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During austral summer field seasons between 1999 and 2018, we
sampled at 91 locations throughout southern Victoria Land and
along the Transantarctic Mountains for six species of endemic
microarthropods (Collembola), covering a latitudinal range from
76.0°S to 87.3°S. We assembled individual mitochondrial cyto-
chrome ¢ oxidase subunit 1 (COI) sequences (n = 866) and found
high levels of sequence divergence at both small (<10 km) and
large (>600 km) spatial scales for four of the six Collembola spe-
cies. We applied molecular clock estimates and assessed genetic
divergences relative to the timing of past glacial cycles, including
collapses of the West Antarctic Ice Sheet (WAIS). We found that
genetically distinct lineages within three species have likely been
isolated for at least 5.54 My to 3.52 My, while the other three
species diverged more recently (<2 My). We suggest that Collem-
bola had greater dispersal opportunities under past warmer cli-
mates, via flotation along coastal margins. Similarly increased
opportunities for dispersal may occur under contemporary climate
warming scenarios, which could influence the genetic structure of
extant populations. As Collembola are a living record of past land-
scape evolution within Antarctica, these findings provide biologi-
cal evidence to support geological and glaciological estimates of
historical WAIS dynamics over the last ca. 5 My.

climate change | microarthropods | molecular clock | terrestrial
biodiversity | phylogeography

During the Pliocene (5.3 Mya to 2.6 Mya), global mean sea
surface temperatures were between 1.9 °C and 3.6 °C higher
than the present day (ref. 1 and references therein). These warmer
temperatures are thought to have caused a total collapse of the
West Antarctic Ice Sheet (WAIS) and retreat of the East Antarctic
Ice Sheet (EAIS) marine margins, as well as the Greenland Ice
Sheet, resulting in an estimated 14-m rise in global mean sea level as
compared to present-day levels (2-4). Other more recent periods of
glacial retreat occurred during the Pleistocene (<2 Mya), although
transitions between fully glaciated and completely collapsed states
of the WAIS are thought to be much more rapid, and the collapsed
states more short lived, than during the Pliocene (4, 5).

Much of Antarctica’s terrestrial biodiversity, including micro-
invertebrates (mites, springtails, nematodes, tardigrades, and roti-
fers), is concentrated along the Transantarctic Mountains where
the WAIS and EAIS converge (Fig. 1). Many taxa in these ice-free
areas have presumably survived repeated glacial cycles in local
refugia, with some taxa dating back to before isolation of the
Antarctic continent and establishment of the Antarctic Circum-
polar Current ~34 Mya to 36 Mya (6, 7). The distribution of many
Antarctic soil taxa such as lichens, nematodes, and micro-
arthropods is disjunct (8-10) and does not conform to conventional
patterns of diversity which usually show decreasing trends with
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increasing latitude (i.e., the Latitudinal Diversity Gradient; ref. 11).
Instead, areas with equivalent, and sometimes higher, levels of
biological diversity can be found at more southern locations (8, 12).
Rather than latitude, local environmental factors (including those
associated with elevation and distance from the coast), local mi-
crohabitats, historical glacial events, and geographic barriers have
largely dictated the distribution and diversity of present-day bio-
logical communities in Antarctica (12, 13).

Among the largest terrestrial animals in Antarctica are the
microarthropod Collembola (springtails) and Acari (mites), at
generally <2 mm in length (10), as well as Diptera (flies/midges)
from the Antarctic Peninsula. Their long-term persistence in
Antarctica would have necessitated survival in local refugia during
glacial maxima followed by recolonization during more favorable
interglacial periods (14). As a result of repeated glacial cycles,
present-day populations are highly isolated and locally unique
(15-17). DNA sequencing of local invertebrate populations, in-
cluding Collembola, has provided fine-scale patterns of genetic
evidence at levels that support speciation and population struc-
turing as a result of landscape changes through time (18, 19).

Significance

Changes in the extent of ice sheets through evolutionary timescales
have influenced the connectivity of soil invertebrate populations
across the Antarctic landscape. We use genetic divergences to es-
timate isolation times for soil invertebrates along the Transantarctic
Mountains. Four species of Collembola (Arthropoda) each showed
genetically distinct populations at locations likely isolated for mil-
lions of years. Two further species were less genetically diverse
although also range restricted. Our genetic data corroborate climate
reconstructions and estimates of past warm periods of reduced ice
and absent ice shelf in the Ross Sea region, during which time open
seaways would have facilitated dispersal of Collembola, and
possibly other taxa.

Author contributions: I.D.H., B.J.A., D.H.W., and T.G.A.G. designed research; G.E.C,, I.D.H.,
L.G.S., D.A.C, W.B.L, B.J.A,, D.H.W., and T.G.A.G. performed research; G.E.C., I.D.H., and
B.J.A. analyzed data; and G.E.C,, I.D.H., P.C,, L.G.S.,, D.A.C, W.B.L, B.JA, D.HW.,, and
T.G.A.G. wrote the paper.

Reviewers: B.H., University of Maine; and B.J.v.V., University of Johannesburg.
The authors declare no competing interest.

This open access article is distributed under Creative Commons Attribution-NonCommercial-
NoDerivatives License 4.0 (CC BY-NC-ND).

'"To whom correspondence may be addressed. Email: ian.hogg@polar.gc.ca or Diana.
Wall@colostate.edu.

This article contains supporting information online at https://www.pnas.org/lookup/suppl/
doi:10.1073/pnas.2007925117/-/DCSupplemental.

First published August 24, 2020.

PNAS | September 8,2020 | vol. 117 | no.36 | 22293-22302

=
=]
=
=)
=
(=]
>
w

EARTH, ATMOSPHERIC,

AND PLANETARY SCIENCES


https://orcid.org/0000-0002-3626-7845
https://orcid.org/0000-0002-6685-0089
https://orcid.org/0000-0001-8497-9903
https://orcid.org/0000-0002-4751-7475
https://orcid.org/0000-0001-8059-861X
https://orcid.org/0000-0002-7815-3352
https://orcid.org/0000-0002-9466-5235
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2007925117&domain=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:ian.hogg@polar.gc.ca
mailto:Diana.Wall@colostate.edu
mailto:Diana.Wall@colostate.edu
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2007925117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2007925117/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.2007925117

76°S -

78°S -1
&‘O] /Byrd Gl.
H"'\\“-_v‘:: #,
Pl
o 1 b
80°S KN

Latitude

Beardmore Gl.

O SR 5 0]

- Waldron Spur
Thanksgiving Valley
- Taylor Nunatak

- Kitching Ridge
Bennett Platform
Mount Augusta

- Schroeder Hill

- Roberts Massif

Ross Ice Shelf

300km’

<

130°E

Longitude

Fig. 1.

160°E | 160°W 130°W

—

110°W

(A) Location of study area within the Ross Sea sector of continental Antarctica, showing general area of WAIS and EAIS. (B) Collection sites where six

Collembola species were found (green circles; total n = 78 sites) from SVL, the QAR, and the QMM. Locations where no Collembola were found in the

QAR-QMM regions (n = 13) are identified with gray circles.

Linking the structure of natural populations with past geo-
logical events or features such as crustal uplift or glacial cycling
has long been of interest to biologists (20). The isolation of once
contiguous populations into geologically disparate habitats can
provide information on the timing of isolation events. For ex-
ample, ancient and vicariant species of Antarctic Peninsula and
Scotia Arc endemic midges have been separated for an estimated
49 My, since before the opening of the Drake Passage between
South America and the South Shetland Islands 33 Mya to 30
Mya (21). Furthermore, based on biodiversity patterns and ge-
netic assessments of marine taxa (bryozoans, gastropods, and
bivalves), collapse of the WAIS likely connected the Ross Sea
and Weddell Sea (near the Antarctic Peninsula) (22).

The concept of a universal, standardized, clock-like approach
for dating evolutionary divergences was first proposed by Brower
(23), who calculated a clock rate of 2.3% My™". This rate was
based on DNA sequence data from neotropical butterflies, com-
bined with other invertebrate groups and calibrated using rela-
tively recent geological events (<3.25 Mya). This rate had been
considered universal and appropriate for estimating invertebrate
divergence times based on DNA sequence variation, including for
Antarctic Collembola (16, 24). However, this rate has been
reevaluated (25, 26), and a recalibrated rate of 3.54% My ™" has
been proposed (27). This revised rate was based on the separation
of tenebrionid beetle populations by the formation of the mid-
Aegean Trench (12 Mya to 9 Mya) and has since been applied
to Collembola globally (28-30). Here, we use the revised rate as a
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more conservative estimate of divergence times for Antarctic
Collembola of the Ross Sea region.

Collembola are ametabolous (no larval stage), and the larger
individuals (with more food reserves) have greater potential for
successful long-distance dispersal (31). Possible dispersal meth-
ods for Collembola include walking (or jumping), aerial drift,
animal-mediated (“hitch-hiking”), or flotation on water. While
aerial transport for Cryptopygus antarcticus has been documented
to occur at the Antarctic Peninsula (32), taxa in more arid en-
vironments, such as ice-free areas of the Ross Sea region, face a
greater threat of desiccation while in transit (33). As a result,
long-range dispersal events for Collembola are limited and most
likely rely on flotation (rafting) on freshwater (i.e., melt streams)
or seawater (i.e., open seaways), when and where available (34).

Long-range dispersal of Collembola, particularly in the vicinity
of the Ross Ice Shelf (Ross Sea region), would have only been
possible with access to liquid water during periods of glacial retreat,
as survival under shelf ice is extremely unlikely. With open water
during warmer periods promoting dispersal and population con-
nectivity, increases in gene flow would have homogenized pop-
ulations. Subsequent glaciation, as well as the reformation of the
Ross Ice Shelf and WAIS, would have isolated previously contig-
uous populations. These events would serve to “reset the molecular
clock,” where newly isolated populations would begin accumulating
local nucleotide substitutions (35). The opportunity to use biolog-
ical organisms to test hypotheses of landscape evolution is rela-
tively rare, and Antarctic Collembola provide such an opportunity.
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We assessed levels of mitochondrial cytochrome ¢ oxidase
subunit 1 (COI) sequence divergence for the six known species of
Collembola found in southern Victoria Land (SVL), the Queen
Alexandra Range (QAR), and the Queen Maud Mountains
(QMM), within the Ross Sea region of continental Antarctica
(Fig. 1). We then applied a molecular clock rate to estimate
divergence times of populations. By comparing these estimated
divergence times to estimates of past glaciological events in this
region (3, 4), we suggest that warm periods, with reduced ice and
open water, within the last 5 My were at least partially respon-
sible for the present-day patterns of Collembola diversity ob-
served in the Ross Sea region of Antarctica. We hypothesize that
species with high levels of genetic divergence (>5%) indicate
populations that have been isolated for between 5 My and 3 My
or longer, and may even represent speciation events, whereas
species with lower levels of population divergence (<5%) were
isolated more recently (e.g., within the last 2 My). We suggest
that these biological data provide evidence to corroborate hy-
pothesized local geological/glaciological events and enhance our
understanding of terrestrial and glaciological landscape evolution
in Antarctica.

Results

We generated mitochondrial COI sequences (n = 132) and
combined these with publicly available sequences (n = 734) for
analysis of all six species of Collembola in SVL, the QAR and
the QMM. Two species had relatively low intraspecific diver-
gences (<2% mean uncorrected p distance; Fig. 2 and Table 1),
each with very limited distributions (Fig. 3 B and C). Biscoia
sudpolaris (n = 35 sequences; 7 = 5 haplotypes; <1.6% diver-
gence) was found on both sides of the Beardmore Glacier
(83.5°S; ~20 km across), while Tullbergia mediantarctica (n = 50;
h = 3; <0.4% divergence) was found at sites farther south, on
both sides of the Shackleton Glacier (84.5°S; ~10 km across).

The remaining four species were more widespread, each
comprising between two and four divergent lineages (total n
divergent lineages = 14; 3.3 to 13.9% mean uncorrected p dis-
tance; Fig. 2 and Table 1). Each genetic lineage had a unique
Barcode Index Number (BIN) and was found exclusively at one or a
range of geographically isolated locations (Figs. 3 and 4). Tests of
substitution saturation were performed separately for each of these
four species, and, in all cases, the critical index of substitution sat-
uration (Iss.C) was significantly greater than the index of substitu-
tion saturation (Iss) (P < 0.01; SI Appendix, Table S2), confirming
that the data were appropriate for molecular clock analyses.

In SVL, three species of Collembola were present (Antarcti-
cinella monoculata, Cryptopygus nivicolus, and Gomphiocephalus
hodgsoni), each containing divergent populations, particularly at
inland sites (Fig. 4). At three sites in SVL (Cliff Nunatak, Mount
Murray, and Pegtop Mountain), only one species was present (4.
monoculata), while six other sites had a combination of only two
species present. The varying levels of genetic divergence found
among these populations reflect these distributional differences;
levels of divergence were lowest for C. nivicolus (3.3 to 4.1%),
midrange for G. hodgsoni (5.7 to 6.4%), and highest for A. mon-
oculata (10.7%). The range of divergence dates that were esti-
mated for each species also varied accordingly, based on
molecular clock analyses (Fig. 5 and Table 2): Divergent pop-
ulations have been isolated for at least 1.3 My for C. nivicolus, 2.2
My for G. hodgsoni (in SVL), and 5.5 My for A. monoculata (Fig. 5
and Table 2).

Farther south, within the QMM, we found three genetically
distinct populations of Antarctophorus subpolaris each at geo-
graphically isolated locations (Figs. 2 and 3D). Either side of the
Shackleton Glacier, A. subpolaris was 11.7% divergent, and the
other population near the Beardmore Glacier was 13.9% diver-
gent relative to the population on the eastern side of the Shack-
leton Glacier (type locality). We also found a unique lineage of G.
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hodgsoni on the northern side of the Beardmore Glacier, within
the QAR (7.9% divergent from the SVL widespread coastal
lineage; Figs. 34 and 4A4), expanding the distributional range for
this species by >650 km. This southern population of G. hodgsoni
appears to have been isolated from its more northern counterparts
for ~3.52 My (95% highest posterior density [HPD]: 4.64 My to
2.56 My), aligning with the inferred period of WAIS collapse
between 5 Mya and 3 Mya (Fig. 5). For A. subpolaris, populations
on either side of the Shackleton Glacier have been isolated for
5.27 My (95% HPD: 7.01 My to 3.76 My), aligning with the onset
of WAIS collapse during the 5- to 3-Mya timeframe (Fig. 5).
However, isolation of the Beardmore Glacier population of A.
subpolaris was estimated since 8.48 Mya (95% HPD: 11.06 My to
6.24 My).

To test for the possibility of different rates of molecular evo-
lution within A. subpolaris, we applied the 5- to 3-My WAIS
collapse to each of the two node separations, using two separate
Bayesian analyses. The resulting calibrated clock rates were es-
timated at 4.8% divergence per million years for the Beardmore
Glacier lineage and 3.2% divergence per My for Shackleton
Glacier lineages (Table 2). However, when we performed Taji-
ma’s relative rate analyses, with A. monoculata as an outgroup (as
nearest sister taxon in the phylogenetic tree), to specifically test
whether it is possible that the northern A. subpolaris population
has a different rate of molecular evolution (i.e., clock rate) than
the two southern populations, we found no evidence to support a
varied clock rate among any of the Antarctophorus sequences (x* =
0.01 to 0.13; P > 0.05; SI Appendix, Table S2). It is therefore more
likely that the Beardmore Glacier population of A. subpolaris has
been isolated for longer than the more southern populations, in-
dicative of lineage independence and possible speciation.

Discussion

Past climatic and geological changes have constrained terrestrial
invertebrate distributions in Antarctica, influencing the genetic
structure of extant species (38). Our phylogeographic approach
suggests that patterns of population genetic structure were
influenced by large-scale glacial events, consistent with past cli-
mate reconstructions. Further, our analyses provide independent
corroboration of geological, glaciological, and model-based es-
timates of historical Ross Ice Shelf retreat and potential WAIS
collapses such as those of refs. 3 and 4.

Two of the six species we studied, B. sudpolaris and T.
mediantarctica, show limited genetic variability among sites and
are the most range restricted of the taxa (each found within a
point-to-point distance of <40 km). The loss of genetic diversity
due to random genetic drift has a greater relative effect on smaller
populations (39), and reductions in the gene pool can lead to
decreased fitness for the population overall (40). However, these
two species were found in relatively high abundance (more than
eight sequences from most sites, as well as additional specimens
that were collected and not sequenced). We also highlight that B.
sudpolaris and T. mediantarctica may be species of special con-
servation concern, given their currently limited distributions and
low genetic diversity.

The four Collembola species with more widespread distributions
(A. subpolaris, A. monoculata, C. nivicolus, and G. hodgsoni) each
have highly divergent populations that are geographically isolated. If
these isolated populations are not highly abundant (e.g., only two
individuals were found for the Mount Gran lineage of G. hodgsoni),
they would be greatly affected by genetic drift and would therefore
also be of special conservation concern. In some cases, genetic di-
vergence occurred between sites that were distantly spaced (4.
subpolaris, A. monoculata, and G. hodgsoni). Indeed, the theory of
isolation by distance describes how increasing genetic differences
between populations are often found as the geographic distance
increases (41). However, divergent populations for A. subpolaris, G.
hodgsoni, and C. nivicolus also occurred at sites that are within close
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proximity but separated by prominent geographical features such as  Island (42) as well as among continental Antarctic populations of
the Shackleton and Mackay Glaciers. High levels of genetic diver-  Friesea propria and Friesea gretae (previously known as Friesea grisea;,
gence have also been found across small spatial scales (<20 km) ref. 43) in northern Victoria Land (36), attributed to historical
among mite populations on either side of sub-Antarctic Marion events and geographical barriers preventing dispersal.
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A single genetic lineage for G. hodgsoni is widespread among
coastal sites throughout SVL, whereas all three distinct A. sub-
polaris populations were at coastal sites within the QMM. These
findings are consistent with the idea that dispersal is currently
possible via open seaways in SVL, similar to what would be
expected along the coastline of the more southern QAR and
QMM regions during times of WAIS and Ross Ice Shelf col-
lapse, where grounded ice has regularly blocked dispersal of
Collembola since the Pliocene. Furthermore, genetically distinct
populations of G. hodgsoni and C. nivicolus were located within
SVL at sites farther inland (>30 km from the coast) and at higher
elevations (>1,000 m above sea level [a.s.1.]), suggesting currently
limited dispersal opportunities among these inland sites. No
Collembola occurred at sampled sites located farther inland
within the QAR and QMM regions. This is likely a direct con-
sequence of the more extreme conditions, including limited
availability of liquid water and inhospitable soil habitat (1, 44).
However, under warmer climate scenarios, harsh soil environ-
ments may become ameliorated, facilitating expansion of Col-
lembola populations and colonization of these inland sites.

Based on our molecular clock estimates, divergent populations
of A. subpolaris, A. monoculata, and G. hodgsoni have been
isolated since 5.54 Mya to 3.52 Mya. During this time when
conditions were warmer, multiple collapses of the WAIS likely
occurred (45, 46), lasting for extended periods, and this would
have drastically improved dispersal opportunities for Collembola
in the Ross Sea region, facilitated by flotation along coastal
margins. However, it is unlikely that the Beardmore and
Shackleton Glaciers (two of the major outlet glaciers that drain
the EAIS; ref. 47) would have fully retreated during these pe-
riods of WAIS collapse (48), with the EAIS interior possibly
being stable for the last 14 My (2). Therefore, dispersal among
locations farther inland in the QAR and QMM vicinities and
available habitat would have remained limited during the past
5 My.

More recently (<2 Mya), many glacial cycles have occurred
during the Pleistocene, particularly during the period between
1.7 Mya and 0.6 Mya (4, 49) which encompasses the well-
documented Marine Isotope Stage 31 between 1.085 Mya and
1.055 Mya (50), as well as other significant warming events since
0.6 Mya. Additional WAIS collapses proposed by refs. 3 and 51
occurred from ~423 Kya to 362 Kya and from 210 Kya to 205
Kya. Inferred collapses since 2 Mya were likely more rapid (4), in
which case opportunities for Collembola dispersal would have
been more limited, relative to the longer-duration WAIS col-
lapses between 5 Mya and 3 Mya.

Partial collapses of the WAIS could have provided further
dispersal opportunities for the more northern species. For G.
hodgsoni, warm periods 3.2 Mya to 2.7 Mya (52) may have
provided dispersal opportunities for this species among SVL
locations, after which the Mount Gran and Towle Glacier

Table 1.
Collembola from SVL, the QAR, and the QMM

populations probably remained isolated to the present day owing
to their remote positioning (>30 km from the coast
and >1,000 m a.s.l.). The remaining two SVL species have dif-
fering isolation date estimates compared to G. hodgsoni, as a re-
sult of differences in their distributional patterns and levels of
genetic divergence. For example, A. monoculata was the only
species found at Pegtop Mountain, which may have served as a
“stepping stone” location for the southern lineage to reach
Springtail Point, whereas a unique lineage of C. nivicolus was
found at Springtail Point. The finer-scale genetic variation in G.
hodgsoni among the widespread coastal populations (<1.6% di-
vergence) could further be attributed to the most recent warm
events within the last 2 My, as has been considered for three
species of Collembola from the South Shetland Islands (53).

It is entirely possible that some or all of the 14 divergent
lineages considered here represent new species. In particular, as
noted above, one population of A. subpolaris may have been iso-
lated for up to 8.48 My, beyond the influence of any WAIS col-
lapse that occurred during the 5- to 3-My time period addressed
here. While Antarctic species are very slow in developing mor-
phological differences, subtle but valid distinguishing features do
arise (43). Our analyses provide clear evidence of lineage inde-
pendence, that the lineages have unique origins, and have main-
tained independent evolutionary trajectories for millions of
years (54).

Overall, our analyses suggest that the presence of an ice sheet
in the Ross Sea is a formidable barrier to gene flow, preventing
dispersal along coastal margins, and the extent and duration of
ice expansion and contraction have been the primary driver in
structuring the lineages of contemporary Antarctic Collembola.
Major dispersal events occurred during periods of proposed
WALIS collapse but were otherwise restricted by the prevailing
extent of ice cover. Rapid ice loss for these regions is predicted in
the near future which could have a profound effect on the
structure of these populations. Our biological data provide an
independent estimate of the frequency and magnitude of his-
torical ice sheet dynamics and corroborate recent models and
paleoclimate reconstructions.

Methods

Sample Collection. Sampling for soil invertebrates was undertaken during
austral summer field seasons between January 1999 and February 2018, at 91
locations throughout SVL, the QAR, and the QMM, including from the
southernmost terrestrial habitats in Antarctica (Fig. 1). Several samples were
taken from each location, with over 200 samples from the QAR—-QMM area
alone. Collembola were either collected directly using modified aspirators
(55) or isolated from soil samples by flotation (56) while in Antarctica. All
samples were preserved in either liquid nitrogen or 100% ethanol and, once
back at the laboratory, stored at —80 °C or +4 °C, respectively.

Sequence Analyses. In the laboratory, photographs were taken of each
specimen prior to being individually processed at either the University of

Levels of genetic divergence among genetic lineages for each of the six endemic species of

Mean p distance (658 bp), %

No. SVL No. QAR- No. genetic

sequences QMM sequences lineages Uncorrected K2P TN93+G
A. subpolaris — 42 (36) 3 11.7 to 13.9 129to 16.2 14.5to 19.0
B. sudpolaris — 35 (34) 1 — — —
T. mediantarctica — 50 (50) 1 — — —
G. hodgsoni 662 12 (12) 4 57to 7.9 6.0 to 8.4 6.5t09.4
A. monoculata 27 — 2 10.7 11.6 12.8
C. nivicolus 37 — 3 3.3to 4.1 3.3to4.4 3.5t0 4.6
Total 726 139 (132) 14

Numbers of sequences generated in this study are shown in parentheses. One representative sequence (658 bp) from
each divergent lineage was used for calculation of pairwise distances in MEGA 7.0.26. —, not applicable.
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Fig. 3. Haplotype diversity and distribution of the four Collembola species among sites along the QAR and the QMM, including (A) a new genetic lineage
and expanded distributional range for the SVL springtail G. hodgsoni, (B) low divergence (<1.6%) within B. sudpolaris, (C) low divergence (<0.4%) within T.
mediantarctica, and (D) spatial isolation of the three genetically diverged lineages (11.7 to 13.9% p distance) of A. subpolaris (type locality: east of Shackleton
Glacier). Sites where only one species was found are indicated with stars, while sites where any given species was not found are indicated with small white
circles. Numbers in the gray boxes indicate the number of mutational steps between haplotypes.

Waikato, New Zealand, or the Canadian Centre for DNA barcoding (CCDB),
Canada. The DNA barcoding region (658 base pairs [bp]) of the mitochondrial
cytochrome ¢ oxidase subunit | (COI) gene was amplified using the universal
primers HCO2198 and LCO1490 (57) at the University of Waikato, and the
primers LepF1 and LepR1 (58) at CCDB. See S/ Appendix for further se-
quencing details. In total, 132 COI sequences from along the QAR and the
QMM were generated (S/ Appendix, Table S1), and combined with the
existing database of 1,030 COI sequences for Collembola from throughout
the study area (Table 1).

Including the 132 COI sequences that were generated here (available via
Barcode of Life Datasystems (BOLD) dataset DS-TAMS: http://dx.doi.org/10.
5883/DS-TAMS; GenBank accession numbers MN619477 to MN619610), a
total of 1,162 mitochondrial COI sequences were available for the study. The
final alignment (n = 866 sequences) was generated using Multiple Sequence
Comparison by Log- Expectation (MUSCLE) 3.8.425 (59) as implemented in
Geneious 11.1.5 (https://www.geneious.com) and was trimmed to 560 bp to
maximize available individuals for these analyses. We also included a rep-
resentative COl sequence for Sminthurus viridis (GenBank accession
KJ155514; ref. 60) to root the tree, based on ref. 61.

Using the final alignment, a phylogenetic tree was generated of only
unique sequences (n = 113; 560 bp), including the outgroup S. viridis, using
the maximum likelihood analysis as implemented in 1Q-Tree (62) and the in-
built ModelFinder Plus (63) for identification and automatic utilization of
the most appropriate model of sequence evolution (TPM2u+F+I+G4). Ul-
trafast bootstrap approximation was carried out for 5,000 replicates using
UFBoot (64). In FigTree 1.4.2 (available at http:/tree.bio.ed.ac.uk/software/
figtree/), the resulting tree was visualized and processed to produce Figs. 2

22298 | www.pnas.org/cgi/doi/10.1073/pnas.2007925117

and 5. The best-fit model of sequence evolution was separately estimated
for each species, following the same method as outlined above.

Sequences were grouped into genetic lineages based on considerations of
biogeographical distributions, levels of genetic divergence (3.3 to 14.3% uncor-
rected mean p distance), and congruence with BINs (65). This was straightfor-
ward, as all 14 lineages identified were found at distinct geographic locations. To
represent these lineages, Figs. 3 and 4 include haplotype networks that were
generated in R v3.5.1 utilizing the package “pegas” (37) in RStudio, from the
final 560-bp alignment. Distributional maps were also generated in R v3.5.1
utilizing the packages “mapdata” (66) and “mapplots” (67).

Four of the six Collembola species contained high levels of diversity. As
higher levels of genetic diversity can lead to an increasing likelihood of
substitution saturation, particularly at the third and more variable codon
position, we assessed nucleotide substitution saturation individually for each
of the four genetically variable species at codon positions one and two
combined, and for the third codon position separately, using the entropy-
based Iss test (68) as implemented in Data Analysis for Molecular Biology and
Evolution (DAMBE) 7.0.48 (69). For the analysis of codon positions one and
two, the proportion of invariant sites was estimated for each species based
on the in-built neighbor-joining tree construction method, and resulting
P(inv) values (S/ Appendix, Table S2) were incorporated into the tests of
substitution saturation.

Application of the Molecular Clock Rate. For molecular clock analyses, one
representative sequence encompassing the full 658-bp DNA barcoding COI
gene region was randomly selected from each of the 14 distinct genetic
lineages and aligned with the outgroup S. viridis using MUSCLE in Geneious
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Numbers in the gray boxes indicate the number of mutational steps between haplotypes.

(representative sequences are noted in Fig. 2 and S/ Appendix, Tables S3 and
S4). Pairwise uncorrected (p distance) and corrected (K2P and TN93+G) dis-
tances were generated in Molecular Evolutionary Genetics Analysis (MEGA)
7.0.26 (70) based on these 658-bp sequences.

The best-fit model of sequence evolution was identified as HKY+G+l by
bModelTest (71) in Bayesian Evolutionary Analysis Sampling Trees (BEAST
2.4.7). Therefore, Bayesian analyses were conducted with the following
parameters: substitution rate estimated; four gamma categories, proportion
invariant set at 0.1, estimated; HKY substitution model; strict clock rate set
to 0.0168 (3.54% divergence per My; ref. 27); Yule tree prior; monophyletic
constraint prior on all ingroup taxa; Markov chain Monte Carlo (MCMC) for
100 million generations; and sampling trees and statistics every 1,000
generations.

Collins et al.

Molecular Clocks Calibrated to Warming Events and Past Ice Sheet Collapses.
Based on sediment cores obtained from beneath the McMurdo Ice Shelf as
part of the Antarctic Drilling Project (ANDRILL) program (e.g., AND-1B), and
ice sheet modeling of these data, confident estimations of past extents of
the WAIS and the marine margin of the EAIS throughout the past 5 My have
been made (3, 4). Here, we use the large-scale ice retreat event that occurred
during the Pliocene to calibrate divergence dates for Antarctic Collembola.
During this warmer time (5 Mya to 3 Mya) the WAIS had completely col-
lapsed, and coastal thinning and retreat of the EAIS had occurred (2-4). The
increase in water movements during these melting events, and exposure of
new ice-free habitat, may have provided many more opportunities for Col-
lembola dispersal as compared to the present-day climate. The subsequent
reformation of ice sheets and resulting population isolation was used to
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Fig. 5. Dating estimates for the four springtail species with high intraspecific variability (>3.3% divergence) based on the molecular clock rate of 0.0168
(i.e., 3.54% divergence per million years; ref. 37). Estimated dates (in millions of years) of population isolation, and bars representing 95% highest posterior
density, are shown at nodes (see also Table 2). Based on the AND-1B core data (3) and simulated modeling (4), collapse of the WAIS likely occurred multiple
times during three major periods within the last 5 My (shown as orange boxes on the timeline), facilitating connectivity of Collembola populations. Number
of sequences and unique haplotypes, respectively, are shown in parentheses, followed by the BOLD sequence ID of the exact sequences (658 bp) used for
molecular clock estimations.

calibrate molecular clock rates and divergence time estimates for Antarctic clock rate unchecked; substitution rate estimated; HKY substitution model;
Collembola. relaxed clock log normal; Calibrated Yule tree prior; monophyletic constraint

Bayesian analyses were conducted on the 658-bp alignment of repre- prior on all ingroup taxa; MCMC for 10 million generations; and sampling
sentative sequences (n = 15) with the following parameters: automatic set  trees and statistics every 1,000 generations. Separate runs were performed,

Table 2. Molecular clock estimations for each geographically isolated lineage of Collembola in SVL, the QAR, and the QMM

Posterior age estimates (3.54% My™") 5- to 3-My calibration
Geographical separation Divergence time (My) 95% HPD ucldMEAN SD Divergence rate My~', %
A. subpolaris (3)
Beardmore Gl. vs.  Shackleton GI. 8.48 6.24 to 11.06 0.024 0.005 4.8
Shackleton GI. West  vs.  Shackleton Gl. East 5.27 3.76 to 7.01 0.016 0.004 3.2
G. hodgsoni (4) 0.0153 0.005 3.06
SVL vs. QAR 3.52 2.56 to 4.64
Towle Gl. vs.  All other SVL 2.78 2.00 to 3.66
Mt. Gran vs.  Widespread coastal 2.20 1.49 to 3.03
C. nivicolus (3) 0.0089 0.003 1.78
Towle GI. vs.  All others 1.69 1.14 to 2.30
Springtail Pt. vs. Mackay Gl. coastal 1.29 0.79 to 1.84
A. monoculata (2) 0.0184 0.006 3.68
North SVL vs.  South SVL 5.54 3.88 to 7.48

Divergence times +95% HPD are estimated utilizing the mitochondrial clock rate of 3.54% divergence per My (27). Clock rates were then separately
estimated based on calibration to the 5- to 3-My period of WAIS collapse. All estimations were performed on the alignment containing one representative
sequence (658 bp) for each lineage (number of lineages is shown in parentheses), implemented in BEAST 2.4.7.
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where each of the four species was separately constrained as a monophyletic
group and the species node was calibrated with the 5- to 3-My isolation
event. Where relevant, we also performed Tajima’s relative rate tests (72) in
MEGA to assess likelihood of equal rates of molecular evolution at
each branch.

Data Availability. All study data are included in the article and S/ Appendix.
BOLD dataset DS-TAMS is available at http:/dx.doi.org/10.5883/DS-TAMS;
GenBank accession numbers MN619477 to MN619610.
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