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Continental drift processes such as major gateway openings have been historically advocated to explain the dis-
tribution of marine benthic taxa in the Southern Ocean (SO). The separation between Antarctic Peninsula and the
southern tip of South America together with the onset of the Antarctic Circumpolar Current (ACC) represent the
final step for the complete isolation of the Antarctic region. However, there is still controversy concerning the
timing and mode of this process, and especially about the role of the Scotia Arc geodynamics in the development
Keywords: of a fully deep and intensified ACC circulation. Based on mitochondrial Cytochrome c Oxidase Subunit I (COI) se-
mtDNA divergence quences obtained from different taxa, we performed molecular comparisons between Antarctic and South
col American relatives to provide independent time estimations of Antarctica's isolation. We include in the analyses
Molecular clock hypothesis (MCH) congeneric Antarctic and Patagonian near-shore marine benthic invertebrates including indirect developers
Central Scotia Sea (Nacella, Yoldia, Sterechinus, and Parbolasia) and brooders (Xymenopsis and Trophonella). Considering the levels
Middle Miocene climatic transition of genetic differentiation between relatives from both regions and assuming the molecular clock hypothesis,
ACC onset and intensification we estimated the onset of their respective divergence. On one hand, similar levels of genetic distance in
broadcast-spawners (7%-8.3%) support the hypothesis that the development of an effective barrier between
Antarctica and South America occurred almost simultaneously for these groups. Divergence time estimations
based on specific substitution rates indicate that the separation occurred near the Mio-Pliocene transition, long
after the physical separation of both continents. Genetic distance and divergence time estimation in direct
developers indicate an older separation time, close to the mid-Miocene. Even when the analyzed groups included
both broadcast-spawners and brooder organisms, the divergence between Antarctic and South America lineages
rather than being related to processes of continental drift, seems to be associated more to major changes in the
Southern Ocean such as the evolution of the Scotia Arc and the deepening of the Drake Passage. Accordingly,
these results support a genetic continuity between Antarctica and South America, probably along the Scotia
Ridge, until the middle Miocene and a late ACC intensification at the Mio-Pliocene boundary.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction cold surface waters (Aronson et al., 2007). This vast region harbors a sig-

nificant part of the planet”s marine diversity (~5%; Gutt et al., 2004;

The Southern Ocean (SO) covers about 34.8 xx 10° km?, which rep-
resents a 8% of the world"s ocean surface and is considered as a major
driver of global oceanic circulation playing an essential role in deep-
sea water formation and circulation (Rintoul et al., 2001). This ocean in-
cludes all water masses south of the Polar Front, a well-defined circum-
Antarctic oceanographic area that marks the northernmost extent of
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Barnes and Peck, 2008). The distribution, abundance and composition
of its marine benthic fauna reflect the interaction of geological, climatic,
oceanographic and biotic elements operating since the Mesozoic
(Crame, 1997, 1999; Griffiths et al., 2009; Clarke and Crame, 2010;
Allcock and Strugnell, 2012). According to Knox and Lowry (1977) the
SO continental shelf faunal communities comprise taxa of different ori-
gins including: (a) relict endemic “formed in the place where found”
fauna which has evolved in situ; (b) groups of taxa derived by migration
into shallow water from adjacent deep-sea basins; and (c) a fauna that
dispersed into Antarctica from South America along the islands of the
Scotia Ridge. More recently, Clarke (2008) recognized a fourth
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component including taxa that migrated in the opposite direction, from
Antarctica to South America, through the Scotia Arc. Many groups of
marine organisms that are successful and diverse in adjacent areas are
scarcely represented or even absent in the Southern Ocean (Crame,
1999; Aronson and Blake, 2001). However, other marine groups
including Porifera, Bryozoa, Echinodermata, Polychaeta, Ascidiacea,
Pycnogonida, Amphipoda and Isopoda are highly abundant and diverse
in the SO, suggesting that major climatic and oceanographic changes in
the region did not impede their evolutionary success (Clarke and Crame,
1989; Clarke et al., 1992; Clarke, 1996; Linse et al., 2006; Aronson et al.,
2007; Rogers, 2007). Mackensen (2004 ) recognized three main periods
that dramatically affected the biogeography in the SO. The first one dur-
ing the Eocene/Oligocene boundary (~34 Ma) matches with the onset of
the Antarctic isolation through the opening of major oceanic gateway
and the initiation of the Antarctic Circumpolar Current (ACC; Zachos
et al., 2001; Barker and Thomas, 2004; Livermore et al., 2005; Pfuhl
and McCave, 2005). A second period occurred during the middle
Miocene ~14 Ma is associated to an increased southern bottom water
formation, an intensification of the ACC and the re-establishment of an
ice sheet on East Antarctic and along the Pacific margin of West
Antarctica (Lawver et al., 2003; Verducci et al.,, 2009). Finally, the Qua-
ternary is another period of biogeographic changes in the SO because
it is characterized by the alternation between glacial and interglacial pe-
riods that greatly affected seasonality and intensity of sea-ice formation
in the region and latitudinal changes in the position of the ACC (Barker
and Thomas, 2004; Gersonde et al., 2005; Kemp et al.,, 2010). As stated
above, the opening of the Tasman gateway and the Drake Passage
shaped past and present oceanographic circulation in the region
(Barker et al., 2007). The ACC represents the major current system in
the planet (Orsi et al., 1995) flowing eastward around Antarctica and
is delimited by two main boundaries, the Polar Front (APF) and the
sub-Antarctic Front (SAF; Rintoul et al., 2001; Barker et al., 2007). The
positions of these fronts have major biogeographic implications for
the biota in the Southern Ocean (Lawver et al., 2003; Linse et al.,
2006; Strugnell et al., 2008; Griffiths et al., 2009, 2011; Pierrat et al.,
2013). Few epipelagic species, with the exception of marine mammals
and birds, are distributed both inside and outside the APF (Aronson
et al., 2007). Accordingly, the ACC represents an important biogeo-
graphic barrier for many invertebrate taxa between Antarctic and sub-
Antarctic areas (Shaw et al,, 2004; Gonzélez-Wevar et al., 2010, 2012a,
b). However, the ACC also constitutes an important carrier of organisms
between geographically distant sub-Antarctic areas, especially for those
species with high dispersive potential (Beu et al., 1997; Page and Linse,
2002; Thorpe et al., 2004; Waters, 2008; Fraser et al.,, 2009; Leese et al.,
2010; Macaya and Zuccarello, 2010a; Diaz et al., 2011). Together with
the tectonic and oceanographic changes, climate shift has exerted a
major role in the region, shaping abundance, structure and distribution
of the SO biota (Clarke and Crame, 1989, 2010; Clarke et al., 1992;
Aronson et al., 2007; Clarke, 2008). These changes influenced levels
of endemism and isolation from, in addition to conductivity to the
world"”s ocean basins (Clarke et al., 2005; Strugnell and Allcock,
2013).

A high level of faunal affinities has been described between
Antarctica and the southern tip of South America, commonly known
as the “Antarctic-—-Magellan Connection” (Arntz, 1999; Brandt et al.,
1999; Arntz et al., 2005; Thatje et al., 2005). The accepted explanation
for such affinity relies on the fact that these continents were contiguous
until the opening of the Drake Passage and were progressively separat-
ed by deep waters (Crame, 1999), two processes that are closely related
to the geodynamic evolution of the Scotia Arc. On one hand, even when
the Drake Passage is apparently too deep to allow dispersal of shelf ben-
thic organisms (Shaw et al., 2004; Hunter and Halanych, 2008), some
nominal species are reported in both Antarctica and southern South
America (i.e. Yoldia eightsii, Kerguelenella lateralis, Promachocrinus
kerguelenensis, Parbolasia corrugatus). On the other hand, several marine
organisms from different provinces of the SO such as Euphausia

(Patarnello et al., 2007), and fishes (Clarke and Johnston, 1996;
Waters et al., 2000) exhibit a high degree of genetic differentiation,
supporting the hypothesis that their respective separations followed
the rhythms and trends of continental drift processes. Nevertheless, re-
cent molecular data in several marine invertebrate taxa, especially in
those with dispersive capacity have shown that their divergences are
much younger than the physical separation of the SO continental land-
masses. These studies provide new evidence of the importance of long-
distance dispersal in the biogeography of the Southern Ocean (Helmuth
et al., 1994; Coyer et al., 2001; Page and Linse, 2002; Fraser et al., 2009;
Macaya and Zuccarello, 2010b; Diaz et al., 2011) or of recent climatic/
oceanographic processes among SO provinces (Gonzalez-Wevar et al.,
2010, 2012a,b, submitted for publication; Hiine et al., submitted for
publication). Moreover, the presence of non-Antarctic anomuran and
brachyuran larval stages at King George Island, South Shetland Islands,
Antarctic Peninsula (Thatje and Fuentes, 2003) has been advocated as
evidence that some groups of nearshore marine organisms may travel
across the APF (Tavares and De Melo, 2004; Clarke et al., 2005). Such
findings highlight the permeability of the Polar Front in space and
time, raising questions about the isolation of Antarctica, how organisms
got to this continent and how often these processes happened in the
past.

In this study we performed DNA comparisons between related
Antarctic and South American marine organisms from different inverte-
brate phyla (Fig. 1). The information contained in their DNA sequences
will permit us to estimate rhythms and trends in the biogeography of
marine benthic nearshore organisms between these provinces of the
Southern Ocean. Moreover, in relation to the dispersal capacity of each
group, we will estimate when Antarctica and the southern tip of South
America were effectively separated.

2. Material and methods

We analyzed a fragment of the mitochondrial gene Cytochrome c
Oxidase Subunit I (COI) in marine invertebrates with indirect develop-
ment and at different taxonomic levels. For this, we included in the anal-
yses Antarctic and South American congeneric species of the sea urchin
Sterechinus (945 bp; Diaz et al., 2011) and the patellogastropod Nacella
(662 bp; Gonzalez-Wevar et al,, 2011a, 2012b; Fig. 1). Similarly, we in-
cluded sequences of Antarctic and Patagonian populations of the nomi-
nal species Parbolasia corrugatus (nemertean; Thornhill et al., 2008),
and of the bivalve Y. eightsii (Gonzalez-Wevar et al., 2012a; Fig. 1). Final-
ly, we included in the analyses Antarctic and South American COI se-
quences of the direct developer Trophonella (Antarctica) and its
Patagonian relative Xymenopsis muriciformis.

Specimens of the Antarctic limpet Nacella concinna were collected
from five localities along the western Antarctic Peninsula (Gonzalez-
Wevar et al., 2011b; accession numbers ACCN: KFP261314-KFP261330)
and Nacella magellanica specimens included individuals from three local-
ities in Patagonia (ACCN: JX262742-JX262778; Gonzalez-Wevar et al.,
2012b). Similarly, Sterechinus neumayeri individuals were sampled from
two localities of the western Antarctic Peninsula (Fildes and Covadonga
Bay, King George Island, South Shetland Islands) while Sterechinus
agassizi collected in the Argentinean continental shelf, Patagonia (Diaz
et al,, 2011). Individuals of Trophonella sp. were collected at Fildes Bay,
King George Island, South Shetland Islands and individuals of
Xymenopsis muriciformis were collected in Punta Santa Ana, Strait of
Magellan. We also included in the analyses five individuals of
Y. eightsii collected in Fildes Bay, King George Island, South Shetland
Islands, and five specimens from Porvenir Bay, Strait of Magellan. Final-
ly, and for comparison purposes, we included P. corrugatus sequences
from Antarctic Peninsula (ACCN: EU194803.1, EU194804.1, EU194806.
1, EU194805.1) and the Argentinean Patagonian coast (ACCN:
EU194817.1, EU194816.1, EU194815.1, EU194819.1, EU194818.1,
EU194817.1; Thornhill et al., 2008).
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Fig. 1. Near-shore marine invertebrates from South America: A) Nacella magellanica (Strait of Magellan); and Antarctica: B) Sterechinus neumayeri (Fildes Bay, King George Island);
C) Yoldia eightsii (Fildes Bay, King George Island); D) Trophonella sp. (Fildes Bay, King George Island).
Photograph A) courtesy of César Cardenas; B) & C) courtesy of Dirk Schories, and D) Sebastian Rosenfeld.

The selected molecular marker (mtDNA COI) was amplified in new
specimens of Trophonella, and Xymenopsis using the universal primers
described by Folmer et al. (1994). Amplicons were purified and se-
quenced in both directions by Macrogen Inc. (South Korea). Sequences
were edited with Proseq 2.91 (Filatov, 2009) and aligned using Clustal
W (Thompson et al., 1994). Finally, unpublished COI sequences of
Sterechinus (ACCN: K]J571168-K]J571197), Yoldia (ACCN: KJ571165-
KJ571167), Xymenopsis (ACCN: KJ571163-K]57164), and Trophonella
(ACCN: KJ571160-K]J571162) were deposited in GenBank.

We estimated the average number of nucleotide substitutions
and calculated the pairwise percent of divergence (uncorrected p-
distances) between Antarctic and South American lineages of the ana-
lyzed groups. We determine whether the evolutionary rate was con-
stant in the different analyzed taxa using a likelihood ratio test
(Felsenstein, 1981) in DAMBE (Xia and Xie, 2001). Once the constancy
of the evolutionary rate was confirmed in each of the included groups
we performed divergence time estimations between Antarctic and
South American lineages using a strict Molecular Clock Hypothesis
(MCH) and specific substitution rates (Table 1). The MCH assumes
that DNA and protein sequences evolve at a constant rate through

time for a given lineage and therefore the genetic difference between
any two species is proportional to the time since they last shared a com-
mon ancestor (Bromham and Penny, 2003).

Finally, we constructed Median-joining genealogical relationships
between Antarctic and South American in Network 4.6 using the default
parameters of the software (http://www.fluxus-engineering.com). This
method allows simple reconstructions of phylogenies based on intra-
specific genetic data such as mitochondrial DNA variation (Bandelt
et al,, 1999; Posada and Crandall, 2001).

3. Results

Major genetic divergences were detected between Antarctic and
South American lineages here included (Table 1). For instance, conge-
neric Sterechinus species from Antarctica and South America showed
7.2% of differences (Fig. 2A). Likewise, congeneric Nacella species from
Antarctica and South America exhibited a 7.7% of difference (Fig. 2B).
The species Y. eightsii from Antarctica and Patagonia exhibited a 7.0%
of divergence (Fig. 2C). Similarly, the species P. corrugatus from
Antarctica and Patagonia exhibited 8.3% of divergence (Fig. 2D). Finally,

Table 1
Percentage sequence divergence (uncorrected p distance), substitution rates, and divergence time estimations between Antarctic and South American lineages of marine benthic
invertebrates.
Taxa Pairwise percent divergence Substitution rate Reference Divergence time estimations
(Ma)
S. neumayeri vs. S. agassizi 7.0 0.51-0.72 Lee et al. (2004) 4.4-5.0
N. concinna vs. N. magellanica 7.7 1.0 Gonzélez-Wevar et al. (2011a,b) and Gonzéalez-Wevar 3.7
et al. (2012a,b)
Trophonella vs. Xymenopsis 109 0.4 Wares and Cunningham (2001) 13.6
Parbolasia corrugatus 8.3 Not available Thornhill et al. (2008), based on Wares and 4.2-14.5
Cunningham (2001)
Yoldia eightsii 7.2 0.95 Wares and Cunningham (2001) 3.9
Astrotoma 6.8 3.1-35 Hunter and Halanych (2008) based on Lessios 1 Ma
et al. (1999)
Odontaster 6.7 3.1-35 Janosik et al. (2011) based on Lessios et al. (1999) 1 Ma
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muricids from Antarctica (Trophonella) and South America (Xymenopsis)
showed a 10.9% of divergence (Fig. 2E).

Considering specific substitutional rates, divergence time estima-
tions between Antarctic and South American lineages suggest that the
separation in the analyzed groups range between the late mid-
Miocene and Pliocene (13.6-3.7 Ma; Fig. 3). The last contact between
S. neumayeri and S. agassizi occurred around 4.4 and 5.0 Ma. The separa-
tion between N. concinna and N. magellanica took place ~3.7 Ma while
the separation between Antarctic and South American Y. eightsii oc-
curred ~3.9 Ma (Fig. 3). Unfortunately, no substitution rate is available
for Nemertea and divergence date between P. corrugatus from
Antarctica and South America could not be estimated. Thornhill et al.
(2008), using substitution rate of third position sites in COI from non-
anthozoan invertebrate groups, estimated a divergence between 4.2
and 14.5 Ma between Antarctic and South American populations of
this species. Indirect developers like Nacella, Sterechinus, Parbolasia,
and Yoldia showed younger divergence than the brooder species here
included. In the case of Antarctic Trophonella and South American
Xymenopsis, divergence time estimations indicate an older separation
during the mid-Miocene (~13.6 Ma).

4. Discussion

Molecular and analytical procedures have renewed the interest in
biogeographical studies, particularly in the Southern Ocean (Linse
et al., 2006; Griffiths et al., 2009, 2011; Gonzalez-Wevar et al., 2010;
Diaz et al,, 2011; Downey et al., 2012; Pierrat et al., 2013). The inclusion
of different sources of data such as paleogeographical, paleoclimatic and
paleoecological evidence allow the formulation of new biogeographical
interpretations in a more precise historical framework (Lomolino et al.,
2006; Pearse et al., 2009). This can lead to a better understanding of the
role of climate shifts and oceanography in shaping evolutionary pro-
cesses in the Southern Ocean (Griffiths et al., 2009; Pierrat et al., 2013).
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Molecular comparisons in this study recognized marked genetic dis-
similarities between Antarctic and South American lineages belonging
to Mollusca, Echinodermata and Nemertea. In each one of them, we rec-
ognized similar evolutionary trajectories suggesting that Antarctic and
South American lineages constitute complete different Evolutionary
Units separated for several million years. Accordingly, the ACC seems
to represents an efficient biogeographic barrier in these groups of
broadcast-spawners since the mid-Miocene to the early Pliocene.

Since its proposal, the Molecular Clock Hypothesis has provided an
insight into the mechanisms of molecular evolution and constitutes an
important tool in many areas of evolutionary biology, systematic, con-
servation genetics and molecular ecology (Bromham and Penny, 2003;
Kumar, 2005; Ho, 2008). This hypothesis provides a simple and useful
method to estimate evolutionary timescales, especially for those organ-
isms that have left few traces of their biological history in the fossil re-
cord (Ho, 2008). However, these clocks sometimes behave in an
erratic manner, which have raised questions about their use, particular-
ly when assuming the same substitution rate across different taxa
(Ayala, 1997). In this regard, in this study we used specific substitution
rates for each of the analyzed group. According to Bromham and Penny
(2003) even an approximate clock allows time estimates of events in
evolutionary history, which in turn provides a method for testing a
wide range of biological hypothesis.

Divergence time estimations derived from this study indicate that
the effective separation between Antarctic and South American taxa, es-
pecially for groups with dispersive potential, occurred between 3.7 and
14.5 Ma, long after the physical separation of these continents estimated
between 41 Ma (Livermore et al., 2005) and 23.9 Ma (Eagles and
Livermore, 2002; Pfuhl and McCave, 2005; Scher and Martin, 2006;
Lyle et al., 2007), and to the initiation of the ACC. Such divergence
time estimations are consistent with recent molecular studies in
notothenioid fishes where the most speciose clades in this suborder
(Trematomus, Channichthydae, and Artedidraconidae) originated

&
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Sterechinus Nacella Yoldia Parbolasia muricids
eightsii corrugatus

Fig. 2. Median-joining haplotype networks constructed using COI sequences from Antarctic (blue) and Magellanic (red) taxa. A) Sterechinus (n = 150), B) Nacella (n = 191); C) Yoldia
eightsii (n = 20); D) Parbolasia corrugatus (n = 20); E) muricid gastropods (n = 20). A circle represents each haplotype and its size is proportional to its frequency. Pairwise divergence
sequences (uncorrected p-distances) between Antarctic and South American lineages are included.
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Fig. 3. Divergence time estimations between Antarctic and South American marine related taxa based on mtDNA sequences. Global deep-sea oxygen isotope records and temperatures
based on data compiled from more than 40 DSDP (modified from Zachos et al., 2001) associated to major climatic and tectonic processes in the region. Scheme of the tectonic setting
of the Scotia arc region is shown together with main oceanic flows before the genetic divergence onset (mid-Miocene 15 Ma) and present day (modified from Dalziel et al., 2013a).

Size of the arrows (red) indicates the intensity of the ACC jets. Where ASST = ancestral South Sandwich Trench, SST = South Sandwich Trench.

between 11.6 and 5.3 Ma, more than 10 Ma after the origin of the group
(Near et al., 2012). Similarly, the separation between Antarctic and sub-
Antarctic notothenioid genera ranged between 9 Ma (Bargelloni et al.,
2000) and 6.1 Ma (Stankovich et al., 2002) following the onset of inten-
sified cooling conditions in the SO (Near et al., 2012). The divergence
between the Antarctic bivalve Limatula ovalis and its sub-Antarctic rela-
tive Limatula pygmae indicate a separation between 8.03 and 5.79 Ma
(Page and Linse, 2002) and the separation between Antarctic and sub-
Antarctic populations of the crinoid P. kerguelenensis suggest a split
between 3.75 and 4.24 Ma (Wilson et al., 2007). Levels of pairwise
percent divergence (uncorrected p-distances) between Antarctic
and South American population of Astrotoma (6.8%; Hunter and
Halanych, 2008) and Odontaster (6.7%; Janosik et al., 2011) are simi-
lar to those reported here for Nacella (7.7%), Sterechinus (7.0%), and
Yoldia (7.2%). In summary, numerous studies between Antarctic
and sub-Antarctic invertebrate groups indicate that the separation
of the marine benthic organisms in the region occurred near
the Mio-Pliocene boundary. Accordingly, the onset of divergence
among these taxa does not appear to have been a direct consequence

of the continental drift processes occurred in the region since the
Mesozoic.

An explanation for the incongruence between the Antarctic-South
America molecular divergence estimations and the expected separation
based on the continental drift processes may rely in the fact that, even in
allopatry (geographically separated), populations from Antarctica and
South America could have maintained connectivity after the physical
separation of the continental landmasses through passive dispersal of
pelagic larval stages or rafting. As a matter of fact, such connectivity be-
tween geographically disjoint populations is a common feature among
marine organisms with indirect development and has been recorded
over much wider stretches of ocean than the geographic distance be-
tween the southern tip of South America and the Antarctic Peninsula
(Jablonski, 1986; Jokiel, 1990; Cowen and Sponaugle, 2009; Gillespie
et al,, 2012). Finally, the disruption of connectivity among Antarctic
and southern South America seems to be related to more recent climat-
ic/oceanographic changes that followed the Middle Miocene Climatic
Transition (MMCT). In this context, the installation of an effective
barrier between Antarctic and South American faunas could be a
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consequence of the intensification of the ACC. After MMCT, Sea Surface
Temperatures (SST), salinity, and ice-volume trends support the occur-
rence of major changes in ocean circulation that triggered global cooling
and the initiation of sub-zero polar conditions in the SO (Shevenell et al.,
2004; Lewis et al., 2008). A gradual decrease of the SST is consistent
with an intensification of the ACC (Verducci et al., 2009), a process
also supported by different sources of data including strengthening of
the westerly winds, atmospheric circulation shifts, 5'%0 signatures
(Flower and Kennett, 1994; Heinrich et al,, 2011), and by faunal isotopic
changes at the Kerguelen Plateau (Verducci et al., 2009) and at conti-
nental Antarctica (Lewis et al., 2008). Moreover, recent studies in the
Central Scotia Sea suggest that a remnant now-submerged volcanic
arc may have formed a barrier to deep eastward oceanic circulation
until after the mid-Miocene (Dalziel et al,, 2013a). Hence, the full devel-
opment of a deep ACC was not achieved until this period and may have
played a significant role in the subsequent Southern Ocean cryosphere
expansion (Lear et al., 2000; Zachos et al., 2001), to the strengthening
of the westerly winds (Flower and Kennett, 1994; Shevenell et al.,
2004), and to the ultimate separation between the Antarctic and the
South America benthos.

In brooders (muricid gastropods), the onset of divergence is also
much younger than the major tectonic processes that separated both
continents. In the absence of dispersive larval stage, the persistence of
a now submerged volcanic arc along the central Scotia Sea after the
mid-Miocene (Dalziel et al., 2013a, 2013b) may have acted as a bridge
between Antarctic Peninsula and Southern South America following a
stepping stone model of dispersion. Alternatively, the absence of larval
stage is not necessarily associated with low dispersal capacity. Many
groups of brooding invertebrates exhibit a high degree of connectivity
at large geographical scales in the SO, mainly through rafting
(Helmuth et al., 1994; Leese et al., 2010; Nikula et al., 2010; Haye
et al., 2012) or through mobile hosts (Domaneschi et al., 2002; Barnes
et al., 2006; Gillespie et al., 2012). An older divergence between Antarc-
tic and South American muricid gastropods (brooders) compared to the
ones estimated for broadcast-spawners should be considered with pru-
dence. Such differences were mainly related to lower substitution rates
used in muricids rather than a noticeably higher percentage of sequence
divergence (Table 1).

Even though some of the analyzed taxa are currently recognized as the
same nominal species in Antarctica and South America (i.e. Y. eightsii
and P. corrugatus), the molecular divergence between populations
from these continents raises questions about their respective taxon-
omies. In fact, several studies in the Southern Ocean have demonstrated
the existence of genetically distinct species that have not previously
been distinguished morphologically (cryptic speciation) in the South-
ern Ocean (Held and Wadgele, 2005; Raupach and Wadgele, 2006;
Allcock et al., 2011). These studies have encompassed a wide variety
of invertebrate taxa such as ostracods (Branddo et al., 2010), amphipods
(Baird et al., 2011; Havermans, 2011), isopods (Raupach et al., 2007;
Leese et al., 2008), sea spiders (Krabbe et al., 2010), nemerteans
(Thornhill et al., 2008; Mahon et al., 2009), bivalves (Linse et al.,
2007), octopods (Allcock et al., 2011), crinoids (Wilson et al., 2007),
and nudibranchs (Wilson et al., 2009). Following this, cryptic speci-
ation seems to represent a common evolutionary process in the
Southern Ocean and a plausible explanation for the high degree of
divergence detected between Antarctic and South American popula-
tions of the nominal species P. corrugatus (Thornhill et al., 2008) and
Y. eightsii. In this respect, the islands of the Scotia Ridge seem to have
played a crucial role in the evolution of the Southern Ocean marine
benthos (Linse et al., 2007). These islands represent a biodiversity
hotspot, considering that they constitute the northernmost distribu-
tion of many Antarctic marine invertebrate species, as well as the
southernmost distribution for many South American ones. Further
studies should attempt to elucidate the phylogenetic affinities of
Scotia Arc benthos to understand the role of geodynamic and ocean-
ographic changes in this region on the speciation processes involved

in the separation of Antarctic and South American shallow benthic
fauna.

In conclusion, this study presents new information about the
patterns of genetic differentiation between marine organisms of
Antarctica and southern South America. The separation between line-
ages of these provinces of the Southern Ocean occurred during the
Mio-Pliocene, long after the physical separation of these continents. In
this scheme, the geodynamic evolution of Scotia Arc, and particularly
the establishment of a full deep ACC after the cessation of central Scotia
Sea arc activity and its submergence (Dalziel et al., 2013a,b), may repre-
sent a major driver of the isolation of marine Antarctic fauna. According-
ly, particular geologic processes in the Scotia Arc may be responsible for
major oceanographic and climatic changes that generated the current
biogeographic patterns observed in the marine fauna of the SO conti-
nental shelves.
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