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Abstract:Mitochondrial and nuclear sequence data from two Antarctic ameronothroid mites,Halozetes
belgicae and Alaskozetes antarcticus, were used to address three key questions important for
understanding both the evolution of biodiversity and its future conservation in the Antarctic
Peninsula Region: i) Do populations of mites across the Antarctic Peninsula and Scotia Arc constitute
distinct genetic lineages? ii) What implications does the spatial genetic structure in these species have for
current understanding of the region’s glacial history? iii) What are the conservation implications of these
findings? Our results indicate that both mite species have been present in the Antarctic since at least the
Pliocene. At the regional scale, both species are comprised of a number of divergent, but sympatric,
lineages that are genetically as distinct as some species within the genera Halozetes and Alaskozetes. At
the local scale, complex structure suggests limited and stochastic post-Holocene dispersal. For both
species, considerable spatial genetic structure exists across the region, similar to that found in other
terrestrial invertebrates. These results support the implementation of stringent biosecurity measures for
moving between the Scotia Arc islands and the Antarctic Peninsula, and throughout the latter, to
conserve both evolutionary history and future evolutionary trajectories.
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Introduction

Compared with diversity elsewhere, that of Antarctic
terrestrial ecosystems is low, largely because of the
continent’s extended isolation, severe climatic conditions
and the relative scarcity of habitat suitable for
colonization (Chown & Convey 2007, 2016). This
apparently low diversity belies much biogeographical
complexity (McGaughran et al. 2011, Terauds et al. 2012,
Chown et al. 2015) and, as a result, the biogeography and
evolutionary origins of the Antarctic biota have remained
a topic of lively debate. Mostly through the application
of innovative molecular approaches, a renewed focus
has developed on understanding the glacial history of
the region and how this has shaped the diversity and
distribution of its biota (Convey et al. 2014 and references
therein). Although model reconstructions of past ice
sheet extent suggest that most of the presently
ice-free areas would have been completely covered
during previous glacial maxima, molecular studies of
freshwater and terrestrial communities indicate that
multiple species must have survived in isolated refugia

for millions to tens of millions of years (Convey et al.
2008, Fraser et al. 2014, 2017).

Populations that become restricted to refugia for
sufficiently prolonged periods become genetically
differentiated, leading to the formation of unique
genetic lineages, perhaps ultimately resulting in
speciation. In some Antarctic regions, such as Victoria
Land, evidence of genetic differentiation between
populations over both small (< 1 km) and intermediate
(tens to hundreds of kilometres) spatial scales exists
for several terrestrial invertebrates (Fanciulli et al.
2001, Frati et al. 2001, Stevens & Hogg 2003, Nolan
et al. 2006, Bennett et al. 2016). Whilst isolation in
refugia has undoubtedly had a profound effect on
shaping ancient lineages, recent examination of the
population genetic structure of the springtail
Cryptopygus terranovus (Wise) in Terra Nova Bay
indicates that post-Holocene dispersal events have been
relatively frequent and are already beginning to mask
the phylogenetic signal from earlier, Pliocene, divergence
events (Hawes et al. 2010, Carapelli et al. 2017).
However, elsewhere in Antarctica information is
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limited about how either ancient or contemporary
dispersal events have affected the genetic structure of
individual populations or biogeographical complexity
for a species as a whole (although see McGaughran
et al. 2011).

Understanding the spatial distribution of genetic
variation of the Antarctic biota is not only important
for elucidating its biogeography and notably the influence
of glacial history and long-term glacial habitat
fragmentation, but is also of considerable conservation

Table II. Population statistics and genetic characteristics for Alaskozetes antarcticus, where n is number of individuals/sequences,
x is number of haplotypes, h is haplotype diversity and π is nucleotide diversity.

Site COI EF1a

n x h π n x h π

South Georgia
Schlieper Bay 5 5 1 0.0031 10 2 0.53 0.0015

Antarctic Peninsula
South Thule - - - - 10 2 0.51 0.0021
Signy Island 3 3 1 0.0340 10 4 0.71 0.0042
Deception Island 3 3 1 0.0814 - - - -
Spert Island 8 5 0.86 0.0741 20 5 0.75 0.0048
Gand Island 8 5 0.86 0.0378 14 4 0.57 0.0038
Port Lockroy 11 7 0.87 0.0026 20 5 0.75 0.0052
Wiencke Island 6 4 0.87 0.0490 12 3 0.62 0.0047
Berthelot Island 9 6 0.83 0.0553 28 8 0.63 0.0039
Evensen Point 4 4 1 0.0739 8 5 0.89 0.0061
Detaille Island 8 6 0.89 0.0722 24 9 0.77 0.0053
Jenny Island 8 3 0.71 0.056 20 5 0.76 0.0049
North-west Alexander Island 10 6 0.84 0.0060 - - - -

Values for nuclear EF1a are derived from alleles.
There are no COI data for South Thule and no EF1a data for Deception Island or North-west Alexander Island.
COI= cytochrome c oxidase subunit I, EF1a= elongation factor 1-alpha.

Table I. Population statistics and genetic characteristics for Halozetes belgicae, where n is number of individuals/sequences,
x is number of haplotypes, h is haplotype diversity and π is nucleotide diversity.

Site COI EF1a

n x h π n x h π

South Georgia
Bird Island R 5 1 0 0 10 1 0 0
Bird Island S 5 1 0 0 10 3 0.38 0.0033
Bird Island B 3 3 1 0.697 10 1 0 0
Bird Island J 1 1 0 0 10 3 0.38 0.0525
Bird Island A 4 4 1 0.1613 10 1 0 0
Schlieper Bay 5 5 1 0.1054 8 1 0 0
Moltke Harbour 3 2 0.67 0.0254 10 7 0.93 0.0303
Cooper Bay 1 1 0 0 4 2 0.5 0.0014
Carlita Bay 2 1 0 0 - - - -

Antarctic Peninsula
Deception Island 5 1 0 0 - - - -
Gand Island 4 2 0.5 0.0251 8 2 0.57 0.0016
Port Lockroy 5 3 0.8 0.0032 8 5 0.89 0.0085
Wiencke Island 7 5 0.86 0.0335 20 4 0.68 0.0024
Berthelot Island 4 2 0.5 0.0010 10 4 0.71 0.0029
Evensen Point 4 2 0.5 0.0010 6 4 0.8 0.0051
Detaille Island - - - - 10 6 0.87 0.0053
Blaiklock Island 3 1 0 0 6 2 0.33 0.0009
Mikkelson Islands 1 1 0 0 - - - -
Jenny Island 5 3 0.80 0.0020 10 1 0 0
North-west Alexander Island 5 3 0.70 0.0032 16 2 0.13 0.0007
Mount Holt 4 1 0 0 8 2 0.43 0.0049

Values for nuclear EF1a are derived from alleles.
There are no COI data for Detaille Island and no EF1a data for Carlita Bay, Deception Island or Mikkelson Islands.
COI= cytochrome c oxidase subunit I, EF1a= elongation factor 1-alpha.
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Fig. 1a. Table showing the sampling locations of Halozetes belgicae with corresponding colours for the map locations.
b. Map showing the sampling locations of H. belgicae on the Antarctic Peninsula and South Georgia (inset). c. Bayesian
topology inferred from the combined cytochrome c oxidase subunit I (COI) and elongation factor 1-alpha (EFa1) gene
fragments for H. belgicae. *posterior probability > 0.7 and **posterior probability > 0.9, at each node. Colours indicate sampling
locality.
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Fig. 2a. Table showing the sampling locations of Alaskozetes antarcticus with corresponding colours for the map locations.
b. Map showing the sampling locations of A. antarcticus on the Antarctic Peninsula and South Georgia (inset). c. Bayesian
topology inferred from the combined cytochrome c oxidase subunit I (COI) and elongation factor 1-alpha (EFa1) gene
fragments for A. antarcticus. *posterior probability > 0.7 and **posterior probability > 0.9, at each node. Colours indicate
sampling locality.
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significance (see Chown et al. 2017). Indeed, much
concern now exists about the potential risks associated
with the anthropogenic movement of distinct lineages or
species among climatically similar, yet biogeographically
distinct, areas of Antarctica (Hughes & Convey 2010,
Lee & Chown 2011, McGeoch et al. 2015). Such
intra-regional propagule movements pose a significant
potential conservation problem. Biota which have
already successfully established in, or are indigenous to,
one region of the Antarctic clearly possess the
physiological adaptations and life-cycles that are
necessary to survive there and are therefore likely to be
able to survive in another region with similar abiotic
characteristics. As Morgan et al. (2007) have shown with
their Antarctic environmental domains analysis, such
environmental similarity across the continent is not
uncommon. Moreover, in the last decade, numbers of
visitors to the Antarctic have increased rapidly, and these
visitors are engaging in an increasingly diverse range of
activities (Tin et al. 2009). Each of these visitors has the
potential both to introduce exogenous propagules into the
region (Whinam et al. 2005, Chown et al. 2012) and to
move locally indigenous species between isolated
localities (Hughes & Convey 2010, Lee & Chown 2011)
and the Antarctic’s Conservation Biogeographic
Regions, many of which share similar abiotic conditions
but differ in their biotic composition (Terauds et al. 2012).

The Scotia Arc and Antarctic Peninsula are of
particular concern in this respect. They have a complex
geology and recent phylogeographical work on
springtails and traditional investigations of other taxa
have suggested that distinct bioregions are present
(Maslen & Convey 2006, Chown & Convey 2007,
McGaughran et al. 2010, Terauds et al. 2012).
Moreover, this area is showing the fastest warming
(Trusel et al. 2015, Spence et al. 2017) and the sharpest
rise in numbers of tourists and other visitors (Student
et al. 2016). Consequently, understanding the extent to
which the biogeographical regions identified in the Scotia
Arc and Antarctic Peninsula are consistent among taxa,
notably in terms of spatial genetic structure across taxa
(see McGaughran et al. 2010, 2011) and how these may
change given the opening of new ice-free areas (Lee et al.
2017), will inform how enhanced biosecurity protocols
should be implemented for movement between areas to
conserve this structure.

In our study the spatial genetic structures of the
ameronothroid mites Alaskozetes antarcticus (Michael)
and Halozetes belgicae (Michael) were examined across
several major localities on the Antarctic Peninsula and
Scotia Arc. These species are important components of the
terrestrial system (Block 1984), but have not been
investigated from this perspective in contrast with other
important groups in the area, such asmidges and springtails
(McGaughran et al. 2010, Allegrucci et al. 2012).

Specifically, three key questions are addressed: i) Do
populations of mites across the Antarctic Peninsula and
Scotia Arc constitute distinct genetic lineages? ii) What
implications does phylogeographical structure in these
species have for current understanding of the region’s
glacial history? iii) What are the conservation implications
of these findings?

Materials and methods

DNA extraction and sequencing

Halozetes belgicae and A. antarcticus individuals
representing sites from the sub-Antarctic South Georgia
to the southern Antarctic Peninsula were obtained from
ethanol-preserved arthropod collections held by the
British Antarctic Survey (Cambridge, UK; see Tables I
& II for details). Samples were obtained from 21 sites for
H. belgicae (Fig. 1) and from 13 sites for A. antarcticus
(Fig. 2). The ameronothroids Aquanothrus montanus
Engelbrecht and Podacarus auberti Grandjean were used
as outgroups (see Mortimer et al. 2011 for rationale).

From each individual, total genomic DNA was isolated
using a DNeasy Blood & Tissue Kit (QIAGEN, Hilden,
Germany) following the manufacturer’s recommendations.
To elucidate both recent and more distant systematic
relationships, a rapidly evolving mitochondrial marker and
a more slowly evolving nuclear marker were used. The
widely used mitochondrial cytochrome c oxidase subunit
I gene (COI) was amplified using primers LCO1490 and
HCO2198 (Folmer et al. 1994). The nuclear elongation
factor 1-alpha (EF1a) was amplified using primers
EF1-For3 and Cho10 (Danforth & Ji 1998) as this has
been shown to be a powerful marker for resolving
molecular phylogenetic relationships in oribatid mites
(Laumann et al. 2007). Exoskeletons were retained and
preserved as reference specimens and are housed at the
British Antarctic Survey. Mitochondrial and nuclear PCR
procedures were performed in a final volume of 30µl and
included 2µl of unquantified genomic DNA, 1×reaction
buffer, 1.5mM MgCl2, 200µM dNTP solution, 2µM of
each primer and 1 U of Taq polymerase (Super-Therm;
JMR Holdings, London, UK). All PCR procedures were
conducted with similar cycling parameters, which included
an initial denaturation step at 94°C for 1minute followed by
35 cycles of 94°C for 30 seconds, 42°C (COI) or 55°C (EF1a)
for 30 seconds and 72°C for 45 seconds. A final extension
step at 72°C for 5minutes completed the reactions.
Nucleotide sequencing was carried out using BigDye
Terminator 3.1 mix (Applied Biosystems, Warrington,
UK). Sequencing cocktails were cleaned using Wizard
spin-columns (Promega, Madison, WI, USA) and the
products were analysed on an ABI3170 automated
sequencer (Applied Biosystems). Electropherograms of the
raw data were manually checked and edited with Geneious
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v7.1.7 (Biomatters, Auckland, New Zealand). It was not
always possible to unequivocally score all base pairs in some
reads because of high background noise. Instances where
there were more than 5% missing data or ambiguous sites
sequences were deleted from analyses. Heterozygous sites for
the nuclear data were scored using standard IUPAC
notations and the most likely alleles determined using
Phase (as implemented in DnaSP 5.10.1; Librado & Rozas
2009).

Sequences were aligned using MUSCLE (Edgar 2004;
implemented in Geneious v7.1.9; Biomatters) and
alignments verified by eye. All sequences generated in
the present study were submitted to the European
Molecular Biology Laboratory (EMBL) under accession
numbers MG712642–MG712686. In the nuclear EF1a
gene, the flanking exons were conserved across all taxa.
However, portions of the intron could not be
unambiguously aligned so this section was removed
from further analysis.

Spatial genetic variation analysis

Bayesian phylogenetic analysis was performed using
BEAST v1.6.1 (Drummond & Rambaut 2007). The
optimal models that best explained data evolution were
determined in jModeltest (Posada 2009) (these were
HKYI+G for the mitochondrial marker and TrNI for
the nuclear marker). The analysis on the combined data
was run for 10 000 000 generations and sampled every
1000 generations. Plots and diagnostics (standard
deviation of split frequencies, effective sample size) from
Tracer v1.4 (Rambaut & Drummond 2007) were visually
inspected to ensure that stationarity had been reached.
The first 10 000 trees were excluded as burn-in and
consensus trees were calculated in TreeAnnotator v1.6.1
(Drummond & Rambaut 2007). Analyses were repeated
three times to check for consistency in topologies. To
further test for consistency, phylogenetic trees were also
constructed using RAxML v7.2.8 (Stamatakis 2014).

Arlequin v3.5 (Excoffier & Lischer 2010) was used to
investigate the genetic characteristics of populations and
to test for the presence of population structure. For each
fragment and at each site, haplotype (h) and nucleotide (π)
diversity indices were calculated. Pairwise FST values
between populations were calculated and significance
tested based on 1000 permutations. Analysis of molecular
variance (AMOVA, as implemented in Arlequin) was
then used to measure the extent to which genetic variance
was assigned to the hierarchical structure of population
organization. The H. belgicae topologies divided South
Georgia from Scotia Arc and Antarctic Peninsula, and
this separation was verified by AMOVA. Low sample
sizes from South Georgia for A. antarcticus precluded
meaningful analysis of variation between South Georgia
and the Scotia Arc/Antarctic Peninsula. The statistical

significance of variance components was tested with
10 000 permutations. To test for a pattern of isolation-
by-distance, correlations were calculated between genetic
distances (FST) and the geographical distances separating
localities (Mantel 1967).

Molecular divergence times

Because of the poor fossilization potential of arthropods,
calibration of molecular clocks based on fossil records is
problematic for this group. Molecular divergence times
for COI in the Arthropoda have been postulated to range
from 1.5–2.3% per million years (Salomone et al. 2002).
Given these limitations lineage-specific mutation rates to
date divergence times of well-supported nodes were used
(following Cicconardi et al. 2010). Here a mutation rate
of 1.9% per million years was used, calculated by
Mortimer et al. (2011) based on branch specific rates for
Halozetes and Alaskozetes from the sub-Antarctic and
Antarctic region nested within a panarthropod dataset.
Given that mutation rates may vary slightly across the
sampling region and within clades of different ages,
divergence times should be seen as indications of the time
lineages separated rather than as robust values. A fixed
rate Bayesian clock implemented in BEAST v1.6.1
(Drummond & Rambaut 2007) was employed and
the Yule speciation prior specified. Markov Chain
Monte-Carlo runs were conducted of 10 000 000
generations (sampled every 1000 generations) each with
the first 10% discarded as burn-in. Run convergences were
verified using Tracer v1.4 (Rambaut & Drummond 2007)
and consensus trees were calculated in TreeAnnotator
v1.6.1 (Drummond & Rambaut 2007).

Results

Halozetes belgicae

The COI dataset comprised 479 aligned positions for 76
individuals and the EF1a dataset comprised 308 aligned
positions for 86 individuals. The Bayesian topology for
the combined dataset is shown in Fig. 1c. Trees were
largely congruent irrespective of method of analyses
(Bayesian analysis or maximum likelihood). Both of the
gene fragments support the presence of two distinct
groups within H. belgicae: one for South Georgia
(hereafter, clade 1) and one for the Antarctic Peninsula
and remaining islands to the north (hereafter, clade 2).
Multiple divergent lineages are present on South Georgia
(see Fig. 1).

ForH. belgicae, the COI data group into 35 haplotypes
(h= 0.99). Haplotype diversity values for sampling
localities range between 0 (where all individuals
comprise a single haplotype) to 1 (where all individuals
are unique) (see Table I). For EF1a, 30 alleles were
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retrieved (h= 0.82). As was the case with the
mitochondrial data, haplotype diversity varied between
0 and 1 for the sampling sites (Table I).

An AMOVA indicated significant structure within
H. belgicae across the study area (COI: ФST= 0.81,
P<0.001; EF1a: FST= 0.93, P< 0.001). The variation
was significantly structured between South Georgia and
the Antarctic Peninsula across both mitochondrial and
nuclear fragments (COI: ФCT= 0.78, P< 0.001; EF1a:
FCT= 0.42, P< 0.001). No mitochondrial haplotypes or
nuclear alleles are shared between these regions. When
considering South Georgia and the Antarctic Peninsula
separately, AMOVA (using the COI data) indicated
further significant structure within each of these main
clades (South Georgia: ФST= 0.88, P< 0.001; Antarctic
Peninsula: ФST= 0.95, P< 0.001). Mantel tests indicated
a correlation between geographical and genetic distance
when all samples were considered together (r= 0.37,
P≤ 0.001) but no significant correlation when
individuals from the Antarctic Peninsula (r= 0.34,
P= 0.46) and South Georgia (r= 0.09, P= 0.63) were
considered separately.

BEAST analysis using lineage-specific mutation rates
and based on the mitochondrial dataset placed the split
between individuals from South Georgia and from the
Antarctic Peninsula clade at 5.35 (± 1.85) m.y. BP.

Alaskozetes antarcticus

The COI dataset comprised 647 aligned sites for 85
individuals and the EF1a dataset comprised 338 aligned
sites for 88 individuals; these individuals were collected
mainly from the Antarctic Peninsula with South Georgia
represented by a single locality. The Bayesian topology for
the combined dataset is shown in Fig. 2c. Trees were largely
congruent irrespective method of analyses (Bayesian
analysis or maximum likelihood). Both gene fragments
(COI and EF1a) indicate that withinA. antarcticus there are
two distinct genetic lineages. These lineages were
geographically overlapping with individuals from both
clades present in seven out of 13 locations. The single site
on South Georgia was represented by two haplotypes both
of which clustered within clade 2.

For A. antarcticus, the COI data grouped into 45
haplotypes (h= 0.96). Within the different sampling
localities, h ranged from 0.71 to 1.0 (see Table II). When
considering the EF1a data, the specimens comprised ten
unique sequences (h= 0.79). These unique sequences
originate from four heterozygous sites.

When considering all sampling localities together,
AMOVA indicated significant genetic structure across
the region for both the mitochondrial and nuclear data
(COI:ФST= 0.42,P<0.001; EF1a: FST= 0.21,P< 0.001).
Mantel tests indicated that this structure was not as a
result of isolation-by-distance as there was no significant

correlation between geographical and genetic distance
when all samples were considered together (r= 0.13,
P= 0.77) or when clade 1 (r= 0.57, P= 0.96) and clade 2
(r= 0.14, P= 0.75) were considered separately. Lineage-
specific mutation rates placed the split between these two
clades at 3.27 ( ± 1.2) m.y. BP.

Discussion

Our data suggest that bothH. belgicae and A. antarcticus
comprise multiple and divergent lineages across the
Antarctic Peninsula and Scotia Arc, in keeping with a
previous conclusion based on a smaller number of
specimens but a wider range of Antarctic ameronothroid
taxa (Mortimer et al. 2011). Some of these lineages are as
genetically distinct as some other mite species (Salomone
et al. 2002). As is the case with many cryptic species, there
are no obvious morphological differences between
individuals from different clades. Further detailed
studies are required to determine if any subtle
morphological differences can be identified.

Although an ice sheet has covered parts of the
Antarctic Peninsula for up to 30m.y., there have been
numerous cycles of ice sheet collapse and subsequent
regrowth (Bertler & Barrett 2010). These complex glacial
cycles will have resulted in fluctuations in the extent of ice-
free ground and the degree to which it was interconnected
(Convey et al. 2008). Dispersal barriers and corridors that
formed during periods of ice advance and retreat, but
which are not necessarily still evident today, are likely to
have played an important role in shaping patterns of
genetic diversity of terrestrial biota. For example, our
data suggest that during the Pliocene, when the extent of
the Antarctic Peninsula ice sheet was reduced (Smellie
et al. 2009), differentiation took place in both H. belgicae
and A. antarcticus, suggesting opportunistic dispersal and
subsequent restrictions to gene flow during later periods
of glacial advance. In Continental Antarctica similar
Pliocene divergences have been inferred for other
arthropods, such as the springtail Gressittacantha
terranova Wise (Hawes et al. 2010, McGaughran et al.
2011). In the mites examined here, the effects of more
recent glacial history are reflected in the genetic structure
within clades. Multiple divergence events appear to have
occurred during the Pleistocene and Holocene periods,
during which time ice sheet extent fluctuated considerably
(Bertler & Barret 2010).

Genetic variation within H. belgicae clades and
A. antarcticus is spatially structured. This structure is
derived from distinct genetic differentiation between
some localities rather than an overall pattern of
isolation-by-distance. Although this may reflect
population-specific evolutionary characters (e.g.
selection and mutation), it may also indicate that gene
flow between specific sites was limited and somewhat
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stochastic overall. Within H. belgicae, no haplotypes or
alleles are shared between South Georgia and the
Antarctic Peninsula.

The ancient origins of both H. belgicae and
A. antarcticus and their persistence through the Last
Glacial Maximum add to the substantial differences
between ice sheet reconstructions, which suggest that the
region was heavily glaciated c. 20–25 ka, and molecular
data, which indicate that not all organisms were removed
from the Peninsula during this period (Convey et al.
2008). Identifying probable locations of these ice-free
refugia may be useful when constraining ice sheet models
for the Last Glacial Maxima. Typically, although
populations that became confined to refugia would have
undergone a size reduction (or genetic bottleneck), refugia
would be expected to contain higher haplotype diversity
compared with recently colonized localities (Stevens &
Hogg 2003, Rogers 2007). However, the sites that
harbour high haplotype diversity in A. antarcticus and
H. belgicae are not consistent between species or clades
within species suggesting that different taxa probably
survived in different refugia; a finding that is perhaps not
unexpected given that these two taxa occupy different
habitats (Marshall & Convey 2004). Sites in the southern
Peninsula, including northern Alexander Island, contain
high levels of haplotype and nucleotide diversity in
multiple clades for both A. antarcticus and H. belgicae,
suggesting that low lying coastal areas at these two
localities have remained ice-free as refugia for a
considerable period. The suggestion that this area may
have been a glacial refuge for multiple taxa is further
supported by distributional data on nematodes (Maslen &
Convey 2006). Therefore, Alexander Island ought to be a
priority for further investigations to determine if it served
as a refugium for other taxa (e.g. tardigrades and rotifers).

Conclusions

Our data on H. belgicae and A. antarcticus suggest that
sub-Antarctic South Georgia should be considered
biogeographically distinct from the remainder of the
Scotia Arc and Antarctic Peninsula, and that several
distinct regions can be identified along the Antarctic
Peninsula itself. Biogeographical analyses based both on
species distributional information and on molecular data
support these overall distinctions between areas, although
the specifics vary from group to group. Further analyses
will be required to determine whether any consistent
signal among groups exists for the smaller areas in the
region. Nonetheless, the available information suggests
that biosecurity protocols should be rigorously
implemented for visits between sites in the region to
prevent transfer of individuals between populations,
which would compromise signals of evolutionary history
and potential future evolutionary trajectories.

Finally, the data presented here add to a growing body
of evidence indicating that arthropod diversity in the
Antarctic is much greater than previously thought. Indeed,
many species previously considered widespread may be
species complexes. In the context of understanding the
ecology of Antarctic terrestrial systems, the substantially
different evolutionary histories of the two iconic mite
species examined in this study should be considered when
interpreting previously acquired information about their
physiologies and life histories. Given that clades within
each of the species have been genetically distinct for
millennia, if these lineages experienced different
environmental or climatic conditions whilst isolated in
refugia, there may be corresponding differences in their
physiological characteristics. Understanding whether such
biological differences exist among the clades might be
especially significant for improving current understanding
of how these species may respond to the rapidly changing
climate of the Scotia Arc.

Acknowledgements

Gayle Pederson is thanked for assistance in the laboratory
and Louise Coetzee provided taxonomic assistance. This
work was supported by a Scientific Committee on Antarctic
Research (SCAR) fellowship to JEL. The work falls under
the State of the Antarctic Ecosystem (AntEco) SCAR
research programme. SLC was partly supported by
National Research Foundation Grant SNA14071475789
and BvV by National Research Foundation Grant
SNA14071575859. PC is supported by NERC core
funding to the BAS Environmental Change and Evolution
Programme. Fieldwork to generate the collections used in
this studywas supported by the BritishAntarctic Survey and
HMS Endurance. We thank the anonymous reviewers for
their input into drafts of our manuscript.

Details of data deposit

All sequences generated in the present study
were submitted to EMBL under accession numbers
MG712642–MG712686.

Author contributions

SLC and PC conceived the initial idea for the project and
this was developed through discussions with all authors.
PC was responsible for sample collection. BvV and JL
were responsible for laboratory work, scoring data and
analyses. All authors contributed to discussions and
writing of the manuscript.

References

ALLEGRUCCI, G., CARCHINI, G., CONVEY, P. & SBORDONI, V. 2012.
Evolutionary geographic relationships among orthocladine
chironmid midges from Maritime Antarctic and sub-Antarctic
islands. Biological Journal of the Linnean Society, 106, 258–274.

112 BETTINE JANSEN VAN VUUREN et al.

https://doi.org/10.1017/S0954102017000529 Published online by Cambridge University Press

https://doi.org/10.1017/S0954102017000529


BENNETT, K.R., HOGG, I.D., ADAMS, B.J. & HEBERT, P.D.N. 2016. High
levels of intraspecific genetic divergences revealed for Antarctic
springtails: evidence for small-scale isolation during Pleistocene
glaciation. Biological Journal of the Linnean Society, 119, 166–178.

BERTLER, N.A.N. & BARRETT, P.J. 2010. Vanishing polar ice sheets. In
DODSON, J., ed. Changing climates, earth systems and society.
Dordrecht: Springer, 49–83.

BLOCK, W. 1984. Terrestrial microbiology, invertebrates and
ecosystems. In LAWS, R.M., ed. Antarctic ecology. London:
Academic Press, 163–236.

CARAPELLI, A., LEO, C. & FRATI, F. 2017. High levels of genetic
structuring in the Antarctic springtail Cryptopygus terranovus.
Antarctic Science, 29, 311–323.

CHOWN, S.L. & CONVEY, P. 2007. Spatial and temporal variability across
life’s hierarchies in the terrestrial Antarctic. Philosophical Transactions
of the Royal Society - Biological Science, B362, 2307–2331.

CHOWN, S.L. & CONVEY, P. 2016. Antarctic entomology. Annual Review
of Entomology, 61, 119–137.

CHOWN, S.L., CLARKE, A., FRASER, C.I., CARY, S.C., MOON, K.L. &
MCGEOCH, M.A. 2015. The changing form of Antarctic biodiversity.
Nature, 522, 431–438.

CHOWN, S.L., HUSKIES, A.H.L., GREMMEN,N.J.M., LEE, J.E., TERAUDS, A.,
CROSBIE, K., FRENOT, Y., HUGHES, K.A., IMURA, S., KIEFER, K.,
LEBOUVIER,M.,RAYMOND, B., TSUJIMOTO,M.,WARE, C., VAN DEVIJVER, B.
& BERGSTROM, D.M. 2012. Continent-wide risk assessment for the
establishment of nonindigenous species in Antarctica. Proceedings of
the National Academy of Sciences of the United States of America, 109,
4938–4943.

CHOWN, S.L., BROOKS, C.M., TERAUDS, A., LE BOHEC, C., VAN

KLAVEREN-IMPAGLIAZZO, C., WHITTINGTON, J.D., BUTCHART, S.H.M.,
COETZEE, B.W.T., COLLEN, B., CONVEY, P., GASTON, K.J., GILBERT, N.,
GILL, M., HOFT, R., JOHNSTON, S., KENNICUTT, M.C., KRIESELL, H.J.,
LE MAHO, Y., LYNCH, H.J., PALOMARES, M., PUIG-MARCO, R.,
STOETT, P. & MCGEOCH, M.A. 2017. Antarctica and the strategic plan
for biodiversity. PLoS Biology, 10.1371/journal.pbio.2001656.

CICCONARDI, F., NARDI, F., EMERSON, B.C., FRATI, F. & FANCIULLI, P.P.
2010. Deep phylogeographic divisions and long-term persistence of
forest invertebrates (Hexapoda: Collembola) in the north-western
Mediterranean basin. Molecular Ecology, 19, 386–400.

CONVEY, P., GIBSON, J.A.E., HILLENBRAND, C.D., HODGSON, D.A.,
PUGH, P.J.A., SMELLIE, J.L. & STEVENS, M.I. 2008. Antarctic
terrestrial life – challenging the history of the frozen continent?
Biological Reviews, 83, 103–117.

CONVEY, P., CHOWN, S.L., CLARKE, A., BARNES, D.K.A., BOKHORST, S.,
CUMMINGS, V., DUCKLOW, H.W., FRATI, F., GREEN, T.G.A.,
GORDON, S., GRIFFITHS, H.J., HOWARD-WILLIAMS, C., HUISKES, A.H.L.,
LAYBOURN-PARRY, J., LYONS, W.B., MCMINN, A., MORLEY, S.A.,
PECK, L.S., QUESADA, A., ROBINSON, S.A., SCHIAPARELLI, S. &
WALL, D.H. 2014. The spatial structure of Antarctic biodiversity.
Ecological Monographs, 84, 203–244.

DANFORTH, B.N. & JI, S.Q. 1998. Elongation factor-1 alpha occurs as two
copies in bees: implications for phylogenetic analysis of EF-1 alpha
sequences in insects.Molecular Biology and Evolution, 15, 225–235.

DRUMMOND, A.J. & RAMBAUT, A. 2007. BEAST: Bayesian evolutionary
analysis by sampling trees. BMC Evolutionary Biology, 10.1186/1471-
2148-7-214.

EDGAR, R.C. 2004. MUSCLE: multiple sequence alignment with high
accuracy and high throughput. Nucleic Acids Research, 32, 1792–1797.

EXCOFFIER, L. & LISCHER, H.E.L. 2010. Arlequin suite ver. 3.5: a new
series of programs to perform population genetics analyses under
Linux and Windows. Molecular Ecology Resources, 10, 564–567.

FANCIULLI, P.P., SUMMA, D., DALLAI, R. & FRATI, F. 2001. High levels of
genetic variability and population differentiation in Gressittacantha
terranova (Collembola, Hexapoda) from Victoria Land, Antarctica.
Antarctic Science, 13, 246–254.

FOLMER, O., BLACK, M., HOEH, W., LUTZ, R. & VRIJENHOEK, R. 1994.
DNA primers for amplification of mitochondrial cytochrome c
oxidase subunit I from diverse metazoan invertebrates. Molecular
Marine Biology and Biotechnology, 3, 294–299.

FRASER, C.I., CONNELL, L., LEE, C.K. & CARY, S.C. 2017. Evidence of
plant and animal communities at exposed and subglacial (cave)
geothermal sites in Antarctica. Polar Biology, 10.1007/s00300-017-
2198-9.

FRASER, C.I., TERAUDS, A., SMELLIE, J., CONVEY, P. &CHOWN, S.L. 2014.
Geothermal activity helps life survive glacial cycles.Proceedings of the
National Academy of Sciences of the United States of America, 111,
5634–5639.

FRATI, F., SPINSANTI, G. & DALLAI, R. 2001. Genetic variation of
mtCOII gene sequences in the collembolan Isotoma klovstadi from
Victoria Land, Antarctica: evidence for population differentiation.
Polar Biology, 24, 934–940.

HAWES, T.C., TORRICELLI, G. & STEVENS, M.I. 2010. Haplotype diversity
in the Antarctic springtail Gressittacantha terranova at fine spatial
scales – a Holocene twist to a Pliocene tale. Antarctic Science, 22,
766–773.

HUGHES, K.A. & CONVEY, P. 2010. The protection of Antarctic
terrestrial ecosystems from inter- and intra-continental transfer of
non-indigenous species by human activities: a review of current
systems and practices. Global Environmental Change - Human and
Policy Dimensions, 20, 96–112.

LAUMANN, M., NORTON, R.A., WEIGMANN, G., SCHEU, S., MARAUN, M.
&HEETHOFF,M. 2007. Speciation in the parthenogenetic oribatid mite
genus Tectocepheus (Acari, Oribatida) as indicated by molecular
phylogeny. Pedobiologia, 51, 111–122.

LEE, J.E. & CHOWN, S.L. 2011. Quantification of intra-regional propagule
movements in the Antarctic. Antarctic Science, 23, 337–342.

LEE, J.R., RAYMOND, B., BRACEGIRDLE, T.J., CHADÈS, I., FULLER, R.A.,
SHAW, J.D. & TERAUDS, A. 2017. Climate change drives expansion of
Antarctic ice-free habitat. Nature, 10.1038/nature22996.

LIBRADO, P. & ROZAS, J. 2009. DnaSP v5: a software for comprehensive
analysis of DNA polymorphism data. Bioinformatics, 25, 1451–1452.

MANTEL, N. 1967. The detection of disease clustering and a generalized
regression approach. Cancer Research, 27, 209–220.

MARSHALL, D.J. & CONVEY, P. 2004. Latitudinal variation in habitat
specificity of ameronothrid mites (Oribatida). Experimental and
Applied Acarology, 34, 21–35.

MASLEN, N.R. & CONVEY, P. 2006. Nematode diversity and distribution
in the southern Maritime Antarctic: clues to history? Soil Biology &
Biochemistry, 38, 3141–3151.

MCGAUGHRAN, A., STEVENS, M.I., HOGG, I.D. & CARAPELLI, A. 2011.
Extreme glacial legacies: a synthesis of the Antarctic springtail
phylogeographic record. Insects, 2, 62–82.

MCGAUGHRAN, A., TORRICELLI, G., CARAPELLI, A., FRATI, F.,
STEVENS, M.I., CONVEY, P. & HOGG, I.D. 2010. Contrasting
phylogeographical patterns for springtails reflect different
evolutionary histories between the Antarctic Peninsula and
Continental Antarctica. Journal of Biogeography, 37, 103–119.

MCGEOCH, M.A., SHAW, J.D., TERAUDS, A., LEE, J.E. & CHOWN, S.L.
2015. Monitoring biological invasion across the broader Antarctic: a
baseline and indicator framework. Global Environmental Change -
Human and Policy Dimensions, 32, 108–125.

MORGAN, F., BARKER, G., BRIGGS, C., PRICE, R. & KEYS, H. 2007.
Environmental domains of Antarctica version 2.0 final report. Landcare
Research Contract Report: LCO708/055. Available at: https://www.
landcareresearch.co.nz/publications/researchpubs/eda_v2_final_
report.pdf.

MORTIMER, E., VAN VUUREN, B.J., LEE, J.E., MARSHALL, D.J., CONVEY,
P. & CHOWN, S.L. 2011. Mite dispersal among the Southern Ocean
islands andAntarctica before the Last GlacialMaximum.Proceedings
of the Royal Society - Biological Sciences, B278, 1247–1255.

PHYLOGEOGRAPHY OF ORIBATID MITES 113

https://doi.org/10.1017/S0954102017000529 Published online by Cambridge University Press

https://www.landcareresearch.co.nz/publications/researchpubs/eda_v2_final_report.pdf
https://www.landcareresearch.co.nz/publications/researchpubs/eda_v2_final_report.pdf
https://www.landcareresearch.co.nz/publications/researchpubs/eda_v2_final_report.pdf
https://doi.org/10.1017/S0954102017000529


NOLAN, L., HOGG, I.D., STEVENS, M.I. & HAASE, M. 2006. Fine
scale distribution of mtDNA haplotypes for the springtail
Gomphiocephalus hodgsoni (Collembola) corresponds to an ancient
shoreline in Taylor Valley, Continental Antarctica. Polar Biology, 29,
813–819.

POSADA, D. 2009. Selection of models of DNA evolution with
jModelTest. Methods in Molecular Biology, 537, 93–112.

RAMBAUT, A. &DRUMMOND, A.J. 2007. Tracer v1.4. Available at: http://
beast.bio.ed.ac.uk/Tracer.

ROGERS, A.D. 2007. Evolution and biodiversity of Antarctic organisms:
a molecular perspective. Philosophical Transactions of the Royal
Society - Biological Sciences, B362, 2191–2214.

SALOMONE, N., EMERSON, B.C., HEWITT, G.M. & BERNINI, F. 2002.
Phylogenetic relationships among the Canary Island Steganacaridae
(Acari, Oribatida) inferred from mitochondrial DNA sequence data.
Molecular Ecology, 11, 79–89.

SMELLIE, J.L., HAYWOOD, A.M., HILLENBRAND, C.-D., LUNT, D.J. &
VALDES, P.J. 2009. Nature of the Antarctic Peninsula ice sheet during
the Pliocene: geological evidence and modelling results compared.
Earth-Science Reviews, 94, 79–94.

SPENCE, P., HOLMES, R.M., HOGG, A.M., GRIFFIES, S.M., STEWART, K.D.
& ENGLAND, M.H. 2017. Localized rapid warming of West Antarctic
subsurface waters by remote winds. Nature Climate Change, 7,
595–603.

STAMATAKIS, A. 2014. RAxML version 8: a tool for phylogenetic
analysis and post-analysis of large phylogenies. Bioinformatics,
10.1093/bioinformatics/btu033.

STEVENS, M.I. & HOGG, I.D. 2003. Long-term isolation and recent range
expansion from glacial refugia revealed for the endemic springtail
Gomphiocephalus hodgsoni from Victoria Land, Antarctica.
Molecular Ecology, 12, 2357–2369.

STUDENT, J., AMELUNG, B. & LAMERS,M. 2016. Towards a tipping point?
Exploring the capacity to self-regulate Antarctic tourism using agent-
based modelling. Journal of Sustainable Tourism, 24, 412–429.

TERAUDS, A., CHOWN, S.L., MORGAN, F., PEAT, H.J., WATTS, D.J.,
KEYS, H., CONVEY, P. & BERGSTROM, D.M. 2012. Conservation
biogeography of theAntarctic.Diversity andDistributions, 18, 726–741.

TIN, T., FLEMING, Z.L., HUGHES, K.A., AINLEY, D.G., CONVEY, P.,
MORENO, C.A., PFEIFFER, S., SCOTT, J. & SNAPE, I. 2009. Impacts of
local human activities on the Antarctic environment. Antarctic
Science, 21, 3–33.

TRUSEL, L.D., FREY, K.E., DAS, S.B., KARNAUSKAS, K.B.,MUNNEKE, P.K.,
VAN MEIJGAARD, E. & VAN DEN BROEKE, M.R. 2015. Divergent
trajectories of Antarctic surface melt under two twenty-first-century
climate scenarios. Nature Geoscience, 10.1038/NGEO2563.

WHINAM, J., CHILCOTT, N. & BERGSTROM, D.M. 2005. Sub-Antarctic
hitchhikers: expeditioners as vectors for the introduction of alien
organisms. Biological Conservation, 121, 207–219.

114 BETTINE JANSEN VAN VUUREN et al.

https://doi.org/10.1017/S0954102017000529 Published online by Cambridge University Press

http://beast.bio.ed.ac.uk/Tracer
http://beast.bio.ed.ac.uk/Tracer
https://doi.org/10.1017/S0954102017000529

	Conservation implications of spatial genetic structure in two species of oribatid mites from the Antarctic Peninsula and the Scotia�Arc
	Introduction
	Table IIPopulation statistics and genetic characteristics for Alaskozetes antarcticus, where n is number of individuals&#x002F;sequences, x is number of haplotypes, h is haplotype diversity and &#x03C0; is nucleotide diversity
	Table IPopulation statistics and genetic characteristics for Halozetes belgicae, where n is number of individuals&#x002F;sequences, x is number of haplotypes, h is haplotype diversity and &#x03C0; is nucleotide diversity
	Fig. 1aTable showing the sampling locations of Halozetes belgicae with corresponding colours for the map locations. b. Map showing the sampling locations of H. belgicae on the Antarctic Peninsula and South Georgia (inset). c. Bayesian topology inferred fr
	Fig. 2aTable showing the sampling locations of Alaskozetes antarcticus with corresponding colours for the map locations. b. Map showing the sampling locations of A. antarcticus on the Antarctic Peninsula and South Georgia (inset). c. Bayesian topology inf
	Materials and methods
	DNA extraction and sequencing
	Spatial genetic variation analysis
	Molecular divergence times

	Results
	Halozetes belgicae
	Alaskozetes antarcticus

	Discussion
	Conclusions
	Acknowledgements
	ACKNOWLEDGEMENTS
	References


