bryce Robinson.
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dataset, including in Gerlache Island. Therefore, we excluded this in-

dividual from all downstream population genetic analysis.

2.3 | SNP-based population genetic analysis

For one set of analyses, we randomly thinned the SNP dataset to
~100,000 sites using PLINK (Purcell et al., 2007) to control for link-
age disequilibrium. To explore general population structure among
individuals across colonies, we conducted a principal component
analysis (PCA) using smartPCA (Patterson et al., 2006). We also
used ADMIXTURE (Alexander et al., 2009) to perform model-based
clustering ancestry analyses assuming K=2-12. We ran Treemix
on individuals grouped by colony to infer patterns of past popula-
tion divergence (Pickrell & Pritchard, 2012) and included an Adélie
penguin (P. adeliae) genome as the outgroup (Vianna et al., 2020)
(Figure 2). Treemix returns a maximum likelihood tree based on the
allele frequency covariances for the given populations. Migration
edges (admixture events) can be included between populations that
fit the tree poorly, which are indicated by outlying residuals from
the observed allele frequency covariances. Since the maximum
likelihood tree for our data with migration edges did not result in
any significant outlying residuals, migration was not included in the
final model. Tajima's D for each population was calculated from al-
lele frequency spectrum generated using ANGSD. We assessed sig-
nificance by performing 100 simulations of 10 Mbs of sequence (in
chunks of 10kb) under equilibrium using ms (Hudson, 2002) based
on the observed Watterson's theta and calculating Tajima's D for
each simulation. A p-value for the observed data was then derived
by its percentile in the simulated Tajima's D distribution. Finally,
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we implemented estimated effective migration surfaces (EEMS),
an analysis that visualizes regions of a species' distribution where
population divergence deviates from uniform isolation by distance
(Petkova et al., 2016; Figure 3a). EEMS uses MCMC to estimate
migration and diversity parameters by sampling from their poste-
rior distribution given observed genetic dissimilarities. We omitted
samples from Hannah Point in order to highlight fine-scale migra-
tion rates around Anvers Island and the mainland WAP colonies. We
calculated a distance matrix from our thinned SNP dataset using the
program bed2diff_v1 from EEMS. We ran three independent chains
from different starting seeds for 1x10” MCMC iterations (with a
burn-in of 1x 107 iterations and a thinning rate of 5000 iterations)
for each of three different grid sizes (250, 450, and 650 demes). We
ran multiple short runs to choose proposal values for migration and
diversity parameters that had acceptance rates between 20% and
40%. We plotted the log posteriors using the rEEMSplots package
in r to confirm the runs converged and then combined runs from
the three grid sizes to construct the migration surface visualizations
(Petkova et al., 2016).

2.4 | Haplotype-based population genetic analysis

The P.papua genome has a low N50, making haplotype-based popu-
lation genetic analysis difficult. Therefore, we aligned the P.papua
reference genome (for the sex-chromosome filtered contigs only)
to a Megadyptes antipodes reference genome (Pan et al., 2019)
comprising larger, more complete scaffolds using Ragtag (Alonge
et al., 2022) and applied the scaffold merging option. This resulted
in 723 P.papua contigs placed unambiguously across 77 Megadyptes
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FIGURE 2 Treemix analysis that
measures historical relationships among
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T .
0.038 populations. Lengths of branches equal

level of genetic drift.
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scaffolds. We then calculated pairwise linkage disequilibrium (esti-
mated as the r? value using a Pearson's correlation coefficient from
diploid genotypes (Purcell et al., 2007)) for each pair of SNPs span-
ning 10kb on either side of those P.papua contigs proposed to be
adjacent (including all SNPs with minor allele frequency greater than
10% and with a Hardy-Weinberg p-value greater than 1x1078).
The average r? across all pairs was weighted by the inverse of their
physical distance assuming no gap between contigs and compared to
1000 randomly chosen pairs of contigs to generate an empirical p-
value for the target pair. Those pairs with p<.05 (i.e., greater linkage
disequilibrium expected than by chance) were placed on the same
scaffold; otherwise, the proposed Megadyptes scaffold was broken
into two. We only considered final scaffolds >5Mb, resulting in a
new build (Ppap.V1toMegalD_5MB) containing 72 scaffolds span-
ning ~766Mb (~58% of the complete genome). Seven scaffolds in
this new build were between 20 and 40 Mb and 26 were greater
than 10Mb (compared to 0 and 12 scaffolds in the original build,
respectively).

We created a chain file and converted genotyped coordinates
from P.papua to Ppap.V1toMegalD_5MB using the LiftOverVCF
function in GATK and phased the resulting VCF using Shapeit4
(Delaneau et al., 2019). We then used LDHelmet to construct a
linkage-disequilbrium-based recombination map (Chan et al., 2012)
using the combined samples of Neko Harbour and Danco Island. A
grid of p values was set to -r 0.0 0.1 10.0 1.0 and 100.0 and set
to -t 0.0007. We calculated 11 Padé coefficients using pade (Chan
et al.,, 2012) with a population scale mutation rate of 0.0076. We
then estimated a recombination map by running rimcmc (Chan
etal., 2012) for 1x 10° MCMC iterations with burn-in rate of 10,000,
a window size of 50, and block penalty of 50.0. We determined the
final p-scaled recombination map from the 50% percentile of the
sampling distribution, with interpolation used to determine p be-
tween SNPs. Finally, we converted the recombination map to cen-
tiMorgans assuming=4N_u and p=4 N, where=0.0007, u=1.5
%1078 (Bergeron et al., 2023) and thus N,=11,667. We controlled
for a minority of regions with spuriously high estimated p by capping
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the maximum value by the 99th percentile of the genome-wide
distribution.

We inferred tracts of identity-by-descent (IBD) using
Refined IBD and the recombination map generated above
(Browning & Browning, 2013). We accepted any IBD segment
with a LOD score>3 and constructed a haplotype network of
tracts using ForceAtlas2 edge-node algorithm in Gephi (Jacomy
et al., 2014, Figure 3b). We used PLINK to determine runs of ho-
mozygosity (ROH) (--homozyg --homozyg-window-snp 1000
--homozyg-window-missing O --homozyg-density 1 --homozyg-gap
1000 --homozyg-window-threshold 0.05 --homozyg-window-het
1) and summed the total number of ROH per population using all
segments (Figure 4a), and then only segments greater than 5 cen-
timorgans (Figure S6). We excluded Moot Point, Petermann Island,
and Armstrong Reef due to low sample sizes. We estimated genome-
wide geneaologies using Relate (Speidel et al., 2019, Figure 4c). We
estimated historical population size and pairwise separation histories
between populations assuming a per-generation mutation rate of 1.5
%1078 based on Adélie penguins (Bergeron et al., 2023) and assumed
a generation time of eight years. Finally, we used FineSTRUCTURE
to perform chromosome painting on dense haplotype data and per-

form population clustering analyses (Lawson et al., 2012) (Figure S3).

2.5 | Model fitting using fastsimcoal2

To test which dispersal patterns could best explain the observed ge-
netic structure, we used an approach implemented in fastsimcoal2
(Excoffier et al., 2009) that estimates a composite-likelihood based
on coalescent simulations in order to fit a demographic model and
associated parameters to observed site frequency spectrum (SFS).
We compared three dispersal models: a stepping-stone (SS) model of
colonization, continent-islands models with independent migration
rates (Ci-IM) among populations, and a continent-islands model with
a single migration rate (Ci-SM) among populations (Figure 5). For this
analysis, we used Hannah Point as the primary source population
for both models. We chose the Gerlache Island population over the
Joubin Islands population to represent the West Anvers cluster due
to the former having fewer ROH (Figure 4a). We randomly selected
Jougla Point and Neko Harbour to represent the East Anvers cluster
and Northern cluster, respectively. We omitted the Southern cluster
from analysis in order to reduce the complexity of the demographic
model, as our assumption was that the Northern and Southern clus-
ters would have the same divergence time from East Anvers cluster
under our proposed SS model. We generated six folded pairwise
joint site frequency spectra (2D-SFS) among Hannah Point, Gerlache
Island, Jougla Point, and Neko Harbour using ANGSD (Korneliussen
et al., 2014). Based on the significantly positive Tajima's D values
for all populations and RELATE Ne trajectories, we included a his-
torical population decline event between the ancestral population
and Hannah Point in both models. All Ne parameters were set to be
constant over time and were drawn from a log-uniform distribution

with range [10, 10%]. Ne for extant lineages were set as constant

over time since their divergence from a most recent common ances-
tor population. We simulated three historical divergence events for
the stepping-stone model in which each divergence time parameter
was drawn from log-uniform distribution with range [10, 10°]. We
bounded the lower range of each divergence event by the preced-
ing divergence event to simulate a stepping-stone pattern. For both
Ci-IM and Ci-SM models, we simulated one historical divergence
event where Gerlache Island, Jougla Point, and Neko Island diverged
simultaneously from Hannah Point. We allowed for independent mi-
gration rates between adjacent populations in the SS model, while
allowing for independent pairwise migration rates among all popula-
tions in the Ci-IM, and only a single migration rate among all popula-
tions in the Ci-SM model (Figure 5). Parameter estimates for each
migration rate were drawn from a uniform distribution with range
[O, 10_2]. When fitting our observed data, we performed 100,000
simulations per set of parameters with 40 conditional maximization
cycles, and, as suggested by the manual of fastsimcoal2, each dis-
persal model was run independently 100 times with different seeds
to ensure they were converging in the global maximum likelihood
rather than a local maximum. We then selected the best simulation
runs based on the highest maximum estimated likelihoods for each
model and conducted Akaike information criterion (AIC) model com-
parisons. Summary statistics estimation and plotting of 1D and 2D
SFS were performed using tools in dadi (Gutenkunst et al., 2009).

3 | RESULTS
3.1 | Genomic population structure

We performed whole genome resequencing for 129 individuals
from 12 colonies at ~18x mean coverage. A PCA revealed five dis-
crete clusters in genotypic (PC1 and PC2) space that corresponded
closely with geographic location (Figure 1b). Gentoo penguins at
Hannah Point formed their own cluster. The Northern cluster on
the WAP consisted of Danco Island and Neko Harbour. Interestingly
the non-breeding individual sampled at Armstrong Reef more than
75km away fell within this cluster. The cluster on the eastern side
of Anvers Island consisted of Jougla Point, Noble Rocks, and Damoy
Point, with the latter being clearly distinguishable in the PC space.
Gerlache and Joubin Islands clustered on the western side of Anvers
Island, though the latter showed greater spread. The Southern
cluster consisted of Port Charcot and Petermann Island, two larger
and older established colonies, and Moot Point and Tuxen Rocks,
two colonies recently established within the last 15years (Herman
et al., 2020). While Port Charcot and Tuxen Rocks overlapped in
PC space, the latter were generally more shifted along PC2, corre-
sponding with their more southern latitude.

Model-based clustering analysis via ADMIXTURE with k=5
confirmed the strong geographic clustering identified by the
PCA, with little to no evidence of significant admixture (Figure 1c;
Figure S1). Beyond k=6, no meaningful structure was observed.
Results also indicated that the most recently established colonies
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FIGURE 4 (a) Violin plots showing
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sampled at the range edge, Moot Point and Tuxen Rocks, were
likely sourced from the closest adjacent colonies sampled, Port
Charcot and Petermann Island. This indicated that gentoo penguin
southern range expansion is likely sourced by the nearest range-
edge colonies. However, the non-breeding individual sampled at
Armstrong Reef again clustered with the northern colonies, sup-
porting the PCA results.

Reconstruction of population divergences based on patterns of
genetic drift using Treemix (Figure 2) supported the five discrete
clusters found in the PCA and ADMIXTURE results. Introducing
migration edges did not improve the model fit based on remaining

Years (u = 1.5x10-8, generation time = 8)

residuals with no migration and were therefore omitted (Figure S2).
The topology of the resulting dendrogram revealed an early split be-
tween Hannah Point in the South Shetland Islands and all colonies
sampled from the Western Antarctic Peninsula (Figure 2). The East
Anvers cluster split from the West Anvers cluster, and the Southern
cluster and Northern cluster formed a clade that split from an an-
cestral population likely closely related to the Damoy Point colony
(Figure 2). These results suggest gentoo penguins colonized Anvers
Island first and moved from west to east in a stepping-stone fash-
ion before colonizing this region of the mainland WAP. An unrooted
dendrogram of individuals constructed using FineSTRUCTURE
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FIGURE 5 Schematics of the three dispersal models. Parameters are labelled accordingly and respective AIC values from best simulation

runs are provided.

(Figure S3) supported the general topology of the population-based
results of Treemix and grouped the individual from Armstrong Reef
with individuals sampled from Danco Island, suggesting the vagrant
likely originated from this colony rather than Neko Harbour.

IBD segments were generally short and ranged from 1.5 to 3.8
centimorgans, indicating no major recent episodes of gene flow. A
total of 89 shared segments were inferred, with 36 segments shared
among individuals from different colonies. Individuals from Hannah
Point, Danco Island, and Neko Harbour shared no segments with
individuals from other colonies (including those belonging to the
same PC and ADMIXTURE clusters), suggesting these colonies had
experienced extensive genetic drift since colonization events, with
little post-divergence gene flow from the other colonies sampled. In
contrast, a large network of shared IBD tracts connected individu-
als from all colonies around Anvers Island and the Southern clus-
ter (Figure 3b). Notably, the network was made up of three primary
components: (i) some shared segments among the southern colonies
and the East Anvers cluster (including Damoy despite no overlap
in the PCA), (ii) some shared segments among the Western Anvers
cluster, and (iii) many shared tracts among individuals from all four
populations in the Southern cluster, likely reflecting the recent com-
mon ancestry of these newer colonies. The latter had some shared
tracts with both the East and West Anvers cluster possibly reflecting
limited gene flow between Anvers Island and the mainland after di-
vergence had occurred.

Explicitly modelling gene flow spatially using EEMS migration
suggested reduced migration rates between Anvers Island and main-
land WAP (Figure 3a), while migration rates between Joubin Islands
and Gerlache Island were at least tenfold higher than the region av-
erage, with no areas of reduced migration rates between the West
Anvers cluster and the Southern cluster. However, these results are
likely a vast oversimplification of migration surfaces. Because EEMS
requires the input of a single closed polygon for spatial analysis, we
were not able to include all of the islands and islets present around

the Antarctic Peninsula, making it difficult to infer all physical barri-
ers to gene flow.

Estimates of population genetic diversity (8,,,0,) and individual
genome-wide heterozygosity for the two newest colonies, Moot
Point and Tuxen Rocks, were not markedly different from the other
more established historical colonies in the Southern cluster, Port
Charcot and Peterman Island, showing that despite being only re-
cently founded (<15years), they maintained much of the same ge-
netic diversity as their progenitors, rather than evidence of showing
strong founder effects (Table S5).

While the above estimates provide an overall measure of genetic
diversity over the long term, we then performed a series of analyses
that examined how diversity may have been structured at different
points in gentoo population history. Individuals from Joubin Islands
and Port Charcot had the highest number of ROH greater than both
1 and 5cm, followed by Tuxen Rocks (Figure 4a, Figure S6), suggest-
ing relatively small recent effective population sizes (N,). Gerlache
Island had the next highest number of ROH greater than 5cm
(Figure S6). All other colonies had much fewer ROH greater than
1cm (Figure 4a), and Jougla Point, Noble Rocks, and Neko Harbour
had zero ROH greater than 5cm (Figure Sé). Allele frequency spec-
tra for each population demonstrate a relative deficiency of sin-
gletons, and Tajima's D estimates were all significantly above zero
(Figure S4, Table S5), indicating that all populations went through
a population decline at some point in the past. We used Relate to
determine genome-wide genealogies and used the coalescent rate
to model changes in N for each individual population over the last
~500,000years (Figure 4c) as well as cross-coalescent rates be-
tween pairs of populations to model periods of reduced gene flow
(Figure S7). All populations followed the same declining N, trajec-
tory until approximately ~500-1000years ago, presumably reflect-
ing the positive Tajima's D values. Populations appeared to then
begin diverging and all populations experienced significant increases
in N_. Danco Island and Hannah Point had the highest most recent
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N, interval estimate, while Port Charcot and Tuxen Rocks followed
by Joubin Island had the lowest (Figure 4b), supporting the observa-
tion of increased ROH in these latter populations (Figure 4a). Among
populations from different clusters, cross-coalescent rates showed
clear evidence of reduced population gene flow, while pairs of pop-
ulations within clusters were largely indistinguishable. Interestingly
the timing of onset of reduced gene flow between all five clusters
appears quite similar, suggesting the expansion across the WAP oc-

curred quite rapidly.

4 | MODEL COMPARISON

We used the composite-likelihood approach implemented in fast-
simcoal2 to compare the fit of three potential colonization models
to our observed data: a stepping-stone model (SS) of colonization,
continent-islands models with independent migration rates (Ci-IM)
among populations, and a null continent-islands model with a single
migration rate (Ci-SM) among populations (Figure 5). We included a
historical population decline event between the ancestral popula-
tion and Hannah Point in all three models based on the significant
Tajimas' D values and RELATE analysis (Figure 5). To ensure our
model was not overparameterized and prevent overfitting, we did
not model growth in individual clusters, included only one repre-
sentative population per cluster, and excluded the Southern clus-
ter under the assumption that it would be similarly diverged from
the East Anvers cluster as the Northern cluster under the SS model.
Thus, we fit 2D-SFS for Hannah Point, Gerlache Island, Jougla Point,
and Neko Harbour.

The AIC estimator for the SS model was found to be the best fit
of the data (AIC=1.622 x 10®), followed by the Ci-IM (AIC=1.624
x 10%) and the Ci-SM (AIC=1.633 x 10°). In fact, the likelihood of the
SS model was higher than the Ci-IM model despite possessing less
parameters (Table S8). Visual inspection of the observed versus best
model 1D (Figure S9) and 2D-SFS (Figure S10), and their residuals
showed generally a very good fit, the only major discrepancy being
a slightly wider model 2D-SFS, which may be due to an excess of
intermediate frequency singletons in Hannah Point that could not
be fit by any of three models SFS-based summary statistics (@W,
@r, Tajima's D, and Fg;) were also in broad agreement, apart from
the model pairwise F¢;s involving Hannah Point, which, consistent
with the wider model 2D-SFS, were larger than the observed values.

The estimated divergence times for the stepping-stone model
(T,, T,, and T,) were all fairly recent (~1-20 kya, assuming 8years
per generation), though these were older than that inferred from
RELATE. However, this discrepancy is almost certainly a result of
the fact that RELATE allows populations to separate gradually with
reduced gene flow rather than enforcing an instant divergence
with subsequence long-term gene flow. Similarly, the time of the
population bottleneck (TO) was estimated on the order of 1 x10°
years, which would be compatible with the long-term decline over
hundreds of thousands of years observed in our RELATE analy-
sis. Migration was found to be higher between the West and East
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Anvers cluster (mig, =~1 x 1072 n units of proportion of migrants per
generation) than between Hannah Point and West Anvers (mig,=~2
X 10_3), while the lowest rate between East Anvers and the Northern
cluster (migy=~5 x107%).

Though it could not fit the data as well as the SS model, it was
noteworthy that allowing migration rates to vary among populations
significantly improved the model fit in the Ci-IM compared to the Ci-
SM, and the estimated rates showed a pattern mimicking a stepping-
stone model of migration, with relatively high migration between
neighbouring demes (~1 x 1072 4 x107%), and like the SS model, and
low migration with Hannah Point (~1 x 107).

5 | DISCUSSION

We tracked the ongoing climate-driven range expansion of gentoo
penguins in Antarctica genetically, revealing a stepping-stone model
of dispersal buffered against founder effects. We characterized the
population genetic structure and evolutionary history of gentoo pen-
guin colonies along the WAP using a high-coverage whole genome
sequencing approach. We identified a region of fine-scale genetic
differentiation among five discrete population clusters that cor-
respond closely to geographic location (Figure 1a,b). Demographic
modelling using fastsimcoal2 provided evidence for a stepping-stone
pattern of dispersal and colonization, in which Anvers Island was
likely colonized by gentoo penguins that originated in the South
Shetland Islands (represented by Hannah Point) and then continued
to disperse east quite rapidly along the southern coast of Anvers
Island before colonizing the mainland of the WAP (Figure 6). Gentoo
penguins from the Northern cluster and Southern cluster were likely
sourced by individuals from the cluster east of Anvers Island based on
the Treemix results. Our results also indicated that the most recently
established colonies sampled at the range edge, Moot Point and
Tuxen Rocks, were likely sourced from the closest adjacent colonies,
Port Charcot and Petermann Island. Thus, gentoo penguin southern
range expansion is likely continuing in a stepping-stone pattern of
dispersal, with the leading edge of expansion acting as the source
of colonizing individuals for continued expansion. Surprisingly, a va-
grant individual found at Armstrong Reef likely came from the Danco
Island in the Northern cluster (Figure 1b,c, Figure S3), suggesting
that gentoo penguins may sometimes disperse beyond the expected
stepping-stone pattern, though this individual was not breeding.
The Northern and Southern clusters did not share any IBD
segments despite being the most genetically similar, whereas the
Southern cluster shared IBD segments with the East Anvers cluster.
Our stepping-stone dispersal and colonization model could explain
these IBD results. If colonization of mainland WAP stemmed from a
single historical colonization event originating from the East Anvers
Island cluster, individuals may have dispersed and colonized in a
stepping-stone pattern north along the mainland WAP, eventually
colonizing the Northern cluster and becoming genetically differen-
tiated (Figure 6). The presence of multiple established gentoo pen-
guin colonies along the mainland WAP south of the Northern cluster
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supports this concept (Figure 6). Meanwhile, gentoo penguins from
the same historical colonization event on the mainland WAP began
dispersing south and colonizing the area at the range edge where
the Southern cluster is located, resulting in divergence between the
north and south (Figure 6). Some limited post-divergence gene flow
from the West and East Anvers Island clusters may have also oc-
curred during this southward expansion, reflecting our IBD results
(Figure 3b). This is also supported by the EEMS visualization showing
patches of reduced gene flow between the Northern and Southern
clusters, indicative of the Northern cluster becoming isolated over
time, and slight extension of increased gene flow from the Western
Anvers cluster towards the Southern cluster with no patches of re-
duced gene flow between them (Figure 3a).

The earliest known presence of gentoo penguins on the Antarctic
Peninsula was at Potter Peninsula on King George Island dating back
to the mid-Holocene, or 4450-4550B.P. (Del Valle et al., 2002), while
the earliest known gentoo penguin breeding colony was located on
Byers Peninsula on Livingston Island dating back 1150B.P. (Emslie
et al, 2011), at least 2000years after the island was deglaciated
(Ingdlfsson et al., 2003). Emslie et al. (2011) suggested that gentoo
penguins may have been slow to colonize recently deglaciated regions
at that time, which is supported by our findings of a signal of population
expansion started roughly 500-800years ago after a decline in effec-
tive population size since approximately 20,000 B.P. While Relate re-
sults are highly dependent on input parameters and should therefore
be interpreted with caution, the decline in historical population size
may have coincided with the last glacial maximum (LGM) during which
the ice shelf extended to the continental shelf (Davies et al., 2012),
making the region unsuitable for gentoo penguins that had to take
refuge on the closest sub-Antarctic islands such as South Georgia
and the South Sandwich Islands. In contrast, two studies that used

Antarctic
Peninsula

mitochondrial marker HVR-1 (Clucas et al., 2014; Pefia M et al., 2014)
detected signals of population expansion estimated around 13,000
and 15-20,000years ago, respectively, suggesting that the popula-
tions were expanding soon after the last LGM out of glacial refugia.
This order of magnitude difference in results may be due to known is-
sues with mitochondrial markers as unreliable for inferring population
history without the inclusion of fossil calibrations (Allio et al., 2017;
Galtier et al., 2009) and also may reflect differences in effective pop-
ulation size and gene flow as a result of sex-specific processes (Weir
et al., 2016). Whole genome sequencing, however, provides high res-
olution with greater accuracy for inferring demographic histories, and
our results likely provide an update on these historical population
sizes and demographic history of gentoo penguins to the literature.
Furthermore, the lack of paleofossil evidence prior to 4550 B.P. also
supported our inferred timing of historical population expansion (Del
Valle et al., 2002; Emslie et al., 2011), though it is possible that earlier
fossil evidence has yet to be discovered.

While range expansion could be considered beneficial for a
species, there can be genetic consequences such as low genetic
diversity at the leading edge. In the case of a species following a
stepping-stone dispersal pattern during range expansion, genetic
diversity can diminish with distance (Excoffier et al., 2009; White
et al., 2013). Surprisingly, the gentoo penguin colonies sampled ex-
hibited very little evidence of founder effects. Instead, the effective
population sizes of colonies increased at a similar rate as popula-
tions diverged over time (Figure 4c). Multiple estimates of genetic
diversity (Table S5) were relatively high and similar across all colo-
nies, including those less than 15years old where such founder ef-
fects would be expected to be most pronounced, suggesting large
numbers of individuals migrate to new locations during the initial
colonization phase rather than a few individuals. This is true even
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of the Southern cluster colonies, which are known to be recently
established, and yet had only a moderate increase in ROH and
short between-colony IBD segments consistent with only a minor
decrease in effective population size. Herman and Lynch (2022)
found that continued - and in some cases increasing - immigration
is essential for observed population growth in recently colonized
gentoo penguin colonies, which is supported by our findings. This
may help to buffer nascent colonies from Allee effects, as colonial
seabird fledglings are vulnerable to predation and larger cohorts re-
duce the probability of being depredated (Schippers et al., 2011). In
the closely related Adélie penguin, it has been shown that fledgling
survival is inversely related to cohort size due to a combination of
increased predation risk by aerial predators at the colony, by marine
predators at sea, and by reduced cooperative behaviour for forag-
ing efficiency (Emmerson & Southwell, 2022). The ongoing disper-
sal behaviour of gentoo penguins may therefore be an evolutionary
adaptation that has allowed the species to increase in number and
expand their range in recent decades, demonstrating robustness to
environmental changes and predator presence.

A meta-analysis by Friesen et al. (2007) found that isolation
by distance was present in many colonial seabird species, but ev-
idence of long-range colonization in other species suggested that
distance is not a universal barrier to dispersal and colonization. This
was demonstrated by the gentoo penguin sampled at Armstrong
Reef that likely came from Danco Island, approximately 215km
to the north. Seabirds are known to carry out prospecting be-
haviours to evaluate future potential breeding locations, with this
behaviour particularly common in pre- or failed breeders (Campioni
et al., 2017; Ponchon et al., 2017). Individual variation in the spatial
scale of prospecting and dispersal behaviours is found throughout
seabirds (Phillips et al., 2017; Ponchon et al., 2017), and it is possible
that such variation in gentoo penguins may be inherent plasticity
in response to environmental changes. There is some evidence of
selection against immigration in wild seabird populations. For ex-
ample, individuals who immigrate from their natal breeding colonies
to other locations have lower fitness than individuals who remain at
their natal breeding grounds (Barbraud & Delord, 2021). However,
dispersal may outweigh this disadvantage if the current breeding lo-
cations have reached nest-site carrying capacity, forcing individuals
to disperse to other locations to breed (Acosta Alamo et al., 2022),
or in response to changes in local environmental conditions (Barros
et al., 2013; Garnier et al., 2023; Mgller et al., 2006). This suggests
there is likely an adaptive advantage in individual variation in disper-
sal behaviours that override distance barriers, and gentoo penguins
may sustain this variation in behaviour.

In conclusion, our study showed a fine-scale and complex
network of historical and recent dispersal events indicative of
the stepping-stone model of dispersal, illustrating how gentoo
penguins have spread and colonized along the Western Antarctic
Peninsula. However, the detection of post-divergence gene flow
and minimal population bottlenecks suggests a less dramatic form

of the classic stepping-stone model. This method of dispersal
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likely serves as a buffer against founder effects, exemplified by
the robustness of gentoo penguin populations and their contin-
ued southward expansion. To our knowledge, this study is the first
to use whole genome resequencing to investigate such fine-scale
networks of dispersal in a species undergoing range expansion.
Harnessing high-resolution genomic data to explore such systems
provides an effective tool for determining dispersal networks in
species that are otherwise difficult or impossible to track using
alternative methods. Such results provide a foundation for the
forecasting of distributions of species undergoing range expansion
and shifts in response to climate-driven environmental changes.
Our findings of sustained genetic diversity and population growth
at the range edge, coupled with evidence of more southerly pros-
pecting, highlight the need for ongoing monitoring of gentoo pen-
guins on the West Antarctic Peninsula as it is clear their range

expansion may be ongoing.
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