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Spatial and Temporal Scales Matter
When Assessing the Species and
Genetic Diversity of Springtails
(Collembola) in Antarctica

Gemma E. Collins %, lan D. Hogg *#, Peter Convey 3, Andrew D. Barnes *' and
lan R. McDonald *

1 School of Science, University of Waikato, Hamilton, New Zéand, 2 Polar Knowledge Canada, Canadian High Arctic
Research Station, Cambridge Bay, NU, Canada’ British Antarctic Survey, Cambridge, United Kingdom

Seven species of springtail (Collembola) are present in Wicia Land, Antarctica and
all have now been sequenced at the DNA barcoding region of themitochondrial

cytochrome ¢ oxidase subunit | gene (COIl). Here, we review these sequencdata

(n D 930) from the GenBank and Barcode of Life Datasystems (BOLDnline databases
and provide additional, previously unpublished sequencegn D 392) to assess the
geographic distribution of COI variants across all speciesFour species Kaylathalia
klovstadi, Cryptopygus cisantarcticus, Friesea griseaand Cryptopygus terranovug are

restricted to northern Victoria Land and threeAntarcticinella monoculata Cryptopygus

nivicolus and Gomphiocephalus hodgson) are found only in southern Victoria Land,
the two biogeographic zones which are separated by the vicity of the Drygalski Ice
Tongue. We found highly divergent lineages within all sevespecies (range 1.7-14.7%)
corresponding to different geographic locations. Levels bgenetic divergence for the
southern Victoria Land speciesG. hodgsoni, the most widespread species ( 27,000

km?), ranged from 5.9 to 7.3% divergence at sites located withir80 km, but separated

by glaciers. We also found that the spatial patterns of gen& divergence differed
between species. For example, levels of divergence were minchigher forC. terranovus

(> 10%) than for F. grisea (<0.2%) that had been collected from the same sites in
northern Victoria Land. Glaciers have been suggested to be ajor barriers to dispersal
and two species C. cisantarcticus and F. griseg showed highly divergent ¥ 5%)

populations and over 87% of the total genetic variation (basd on AMOVA) on either
side of a single, 16 km width glacier. Collectively, these da provide evidence for
limited dispersal opportunities among populations of spngtails due to geological and
glaciological barriers (e.g., glaciers and ice tongues).dne locations harbored highly
genetically divergent populations and these areas are hidgighted from a conservation
perspective such as avoidance of human-mediated transportbetween sites. We

conclude that species-speci ¢ spatial and temporal scalesneed to be considered when

addressing ecological and physiological questions as wedls conservation strategies for
Antarctic Collembola.

Keywords: Antarctica, biogeography, collembola, dispersa
structure, species diversity, springtails

I, mitochondrial DNA barcodes, population genetic
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Collins et al. Spatial Diversity of Antarctic Springtails

INTRODUCTION the long-term persistence of endemic taxa, their survival in
refugia and subsequent expansion during interglacial periods
Due to the extreme environmental conditions that charaiz®er (e.g., Convey et al., 2008; McGaughran et al., 2011b; Beet
Antarctica (Convey, 2015 as well as the geographical, andet al., 2016; Carapelli et al., 201t turn, this has facilitated
island-like, isolation of suitable terrestrial habitaBe(gstrom predictions as to how popu|ati0ns may respond to future Changes
and Chown, 199) long-range dispersal events for Antarcticin habitat availability and environmental conditions (e @hown
Collembola (springtails) are rare and they usually rely omnd Convey, 2007; Lee et al., 2DMhile these studies either
liquid water for transport via otation {{awes et al., 2008; focus on a single species or have made comparisons between
McGaughran et al., 2011a; Carapelli et al., 301t7is likely  two species, none has assessed the full range of COI sequences
that springtails are currently unable to disperse among theyailable for all known species in the area.
three Antarctic Conservation Biogeographic Regions (ACBRS; Based on early studies of springtail distribution using
Terauds and Lee, 20)Lén the Ross Sea Sector of Antarcticamorphological taxonomy, the Ross Sea sector (longitude 160—
northern Victoria Land (NVL), southern Victoria Land (SVL) 175E) was subdivided into ve areadi\(se, 196), although
and the Transantarctic Mountains (TAM), owing to various more recent data have conrmed that some of the described
physical obstacles in the marine and terrestrial realms,(t1g  species distributions within these ve areas were incorrect
Drygalski Ice TongueFigure 1). Within each of these three (e.g., Ross Island contains onfy. hodgsoii Studies focused
ACBRS, available habitat is patchy and local microhabitats alon Speci C taxa (e.g_Cryptopygus terranov)Jg]ave Sugges[ed
likely to be important for long-term persistence of populationsadditional landscape divisions based on genetic evidence fo
(Sinclair and Sjursen, 20p1These small “island” populations geographical isolationStevens et al., 2006b; Hawes et al., 2010;
can thus accumulate genetic mutations resulting in distincCarapelli et al., 20)7 However, other species present in the
genetic patterns across the landscape. Previous studieseon $hme area do not necessarily exhibit the same divergeneemstt
diversity patterns of lichen communities within the Antaict (Caruso et al., 2009 For examp|e, in an area of NVL where
have suggested that distributions are likely to have beeredr Friesea griseendC. terranovusiave overlapping ranges, the two
by geological or glaciological features rather than emntental  species have very di erent levels of genetic divergern@e2%
gradients that are associated with latitudinal or longital  for F. griseqTorricelli et al., 2010pand> 10% forC. terranovus
distances Adams et al., 2006; Peat et al., 2007; Green et a{Garapelli et al., 2037
2011; Colesie et al., 2Q1&imilarly, the distributions of Antarctic Our current study compiled and consolidated all available
springtail species may not follow a pattern of decreasing specieQ| sequences and collection information for each of theesev
diversity with increasing latitude (e.g-aruso et al., 2009The  species found in Victoria LandCryptopygus cisantarcticus, C.
spatial scales at which sampling is undertaken are, thereforgrranovus, Friesea grisemdKaylathalia klovstadin NVL, and
important as genetic di erences between populations do nofntarcticinella monoculateC. nivicolus and Gomphiocephalus
necessarily increase proportionately with distance. Howevenhodgsonin SVL (Table 1). We provide a comprehensive list of
until now a broader synthesis of genetic data for multiplecollection sites for each haplotype to assess spatial vitsiahile
species across larger spatial scales has not been undertakg@Be examined whether spatially isolated populations would be
This is unfortunate as such an analysis could help to asbess distinct at the COI gene region, and if so, whether landscape
relative role of geographic barriers in structuring populasasf  features (such as particularly large glaciers and ice tongnag)
Antarctic springtails. provide contemporary barriers to dispersal. Where relevant, we
Terrestrial invertebrates were rst discovered in the Rosa S h|gh||ght instances of possib]e Cryptic speciation as |nmdj_y

sector of Antarctica during the early 1900s (eQ@arpenter, highly distinct genetic lineages, as well as identify prjosites
1902, 1908; WIIIem, 1902; Gregory, 1909; Macnamara,)lglﬂ'omaconserva[ion perspective_

Further entomological research was undertaken during the

1960s and 1970s and provided morphological descriptions a

distributional ranges as well as general ecological obtens %ETHODS

and physiological studies, particularly for the most widespre Existing Sequence Data

species in this areaGemphiocephalus hodgsd@ressitt and Al publicly available sequences were downloaded from
Leech, 1961; Salmon, 1962; Gressitt et al., 1963; Janets868, the BOLD and GenBank databases D 930 sequences),
1967, 197 More recently, molecular approaches includingcovering the seven springtail species present in Victoria Land
allozyme analyses (e.grati etal., 1996; Stevens and Hogg, J003supporting information was also downloaded from BOLD
and DNA sequencing of mitochondrial cytochronweoxidase where possible, although in many instances these data were
subunit Il (e.g.,Frati and Dell’Ampio, 2000; Frati et al., 2001; gbsent, particularly for sequences that had been obtained
McGaughran et al., 20)Gand cytochromec oxidase subunit djrectly from GenBank. Where possible, we endeavored to
I (COI) gene regions (e.glNolan et al., 2006; Stevens andmanually retrieve collection details from original resgar
Hogg, 2006; McGaughran et al., 2)have been undertaken for articles. To maximize sequence length of previously-aealyz
Antarctic springtails. These data have enhanced understgnd specimens, original trace les (where possible) were imported
of their evolutionary histories and allowed testing of hypeges, into Geneious v11.1.5 (https://www.geneious.com) for coneplet
such as endemism of the fauna, proposed by earlier researchegsanalysis. Forward and reverse sequence reads were d&semb
(e.g., Wise, 196). Further, they have provided insights into any discrepancies were edited and then consensus sequences
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FIGURE 1 | Map with all 21 sites in northern Victoria Land labeled, inatling (A) an overview map showing the location of Victoria Land withithe Antarctic continent,
(B) all 88 sites within Victoria Land from which COI sequences we obtained and presented in the current study, for the sevespecies in this area, and(C) a
zoomed-in portion of NVL to display site names. Generated iArcMap v10.5.1. SeeTable 2 and Table S1 for GPS co-ordinates.

were extracted. For cases where no trace les were availablehere specimens were collected,Bigerres 1, 2; Tables 23, and
nal sequences that had been uploaded to GenBank or BOLDables S1-S9

were used. These previously unpublished sequences were from specimens
collected in pitfall traps (described MicGaughran et al., 201),a
New Sequence Data using modi ed aspirators $tevens and Hogg, 200or isolated

A total of 392 previously unpublished sequences have bedsy otation from soil samples Kreckman and Virginia, 1993
included in the current study Tables 24 and Table S2. Of In all cases, individual specimens were immediately preserve
these, 56 were obtained from individuals collected from NVLin 100% ethanol for later DNA extraction. DNA extractions,
in January 2004 (C. Beard and R. Seppelt), January 2015 (@CR ampli cations and COI sequencing were carried out at the
Cary) and November 2017 (I. Hogg). For previously unpublishedJniversity of Waikato following procedures outlined iBollins
sequences db. hodgsonispecimens were collected from sites inand Hogg (2015pr at the Canadian Centre for DNA Barcoding
the vicinities of Mackay Glacien(D 60), Taylor Valleyrf D 21)  following established protocols (see http://ccdb.ca/resest).

and the southern Dry Valleys(D 249) from 2009 to 2016 (I.

Hogg, G. Collins, C. Beet and N. Demetras). An additional shData Analyses

specimens ofC. nivicoluswere collected from Mount Seuss in A separate alignment was made for each species using ClustalW
2008 (1. Hogg), and Mount Seuss and Tiger Island in 2015 (Qwithin Geneious. After forward (LCO or LepF1l) and reverse
Collins, C. Beet, |. Hogg and D. Cowan). For a full list of site (HCO or LepR1) primer regions (26 bp each) were removed,
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TABLE 1 | The seven springtail species present in the two Antarctic Quservation Biogeographic Regions (ACBRs) in Victoria Lar{®VL and SVL), within the Ross Sea
sector of Antarctica.

ACBR Species code Order Family Genus species
Northern Victoria Land (NVL) KKLO Entomobryomorpha Isotontae Kaylathalia klovstadiCarpenter, 1902)
CCIS Entomobryomorpha Isotomidae Cryptopygus cisantarcticus(Wise, 1967)
FGRI Entomobryomorpha Neanuridae Friesea grisea(Schaeffer, 1891)
CTER Entomobryomorpha Isotomidae Cryptopygus terranovus(Wise, 1967)
Southern Victoria Land (SVL) AMON Entomobryomorpha Isotodae Antarcticinella monoculata(Salmon, 1965)
CNIV Entomobryomorpha Isotomidae Cryptopygus nivicolus(Salmon, 1965)
GHOD Poduromorpha Hypogastruridae Gomphiocephalus hodgsoni(Carpenter, 1908)

Refer to Sinclair and Stevens (2006 for additional taxonomic and distributional detail, and Register of Antarcti§pecies (RAS; raw.biodiversity.aq) for history of name changes for
each species.

TABLE 2 | Collection sites in northern Victoria Land, grouped by regn, including the number of COI sequences at each site for théour species in this areaCryptopygus
cisantarcticus (CCIS),Cryptopygus terranovus(CTER) Friesea grisea(FGRI), andKaylathalia klovstadi{KKLO).

Region Site name Site code Latitude Longitude CCIs CTER FGRI K KLO
N Tucker Gl. Cape Adare CAD 71.48170 170.38813 8(8)
Cape Hallett CHA 72.31986 170.23404 14 (10) 20 (10) 24 (19)
Redcastle Ridge RCR 72.44110 169.94400 1(1) 33
S Tucker Gl. Crater Cirque CCI 72.63333 169.36667 10 6
Emerging Island EMI 73.38333 168.03333 10
Apostrophe Island API 73.51667 167.43333 10
Cape King CAK 73.58333 166.61667 10 7
S Aviator GI. Baker Rocks BAR 74.23333 164.75000 10
Cape Washington CAW 74.65000 165.41667 10
Harrow Peaks HPE 74.10000 164.80000
Hayes Head HHE 74.01667 165.30000
Kay Island KAl 74.06667 165.31667 10 10
Tinker Glacier a TGA 74.03333 164.81667
Tinker Glacier b TGB 74.03333 165.06667 10
S Campbell GI. Cape Sastrugi CAS 74.61667 163.68333 10
Inexpressible Island INI 74.90000 163.65000 10
O'Kane Glacier OKG 74.43070 162.89700 1(1)
Shield Nunatak SHN 74.55000 164.50000 10
Terra Nova Bay/Jang Bogo Station TNB 74.62390 164.22890 53 (4)
Springtail Valley SVA 7474725 164.01435 9
Vegetation Island VEI 74.78333 163.61667 10

The number of sequences newly generated in the current study are showin parentheses. SeeTable S1 for additional details, such as correlation of site codes used in previous studie

each species' alignment was individually assessed and &iimm gures provided in published papers for cases where only unique
accordingly to maximize alignment length but also retainsequences were originally deposited onlin®l@n et al., 2006;
maximum sequence coverage for each species. Final aliggmebtemetras, 2010; McGaughran et al., 20This was particularly
varied in length, from 422 to 586 bp. Based on these nal trindme problematic forG. hodgsonias the numbers of each haplotype
alignments, unique haplotypes for each species were thdérom each specic location could only be determined by a
manually assigned codes in order of the date they were seqden process of elimination through cross-referencing all aldé
(e.g., GHOD-001 forGomphiocephalus hodgsoiiaplotype tables, gures and supplementary data. Unfortunately, colbecti
1). Future haplotypes can therefore be added sequentially toformation is absent for 46G. hodgsonispecimens (see
this dataset. Table S9, outlined as follows. The precise collection location
The numbers of duplicate sequences for each haplotype weis uncertain for the two full mitochondrial genomes that feav
manually calculated based on the number of replicates withibbeen previously assembled f8r hodgsoniGenBank accessions
our trimmed alignments, as well as from original tables andAY191995 and NC005438ardi et al., 200Bas well as the three
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TABLE 3 | List of collection sites in southern Victoria Land, groupedby region, including the number of COI sequences at each sitéor the three species in this area;

Antarcticinella monoculata(AMON),Cryptopygus nivicolus(CNIV) andGomphiocephalus hodgsoni(GHOD).

Region Site name Latitude Longitude AMON CNIV GHOD

N Mawson Gl. Cliff Nunatak 76.11000 162.01400 12
Mt Murray 76.16100 162.01600 11
Tripp Island 76.11667 162.41667 8

Mackay Gl. region Benson Glacier a 76.82200 162.10700 1 21 (4)
Benson Glacier b 76.87000 161.75400 3
Botany Bay 77.00000 162.65000 15
Cape Geology 77.01438 162.60143 12
Cape Ross 76.73333 162.96667
Depot Island 76.70000 162.96667
Flatiron 77.00500 162.40800 28 (6)
Mount England 77.03333 162.46667 2 11
Mount Gran 76.96600 161.17900 7 3
Mount Seuss a 77.03333 161.73333 12 (4) 45
Mount Seuss b 77.01500 161.75000 3 64 (49)
Pegtop Mountain 77.04600 161.36200 2
Sperm Bluff 77.08333 161.71667 8
Springtail Point 77.16700 160.71000 7 11
Tiger Island 76.78400 162.45200 3(1) 14(2)
Towle Glacier 76.65500 161.09300 2 6(1)

Northern Dry Valleys Clark Glacier 77.41667 162.11667 4
Lake Brownworth 77.45000 162.71667 6
Marble Point 77.43537 163.82615 3
Mautrino Peak 77.51667 162.41667 6
Saint John's Range a 77.28000 161.73100 23
Saint John's Range b 77.20800 161.70000 5
Saint John's Range ¢ 77.28500 161.72600
Saint John's Range d 77.33333 161.90000 7

Taylor Valley Borns Glacier 77.76665 162.01999 16
Canada Glacier 77.60965 163.00913 2
Commonwealth Glacier a 77.61238 163.40228 1
Commonwealth Glacier b 77.61667 163.40000 3
Delta Stream 77.64295 163.13297 8 (4)
Goldman Glacier a 77.68665 162.87223 1
Goldman Glacier b 77.68590 162.92163 1
Goldman Glacier ¢ 77.68707 162.94993 6
Goldman Glacier d 77.68870 162.97068 1
Howard Glacier 77.66225 163.09725 25 (8)
Lake Chad a 77.64285 162.77487 1
Lake Chad b 77.64567 162.76300 1
Lake Fryxell a 77.62665 163.11502 1
Lake Fryxell b 77.63220 163.21262 1
Lake Fryxell ¢ 77.61998 163.18502 2
Lake Fryxell d 77.63333 163.21667 27
Mount Barnes a 77.60715 163.50088 3
Mount Barnes b 77.61283 163.52695 1
Mount Barnes ¢ 77.61930 163.49298 1
Mount Barnes d 77.62112 163.48913 1
Mount Cerberus 77.70000 162.58333 2
Mount Coleman 77.55142 163.34123 6
Mount Falconer a 77.58107 163.10958 1

(Continued)
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TABLE 3 | Continued

Region Site name Latitude Longitude AMON CNIV GHOD
Mount Falconer b 77.56892 163.15578 1
Mount Falconer ¢ 77.57725 163.09210 1
Spaulding Pond a 77.65861 163.10808 65 (3)
Spaulding Pond b 77.65789 163.12044 35 (1)
Spaulding Pond ¢ 77.65889 163.12539 56 (1)
Taylor Valley 389 77.73400 162.28100 2(2)
Upper Taylor Valley 77.74100 162.34200 2(2)

Southern Dry Valleys Garwood Valley 78.01965 164.05673 74 (61)
Lake Penny 78.30992 163.40788 4
Marshall Valley 78.06988 164.03370 8(8)
Miers Valley 78.09603 163.75900 173 (164)
Shangri La 78.05425 163.77730 16 (16)

Ross Island area Beaufort Island 76.93177 166.91347 12
Cape Bird 77.22110 166.44683 12
Cape Crozier 77.46325 169.19687 11
Cape Evans 77.63388 166.44252 4
Cape Royds 77.54600 166.16298 10

The number of sequences newly generated in the current study are showin parentheses. SeeTable S1 for additional details, such as correlation of site codes used in previous studie

TABLE 4 | Sequence details for the seven species of Collembola prese¢in NVL and SVL, showing alignment lengths used in the currérstudy (which vary for each
species).

ACBR Species code Alignment length (bp) n (new) h (new) % A-T Intraspeci c divergence n divergent lineages
(maximum) (mean)

NVL KKLO 582 35 (30) 19 (15) 59.0% 2.7% 2 (1.7%)

(n D 299) cCIs 567 25 (11) 14 (9) 62.6% 6.4% 3 (5.8%)
FGRI 478 66 (10) 11 (1) 64.5% 9.8% 2 (9.2%)
CTER 577 173 (5) 68 (1) 63.1% 15.4% 4 (6.9-14.7%)

SVL AMON 530 33(0) 5 (0) 58.3% 10.4% 2 (10.1%)

(n D 1023) CNIV 586 40 (6) 16 (0) 61.7% 4.6% 3 (3.3-4.3%)
GHOD 422 950 (330) 88 (12) 64.6% 7.3% 3 (5.9-7.3%)

TOTAL 1322 (392) 222 (38)

Of the number of sequences (n) within each alignment, the number of segances new to this study are shown in parentheses. The number of unique haplqgigs are also shown (h),
along with relative proportion of A and T nucleotides (% A-T) and maximm divergences (uncorrected p-distance) for each species. We also hidight the potential for multiple divergent
lineages within each of the species, with mean divergences (uncarcted p-distance) provided in parentheses.

sequences frontGreenslade et al. (2011¢enBank accession  Each of the individual alignments for the seven species were
numbers for the ve sequences newlttcGaughran et al. (2008) then assembled into one master alignment which was trimmed
could not be linked with their respective site data, and 4%o 422 bp and a Maximum Likelihood tree was generated in
specimens fromvicGaughran et al. (201Gyhich include those MEGA v7.0.26 Kumar et al., 2016 based on the sequence
from McGaughran et al. (2008yere also lacking site data. For model GTRCICG (Guindon and Gascuel, 2003; Darriba et al.,
specimens fromDemetras (2010where collection data were 2012 JModelTest2), including 1,000 bootstrap replicates. All
not resolved to precise site, we have used the broader “valleyequence divergence values included in the current studg we
level” locations (i.e., Garwood, Marshall and Miers Valleysd also generated in MEGA based on uncorrected p-distances.
Shangri La) in our analyses. Overall, sequences from aabtal Haplotype pie charts Rigures 4-7) were generated in
88 sites were assessed in this stuelgres 1, 2; Tables23and R v3.5.1 utilizing the packages “mapdateé®etker et al.,
Table S). For specimens with collection data absent, sequence€®1§ and “mapplots” (Gerritsen, 201% based on the
were included in the initial alignment for phylogenetic treeindividual species alignments which were each trimmed
construction and haplotype assignments, and were then rethoveo di erent lengths, depending on the sequences. To
for subsequent biogeographic analyses. retain haplotype-level resolution, phylogenetic tree excerpts
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FIGURE 2 | Map with all 67 sites in southern Victoria Land labeled, gemated in ArcMap v10.5.1. SeeTable 3 and Table S1 for GPS co-ordinates.

included in these gures were based on the individual specie®poppr’ with 16,000 permutationskamvar et al., 2014, 20)L5
alignments (422-586 bp). For this, species alignments that had each been trimmed to
To determine potential barriers to dispersal, Analysisbetween 422 and 586 bpable 4 were used, and haplotypes were
of Molecular Variance (AMOVA) analyses were performedgrouped according to their occurrence at sites within patacu
separately for each species in R v3.5.1 utilizing the packagegions (listed inTables 2 3) to test the amount of genetic
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variability occurring within and between regions. As speeims  klovstadiwere from individuals collected at Cape Hallett and
of Cryptopygus nivicolusvere all found within the Mackay published in a study that reclassi ed the genus frdsotoma
Glacier region, we performed the AMOVA for this speciesto Desoria(Stevens et al., 2006aThe same ve sequences
with the sites Towle Glacier and Springtail Point designaaed were further used to again reclassify the genuéylathalia

separate regions. (Stevens and D'Haese, 2016
We now include a further 30 previously unpublished
RESULTS AND DISCUSSION COlI sequences from three locations (including Cape Hallett)

revealing 15 new haplotypes (KKLO-005 to KKLO-0Ol#hles 2

We compiled all available COI sequences for the sevefi TablesS2 S3. By expanding the sequence coverage and
Springta” Species in Victoria Land. Sequence coverage mngglcluding two additional Sites, we are now able to demonstrat
from 25 to 950 individuals per species (total D 1,322), 9eographical isolation of distinct genetic lineages (2%)Kor
with between 5 and 88 haplotypes identi ed for each specieklovstadi(Figure 4B). When haplotypes in the combined dataset
(Figure 3 Table4. The nal alignments for each species Were grouped by region, an AMOVA showed that 75% of the
varied in length (422-586 bp), largely due to variation inSequence variation occurred between the northern Cape Adare
sequence quality, and we treated each species separately §6pup (0 D 8), and the southern Cape Hallett and Redcastle
biogeographic analyses to maximize variability within theRidge group § D 27) (Table 5 p < 0.01). No haplotypes were
datasets, although a nal alignment trimmed to 422 bp wasshared between sites, although Redcastle Ridge was reptesente
used to construct the phylogenetic tre€igure 3. Relative by only 3 sequences which were similar to those from Cape
proportions of AT-richness ranged from 58.3 to 64.6% for eacfiallett (0.7% divergence).

species Table 4, and no insertions or deletions were found. Based on a study of 40 COIl gene sequenéesfi et al.
Maximum intraspeci ¢ sequence divergences ranged from@.7 t(2001)suggested that the Tucker Glacier was as a major barrier
15.4% (uncorrected p-distance) and for all seven speciels, hi§P dispersal folK. klovstadi Currently, no COI sequences were
divergence values (1.7-14.7%) were found among individua®yailable fork. klovstadifrom the southern side of the Tucker
from dierent geographic locations Table 4, supported Glacier and this would bene t from further attention, partitarly

by AMOVAS. as strong population genetic structure for the COI gene was
observed folC. cisantarcticuandF. grisean opposing sides of
Northern Victoria Land Taxa this glacier (see sectior&ryptopygus cisantarcticigise, 1967

Northern Victoria Land is the northern-most Antarctic andFriesea griseachae er, 189)L

Conservation Biogeographic Region (ACBR) of the Ross Sea

sector and extends from Cape Adare (78Bto the Drygalski

Ice Tongue (75.38) (Figure 1). We recovered a total of 299 Cryptopygus cisantarcticus (Wise, 1967)

COlI sequences from the four springtail species that are preseffie rst four COI sequences o€. cisantarcticusvere from

in this area;Kaylathalia klovstad{KKLO; n D 35 sequences), Specimens collected at Cape Hallett and includedSievens
Cryptopygus cisantarctic(BCIS;n D 25), Friesea grise@GRI; €t al. (2006h) who suggested this species has been isolated
n D 66), andCryptopygus terranovy€TER;n D 173). Each for 18-11 MY based on comparisons with other Southern
species was collected from a di erent range of sampling locatiorHiemisphere springtail species. An additional 10 sequences wer
and also showed contrasting population genetic structures. F obtained from Crater Cirque and presented as an outgroup in
example, two genetically distinct lineages (clades C andfD) é-arapellietal. (2017)

C. terranovusrom sites in the central and northern zones as Here, we added a further 10 sequences from Cape Hallett and
designated by previous studies (efgnciulli et al., 2001; Hawes @ single sequence from Redcastle Ridge, representing nine new
etal., 2010; Carapelli et al., 2);Were highly divergent{10%) haplotypes (CCIS-006 to CCIS-014), and provide comparison
wheread-. griseapecimens from the same area all had identicamong all COl sequences currently availableGocisantarcticus
sequencedfgures 45). Similarly, sequences kf klovstadivere ~ (Tables 2 4; Tables S2S4. When haplotypes in the combined
only 0.7% divergent between Cape Hallett and Redcastle Ridgtataset were grouped by location, an AMOVA showed that 87%
whereasC. cisantarcticuspecimens di ered by 4.3% between Of the sequence variation occurred across the Tucker Glacie
the same two collection sites. The Tucker Glacier is a sigmit ~Petween the northern Cape Hallett and Redcastle Ridge group
barrier to dispersal for Antarctic springtails in the areatiwi (n D 15) and the southern Crater Cirque population D 10)
highly distinct & 5%) populations present on either side of this(Table §p< 0.01).

glacier and no shared haplotypes between populations, consisten Population genetic structure di ered fo€. cisantarcticuas

across species. compared to other species in the area where their sequence
distributions overlappedKigure 4). Sites at Redcastle Ridge and
Kaylathalia klovstadi (Carpenter, 1902) Cape Hallett are in relatively close proximity {6 km), and

The rst collections of this species (originally described aglivergence between these two locations was very lowKfor
Isotoma klovstadliwere obtained from Geikie Ridge during the klovstadi(0.7%) while much higher fo€. cisantarcticu§4.3%).
British Antarctic Expedition (1898-1901), after which itswaot  Furthermore, mean divergence f@. cisantarcticusicross the
collected again until 1965 from Ridley Beach at Cape Adar€ucker Glacier was 5.8%, whereas divergence was highé&r for
(Wise, 197). The rst ve COIl sequences obtained foK. griseaat>9%.
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FIGURE 3 | Maximum Likelihood tree (GTRC 0 C I; 1,000 bootstrap replicates) based on the trimmed alignmein(422 bp) for all 1,322 COI sequences available for
the seven springtail species in Victoria Land. Clades are #apsed proportionately, where each collapsed clade repsents a potential cryptic species  1.7%
divergence), and number of sequences are shown in parenthes. Geographic distances within and between clades are praded, along with p-distances between
clades, to highlight geographical isolation of well-suppded clades (bootstrap values provided on branches, whereelevant).

Friesea grisea (Schaeffer, 1891) have been publishedr¢rricelli et al., 2010p In addition, the
This species has been considered “pan-Antarctic” until verjull mitochondrial genome has previously been assembledFfor
recently; specimens Bfiesea grisdeom the Antarctic Peninsula grisegGenBank accession KR180288) collected from Kay Island
were found to be morphologically distinct to those in Eastern(Torricelli et al., 2010aand we have included the COI gene
Antarctica Greenslade, 20).&n agreement with the absence of region from this sequence in our analyses.

haplotype sharing between the two locatiorsl6% divergence; We added an additional 10 unpublished sequences from
Torricelli et al., 2010p A total of 55 COI sequences fér grisea Cape Hallett (situated to the north of Tucker Glacier;
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FIGURE 4 | Geographical distribution of COI sequences for three of théour springtail species within northern Victoria Land, wit(A) an overview of collection sites
and major glacial barriers(B) geographical distribution of the 19 haplotypes oKaylathalia klovstad{KKLO;n D 35; 582 bp), (C) geographical distribution of the 14
haplotypes of Cryptopygus cisantarcticus(CCIS;n D 25; 567 bp), and (D) geographical distribution of the 11 haplotypes ofriesea grisea(FGRI;n D 66; 478 bp). Pie
charts are proportionate to the number of sequences, centexd at collection site co-ordinates. Tucker Glacier is a majobarrier of dispersal for CCIS and FGRI, and ng

sequences of KKLO have been obtained from south of the TuckeGlacier.
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FIGURE 5 | Geographical distribution within northern Victoria LandfoCOI sequences forCryptopygus terranovus(CTER;n D 173; 577 bp) showing (A) distributional
barriers (Campbell and Aviator Glaciers), an(B) clade groupings as previously suggested byCarapelli et al. (2017and Hawes et al. (2010) Pie charts are
proportionate to the number of sequences, centered at colletion site co-ordinates.

Figure 4), including one new haplotype, for a total of 20 (n D 4) for this species were collected from near the Mario
sequences from this siteTdble 2 Tables S2 S5. When Zuchelli station (C. Beard, pers. comm.) and were reported in
haplotypes in the combined dataset were grouped by locatiorstevens et al. (2006kjawes et al. (201(@rovided 54 sequences
an AMOVA showed that 98.3% of the sequence variatiorand 25 new haplotypes from ne-scale {5 kn?) sampling in
occurred across the Tucker Glaciefaple5 p < 0.01), the southern zone (Terra Nova Bay). Broader-scale sampiing b
between the northern Cape Hallett populatiom (D 20) Carapelli et al. (2017rovided a further 114 sequences from 11
and the southern groupn( D 46) comprised of seven sites sites, including 38 new haplotypes. Each of these three geneti
across approximately 220km of coastal terrafig(re 4D).  studies provided additional evidence to support the division
Individuals of F. griseaalong that entire coastal area southof C. terranovusinto the three zones as rst suggested by
of the Tucker Glacier were within 0.2% divergence, whilé-anciulli etal. (2001and our AMOVA analyses found that 59.8%
the population at Cape Hallett was highly dierentiated of the sequence variation occurred between the three zones
(9.2% divergence), further supporting a lack of dispersaTable 5p< 0.01).

across the Tucker Glacier, in agreement with our ndings We provide a further ve sequences (no new haplotypes)

for C. cisantarcticus from near Jang Bogo Station in Terra Nova Bay, and O'Kane
Glacier {Table2 Tables S2 S6§. We analyzed a total of
Cryptopygus terranovus (Wise, 1967) 173 COIl sequences foC. terranovusand identied 68

An analysis of allozymes f@ryptopygus terranoviipreviously — unique haplotypes from the 577 bp alignment. Sequences
known asGressittacantha terranov&reenslade, 20)Showed were grouped into the four distinct clades that have been
northern, central and southern zones of genetic di ereribat  previously identied for this speciesHawes et al., 2010;
within the vicinity of Terra Nova Bay that were separated by th Carapelli et al., 20)7 Overall, each clade contained between
Aviator and Campbell Glacier&igure 5A; Fanciullietal., 2001 20 and 78 sequences, mean sequence divergences within
It was also suggested that the population at Apostrophe Islanglach clade ranged from 0.48 to 2.09%, and mean sequence
(API; northern zone) was comprised of individuals that had mor divergences between clades ranged from 6.9 to 14.7%
recently migrated from the central zone. The rst COl sequesa (Figure 5 Table 4 Table S§.
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TABLE 5 | Analysis of molecular variance (AMOVA§Xcof er et al., 1992) results for the seven species of Collembola in Victoria Ldnas implemented in R v3.5.1 using
the package “poppr” (Kamvar et al., 2014, 2015.

Species Source of variation df Sum of squares Variance compon ents Percentage of variation p

Kaylathalia klovstadi Among regions 1 58.47 4.61 75.02 <0.001
Within regions 33 50.68 1.54 24.98

Cryptopygus cisantarcticus Among regions 1 185.33 15.25 87.00 <0.001
Within regions 23 52.41 2.28 13.00

Friesea grisea Among regions 1 565.35 20.27 98.27 <0.001
Within regions 64 22.88 0.36 1.73

Cryptopygus terranovus Among regions 2 1136.31 11.53 59.80 <0.001
Within regions 170 1317.57 7.75 40.20

Antarcticinella monoculata Among regions 1 369.12 26.46 98.75 <0.001
Within regions 31 10.40 0.34 1.25

Cryptopygus nivicolus Among regions 2 42.26 1.89 35.03 <0.001
Within regions 37 129.69 351 64.97

Gomphiocephalus hodgsoni Among regions 4 409.03 0.63 39.86 <0.001
Within regions 899 859.23 0.96 60.14

Sites were grouped into regions according toTables 2, 3, while Towle Glacier and Springtail Point were each designated as septe regions for C. nivicolus. Statistical signi cance of
variance components were tested with 16,000 permutations.

Southern Victoria Land Taxa Cryptopygus nivicolus (Salmon, 1965)

This region extends from the Drygalski Ice Tongue to the hort The rst COI sequencesn(D 2) for this species were obtained
and the Koettlitz Glacier to the south, and includes the Mack from Mount England Gtevens et al., 2006bMore recently,
Glacier region as well as the Victoria Land Dry Valleys idahg  Bennettetal. (201@ndBeet et al. (201&ontributed another 32
Victoria, Wright, Taylor, Garwood, Marshall, and Miers \@Js  sequences from an additional 5 sites, showing geneticglivexe
(Figures 1 2). We analyzed a total of 1,023 COI sequenceamong habitats.

from the three springtail species that are currently known A further 6 sequences were included as part of our study
from this region;Antarcticinella monoculatéAMON; n D 33), (Tables 34; Tables S2S7). In total, we identi ed 16 haplotypes
Cryptopygus nivicolu€CNIV; n D 40), and Gomphiocephalus from the 40 COI sequences for this species, clustering inteethr
hodgsonfGHOD; n D 950). All three species are range-restricteddistinct groups (3.3—4.3% mean divergence) corresponding to
with genetic di erentiation found among di erent geographic di erent geographic locationsKigure 6B). Springtail Point and
locations. However, patterns of population structure vary agio the Towle Glacier site each had unig@enivicolusequences that
the three species. For example, individualsGfhodgsonat  were not found at any other site. The remaining nine haplotypes
Mount Gran (h D 3) showed sequence divergences of 7.6%n D 27 sequences) occurred across four sites in the vicinity of
(Bennett et al., 2036 while individuals ofC. nivicolusfrom the Mackay Glacier (Mounts Gran, Seuss, England and Tiger
Mount Gran (n D 7) were similar to those from other nearby Island; Figure 6B), suggesting individuals may have recently
sites such as Mount Seuss and Mount EnglaBeet et al., dispersed among hese sites (within 40 km of each other). [Hessi
2016. No sites were found with all three species presentexplanations for connectivity among these sites include dsspe
Both C. nivicolusand A. monoculatawere found at Springtail via meltwater streams or in marine, nearshore environments
Point, while C. nivicolusand G. hodgsonivere both found at when sea ice is absent along coastal boundaries. An AMOVA
5 sites (Towle Glacier, Tiger Island, and Mounts Seuss, Grdound that when sites at Springtail Point and Towle Glacierave
and England). designated as separate regions, only 35% of the genetitimaria
occurred between each of the three regiohable 5 p < 0.01).

. However, genetically divergent populations@f nivicolusvere
Antarcticinella monoculata (Salmon,_ 1965) found at Springtail Point and the Towle Glacier sitgdure 6B),

In total, 33 COI sequences were available formonoculata highlighting the importance of conservation strategies tosere

(Beet et” al., dZ(f)lG; Bgr;]rjett et al.i;%naomd a;ll hspemm(;ns human-mediated transport of genetic variants between these
were collected from within a 250 kimrange of the Mackay currently isolated populations.

Glacier Figure 6A; Table 3 Table S3. Sequences from the two

northern-most sites, Mount Murray and Cli Nunatak, were all

the same haplotype (AMON-005) and were divergent from théGomphiocephalus hodgsoni (Carpenter, 1908)

other four haplotypes that were found at the more southerlyssitePrevious Studies

(10.1% mean p-distance). An AMOVA revealed that 98.7% ofhe rst COIl sequences fos. hodgsonivere contributed by
the genetic variation occurred between these two geograjthic a study that also examined allozymes and was focused on
isolated populationsTable 5 p< 0.01). phylogeographygtevens and Hogg, 200&€0I sequences were
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FIGURE 6 | Geographical distribution within the vicinity and to the ndh of Mackay Glacier in southern Victoria Land ofA) the two distinct (10.1% mean divergence)
lineages ofAntarcticinella monoculata(AMON; n D 33; 530 bp), and (B) the three distinct (3.3-4.3% mean divergence) lineages @ryptopygus nivicolus(CNIV;

n D 40; 586 bp), highlighting differing population genetic strcture for the two springtail species. Pie charts are propdionate to the number of sequences, centered at
collection site co-ordinates.

obtained for 45 individuals from 21 localities, and 14 uréqu  An additional ve COI sequences and two new haplotypes
haplotypes were identi ed (A-N). Among their ndings it was were recovered from GenBankVi(Gaughran et al., 2008
suggested that two sympatric populations were present in Taylddnfortunately, we were unable to determine which sequences
Valley (1.5% divergence), and that recent transport (possiblgorresponded to haplotype codes referred to in the manuscript.
by birds or humans) had occurred between Ross Island ands these sequences were included in the subsequent study of
Granite Harbor as similar haplotypes were shared betweekicGaughran et al. (20103hey have also been included in our
these locations. Sequences froftevens and Hogg (2003) study. TheMcGaughran et al. (200&tudy included sequences
were included in their subsequent stud$tévens and Hogg, from Stevens and Hogg (200&nd identied 20 haplotypes
2006, where genetically divergent populations were identi ed(G1-G20) from a total dataset of 96 sequences from the wider
at Beaufort Island and in Taylor Valley, when compared to theMcMurdo Dry Valleys and Ross Island area. Divergences of
remaining sites on Ross Island D 5 sites) and the continental G. hodgsoniCOIl sequences were up to 2.1%, suggesting the
mainland f D 11 sites, including Taylor Valley). However, the populations had diverged within the last million years (based o
Beaufort Island haplotype (our haplotype GHOD-010) has sincenolecular clock calibration of 1.5-2.3%/my eRBrower, 1994;
been found at additional sites on the continent (Seble S9, Juan et al., 1996; Quek et al., 2D®urther, haplotype diversity
while the unique Taylor Valley haplotype (our haplotype GHOD-tended to be higher at more inland sites and particularly at
011) remains restricted to Taylor Valley and belongs to @rdu  higher altitudes, suggesting this was a result of persistence
in Collins and Hogg (201%ndNolan et al. (2006) refugial habitatsMcGaughran et al. (200&Iso suggested that

A following study ofG. hodgson(Nolan et al., 200¢targeted  Ross Island individuals were derived from a founder population
the two sympatric groups in Taylor Valley that had previouslythat originated from the Dry Valleys.
been identi ed byStevens and Hogg (2003The eight Taylor McGaughran et al. (2010¢ompared patterns of sequence
Valley sequences fronstevens and Hogg (2003yere also divergences o6. hodgsonio those ofCryptopygus antarcticus
incorporated into their dataset, and 10 unique haplotypes (A-Jrom the Antarctic Peninsula and provided COIl and COlIl
were identi ed from the combined dataset O 48). The study sequences for both taxa. Existifgy hodgsonCOIl sequences
concluded that the two sympatric phylogroups (haplotypes Afrom Stevens and Hogg (200@nd McGaughran et al. (2008)
F D group X; G-JD group Y) probably diverged less than 1 were also included, and 45 haplotypes (H1-H45) were identi ed
million years ago, around the time when ancient Lake Washburfrom their nal alignment of 289 individuals (471 bp). In
ooded the Valley (40 kya). Ancestors of the two populationsreviewing these sequences, we were able to identify exact si
probably survived in isolated refugia at either end of thel&al information for all but 31 specimens (s&able S9. Key ndings
(group Y inland and group X in higher elevation coastal ajeas from McGaughran et al. (2010included limited haplotype
recolonizing the Valley and reconnecting following the egttof  sharing between local sites within both the Peninsula and
Lake Washburn. continental areas, and that survival in refugial habitatasw
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likely to have occurred on a Pleistocene timescale. Howéwer Our Findings
Peninsula contained more rare haplotypes and it was suggestéd the most widespread and well-studied springtail in the
that di erences in population structure were aresult of lanaise  Ross Sea region, the dataset of COI sequenceS.ftiodgsoni
di erences and colonization events between the two loediti (n D 950) was larger than that of any other species and
Greenslade et al. (201psovided three additional COIl sequencesrepresented specimens from 67 sit€alfles 3 4; Tables S8, SP
(658 bp) for the existing haplotype H43 fromicGaughran et al. Overall, 620 sequences were available from nine publishdistu
(2010)(our haplotype GHOD-046) in a study which con rmed as outlined above, and a further 330 previously unpublished
Gomphiocephalwess a distinct genus. sequences have now been added h&eble SJ. The majority
A further 90G. hodgsonCOI sequences were contributed by of sequences were2.6% divergent, while distinct populations
Demetras (2010from the southern Dry Valleys area (Marshall, were present at Towle Glacien © 6; 5.9% divergence) and
Garwood and Miers Valleys) with limited diversity found (10 Mount Gran (0 D 3; 7.3% divergence) which are located further
haplotypes TABS Gh1—Gh16&;0.8% divergence). Based oninland (Figure 7). Similarly, genetically divergent populations
a haplotype network analysis, it was suggested that all 1df C. nivicoluswere present at the inland sites Towle Glacier
haplotypes were derived from a single lineage (300-500 kyand Springtail Point, suggesting that greater connectiodyurs
Possible reasons for the low diversity @ hodgsonfrom the among coastal sites. Overall, an AMOVA revealed that the
southern Dry Valleys include more recent recolonization ofmajority (> 60%) of haplotype diversity occurred within regions
this area or bottleneck events and di erences in landscapes &8able 5p< 0.01), particularly as the highly diverged individuals
compared to the larger Dry Valleys (e.g., Taylor) where there from sites Towle Glacier and Mount Gran were sequenced at
much higher COI diversity. As the data fromemetras (2010) low numbers.
were previously unpublished, we have now uploaded them to Tripp Island is approximately 70km from other sites and
BOLD and added them to our analyses. located to the north of Mawson glacier which appeared to be a
Collins and Hogg (2015provided a further 1515. hodgsoni dispersal barrier foA. monoculatg> 10% divergence). However,
COlI sequences as part of a two-hourly time-series of pitfalindividuals ofG. hodgsorfrom Tripp Island were not genetically
trap collections from Spaulding Pond in Taylor Valley. Thisdivergent € 0.5%) relative to other locations. In contrast,
study targeted the two main “X” and “Y” haplotype groupingsindividuals of G. hodgsonat Mount Gran< 10 km from other
previously reported byNolan et al. (2006)known to occur in  sites Figure 7) were highly genetically divergert {%). These
sympatry at Spaulding Pond (Gh1-GhD2Y; Gh13-Gh1®D X). ndings highlight that geographical barriers to dispersallsas
More individuals were found from group Yn(D 120) relative glaciers, and lack of water transport between locationschwvhi
to group X (h D 31). As group Y is thought to have recolonizedis unlikely for sites further inland, have a stronger in ugmon
from inland “colder” refugial sites, this study inferredaththe the population genetic structures of Antarctic springtailsrtha
site was dominated by intrinsically cold-adapted indivithja distance alone.
and that the relative proportions of X and Y individuals
could change with a warming climate. Furthermore, actiafy
individuals from the X and Y haplotype lineages during eacitCONCLUDING DISCUSSION
two-hourly pitfall trap collection was more closely linked t
air temperature than any of the other measured environmentaln this study we examined the available COI sequence datallfor
variables. This highlights the potential for temporal shiftsseven of the Collembola species that occur within Victoriad_an
in the genetic structure of populations as a consequence @71 to 78.5S). All species harbored distinct lineages (1.4-14.7%
environmental changes. mean sequence divergences) that were isolated by gedlogica
An additional 67 sequences (658 bp; 16 haplotypes, 8 new)aciological features, rather than by distance alone. Sad
were contributed byBennett et al. (2016along with sequences of COI diversity are suggestive of long-term isolation aack of
from A. monoculataand C. nivicolus This study was focused dispersal among locations.
on past isolation events using a molecular clock analysisy The In several cases, the distribution of genetic variants among
concluded that isolation was likely to have occurred durihg sites diered for the dierent species. Indeed, diering
last 4 million years and that glaciation events since thateti distributional patterns were previously reported in a large-
have further contributed to the high COI diversity within ioG.  scale study of the three speci€s terranovusF. griseaand
hodgsonandC. nivicoluslIn particular, specimens @. hodgsoni G. hodgsoni(Caruso et al., 2009 Here, we showed that
from Mount Gran (our haplotype GHOD-071) were found to sequence divergence fdf. grisea(0.2%) andC. terranovus
be highly divergentX¥ 7%) from the remaining sampled dataset.(10.8%) di ered greatly among the same sites in northern
In a study focused on genetic diversity of Collembola froresit Victoria Land. As a possible explanatio;. grisea may
in the vicinity of Mackay Glacier and further norttideet et al. have more recently dispersed throughout this area whereas
(2016)contributed 66 new sequences (527 bp; 5 new haplotypes}. terranovusmay have remained isolated by the Aviator
Sequences frorBennett et al. (2016 ere also included iBeet and Campbell Glaciers (e.g-anciulli et al., 2001; Carapelli
et al. (2016analyses and, based on the combined dataset, it was al., 201). In southern Victoria Land (SVL), Springtail
hypothesized that populations may have been isolated for 3#8oint harbored a distinct lineage>@3.3% divergence) o€.
million years, consistent with a collapse and reformationtt@f  nivicolusvherea®\. monoculatdrom Springtail Point was highly
West Antarctic Ice Sheet. similar (<0.9% divergence) to individuals from nearby sites.
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FIGURE 7 | Geographical distribution of the three distinct (5.9-7.3%nean divergence) lineages oGomphiocephalus hodgsoniwithin southern Victoria Land for

specimens where collection data were available (GHODy D 904; 422 bp), showing widespread distribution (500 km reachof the main group of haplotypesif D 895;
2.6% mean divergence) and distinct populations at both MounGran and Towle Glacier sites, further inland. Pie charts emproportionate to the number of sequences,
centered at collection site co-ordinates. SeeTables S8, S9 for further haplotype and collection details for each speaien.

Similarly, the Mount Gran population o&. hodgsonivas highly these sites are geographically isolated from other sites by
distinct (7.3% divergence) whereas sequence€.ofivicolus >70km (Figures 26, 7).

from Mount Gran were identical to those from other sites. Giventhe high levels of genetic divergence among populations
Populations to the north of Mawson Glacier were geneticallfor all seven springtail species (1.7-14.7%), we highlight the
distinct for A. monoculata(> 10% sequence divergence; Cli potential that these distinct lineages could be cryptic species
Nunatak and Mount Murray) while th&. hodgsonpopulation  Cryptic diversity has been suggested @@rterranovusn NVL
(Tripp Island) was genetically similar (0.5%), even though(Hawes et al., 2010; Carapelli et al., 20ard G. hodgsoni,
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C. nivicolus and A. monoculatain SVL (Beet et al., 20)6 DATA AVAILABILITY
Suggestions of cryptic diversity for the springtdl grisea
between NVL and the Antarctic Peninsulddricelli et al., All previously unpublished sequences and associated data
2010a,p have now been validated through morphologicalare available in the dataset “DSANTSP18” on BOLD.
di erences and redescription of the speciésréenslade, 20).8 GenBank accession numbers and BOLD IDs are provided
However, the potential for cryptic variability among Victari N supplementary data sheets for all sequences included
Land specimens df. griseehas not previously been suggested;n this manuscript. Original trace les can be found
although the Cape Hallett population has been identi edassociated with specimens in the BOLD dataset, where
as genetically distinct, possibly resulting from pre-Ptaishe available. For —any additional information, contact
isolation (Torricelli et al., 2010p GC: gec9@students.waikato.ac.nz/.
The Tucker Glacier in NVL provides an example of a small-
scale €16km) barrier to springtail dispersal as geneticafyAUTHOR CONTRIBUTIONS
distinct (>5% sequence divergence) populations of b@h
cisantarcticusand F. griseahave been found either side of GCandIH conceived the study. IH collected new specimens from
the glacier. Previous studies using the COIl gene have ald$VL, and processed these with GC. GC and IH collected and
demonstrated this folK. klovstadi(Frati et al., 2001; Stevens processed additional specimens from SVL. All alignments and
et al, 200y, suggesting the potential for microspeciationanalyses were performed by GC, with assistance from AB using
processes occurring at these sites. In SVL, we show that tfe The manuscript was prepared by GC, with contributions from
phylogeographic patterns di ered for each of the three speciegll co-authors.
and we highlight Springtail Point, Towle Glacier, Mount Gran
and sites to the north of Mawson Glacier as possible sitetACKNOWLEDGMENTS
of conservation focus, as these locations harbored getigtic
divergent (3.3-10.1%) populations. The vicinity of the Drggal We acknowledge support from a Waikato University Doctoral
Ice Tongue continues to provide a current barrier to dispefsal  Scholarship, a Waikato Graduate Women Merit Award for
springtail taxa between NVL and SVL and we found no evidencBoctoral Study and an Antarctica New Zealand Postgraduate
of gene ow or species sharing between these regions. Scholarship (Sir Robin Irvine) to GC. I|H is grateful to Anttioa
Future studies focused on longer COI sequences (or indeetlew Zealand, Craig Cary and the Korean Polar Research Irsstitut
additional genetic markers), are likely to reveal furthengtic (KOPRI) for arranging/providing logistic support for eld work
diversity for springtails in Victoria Land. The potential for in NVL, and to Polar Knowledge Canada for nancial support.
temporal changes in genetic diversity as a consequence BE was supported by NERC core funding to the British Antarctic
environmental changes such as climate warming has also beShrvey's "Biodiversity, Evolution and Adaptation' Team. We
highlighted. Next generation sequencing and metabarapdinare also grateful for support provided to the Canadian Centre
approaches for genomic monitoring will be important for for DNA Barcoding from Genome Canada and the Ontario
future studies, particularly to detect spatial and temporaftsh Genomics Institute as part of the International Barcode of
in genetic diversity. With a warming climate, future glacie Life Project and thank the Ontario Ministry of Economic
melt will provide additional opportunities for the dispersal Development and Innovation for support of the BOLD database.
of springtails (via otation) while also exposing new habitat This paper contributes to the “State of the Antarctic Ecosystem
for colonization. (AntEco) and the Antarctic Thresholds, Ecosystems Res#ienc
The Antarctic Conservation Biogeographic Regionséand Adaptation (AnT-ERA) programmes of SCAR. The satellite
(Terauds et al., 2012; Terauds and Lee, POpfovide a imagery used to generalégures 1 2 was retrieved from GloVis,
geographical framework for assessing broad-scale biologigzourtesy of the NASA EOSDIS Land Processes Distributedé\ctiv
diversity. However, we suggest that knowledge of locdescaArchive Center (LP DAAC), USGS/Earth Resources Observation
patterns of genetic diversity will be critical for addreggsin and Science (EROS) Center, Sioux Falls, South Dakota, (https:/
ecological and physiological questions, such as thodpdaac.usgs.gov/data_access/glovis).
pertaining to dispersal, and responses to climate changes.
The understanding of relevant temporal and spatial scales SUPPLEMENTARY MATERIAL
well as the current distribution of genetic diversity is exsgal
to identify current barriers to dispersal as well as sitest thaThe Supplementary Material for this article can be found
harbor unique genetic resources and, therefore, areas ofiline at: https://www.frontiersin.org/articles/10.38&vo.

conservation value. 2019.00076/full#supplementary-material
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