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ABSTRACT

The biogeography of the Southern Ocean reflects complex interactions between major macro-evolutionary forces and
biotic elements. Major gateway openings, the establishment of the Antarctic Circumpolar Current and climate cooling are
deeply connected to the composition, abundance and distribution of the Southern Ocean marine benthic fauna. Glacial
episodes of the Quaternary heavily impacted the distribution of the genetic variation of the Southern Ocean biota. The genus
Nacella includes 12 nominal species in different provinces of the Southern Ocean. In this study, we compared patterns of
mitochondrial DNA diversity in three Nacella species from Antarctic Peninsula, Kerguelen Island and Patagonia. Low levels of
genetic diversity and absence of genetic structure characterise each one of them showing the strong impact of ice advances
and retreats over their respective demographics. Haplotype diversity, short genealogies and demographic inference
recorded suggest the occurrence of a more dramatic demographic process in Antarctic Peninsula than in the sub-Antarctic.
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Introduction Antarctic Circumpolar Current (ACC; Barker and Thomas
2004; Barker et al. 2007; Pfuhl and McCave 2005; Scher
et al. 2015; Zachos et al. 2001). This current represents
the major oceanographic system of the planet delimited
by two boundaries, the Antarctic Polar Front (APF) and
Hughes, and Olbers 2001). This vast region harbours the sub-Antarctic Front (SAF; Barke.r ‘et al. 2007; Rintoul,
approximately a 5% of the marine diversity (Barnes, Hughes, and Olbers 2001). The positions of these fronts

Griffiths, and Kaiser 2009; Barnes and Peck 2008). The have major biogeographical implications for the Southern
Ocean biota (Gonzalez-Wevar et al. 2010; 2012a; Grifhiths,

The Southern Ocean encircling the Antarctic continent
covers an area of approximately 35 million km?, repre-
sents 8% of the world’s ocean surface and is considered
as a major driver of global oceanic circulation (Rintoul,

distribution of the marine benthic biota in Antarctic and
sub-Antarctic provinces largely reflects the interaction of Barnes, and Linse 2009; Pierrat et al. 2013; Poulin etal. 2014;
tectonics, climate, oceanography and biotic elements at Strugnell et al. 2008). The ACC acts as an effective barrier
different temporal and spatial scales (Aronson et al. 2007; ~ for many invertebrate taxa, especially between Antarctic
Crame 1999; Griffiths, Barnes, and Linse 2009; Pierratetal. ~ and sub-Antarctic provinces (Barnes et al. 2006; Clarke,
2013). According to Mackensen (2004) three main periods ~ Barnes, and Hodgson 2005; Gonzdlez-Wevar et al. 2012a;
dramatically affected the biogeography of the Southern ~ : Poulin et al. 2014; Shaw, Arkhipkin, and Al-Khairulla
Ocean. First, the Eocene/Oligocene boundary (~34 Ma) ~ 2004). In contrast, across the sub-Antarctic the ACC
marks the onset of the Antarctic isolation by the forma- ~ acts as an important carrier of organisms between geo-
tion of major gateway openings and the initiation of the ~ graphically distant provinces, especially for those species
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with high dispersive potential (Diaz et al. 2011; Fraser
et al. 2009; Waters 2008) and to kelp-dwelling organisms
(Cumming et al. 2014; Fraser, Nikula, and Waters 2011;
Nikula et al. 2010). Second, the middle Miocene (~14 Ma)
associated to an increased southern bottom formation,
the intensification of the ACC and the re-establishment
of a permanent ice sheet on East Antarctic and along the
Pacific margin of West Antarctica (Lawver and Gahagan
2003; Verducci et al. 2009). Recent molecular studies
between Antarctic and sub-Antarctic congeneric species
in different marine invertebrates groups (Gonzalez-Wevar
etal. 2012a; Poulin et al. 2014) indicate that their respective
separations occurred long after the physical separation of
both continents. Molecular divergence between Antarctic
and South American lineages seems to be related to impor-
tant changes in the Southern Ocean including the evolu-
tion of the Scotia Arc and a late deepening of the Drake
Passage until the middle Miocene (Dalziel et al. 2013).
Together with these tectonic and oceanographic changes,
climate shift has exerted a major role in the Southern
Ocean, shaping the abundance, structure and distribu-
tion of its biota (Aronson et al. 2007; Clarke and Crame
1989, 2010). Finally, the Quaternary is characterised by
the alternation between glacial and interglacial episodes
that greatly affected seasonality and intensity of sea-ice
formation, as well as the position of the ACC (Gersonde
et al. 2005; Kemp et al. 2010). Furthermore, the devel-
opment of large ice sheets during glacial periods exerted
major changes in the spatial distribution and demogra-
phy of populations, species and communities, especially at
higher latitudes (Hewitt 2000; Provan and Bennett 2008).
For instance, ice advances and retreats radically altered the
geographical range of the species and populations sizes and
therefore deeply affected the distribution of intraspecific
genetic variation (Allcock and Strugnell 2012; Maggs et al.
2008; Provan and Bennett 2008). Near-shore marine ben-
thic communities in the Southern Ocean, and particularly
those from Antarctica, would have been especially vulner-
able to grounded ice sheets (Dambach et al. 2012; Thatje,
Hillenbrand, and Larter 2005). Therefore, it is expected
a direct relationship between latitude and the impact of
continental- and sea-ice formation over the demography
of populations and species.

True limpets of the genus Nacella includes at least 11
nominal species distributed in Antarctic and sub-Antarc-
tic provinces where they are dominant shallow macro-
benthic invertebrates of inter- and sub-tidal rocky
ecosystems (Gonzalez-Wevar et al. 2011; Powell 1973;
Valdovinos and Riith 2005). Almost half of the species of
Nacella are endemic to particular isolated oceanic sub-
Antarctic islands. For instance, N. delesserti, N. edgari and
N. terroris are found at Marion, Kerguelen and Campbell
islands, respectively. The Antarctic limpet, N. concinna, is

currently distributed in ice-free rocky areas along mari-
time Antarctica and some peri-Antarctic islands inside the
APF (South Georgia, South Sandwich and Bouvet). South
America harbours the greatest diversity for the genus with
nine nominal species described, eight of them found along
the Patagonian coast (Powell 1973; Valdovinos and Riith
2005). Nevertheless, recent phylogenetic reconstructions
and divergence time estimations based on mitochondrial
DNA (mtDNA) markers indicate that this Patagonian
radiation of the genus represents the most derived one
(Gonzélez-Wevar et al. 2010) and only four of the nomi-
nal species (N. magellanica, N. deaurata, N. mytilina and
N. flammea) constitute significant evolutionary units
(SEUs; Gonzalez-Wevar et al. 2011). Among them, N.
magellanica exhibits the broadest distribution from Chiloé
Island in the Pacific to Rio Negro Province in the Atlantic
including the Patagonian fjords, the Strait of Magellan,
Tierra del Fuego, Cape Horn and the Falkland/Malvinas
Islands (Powell 1973; Valdovinos and Riith 2005).

One of the main purposes of this study was to evaluate
the levels of molecular divergence among congeneric broad-
caster-spawners Nacella species from Kerguelen Island
(N. edgari), maritime Antarctica (N. concinna) and Patagonia
(N. magellanica). The information contained in their DNA
sequences will permit us to determine the rhythms and
trends in the biogeography of this important marine benthic
group. Secondly, we estimated patterns of genetic diversity
and structure in each one of the analysed species/provinces
in order to further understand the impact of the Quaternary
glacial processes along a latitudinal gradient.

Methods

Nacella species were identified following Powell (1973)
and Valdovinos and Riith (2005). Intertidal and subtidal
individuals of N. edgari were sampled at different locali-
ties of Kerguelen (Table 1) and were included alongside
previously published data on N. magellanica (Gonzélez-
Wevar et al. 2012b) and N. concinna (Gonzéalez-Wevar
et al. 2013). For comparison purposes, we included in
the analyses a similar number of individuals per locality/
area. All the specimens were fixed in ethanol (95%) and
DNA was extracted from the mantle and the pedal muscle
using a salting-out method (Aljanabi and Martinez 1997).
We amplified a partial fragment of the mitochondrial
cytochrome c oxidase subunit I (COI) gene using univer-
sal (Folmer et al. 1994) and specific (Gonzalez-Wevar et al.
2010) primers. Polymerase chain reaction (PCR) proce-
dures were prepared in a 25 pl reaction containing 2.5 pul
10X Buffer (50 mM KCI, 10 mM Tris-HCI, pH 8.0), 1.0 pul
of 50 mM MgCl,, 200 mM dNTPs, 0.5 ul of each primer
(10 pg/ul), 1 U Taq (Invitrogen), 17.5 ul of double-distilled
water and 50 ng of DNA. Thermal cycling parameters



Table 1. Diversity indices and neutrality tests in Nacella species from different provinces of the Southern Ocean, including N. edgari
(Kerguelen Island), N. concinna (maritime Antarctica) and N. magellanica (Patagonia).

Species and localities n k H ) n m Tajima’'s D Fu's FS
N. edgari

Port Christmas 28 7 0.767 8 1.354 0.0019

Port Aux Francais 32 9 0.633 8 0.869 0.0012

lle du Prince de Monaco 41 13 0.788 15 1.505 0.0021

Total 101 20 0.750 19 1.287 0.0018 -1.92% —16.013***
N. concinna

Antarctic Peninsula 31 5 0.688 5 0.985 0.0014

South Shetland Island 32 6 0.573 6 0.724 0.0010

South Orkney Island 26 9 0.625 8 0.757 0.0011

Total 89 12 0.0627 1 0.827 0.0012 —1.84* —8.07%**
N. magellanica

Metri 25 9 0.743 10 1.380 0.0020

Aysén 24 6 0.496 6 0.790 0.0011

Santa Ana 24 10 0.775 1 1.365 0.0020

Tekenika 24 1 0.822 13 1.822 0.0027

Total 97 25 0.714 28 1.409 0.0022 —2.24%* —24.33%%*

Notes: n = number of analysed individuals; k = number of haplotypes; S = polymorphic sites; H = haplotype diversity; [1= average number of pairwise differences;

7= nucleotide diversity.
“p < 0.05.
“p<0.01.
**p <0.001.

included an initial denaturation step at 94 °C for 5 min,
followed by 35 cycles at 94 °C for 1 min, 48 °C for 1 min
and 72 °C for 1 min, and a final extension at 72 °C for
5 min. PCR amplification products were purified using
QIAquick Gel Extraction Kit (QIAGEN) and sequenced in
both directions at Macrogen Inc (Seoul, Korea). Forward
and reverse sequences of each gene were assembled inde-
pendently and edited using Proseq v.3.5 (Filatov 2009) and
aligned with Muscle (Edgar 2004). Sequences were trans-
lated to amino acids to check for the presence of pseu-
dogenes and/or sequencing errors in MEGA v6.0 (Tamura
etal. 2013). Similarly, MEGA was used to determine base
composition and we performed a DNA saturation anal-
ysis following Roe and Sperling (2007) to evaluate how
saturation of transitions are accumulated in relation to
nucleotide divergence in the complete COI data-set.

We estimated the average number of nucleotide substi-
tutions and calculated the pairwise percent of divergence
(uncorrected p-distances) among Nacella lineages from
different provinces of the Southern Ocean. We determined
whether the evolutionary rate was constant in the ana-
lysed taxa using a likelihood ratio test (Felsenstein 1981)
in DAMBE (Xia and Xie 2001). Once the constancy of the
evolutionary rate was confirmed we performed divergence
time estimations among the analysed lineages using a
strict molecular clock hypothesis (MCH) and specific evo-
lutionary rates (Gonzalez-Wevar et al. 2010). This hypoth-
esis assumes that DNA and protein sequences evolve at
a constant rate through time and therefore the genetic
divergence between any two species is proportional to the
time since they last shared a common ancestor (Bromham
and Penny 2003). We constructed maximum parsimony
genealogical relationships among Nacella lineages using

Hapview. This methodology allows a simple reconstruc-
tion of phylogenies based on intraspecific genetic data
(Posada and Crandall 2001).

Levels of polymorphism were calculated using standard
mtDNA genetic diversity indices including the number
of haplotypes (k), the number of segregating sites (S),
haplotype diversity (H), the average number of pairwise
differences (IT) and nucleotide diversity () at each locality
and for each of the analysed species using DnaSP v.5.00.07
(Librado and Rozas 2009). We performed neutrality sta-
tistical tests (Tajimas D and Fu’s Fy) to estimate if COI
sequences in deviate from expectations under a neutral
model. We determined the level of genetic differentiation
among localities for each of the analysed species based
on haplotype frequencies (G;;.) and mean pairwise differ-
ences (Nj;) following Pons and Petit (1996) in Arlequin
(Excofhier, Laval, and Schneider 2005). We test the statis-
tical significance of the genetic differentiation using per-
mutation tests (20,000 iterations) of haplotype identities.
We inferred the spatial genetic structure for each species
by estimating the number and composition of groups that
were most differentiated based on sequence data-set with
an analysis of molecular variance (AMOVA) in Arlequin.
AMOVA allows using multiple spatial scales in statistical
methods to characterise the spatial genetic structure by
partitioning it into: within populations, among popula-
tions within groups and among groups.

We constructed genealogical relationships in the dif-
ferent species of Nacella using maximum parsimony
networks in Hapview (http://www.cibiv.at). Finally, we
compared the patterns of demographic history in the ana-
lysed Nacella species using the distribution of pairwise
differences between haplotypes (mismatch distribution)
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and by comparing it to the expected distribution under the
sudden expansion growth model (Rogers and Harpending
1992). This is a common method in demographic infer-
ence analyses considering that the amount of nucleotide
differences between haplotypes depends on the length of
time since they diverged.

Results

COI sequences in the analysed Nacella species were 658 bp
long and, as expected working with coding sequences,
no indels or stop codons were detected when compar-
ing the alignment to the translated open reading frame.
Sequences were not saturated at any position but we rec-
ognised a high degree of genetic polymorphism among
the analysed Nacella species. 100 positions were variable
(15.19%) of which 85 (85%) were parsimoniously inform-
ative. We recognise two amino acid changes (positions
106 and 157), one transition (from A to G in site 157) and
one transversion (from T to G in site 106). As previously
estimated in Nacella species, sequences were A-T rich
(60.4%) compared with the mean G-C content.

As previously estimated in the genus, main patterns of
genetic divergence among Nacella lineages from maritime
Antarctica, Patagonia and sub-Antarctic Kerguelen Island
indicate a marked distinction among them (Figure 2(a)).
By analysing these results under a phylogenetic framework
(Gonzélez-Wevar et al. 2016), an early separation of
Nacella into two main clades is detected. The first one
includes lineages from South America and the second one
those species from maritime Antarctica and from sub-
Antarctic islands. The molecular divergences between
Antarctic N. concinna and its sub-Antarctic relatives N.
edgariand N. magellanica were 6.9% and 8.3%, respectively.
The divergence between sub-Antarctic South American
N. magellanica and sub-Antarctic Kerguelen Island N.
edgari was 8.0%. Considering a specific substitution rate
for nacellids (Gonzélez-Wevar et al. 2011), the divergence
among the analysed lineages of Nacella ranged between
3.5 Ma and 4.2 Ma. The last contact between N. concinna
from maritime Antarctica and N. edgari from Kerguelen
Island occurred 3.5 Ma. The last contact between
N. concinna from maritime Antarctica and N. magellanica
from Patagonia occurred 4.15 Ma. Finally, the last contact
between N. magellanica from Patagonia and N. edgari
from Kerguelen Island occurred 4.0 Ma.

After this Pliocene diversification, each one of the
analysed species/lineages of Nacella followed differ-
ent evolutionary pathways in distinct provinces of the
Southern Ocean (South America, maritime Antarctica
and Kerguelen Island). Nevertheless, short-term phyloge-
ographic analyses recognised similar demographic signals
in the analysed species of Nacella. In general terms, all the

analysed species of Nacella showed low levels of genetic
diversity and absence of structure along their respec-
tive distributions in Antarctic and sub-Antarctic areas.
Patterns of genetic diversity among the analysed species of
Nacella showed higher levels of polymorphism in species
from the sub-Antarctic (South America and Kerguelen
Island) than in the Antarctic limpet N. concinna (Table 1).
In fact, all the analysed indices detected higher levels of
diversity in N. edgari (Kerguelen Island) and N. magellan-
ica (Patagonia), compared to N. concinna from maritime
Antarctica. Pairwise N, and G, comparisons within
each of the analysed Nacella species detected an absence
of genetic structure in each of the analysed species.
Haplotype networks (Figure 1(a) and 1(b)) showed
similar patterns in the different species of Nacella with
typical star-like topologies and short genealogies. However,
as previously estimated through standard diversity
indices, the number of haplotypes was considerably
lower in the Antarctic limpet N. concinna than in their
sub-Antarctic relatives from Patagonia (N. magellanica)
and Kerguelen Island (N. edgari). The maximum
parsimony haplotype network in N. concinna included
12 haplotypes with a central haplotype (H1; Figure 2(b))
distributed at all localities an present in more than 58.42%
of the individuals. A second haplotype was also broadly
distributed along N. concinna distribution and present
in 16.85% of the individuals. All the haplotypes in the
Antarctic limpet are related to the dominant one through
a branch length of one or two mutational steps (Figure
2(b)). The maximum parsimony haplotype network in
sub-Antarctic Patagonian N. magellanica included a total
of 25 different haplotypes. The dominant haplotype (HI;
Figure 2(c)) was present in 51.54% of the individuals
and was recorded along the species distribution in
the Pacific coast of Patagonia. A second haplotype
(H2; Figure 2(c)) of medium frequency (14.43%) was
also found in all N. magellanica populations. All the
haplotypes in N. magellanica are related to the dominant
one (H1; Figure 2(c)) through a branch length of no
more than three mutational steps. Finally, the maximum
parsimony haplotype network in sub-Antarctic N. edgari
from Kerguelen Island included a total of 21 different
haplotypes. In this species, a dominant haplotype (HI;
Figure 2(d)) was present in 45.54% of the individuals and
was found in all the analysed populations. Two haplotypes
(H2 and H3; Figure 2(d)) of medium frequencies (15.84%
and 13.86%, respectively) were recorded in all the analysed
N. edgari populations. All the haplotypes in N. edgari are
related to the dominant one (H1) through a branch length
of no more than six mutational steps (Figure 2(d)). As
expected for star-like topologies, general Tajimas and
Fu’s neutrality tests were both negative and significant
for the whole COI data-set of each of the analysed
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Figure 1. Distribution of Nacella in the Southern Ocean (in grey) including maritime Antarctica, South America and sub-Antarctic
oceanic islands (Marion, Kerguelen, Heard, Macquarie and Campbell). Dashed coloured lines indicate the approximate distribution of
the analysed Nacella species (red = N. magellanica, blue = N. concinna and green = N. edgari). Underwater photographs courtesy of César
Cardenas (N. magellanica), Dirk Schories (N. concinna) and Elie Poulin (N. edgari).

Nacella species (Table 1). Similarly, the distributions of
pairwise differences between sequences in each of the
analysed Nacella species were L-shaped for N. concinna
and unimodal for N. edgari and N. magellanica due to
the fact that the majority of the individuals shared the
same haplotype. Considering a specific substitution rate
for nacellids, demographic expansion would have started
around 5500 years ago for N. concinna, around 7500 years
ago for N. magellanica and around 4000 years ago for N.
edgari, assuming the sudden growth model (Rogers and
Harpending 1992).

Discussion

The emergence of new methodological approaches
in molecular biology has renewed the interest on
biogeographical studies, particularly in the Southern
Ocean biota (Downey et al. 2012; Fraser et al. 2009;
Gonzalez-Wevar et al. 2010; 2012a; Griffiths, Barnes, and
Linse 2009; Linse et al. 2006; Pierrat et al. 2013; Poulin et al.
2014). The use of diverse sources of data available from
palaeogeographical, palaeoclimatic and palaeontological
records and those obtained from DNA sequences make
possible the interpretation of current distribution patterns
in a more precise historical framework (Pearse et al. 2009).

Mitochondrial DNA comparisons in species
of the genus Nacella from different provinces of
the Southern Ocean recognised clear and marked
genetic divergences between lineages from maritime

Antarctica, South America and Kerguelen Island. In
this study, each one of the analysed species, maritime
Antarctic N. concinna, South American N. magellanica
and Kerguelen Island N. edgari, constitutes a different
taxonomic units that have been separated for several
millions of years. Divergence time estimations based
on a specific substitution rate for nacellids indicate an
effective separation among the analysed lineages of
Nacella during the Pliocene between 3.5 and 4.2 Ma.
Accordingly, the ACC constitutes an effective barrier
for the analysed Nacella species between maritime
Antarctic and the two sub-Antarctic lineages (southern
South America and Kerguelen Island), respectively.

In contrast to the evidence of genetic identities recorded
between geographically distant sub- Antarctic populations
for mytiliids (Gérard et al. 2008), crustaceans (Nikula
et al. 2010) echinoids (Diaz et al. 2011) and pulmonate
gastropods (Cumming et al. 2014), geographical distance
and oceanographical patterns in the region seem to
represent an unbearable barrier for connectivity in Nacella,
particularly between South America and sub-Antarctic
islands like Marion (Gonzalez-Wevar et al. in press)
and Kerguelen Island (Gonzalez-Wevar et al. 2010; this
study). Similarly, a recent molecular study in the sea spider
Austropallene cornigera also recognised clear evidence of
genetic differentiation between Antarctic continental shelf
and peri-Antarctic Bouvet Island populations suggesting a
limited pattern of gene flow between these areas (Domel,
Convey, and Leese 2015).
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Figure 2. (a) General maximum parsimony haplotype networks in Nacella species showing the divergence (based on uncorrected
p-distances) among them. A coloured circle indicating the province where it was collected represents each haplotype. Green = Kerguelen
Island (N. edgari), blue = maritime Antarctica (N. concinna) and red = southern South America (N. magellanica). The size of each circle is
proportional to its frequency in the whole sampling effort. (b) Maximum parsimony haplotype network in N. concinna along maritime
Antarctica. (c) Maximum parsimony haplotype network in N. magellanica from southern South America. (d) Maximum parsimony

haplotype network in N. edgari along Kerguelen Island.

Under a phylogenetic framework (Gonzalez-Wevar
et al. 2010; in press), the origin and diversification of
Nacella in different provinces of the Southern Ocean
occurred during the mid- to late-Miocene, long after the
physical separation of the continental landmasses esti-
mated between 41 Ma (Livermore et al. 2005) and 23.9
(Scher and Martin 2006) and to the initiation of the ACC.
Such divergence within Nacella is basic agreement with
recent molecular studies in notothenioid fishes (Near
et al. 2012; Stankovic et al. 2002) and in different groups
of marine invertebrates (Page and Linse 2002; Wilson,
Schrodl, and Halanych 2009) showing recent processes
of diversification in the Southern Ocean. In this con-
text, levels of pairwise uncorrected p-distances recorded
in Nacella are comparable to those detected between
Antarctic and South American lineages of Astrotoma
(Hunter and Halanych 2008), Odontaster (Janosik,
Mahon, and Halanych 2011), Sterechinus (Poulin et al.
2014) and Yoldia (Gonzalez-Wevar et al. 2012a; Poulin
etal. 2014). Therefore, the onset of divergence in different

Southern Ocean invertebrate taxa does not appear to be a
direct consequence of continental drift processes occurred
in the region since the Mesozoic but to more recent
oceanographic/climatic processes during the Miocene
(Mackensen 2004; Verducci et al. 2009; Zachos et al. 2001).

In this context, Dalziel et al. (2013) have argued that
the full development of a deep ACC was only achieved
during the late Miocene (~12 Ma) and not earlier, at the
Eocene/Oligocene boundary, as long surmised. The for-
mation of a full deep ACC may have played an important
role in the subsequent Antarctic cryosphere expansion
(Zachos et al. 2001), as well as in the intensification of the
ACC associated with an increased strength of the westerly
winds (Flower and Kennett 1994; Shevenell, Kennett, and
Lea 2004). Such oceanographic/climatic processes would
have promoted the separation between the different line-
ages of Nacella that are currently distributed in different
provinces of the Southern Ocean.

Over the last two million years the climate on Earth has
undergone recurring fluctuations that resulted in the Ice



Ages of the Quaternary. A vast body of evidence clearly
demonstrates that many species experienced major and
rapid latitudinal shifts as a response to ice advances and
retreats during the Pleistocene (Marko et al. 2010; Provan
and Bennett 2008). Several studies have demonstrated the
impact of Quaternary glacial processes over population
dynamics and the demography of different Southern
Ocean invertebrates (Convey et al. 2009; Fraser et al.
2009; 2010; Allcock and Strugnell 2012; Gonzalez-Wevar
etal. 2012a; in press). Fossil records and biogeographical
data indicate that most of the biota, and particularly cold
temperate species, persisted through glacial maxima in
lower latitude refugia, where climatic conditions were less
extreme (Hewitt 2000; Provan and Bennett 2008). Hence,
ice advances during colder glacial periods generated major
reduction of shallow rocky habitat and should have gener-
ated reduction in population sizes. Accordingly, a marked
decline in genetic diversity through bottleneck effects
or founder effects followed by population expansion is
expected (Slatkin and Hudson 1991). Relatively little is
known on how and where ice-sensitive benthic biota of
Antarctic and sub- Antarctic regions would have endured
processes of extinction and recolonization as sea ice cov-
ered the region (Fraser et al. 2009). Ice shelves during
glacial maxima extended even further and summer sea
ice extended north of the 60° S (Gersonde et al. 2005), and
thus restricted light penetration and primary production.
However, the benthic marine fauna in the Southern Ocean
did survive and new molecular data are helping to further
elucidate how and where (Allcock and Strugnell 2012).
As general pattern, Antarctic and sub-Antarctic Nacella
species showed a strong signal of postglacial population
expansion with the presence, in each of the analysed
species, of a dominant haplotype surrounded by several
unique or low-frequency haplotypes, commonly known as
star-like genealogy. Such results are evidence of the impact
of glacial processes over the demography of both Antarctic
and sub-Antarctic near-shore benthic taxa, resulting in
a reduction in their population size and probably their
distribution, during the coolest periods of the Quaternary.
Together with these results, levels of genetic diversity in
Antarctic and sub-Antarctic populations of Nacella are
lower than those found in temperate patellogastropod
groups (Bird et al. 2011; Nakano and Ozawa 2005) but
comparable to those detected in higher latitudes ones
(De Aranzamendi et al. 2009, 2011; Goldstien, Schiel, and
Gemmel 2006; Gonzélez-Wevar et al. 2011). These results
further corroborate the impact of Quaternary glacial pro-
cesses over the patterns of genetic diversity along the whole
Antarctic and sub-Antarctic realms. Low levels of genetic
diversity as the ones detected in the Antarctic limpet have
been also recorded in populations of several Antarctic
marine invertebrates including Chorismus antarcticus

(Raupach et al. 2010), Parbolasia corrugatus (Thornhill
et al. 2008) and Sterechinus neumayeri (Diaz et al. 2011).
Nevertheless, genetic comparisons of standard genetic
diversity indices showed lower levels of variability in the
lineages from maritime Antarctica (N. concinna) com-
pared to those from South America (N. magellanica) and
Kerguelen Island (N. edgari). Such a result suggests a more
pronounced demographic effect of Quaternary glacial
cycles over the Antarctic species than the sub-Antarctic
ones, and that such impact may be directly related to the
latitudinal distribution of taxa. Such hypothesis must
be further tested through the study of other genus with
similar geographic distribution. Patterns of mismatch
distribution in species of Nacella are consistent with the
patterns of genetic diversity and recognised differences
among the analysed taxa and evidence the recent popu-
lation expansion process that experienced Antarctic and
sub-Antarctic species.
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