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Changes in climate and environment can impact the sustainability of populations and biodiversity. Under-
standing population genetic diversity in the past and present can help us better predict species’ responses to
future environmental change. Antarctica has experienced drastic environmental change which threatens its
biodiversity. In this study, we characterized the phylogeography and population genetic structure of Belgica
antarctica, a wingless midge that is endemic to the western Antarctic Peninsula. This insect has adaptive features
to withstand extremes in temperature, salinity, humidity, anoxia and pH. Belgica antarctica is widespread on
widely dispersed islands of ice-free habitat, but questions remain regarding its genetic history, diversity and gene
flow. We created nuclear-based, single nucleotide polymorphism (SNP) markers and genotyped 229 individuals
from 11 populations to examine historical and current population genetic patterns. Our results support recent
divergence among populations on different islands within the last 1 Mya. Furthermore, despite a lack of wings,
B. antarctica exhibited frequent migration among islands, perhaps via ocean currents or phoresy with Antarctic
vertebrates (e.g. seabirds). The close link between the evolutionary history of B. antarctica and the region’s
environment and ecology emphasize the importance of understanding its population dynamics to predict its
persistence under environmental change.

considerable impacts on both its landscape and biodiversity (Vaughan
and Doake, 1996; Cook et al., 2005; Turner et al., 2009; Thomas et al.,

1. Introduction

Species inhabiting extreme or fluctuating environments offer valu-
able insights on how the distribution of genetic variation influences
population and species persistence. Since the contributors of biodiver-
sity (e.g. genetic diversity, gene flow) inform our predictions on the
consequences of climate change (Atkins and Travis, 2010), it is critical
to measure genetic variation in the most vulnerable species. Many spe-
cies have already encountered extirpation or range contraction due to
climate change’s environmental impacts, especially in polar regions
(Hill et al., 2011; Norberg et al., 2012; Robinson 2022). One important
region is the Antarctic Peninsula, where extreme environmental change
in recent decades, such as rapid warming exceeding 2.5 °C, has had

2009).

In addition to the recent climate change, past geologic and envi-
ronmental events continue to influence Antarctic biodiversity (Convey
et al., 2018). After continental separation and additional volcanic ac-
tivity, rapid cooling established major ice sheets during the late Miocene
and early Pliocene (5-3 Mya). The Pleistocene period (2 Mya — 12,000
ya) included multiple glacial and inter-glacial events which caused cy-
cles of isolation (e.g. glacial refugia) and connectedness (Webb and
Harwood, 1991; Ingélfsson, 2004; Convey et al., 2009). These geological
and temperature changes also altered the oceanic currents that impact
local environmental conditions (Boning et al., 2008; Sokolov and
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Rintoul, 2009). The Antarctic Circumpolar Current (ACC), which
developed in the late Oligocene (Kennett et al., 1975), connects all
global ocean basins, transporting sediments, nutrients and heat. The
ACC, which flows from west to east around the continent, may be an
effective marine barrier to dispersal between Antarctica and neigh-
boring continents for most species due to its force (Clarke et al., 2005;
Fraser et al., 2012). However, transport could occur across the ACC via
eddies and regional currents that form within the complex current for-
mations (Clarke et al., 2005). The patterns of currents can also fluctuate
under rapid climate change (e.g. storms and warming, see Fraser et al.,
2018). The most relevant of these is the recently described Antarctic
Peninsula Coastal Current (APCC), which flows both north and south
from a point located near Trinity Island (close to Spert Island, the
northernmost point in our collections, see Fig. 1) along the west coast of
the Antarctic Peninsula (Moffat et al., 2008; Moffat and Meredith,
2018).

Vicariance, wind and currents tend to isolate Antarctic terrestrial
biota, which display very strong signals of regional differentiation.
Molecular phylogenetic and phylogeographic data suggest that regional
differentiation and species endemism are the norm rather than the
exception (Greenslade, 2018; Collins et al., 2019, 2020; Carapelli et al.,
2020a,b). Antarctic species exhibit a high frequency of endemism
(Greve et al., 2004; Pugh and Convey, 2008; Griffiths et al., 2009) and
ancient species origins (Convey and Stevens, 2007; Convey et al., 2008;
Vyverman et al., 2010). At a larger, regional scale there is very limited
sharing of mite, springtail or nematode species between the Antarctic
Peninsula and the continent across the Gressitt Line at the base of the
Peninsula (Maslen and Convey, 2006; Chown and Convey, 2007; Convey
et al., 2020). Barriers to migration and gene flow result from conspic-
uous impediments such as glaciers and the sea, along with others that
may be less conspicuous such as the prevailing wind direction or related
to extreme environmental events (Chown and Convey, 2007). Many
islands in the Western Antarctic Peninsula have specific microhabitats
related to their respective abiotic and biotic conditions. Islands differ in
temperature, wind exposure, and terrestrial biodiversity which include
common vertebrates (seals and sea birds such as penguins and shags) but
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also small invertebrates, plants and microbes (Convey, 2017). Many of
these species have already been impacted by recent and drastic climate
change (Ingels et al., 2012). For example, Emperor penguins may be
extinct by 2100 (Jenouvrier et al., 2021), and other sea birds have
shifted their abundances, distribution and foraging ranges (Croxall
et al., 2002; Casanovas et al., 2015; Schrimpf et al., 2018; Korczak-Ab-
shire et al., 2020). Changes in vertebrate community abundance and
distribution are likely to cascade to lower trophic levels, which comprise
the majority of Antarctic terrestrial biodiversity.

A notable, endemic resident of the western Antarctic Peninsula re-
gion is Belgica antarctica (Fig. 1A, B), a brachypterous midge (Family:
Chironomidae) thought to be of ancient origin within the region
(approximately 49 Mya) (Allegrucci et al., 2006). The life cycle of
B. antarctica extends over two years, during which the insect overwinters
in its larval stage (Sugg et al., 1983), overcoming extreme freezing
temperatures along with other stressful environmental conditions.
B. antarctica exhibits a number of physiological traits characteristic of
extremophiles, including resilience to wide variations in salinity, pH and
water availability, and year-round freeze tolerance (Lopez-Martinez
et al., 2008; Elnitsky et al., 2009; Goto et al., 2011; Teets and Denlinger,
2014). Based on the mitochondrial gene cox1, populations on different
islands show genetic differentiation and recent divergence within the
last 1 million years (Allegrucci et al., 2012). However, data from a
broader range of the genome is necessary to fully characterize diversity
and structure in the western Antarctic Peninsula, which will lead to a
better understanding of how genetic differentiation is distributed in
B. antarctica, and how it may be impacted under current and future
climate change.

In this study we characterized the evolutionary history and popula-
tion genetic structure of B. antarctica in the western Antarctic Peninsula
and investigated the potential for gene flow in a wingless insect
distributed on several islands. Our goal was to use nuclear based mo-
lecular markers to confirm the recent divergence suggested by mtDNA,
but also determine the current levels gene flow and population struc-
ture. We used B. antarctica collections from 11 populations and 7 islands
(Fig. 1). We included phylogenetic reconstruction with molecular

~~
C
W <
V'
Spert r=
Pere
A
Gand P /
@ ~
Dream Z
Humble
Cormoran #=Dream
v
[o N
Berthelot Humble 1_’“
v
/"4 .
4
N Cormorant
c Cape Evensen 100 km D N
/ ]

Fig. 1. Belgica antarctica (A-larvae; B-adult) and sampling locations. Samples were collected by hand among sites along the western coast of the Antarctic
Peninsula (C). Note: Trinity Island is located near Spert Island. Dream, Humble and Cormorant Islands (D) are geographically proximate near the Palmer Research
Station (Black square in D) (C, D images taken from GoogleEarth). Colored arrows represent predominant ocean currents (red: Antarctic Peninsula Coastal Current;

orange: Antarctic Circumpolar Current based on Moffat and Meredith (2018)).



H. Edgington et al.

dating, Approximate Bayesian Computation Random Forests (ABC-RF)
and estimates of admixture and migration rates to reconstruct patterns
of genetic variation and diversity over both historical and recent time
scales. Our data can provide information for possible conservation and
persistence of Antarctica’s only free-living insect.

2. Materials and methods
2.1. Biological material and DNA extraction

Individual larvae were hand collected from 11 populations distrib-
uted on 7 islands in the western Antarctic Peninsula, spanning >350 km,
in 2008 and in 2010 field seasons (Fig. 1, Table 1). We collected from 3
islands near the Palmer Research Station (i.e. Palmer group: Humble,
Cormorant and Dream Islands); from these islands we included multiple
collections to estimate genetic structure on a microgeographic scale.
Samples were preserved in ethanol or frozen in liquid nitrogen, stored at
—80 °C, and transported to the Michel Laboratory at The Ohio State
University—Wooster, Ohio. Genomic DNA was extracted using the
DNEasy Blood and Tissue kit (Qiagen Inc., Germantown, MA), eluted in
50 pL of TE buffer (10 mM Tris-HCI pH 8.0 and 1 mM de EDTA pH 8.0)
and stored at —20 °C.

2.2. SNP marker panel construction

Full details of marker construction can be found in Supporting In-
formation 1. Given that our goal was to produce a core panel of nuclear
based polymorphic SNPs for use in population genetic analyses, we first
screened whole-genomes for polymorphism using two populations.
Briefly, 24 individuals from Humble and Dream Island (12 each island)
were whole-genome sequenced with paired-end chemistry on a HiSeq
2500 System (Illumina Inc., San Diego, CA). Each individual had its own
sequencing library, indexed with Illumina specific barcodes and pooled
prior to sequencing on one lane. We processed Illumina’s raw reads with
Trimmomatic v0.39 (Bolger et al., 2014) to remove sequencing adapters
(with “ILLUMINACLIP:TruSeq3-PE.fa:2:30:10”) and to remove low
quality reads and bases (we scanned and removed bases in
four-nucleotide windows, cutting the base when quality drops below 20
PHRED score, and removed reads with minimum length <50 bases, with
SLIDINGWINDOW:4:20 MINLEN:50). Reads that passed quality the
quality control were aligned to the available reference genome (Kelley
et al., 2014) with Bowtie2 v2.2.6 (Langmead and Salzberg, 2012) using
default parameters. SAMtools v1.2 (Li et al., 2009) was used to convert
SAM to BAM, to sort the BAMs, and remove PCR duplicates. A total of
225,244,498 reads uniquely mapped to the reference genome (with
mapping quality, MAPQ > PHRED 30), yielding a mean read mapping
coverage of 6.45 x . After filtering with Vcftools v0.1.15 (Danecek et al
2011), we retained only biallelic SNPs with a genotype quality (GQ)

Table 1

Information on collection sites for B. antarctica. N represents the number of in-
dividuals of each population that we retained after initial amplicon sequencing
processing and filtering.

Population  Island Latitude Longitude Collection N
Year
Bl Berthelot 65°50.70'S  60°56.90W 2008 10
C1 Cormorant 64°47.60'S 63°57.87'W 2010 31
c2 Cormorant 64°47.63'S  63°58.06'W 2010 32
CE Cape 66°08.70'S  65°43.40'W 2008 8
Evensen
D1 Dream 64°43.53'S 64°13.40'W 2010 28
D2 Dream 64°43.54'S  64°13.55W 2010 31
GI Gand 64°24.40'S  62°48.60W 2008 7
HD Humble 64°45.90'S 64°04.100W 2010 23
HO Humble 64°45.87’S  64°05.31'W 2010 31
HP Humble 64°45.89'S  64°05.13'W 2010 25
S1 Spert 63°50.70'S  60°56.90W 2008 3
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quality higher than 20 PHRED score and mean-site depth between 30
and 80 reads, and present in at least 80% of the individuals. We initially
identified 1260 SNPs in total from the Dream and Humble populations
with mean-site depth of ~50X, mean GQ ~70, Root-mean-square
mapping quality of covering reads (MQ) > 10 (see Supplemental In-
formation 1).

We further refined our SNP list to develop a core set for larger
population genetic analyses. Our goal was to find polymorphic SNPs
within individual amplicons (~150bp long) that could be analyzed with
the Fluidigm Access Array, which sequences 48 unique amplicons
simultaneously. In this core set, we included SNPs if they passed the
following filtering criteria: 1) no significant deviation of Hardy-
Weinberg equilibrium based on Fisher’s exact tests (See Supporting In-
formation 1, Section IV); 2) evidence of both homozygote and hetero-
zygote genotypes among all sequenced individuals; and 3) were at least
5 bp apart from another SNP in the scaffold. Based on this approach and
from the preliminary sequencing, we developed 48 amplicons that
included at least 1 SNP.

2.3. Amplicon sequencing & genotyping of B. antarctica populations

The 48 amplicons (see declaration of supporting data on GitHub)
isolated from our initial marker development were sequenced from a
total of 235 individuals (see Table 1; this also included the same 21
individuals from Humble and Dream Island from the whole genomic
sequencing). Samples were sequenced in two batches, with 5 samples of
the first batch repeated in the second batch for quality control, providing
a total of 240 libraries. Prior to genotyping, all individual DNA extrac-
tions were diluted to a standard 15 ng/pL DNA concentration.
Sequencing libraries were prepared with DNA sequencing library
preparation reagents and multiplexed PCR was performed following
protocols for the Fluidigm® Access Array™ (FAA) System (San Fran-
cisco, CA). Amplicon sequencing libraries were then sequenced in two
lanes of [llumina’s MiSeq ® (one for each batch). We initially sequenced
20% of the samples with the paired-end protocol to estimate sequence
coverage and to determine how many samples could be sequenced in the
same lane (See Supporting Information 1, Section VII; details of raw read
counts and the number of mapped reads per sample and per amplicon
are provided in the GitHub, see below).

We automated the raw read processing mapping and variant calling
by including all the steps in the PypeAmplicon software (available at
zenodo https://doi.org/10.5281/zenodo.1490421; more detail about
the pipeline can also be found at Supporting Information 1, Section VIII).
Reads were clustered by similarity (>75%) with USEARCH v9.2 (Edgar,
2010). Orphaned reads (from PE data) and clusters with fewer than 25
reads were discarded. Reads that passed the clustering filter were then
split into different files with BBsplit v36.64, according to their similarity
to each reference amplicon. This served as an additional filter of reads
within the cluster that accumulated sequencing errors. Filtered reads
were then aligned to their amplicon reference using BBmap v36.64 (both
BBsplit and BBmap are part of BBtools, https://sourceforge.
net/projects/bbmap/) with default parameters. The BAM file of each
amplicon was then merged to produce a multi-sample BAM file. SNPs
were called using FreeBayes v1.0.2 (Garrison and Marth 2012). Vcftools
v0.1.15 (Danecek et al0.2011) removed SNPs with >5% missing data,
individuals with >5% missing data, SNPs with a minor allele frequency
<5%, SNPs with greater than 80% linkage disequilibrium with another
variant, and all indels and multiallelic SNPs. We also removed any
mitochondrial SNPs and retained only the nuclear SNPs. We estimated
the observed and expected heterozygosity with Bartlett’s test of homo-
geneity of variances in the R stats package (R Core Team, 2013), and
tested whether all SNPs exhibited Hardy-Weinberg (HW) equilibrium or
any linkage disequilibrium (LD) using the package hierfstat (Goudet,
2005). Those not in HW or LD equilibrium were removed, as well as 1
SNP that mapped to mtDNA. After this filtering and quality control
among all populations, our population genetic analyses included 64
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SNPs distributed across 47 amplicons from the nuclear genome (note a
few amplicons had multiple SNPs, analyses using only 1 SNP per
amplicon did not change results, data not shown).

2.4. Phylogenetic reconstruction

To investigate the evolutionary history of these 11 populations, we
first used the SNAPP plug-in for BEAST2 (Bouckaert et al., 2019) to
estimate a species tree based on the nuclear SNPs. For computational
tractability we randomly selected five individuals from each population
for inclusion in the tree reconstruction and ran SNAPP using the default
priors. We ran the analysis for 100,000,000 generations, sampling every
1000 generations. We ran an additional independent analysis for 1
million generations using the same parameters to provide confirmation
of convergence. We assessed results for convergence using Tracer
(visually assessing the distribution of parameters, and ensuring ESS
>200) (Rambaut et al., 2018) and summarized the samples, removing
the first 20% as burn-in, using TreeAnnotator (Bouckaert et al., 2019).
The resulting tree, based on molecular patterns among individuals, was
created using FigTree v1.4.4, and the major consensus trees using
Densitree (Bouckaert and Heled, 2014). To convert SNAPP’s divergence
time estimate from substitution/sites to absolute times among pop-
ulations, we employed the approach of Harrington et al. (2018) and
previous estimates of divergence time between Spert Island, and islands
near Humble, Cormorant and Dream (0.870 Mya, see Allegrucci et al.,
2012).

We also used an Approximate Bayesian Computation (ABC) with
Random Forests (RF) analysis as an independent estimate of divergence
times without SNAPP’s constraints on previous estimates. To simplify
the calculations, we only analyzed the populations that composed the
Palmer group, which also reduced the total number polymorphic SNPs
to 24. We pooled subpopulations from the same island (e.g., the Cor-
morant’s subpopulations C1 and C2 were pooled together) to increase
the sample size and consequently the power of the parameter inference
and demographic model choice. Briefly, we first performed an ABC-RF
model choice by comparing 11 different scenarios (varying diver-
gence, admixture, bottlenecks, etc.; see Supporting Information 2). This
resulted in a reference table used in the model choice step by running
20,000 simulations for each scenario. With this reference table, we grew
an independent random forest (RF) with 2000 trees for each model
comparison. We then calculated the local (posterior) error rate (defined
as one minus the posterior probability of the selected scenario in each
model choice analysis, as in Chapuis et al., 2020), and the support each
scenario received for each model comparison in order to choose the best
trained RF for scenario evaluation. For the best supported scenario(s),
we ran an additional 200,000 simulations and for each parameter we
estimated, we created 1000 independent RFs. For model choice and
parameter estimation, we simulated the data using a wide prior distri-
bution of log-uniform distribution, which allowed a more expanded
prior range to capture the signal of ancient events (>1 Mya) if present in
the dataset.

2.5. Population genetic analyses

We tested for non-neutral evolutionary processes by first estimating
global and population-specific Fig, determining significant deviations
from zero using a bootstrap with 1000 replicates (custom R script
available upon request). We also used DnaSP v.6 (Rozas et al., 2017) to
estimate Tajima’s D. Additionally, we used Bayesian inference to assign
individuals to clusters representing ancestral variation and studied the
distribution of those clusters of ancestral variation among populations
using fastSTRUCTURE (Raj et al., 2014). We tested a range of population
models (i.e. range of potential populations) assigning genetic variation
to 2-11 ancestral clusters and then selecting a model that exhibited
optimal complexity. This assignment was performed without respect to
sample location (i.e. no priors were used). We visualized the admixture
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proportions of this model and the next most complex model using the R
package ggplot2 (Wickham, 2016). We also performed a principal
component analysis (PCA) to investigate clustering of genetic variation
among populations using the R package adegenet (Jombart, 2008). Both
the fastSTRUCTURE and PCA analysis were repeated using only the
Humble, Cormorant and Dream Island populations as they contained the
largest sample sizes and to investigate cryptic population structure. We
also used classical population genetics to study differentiation among
populations with the hierfstat’s R package. First, we estimated global Fgt
(Cockerham and Weir, 1984), and then pairwise Fsr between pop-
ulations. We also used Analysis of Molecular Variance (AMOVA) in the
R’s package ade4 (Dray and Dufour, 2007) to test for significant differ-
entiation, first testing a nested model of populations within islands, then
a model including island only. We tested for isolation by distance among
populations by calculating geographic distance among all populations
using the R package geosphere, then used a partial Mantel test in the
package ade4 to compare the geographic distance matrix with one of
genetic distance (computed using the adegenet package using a
Euclidean model).

2.6. Migration rate estimate

To more specifically estimate migration among islands, we used the
software program Migrate-n (Beerli, 2009). We estimated frequencies
using the data, specified a transition-transversion ratio of 2 and an alpha
of 1 for rates distribution. Starting parameters were derived from an
Fgr-like calculation, using a theta model, and we predicted all loci to
have a constant mutation rate. During the analysis, the genealogy was
updated with a frequency of 0.5, and a Metropolis-Hastings sampler was
used together with a uniform prior and no heating scheme. To compare
migration with geographic and genetic structure we used a t-test in the R
stats package (R-core team 2013) to test for differences in migration rate
between populations located within an island vs. populations among
islands which are separated by ocean channels and prevailing currents.
We also used a linear model to test for any significant association be-
tween migration rates and pairwise Fgr.

3. Results
3.1. Amplicon sequencing and genotypic data analysis

A total of 30,302,520 reads were produced with the initial PE
sequencing, with an average 631,303 reads per sample and an average
raw read coverage of ~13 K reads per sample, per nucleotide. For the
second batch, a total of 23,914,076 reads were produced with an
average of 124,552 reads per sample, and an average raw read coverage
of ~2500 reads per sample per nucleotide (data present on GitHub, see
below). All but two PE libraries had raw read depth similar to the
average raw read depth of 13,152. For SE libraries, raw read depths were
more heterogeneous, with a minimum of 40,291 and maximum of
4,482,416. Despite this variation, the average raw read depth was 2595
per sample/amplicon.

After filtering raw variants and individuals with >5% missing data,
we retained the genotypes of 229 out of 235 individuals at 64 SNPs
across the nuclear genome. While this core set of SNPs included a few
amplicons with multiple SNPs, no linkage disequilibrium as found
(Supporting Information 3) Over all samples, observed heterozygosity
did not differ from expected heterozygosity (K> = 1.196, df = 1, p =
0.274). Estimations of the inbreeding coefficient Fig were significantly
negative in all populations, with the exceptions of Cormorant-1,
Humble-D and Spert (Supporting Information 3) and Fjs across pop-
ulations was —0.225 (P = 0.01). Tajima’s D was also negative (—0.747)
but not significant (P = —0.233).



H. Edgington et al.

3.2. Phylogenetic evolutionary history

A reconstruction of the evolutionary relationships among these
populations suggested that divergence was associated with a north-
south cline (Fig. 2A), where Spert Island was found to be ancestral to
the other sampled locations, followed by Gand Island. Populations on
the same island (Humble, Cormorant and Dream) grouped together with
high-support; however, there was ambiguity in relationships among
islands (Fig. 2B). For example, populations on Humble and Cormorant
showed low posterior values associated with divergence compared to
the Dream/Berthelot/Cape Evensen populations; the split between
Dream and Berthelot/Cape Evensen also had low posterior values. When
we examined alternative relationships using Densitree we observed that

il
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Gand Island occasionally grouped with the Humble Island populations,
and the Dream Island populations frequently grouped with the Humble
and Cormorant Islands populations. We estimated the oldest divergence
to have occurred 0.870 Mya (range 0.582 Mya to 1.18 Mya) and
divergence among populations from the same island on the scale of less
than 100 thousand years ago (Fig. 2C). ABC-RF determined scenario 1
(out of 11 scenarios) to best fit our data. Trained RF rejected non-
equilibrium scenarios (scenarios with population size changes), favor-
ing an equilibrium with divergence or an admixture scenario. Based on
scenario 1, Cormorant and Humble populations split around 49,000 ya
(t1), and the ancestral population of these two populations split from the
Dream population ~0.189 Mya (tz) (Fig. 3, Supporting Information 2).
Divergence times estimates obtained with ABC-RF were more recent
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Fig. 2. Phylogenetics of B. antarctica in the western Antarctic Peninsula region. (A) Reconstruction of phylogenetic relationships among populations using the
Bayesian software package BEAST. Colors correspond with sampling locations (Fig. 1); each population label represents variation from the 5 sampled individuals of
that population. Node labels represent posterior probabilities. Branch lengths represent mutations per site. (B) Visualization of the majority consensus trees from the
BEAST analysis, showing nodes with ambiguous configurations. (C) Dating of divergences were calibrated assuming the divergence time between Spert and Palmer’s
populations occurred 0.870 Mya (Allegrucci et al., 2012). Errors represent 95% confidence intervals estimated using the distribution of SNAPP trees (see methods).
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 3. ABC-RF estimated divergence time among Palmer Group pop-
ulations. Estimates of t; and t, in Mya were obtained for scenario 1, see
Supporting Information 5.
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than SNAPP-BEAST2, but all Palmer group islands diverged within the
past ~0.500 Mya.

3.3. Population genetic variation

An examination of genetic variation using PCA revealed substantial
similarity among populations, even between different islands (see Sup-
porting Information 3). Principal component 1, which comprised
23.48% of the total variance, revealed a separation between the
Humble/Cormorant/Spert populations and the Dream/Gand/Berthelot
populations, although clusters were not completely discrete. We also
observed some separation between Humble and Gand/Cape Evensen
populations along the PC2 (12.71%), PC3 (11.40%), and PC4 (7.92%)
axes, but, in general, variation was widely shared among populations.
When examined using a reduced dataset of only one SNP per amplicon,
these same patterns were replicated (Supporting Information 6, Section
V).

Results of fastSTRUCTURE indicated that the model with the highest
marginal likelihood of explaining variation in these populations
included two clusters (marginal likelihood = —0.236; Fig. 4A). Visual-
ization of these results suggested that populations fell into two groups,
but none of the populations had >50% average identity with a sec-
ondary cluster (Fig. 4B). Humble populations appeared similar to
Cormorant populations in their degree of admixture, while Berthelot,
Dream, Cape Evensen and Spert shared a small but similar proportion of
the secondary cluster. We also visualized results of the model with the
second highest marginal likelihood (K = 3, marginal likelihood =
—0.273; Fig. 4C), and observed individuals with representation of a
third cluster from Berthelot, Dream and Gand Islands with smaller
representation from Cape Evensen, Humble-D and Humble-O. Spert,
Cormorant, and Humble-P populations lacked individuals with a
discernible representation from this third cluster. A separate analysis
using only Humble, Cormorant, and Dream island populations provided
the same patterns, with Dream islands showing evidence of a separate
cluster (Supporting Information 3, Section VI). The membership pro-
portion represented in orange in Fig. 4b is consistent with the separation
of Dream population from Humble and Cormorant populations on the
PCA and on the phylogenetic trees. []

Measures of genetic structure indicated slight to moderate genetic
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differentiation among populations (global Fgr = 0.133, P = 0.01),
despite their distribution among islands and the fact that adults are
wingless. Pairwise FST between populations ranged from 0.007 (C1-C2)
to 0.160 (S1-HP, Fig. 5C; Supporting Information 3). Among islands, the
lowest pairwise Fsy occurred between HP and C2 (FST = 0.0153).
Similarly, an AMOVA revealed significant structure among islands and
among populations (among islands: 28% variance, P = 0.01; among
populations: 4% variance, P = 0.01; within populations: 68% variance,
P = 0.01; Supporting Information 6).

3.4. Estimating rates of migration

Differentiation can be biased by geographic distance between pop-
ulations (shown in Fig. 5A), and a permuted Mantel test revealed sig-
nificant isolation by distance among these populations (RZ = 0.578, P =
0.022). We included isolation by distance as a prior to estimate migra-
tion among B. antarctica populations. Rates of migration varied between
13.67 migrants per generation (median posterior) to 471.67 migrants
per generation (Fig. 5B, Supplemental Information 3). Four populations
exhibited consistently high immigration rates: Berthelot, Cape Evensen,
Gand and Spert, while patterns of emigration were more variable across
all populations. An exception to this was Berthelot, which consistently
contributed large numbers of migrants to almost all populations.
Different populations on the same island varied in the amount of
immigration and emigration; for example, migration from Humble-O to
Dream-2 was much higher than from Humble-O to Dream-1. Similarly,
the estimated migration from both Dream populations was much higher
to Cormorant-1 than Cormorant-2, but the alternative was much less
likely to occur (ie. from Cormorant to Dream). An examination of
migration among just Humble, Cormorant, and Dream islands replicated
these patterns (Supporting Information 6, Section IX). A comparison of
estimated migration rates among and within islands suggested that
migration was much more frequent via marine (e.g. sea and air) envi-
ronments than land (t = —22.94, df = 93.88, P < 0.0001; see Supporting
Information 3). Contrary to our expectations, rates of migration were
slightly but significantly positively correlated with Fgr (§ = 0.0001,
F(1,108) = 22.91, R’= 0.17, P < 0.0001; see Supporting Information 3).
This unexpected result was not explained by the contribution of unequal
migration rates to the increased estimated Fgr, as suggested by Wilkin-
son-Herbots and Ettridge (2004), since populations exhibiting a greater
migration inequality were not more or less differentiated (f = 5.039 x
1075, F 53 = 0.938, R = —0.0011, P = 0.337).

4. Discussion

An organism’s past and current population history can help predict
its adaptability and persistence under rapid environmental change.
Characterizing the history of Antarctic species, which have endured
some of the most drastic long-term and recent environmental change,
provides inferences for how other organisms may fare under similar
climatic and environmental shifts. This study represents a phylogenetic
and population genetic characterization of B. antarctica, one of the few
extant, endemic, terrestrial animal species to inhabit Antarctica. Our
results provide new insights into this extremophile, in particular that
divergence among islands generally occurred within the past 1Mya, and
that populations exhibit complex patterns of asymmetric migration
despite being wingless as adults.

4.1. Phylogeographic divergence of B. antarctica populations

Using SNPs amplified from across the nuclear genome in different
phylogenetic analyses, we dated population divergence among islands
to be between 1.18 Mya - 49,000 ya, with the more geographic proxi-
mate islands of Humble, Dream, and Cormorant populations having
diverged within the last 509,000 to 49,000 ya. The north to south
divergence-cline we observed in our phylogenetic reconstruction
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supports an initial southwards establishment from the northern Ant-
arctic Peninsula (or the South Shetland Islands, not sampled in this
study) similar to north-south clines observed in other Antarctic Penin-
sula invertebrates (McGaughran et al., 2019).

Our divergence estimates concur with previous studies using the
mitochondrial gene cox1, which suggested divergence from populations
on Livingston Island (a northern island) to have taken place 1.26 Mya,
and divergence from Spert Island between 0.75 and 1 Mya (Allegrucci
et al., 2012). Divergence among Berthelet, Cape Evensen and Gand was
estimated to have occurred less than 0.25 Mya (Allegrucci et al., 2012).
Other sympatric Antarctic invertebrates exhibit similar patterns of
divergence: for example, population divergence and expansion in the
springtail Cryptopygus antarcticus antarcticus occurred within the past
million years (McGaughran et al., 2010, 2019; van Vuuren et al., 2018).
Evidence from our analyses and others suggest that population genetic
patterns in Belgica antarctica reflect more recent activity than older
geological and climatic shifts. We date population divergence here to the
Pleistocene, a time of dramatic fluctuations in climate and ice coverage
of Antarctica. Advances and retreats of ice sheets during that time led to
isolation among species globally, and Antarctic populations were no
exception. Periods of extensive glaciation resulted in retreat of many

species to glacial refugia, followed by subsequent expansion within the
last couple million years ago (Convey and Smith, 2005; Convey and
Stevens, 2007; Fraser et al., 2012, 2014). The constant advance and
retreat of ice sheets, both in the past and more recently, have also
impacted Antarctic ocean currents and biodiversity, which may influ-
ence migration and gene flow in B. antarctica (Fraser et al., 2018).

4.2. Many by marine, few by land—Migration of B. antarctica among
Antarctic islands

Despite observing signatures of historical population divergence, we
detected recent migration in B. antarctica on the order of hundreds of
individuals per generation. This migration is both variable and asym-
metrical among populations, even within the same island. Evidence of
substantial migration could explain the significantly negative estimates
of Fis we observed among populations if this migration somehow leads
to preferential outbreeding. Greater migration rates among populations
connected by marine environments than by land indicate the most likely
mode of dispersal for B. antarctica is by the sea or air, which has been
observed in other terrestrial Antarctic and Arctic arthropods (Coulson
et al., 2002; Gressitt, 1965). Larvae of the closely related species and
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sub-Antarctic native Eretmoptera murphyi are tolerant to salinity and
would likely survive a marine-based invasion of the western Antarctic
Peninsula (Bartlett et al., 2021). As the two species share similar stress
tolerance characteristics relating to salinity and submergence (Elnitsky
et al., 2009), this highlights that such dispersal in B. antarctica is highly
plausible. Our estimated migration patterns do not strictly follow the
direction of the APCC at a broad scale in this region (northward and
southward from the central populations of Humble, Dream and
Cormorant) in contrast to other species in this region (Munoz-Ramirez
et al., 2020). However, contemporary current patterns at a fine scale
among these islands exhibit great complexity (Gille et al., 2016; Bartlett
et al., 2021) and tend to fluctuate throughout the seasons (Heil and

Allison, 1999). Larvae can also adeptly respond to different levels of
salinity and osmotic stress (Lopez-Martinez et al., 2008). Many other
chironomid larvae are aquatic and adults use surface tension to remain
on water surfaces (as do springtails — Coulson et al., 2002), and we have
observed B. antarctica adults on the surface of seawater. Migration could
also be achieved through phoresy on various vertebrates inhabiting the
region, with entrapment in seal fur perhaps being plausible (Bartlett
et al., 2021), or within clumps of vegetation transferred into the sea by
meltwater or island to island by marine vertebrates (i.e. birds, Parnikoza
et al., 2012, 2018). Belgica antarctica is frequently common around
penguin and seal rookeries and larvae could become attached to feathers
or fur during transit. We have also observed birds such as the blue-eyed
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shag flying with large clumps of grass and moss, which could conceiv-
ably contain B. antarctica.

An alternative hypothesis to explain migration patterns in
B. antarctica may be wind-mediated, as observed or proposed in other
Antarctic terrestrial arthropods (Hawes et al., 2007; Vega et al., 2020)
that navigate cyclonic circulation patterns. Aerial trapping on Lagoon
Island (Marguerite Bay) suggests that large numbers of springtails
(~150,000 in one month) are transported at least on a local scale by air.
The greatest impediment to such dispersal in arthropods arises from
desiccation during transfer (Biersma et al., 2018). As B. antarctica is
extremely tolerant of desiccation (Elnitsky et al., 2009; Teets and Den-
linger, 2014), their movement via wind may be plausible. However,
wind-mediated dispersal would likely show connections among pop-
ulations that are closer on the same island, and not connected by more
disparate marine environments as our data suggest. Regardless of the
mechanism, our data indicate substantial migration among islands,
therefore, any alterations in either the marine currents or regional
vertebrate biodiversity could secondarily alter the evolutionary history
and potential persistence of B. antarctica.

Despite migration estimate, we observed slight to moderate popu-
lation structure both among populations on the same island and among
islands. Fgt among populations within islands, though significant, was
low. Previous work using mitochondrial gene data also estimated high
regional structure (Fsc = 0.608; Allegrucci et al., 2012). Other in-
vertebrates in this region exhibit similarly high structure among island
populations, reflecting isolation during glaciation events (McGaughran
etal., 2010, 2019; van Vuuren et al., 2018), though these studies found
no evidence of contemporary gene flow. Population structure using
nuclear SNP data in sympatric Cryptopygus springtails revealed a very
similar pattern; pairwise Fgr ranged from 0.08 to 0.296 within the
Antarctic Peninsula (McGaughran et al., 2019).

Dream, Cormorant and Humble are the geographically closest loca-
tions (found near Palmer Station), yet they show a pattern of genetic
relationships that does not entirely correlate with their geographical
proximity. Dream was more similar to populations outside the Palmer
group. The admixture analysis assuming k = 3 groups indicated that a
third group is the source of genetic variation found on Dream but not
Humble and Cormorant populations. The same group membership (in
orange) was also shared with Gand (on the North of the Palmer group)
and Berthelot (on the South of the Palmer group). The source population
of the alleles that made the third admixture group is unknown, and
additional samples might help identify the source population(s).

Local adaptation is one potential explanation for the discrepancy
between our estimations of migration rates and population structure.
This hypothesis is consistent with microhabitats within and among is-
land populations (Contador et al., 2020; Spacht et al., 2021). Local
adaptation can inflate genetic differentiation (Charlesworth et al.,
2017), as does recurrent extinction and colonization (Whitlock and
McCauley, 1990; Giles and Goudet, 1997). It is possible that the many
climatic and glacial fluctuations over the past several million years
caused dynamic changes in the connections among populations which
have each left conflicting signatures on genetic variation, as has been the
case in other Antarctic species (Barnes et al., 2006). Lastly, it is also
worth considering that migrants may not always contribute to the gene
pool, particularly if local adaptation acts to optimize phenotypes for
each locality, as has been suggested for the freshwater crustacean
Boeckella poppei (Maturana et al., 2020). Since B. antarctica spend 2
years as larvae before transitioning to the adult stage, any immigrant
larvae must survive on its new location for at least 1 winter. Biotic in-
teractions such as algal abundance appear to be more important for the
abundance of B. antarctica and may further facilitate local adaptation
based on the resident community and biodiversity (Potts et al., 2020). In
this case, the asymmetries in migration rates may reflect the potentially
low likelihood of larval immigrants to survive and reproduce due to
island-specific selection pressures and decreased fitness after migration.
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4.3. Conclusions

Belgica antarctica exhibits signatures of past divergence, with more
recent dispersion and admixture. Our population genetic data indicate
that recent admixture most likely via ocean currents, phoresy, or other
inter-island migration may facilitate its further persistence in this cur-
rent period of rapid climate change. Our data also suggest that the dis-
tribution of these populations and the structure of their genetic variation
is very likely to be impacted by major shifts in climate or geology,
particularly if they influence larger vertebrates or ocean currents.
Continuing to understand the impact of environmental history on the
evolution of this species will contextualize its unique physiological ad-
aptations to the Antarctic environmental extremes, and better predict its
adaptability and evolutionary trajectory.
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