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ABSTRACT

Aim Biogeographical patterns within three classes, the Echinoidea, Bivalvia and

Gastropoda, were investigated in Antarctic, sub-Antarctic and cold-temperate

areas based on species occurrence data. Faunal similarities among regions were

analysed to: (1) test the robustness of the biogeographical patterns previously

identified in bivalves and gastropods; (2) compare them with the biogeographi-

cal patterns identified for echinoids; and (3) evaluate the reliability of the bio-

geographical provinces previously proposed, depending on the taxa and

taxonomic levels analysed.

Location The Southern Ocean, sub-Antarctic islands and cold-temperate areas

south of 45° S latitude at depths of < 1000 m.

Methods Taxonomic similarities among 14 bioregions were analysed using a

non-hierarchical clustering method, the bootstrapped spanning network (BSN)

procedure. Taxonomic similarities were analysed within the three classes at spe-

cies and genus levels.

Results The previously identified large-scale biogeographical entities are clari-

fied. Echinoid and bivalve faunas are structured mainly according to three fau-

nal provinces: (1) New Zealand, (2) southern South America and sub-Antarctic

islands, and (3) Antarctica. Gastropod faunas group into five provinces:

(1) New Zealand, (2) southern South America, (3) east sub-Antarctic islands,

(4) West Antarctica, and (5) East Antarctica. Strong faunal relationships

between bioregions perfectly match the flows of the Antarctic Circumpolar and

Antarctic Coastal currents. Moreover, the legacy of the climatic and palaeoceano-

graphic history of Antarctica is revealed by trans-Antarctic faunal affinities,

thereby strongly supporting hypotheses of past marine seaways that would have

connected both the Amundsen–Bellingshausen area to the Weddell Sea and the

Weddell Sea to the Ross Sea.

Main conclusions A significant advantage of the BSN procedure lies in the

possibility of identifying both biogeographical groupings and transitional areas;

that is, both strong connections and groupings between bioregions. The

method has also proved to be efficient for identifying potential faunal exchange

pathways and dispersal routes, both present and past, by fitting networks to

oceanographic and palaeogeographical maps.
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INTRODUCTION

Biogeographical studies have been the subject of renewed

interest in the last few decades, as evidenced by the emer-

gence of new analytical approaches and procedures (Cox &

Moore, 2000; Lomolino et al., 2006). In addition, present-

day distribution patterns can be rooted in ever more precise

historical data (palaeogeographical, palaeoclimatic and palae-

oecological), allowing revised interpretations (Cox & Moore,

2000; Lomolino et al., 2006; Pearse et al., 2009). However,

many studies rely on clustering approaches, which appear

particularly well suited to detecting hierarchical relationships

among bioregions but ignore the gradations between them.

The Southern Ocean represents 8% of the world’s ocean

surface area and is now known to harbour about 5% of the

Earth’s marine metazoan diversity (Zwally et al., 2002; Linse

et al., 2006; Ingels et al., 2011). Owing to their distinctive

ecological traits (e.g. specific reproduction strategies, slow

growth rates), profound adaptations to unique environmen-

tal conditions (e.g. near-freezing water temperatures, ice-

scouring, seasonal sea-ice cover, seasonal variation of food

resources) and relatively high levels of endemism (Starmans

& Gutt, 2002; Clarke, 2008), Antarctic marine organisms are

considered to be particularly vulnerable to the environmental

changes that are expected in the future. However, the

strength of the predicted impact might depend on the taxa

and ecological levels investigated, from individual species to

communities (Dierssen et al., 2002; Poulin et al., 2002;

Quayle et al., 2002; Clarke & Johnston, 2003; P€ortner, 2006;

Ingels et al., 2011).

At a broad spatial scale, benthos in the Southern Ocean has

long been structured by the Antarctic Polar Front (or Antarctic

Convergence) and the Antarctic Circumpolar Current (ACC),

and by the Pleistocene glacial–interglacial cycles (Lawver &

Gahagan, 2003; Griffiths et al., 2009). The Antarctic Polar

Front, which closely matches the northern boundary of the

Southern Ocean (at about 50° S latitude), constitutes the main

biogeographical barrier to the northward dispersal of marine

organisms distributed in the upper water layer. The ACC and

the deep-sea basins that surround Antarctica also contribute to

the isolation of Antarctic taxa from faunas of sub-Antarctic

and cold-temperate shallow-water regions. Faunal exchanges

among these regions can, however, occur through the Scotia

Arc and, to a lesser extent, through island shelves and sea-

mounts located south of New Zealand (Montiel, 2005; Linse

et al., 2006; Brandt et al., 2009).

Our knowledge of Antarctic marine biodiversity has

increased significantly since the first biogeographical studies

were undertaken in the Southern Ocean (Ekman, 1953; Powell,

1965; Hedgpeth, 1969). UNESCO (2009) identified several

benthic provinces based on depth, and it has been suggested

that the lower bathyal zone could be subdivided into an Ant-

arctic and a sub-Antarctic province, while the abyssal plain

could be partitioned into an East Antarctica and a West Ant-

arctic province. Recent biogeographical studies based on vari-

ous benthic taxa (e.g. De Broyer & Jazdzewski, 1996; Linse

et al., 2006; Clarke et al., 2007; Rodriguez et al., 2007; Barnes

& Griffiths, 2008; Griffiths et al., 2009, 2011) have analysed

taxonomic similarities among the bioregions previously identi-

fied around the Antarctic continental shelf (Hedgpeth, 1969).

The conclusions were that the Antarctic continental shelf was

composed of a single province and that high Antarctic faunas

were evenly distributed around the continent (Barnes & De

Grave, 2001; Griffiths et al., 2009). Few studies, however, have

integrated data from adjacent regions such as southern South

America, South Australia, New Zealand and South Africa,

which would place Antarctic biogeography into the wider geo-

graphical context of the Southern Ocean (Barnes & Griffiths,

2008; Griffiths et al., 2009). The existence of a distinct sub-

Antarctic benthic province has been suggested, with various

islands and island groupings showing faunal affinities with

either southern South America or New Zealand (Linse et al.,

2006; Griffiths et al., 2009). Potential faunal connections

between southern South America and West Antarctica have

also been highlighted (Montiel, 2005; Linse et al., 2006; Brandt

et al., 2009).

Bivalves and gastropods are among the best-documented

benthic clades in the Southern Ocean. Occurrence data col-

lected for more than a century during oceanographic expedi-

tions were collated into the Southern Ocean Molluscan

Database SOMBASE (Griffiths et al., 2003). Contrasting bio-

geographical patterns were shown between bivalves and gas-

tropods (Linse et al., 2006; Barnes & Griffiths, 2008; Griffiths

et al., 2009), suggesting the possibility of different evolution-

ary histories between the two groups. As biogeographical

patterns may depend upon the biological group analysed

(Barnes & Griffiths, 2008; Griffiths et al., 2009), Clarke

(2008) proposed that biogeographical studies should be

extended to other marine groups. The Antarctic echinoid

fauna is phylogenetically distant from molluscs and well

diversified in the Southern Ocean, with about 80 species

accounting for c. 10% of the global echinoid species richness

(David et al., 2005b). It therefore appears to be appropriate

for such a biogeographical study.

In this work, faunal similarities between regions were ana-

lysed in echinoids, bivalves and gastropods at species and

genus levels using a newly developed quantitative approach,

the bootstrapped spanning network (BSN) procedure

(Brayard et al., 2007, 2009). Initial objectives were: (1) to test

the robustness of the biogeographical patterns previously

identified in bivalves and gastropods; (2) to compare them

with the biogeographical patterns to be identified in echi-

noids; and (3) to evaluate the reliability of the biogeographi-

cal provinces previously proposed, depending on the taxa

and taxonomic levels analysed. The large-scale analysis of

three diversified groups of high taxonomic rank (i.e. classes)

at two taxonomic levels is expected to target preferentially

the weight of oceanographic history in present biogeographi-

cal patterns. The importance of regional environmental

conditions cannot be ignored, but they are expected to show

contrasting contributions depending on the taxonomic level

analysed.
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MATERIALS AND METHODS

Studied areas and bioregionalization

Echinoid, bivalve and gastropod biogeographical patterns of

Antarctic, sub-Antarctic and cold-temperate areas were inves-

tigated south of 45° S latitude at depths ranging from the

shoreline to the Antarctic continental break (1000 m depth).

Fourteen bioregions were defined with a latitudinal and longi-

tudinal accuracy of 5° (Fig. 1); they were adapted from

Hedgpeth (1969) and from more recent studies (Linse et al.,

2006; Barnes & Griffiths, 2008; Griffiths et al., 2009). Three

cold-temperate bioregions were considered: the southern tip

of South America (SA), the Falkland Islands (FI) and New

Zealand southern islands of the Campbell Plateau (NZSI).

Sub-Antarctic bioregions include South Georgia (SG) and an

eastern bioregion composed of Prince Edward, Crozet, Bouvet,

Kerguelen and Heard islands (SubI). Antarctic bioregions con-

sist of the northern tip of the Antarctic Peninsula (AP), South

Orkney Islands (SOI), the Weddell Sea (WS), Dronning Maud

Land (DML), Enderby Land (EL), the Mawson Sea (MS), Ade-

lie Land (AL), the Ross Sea (RS), and the assemblage com-

posed of the Amundsen and Bellingshausen seas (ABS).

Occurrence data

Echinoid occurrence data were compiled from the Antarctic

Echinoid Database (David et al., 2005a), which integrates

most records collected during oceanographic cruises carried

out in the Southern Ocean until 2003. Data were updated

with new records sampled during cruises conducted in Ant-

arctica since 2003 and with data from as far north as 45° S

latitude (Pierrat et al., 2012). The updated echinoid dataset

now comprises a total of 2671 occurrences (Fig. 2, Table 1).

Bivalve and gastropod occurrence data were gathered

through the online Southern Ocean Mollusc Database (SOM-

BASE; Griffiths et al., 2003). SOMBASE includes 3505 and

7135 occurrences for bivalves and gastropods, respectively

(Table 1), and is complete enough to be used in relevant

large-scale biogeographical works (Linse et al., 2006; Clarke

et al., 2007; Barnes & Griffiths, 2008; Griffiths et al., 2009).

Finally, occurrence data were compiled for each group

at the species and genus levels. Data include 35 genera and

85 species of echinoids, 103 genera and 250 species of bival-

ves, and 233 genera and 704 species of gastropods (Table 1).

Biogeographical analyses

Faunal similarities are usually studied using methods of mul-

tivariate analyses that identify spatial boundaries between

species-level, genus-level or family-level assemblages. Biogeo-

graphical classifications aim at defining discontinuities

among bioregion groupings and usually ignore the identifica-

tion of transitional areas among distinct biogeographical

units (Brayard et al., 2007; UNESCO, 2009). In this study,

taxonomic similarities among bioregions were analysed using
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Figure 1 The 14 studied bioregions defined
south of latitude 45° S, modified from

Hedgpeth (1969), Linse et al. (2006) and
Griffiths et al. (2009).
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the BSN procedure, a non-hierarchical clustering method

that has recently been developed for palaeobiogeographical

studies and allows identification of both biogeographical

groupings and transitional areas (Brayard et al., 2007, 2009).

This approach yields a simple, intuitively comprehensible

picture of the nested as well as gradational taxonomic

Table 1 Numbers of genera and species of echinoids, bivalves and gastropods recorded in this study and occurrence data for each
taxon for each of the 14 studied bioregions in the Southern Ocean. Echinoid occurrence data were compiled from the updated Antarctic

Echinoid Database (Pierrat et al., 2012), which integrates most records collected during oceanographic cruises carried out in the
Southern Ocean and as far north as 45° S latitude. Bivalve and gastropod occurrence data were gathered through the online Southern

Ocean Mollusc Database (SOMBASE; Griffiths et al., 2003).

Echinoidea Bivalvia Gastropoda

No. of

genera

No. of

species

Occurrence

data

No. of

genera

No. of

species

Occurrence

data

No. of

genera

No. of

species

Occurrence

data

ABS 10 27 219 14 20 66 28 39 84

AL 8 24 192 23 32 175 42 69 359

AP 14 39 479 29 50 386 67 107 365

DML 6 16 33 11 11 18 50 93 220

EL 8 26 198 22 34 80 60 98 194

FI 11 16 168 39 60 222 79 146 372

MS 8 18 53 16 19 51 37 49 93

NZSI 13 16 84 42 61 179 55 90 203

RS 12 30 293 46 67 697 90 160 1207

SA 12 18 271 55 84 332 68 108 377

SG 11 16 104 29 47 206 65 128 587

SOI 11 24 98 25 33 94 60 85 165

SubI 11 12 127 42 40 109 57 114 1735

WS 14 34 352 33 65 890 89 186 1174

ABS, Amundsen and Bellingshausen seas; AL, Adelie Land; AP, Antarctic Peninsula; DML, Dronning Maud Land; EL, Enderby Land; FI, Falkland

Islands; MS, Mawson Sea; NZSI, New Zealand southern islands; RS, Ross Sea; SA, South America; SG, South Georgia; SOI, South Orkney Islands;

SubI, sub-Antarctic islands; WS, Weddell Sea.

Figure 2 Distribution of echinoid
occurrence data compiled from the updated

Antarctic Echinoid Database (Pierrat et al.,
2012). The dataset comprises a total of 2671

occurrences and integrates records collected
during oceanographic cruises carried out in

the Southern Ocean and as far north as

45° S latitude.
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similarity relationships. Associated with each occurrence

matrix, a dissimilarity matrix was computed using the Bray–

Curtis coefficient (Bray & Curtis, 1957), which gives a dou-

ble weight to shared presences and a simple weight to

absence and unique occurrence as an indication of faunal

differences. Similarity structures were displayed as a con-

nected network, which is a set of interlinked nodes repre-

sented by bioregions and supported by bootstrap replications

(10,000 replicates were computed here) that give confidence

intervals for each connection between bioregions (see Bra-

yard et al., 2007). Within a BSN, the robustness of connec-

tions is evaluated by bootstrap support values (BSVs). When

it is fitted on geographical maps, the BSN allows a quantita-

tive appraisal of faunal exchange pathways, including faunal

gradients or reticulated biogeographical structures. BSNs

were computed using the software bsn 1.0 (Brayard et al.,

2007), and results were visualized using the program pajek

1.07 (Batagelj & Mrvar, 2005).

RESULTS

Echinoid biogeographical patterns

The analysis of echinoid networks (Fig. 3a,b) reveals the exis-

tence of distinct biogeographical entities, although bound-

aries between these entities are not sharp barriers to faunal

dispersal and are marked only by a relative drop in faunal

similarities. In the echinoid species network (Fig. 3a), the

Campbell Plateau bioregion (NZSI) shows a connection with

the Ross Sea (RS). However, this relationship is not well sup-

ported, and the Campbell Plateau appears isolated from

other bioregions of the Southern Ocean. Sub-Antarctic biore-

gions (SG and SubI) and those of southern South America

(SA and FI) are strongly connected to each other

(BSV > 85%) in a west–east pattern. They connect with

West Antarctica through South Georgia (SG) and the South

Orkney Islands (SOI), but this connection is weakly sup-

ported (BSV = 69%), suggesting faunal dissimilarities

between sub-Antarctic bioregions and West Antarctica. Ant-

arctic bioregions are strongly connected to each other

(BSV > 95%) following a marked circum-Antarctic pattern,

except for a strong discontinuity between the Weddell Sea

(WS) and Dronning Maud Land (DML). The network struc-

ture suggests the existence of two sub-provinces, the West

Antarctic (SOI, AP, WS, ABS) and East Antarctic (AL, MS,

EL and DML), connecting through the Ross Sea. Interest-

ingly, the Amundsen and Bellingshausen seas (ABS) are

strongly related to the Weddell Sea (WS), although these

bioregions are separated from each other by the landmass

and ice sheets of the Antarctic Peninsula.

The echinoid genus network (Fig. 3b) differs from the

species BSN in the detail of connections between bioregions,

except for the relative remoteness of the Campbell Plateau.

Two main biogeographical entities are indicated: (1) the

connection between the bioregions of southern South Amer-

ica and the east sub-Antarctic bioregion (BSV = 76.2%);

and (2) a robust circum-Antarctic link between Antarctic

bioregions. The weak link between entities (1) and (2) is

located between east sub-Antarctic bioregions (SubI) and

South Georgia (BSV = 58.6%), the latter being strongly

related to Enderby Land (BSV = 99.3%). Within the Ant-

arctic bioregions, there is a discontinuity between Adelie

Land (AL) and the Ross Sea (RS), the latter being con-

nected to bioregions of West Antarctica. Enderby Land (EL)

appears central within connected East Antarctic bioregions,

whereas the South Orkney Islands (SOI) are central within

connected West Antarctic bioregions. Finally, as in the spe-

cies network, the Admunsen and Bellingshausen seas (ABS)

and the Weddell Sea (WS) are strongly interconnected.

Bivalve biogeographical patterns

In the bivalve species network (Fig. 3c), the southern South

America and sub-Antarctic bioregions are connected to

each other following a west–east link, as for the echinoid

species network. However, these connections are not very

robust and undermine the significance of a wide southern

South American and sub-Antarctic province for bivalve

species. The Campbell Plateau (NZSI) is weakly connected

to the Ross Sea, showing again the relative isolation of this

bioregion. Antarctic bioregions are connected to each other

(BSV > 84%) following a circum-Antarctic pattern inter-

rupted by a discontinuity between the Weddell Sea (WS)

and Droning Maud Land (DML), just as in the echinoid

species network. The structure of the bivalve network does

not show two distinct Antarctic provinces because the bio-

regions form a continuous structure with no partition

between east and west. The Amundsen and Bellingshausen

seas are weakly connected to the Antarctic Peninsula (AP),

suggesting a higher level of endemism in this bioregion.

In the genus-level BSN, the east sub-Antarctic bioregion

is strongly connected to bioregions of the Scotia Arc

through South Georgia (SG), and directly to the Falkland

Islands (FI) (Fig. 3d). The west–east pattern formed by the

links between South American and sub-Antarctic bioregions

is obvious, but sub-Antarctic bioregions are more strongly

connected to West Antarctica than to the Falkland Islands

through the South Orkney Islands (BSV > 95%). As in the

bivalve species BSN, sub-Antarctic islands and South Ameri-

can bioregions do not seem to form a unique province.

West Antarctic bioregions (SOI, AP and WS) are strongly

connected (BSV = 100%). They connect East Antarctic bio-

regions (AL, MS, EL and DML) through the Antarctic Pen-

insula (AP) and Adelie Land (AL). Interestingly, the Ross

Sea shows more affinities with the Weddell Sea, to which it

is connected (BSV = 99.7%). The two bioregions are today

separated by the West Antarctic Ice Sheet, much of the

West Antarctic landmass being below sea level. A similarly

unexpected connection reveals affinities between the

Amundsen and Bellingshausen seas and Enderby Land,

although the link is only moderately supported

(BSV = 75.4%).
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Gastropod biogeographical patterns

In the gastropod species BSN, the Campbell Plateau is weakly

connected to other bioregions, as are sub-Antarctic islands

and southern South American bioregions (Fig. 3e). The weak

connection between east sub-Antarctic islands and Enderby

Land (EL) departs from the patterns previously documented.

The South Orkney Islands (SOI) and Antarctic Peninsula

(AP) are strongly related to each other (BSV = 99.8%) and

connect the Weddell Sea (WS) through a weak linkage

(BSV = 67.8%). Other Antarctic bioregions are all strongly

connected following both a circum- and a trans-Antarctic

pattern. Therefore, the Weddell and Ross seas are strongly

related to each other (BSV = 100%) through a trans-Antarc-

tic connection. The gastropod species network clearly high-

lights the partition of Antarctica into two distinct provinces:

(a) (b)

(c) (d)

(e) (f)

Figure 3 Bootstrapped spanning networks performed at species and genus levels for (a, b) echinoids, (c, d) bivalves and (e, f)

gastropods from the Southern Ocean. Robust connections are represented as solid lines, and their associated bootstrap support values
are indicated. Dashed lines correspond to weak connections. Abbreviations as in the inset in Fig. 1.
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(1) a ‘small’ West Antarctic province restricted to the

Antarctic Peninsula and South Orkney Islands, and (2)

an extended East Antarctic province including the Weddell

and Ross seas. Finally, the Amundsen and Bellingshausen

seas appear to be partially disconnected from other Antarctic

bioregions.

Patterns of gastropod species and genus networks are very

alike (Fig. 3e,f, Table 2). The genus network is distinguished

from that for the species only by a weak connection between

the east sub-Antarctic islands and the Weddell Sea and a

robust connection between South Georgia (SG) and the

Weddell Sea (WS). However, the pattern remains identical to

the gastropod species BSN, with a weak connection between

southern South America and West Antarctica (BSV = 69.7%)

and an unusual position of the Amundsen and Bellingshau-

sen seas (BSV = 59.8%). The gastropod genus network

shows the partition of Antarctica into a small west (AP, SOI)

and a wide east (WS, DML, EL, MS, AL, RS) province. In

addition, the Weddell Sea appears as central for faunal

exchanges between Antarctic and sub-Antarctic bioregions.

DISCUSSION

Dispersal and the role of Antarctic surface currents

The echinoid species network provides a perfect case study

to illustrate the good match between faunal connections and

the locations of Antarctic surface currents (Fig. 4). While the

ACC constitutes an eastward dispersal vector for faunas from

southern South America, sub-Antarctic islands and the Scotia

Arc region (Pearse et al., 2009), the flow of the Antarctic

Coastal Current could have triggered dispersal over the

Table 2 Pairwise comparisons between genus- and species-level bootstrapped spanning networks (BSNs) of echinoids, bivalves and

gastropods from the Southern Ocean. Values correspond to the number of similar connections between networks over a total of 14
connections per network. Highest similarity values between pairs are in bold.

Echinoid species Echinoid genera Bivalve species Bivalve genera Gastropod species

Echinoid species – – – – –

Echinoid genera 8 – – – –
Bivalve species 10 6 – – –

Bivalve genera 8 8 9 – –
Gastropod species 9 5 8 7 –

Gastropod genera 7 5 6 7 10

Currents

Antarctic convergence 
Antarctic divergence 

Antarctic Circumpolar Current

Antarctic CoastalastantarcA
CurrentWeddell 

Sea 
Gyre

Ross 
Sea
Gyre Figure 4 The bootstrapped spanning

network based on echinoid species
occurrence data compiled from the updated

Antarctic Echinoid Database (Pierrat et al.,
2012) and fitted to the map of the Southern

Ocean, with the positions of the main
surface currents (Antarctic Circumpolar and

Coastal currents) and approximate positions
of the principal frontal zones. Connections

depicted with bold lines can be interpreted
to result from dispersal through surface

currents.
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Antarctic shelf and promoted the circum-Antarctic connec-

tion between bioregions. This continuous circumpolar distri-

bution has been interpreted as an outcome of prevailing

stable oceanographic conditions and the long-term influence

of Antarctic surface currents (Barnes & De Grave, 2001; Grif-

fiths et al., 2009; Pearse et al., 2009). However, in all bivalve

and echinoid networks, an apparent discontinuity to circum-

Antarctic dispersal is present between the Weddell Sea and

Dronning Maud Land, which were never connected to each

other. The absence of a connection between the Weddell Sea

and East Antarctic bioregions could be explained by the

action of the Weddell Sea gyre that might constitute a physi-

cal barrier to faunal dispersal (Fig. 5). The importance of the

Weddell Sea gyre as an apparent barrier to gene flow was

previously highlighted by Linse et al. (2006), while other

studies emphasize the similarity of benthic assemblages in

the two bioregions (e.g. Gutt & Koltun, 1995).

The historical legacy of Cenozoic trans-Antarctic

seaways

Depending on the taxonomic group and level of biogeo-

graphical analyses performed, the Amundsen and Bellings-

hausen seas show faunal affinities with either the Weddell

Sea (echinoids), Enderby Land and the Antarctic Peninsula

(bivalves) or the Mawson Sea (gastropods). The Amundsen

and Bellingshausen seas were little investigated until recently

(Saiz et al., 2008; Moya et al., 2012), and more sampling

efforts are needed before robust biogeographical hypotheses

can be proposed (Linse et al., 2006; Clarke et al., 2007; Grif-

fiths et al., 2009). This could account for the weak and con-

trasting connections present in bivalve and gastropod

networks. The relative remoteness of these two seas from

other Antarctic bioregions still needs to be confirmed (Grif-

fiths et al., 2009).

Echinoid data show robust affinities between the Amund-

sen and Bellingshausen seas and the Weddell Sea, although

the two bioregions are now separated by a continuous ice

sheet and exhibit contrasting environmental conditions. This

recurrent trans-Antarctic relationship at both the species and

the genus level cannot be interpreted except by a long-term

but recently disrupted faunal connection between the two

sides of the Antarctic Peninsula. When superimposing the

echinoid species BSN onto the Pleistocene palaeogeographical

map of Antarctica (Fig. 5), it would appear that faunal con-

nections between the Weddell Sea and the Amundsen and

Bellingshausen seas could be explained by a trans-Antarctic

seaway and currents that existed between the two areas at

that time (Pollard & DeConto, 2009). Still more distant fau-

nal affinities between now remote bioregions of the Antarctic

shelf have previously been reported for molluscs between the

Ross Sea and the Weddell Sea (Linse et al., 2006; Barnes &

Hillenbrand, 2010). As similar environmental conditions pre-

vail in these two bioregions, similar benthic assemblages

might logically have become established as a result of cir-

cum-Antarctic dispersal (Starmans et al., 1999). However,

Figure 5 The bootstrapped spanning

network for echinoid species fitted to the
Antarctic palaeogeographical map of the

Pleistocene showing potential faunal
connections (bold line) between the

Weddell Sea (WS) and Amundsen and
Bellingshausen seas (ABS) that probably

occurred through trans-Antarctic seaways
when the West Antarctic Ice Sheet collapsed

(modified from Pollard & DeConto, 2009).
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the recurrence of faunal similarities within different taxo-

nomic groups and at different taxonomic levels has also been

explained by the existence of a trans-Antarctic seaway that

connected the two bioregions and separated East Antarctica

from continental fragments of West Antarctica from the

Eocene to the mid-Miocene (Linse et al., 2006). The Weddell

–Ross connection is here also supported in gastropod and

bivalve networks (Fig. 3d–f). Although the existence of a past

trans-Antarctic seaway is suggested by trans-Antarctic con-

nections in all the BSNs, the link between the Weddell Sea

and the Amundsen and Bellingshausen seas during the Pleis-

tocene is shown only by the echinoid data. Mollusc occur-

rence data recently collected in the Amundsen and

Bellingshausen seas (K. Linse, British Antarctic Survey, Cam-

bridge, pers. comm.) might confirm this trans-Antarctic

recent connection.

Faunal provinces of the Southern Ocean

Despite biogeographical discrepancies between taxa and taxo-

nomic levels, the distribution and robustness of faunal con-

nections among the 14 bioregions highlight the existence of

recurrent biogeographical patterns. Depending on the taxo-

nomic group considered, results suggest that the Southern

Ocean can be split two different ways: into three faunal

provinces when based on echinoid and bivalve biogeography,

namely New Zealand, southern South America plus sub-

Antarctic islands, and Antarctica; or into five provinces when

based on gastropod biogeography, namely New Zealand,

southern South America, east sub-Antarctic islands, West

Antarctica, and East Antarctica.

All biogeographical patterns show a connection between

the southern islands of New Zealand and the Ross Sea, but

this link is never robustly supported. In the literature, faunal

affinities between the two bioregions have been reported only

for cheilostomate bryozoans (Griffiths et al., 2009). New

Zealand faunas seem to be largely isolated from sub-Antarc-

tic and Antarctic bioregions. This suggests that: (1) there is

no dispersal from sub-Antarctic islands towards New Zealand

southern islands, although the ACC flows south of the

Campbell Plateau; and (2) the Antarctic Polar Front may

constitute an efficient biogeographical barrier to faunal

exchanges between the southern islands of New Zealand and

the Ross Sea (Bargelloni et al., 2000).

Regarding bivalve and echinoid biogeographical patterns,

bioregions of southern South America and the sub-Antarctic

islands tend to form a single entity, at both the genus and

the species level (Fig. 3). Although the details and robustness

of connections differ, most connections are similar between

taxonomic levels in the two taxonomic groups. Faunal affini-

ties between sub-Antarctic and South American bioregions

have previously been reported in various taxonomic groups

(Barnes & De Grave, 2001; Montiel, 2005; Linse et al., 2006;

Rodriguez et al., 2007; Griffiths et al., 2009) and interpreted

to result from larval dispersal through the ACC. This

hypothesis is also supported by molecular analyses

(Gonz�alez-Wevar et al., 2010; D�ıaz et al., 2011). This might

imply that these faunas have planktonic larvae or that long-

distance and passive rafting in the ACC of strictly benthic

species without planktonic larvae can occur (Pearse et al.,

2009; Leese et al., 2010).

Echinoid and bivalve networks show the grouping of Antarc-

tic bioregions into a single circum-Antarctic province, although

with a discontinuity between theWeddell Sea and east Antarctic

bioregions. In contrast to former biogeographical schemes

(Ekman, 1953; Hedgpeth, 1969), the grouping of Antarctic bio-

regions into a single province agrees with most recent studies

(Barnes & De Grave, 2001; Rodriguez et al., 2007; Griffiths

et al., 2009, 2011). However, gastropod networks show a

grouping of bioregions into a small West Antarctic and a wide

East Antarctic province, with the two provinces connecting or

overlapping in the Weddell Sea. This biogeographical pattern

fits well with the results of Griffiths et al. (2009).

Comparative biogeography across taxa

and taxonomic levels

Pairwise comparisons between networks show that the most

similar networks are echinoid and bivalve species networks

on the one hand, and gastropod species and genus networks

on the other (Table 2). In the Southern Ocean, gastropods

are represented by many species (e.g. eight times as many

species as echinoids) that show different ecological require-

ments and potentially complex biogeographical patterns, but

the relative similarity between gastropod species and genus

networks implies that common factors might have been con-

stant enough through time to result in common biogeo-

graphical patterns. Unlike gastropod networks, bivalve and

echinoid species networks are more similar to each other

than species and genus networks within each taxon. Echinoid

and bivalve species may in part share either a common his-

tory or common ecological traits, or both, with regard to the

oceanographic and climatic evolution of the Southern Ocean.

In contrast, and regardless of potential biases of systematics,

the relative discrepancy evident between species and genus

networks within those two taxa invites consideration of

oceanographic and climatic changes that might have con-

strained bivalve and echinoid geographical evolution.

Differences between gastropod and bivalve biogeographical

patterns have been highlighted in previous studies (Linse

et al., 2006; Griffiths et al., 2009). Gastropod species and

genera of east sub-Antarctic islands show affinities with those

of the Antarctic continental shelf. Considering the proximity

between east sub-Antarctic islands and the Antarctic conti-

nent, gastropods were considered to have potentially colo-

nized the Kerguelen Plateau from the Antarctic shelf, or vice

versa (Frey et al., 2000; Griffiths et al., 2009). In contrast,

the discovery of biogeographical similarities between bivalves

and echinoids is new. In both taxa, faunal similarities

between east sub-Antarctic islands and west sub-Antarctic

and South American islands (South Georgia and the Falkland

Islands) can be interpreted as the result of a common history
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and similar ecological traits. The hypothesis of range expan-

sion by dispersal of propagules through the ACC fulfils his-

torical, oceanographic and ecological criteria. As the ACC

flows in an eastward direction, faunas would be conveyed

towards downstream locations, from southern South America

towards sub-Antarctic islands. However, dispersal through

the ACC may have varied in intensity through time, or is

not ancient enough to have shaped genus and species bioge-

ography in the same way. Although still uncertain, the open-

ing date of the Drake Passage is considered to fall in the late

Eocene or early Oligocene (c. 34 Ma), while full establish-

ment of the ACC is dated to the middle Miocene (c. 15 Ma;

Lawver & Gahagan, 2003; Crame, 2004). Faunal connections

between South America and east sub-Antarctic islands may

not have occurred until that time, while most extant echi-

noid genera were established in Antarctica as early as the late

Eocene and early Miocene (Hotchkiss & Fell, 1972; Hotch-

kiss, 1982; Pearse et al., 2009).

CONCLUSIONS

Large-scale biogeographical studies have already proved to be

useful when based on different taxonomic groups and levels

(Linse et al., 2006; Griffiths et al., 2009). In this work, the

comparative analysis of mollusc and echinoid distributions

performed at species and genus levels clarifies the large-scale

biogeographical entities previously identified (Linse et al.,

2006; Barnes & Griffiths, 2008; Griffiths et al., 2009). The

differences previously reported between bivalve and gastro-

pod biogeographical patterns are supported (Linse et al.,

2006; Griffiths et al., 2009), and the new results obtained for

echinoids show how phylogenetically distant clades such as

the Echinoidea and Bivalvia can show similar biogeographi-

cal patterns. The significant advantage of the BSN procedure

lies in the possibility of identifying both biogeographical

groupings and transitional areas; that is, both strong connec-

tions and groupings among bioregions. This is particularly

relevant for the connection between South America and Ant-

arctica through sub-Antarctic islands. The method also

proved efficient for identifying potential faunal exchange

pathways and dispersal routes, both past and present, by the

fitting of networks to oceanographic and palaeogeographical

maps. Therefore, the hypotheses of past marine seaways that

would have connected both the Amundsen–Bellingshausen

area to the Weddell Sea and the Weddell Sea to the Ross Sea

are supported (Linse et al., 2006; Barnes & Hillenbrand,

2010).
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