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Abstract In the Southern Ocean, that is areas south of the

Polar Front, long-term oceanographic cooling, geographic

separation, development of isolating current and wind sys-

tems, tectonic drift and fluctuation of ice sheets amongst

others have resulted in a highly endemic benthic fauna,

which is generally adapted to the long-lasting, relatively

stable environmental conditions. The Southern Ocean

benthic ecosystem has been subject to minimal direct

anthropogenic impact (compared to elsewhere) and thus

presents unique opportunities to study biodiversity and its

responses to environmental change. Since the beginning of

the century, research under the Census of Marine Life and

International Polar Year initiatives, as well as Scientific

Committee of Antarctic Research biology programmes,

have considerably advanced our understanding of the

Southern Ocean benthos. In this paper, we evaluate recent

progress in Southern Ocean benthic research and identify

priorities for future research. Intense efforts to sample and
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describe the benthic fauna, coupled with coordination of

information in global databases, have greatly enhanced

understanding of the biodiversity and biogeography of the

region. Some habitats, such as chemosynthetic systems,

have been sampled for the first time, while application of

new technologies and methods are yielding new insights

into ecosystem structure and function. These advances have

also highlighted important research gaps, notably the likely

consequences of climate change. In a time of potentially

pivotal environmental change, one of the greatest chal-

lenges is to balance conservation with increasing demands

on the Southern Ocean’s natural resources and services. In

this context, the characterization of Southern Ocean biodi-

versity is an urgent priority requiring timely and accurate

species identifications, application of standardized sam-

pling and reporting procedures, as well as cooperation

between disciplines and nations.

Introduction

In many ways, the seabed around Antarctica seems to be a

unique environment (Fig. 1). On the continental shelf,

light availability, (iceberg) disturbance and primary pro-

duction are intensely seasonal. Yet, it also has unparal-

leled physical constancy of many variables, notably

temperature at freezing level. Since the disintegration of

the former Gondwana continent, the initiation of the

Antarctic Circumpolar Current and accompanied oceanic

cooling about 28–41 Ma (Lawver and Gahagan 2003), the

Antarctic continental shelf became the most isolated

globally and, on the seabed at least, has experienced
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Fig. 1 The Southern Ocean and adjacent seas; the grey line marks the

Polar Front
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minimal direct anthropogenic impact—despite the decades

of heavy whaling and sealing. The Southern Ocean deep

sea (i.e., areas below the shelf break), on the contrary, is

well connected to adjacent ocean basins by both lack of

topographical barriers and northward flow of Antarctic

Bottom Water (Clarke 2003). The latter provides potential

dispersal routes for deep-sea organisms (Strugnell et al.

2008).

The Southern Ocean influences global weather and

oceanic deep-water formation and is a key region for

understanding global climatic system and ocean circulation

(Sigman et al. 2010). For example, some Southern Ocean

areas show amongst the most rapid warming in the world

(West-Antarctic Peninsula (WAP), Meredith and King

2005; South Georgia, Whitehouse et al. 2008) and are also

projected to be the most influenced by ocean acidification

due to raised atmospheric CO2 (Orr et al. 2005). Amongst

the many extremes, perhaps the most striking feature,

across geological time, is the changing availability of

habitable shelf areas due to the recurrent advance and

retreat of ice sheets through glacial–interglacial cycles. The

Ross and Weddell Sea shelves are the widest globally (and

amongst the deepest) but both were almost entirely covered

by grounded ice during the last glacial maximum (Denton

and Hughes 2002).

Areas which undergo prolonged isolation, such as the

Southern Ocean, usually have unique elements to their biota

(i.e., shelf endemism levels between 50 and 80 %; White

1984; Arntz et al. 1997; Griffiths et al. 2009), but the dis-

tinctive oceanographic and tectonic history of the Southern

Ocean have resulted in more than just endemic species.

Many genera and some families are only found south of the

PF and certain higher taxa are unusually rich or prevalent

(such as pycnogonids, polychaetes, ascidians and peracarid

crustaceans, see Fig. 2) compared to non-Antarctic marine

ecosystems (Clarke and Johnston 2003). Equally striking is

the complete absence of some taxa, such as brachyuran

crabs, and rarity of others such as cartilaginous fish, reptant

decapods and barnacles (Clarke and Johnston 2003). The

shallow shelf is heavily impacted by ice scour, and space on

hard substrata is generally dominated by sessile suspension-

feeding communities including sponges, bryozoans, anem-

ones, ascidians and crinoids (Dayton 1989). Antarctic

benthos typically has prolonged development, age and time

to maturation, as well as slow growth and low adult

mobility (Arntz et al. 1994). Planktotrophy is overall scarce,

but has been reported as contrastingly very common in the

shallows (Poulin et al. 2002). Brooding is instead the

dominant reproductive mode in some taxa, but other highly

successful groups have lecithotrophic or planktotrophic

larvae (e.g., asteroids, some echinoids; see Pearse et al.

1991; Poulin et al. 2002; Fig. 2). Further unusual features of

Southern Ocean benthos include eurybathy, gigantism in

some (i.e., a number of amphipod, isopod and pycnogonid

species) and dwarfism in other taxa (e.g., some brachiopod

and scaphopod species; see Moran and Woods 2012 for a

review) as well as physiological adaptations to low tem-

peratures such as development of antifreeze glycoproteins

and lack of blood pigments in Antarctic notothenioid fish

(Rahmann et al. 1984).

Any one factor driving the great variety of physiologi-

cal, ecological and evolutionary characteristics of species

inhabiting the Southern Ocean seabed is unlikely. Recent

research, particularly over the last decade, has quantified

the nature of some biotic and abiotic factors underlying

Southern Ocean benthic biodiversity, such as biological

interactions, ice-mediated processes, sediment structure,

topography and water masses (e.g., Dayton 1989; Brandt

et al. 2007; Hétérier et al. 2008; Smale et al. 2008a, b;

Schiaparelli et al. 2010; additional references are given in

Online Resource 1 [1–6]). Temperature was one of the

earliest influences studied on benthic biota. At low tem-

perature, fluids are more viscous and hold more gas,

enzyme reactions are slower and muscular crushing is

proportionally more energetically expensive (Römisch and

Matheson 2003). Recent experimental work has shown that

many species have a narrow temperature-survival window

and are even more stenothermal in functionality (Peck et al.

2004). Characteristics such as winter cessation of feeding

and slow growth, once thought to be linked to temperature,

may be more related to food availability and thus to light

regime (Barnes and Clarke 1994). On the Antarctic conti-

nental shelf, local to regional scale species composition

and densities observed seem to be more influenced by ice

scour than any other single factor—at small scales this is

catastrophic, but at larger temporal and spatial scales ice-

mediated disturbance creates a mosaic of communities at

different recovery states thus promoting diversity (Gutt and

Piepenburg 2003). While ice scour is one of the dominant

structuring forces across current ecological time scales,

recurrent glaciations are thought to have led to eradication

and reinvasion at large shelf scale and have perhaps acted

as driver for a ‘biodiversity pump’ initiating species radi-

ations (Clarke and Crame 1992). The varying connectivity

of suitable habitats around Antarctica during glacial peri-

ods probably promoted allopatric speciation through

reproductive isolation in some taxa (Wilson et al. 2007).

The considerable depth of the Antarctic continental shelf as

well as the isothermal water column may have facilitated
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faunal migrations between the shelf and the deep sea

(Clarke 2003).

Knowledge, and especially understanding, of the eco-

logical and evolutionary patterns and drivers of Antarc-

tica’s benthic biodiversity has tremendously changed since

the early voyages in the historic age of Antarctic explora-

tion (e.g., during HMS Challenger [1872–1876], German

Antarctic expedition [1901–1903] and SS Terra Nova

[1910–1913] expeditions). Early taxonomic monographs

contributed greatly to the currently known biodiversity in

that the rate of species description has never been greater

than between 1880 and 1940 (De Broyer et al. 2011). Post-

HMS-Challenger taxonomy builts a baseline for a more

ecological, physiological and biogeographic focus of

research in the second half of the twentieth century. At that

time, researchers had already proposed some theories on

macroecological and biogeographic patterns such as lati-

tudinal gradients in species diversity, reproduction modes,

body size and range size (Murray 1895; Thorson 1950).

Some of these paradigms have only changed little (e.g.,
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rarity of planktotrophic development, tendency to gigan-

tism and slow growth; Barnes and Clarke 2011), some

significantly (e.g., hemispheric asymmetry in latitudinal

diversity gradients; Culver and Buzas 2000; Linse et al.

2006; Clarke et al. 2007) and others have just started to

shift (e.g., with regard to ‘large’ geographic range size,

shelf refuges and ‘impoverished’ deep-sea benthos; Dayton

and Oliver 1977; Brandt et al. 2007; Newman et al. 2009;

Brandão et al. 2010; Allcock and Strugnell 2012).

During the last decade, there has been an increasing

intensity of reports of Antarctic biodiversity responses to

environmental change at high southern latitudes (Orr et al.

2005; Aronson et al. 2007; Kaiser and Barnes 2008;

Yasuhara et al. 2009; Trivelpiece et al. 2011; Ingels et al.

2012; see Online Resource 1 [7–10]). Recent initiatives

such as the Intergovernmental Panel on Climate Change

(IPCC), the SCAR—Evolution and Biodiversity in Ant-

arctica (SCAR-EBA, 2006–2013) programme, the Inter-

national Polar Year (IPY, 2007–2008) and the Census of

Marine Life (CoML 2000–2010) with its Antarctic node,

the Census of Antarctic Marine Life (CAML, 2005–2010),

as well as its deep-sea component, the Census of the

Diversity of Abyssal Marine Life (CeDAMar, 2000–2010)

have ramped up the international connectivity of national

scientific programmes and scientists aiding accessibility

and cross-checking of data (Clarke 2008; De Broyer et al.

2011; Griffiths et al. 2011; Schiaparelli et al. 2013; see

Online Resource 1 [11–12]).

The current paper provides a review of achievements of

the CoML decade and beyond, and how these have

advanced our understanding of Southern Ocean benthic

biodiversity—from taxonomy, through biogeography to

ecophysiological responses to climate change. It focuses

mainly on progress in the assessment of larger macro- and

megafaunal invertebrate biodiversity patterns (reflecting

taxonomic priorities rather than ecological importance) but

also on the often neglected smaller size fractions (i.e.,

meiofauna and prokaryotes). We assess where we have

made most progress and why, but also highlight significant

gaps in current knowledge. The first part of the paper is

concerned with the tools, which have helped to identify

patterns and potential drivers of Southern Ocean biodi-

versity, while the second part identifies gaps of knowledge

and new directions for future research.

Key areas of progress

Sampling the Southern Ocean benthos: major

achievements over the last decade

Arguably Antarctic science and scientists have been ‘slow’

to import and apply new techniques and technology into

the Southern Ocean research. A reason for this delay is

probably that benthic sampling in the Antarctic is still

extremely challenging, as it is cold, remote and parts of it

are covered by ice perennially. Yet, despite the adverse

conditions, the quality and quantity of benthic sampling has

improved considerably. Recent technical advances in the

design of sampling equipment, as well as complementary

sampling and standardization of methods across institutes

and nations, have considerably affected our knowledge and

understanding of Southern Ocean biodiversity. Although

camera systems have been deployed since the early 1960s

(e.g., during U.S. Eltanin, see Menzies and Schultz 1966),

the increasing sophistication and availability of digital

video and still imaging equipment in recent years, coupled

with remarkable advances in the technology of vehicles on

which these cameras are deployed (e.g., remotely operated

Fig. 2 Meio-, macro and megafaunal representatives of the Southern

Ocean benthos; a Epimeria rubrieques De Broyer & Klages, 1990

(Peracarida, Amphipoda), is an example of Antarctic gigantism, a

species characterized by its enormous dorsal ornamentation, bright

colours and giant body size (up to 70 mm); b Antarctinoe spicoides
(Hartmann-Schröder, 1986), a common polychaete species found in

the Southern Ocean deep sea; in polychaetes, deep-sea endemism is

much lower than on the Antarctic continental shelf partly reflecting

differences in isolation between these two realms; c Nymphon
australe Hodgson, 1902, is the most abundant pycnogonid species in

the Southern Ocean presenting both eurybathic and circumpolar

distributions; d Pareledone turqueti Joubin, 1905 (Mollusca,

Cephalopoda); a specimen collected on the Amundsen Sea shelf.

P. turqueti is a circum-Antarctic benthic octopus, endemic to the

Southern Ocean shelf and slope; e Fissarcturus sp. (Peracarida,

Isopoda) and Gnathiphimedia sp. (Amphipoda) on bryozoan; while

some taxonomic groups are more prevalent on the Antarctic

continental shelf (e.g., bryozoans, amphipods) others are rich and

abundant in the Southern Ocean deep sea (e.g., isopods). f Henry-
howella sp., an ostracod collected in the deep Scotia Sea; like in other

Antarctic benthic invertebrates, genetic work contradicts previous

assumptions of wide bathymetric and geographic distributions in

Southern Ocean Ostracoda (Brandão et al. 2010); g Staurocucumis
liouvillei (Vaney, 1914) (Echinodermata, Holothuroidea); holothu-

roids are very diverse in the Southern Ocean, that is, 10 % of globally

described species occur south of the Polar Front, with about one-

quarter still being undescribed; h Florometra mawsoni A.H. Clark,

1937 (Comatulida, Crinoidea); most Antarctic (unstalked) comatulid

crinoids, such as F. mawsoni, have a restricted dispersal ability,

whereas the dispersal potential of Promachocrinus kerguelensis
Carpenter, 1888 seems to be much higher; i Cuspidoserolis sp.

(Isopoda, Serolidae); serolid isopods are a particularly rich compo-

nent of the Antarctic shelf benthos and have probably derived from

former Gondwanan ancestors; j Sterechinus sp. (Echinodermata,

Echinoidea); all Sterechinus species show planktonic development

and represent among the most dominant and ubiquitous echinoid

genus in Antarctic waters; k Ophiocten dubium Koehler, 1900

(Echinodermata, Ophiuroidea); ophiuroids are amongst the most

dominant group of Antarctic megafaunal assemblages; l Odontaster
penicillatus (Philippi, 1870) (Echinodermata, Asteroidea); despite

being amongst the best studied Antarctic groups, recent genetic

analyses of the genus Odontaster revealed two previously unrecog-

nized lineages within this genus (Janosik and Halanych 2010). f is in

Public Domain (Encyclopedia of Life, http://eol.org/pages/447

19/overview)

b
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vehicles, ROVs, and autonomous underwater vehicles,

AUVs), have made photographic sampling an increasingly

important component of benthic research programmes.

ROVs and towed camera systems, in fact, complement

traditional deployments and sample collections by provid-

ing valuable information on benthic communities particu-

larly of less-accessible sites (Bowden et al. 2011; Gutt et al.

2011). Photographic and video imaging operated by

SCUBA divers is becoming increasingly important for

shallow-marine benthic community survey (Cummings

et al. 2006). Furthermore, greater use of small mesh sizes

(\ 500 lm) across sampling devices (epibenthic sledges

and dredges in particular, Brenke 2005) led to new

Southern Ocean discoveries (i.e., species, genera and

families new to the Southern Ocean and/or science; Brandt

et al. 2007; Lörz et al. 2013; see Online Resource 1

[13–15]) even on well-known shelves (Choudhury and

Brandt 2009).

In the last decade, there has been a gradual shift from

national sampling campaigns towards complementary

international collaborations in order to understand the

distribution of Southern Ocean biodiversity and its poten-

tial drivers [e.g., the ANtarctic benthic DEEP-sea biodi-

versity, colonization history and recent community patterns

(ANDEEP), SYSTCO (SYSTem COupling), the Biodi-

versity of three representative groups of Antarctic Zoo-

benthos (BIANZO), the Collaborative East Antarctic

Marine Census (CEAMARC) and the IPY-CAML projects;

Brandt et al. 2007, 2011; Hosie et al. 2011; Ingels et al.

2012; Lörz et al. 2013]. This has especially been supported

by international efforts in the framework of the CAML,

IPY and SCAR-EBA programmes by advising standard-

ized sampling protocols and gear types in order to maxi-

mize comparability of data obtained. There has been also a

move towards consideration of sampling effort as a factor

in the interpretation of macroecological and biogeographic

patterns (Clarke et al. 2007; Griffiths et al. 2009, 2011).

In some places, sampling intensity (in terms of extent

and number of data collections) has increased significantly

over the past 10 years, which (arguably) has made parts of

the Southern Ocean, such as the eastern Weddell Sea or

WAP, some of the better studied marine areas globally

(Clarke 2008). Although sample locations are still very

unevenly distributed, both geographically and bathymetri-

cally (Griffiths et al. 2011; Fig. 3), recent sampling of the

most unknown habitats (such as the intertidal, deep sea,

Amundsen Sea; western Weddell Sea; Waller et al. 2006;

Brandt et al. 2007, Kaiser et al. 2009; Gutt et al. 2011) has

increased the number of taxa known to the Southern Ocean

and thus altered the perception of biodiversity and bio-

geographic patterns (Clarke et al. 2007; Griffiths et al.

2009). Even ‘highly accessible’ habitats such as the Ant-

arctic intertidal zone which were long thought to be

impoverished (Clarke 1996) have been revealed by recent

sampling to be surprisingly rich (Waller et al. 2006).

Sampling of the Southern Ocean deep seabed greatly

increased the number of known species (isopod crustaceans

in particular), most of which were new to science (Brandt

et al. 2007; Lörz et al. 2013), and also provided new

insights into the biotic and abiotic processes shaping

Southern Ocean deep-sea communities (Brandt et al. 2007;

Kaiser et al. 2007; Hétérier et al. 2008; Schiaparelli et al.

2010); for example, sampling across multiple spatial scales

across the Weddell and Scotia Sea slope and abyss has

shown that the fauna can be rich and abundant on a local

and regional scale, yet with most distributions being patchy

(rather than rare; Brandt et al. 2007; Kaiser et al. 2007).

Furthermore, these samples highlighted the important role

of epibiotic interactions, which may increase local richness

and abundance of deep-sea benthic species (Hétérier et al.

2008; see also Schiaparelli et al. 2010).

However, many of the newly recorded Southern Ocean

taxa (across cruises, regions and depth) are currently

undescribed and not listed in any compilation, which limits

the evaluation of biodiversity and broad-scale distribution

patterns. So, unless species have been formally described,

it is impossible to assess whether species putatively new to

science have been collected before.

A giant leap in taxonomy: recent efforts in describing

the Antarctic benthos

The fundamental building blocks of biological science,

taxonomy and systematics underwent a revolution in the

Fig. 3 Number of marine benthic species per 3 by 3 degree grid cell;

the size of the circle indicates the proportion of species recorded per

grid cell; the dotted line marks the position of the Polar Front. Data

from SCAR MarBIN (De Broyer and Danis 2009)
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last three decades in that molecular tools have been

increasingly used to complement morphological approa-

ches in order to identify and delineate species (Allcock

et al. 1997; Hunter and Halanych 2008; Eléaume et al.

2011; see Online Resource 1 [16–17]). As with other dis-

ciplines, progress in implementing molecular genetic tools

in taxonomy was mostly based on species from tropical and

temperate regions and it took longer until they were rou-

tinely applied to polar organisms. Until recently, the

majority of Southern Ocean material had been preserved in

formaldehyde for histological and ecological studies and,

thus, was not accessible for molecular genetic studies.

However, in the 1990s, standard sampling protocols

included ethanol and freezing of samples as a preservative,

allowing for DNA-based approaches to taxonomy and

systematics (such as analyses of the mitochondrial cyto-

chrome c oxidase sub-unit I [COI] ‘barcoding’ gene;

Hebert et al. 2003). In the Southern Ocean, there has been a

concerted international effort, through the Barcode of

Marine Life (MarBOL) initiative in collaboration with the

Census of Antarctic Marine Life (CAML) to mass

sequence the same gene in a wide variety of Antarctic

species (Grant et al. 2011).

Most published molecular studies are based on single

genetic markers, predominantly the mitochondrial 16S and

COI genes and the nuclear ribosomal 18S and 28S genes.

Despite the considerable insights, that these may provide,

they also have some profound limitations in that a single

genetic locus, in particular the mitochondrial, may not

represent the full species’ or populations’ history (Ballard

and Whitlock 2004). Therefore, contemporary evolutionary

genetic studies should rely on several unlinked markers to

disentangle species’ and populations’ history (see section

below).

Much of the delay in the application to the Antarctic or

the deep sea has been driven by the lack of suitable sam-

ples; since sampling the Southern Ocean is logistically

difficult and expensive both in time and finances, many

genetic studies have analysed a limited number of speci-

mens from few locations in the Atlantic Sector of the

Southern Ocean (e.g., Held and Wägele 2005; Hunter and

Halanych 2008). Thus, the validity and representativeness

of results on species delineations and speciation processes

need further investigation.

Despite being in an early stage in the Southern Ocean

compared to other regions, molecular tools have already

been used to delineate species in several taxa across dif-

ferent evolutionary lineages and across a range of Southern

Ocean locations (e.g., gastropods: Wilson et al. 2009,

pycnogonids: Krabbe et al. 2010; Arango et al. 2011; iso-

pods: Held and Wägele 2005; Raupach et al. 2009; am-

phipods: Lörz et al. 2009; Havermans et al. 2010; ostracods:

Brandão et al. 2010; asteroids: Janosik and Halanych 2010;

crinoids: Wilson et al. 2007; Hemery et al. 2012; ophiu-

roids: Hunter and Halanych 2008; nemerteans: Mahon et al.

2010; and polychaetes: Schüller 2011; see Online Resource

1 [18–22]). A particularly interesting result of these efforts

is the steep increase in the number of formerly overlooked

or cryptic species for the (re-) assessment of their distri-

butional ranges as well as evolutionary history (Held and

Wägele 2005; Janosik and Halanych 2010). The realized

distribution ranges of the species studied have become

either much more restricted (Lörz et al. 2009) or unex-

pectedly large, even for species with (potentially) limited

dispersal abilities (Leese et al. 2010; Arango et al. 2011;

Baird et al. 2012).

Across the literature, there has been some confusion

about the correct use of the term ‘cryptic species’ (Bick-

ford et al. 2007); most authors name ‘cryptic’ lineages as

those, which lack morphological differentiation but which

show some genetic variability (Bickford et al. 2007).

However, some (genetic or morphological) markers are

expected to show intra-specific variability, while others do

not. Here, we follow the definition followed by most (but

not all) authors and refer to ‘cryptic’ species as those,

which lack obvious morphological differentiation, but

differ at the genetic level (see Bickford et al. 2007 for a

discussion).

While there is no doubt that molecular tools have the

potential to increase taxonomic resolution, the increased

recognition of cryptic species amongst many Antarctic

invertebrates has also posed some new challenges to

taxonomy as well as biodiversity estimations (Bickford

et al. 2007). Most of these cryptic species remain tem-

porarily named as clades, lineages or even unnamed and

are thus essentially invisible to broader uses of biodi-

versity information (but see Brandão et al. 2010; Janosik

and Halanych 2010). In contrast, some morphologically

very different (polymorphic) species have been shown to

have very little genetic divergence (Dı́az et al. 2011;

González-Wevar et al. 2010) leading to an overestima-

tion of known biodiversity. The awareness that cryptic

and polymorphic species are probably evenly spread

across taxonomic groups and habitats (Pfenninger and

Schwenk 2007; but see Trontelj and Fiser 2009), would

necessitate the investigation of each individual morpho-

logically and genetically (Bucklin et al. 2010) with

profound logistical and financial constraints. The

remoteness and cost of working in Antarctica means

considerable difficulty in getting adequate material from

enough locations, which is only part of the problem

though. Considerable funding, time and expertise is

required to go beyond the initial step of investigating

variation at a single genomic locus (such as DNA
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barcoding)—however, it is clear that only by combining

molecular investigations of nuclear and mitochondrial

genes at multiple loci and morphological approaches the

phylogenetic results will be more reliable.

With many centres of concern over climate change, the

identification of Antarctica’s marine biodiversity has

become more important than ever before, yet the trend of

decreasing taxonomic expertise continues (De Broyer et al.

2011). There have been considerable efforts to improve the

situation by developing or improving novel methodologies,

such as online identification guides, web-based taxonomy,

interactive identification keys, digital drawing tools and

microscopic as well as molecular techniques (David et al.

2005; Coleman et al. 2010; see Online Resource 1 [23–24]).

These have enhanced the quality and pace of taxonomic

descriptions (la Salle et al. 2009), but are no full compensa-

tion for the paucity of taxonomic experts. There has also been

a drastic improvement in collation and access to records. In

the past decade, the number of known benthic species from

the Southern Ocean has nearly doubled (from 4,100 to more

than 7,100 benthic species, Clarke and Johnston 2003; De

Broyer et al. 2011; Fig. 4). However, this is neither due to an

increase in sampling nor taxonomic effort (in terms of rate of

species descriptions; De Broyer et al. 2011), but, for exam-

ple, the result of a major international endeavour in com-

piling and managing biodiversity data (such as the Register

of Antarctic Marine Species (RAMS), SCAR-MarBIN and

the Antarctic biodiversity information Facility (ANTABIF)

as well as taxonomic revisions (Clarke et al. 2007; De Broyer

and Danis 2009; De Broyer et al. 2011).

A new (to the Southern Ocean) integrative taxonomy

combining, for example, morphological, ecological, phy-

logenetic and phylogeographic approaches has emerged

(Arango and Wheeler 2007; Eléaume et al. 2011; Riehl and

Kaiser 2012; see Online Resource 1 [16, 25]) making

delineation of species more robust (De Broyer et al. 2011).

Today, taxonomy is probably more multidisciplinary than

it ever was, combining morphology, ecology, oceanogra-

phy, biogeography and especially molecular techniques.

Progress in Southern Ocean molecular-phylogenetic

and population–genetic studies

Molecular evolutionary studies can be subdivided into those

that aim at identifying processes on macro-evolutionary

time scales between species or higher-order taxa (phylog-

eny), those that assess genetic variation between sub-pop-

ulations within a species (population genetics) and those

that connect both disciplines (phylogeography). Despite the

pioneer work on pelagic species in the 1980s and 1990s

(Kühl and Schneppenheim 1986; Online Resource 1

[26–27]), molecular–genetic studies addressing the spatial

partitioning of genetic variation in Antarctic benthic

invertebrates were only initiated at the end of the last cen-

tury (Allcock et al. 1997). Since then the number of studies

has increased significantly (Held 2000; Page and Linse

2002; Strugnell et al. 2011; see Rogers (2012) for a review

on phylogenetic and population genetic studies on both

terrestrial and marine Antarctic taxa). This recent increase

in the number of studies was mostly driven by technical

advances, in particular the availability of universal primers

for Polymerase Chain Reaction (e.g., Folmer et al. 1994) as

well as a significant drop in both price and processing time

of genetic analyses.

Molecular-phylogenetic studies over the last decade

have mainly tested classical biogeographic hypotheses on

the origin and evolution of the Southern Ocean benthos

(based on work by Dell 1972; Knox and Lowry 1977).

These studies have addressed the proposed scenarios (such

as vicariance and dispersal, submergence and emergence)

and provided independent evidence on the origin and

radiation of Southern Ocean benthic species and their

relatedness to species from adjacent seas using sequence

data (Held 2000; Strugnell et al. 2008; Raupach et al. 2009;

González-Wevar et al. 2010). A central finding for several

groups is that rather than being a diversity sink, there is

growing evidence for in situ origination in the Southern

Ocean in several taxonomic groups (Held 2000; Wilson

et al. 2007; González-Wevar et al. 2010; Strugnell et al.

2011, Online Resource 1 [16, 28]; but see Goldberg et al.

2005).

Molecular-phylogeographic and population–genetic

studies in the Southern Ocean have mostly aimed at

investigating the distribution of genetic polymorphism

within a species and testing the strength of physical bar-

riers, such as the PF and depth-correlates to gene flow. Key

Fig. 4 Rate of species description in shelf versus deep-sea isopod

crustaceans; modified from Kaiser and Barnes 2008
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results from these studies can be summarized as follows.

First, the PF appears to be a distinct barrier for shelf

organisms, with species presumed to occur both in South

America and Antarctica showing cryptic species-level

divergence/s on either side (Hunter and Halanych 2008;

Wilson et al. 2009, Krabbe et al. 2010; Online Resource 1

[29]—but see Leese et al. 2010). Second, several shelf-

inhabiting species must have survived past glaciations in

independent ice-free shelf habitats (Strugnell et al. 2012).

Third, many ‘circum-Antarctic’ species are now often

found to be made up of a series of putative species that may

be sympatric (Held and Wägele 2005; Lörz et al. 2009;

Wilson et al. 2009; Krabbe et al. 2010, but see Arango

et al. 2011). In the case of the prominent crinoid Pro-

machocrinus kerguelensis Carpenter, 1888, more rigorous

sampling modified findings; initially, its distributional

range seemed to be much more restricted; however, with

increased sampling effort, all species in the complex

appear to have circumpolar distributions (Wilson et al.

2007; Hemery et al. 2012). Fourth, species presumed to be

widely distributed may be isolated by depth as a result of,

for example, allopatric or parapatric refuges from past

glaciation events (Brandão et al. 2010).

Studies based on a single marker such as the popular

barcoding gene COI are usually not sufficient to infer the

complex evolutionary history of taxa (see section above).

Therefore, COI should be regarded as one amongst many

(morphological and molecular) character sets. The contin-

uing technical progress in molecular-marker development

has brought novel and powerful tools into reach for phy-

logenetic and population–genetic studies on Antarctic taxa.

In particular, the advent of high-throughput sequencing

technologies (‘next-generation sequencing’) now enables

the rapid generation of data for the development of

molecular markers with comparatively little cost (Leese

et al. 2012). Furthermore, conceptual advances in the fields

of phylogeny and statistical phylogeography such as

model-based inferences using powerful population–genetic

models (e.g., coalescent; see Wakeley 2010) and the

incorporation of time-calibration points in phylogenies

allow for more rigid tests of evolutionary scenarios

(Beaumont et al. 2010).

Estimation of Southern Ocean benthic biodiversity

One of the most notable aspects about southern polar

biological science in the last decade is the considerable

multinational effort to quantify ‘biodiversity’ (Griffiths

et al. 2011). Key advances have been characterized by

efforts crossing borders between disciplines and nations as

well as information being organized into central open-

access databases (De Broyer et al. 2011). This has arguably

been the first time that Antarctic biologists across institutes

and nationalities worked at the same time, on the same

projects towards biodiversity tools that anyone could use,

query and cross-check.

There have been renewed efforts to sample remote

locations, such as the Amundsen Sea and Bouvetøya

shelves, as well as bathyal and abyssal areas of the Wed-

dell, Scotia and Ross seas (Arntz et al. 2006; Brandt et al.

2007; Kaiser et al. 2009; Gutt et al. 2011; Lörz et al. 2013).

All records of macro- and megafaunal richness for a dis-

crete Antarctic location (the South Orkney Islands) were

collated for the first time to reveal greater marine richness

compared to many temperate or tropical archipelagos

(Barnes et al. 2009). At a larger spatial scale, the first

attempt was made towards the estimation of species rich-

ness on the Antarctic continental shelf (Clarke and John-

ston 2003; Gutt et al. 2004) and in the deep sea (Brandt

et al. 2007).

Data from the last decade have clearly revealed gaps of

knowledge—geographically, bathymetrically and taxo-

nomically (Griffiths et al. 2011). Such data have also

shown that Antarctic continental shelves are rich compared

with most non-polar shelves (except coral reefs) that some

taxa are very well represented in the deep sea and that

considerations of scale are very important (Brandt et al.

2007; Kaiser et al. 2007; Barnes et al. 2009).

Progress in the understanding of community dynamics

in the shallows made similar leaps to those on the shelf

(Gutt 2007) and in the deep sea (Brandt et al. 2007). Work

on the tempo and mode of colonization and recolonization

following catastrophic disturbance events (such as iceberg

scouring) stands out as particularly significant because the

results were so divergent from a priori expectations (Smale

et al. 2008a). Amongst the most important findings were

the very high variability (in time and composition) in the

way biota recolonized, the quantification of scour intensity

and frequency, and the link between these and overlying

sea-ice cover (Smale et al. 2008b).

Until the last decade, the vast majority of biological

research in the polar regions, and particularly Antarctica,

focused on macroscopic life. Yet, probably the richest

element of Southern Ocean biodiversity is the most poorly

known; our biggest knowledge advances have been in

detailing the meiofauna and the microbes. Typically, esti-

mations of meiofaunal biodiversity have been limited to a

small fraction of total fauna sampled (e.g., diversity and

distribution within the harpacticoid family Paramesochri-

dae; Gheerardyn and Veit-Köhler 2009). Diversity of mi-

crofossils (i.e., taxa with calcified skeleton, mostly

Foraminifera and Ostracoda) has been investigated for

several faunas ranging from the Cretaceous to the Holo-

cene as well as modern core-top faunas from distinct
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localities (Mikhalevich 2004; see Yasuhara et al. 2007 for

an ostracod overview). These records are essential to

understand long-term biodiversity dynamics through time,

though available Antarctic and Southern Ocean benthic

microfossil records are rather fragmentary (Rathburn et al.

1997; Majoran and Dingle 2002).

The advent of molecular techniques, and in particular,

high-throughput sequencing (see section above), has made

it possible to start estimating the scale of novel microbial

biodiversity in the World’s oceans. Microbial diversity is

massive and as yet incalculable both in terms of population

density, species diversity and richness, but patterns are

beginning to emerge at different spatial scales. The vast

majority of sequences identified may represent new as yet

uncultivated diversity, and more importantly many of these

closely matched clones from polar or low temperature

environments reported elsewhere, hinting at a novel or

specialized niche (Jamieson et al. 2012). The drivers of

bacterial community composition in marine systems seem

to be productivity and substrate availability (Van Hannen

et al. 1999; West et al. 2008), while particulate organic

matter may be the key determinant of biodiversity (e.g.,

Ruhl et al. 2008). Thus, microbial progress in some ways

has overtaken work on macro-biodiversity work in starting

to elucidate drivers of patterns which for the most part

remain enigmatic in the Southern Ocean’s rich animal

benthos.

Projection of polar biological science out into other

disciplines and applications could be argued as a key area

of progress over the last decade given its considerable

increase in frequency. For example, the interdisciplinary

initiative Southern Ocean Observing System (SOOS)

implements and manages international research on virtu-

ally all aspects of the Southern Ocean, from physical

oceanographical, through geochemical, to biological sci-

ences to monitor change and evaluate potential impacts of

global change on Southern Ocean ecosystems (Rintoul

et al. 2009). The increase in knowledge of Southern

Ocean benthic biodiversity has enabled its use to study

responses to environmental change, of which the most

prominent example has probably been the recolonization

of the seafloor following ice-shelf collapse in the Larsen

A and B regions (Gutt et al. 2011). Although glaciolog-

ical models at first suggested life were almost entirely

eradicated during the last (and perhaps during each)

glacial period (Anderson et al. 2002), there is now bio-

logical evidence that, as on land, benthic life survived

throughout past glaciations in multiple continental shelf

refugia (Newman et al. 2009; Allcock and Strugnell

2012). This has considerable ramifications to the inter-

pretation of biodiversity and distribution patterns but also

ice-sheet modelling and sea-level projections (Barnes and

Hillenbrand 2010).

Advances in investigating large-scale distributions

of Southern Ocean benthos

Assessing species’ distributions has a long history in Ant-

arctica (Regan 1914; Hedgpeth 1969; Dell 1972; Brandt

1991; Online Resource 1 [30–34]), but more recently,

multivariate statistics, geographical information systems

(GIS), molecular tools and models to explain large-scale

distributions have entered the field (Linse et al. 2006;

Göbbeler and Klussmann-Kolb 2010; Gutt et al. 2012).

Furthermore, the integration of glaciological and geo-

physical information into biogeographic analyses (and vice

versa) has provided further evidence for glacial refuges and

trans-Antarctic seaways and thus casting new light on the

origin of Antarctic shelf faunas (Newman et al. 2009;

Barnes and Hillenbrand 2010; Vaughan et al. 2011). For

example, high faunal similarity of bryozoan assemblages of

the Weddell and Ross seas alongside ice-sheet models

indicate that a seaway connecting both oceans was present

about 100 kya that is much more recent than previously

thought (Barnes and Hillenbrand 2010; Vaughan et al.

2011).

Early definitions of subdivisions of the Antarctic bio-

geographic region were based on the distributions of the

fauna (Regan 1914; Online Resource 1 [30–31]), taxon

Fig. 5 Previously recognized Antarctic marine biogeographic sub-

regions defined for the benthic realm; 1 Magellan Sub-region; 2 South

Georgia District; 3 Tristan da Cunha District; 4 Kerguelen Sub-region

(modified after Hedgpeth 1969)
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distributions combined with geological (Norman 1937) or

oceanographic data (Regan 1914; Online Resource 1

[30–31]) and led to the definitions of a sub-Antarctic/low

Antarctic zone and an Antarctic/high Antarctic zone. The

scheme proposed by Hedgpeth (1969) was widely accepted

by marine benthologists for biogeographic studies in the

following three decades (Fig. 5).

The new millenium saw the introduction of relational

databases to take the place of the faunal catalogues in

biodiversity and biogeographic studies (Budd et al. 2001).

For the Southern Ocean, databases like SOMBASE

(Southern Ocean Mollusc Data Base, Griffiths et al. 2003)

and international initiatives such as SCAR-MarBIN and

CAML have greatly advanced knowledge of biogeographic

distributions by collating georeferenced species informa-

tion (Griffiths et al. 2011). They have also become

important as a tool to establish baselines for monitoring

range shift responses (Barnes et al. 2009).

Recent studies, for example by Linse et al. (2006),

Clarke et al. (2007), Griffiths et al. (2009) and Downey

et al. (2012), focused on biogeographic patterns of shelled

molluscs, pycnogonids and sponges, without including any

initial assumptions based on previous studies. Remarkably,

the perceived patterns differed little from those proposed

by Hedgpeth (1969). However, a greater spatial resolution

allowed the investigation of regional patterns within the PF

(Clarke et al. 2007). Furthermore, Griffiths et al. (2009)

showed that Hedgpeth’s division into an East and West

Fig. 6 Recent Antarctic marine biogeographic sub-regions for the benthic fauna: a Cheilostomata; b Bivalvia; c Gastropoda; d Pycnogonida;

figure reproduced with permission from Griffiths et al. 2009
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Antarctic fauna was an artefact due to uneven distribution

of samples around Antarctica (Fig. 6) and that levels of

endemism were overestimated (compare Arntz et al. 1997).

New algorithms allow a single approach for the identi-

fication of areas distinguished by their biological content

(biogeography) and the study of organisms in relation to

their environment (bionomy). Community models now

perform ‘ecoregionalization,’ which is a truly interdisci-

plinary approach combining spatial (geography), biological

(presence, abundance, probabilities of presence of the

species), physical (e.g., depth, temperature) and still more

rarely chemical (oxygen, nitrates etc.) data (Beaman and

Harris 2005; Gutt et al. 2012; Pierrat et al. 2012; Online

Resource 1 [35–36]).

Most Southern Ocean biogeographic studies so far have

focused on the assessment of macro- and megafaunal pat-

terns, while analyses conducted on meiofauna have

received little attention. Meiobenthos includes soft-bodied

taxa (such as nematodes) and microfossil taxa (ostracods

and foraminifers), which have been studied by both biolo-

gists and micropalaeontologists. Over the past 10 years,

greatest advances include the synthesis of modern and

Cenozoic distributions of a diverse meiofaunal group,

ostracod crustaceans (Yasuhara et al. 2007), as well as the

investigation of geographic and bathymetric distribution of

selected taxa at low taxonomic (i.e., species and generic)

level based on both morphological and/or genetic data sets

(Ingels et al. 2006; Fonseca et al. 2007; Pawlowski et al.

2007; Gheerardyn and Veit-Köhler 2009). Two contradic-

tory pictures came from these studies. A review of mor-

phology-based studies revealed high endemism and

homogeneity (i.e., circum-Antarctic similarity) of the Ant-

arctic ostracod fauna (Yasuhara et al. 2007), while detailed

low-taxonomic level studies based on the re-analyses of the

morphology of previously collected specimens and also on

genetics of selected taxa suggested contrasting distribu-

tional patterns that is spatially very restricted versus widely

distributed taxa (Fonseca et al. 2007; Pawlowski et al. 2007;

Gheerardyn and Veit-Köhler 2009). A palaeoecological

study of deep-sea benthic ostracods revealed systematic

faunal change related to Quaternary glacial–interglacial

climatic and deep-water circulation changes (Yasuhara

et al. 2009). Analyses based on georeferenced databases are

still missing for meiofauna though, possibly because of its

high diversity and abundance levels, which makes identi-

fication to species level prohibitive (e.g., in nematodes:

Ingels et al. 2006). Thus, data collation for many meiofa-

unal taxa is still far from being completed (see SCAR-

MarBIN; De Broyer et al. 2011).

A current question for Southern Ocean biogeography is

how the results from molecular genetics (cryptic species vs.

lumping of species) might translate into biogeographic

patterns. Molecular data will probably provide much greater

resolution on the nature of the finer-scale biogeographic

divisions within the Southern Ocean at regional and sub-

regional level, which may or may not change the general

patterns. Greater geographic and bathymetric sampling, on

the other hand, as well as exploration and finding of new

habitats (such as seamounts, under-ice shelves) has led to

the discovery of taxa new to the Southern Ocean and/or

science with the potential to close some biogeographic gaps

(Griffiths et al. 2009; Gutt et al. 2011).

Discovery of new benthic habitats

The discovery of new benthic habitats in the Antarctic

during CAML has been closely linked to developments in

the use of seabed video and photography as well as optical

sensors and multibeam echosound data (German et al.

2000; Gutt et al. 2011; Marsh et al. 2012). These devel-

opments have enabled remarkable ecological advances,

including the discovery of new species, new behaviours

and insights into the spatial structure of assemblages (see

Fig. 7). Although early use of cameras showed that sparse

invertebrate and fish populations persist under permanent

ice shelves (Bruchhausen et al. 1979), recent studies have

revealed rich benthic faunal assemblages. On the Amery

ice shelf, East Antarctica, 100 km from the nearest ice

edge, Riddle et al. (2007) deployed video cameras to

775 m depth through 480 m of ice and recorded a diverse

community including abundant sessile and motile fauna.

The presence of suspension-feeding taxa and strong seabed

currents indicated that the assemblage is likely to be sus-

tained by advection of organic material from open water,

rather than preserved in sediments (Riddle et al. 2007).

Further evidence of benthic fauna persisting beneath per-

manent ice shelves came following the disintegration of the

Larsen ice shelves in 1995 and 2002. In 2007, scientists

were able to observe areas of seabed that were 110 km

from the former ice edge (Gutt et al. 2011); they observed

several taxa, including holothurians and sponges, normally

associated with the deep sea and attributed their presence to

the similarity of conditions beneath the ice shelf to those in

neighbouring deep-sea environments.

The past decade has also seen the first discovery of

chemosynthetic communities in the Antarctic. Observa-

tions in the area formerly covered by the Larsen B ice shelf

revealed the first evidence of a cold seep fauna; Domack

et al. (2005) reported live vesicomyid clams and bacterial

mats at a site 100 km from the ice edge. Gutt et al. (2011)

revisited this site in 2007, reporting patches of clam shells

and bacterial mats, but no live chemosynthetic macrofauna.

This seep is apparently of low activity, and it is possible

that increased organic sedimentation following disintegra-

tion of the ice shelf is already causing assemblage change

(Domack et al. 2005; Hauquier et al. 2011; Online
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Fig. 7 Seabed imagery of different shelf and deep-sea Antarctic

benthic habitats; in addition to corers, grabs and trawls, in situ

observations using still and video imaging can provide qualitative

information on, for example, the spatial structure of assemblages (such

as variability of faunal densities across different spatial scales), biotic

interactions as well as geomorphologic features and thus advances the

understanding of the benthic ecosystem. a continental shelf, south-

eastern Weddell Sea (PS 56/111-2, 71.13�S, 11.46�E, 69 m), showing

unusually high mega-epibenthic biodiversity at shallow depth

(doi:1594/PANGAEA.319917); b continental shelf, south-eastern

Weddell Sea (PS 39/006-1, 71.52�S, 13.51�W, 223 m), typical

Antarctic sponge community including both Hexactinellida and

Demospongiae as well as associated fauna—bryozoans, ascidians,

holothuroids and crinoids—(doi:10.1594/PANGAEA.319889); c con-

tinental shelf, south-eastern Weddell Sea (PS 39/007-1, 71.45�S,

13.72�W, 212 m) megabenthic communities dominated by

synascidians and polychaetes ‘‘most likely’’ representing a mid-suc-

cessional stage following iceberg disturbance (doi:

10.1594/PANGAEA.319890); d continental shelf, south of South

Georgia (PS 61/235-1, 61.19�S, 54.72�E, 324 m), apart from ‘Le-

bensspuren’ of mobile fauna no epibenthic or sessile biota were

present (doi:10.1594/PANGAEA.220746); e continental slope, Laza-

rev Sea (SYSTCO I, PS 71/17, 70�040S–003�23‘W, 1,960–2,044 m);

the seafloor was characterized by and 5–20 % stone coverage, epi-

fauna was relatively rich and dominated by Nematocarcinus longi-
rostris Bate, 1888 (Decapoda), different holothuroids and Umbellula
sp. (octocoral); f Maud Rise, seamount, Weddell Sea (SYSTCO I, PS

71/39, 64�280S–002�53‘W, 2,117–2,120 m); the surface of the sea-

floor looked coarse, 1–2 % was covered with stones. The abundance of

visible epifauna was low. Only few organisms could be observed more

than once—including holothuroids and near-bottom chaetognaths.

Images e–f by N. Brenke, DZMB
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Resource 1 [37]). The main significance of these findings,

however, is that chemosynthetic ecosystems can persist

under ice shelves for thousands of years (Domack et al.

2005). For some years, characteristic water-column signa-

tures have indicated that hydrothermal venting occurs at

the East Scotia Ridge. However, it was only in 2009 under

the Chemosynthetic Ecosystems of the Southern Ocean

(CHESSO) programme that vents were located at the ridge

segments E2 and E9 (Rogers et al. 2012). Analyses of the

macrofauna from these sites showed that the vent-associ-

ated faunal communities are unlike any that have yet been

described and form a distinct biogeographic province

(Rogers et al. 2012). The communities are being dominated

by dense populations of kiwaid crabs and eolepadid bar-

nacles (both crustaceans) and show a clear faunal zonation

from the fluid source to the periphery (Marsh et al. 2012;

Rogers et al. 2012).

The evidence for life persisting beneath ice shelves has

implications for our understanding of how benthic biodi-

versity has responded to glacial cycles over evolutionary

timescales. For non-chemosynthetic fauna, current theories

based on the concepts of severely limited survivorship

during glacial maxima, dispersal from isolated refugia

during interglacial periods, and consequent allopatric spe-

ciation (Clarke and Crame 1992; Aronson et al. 2007) may

need to be modified to include potentially widespread

persistence of life beneath ice shelves during glacial

maxima. Furthermore, because seep and vent ecosystems

are decoupled from reliance on photosynthetic primary

production, conventional assumptions about the ability of

life to persist beneath permanent ice shelves may not apply

at all for chemosynthetic taxa.

Use of seabed cameras has also yielded insights into the

ecology of benthic fauna. These range from novel analyses

of faunal distributions in relatively well-studied areas

(Barry et al. 2003; Gutt and Piepenburg 2003; Online

Resource 1 [38]) to exploration of new regions and obser-

vation of new behaviours. On the George V shelf, East

Antarctica, cameras on benthic trawls revealed dense pop-

ulations of stylasterid hydrocorals (Errina sp.) at the con-

tinental shelf break (Post et al. 2010). Similar populations

were also recorded on the north-western shelf break of the

Ross Sea using a towed camera system (NIWA unpublished

data), while in the Weddell Sea, high abundances of the

hydrocoral Errina laterorifa Eguchi, 1964 were recorded at

an unusually shallow depth close to the edge of the Larsen B

ice shelf (Gutt et al. 2011). These discoveries are stimu-

lating research into the environmental drivers of hydrocoral

distribution and the genetic relatedness of populations (N.

Bax and K. Miller pers comm). On Admiralty Seamount,

north of the Ross Sea, assemblages dominated by dense

populations of a previously unknown stalked crinoid

(Eléaume et al. 2011) were discovered during exploratory

towed camera transects (Bowden et al. 2011). These

assemblages are extraordinary because of their functional

resemblance to those widespread in shallow seas during the

Palaeocene, and evidence of predation effects supports the

hypothesis that the decline of stalked crinoids resulted from

the evolution of mobile predators (Aronson et al. 1997;

Bowden et al. 2011). Finally, video has also enabled

important insights into the behaviour of Antarctic krill

(Euphausia superba Dana, 1850). Clarke and Tyler (2008)

observed high abundances of krill feeding on the seabed at

3,500 m depth off Marguerite Bay, WAP. This remarkable

observation has overturned the existing paradigm that krill

were restricted to the upper 150 m of the water column.

Threats, ecophysiology and vulnerability of Antarctic

benthos

West Antarctica, in particular the Antarctic Peninsula, is a

hotspot of realized and projected climate change, for

example, in warming and ice loss (Meredith and King

2005). This rapid physical change in a region which has

been one of the most thermally constant for millions of

years together with associated shifts in penguins, krill and

phytoplankton population size (Trivelpiece et al. 2011) has

led to profound concern about impacts on the mainly

endemic fauna. Potential vulnerability has been supported

by experimental work on lethal and functional limits of

acute temperature and pH decline in ectotherms (Peck et al.

2010). Reviews of climate-forced impacts on Southern

Ocean biodiversity have concluded that there is little or no

evidence of biological response in the majority of trophic

levels, guilds and species—it was also clear that we know

less than two per cent of the species well enough to be

likely to detect any change (Clarke et al. 2007). Knowledge

and understanding of Antarctic ectotherm physiology have

more than doubled in the last decade, mainly by quantifi-

cation of oxygen use, protein synthesis, stenothermal range

of critical activities (e.g., burrowing in bivalves), produc-

tion and maintenance of carbonate with decreased pH and

gene expression in response to stress.

Attempts to answer questions regarding vulnerability of

polar species to changes in the physical environment

require an understanding of sensitivity and tolerance to

shifts in the abiotic conditions on different levels of bio-

logical organization as well as ecophysiological studies

conducted on different spatial, temporal and ecological

scales (in terms of functional groups) (Ingels et al. 2012).

In the last decade, such knowledge has increased markedly

with a wide literature of experimental manipulations under

controlled conditions established across many taxa (Peck

2005; Young et al. 2006; Clark et al. 2008; Peck et al.

2009, 2010; Janecki et al. 2010; see review for five zoo-

benthic groups in Ingels et al. 2012). Of particular interest
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has been the effect of rising temperatures (and associated

oxygen limitation) on the physiology and functioning of

various marine organisms such as molluscs (Clark et al.

2008; Peck et al. 2010), echinoderms (Peck et al. 2010),

crustaceans (Young et al. 2006; Janecki et al. 2010), bra-

chiopods (Peck 2008), ascidians, bryozoans (Barnes and

Peck 2005) and certain groups of fish amongst several

others (Peck et al. 2009). The rate of temperature rise

drastically influences the physiological capability of

organisms to cope with it; when temperatures are raised

acutely, thermal tolerance is high, while for temperature

increases over periods of months the same species can have

much lower tolerance levels (Peck et al. 2009).

Ecosystems in the Southern Ocean are projected to be

affected more severely by ocean acidification than else-

where due to the higher solubility of CO2 at lower tem-

peratures and regular upwelling of CO2-enriched waters

(Fabry et al. 2009); the oceans south of 40�S take up about

40 % of anthropogenic CO2 (Khatiwala et al. 2009).

Recent mineralogical investigations and pH manipulation

experiments have revealed considerable variability in

organisms’ sensitivity to ocean acidification with knock-on

effects on ecosystem functioning (Kroeker et al. 2010).

Thinly calcified marine organisms such as foraminifers,

echinoderms, molluscs and coralline algae, particularly

those which use the aragonite form of CaCO3, are con-

sidered to be most at risk in the near future (Moy et al.

2009; Bednaršek et al. 2012; Online Resource 1 [39]).

Beside the effect on carbonate precipitation in skeletal

elements, recent studies have suggested that ocean acidi-

fication will affect physiological functioning of marine

species, especially in organisms with a low ability to reg-

ulate extracellular acid–base balance (Pörtner 2008; Hof-

mann and Todgham 2010).

A recent development has been the study of the

genomic basis of organism responses to climate change-

induced effects shedding new light on acclimatization

and/or adaptation in marine Antarctic fauna (Pörtner et al.

2007; Somero 2010; Rogers 2012; Online Resource 1

[40]). Genetic lesions (e.g., loss of protein coding genes,

disability to regulate gene expressions) that seem to

accompany long periods of evolution in thermally stable

habitats, such as in the Antarctic marine environment,

appear at least partially responsible for the extreme

stenothermy found in species like Southern Ocean ecto-

therms; a characteristic that renders them particularly

vulnerable to the predicted rise in temperature (Somero

2010). The ability to adapt to changing conditions

depends, for example, on generation time, metabolic rate,

temperature and population size (Martin and Palumbi

1993). Antarctic benthic species grow slowly and develop

at rates typically 4–18 times slower than similar warm-

water species. They can live to greater age and exhibit

deferred maturity (Peck et al. 2006), which may slow

down molecular change (but see Held 2001). Modern-day

observations suffer from the lack of knowledge of genetic

and functional as well as adaptation rates between popu-

lations exposed to different environmental constraints. A

second shortcoming is the fact that site-specific micro-

climates often differ significantly from the average envi-

ronment measured for the observed area making our

understanding of general processes much more difficult

(Clarke et al. 2009).

Gaps of knowledge and future challenges

Present research gaps

The combination of the CoML, IPY and some of the largest

ever international Antarctic biological projects (such as

ANDEEP, CEAMARC and the Ecology of the Antarctic

Sea Ice Zone (EASIZ) projects) has made the past decade

one of unprecedented progress in understanding Southern

Ocean benthic biodiversity (in terms of development of

sampling and analytical techniques and approaches, orga-

nization of data and science etc.). In this paper, we have

highlighted seven significant areas of progress on Southern

Ocean benthic research in the last decade. We are aware

though that there are many others that are smaller, more

gradual or emerging (such as synecological aspects, con-

servation biogeography; Terauds et al. 2012)—and that

those we discuss are in many ways interlinked. It is the

increased intensity, variety and geographic spread of

sampling that has partly enabled the improvement in tax-

onomy, phylogeography, biodiversity and biogeography.

Crucially, the level of sampling has reached the point

where we can start establishing some approximate popu-

lation and species ranges and ‘hot- or cold-spots’ of rich-

ness versus sampling effort (Clarke and Johnston 2003;

Griffiths et al. 2011).

However, these advances also highlight important gaps

of knowledge, such as sufficient information on species’

life histories (Blight et al. 2010), interrelationships within

the Southern Ocean benthic food web (Würzberg et al.

2011) as well as biogeographic gaps; scientific benthic

effort has predominantly concentrated on the continental

shelves within 150 km of research stations—with the result

that most of the slope and abyss still remain completely

unsampled (Griffiths 2010). Even at shelf depth, there are

sampling gaps spanning nearly 50� longitude (such as the

Amundsen Sea, Fig. 3).

A major theme that has attracted much attention (more

so for example than seems to be the case for other conti-

nents or oceans) is the assessment of species richness, that

is, how taxon-rich is the Antarctic and what are the causes
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of hemispherical asymmetry in the latitudinal biodiversity

cline (Culver and Buzas 2000; De Broyer et al. 2011)? It is

clear that species-richness estimates are better for some

areas than others, and they also contain more errors for

some taxa than others. That is, marine vertebrates are much

better known than invertebrates, for instance, polychaetes

or nematodes (De Broyer et al. 2011). Despite the level of

scientific interest and high Antarctic endemism, alongside

‘how rich is Antarctica?’ we must also ask how important

this question is and how much effort we should put into it?

For example, if compliance with the spirit of the Interna-

tional Convention on Biological Diversity is one of the key

driving factors behind this question then it could be argued

that the best approach is to understand this on an area by

area (rather than taxon by taxon) basis. Furthermore, the

mere number of species does not tell us anything about, for

instance, their function in the ecosystem or their evolu-

tionary origin. So there seem to be much more pending

questions about biodiversity such as, will species richness

provide ecosystem resilience to non-indigenous species

invasion or climate change or both? How and why does it

vary so much from place to place within the Southern

Ocean? What are the key drivers, at which spatial scale do

they act and what does it mean if one area is richer than

another?

Despite the wide appreciation of multi-scale studies in

ecology, in the Southern Ocean such sampling strategy

(i.e., taking quantitative replicate samples multiple dis-

tances apart) is still in its infancy. Research on the Ant-

arctic continental shelf has just started to apply rigorous,

spatially structured sampling regimes (Cummings et al.

2006; Kröger and Rowden 2008). For example, work that

has been done on assessing changes in Southern Ocean

deep biodiversity focused on large-scale comparisons (i.e.,

between ocean basins, regions) partly due to cost and time

intensity of deep-sea deployments. Little effort has been

made to look at the variability on smaller scales, or whether

large-scale comparisons are valid (i.e., is the variability

within a region as significant as that between regions, but

see Kaiser et al. 2007). Furthermore, studies integrating

both ecological and palaeoecological approaches (i.e.,

spatial vs. temporal and short-term vs. long-term studies)

are scarce in the Southern Ocean, although the number of

studies linking these data sets is currently increasing else-

where (e.g., Yasuhara et al. 2012). Advances in this field

are, however, crucial in order to gain a more comprehen-

sive understanding of the Southern Ocean ecosystem and

biodiversity dynamics through time and space.

Although limited sampling has been done in the

Southern Ocean deep sea, even the data from these are

often hard to compare because of the high variety of

sampling gear used on different expeditions (Kaiser and

Barnes 2008). Comparability has been further undermined

by different mesh sizes, protocols, taxonomic resolution

and data treatment. Even when using the same apparatus

(e.g., epibenthic sledge) comparison between samples can

be delicate due to, for example, different trawling veloci-

ties, towing distances or sediment type (Brenke 2005). So,

across institutes advances are required in the application of

standardized sampling techniques and protocols in order to

increase the power of concerted scientific efforts and data.

Another one of the major themes that has emerged in

recent years has been focussing on climate change and life’s

response to it. We now have an idea how single individuals

of selected model species will respond to changes in acidi-

fication and temperature rise in a given time frame and under

controlled laboratory conditions. However, no generality

has yet been reached with respect to how climate change will

affect biological diversity in the Southern Ocean as a whole.

Most studies deal with just single species, such as the pelagic

mollusc Clio pyramidata Linnaeus, 1767 (Orr et al. 2005),

Antarctic krill (Kawaguchi et al. 2011) or selected taxa

(foraminiferans: Moy et al. 2009; echinoids: Sewell and

Hofmann 2011). Although these may be regarded as ‘key’

taxa, they merely represent a snapshot of the whole eco-

system and studies have hardly considered effects on

changing interactions between species let alone community-

scale effects. Variation in temperature and ocean chemistry

(e.g., ocean acidification) as a result of elevated atmospheric

CO2 levels is likely to affect species’ distributions. In fact,

laboratory experiments have revealed that many of the

common ectothermal species in the Antarctic shallows are

very sensitive to small acute changes in temperature (see

Peck 2005). Although such species seem unable to acclimate

to rises of as little as 1 �C above ambient summer maxima,

the long-term interpretation of this is unclear and debatable

(see Barnes and Peck 2008). For example, scaling short-term

(hours to months) experiments to those at longer time scales

relevant to climate-induced changes (i.e., years, decades,

centuries) may not be valid (but see Barnes et al. 2010), and

no experiments to date have factored in seasonal (or other

duration) variability in temperature. Furthermore, most

studies have only considered single abiotic factors (such as

temperature and ocean acidification) for the assessment of

potential impacts on species’ distributions and rarely

included multiple environmental variables. However,

physical parameters seem to alter ecosystems in much more

complex ways and are often highly inter-correlated. For

example, recent warming of surface waters along the WAP

already led to a decline in the duration and extent of winter

sea-ice cover over the past 25 years and, as a consequence,

an increase in iceberg-scour frequency—with obvious neg-

ative impacts for benthic biota (Barnes and Souster 2011).

Thus, what has become increasingly clear is the need for the

integration of data on species’ capacities to resist and/or

adapt to climate change and the incorporation of
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ecophysiological information, but also evolutionary pro-

cesses. To what extent, an ecosystem as a whole responds to

physical changes remains almost unknown and is one of the

great challenges of the next decade.

New directions and challenges

Biology has never been more important especially on the

background of conservation issues, maintenance of eco-

system services (e.g., carbon storage, fisheries) as well as

current and future exploitation of the Antarctic environment

(Tin et al. 2009; Chown et al. 2012). This paper presented

the advances achieved in the last decade in the investigation

of Southern Ocean benthos, but also highlighted some

important research gaps. So where do we go from here?

What are the challenges we are going to face and which

research priorities do we need to frame for the next decade?

The Southern Ocean seabed has long been one of the

least anthropogenically impacted environments on our

planet (Halpern et al. 2008), so it arguably represents one of

the most ‘natural’ laboratories. To date, most of the species

described from there are endemic; hence more than any-

where else their potential loss is a global loss. Now, the

polar regions are changing at rates unusual in recent time

(Mulvaney et al. 2012). So, with anthropogenic impacts on

the Southern Ocean benthos accelerating, there is a great

demand to further our knowledge and understanding of

biodiversity and underlying processes as a sound basis for

the protection of the Antarctic ecosystem. However, the

lack of taxonomic expertise, combined with the huge pro-

portion of species new to science, do not only hamper the

assessment of biodiversity and biogeographic patterns, but

also represent a great impediment to conservation planning

(Coleman et al. 2010). Furthermore, regional warming

coupled with an increase in tourist activities means that the

South-polar regions are at high risk for species invasions

(Chown et al. 2012). Unlike Antarctic terrestrial habitats

though, there have been no established non-indigenous

species recorded from the marine realm yet. However, with

many species being newly discovered and several repre-

senting species complexes, it is impossible to determine the

invasive status of a species (Griffiths 2010). Thus, the

characterization of Southern Ocean biodiversity is a key

priority, requiring both speedy and accurate species iden-

tifications as well as standardized sampling procedures.

This will mean development and increased application of

taxonomic tools (such as DNA barcoding, interactive keys

etc.) to accelerate identification processes as well as to

provide support for the training of future taxonomists to

compensate the decline of taxonomic expertise. As a com-

munity, we will also need to improve current sampling

devices as well as redesigning the basic structure of scien-

tific cruises in terms of sample design, data management

and interpretation, and inevitably establishing international

collaboration and agreement beyond anything to date.

Biogeographic databases (such as SCAR-MarBIN,

RAMS) have become a powerful tool to collate, catalogue

and manage biological data not only for the assessment of

large-scale distribution patterns, but also to monitor chan-

ges in species spatial distributions and therefore to provide

the necessary information to enable informed decision-

making (Danis and Griffiths 2009). In the framework of

IPY and the CAML, the Antarctic scientific community

(through SCAR-MarBIN) has collated an immense amount

of data comprising thousands of georeferenced records for

more than 7,000 benthic species (De Broyer et al. 2011).

However, these data are still not comprehensive enough for

some areas and taxa; for example, sufficient fishery data

are currently lacking, particularly from actively fished

areas such as the Ross Sea, making stock assessment and

thus fishery management difficult (Blight et al. 2010). So, it

is crucial to enhance information transfer between

researchers, commercial industries and policy makers by

allowing free accessibility and rapid publication of biodi-

versity data (Chown et al. 2012).

One of the greatest challenges, not only in the Southern

Ocean but globally, is probably to balance the conservation

of natural resources and services with an increasing

demand for exploitation. Under the Convention on the

Conservation of Antarctic Marine Living Resources

(CCAMLR), considerable efforts towards the establish-

ment of a network marine protected areas (MPA) in the

Southern Ocean are being made to ensure the protection of

its biodiversity (CCAMLR XXVII 2008). In 2009, the first

Antarctic high-sea MPA was established south of the South

Orkneys (Weddell Sea, CCAMLR-XXVIII 2009). In 2012,

South Georgia and the South Sandwich Islands became one

of the World’s largest designated MPAs spanning more

than one-million square kilometres. Proposals were put

forward to protect the Ross Sea region and East Antarctica;

these were recently withdrawn though, as they failed to

reach agreement on matching economic and scientific

interests (Cressey 2012). Both proposals are currently still

under consideration and will be further discussed during a

special CCAMLR meeting in Bremerhaven (Germany)

scheduled for July 2013 (Cressey 2012).

To date, less than 1 % of the Southern Ocean seafloor is

protected (Ainley and Tin 2012). So, there is a need to push

forward MPA planning processes. Additionally, the effec-

tiveness of such MPAs needs to be carefully evaluated

(Mora and Sale 2011), in that it does only provide pro-

tection of local populations, but does not prevent biodi-

versity loss due to regional- to global-scale impacts such as

ocean acidification, warming and invading species. Hence,

it is important to promote cooperation across biological and

non-biological disciplines, but also beyond the PF to
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inform each other and to effectively communicate research

activities and outcomes between institutions, governments,

stakeholders and the general public.

Over the past 10 years, initiatives such as the IPY and

CoML have provided a key platform to coordinate bio-

logical science in the Southern Ocean. Yet, how can we

carry these efforts forward into the next decade? The

SCAR Scientific Research Programmes (SRPs) are trans-

formative scientific initiatives that address compelling

issues and emerging frontiers in Antarctic or Southern

Ocean science of regional and global importance. After an

extremely successful run, the SRP EBA ended in 2013,

leading to the start of the next generation of SCAR SRPs

from 2013, including the State of the Antarctic Ecosystem

(AntEco), and Antarctic Thresholds—Ecosystem Resil-

ience and Adaptation (AnT-ERA). AntEco is divided into

three interlinked themes: (a) Evolved patterns, (b) Spatial

patterns and (c) Governance, mitigation and adaptation

across the Antarctic, sub-Antarctic and Southern Ocean

regions. AnT-ERA seeks to define and facilitate the science

required to determine the vulnerability and resilience of

Antarctic biological systems to change and stress. As a

consequence, AnT-ERA will assess the likelihood of

crossing biological thresholds—in other words to deter-

mine how close we are to the ecological cliff.
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Dı́az A, Féral JF, David B et al (2011) Evolutionary pathways among

shallow and deep-sea echinoids of the genus Sterechinus in the

Southern Ocean. Deep-Sea Res Pt II 58:205–211

Domack E, Ishman S, Leventer A et al (2005) A chemotrophic

ecosystem found beneath Antarctic ice shelf. EOS Trans AGU

86:269–278

Downey RV, Griffiths HJ, Linse K et al (2012) Diversity and

distribution patterns in high southern latitude sponges. PLoS

ONE 7(7):1–16:e41672. doi:10.1371/journal.pone.0041672
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González-Wevar CA, Nakano T, Canete JI et al (2010) Molecular

phylogeny and historical biogeography of Nacella (Patellogas-

tropoda: Nacellidae) in the Southern Ocean. Mol Phylogenet

Evol 56:115–124

Grant RA, Griffiths H, Steinke D et al (2011) Antarctic DNA

barcoding; a drop in the ocean? Polar Biol 34:775–780

Griffiths HJ (2010) Antarctic marine biodiversity—what do we know

about the distribution of life in the Southern Ocean? PLoS ONE

5:e11683

Griffiths HJ, Linse K, Crame JA (2003) SOMBASE–Southern Ocean

mollusc database: a tool for biogeographic analysis in diversity

and ecology. Org Div Evol 3:207–213

Griffiths HJ, Barnes DKA, Linse K (2009) Towards a generalized

biogeography of the Southern Ocean. J Biogeogr 36:162–177

Griffiths HJ, Danis B, Clarke A (2011) Quantifying Antarctic marine

biodiversity: the SCARMarBIN data portal. Deep-Sea Res Pt II

58(1–2):18–29

Gutt J (2007) Antarctic macro-zoobenthic communities: a review and

a classification. Antarc Sci 19(2):165–182

Gutt J, Piepenburg D (2003) Scale-dependent impact on diversity of

Antarctic benthos caused by grounding of icebergs. Mar Ecol

Progr Ser 253:77–83

Gutt J, Sirenko BI, Smirnov IS et al (2004) How many macrozoo-

benthic species might inhabit the Antarctic shelf? Antarc Sci

16:11–16

Gutt J, Barratt I, Domack E et al (2011) Biodiversity change after

climate-induced ice-shelf collapse in the Antarctic. Deep-Sea

Res Pt II 58:74–83

Gutt J, Zurell D, Bracegridle TJ et al (2012) Correlative and dynamic

species distribution modelling for ecological predictions in the

Antarctic: a cross-disciplinary concept. Polar Res 31:11091. doi:

10.3402/polar.v31i0.11091

Halpern BS, Walbridge S, Selkoe KA et al (2008) A global map of

human impact on marine ecosystems. Science 319:948

Hauquier F, Ingels J, Gutt J et al (2011) Characterisation of the

nematode community of a low-activity cold seep in the recently

ice-shelf free Larsen B area, Eastern Antarctic Peninsula. PLoS

ONE 6(7):e22240. doi:10.1371/journal.pone.0022240

Havermans C, Nagy ZT, Sonet G et al (2010) Incongruence between

molecular phylogeny and morphological classification in amphi-

pod crustaceans: a case study of Antarctic lysianassoids. Mol

Phylogenet Evol 55:202–209

Hebert PDN, Ratnasingham S, de Waard JR (2003) Barcoding animal

life: cytochrome c oxidase subunit 1 divergences among closely

related species. Proc Roy Soc Lond B 270:S96–S99

Hedgpeth JW (1969) Introduction to Antarctic Zoogeography.

Antarctic Map Folio Series, New York

Held C (2000) Phylogeny and biogeography of serolid isopods

(Crustacea, Isopoda, Serolidae) and the use of ribosomal

expansion segments in molecular systematics. Mol Phylogenet

Evol 15(2):165–178

Held C (2001) No evidence for slow-down of molecular substitution

rates at subzero temperatures in Antarctic serolid isopods

(Crustacea, Isopoda, Serolidae). Polar Biol 24:497–501
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