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Abstract

Despite strong historical biogeographical links between benthic faunal assemblages
of the Magellan region of South America and the Antarctic Peninsula, very few studies
have documented contemporary movement and gene flow in or out of the Southern
Ocean, especially across the Antarctic Polar Front (APF). In fact, oceanographic
barriers such as the APF and Antarctica's long geologic isolation have substantially
separated the continents and facilitated the evolution of endemic marine taxa found
within the Antarctic region. The Southern Ocean benthic sea slug complex, Doris “ker-
guelenensis,” are a group of direct-developing, simultaneous hermaphrodites that lack
a dispersive larval stage. To date, there are 59 highly divergent species known within
this complex. Here, we provide evidence to show intraspecific genetic connectivity
occurs across the APF for multiple species within the D. “kerguelenensis” nudibranch
species complex. We addressed questions of genetic connectivity by examining the
phylogeographic structure of the three best-sampled D. “kerguelenensis” species and
another three trans-APF species using the protein coding mtDNA gene, cytochrome
oxidase |. We also highlight alternative refugia uses among species with the same life
history traits (i.e., benthic and direct developers) and for some species, extremely
large distributions are established (e.g., circumpolarity). By improving our sampling of
these nudibranchs, we gain better insight into the population structure and connec-
tivity of the Antarctic region. This work also demonstrates how difficult it is to make
generalizations across Antarctic marine species, even among ecologically-similar,

closely related species.
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1 | INTRODUCTION

Antarctica's long geologic and oceanographic isolation (approx.
25-35 million years, Barker & Burrell, 1977; Barker et al., 2007,
Livermore et al., 2004; Pfuhl & McCave, 2005) has been critical
in fuelling the diversity of endemic marine taxa within this region
(Arntz et al., 1997; Linse et al., 2006). Such high levels of faunal
endemism have been discussed among many Antarctic lineages
of fish (e.g., Bargelloni et al., 2000; Clarke & Johnston, 2003), and
marine invertebrate groups such as amphipods, isopods, mollusks,
pycnogonids, and ophiuroids (see: Brandt, 1999; Leese et al., 2010;
Linse et al., 2006; Martin-Ledo & Lépez-Gonzalez, 2014; Munilla &
Membrives, 2009). The disintegration of the once continuous faunal
assemblage between southern South America and Antarctica (i.e.,
the opening of the Drake Passage ~35 Mya, Barker & Burrell, 1977)
resulted in the onset of the Antarctic Circumpolar Current (ACC)
(Box 1; Figure 1), global cooling and subsequent Antarctic glaciations
(Kennett, 1977; Kennett et al., 1975), which was critical in promoting
such high levels of polar diversity. Throughout glacial maxima, it has
been suggested that benthic fauna either persisted within isolated,
ice-free continental shelf refugia (Clarke & Crame, 1989, 1992; Pearse
et al., 2009), or migrated to and persisted in the surrounding deep-
sea regions or on sub-Antarctic/Antarctic islands (Lau et al., 2020;
Provan & Bennett, 2008; Thatje et al., 2005). In response to phys-
ical (Clarke & Crame, 1989, 1992), ecological (Chown et al., 2015;
Convey et al., 2009, 2014), and physiological (Harper et al., 2012;
Lau et al., 2021) evolutionary drivers, selection upon Antarctic ben-
thic fauna has favored eurybathy (i.e., capacity to span a large depth
range), long life cycles, slow growth rates/slow metabolism, and di-
rect development (Allcock & Strugnell, 2012; Thatje, 2012).

Within the marine realm, barriers to dispersal are often less ob-
vious and often remain poorly understood. However, the ACC has
been critical in separating high Antarctic fauna from the oceans
north of it (Clarke et al., 2005). The modern ACC is the world's largest
ocean current and is made up of a system of fronts, currents, gyres,
and overturning pathways (see Box 1) that act as the primary large-
scale dispersal vectors across the Southern Ocean (e.g., Dambach
et al., 2016). Depending on the origin and direction of movement,
it is unclear at what point within the water column oceanographic
systems such as the ACC and Antarctic Polar Front (APF) no longer
facilitate large distributions, but rather, inhibit dispersal across them
(see Box 1; Figure 1). The Drake Passage and the extensive stretches
of deep sea, which also separate the two continental shelves and the
sub-Antarctic islands from each other, likely also represent signifi-
cant barriers to dispersal for benthic species, despite for example,
traits such as eurybathy (Brey et al., 1996; Gutt, 1991).

Despite strong historical biogeographical links between benthic
faunal assemblages of the Magellan region of South America and the
Antarctic Peninsula (Dell, 1972), contemporary movement and gene
flow in or out of the Southern Ocean and especially across the APF
(Box 1; Figure 1) is extremely rare (as discussed by Clarke et al., 2005).
Molecular assessments investigating genetic structure across the

APF include works that revealed species-level genetic breaks in
Antarctic demersal fish (Arkhipkin et al., 2022; Shaw et al., 2004),
nemertean worms (Thornhill et al., 2008), vetigastropod sea snails
(Gonzalez-Wevar et al., 2021), sea spiders (Démel et al., 2017), and
even Gentoo penguins (many of which are morphologically cryptic
taxa) (Vianna et al., 2017). Community-level differences were also
seen among groups of species of krill (Patarnello et al., 1996), ophi-
uroids (O'Hara et al., 2013) and octocorals (Duefas et al., 2016).
Excluding marine megafauna and migratory seabirds, very few taxa
overcome this barrier throughout the Southern Ocean. The few
exceptions include benthic marine taxa such as a sea star (Moore
et al., 2018), six brittle star morpho-species (Galaska et al., 2017a;
O'Hara et al., 2013), approximately ~68 sea spider species (Dietz
et al., 2019; Munilla & Membrives, 2009), an isopod species (Leese
et al., 2010), and a tritoniid nudibranch (Moles et al., 2021). These
examples are predominately of animals with a known dispersive lar-
val stage. The only exceptions include the isopod, which is a brooder
with long-distance dispersal linked to rafting (Leese et al., 2010) and
the direct-developing nudibranch, Tritonia vorax, collected from the
southern South American continental shelf and South Georgia in the
Scotia Arc (Moles et al., 2021). These are remarkable findings as the
prevailing APF, along with the extremes of distance, temperature,
and depth, were traditionally considered to act, as an impermeable
dispersal barrier for benthic organisms between the Antarctic and
the more northern temperate oceans.

Life history traits are known to exert profound influence
upon the connectivity of many marine organisms (e.g., Marshall
et al., 2012). Overall, organisms with pelagic larval stages (plank-
totrophs or lecithotrophs) have greater dispersal capabilities,
although the longer feeding phase of planktotrophs results in
greater dispersal potential than nonfeeding lecithotrophs. Direct
development is particularly common in benthic, Antarctic mol-
lusks (Marshall et al., 2012; Moles et al., 2017; Pearse et al., 2009;
Peck et al., 2006), and these larvae are protected on the benthos
in their early growth; otherwise, currents such as the ACC could
sweep pelagic larvae out into unfavorable environments (e.g., the
deep sea) (Clarke, 1996a). Slow development is also very common
for Antarctic mollusks with examples demonstrating that shelled
gastropods develop thirty times slower in the Weddell Sea than
their temperate relatives (Hain & Arnaud, 1993; Moran et al., 2019).
These favored developmental traits may be a consequence of slow
metabolism in the cold, highly stable environments in the Southern
Ocean, for protection against grazing predators or to withstand
the seasonal availability of light and organic matter (Moran &
Woods, 2012; Peck et al., 2006). Examples among Antarctic nudi-
branchs include, Bathydoris hodgsoni (estimated development time
of up to 10years, Moles et al., 2017), and Antarctodomus thielei
(development time of up to 8years, Moran et al., 2019), which are
two species that have the largest embryos and longest measured
developmental times of any gastropods.

In this study, we investigate the benthic Southern Ocean nu-

dibranch complex, Doris “kerguelenensis,” in which species have
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BOX 1 The interaction between the Southern Ocean, the Antarctic seas and the benthos

Defining the Southern Ocean

The Southern Ocean is unique as an oceanographic environment, global climate regulator, an important ecoregion housing a diverse
range of endemic flora and fauna and is among one of the most data sparse regions throughout all major ocean basins (Chapman
et al., 2020). The Southern Ocean, or rather, the concept of the Southern Ocean (collection of seas around Antarctica) is an extreme
environment in many of these respects and is generally defined as bounded between the Antarctic continent and the Sub-Tropical
Front (STF) (see: Stark et al., 2019). The Southern Ocean and where its boundaries lie has been variously defined throughout lit-
erature with examples extending the boundary from “the parallel of 60°S to the north and the Antarctic continent to the south”

(IHO, 2002) to “the seasonally fluctuating natural boundary of the Antarctic Convergence” (Pyne, 2017).

Important Southern Ocean current systems

The ACC, today is defined as the largest ocean current (23,000km), powered almost entirely by wind, and extending to the seabed
(2000-4000m), where its path is determined by topography (Lazarus & Caulet, 1993). Traditionally, three primary oceanic fronts
make up the ACC; the Sub-Antarctic Front (SAF), the APF, and the Southern Antarctic Circumpolar Current Front (SACCF) (north
to south; Figure 1). To the north of these fronts is the STF (Figure 1) (between 35°S and 45°S), which separates the waters of the
Southern Ocean from saltier, warmer, subtropical waters to the north (Klinck & Nowlin, 2001). To the south, there is a fifth frontal
zone, between the ACC and the Antarctic continent called the westward flowing Antarctic Coastal Counter Current (ACCC), or
Antarctic Slope Current (ASC). This counter current (counter to all other major Southern Ocean currents) directly feeds into the
Weddell Sea (Vernet et al., 2019), Ross Sea (Roach & Speer, 2019), and Prydz Bay Gyres (Nunes Vaz & Lennon, 1996; Williams
et al., 2016) and has an important impact on continental shelf water circulation, as well as heat and mass exchange at the seawater
ice-shelf exchange (Kim et al., 2016; Stark et al., 2019; Williams et al., 2016).

Physical oceanography of the Southern Ocean and its interaction with the global ocean

As water density increases south toward the Antarctic continent across the ACC, both temperature and salinity gradients and associ-
ated density boundaries extend across the currents, down from the surface to the seabed (Sokolov & Rintoul, 2009). These density
boundaries facilitate a pathway that promotes overturning and ventilation between the surface and deep ocean interior (Morrison
et al., 2015) (as much as 80% of deep water resurfaces in the Southern Ocean). North of the maximum westerly winds (~50°S), the
colder surface waters subduct under the warmer surface waters and atmospheric oxygen, CO2 and heat is pumped into the global
oceans (Barker & Thomas, 2004; Klinck & Nowlin, 2001). South of ~50°S, the currents, draw up nutrient rich, Circumpolar Deep
Water (CDW) along these aforementioned steep density layers. This comparatively warm, upwelled Circumpolar Deep Water di-
verges to the north and south. The northern traveling waters are, freshened by precipitation and sea ice, warmed by the atmosphere,
and eventually cross the ACC and subducts below the subtropical surface waters. The southward traveling Circumpolar Deep Water
is converted to dense Antarctic Bottom Water (ABW) after it is cooled along the Antarctic coast and then sinks and flows north to
fill the abyssal regions of the global oceans (Post et al., 2014; Sokolov & Rintoul, 2009; Stark et al., 2019). This system is of critical im-
portance to the global climate system (Morrison et al., 2015) as it contributes to the meridional overturning circulation of the world's
oceans (see figure 3 in Post et al., 2014).

an estimated embryonic period of between 13 and 27 months
(Hain, 1992; Moles et al., 2017; Moran et al., 2019) and produces
ribbon-like egg mass structures containing between 1500 and
2400 capsules (Moles et al., 2017). These widespread, direct-
developing, mollusks are expected to have reduced dispersal po-
tential (Dambach et al., 2016); however, genetic studies on the
D. “kerguelenensis” species complex have unveiled a significant
amount of previously, undetected species-level diversity (Maroni
et al., 2022; Wilson et al., 2009, 2013). To date, 59 species within
this species complex are known from Antarctica, the sub-Antarctic

Islands and the southern South American continental shelf, and are

documented to occur in sympatry as well as across broad spatial
scales (Maroni et al., 2022; Wilson et al., 2009, 2013). Because of
the low or absent levels of recombination within mitochondrial
data, due to maternal inheritance and relatively high evolutionary
rate (Harrison, 1989; Moritz et al., 1987), mtDNA is a widely used
tool in phylogeographic studies and can reveal information about
the interconnectivity and demographic history of populations
(Avise, 2000). Here, we used the protein coding mtDNA gene, cy-
tochrome oxidase | (COI) to (i) explore the distribution patterns of
six D. “kerguelenensis” species, four of which have trans-APF distri-

butions, one is circum-Antarctic and one is sub-Antarctic but also
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circumpolar, (i) further examined the phylogeographic structure of
three of the best-sampled species and (iii) discuss alternative refu-
gia use among species with the same life history traits (i.e., benthic

and direct developers).

2 | METHODS

2.1 | Dataused

To assess genetic connectivity, demography and distribution within
some of the species within the D. “kerguelenensis” species com-
plex, we analyzed previously published data from GenBank, much
of it from Wilson et al. (2009) (n = 143; 2013, n= 89) and Maroni
et al. (2022) (n= 680). Previously, species-level entities were num-
bered from 1 to 59 (Maroni et al., 2022). Here, we utilize these origi-
nal numbers when referring to these species-level hypotheses. The
three best-sampled species from Maroni et al. (2022) were selected
for phylogeographic insights (sp. 24, n= 357; sp. 28, n= 80; sp. 29,
n= 280). Three additional species that were identified to span the
APF (in addition to species 24) (sp. 14, n= 14; sp. 26, n= 20; sp. 42,
n= 15) were also examined here, however due to their smaller sam-
ple sizes, no further population structure could be robustly explored.
All of these specimens were collected during various Antarctic field
expeditions between 2006 and 2018 from various locations in the

FIGURE 1 Map of Antarctica, Southern
Ocean (SO) bathymetry, major fronts,
currents, and gyres. Sub-Tropical Front
(STF) (navy), Sub-Antarctic Front (SAF)
(dark gray), Antarctic Polar Front (APF)
(white), Southern Antarctic Circumpolar
Current Front (SACCF) (light gray),
Antarctic Count Current Front (ACCC) (or
Antarctic Slope Front) (medium gray). New
additions to APF (north to south, dashed
lines) Park et al. (2014) and Sokolov and
Rintoul (2009) for the SACCF. Base map
and original fronts (solid lines) retrieved
from Quantarctica 3.2 (Matsuoka

et al., 2021). Gyre information: Weddell
Gyre (Vernet et al., 2019), Ross Gyre
(Roach & Speer, 2019), Prydz Bay Gyre
(PB) (Nunes Vaz & Lennon, 1996; Williams
etal., 2016).

Southern Ocean (the full collection, subsampling, extraction, and
sequencing details can be found in Wilson et al., 2009, 2013, sup-
plementary table 1 in Maroni et al., 2022; all the specimen metadata
is summarized here in Appendix Table A1).

2.2 | Haplotype structure and diversity estimates
To visually represent the geographic structure of haplotypes for
each species, COl TCS (Clement et al., 2000) haplotype networks
were generated in PopART (Leigh & Bryant, 2015) with a 95% prob-
ability threshold, with locality data overlaid onto each network. TCS
(Clement et al., 2000) bins sequences into haplotypes, calculates
the frequencies of the haplotypes within the species and estimates
genealogical relationships among the haplotypes using statistical
parsimony. By overlaying geographical information, we are able to
visualize patterns across sampling space and overall; fifteen geo-
graphical regions were defined a priori. Due to differing depths,
distances between regions, coastal currents, and ocean circulation
patterns (Smith et al., 1999), we separated the Antarctic Peninsula
region into four regions: (i) Palmer Archipelago, (ii) Bransfield Strait,
(iii) South Shetland Islands, and (iv) Elephant Island.

For the three well-sampled species (24, 28, and 29), levels of
polymorphism in the data were represented by haplotypic (h) and
nucleotide diversity (z) indices and were calculated using the R.cran
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(R Core Team, 2017) package “PopGenome” (Pfeifer et al., 2014) as
well in DNAsp (version 6; Rozas et al., 2017). Haplotype diversity is
defined as the probability that two randomly sampled alleles are dif-
ferent (Nei, 1987), while nucleotide diversity averages the number
of nucleotide differences per site in pairwise comparisons among
sequences (Nei, 1987).

2.3 | Demographic analyses

In order to infer past population changes and/or deviations from
neutrality (Rozas et al., 2017), we explored Tajima's D (Tajima, 1989)
and Fu's F_(Fu, 1997) statistics (10,000 permutations) using Arlequin
(version 3.5; Excoffier & Lischer, 2010) (Tables 1 and 2). Tajima's D
(D) and Fu's F_ (F,) were designed to distinguish between sequences
evolving under neutral or non-neutral processes (e.g. direction or
balancing selection, and demographic expansion or contraction).
Tajima's D compares the average number of pairwise differences
with the number of segregating sites (Tajima, 1989) and Fu's F_ uses
the distribution of alleles or haplotypes (Fu, 1997). These tests are
both powerful in detecting population growth and can indicate the

occurrence of population expansion.

2.4 | Intraspecific structure

Finally, Analysis of MOlecular VAriance (AMOVA) and subsequent
pairwise ®¢; based on 10,000 permutations were also calculated
in Arlequin (version 3.5; Excoffier & Lischer, 2010) to examine ge-
netic differentiation among sampling localities within the three well-
sampled species. When calculating the AMOVA and subsequent
pairwise ®¢, populations with less than three samples were omitted

from the analyses.

TABLE 1 Genetic diversity and neutrality indices for three well-
sampled Doris “kerguelenensis” species (species 24, 28 and 29).

Species 24 Species 28 Species 29

n 359 80 280
K 63 46 48
ss 61 50 42
p-i 65 23 20
h 0.8249 0.9703 0.85%94
b3 0.00404 0.00707 0.0049
D -2.1853 -1.861 -1.614

0 0 0

s

Note: Significant Tajima's D and Fu's F_ values represented with bold.
Significance p <.05. 10,000 permutations.

Abbreviations: D, Tajima's D; F, Fu's F; h, haplotype diversity;

K, number of haplotypes; N, number of samples; p-i, parsimony-
informative sites; ss, segregating sites; z, nucleotide diversity.

Ecology and Evolution 50f 41
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3 | RESULTS

3.1 | Distributions

Within the six studied species, species 24 was the most extensively
sampled (Figures 2 and 3). This species spanned the APF and was
collected from over approximately 5000km (Antarctic continental
shelf, sub-Antarctic islands, southern South American continental
shelf). Species 28 (Figures 2 and 4) was only collected north of the
APF, yet had a putative circum-Antarctic distribution on the south-
ern South American continental shelf and the Kerguelen Plateau
(over a distance of approximately 7500km). Species 29 (Figures 2
and 5) had a circum-Antarctic distribution (collected from over
11,000km) and was sampled from Prydz Bay, the Ross Sea, and the
Antarctic Peninsula. Finally, species 14, 26, and 42 (along with sp. 24)
spanned the APF near the Scotia Arc (Figure 6).

3.2 | Haplotype and nucleotide diversity

The presence of highly represented haplotypes and many low fre-
quency, closely related haplotypes is reflected both in the high
haplotypic diversity results (species 24: h = 0.8249, species 28:
h = 0.97083, species 29: h = 0.8594) and low nucleotide diversity
(species 24: = = 0.00404, species 28: 7 = 0.00707, species 29:
7 = 0.0049) (Table 1). Haplotypic diversity was low within spe-
cies 24 for two of the sampling locations (Shag Rocks and South
Sandwich Islands). Overall, species 28 had the highest intraspecific
haplotypic diversity and nucleotide diversity of the three well-
sampled species within this study. Nucleotide diversity was rela-
tively low for each species and each location. Both indices varied
within species (Table 1) and were not correlated with sample size
(p <.05).

3.3 | Demography

Statistical tests used for detecting demographic expansion high-
lighted deviations from neutrality (Tables 1 and 2). Both Tajima's D
and Fu's F, tests indicated significant deviations within each of the
three species for at least one sampling location. Significant nega-
tive values for Tajima's D were determined for species 24 (Bransfield
Strait) and sp. 28 (Burdwood Bank), indicating an excess or rare nu-
cleotide site variants compared with the expectation under a neu-
tral model of evolution, therefore suggesting population expansion
(Table 2). Species 29 had a low, but not significant negative Tajima's
D value. The results of Fu's F test show significant negative val-
ues for all locations for these three species (except for two poorly
sampled locations within species 24). This also indicates an excess
of rare haplotypes, thus supporting population expansions at most

locations.



MARONI ano WILSON

"AJISISAIP 9p13o3[dNu ‘z isojdwes Jo Jaquinu ‘N :sadAjojdey jo ssaquinu ‘Y AJIsiaAIp adAjoldey ‘y Mmm s,n4 hwu ‘g s.ewile] ‘g :suoleinaiqqy

'SpUB|S| PUe[3ayS YInos ‘|SS ‘SpUe|s| YdIMpues Yyinos

‘SS $)00yY 3eys ‘YS spuejs| AdudIQ YInos ‘0OS ‘puels| adIS ‘d|S ‘181099 Ylnos ‘DS (eag ssoy ‘SY ‘o3ejadiyduy Jawjed “Tvd ‘neaje|d ua|anduay ‘4 ‘spuejs| puepyjed ‘|4 :pue|s| Jueyda|3 ‘13 ‘uoneis siaeq ‘sg
‘J1B13S plalsueig ‘Sg {puUB|S| 39ANOYG ‘|g Hueg POOMpINg ‘g :SMOJ||04 SB 918 S9P0I UOIFeI0T "suoireinwiad 000‘0T "SO°> d 9ouediuSIS *plog YIm pajuasaldal sanjea °4 s,n4 pue g s,ewife] Juediusis :a3oN

6 of 41 .
Ecology and Evolution
WILEY- 2% —

- - - - T T 19
- - - - T T Sy
- - - - 4 4 sa
69— SYyorT- 681000 16L°0 8 8T dX
- - - - T T 14
€6C- €LLYE0- ¥9¥00°0 268°0 £ Ly YET'0 2T08L°0- €5€00°0 €€8°0 5 14 1SS
120~ 69€62°0- 8£000°0 SIv'0 € 8¢ SS
15¢C°¢€ Y€L18°0- 879000 S0 @ 14 ¥s
T€L0- 690€C°0 107000 £58°0 S 8 88’1~ 8/¥C¢C 0~ ¢r00°0 6060 L [ oS
- - - - T T dIS
6CE'e- ¢9S€EE T~ £2€00°0 180 6 [44 oS
Y1661~ T6€60°T- 6/700°0 €980 8¢ 0T 97°T- 199560~ 6£200°0 29L°0 9 ST vd
9LC0- SLLTL 0~ €4200°0 8¢9°0 L 155 TLT61- 809051~ ¥S€00°0 L1L°0 0¢ 144 13
T10°6- S098€°T- 605000 8080 114 L9 9SS T1- 6CLEB'T- ££200°0 880 14 9c sS4
755°8€- ¥86S1°C- ¢vS00°0 9960 LE 19 - - - - T T g4
°4 a x y bl u 4 a x y b} u °4 a x y bl u s

6¢ Sa10ads g8z salads {Z sa1ads

"a)1s a|dwies Aq (6Z pUe 8Z ‘pZ Sa10ads) sa1dads sisuauajansiay|, sLog pajdwes-||om 221y} 104 Sa0Ipul AYjesinau pue AUSISAIp o13aUD) 7 379V L



MARONI anpo WILSON

0.04

i 7 of 41
Ecology and Evolution
& W1 LEYy- L7

FIGURE 2 Maximum likelihood (ML) phylogeny of Doris “kerguelenensis” species 1-59 (cytochrome oxidase | gene) (left) (six boxes to
highlight the species examined within this study) and map of Antarctica with sample sites of the three most well-sampled D. “kerguelenensis”
species (green shades) (right). Nodes with support values of 95 or higher have been denoted by a circular node shape. Triangles represent
collapsed clades. Colored boxes indicate the six species of interest within this study (species 14, 24, 26, 28, 29, and 42). Species 14, 26, and
42 not shown on map. On the Antarctic map, the Antarctic Polar Front is denoted by the solid white line with two adjustments proposed by
Park et al. (2014) and Sokolov and Rintoul (2009) (hashed white lines depicting the APF moving south of Kerguelen Island). Colors indicate

species.

3.4 | Intraspecific structure

When assessing genetic structure through molecular variance
(Table 3) and pairwise @ (Tables 4-6), significant and high levels of
genetic differentiation were detected within the three well-sampled
species and among all sample locations with more than three speci-
mens (global ®¢; =0.000, p <.05, species 24, 28 and 29; Table 3).
For species 24, genetic differentiation among sample locations rep-
resented 27.71% of the overall genetic variation, and differentiation
within sample locations accounted for 72.29% of the total variance.

A similar, yet exaggerated trend was seen within species 29 with
only 13.95% of differentiation accounted for among locations and
83.05% within locations. For species 28, a species with no COI hap-
lotypes shared among locations, the trend was reversed with the
greater total genetic differentiation being exhibited among sample
locations (58.82%), as compared to within locations (41.18%). Most
pairwise @ tests on the populations, here defined by sampling lo-
cation, within species 24 showed significant subpopulation differen-
tiation, except for between Shag Rocks and South Shetland Islands
and also among Elephant Island, the Bransfield Strait and the Palmer
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South Sandwich Islands . South Shetland Islands .

© Burdwood Bank . South Orkney Islands ‘ Palmer Archipelago O
o o Shag Rocks O Elephant Island ‘ Siple Island O
© South Georgia . Bransfield Strait ‘ Bouvet Island '

FIGURE 3 TCS haplotype network for species 24 cytochrome oxidase | data (left) (n = 357) and map of Antarctica (right) depicting the
sample sites of species 24. The area of each circle is proportional to the frequency of the haplotype and the nodes represent unsampled or
extinct haplotypes. Colors represent the location from which corresponding samples were collected. Antarctic Polar Front is denoted by

solid white.

Archipelago (Table 4). In the case of species 28 (Table 5), significant
genetic differentiation was detected between Burwood Bank and
the Kerguelen Plateau (Falkland Islands omitted due to sample size).
Finally, significant levels of genetic differentiation were detected
between all sites within species 29 (Table 6) except between the
South Orkney Islands and the Bransfield Strait, and also between
the South Orkney Islands and Elephant Island.

3.5 | Haplotypic network structure

Despite having a mainly parochial network reflecting geographic
structure (see: Allcock & Strugnell, 2012), species 24 also shared
nine haplotypes among Elephant Island, the Bransfield Strait, the
Palmer Archipelago, the South Orkney Islands and Siple Island
(Figure 3), which included one haplotype that was shared between
all of these locations, collectively spanning ~3000km. Of the 63
haplotypes from 357 samples, most were private (only found at a
single location; n= 54); 32 of which were singletons. Overall, high
levels of haplotypic diversity were present with a large proportion of

haplotypes occurring at very low frequencies, all being only margin-
ally differentiated from the few dominant haplotypes.

Species 28 also showed a parochial (geographically structured)
network and was only collected north of the Polar Front. This spe-
cies was made up of 46 haplotypes from 80 samples (Figure 4) and
was collected from three locations: the Falkland Islands (n= 1),
Burdwood Bank (n= 61), and the Kerguelen Plateau (n= 18). All hap-
lotypes within this TCS network were private and 34 were single-
tons (Figure 4). Geographically proximal samples were also closely
linked within the haplotype network.

Species 29 showed a diffuse network with the presence of high
frequency shared haplotypes and little geographic structure. Of the
48 haplotypes determined from the 280 samples, 14 were shared
among Elephant Island, the Bransfield Strait, the Palmer Archipelago,
South Orkney Islands, and the South Shetland Islands (Figure 5). The
remainder of the haplotypes (n= 34) were private, 27 of which were
singletons. COI haplotypes that spanned ~9000km were identified
within this species.

Species 14 (n= 14), 26 (n= 20) and 42 (n= 15) were all too under
sampled to infer population-level statistics. However, these species
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Burdwood Bank ‘
Falkland Islands ‘
Kerguelen Plateau .

FIGURE 4 TCS haplotype network for species 28 cytochrome oxidase | data (left) (n = 80) and map of Antarctica (right) depicting the
sample sites of species 28. The area of each circle is proportional to the frequency of the haplotype and the nodes represent unsampled
or extinct haplotypes. Colors represent the location from which corresponding samples were collected. Antarctic Polar Front is denoted
by solid white. With two adjustments proposed by Park et al. (2014) and Sokolov and Rintoul (2009) (hashed white lines depicting the APF

moving south of Kerguelen Island).

are of interest, as all three share haplotypes across the APF (Figure 6).
Together, they indicated intraspecific genetic connectivity was oc-
curring across the APF for multiple species within the D. “kerguelen-
ensis” species complex. Species 14 consisted of three haplotypes.
One was shared between Burdwood Bank, the Bransfield Strait, the
South Shetland Islands, and the Palmer Archipelago (Figure 6a). The
two other haplotypes within the network were private, both oc-
curring only in the Bransfield Strait. Species 26 consisted of eight
haplotypes, two shared and six private (Figure 6b). The network of
this species shows COI haplotypes spanning from Burdwood Bank
to Shag Rocks and/or Discovery Bank, demonstrating some level
of connectivity along the Scotia Arc. Species 42 contains four pri-
vate haplotypes, plus one shared (between Burdwood Bank and
South Georgia) and two unknown/under-sampled/extinct nodes
(Figure 6c¢). Despite being geographically close (~30km apart), the
haplotypes from South Georgia and Shag Rocks were genetically
distant in the network.

4 | DISCUSSION

41 | Trans-APF and circum-Antarctic distributions

Rare examples of benthic, direct-developing species spanning the
APF are reported within this study. The APF is the strongest of the
series of eastward-flowing jets that make-up the ACC; thus, the doc-
umented trans-APF connectivity found within this study is remark-
able given these animals are direct developers and lack a dispersive
larval stage. Here, four species of nudibranch are documented to
span this front, and three of these species are shown to share haplo-
types across the front. Notably, this appears to be the first example
of a benthic direct-developing species that spans the APF from the
southern South American continental shelf to the Antarctic conti-
nental shelf. Usually, the APF is considered a strong biogeographi-
cal feature that has facilitated circum-Antarctic connectivity in
some rafting taxa (e.g., Cumming et al., 2014), but also represents a
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South Orkney Islands . South Shetland Islands .
Elephant Island . Palmer Archipelago O

Bransfield Strait ‘ Ross Sea O
Davis Station ‘

FIGURE 5 TCS haplotype network for species 29 cytochrome oxidase | data (left) (n = 280) and map of Antarctica (right) depicting the
sample sites of species 29. The area of each circle is proportional to the frequency of the haplotype and the nodes represent unsampled or
extinct haplotypes. Colors represent the location from which corresponding samples were collected.

pronounced barrier, which has split many evolutionary lineages be-
tween the Antarctic and lower latitudes (Clarke et al., 2005; Hunter
& Halanych, 2008; Krabbe et al., 2010; Thornhill et al., 2008).

It is unclear how these direct-developing nudibranch species
have dispersed long distances, both across the APF and either
through or over deep water. For animals that do not produce a free-
swimming larvae stage, this is often explained through rafting (dis-
cussed below). In our study system, we report a circum-Antarctic
species (species 29) that has a shared COIl haplotype which per-
sisted over ~9000km (Ross Sea, Antarctic Peninsula, Davis Station).
Additionally, Wilson et al. (2009) reported one shared 16S haplo-
type over a distance of ~6200km. Although the presence of a single
shared haplotype over long distances does not indicate direct ge-
netic connectivity, it does appear to indicate long-distance migration
by an individual in recent history.

There are very few examples of other benthic marine taxa that
are known to span the APF and of these, only two are benthic, direct-
developing taxa. One such example, Tritonia vorax, is a sub-Antarctic
and southern South American nudibranch (Moles et al., 2021) that was
collected at shallow water depths in the Chilean fiords (13m) and in
deeper waters on the Burdwood Bank (444 m) and South Georgia, thus
crossing the APF in the Scotia Sea (Moles et al., 2021; Schrédl, 1999).
The Scotia Arc is the chain of islands, seamounts, and ridges that span

the Scotia Sea between South America and the Antarctic Peninsula
and has been implicated to act like “stepping-stones” between the
two geographic regions (Held & Agrawal, 2016). It has been hypoth-
esized that these shallow shelf habitats have allowed dispersal across
the APF, although some overlap may simply be historical rather than
reflecting ongoing gene flow. Schrodl (1999) initially documented the
trans-APF distribution for T. vorax; however, molecular tools were not
used to confirm it until recently (Moles et al., 2021). Another example
that goes beyond the stepping stones of the Scotia Arc is the brood-
ing, benthic isopod Septemserolis septemcarinata (Leese et al., 2010),
collected from South Georgia, Bouvet Island, and Marion Island.
As these isopods lack an active means of dispersal, the directional,
asymmetrically-biased (west to east) gene flow over the large geo-
graphic scales reported by Leese et al. (2010) is linked to rafting. It
is also worth noting that, rather than trans-APF distributions, some
Antarctic direct developers have very large, circum-Antarctic distribu-
tions. For example, Nyphon australe—a benthic, slow-moving pycnogo-
nid with no pelagic life stages, has a distribution encircling Antarctica
(Soler-Membrives et al., 2017), whereas for most other Antarctic sea
spiders, such wide distributions have been questioned, and eventually
split by the recognition of cryptic species (i.e., multiple morpholog-
ically cryptic species, rather than a single circum-Antarctic species,
e.g., Harder et al., 2016; Krabbe et al., 2010).
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(a) Doris sp. 14

(b) Doris sp. 26

(c) Doris sp. 42

‘ Burdwood Bank ’ South Shetland Islands .Shag Rocks

‘ Bransfield Strait O Palmer Archipelago
. South Georgia

O Discovery Bank

FIGURE 6 (a) TCS haplotype network for cytochrome oxidase |
(COI) (right) and map of southern South America and the Antarctic
Peninsula (left) depicting the sample sites of all Doris samples
within species 14. The area of each circle is proportional to the
frequency of the haplotype. Colors represent the location from
which corresponding samples were collected. Antarctic Polar Front
(APF) is denoted by solid white line. N = 14. (b) TCS haplotype
network for COI (right) and map of southern South America and
the Antarctic Peninsula (left) depicting the sample sites of all Doris
samples within species 26. The area of each circle is proportional
to the frequency of the haplotype. Colors represent the location
from which corresponding samples were collected. APF is denoted
by solid white line. N = 20. (c) TCS haplotype network for COI
(right) and map of southern South America and the Antarctic
Peninsula (left) depicting the sample sites of all Doris samples
within species 42. The area of each circle is proportional to the
frequency of the haplotype and the nodes represent unsampled
or extinct haplotypes. Colors represent the location from which
corresponding samples were collected. APF is denoted by solid
white line. N = 15.

Across the Southern Hemisphere, there are twice as many
direct-developing species or species with nonfeeding pelagic lar-
vae (~80%) than across the Northern Hemisphere (~30%) (Marshall
et al., 2012), which may be an adaptation to particular conditions
linked to Thorson's Rule (Thorson, 1936, 1946, 1950). Generally,
Thorson put forward the idea that the cold Antarctic waters would
be inhospitable to larvae; thus, species with pelagic larvae would be
rarer in higher latitudes (Thorson, 1936, 1946, 1950). Also, larger
offspring sizes are associated with lower levels of productivity and
lower temperatures (Marshall et al., 2012). Long developmental
times and larger offspring sizes are also well known across many
other Southern Ocean taxa (Clarke, 1992, 1996b; Peck, 2016; Peck
et al., 2006), and even more specifically across some Antarctic mol-
lusks (Hain, 1992; Moles et al., 2017; Moran et al., 2019), which may
be a consequence of their slow metabolisms, long glacial-interglacial
periods (stable environments) and food availability (prey species are
generally long-lived). The diversity and geographic spread of D. “ker-
guelenensis” species clearly highlights the evolutionary success of
these life history traits.

Most organisms that are documented to cross the APF are
capable of rafting (Barnes, 2002; Fell, 1962; Waters, 2008), in-
cluding buoyant sub-Antarctic kelp species (e.g., Macrocystis pyr-
ifera and Durvillaea antarctica) and kelp-associated invertebrates
(see: Cumming et al., 2014; Gonzalez-Wevar et al., 2021; Nikula
et al., 2010; Waters, 2008; Waters et al., 2018). Kelp species provide
suitable habitats for a diverse array of marine invertebrates and if
dislodged from the benthos, will float for potentially thousands of
kilometers (Fraser et al., 2009, 2017). However, there is no empirical
evidence to support D. “kerguelenensis” species rafting, although pas-
sive rafting, either as egg masses on bryozoans (Wilson et al., 2009)
or via anchor ice in heavily glaciated regions (Dayton et al., 1970)
may provide a means for dispersal. Maroni et al. (2022) described the
likelihood of D. “kerguelenensis” species rafting either as juveniles or
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TABLE 3 Analysis of molecular
variance (AMOVA) between sample sites
for three Doris “kerguelenensis” species
(species 24, 28, and 29).

Open Access,

Source of variation

Species 24
Among populations
Within populations
Total
Fixation indices

q)ST

Significance tests (10,100 permutations)

V, and &g
Species 28
Among populations
Within populations
Total
Fixation indices

(I)ST

Significance tests (10,100 permutations)

V, and ®¢
Species 29
Among populations
Within populations
Total
Fixation indices

<I:'ST

Degrees of Sum of Variance Percentage of
freedom squares components variation
7 70.658 0.355 Vv, 27.71
348 322.252 0.926 V,, 72.29
355 392.910 1.281

0.277

p =.000

1 59.232 2.078 V, 58.82
77 112.046 1455V, 41.18

78 171.278 3.534

0.588

p =.000

4 62.460 0.277V, 13.95
274 372.092 1.358V, 83.05
278 434.552 1.635

0.169

Significance tests (10,100 permutations)

V, and ¢,

p =.000

Note: Populations with less than three samples were removed.

TABLE 4 Pairwise @ distances (below diagonal) based on mitochondrial sequence data for 355 samples from species 24 within the Doris

“kerguelenensis” species complex.

South South South
Shetland Sandwich Georgia
n Islands Islands Islands
South Shetland Islands 4
South Sandwich Islands 28 0.837
South Georgia 22 0.473 0.55
Shag Rocks 4 0.569 0.816 0.574
South Orkney Islands 12 0.484 0.163 0.264
Elephant Island 245 0.347 0.373 0.278
Bransfield Strait 26 0.452 0.52 0.373
Palmer Archipelago 15 0.437 0.57 0.358

South
Shag Orkney Elephant Bransfield Palmer
Rocks Island Island Strait Archipelago
0.492
0.523 0.264
0.55 0.271 0.016
0.534 0.256 0.017 -0.007

Note: Bold values indicate statistical significance (p <.05). Populations with less than three samples were removed. Populations with less than three

samples were removed.

adults on mobile benthic organisms (as well as their unlikely capac-
ity to migrate or survive on abyssal plains), which leaves questions
about their dispersal mechanisms unanswered. Leese et al. (2010)
suggested that episodic long-distance dispersal events, including
one rafting subpopulation every few thousand years could en-
sure genetic integrity over evolutionary time scales; however,

observing these migration events would be essentially impossible.
Furthermore, as the migrant must be reproductively successful for
gene flow to have occurred, direct measures of dispersal do not al-
ways reflect the movement of genes (Whitlock & McCauley, 1999).
Our work confirms that for D. “kerguelenensis” species, long-distance
dispersal over these highly effective biogeographic barriers (the
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ACC, APF, geographic distance and the abyssal plains/deep-sea) has
historically been possible; however, our work does not illuminate the

mechanisms or rate of such events.

4.2 | Genetic diversity, population structure, and
refugia use

Our phylogeographic analyses indicate that species 24 and 28
have a history of postglacial population expansion (significant,
negative Tajima's D and Fu's F_ across all well-sampled locations
within these species). Due to the regions glacial history, this ex-
pansion is indicative of a bottleneck or a founder event; however,
alternative hypotheses include populations expanding after a se-
lective sweep, and/or purifying selection. As a result, the mito-
chondrial genetic diversity seen here may not exclusively reflect
the demographic history of these tested populations and instead
reflect time since a selective sweep (Bazin et al., 2006; Ellegren &
Galtier, 2016; Salinas-lvanenko & Mdrria, 2021). Within this data-
set, high levels of haplotypic diversity are indicated through the
generally parochial networks and associated diversity and demo-
graphic indices. Also, most haplotypes occur at low frequencies
and are closely linked to the few dominant, potentially ancestral,
haplotypes which is indicative of expansion. Like in other stud-
ies (Moles et al., 2021; Soler-Membrives et al., 2017; Strugnell
etal., 2012), parochial networks indicate historical geographic bot-
tlenecks and local diversification (i.e. populations surviving and di-
versifying within refugia) followed by population expansion rather
than after a sweep and/or purifying selection (Salinas-lvanenko &

TABLE 5 Pairwise @ distances (below diagonal) based on
mitochondrial sequence data for 78 samples from species 28 within
the Doris “kerguelenensis” species complex.

Burdwood Kerguelen
n Bank Plateau
Burdwood Bank 61
Kerguelen Plateau 18 0.588

Note: Bold values indicate statistical significance (p <.05). Populations
with less than three samples were removed. Populations with less than
three samples were removed.
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Murria, 2021). This is also supported by the geographic spread of
haplotypes (sites proximal to one another geographically are most
similar within the network) and the lack of a higher frequency of
shared haplotypes (Allcock & Strugnell, 2012). Regions with high
levels of private haplotypes include the Burdwood Bank, Elephant
Island, Shag Rocks, South Georgia, the South Orkney Islands, and
the Kerguelen Plateau. These locations also host high levels of
private haplotypes in other Antarctic taxa (see: Baird et al., 2011,
Gonzalez-Wevar et al.,, 2021; Hemery et al., 2012; Janosik
et al,, 2011; Lau et al., 2021; Wilson et al., 2007, 2009) and have
been proposed as glacial refugia (Lau et al., 2020).

Unlike species 24 and 28, the diffuse haplotype network struc-
ture of species 29 indicates an absence of population bottlenecks
and suggests that this Doris species continued to disperse and di-
versify during glacial periods (e.g., Allcock & Strugnell, 2012). This
is also supported by significant, negative Fu's F_ values. Generally,
diffuse haplotype network structures have been linked with taxa
that historically took refuge in the deep sea during glacial maxima.
This is hard to reconcile within this study system as the present-day
distributions of D. “kerguelenensis” species do not extend beyond the
continental shelf and/or slope (0-789 m; Maroni et al., 2022). Similar
diffuse haplotype network structures have also been found among
other animals that historically, were also not found in the deep sea
(Gonzalez-Wevar et al., 2011; Hunter & Halanych, 2008; Janosik
et al., 2011; Matschiner et al., 2009).

Overall, this work demonstrates that Antarctic genetic diversity
and structure cannot necessarily be predicted, even between closely
related species with the presumed same life history traits and dis-
persal capabilities (e.g., Marko, 2004; Wilson et al., 2007). With an
increase in sampling (total specimen number as well as across ap-
propriate spatial scales), species-level histories are beginning to be
realized. For example, the Antarctic brittle star Ophinotus victoriae,
previously characterized as multiple cryptic species (from limited and
disjunct sampling) is now known to represent a single widespread spe-
cies (Galaska et al., 2017b; Hunter & Halanych, 2010; Lau et al., 2021).
Also, regional sampling of the Antarctic crinoid Promachocrinus ker-
guelensis indicated species were not widespread (Wilson et al., 2007)
but a large increase in spatial coverage showed that all seven spe-
cies in the complex were circum-Antarctic (Hemery et al., 2012). The

comprehensive sample sizes of some of the Doris species investigated

TABLE 6 Pairwise @ distances (below diagonal) based on mitochondrial sequence data for 278 samples from species 29 within the Doris

“kerguelenensis” species complex.

Bransfield South Shetland South Orkney Palmer Elephant
n Strait Islands Islands Archipelago Island
Bransfield Strait 68
South Shetland Islands 47 0.181
South Orkney Islands 8 0.008 0.286
Palmer Archipelago 104 0.015 0.160 0.082
Elephant Island 52 0.148 0.475 0.075 0.210

Note: Bold values indicate statistical significance (p <.05). Populations with less than three samples were removed. Populations with less than three

samples were removed.
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throughout this study, especially with respect to geographic scale,
has improved our understanding by elucidating some of the phylo-

geographic signatures of this complex of direct developers.

5 | CONCLUSIONS

Doris “kerguelenensis” is a key group of species for understanding the
strong climatic events and environmental conditions that have shaped
the Antarctic benthos across time. The genetic structure of D. “ker-
guelenensis” species' provided evidence to show intraspecific genetic
connectivity occurred across the APF for multiple species within this
complex. Here, we also presented evidence for a benthic, direct de-
veloper that has a present-day distribution spanning both Antarctic
and South American continental shelves. Importantly, the increase
in sampling revealed extremely large distributions (exceeding thou-
sands of kilometers) in some species. Through this sampling increase,
we have highlighted how difficult it is to make generalizations about
Antarctic species, even among closely related species. Here, genetic
signatures between sympatric sister-species with the same life history
traits (i.e., benthic and direct developers) presented alternate phylo-
geographic histories that demonstrated that an increase in sampling
may provide unexpected insights into many previously examined,
yet undersampled species. As this work draws its conclusions from
a single mitochondrial locus, we suggest that future studies instead
sequence larger portions of the genome in order to produce more
robust inferences about population-level divergence, gene flow, per-
sistence and change over time. Gaining insights into contemporary
phylogeographic structure across the Antarctic region is important,
since the mechanisms that have historically facilitated the evolution
of such high levels of Antarctic benthic diversity may be lost in the

future.
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