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ABSTRACT: The deep sea surrounds Antarctica and constitutes about 80% of the Southern O cean 
(SO) seabed. Scientific cruises (e.g. ANDEEP) reveal that SO abyssal life can be highly abundant, rich 
and endemic. With a vast w ater volume, the buffering effect of ice, data paucity and low sampling 
effort, signals of regional change may not be detected  there for some time. The deep sea is likely to 
change in m any ways, particularly becom ing more acid and warmer, but over centuries or millennia. 
More im m ediate is the possibility of abrupt change in the therm ohaline circulation driven by massive 
surface freshening from glacial melt-water. This could strongly stratify the w ater column, decrease 
ocean overturning and the flow of oxygen to the global deep sea. Impacts on abyssal biota will be 
hard  to detect because we know so little about it. The most im portant first step is to generate  a base­
line of abyssal biodiversity and key factors generating and m aintaining it. Recent work has shown 
abundance of a model taxon varied similarly in samples 1000s, 100s and 10s of kilometres apart. Most 
taxa w ere extrem ely patchy, and new  sam pling is needed  to reveal patch size, spacing and im por­
tantly w hat structures abyssal patches. We exam ined the 'big picture' w here factors at scales of less 
than kilometres may drive variability. The understanding of these patterns should m ake estim ates of 
deep-sea biodiversity m eaningful and give a baseline indicating the scale, taxon and environm ental 
feature to look at in order to detect the inevitable signal of climate change in this huge, remote 
environment.
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1. INTRODUCTION

Recent analyses of ice cores taken  from Canadian 
islands, G reenland and Antarctica have provided an 
exceptionally detailed view of how climate has varied 
over 8 glacial cycles (EPICA 2004). Carbon dioxide 
(C 02), m ethane (CH4) and tem perature (amongst other 
things) have varied considerably, from peaks during 
interglacial periods to troughs during glacial maxima 
(ice ages). The concentration of C 0 2 is presently 
higher than  at any time in the last 800 thousand years 
(kyr) and is rising at an unprecedented  rate (Raupach 
et al. 2007). Tem peratures have been  higher before (for 
exam ple in the last interglacial period), but their cu r­

rent rate of increase is unparalleled (Raupach et al.
2007). The rate of change is geographically highly 
patchy, and at its most intense in parts of the Arctic and 
West Antarctic regions (Hansen et al. 2006). It is hard 
to assess w hether some physical changes, and biologi­
cal responses to these, are (indirectly or directly) 
anthropogenically m ediated or natural recovery from 
the last glacial maximum (LGM). Organism s have 
already shown a w ide variety of responses to climate 
change, e.g., in phenology, range shifts and mortality 
(Walther et al. 2002). Another major feature associated 
w ith regional w arm ing is the increased possibility of 
transport and establishm ent of some non-indigenous 
species (NIS) (Barnes et al. 2006). Most evidence of
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past and current response to climate change is from 
terrestrial organism s and habitats, rather than  those in 
the sea. However, of the marine studies known to the 
authors, all have been  carried out on shallow w ater 
organism s (Clarke et al. 2007). Very little is known 
about how the deep sea may be influenced by regional 
warm ing and potential impacts on population and 
community dynamics (Danovaro et al. 2004). This is 
mainly because sam pling abyssal and hadai depths is 
technically difficult, time consum ing and expensive, 
and, resultantly, little effort has been  put into long­
term  surveys (Danovaro et al. 2004).

Most (-77 %) of the world's ocean is deeper than 
3000 m, and therefore the deep sea constitutes by far 
the largest habitat type on earth. Likewise, in the 
Southern O cean (SO), it dom inates (78.2%) the sea- 
floor (Fig. 1), and as ice shelves cover m uch of the 
Antarctic continental shelf, we calculate that it com ­
prises 82.2% of the seabed underlying open ocean 
(and therefore potential surface productivity). This 
environm ent must contain a significant (though little 
known) proportion of the planet's biota. Educated 
guesses m ade by researchers have suggested that 
there may be 10 to 100 million m acrofaunal species

alone in the deep sea (May 1988, Grassle & Maciolek 
1992). Poorly sam pled everyw here, data are especially 
rare for these species around Antarctica. In the present 
paper, the deep sea is defined (mainly in a SO context) 
as that below 3000 m, following Clarke & Johnston
(2003). Around Antarctica the shelf and slope (and as a 
consequence, definitions of the deep sea) are all d e ­
pressed, due to the w eight of the massive ice sheet. 
The deep sea is characterised as m uch by these special 
conditions, as merely by depth  (or pressure caused by 
depth).

A key feature of the deep sea is the constancy in cer­
tain environm ental characteristics over geological time 
scales; this gives context to predicted future changes. 
Long-term constant physico-chemical param eters in ­
clude tem perature, salinity, oxygen and hydrostatical 
pressure, though there is evidence from fossil records 
from the North Atlantic of sudden changes in w ater cir­
culation (Smith et al. 1997). Oceanic oxygen levels 
have varied considerably, but increased (doubled) over 
200 million years (Falkowski et al. 2005). However, 
oxygen levels in the deep sea have fluctuated betw een 
more extrem e conditions. Late Jurassic and Palaeo- 
cene anoxic conditions in the deep sea led to mass 

extinctions (e.g. Hallam & Wignall 
1997) and to subsequent recolonisation 
events (see e.g. Raupach et al. 2004). 
Oxygen has been, and is, transported 
to the deep sea from the polar regions. 
W ater m asses flowing through the 
world's deep ocean basins (below 
4000 m) mainly originate in the A ntarc­
tic (Jacobs 2004). Antarctic Bottom 
W ater (AABW) generated  partly in the 
W eddell and Ross Seas (linked to sea 
ice formation) spreads northwards, 
transporting high levels of dissolved 
0 2 (-10 mg L1) to the abyssal plains. 
The SO deep sea, thus, plays a major 
role in the global circulation system, 
and any change could strongly influ­
ence deep-sea areas worldwide.

Because of the complexity, cyclical 
nature and variable stability of ice, the 
SO is a difficult region for w hich to 
predict influences of warm ing. Further­
more, w ater mass and current paths 
are complex geographically, bathym et- 
rically and seasonally. Even one of the 
strongest and most recognizable fea­
tures, the polar front (PF) m eanders 
over 100s of kilometres in ecological 
time and even further in evolutionary 
time (see Moore et al. 1999). A lthough 
sam pling of biota in the Antarctic began

Polar Front 

B athym etry«:
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□  Shelf 

I  Slope 

^  Abyssal 

■ f l  Hadai

Fig. 1. Bathymetry of the Southern Ocean, showing shelf, slope, abyssal and
hadai regions
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>120 yr ago, samples taken  in this decade in the best 
known Antarctic region, the W eddell Sea, still mainly 
comprise species new  to science (see Brandt et al. 
2007a). A variety of recent oceanographic and biologi­
cal scientific cruises have m ade substantial progress, 
and w arm ing signals have been detected  as deep as 
2000 m, but not changes that are considered bio­
logically significant (Gille 2002, Sm edsrud 2005). 
Organisms in the deep sea are not disturbed by ice 
scour, and some are very long lived. Thus, skeletons of 
some foraminifera, corals and shelled taxa can poten­
tially provide an im portant record over the last century 
or more. Longer time scales can be probed by investi­
gation of deep sedim ent cores, which can reveal 
im portant clues about near bottom conditions over 10s 
or m aybe 100s of 1000s of years (Petit et al. 1999).

In the present paper, we m ake one of the first 
attem pts to evaluate how predicted regional warm ing 
may influence the deep SO benthos. This is particu­
larly difficult, not just because the deep sea is so poorly 
known, but also because it is far from significant cu r­
rent w arm ing signals. To date, most of the direct and 
indirect influences of climate change have only been 
m easured at or close to the ocean surface or on land 
(e.g. M eredith & King 2005, Turner et al. 2005). Fur­
therm ore, hard  evidence for rapid recent increases in 
tem peratures and ice retreat w ithin the SO is restricted 
to the w estern Antarctic Peninsula (WAP) and the 
Scotia arc region. Thus, to date, there is no strong re a ­
son to suggest that m uch of the deep sea surrounding 
Antarctica is likely to be influenced by many aspects of 
climate change in the short term. M uch of the present 
paper is an assessm ent of progress that has been, and 
needs to be, m ade towards know ledge and under­
standing of SO deep-sea benthos and the influences on 
it. Despite the fact that the deep SO is the least known 
environm ent around Antarctica and an area from 
which no signal of climate change has been detected, 
we argue that it could be the most im portant Antarctic 
biome. Acidity, freshening and warm ing, as a result of 
climate change, are already penetrating deeper w ater 
masses in some areas and are predicted to do so across 
the planet. Therefore, w e consider the deep-sea envi­
ronm ent and w hat changes are likely to occur at cer­
tain time scales. Most of w hat we know about SO biota 
so far concerns initial assessm ents of biodiversity, and 
investigating change in taxonomic richness, abun­
dance and composition probably represents our best 
chance for detecting response. Impacts on the deep SO 
seabed are likely to indicate future changes to global 
deep-sea floor, our p lanet's largest environm ent. It 
may become an im portant area for continental shelf 
and slope organisms to escape shallower changes and 
must be the least anthropogenically im pacted region 
on the planet.

2. THE DEEP-SEA ENVIRONMENT OF THE 
SOUTHERN OCEAN

The shelf and slope environm ents in the SO have 
distinct breaks such that they are isolated from those 
to the north by 100s or 1000s of kilometres of deep 
sea in betw een. In contrast, below 3000 m the SO 
deep sea is linked to all other ocean basins. Besides 
many hydrographical similarities to other deep-sea 
areas (e.g. hydrostatic pressure, tem perature and 
salinity), the SO deep sea has some unique features. 
The calcite com pensation depth  (CCD) is m uch shal­
lower than elsew here and, in places, occurs as shal­
low as the shelf. Saturation levels of calcium carbon­
ate (C aC 03) are low, particularly of the aragonite 
form, and thus it is more difficult for biota w ith shells 
and skeletons to m ake and m aintain them. Another 
unusual feature is the high level of mixing and con­
nectivity w ith upper w ater masses. The SO deep sea 
is closely linked to the Antarctic shelf environm ent 
due to, e.g. prim ary production or the formation of 
AABW providing oxygen for deep-sea organisms. 
Bottom w ater m asses generated  in the SO comprise 
50% of the volume of the world's ocean (Godfrey & 
Rintoul 1998). As a result, the SO plays an im portant 
role in the regulation of the atm ospheric C 0 2 budget, 
heat distribution and, thus, global climate (Petit et 
al. 1999).

The m odern  SO is characterised  by low nu trien t 
utilisation in the w ater column, lack of vertical 
zonation and  intensive vertical mixing, w hich 
enhances the re lease of C 0 2 from the deep  w ater 
back  to the atm osphere (Francois et al. 1997). D ur­
ing the LGM the SO contributed  significantly to the 
low ering of atm ospheric C 0 2 due to less vertical 
mixing, rem oval of nu trien ts from the w ater column 
and  h igher sinking fluxes of organic m atter to the 
deep  sea (Watson & N aveira G arabato  2006). C ur­
rently, the fastest changing areas are parts of the 
polar regions, and  c lim ate-generated  factors a lte r­
ing the A ntarctic shelf regions m ay very likely 
influence life in the abyss as well. During the last 
interglacial, the  SO clim ate changed  earlier than  
tha t of the N orth A tlantic (Kim et al. 1998), and 
thus the SO deep  sea may be the first area  w here 
w ater curren t changes and  variations in the th e r­
m ohaline circulation (THC) will take place. We 
consider tha t the  SO deep  sea rep resen ts an early 
global w arn ing  system  of abyssal response to cli­
m ate change. A part from studying recen t im pacts 
of regional w arm ing on abyssal com m unities, the 
deep  sea is, due to its exceptionally stable physical 
conditions (in term s of tem pera tu re  and  salinity), an 
ideal place to detect signals of past global changes 
(Lear et al. 2000).
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2.1. Ecology

Primary production can be patchily high, is typically 
dom inated by diatoms, w hereas coccolithophores are 
absent (due to the low tem peratures) and, hence, bio­
genic oozes are almost exclusively siliceous in the SO 
deep sea (Clarke 1996). High nutrient concentrations 
in the w ater column show that these are not biologi­
cally efficiently u sed —most parts of the prim ary p ro ­
duction bloom sink to the bottom (Anderson et al. 
2002). Generally, deep-sea areas are characterised by 
a low energy input, depending on the overlying pri­
mary productivity. The latter is seasonal, and thus 
energy input is quite patchy in time and space, even 
more in the polar regions w here more m aterial sinks to 
the bottom due to decoupling from secondary produc­
tion (Gray 2001). D eep-sea organism s show adap ta ­
tions to these conditions of irregular food supply by 
adjusted reproductive (e.g. isopods; see Harrison 1988) 
or feeding modes to sustain long periods of no food 
supply such as in the scavenging am phipod Eury­
thenes gryllus (Hargrave 1985). The few studies on 
reproduction strategies of benthic deep-sea infauna 
(e.g. Blake & N arayanasw am y 2004) have found that 
most of the model species show either direct develop­
ment, lecithotrophy, or brooding.

2.2. Biodiversity

'Biodiversity is ... a com parative science' (M agurran 
2004, p. 12), but comparisons betw een deep SO and 
other data are difficult, as samples are scarce and often 
collected w ith differences in sam pling apparatus or 
protocol, bathym etric variability (Arntz et al. 1997), or 
size of the sample area (Gray 2001). Although popular, 
comparison of samples from a vast area such as the SO 
deep sea w ith smaller areas such as the Arctic proba­
bly has little value (see Gray 2001). Increasingly, it is 
becom ing apparent that the SO deep sea is, w ithin 
some taxa, rem arkably rich and that species previously 
unknow n to science comprise m uch of this richness. 
Apart from some species lists per sample, though, 
we know little more about SO abyssal ecology. Al­
though there have now been  several scientific cruises 
collecting abyssal m ega- and m acrobenthos, to date 
there is still no published report of higher taxon rich­
ness in trawls for any SO region or even site. M alyutina
(2004) gave a general overview of higher taxon rich­
ness from several Russian SO deep-sea expeditions, 
but use of differing types of trawls m akes their data dif­
ficult for comparison. Richness has been  quantitatively 
assessed at a decim etre scale. In total, >21 phyla and 
30 classes have now been reported  from the SO deep 
sea (Table 1). Gutzm ann et al. (2004) reported  10 phyla

of meio- and m acrofauna from their multicorer (MUC) 
samples. This suggests considerable higher taxon rich­
ness, as this is nearly half the total phyla that have ever 
been  recorded there. However, scaling-up values from 
<1 m of seabed sam pled to even 10 to 100 km scales 
would be unlikely to be m eaningful due to sampling 
bias (of MUC) and patchy or rare distributions.

Richness may not be well known at higher levels, but 
also very few groups have been studied in any detail at 
generic or species levels in the SO abyss. Despite such 
little sam pling effort at this level, species known from 
SO abyssal depths already comprise a significant frac­
tion of the total SO fauna in many taxa (Fig. 2). Less is 
probably known about lower taxon richness of the 
deep SO benthos than for any other area of the planet. 
Of course, as w ith higher taxonomic levels, this is 
partly due to low sam pling effort, but also some groups 
have been  much better studied (e.g. Isopoda) than 
others. Some taxa are probably often overlooked or 
undersam pled due to their small size and low densities 
(such as the Halacaroidea; Gutzm ann et al. 2004) or 
cryptic habits and taxonomic difficulties (such as N e­
m ertea; Rogers et al. 1998). Unlike, for example, the 
isopods, other groups are less well known partly 
because there does not happen  to be a currently active 
community of taxonomists studying current samples. 
Even more than on the SO shelf, abyssal research has 
been  much more focussed in some regions (e.g. 
W eddell Sea) than others. N evertheless, there have 
been  a few quantitative studies com paring species 
richness across most taxa (e.g. Blake & N arayanas­
wamy 2004). Work to date suggests some groups are 
proportionally rich (e.g. isopods and polychaetes; see 
Brandt et al. 2007a,b), whilst some others are com par­
atively poor, such as the gastropod molluscs (e.g. 
Schwabe et al. 2007) and many suspension feeders. 
The last few decades have revealed that species rich­
ness of many shelf taxa in warm  and even polar waters 
have been  underestim ated due to previously u nde­
tected cryptic spéciation. For example, haplotypes of 
the widely distributed isopod Acanthaspidia drygalski, 
otherwise morphologically similar, have now been 
genetically distinguished (Raupach & W ägele 2006).

The difference betw een higher and lower taxonomic 
levels is most obviously seen in endemism. At family 
and higher levels, SO deep-sea endem ism  is virtually 
zero, at generic levels it is low (similar to other ocean 
basins; Clarke 2003), but at the species level may be 
quite high in some taxa (Brandt et al. 2007b). More 
com prehensive sampling may reduce the apparently 
very high endem ism  in deep-sea organism s as is h ap ­
pening on the shelf (Barnes & Peck 2008, this Special). 
M any SO deep species are known from just a single 
sample (Brandt et al. 2007a, their supplem entary 
material). So the level of study in the SO abyss to date
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T able  1. M eio-, m acro- a n d  m eg ab en th ic  (inverteb ra te) ta x a  k n o w n  from  th e  S o u th ern  O cean  (SO) d eep  se a  co m p ared  to to ta l SO 
richness. S pecies richness d a ta  a re  from  th e  lite ra tu re  or p e rso n a l com m unication  a n d  u su a lly  re fe r  to d esc rib ed  species. The 
d eep  sea  is d e fin ed  h e re  as a rea s b e lo w  3000 m , follow ing C larke  & Jo h n s to n  (2003); only d a ta  from  B randt e t al. (2007b) re fe r  to 
d eep  sea  as a rea s  b e low  1000 m. T he system  of classification  follow s B arnes (1998). O th er p h y la  (and  classes) p re se n t in  th e  d eep  
SO are: C n id aria  (A nthozoa, H ydrozoa), A can th o cep h a la , P la tyhe lm in thes (T rem atoda, M on o g en ea, C estoda), N em ertea , G as­
tro tricha, K inorhyncha, Loricifera, Rotifera, M ollusca  (Polyplacophora), E ch iu ra  (Echiurida), P riap u la  (Priapulida), S ipuncu la  
(S ipunculida), C ru stacea  (C irripedia, T an tu locarida , C opepoda), T ard ig rad a , C h e licera ta  (A rachnida), E ch in o d erm ata  (S tellero­
idea , O p h iu ro id ea , H o lo thuro idea) a n d  C h o rd a ta  (A scidiacea) (after R ogers e t al. 1998, W alter e t al. 2002, G u tzm an n  et al. 2004,

M alyu tina  2004, Gili e t al. 2005)

Phylum Class No. of SO 
d e ep -se a  species 

a n d  (total no.)

P ercen t of 
to ta l SO
species

Sources

Porifera H ex actine llida 45a (50) 90.0 B randt e t al. (2007a,b)
D em ospong iae 100a (400) 25.0
C a lcarea 15a (20) 75.0

N em ato d a 22 (1899) 1.2 V an reu se l & V incx (2003), P. M artin ez  A rb izu  pers. comm.
Bryozoa G ym nolaem ata 1 (393) 0.3 H ay w ard  (1981), B arnes & Griffiths (2008)
B rach iopoda 13a (19) 68.4 B randt e t al. (2007b)
C he licera ta Pycnogonida 40 (275) 15.6 C lark e  & Jo h n s to n  (2003), M unilla  (2008)
C ru stacea A m ph ip o d a 84a (510) 16.5 B randt e t al. (2007a)

Isopoda 55 (371) 14.8 S chotte  e t al. (1995 onw ards), B rand t e t al. (2007a)
T an a id acea 16 (127) 12.6 B randt e t al. (2007b), G uerrero-K om m ritz  pers. comm.
O stracoda -6 0  (-270) 22.2 S. N. B randao  pers. comm.

A n n e lid a Po lychaeta -2 5 0  (645) 38.8 C lark e  & Jo h n s to n  (2003), Schüller & E bbe  (2007)
M ollusca Bivalvia 42 (161) 26.1 G riffiths e t al. (2003), L inse e t al. (2006)

G astro p o d a 49 (566) 8.7 G riffiths e t al. (2003), L inse e t al. (2006), B randt et al. (2007b)
S caphopoda 6a (8) 75.0 B randt e t al. (2007b)
C ep h alo p o d a 3 (56) 5.4 Collins & R odhouse (2006), J. G uerrero-K om m ritz pers. comm.

E ch in o d erm ata  A ste ro id ea 18 (131) 13.7 E. M u tsch k e  pers. comm.
E ch ino idea 16a (74) 21.6 B randt e t al. (2007b)

a A reas b e lo w  1000 m

o
o
o
co
S
O 30- 

_Q

Taxon
Fig. 2. P roportion  of spec ies of d ifferen t tax a  k n o w n  from  
abyssal d ep th s co m p ared  to to ta l n u m b er of S o u th ern  O cean  
(SO) species (using d a ta  from  H ay w ard  1981, Schotte  e t al. 
1995, Griffiths e t al. 2003, V an reu sel & V incx 2003, Collins & 
R odhouse 2006, L inse e t al. 2006, B randt e t al. 2007b, Schüller 
& E bbe  2007, P. M artinez  A rb izu  pers. com m ., J. G uerrero - 

Kom m ritz pers. comm ., S. N. B randao  pers. comm.)

is such that calculation of species endem ism  levels 
either by region or even for the SO is relatively m ean­
ingless. However, it is clear that m any endem ics o ther­
wise known from the continental shelf and slope also 
occur in the deep sea (e.g. Brandt et al. 2007b). Whilst 
the shelf is not continuous anyw here betw een A ntarc­
tica and other areas, the deep sea is, and the PF prob­
ably represents m uch less of an oceanographic bound­
ary given that Antarctic bottom w ater flows into the 
deep sea of other oceans. Thus, an alternative hypoth­
esis could be that endem ism  of the deep SO is much 
lower than that of shelf fauna. Due to the low sampling 
effort and sampling size per area so far, and a lack of 
com parable data  of adjacent ocean basins, almost 
nothing is known about species ranges. Due to the re l­
atively deep shelf, the lack of therm ocline and the 
presence of m any eurybathic species, there is no 
strong oceanographic or faunistic zonation apparent 
similar to that described from tem perate deep-sea 
regions (Brandt et al. 2007b). With respect to looking 
for and at signals of climate change, investigation of 
change in ranges (geographic and bathymetric) will be 
an im portant target for future expeditions.

Although paucity of samples has m ade them  largely 
points of debate, some initial investigations have been
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m ade into possible trends in deep-sea biodiversity. A 
gradient of increasing diversity from the shallows to 
the deep sea has been  suggested (Grassle & Maciolek 
1992). However, the area they sam pled was small for 
any larger scale generalised statem ents about patterns 
(Gage 2004, Kaiser et al. 2007). Is a comparison of shelf 
and deep-sea diversity meaningful? G age (1996) sug­
gested that the first comprises m any different habitats 
and the latter is possibly just 1 hom ogenous area; thus, 
in his view, ß is being com pared with a-diversity. Con­
siderations have to be m ade as to w hether the deep sea 
really does just represent 1 habitat and w hether shelf 
vs. deep sea comparisons are valid. It is likely that 
m any factors, e.g. sediment, varied along the 176 km 
transect that Grassle & M aciolek (1992) sam pled (Gray 
2001). ANDEEP samples revealed several habitats in 
term s of different sedim ent types and origin (e.g. vol­
canic, terrigenous, biogenic; see Vanhove et al. 2004), 
and areas of bottom w ater production and increased 
surface productivity (e.g. Howe et al. 2004). Com par­
isons of species richness per area yielded no depth 
trend betw een shelf and the deep sea (Gray 2001) or 
within the SO deep sea (Brandt et al. 2007a).

Appreciation of abundance or density is also im por­
tant for assessm ent of diversity. The density in G utz­
m ann et al.'s (2004) samples showed a negative corre­
lation and, hence, a decrease in abundance of higher 
taxa w ith increasing depth. Patterns in overall faunal 
abundance have been described as very unevenly dis­
tributed, mainly driven by trends in nem atodes (Gutz­
m ann et al. 2004). Some taxa, am ongst the better- 
known macro- and m egafauna, are very abundant as 
well as rich (e.g. peracarid  crustaceans and poly­
chaetes). In contrast, other groups are clearly rare, 
such as the bryozoans or decapod crustaceans (Brandt 
et al. 2007b; Table 1). Considering how few studies 
and little area has been  sampled, a provisional conclu­
sion must be that the SO deep sea is very rich at higher 
taxonomic levels, but, to determ ine how evenly this is 
spread, too little is known to com pare diversity with 
other areas.

The extended depth  of the SO continental shelf and 
the lack of thermocline should m ake any transition of 
the fauna from the Antarctic shelf to the deep sea 
(or vice versa) less challenging than elsew here (e.g. 
Brandt et al. 2007a). Some taxa there show high levels 
of eurybathy (e.g. Schotte et al. 1995, M unilla 2008; 
Fig. 3). The level of eurybathy in polychaetes does not 
seem to differ betw een polar and tem perate regions, 
but the depth  of the transition from shelf to deep-sea 
fauna is deeper (Brandt et al. 2007a). Physiologically, 
polychaetes seem to be well adapted  to changes in 
tem perature and hydrostatical pressure, w hich m akes 
em ergent and subm ergent migrations potentially 
easier in this group (Hilbig et al. 2006). Whilst species

endem ic to the abyss reproduce there, those w ith a 
w ider distribution probably reproduce primarily on 
the shallow slope (Blake & N arayanasw am y 2004).

3. CLIMATE CHANGE AND POSSIBLE RESPONSES

On average, the surface of our planet has w arm ed by 
about 0.6°C over the last century, but this w arm ing 
is geographically very uneven (Hansen et al. 2006). 
Some areas, notably East Antarctica, have shown no 
trend  or even slight cooling, most areas appear to be 
warm ing and parts of the Arctic and the WAP are 
warm ing very rapidly (nearly 0.6°C decade-1). Air tem ­
peratures (Turner et al. 2005) and, more recently, sea 
tem peratures (M eredith & King 2005) around the cen­
tral and northern WAP have been  consistently increas­
ing since the 1950s. There are strong signs of regional 
responses to such warm ing, such as a decrease in sea­
sonal sea ice (Zwally et al. 2002) and the fact that most 
glaciers are retreating  or doing so at an increasing 
rate (Cook et al. 2005). There have also been  regional 
biological responses to elevated tem peratures and 
associated melting, but to date these have only been 
dem onstrable on land (Walther et al. 2002).

Sea tem peratures south of the PF (here defined as 
the SO), cooled to current levels several million years
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Fig. 3. E ury b ath y  in  se lec ted  spec ies of isopod  crustaceans: 
(1) D isconectes v a n h o e ffen i  (2659 to 7934 m), (2) Disparella  
m aiuscu la  (2086 to 4931 m), (3) D olichiscus m erid iona lis  (24 
to 2000 m), (4) A n ta rc tu ru s fu rca tus la tisp in is  (75 to  3000 m), 
(5) E ugerdella  serrata  (200 to  4720 m), (6) A ca n thasp id ia  lo n ­
giram osa  (720 to 2016 m), (7) Ilyarachna antarctica  (252 to 
7000 m), (8) M u n n o p su ru s australis (400 to 3423 m), (9) V a n ­
h o e ffen u ra  robustissim a  (400 to 1455 m), (10) V anhoeffenura  
spinossisim a  (417 to 1581 m), (11) Serolis antarctica  (738 to 
2925 m), (12) Leptan thura  antarctica  (50 to 5216 m). A fter 
Schotte  e t al. (1995), A. B randt (unpubl. data) a n d  S. K aiser 

(unpubl. data)
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ago and, since then, have varied very little (Zachos et 
al. 2001). Only w est of the Antarctic Peninsula (AP) 
have sea tem perature increases been  reported  as both 
significant and biologically m eaningful (M eredith & 
King 2005). To date, w arm ing trends detected  below 
50 m anyw here in the SO are currently only fractions of 
a degree across multiple decades. Despite this, the 
tripling of the rate of increase of C 0 2 aerial emissions 
in the last decade (Raupach et al. 2007) suggests future 
intensification of warm ing, given the strong link b e ­
tw een concentrations of the gas and past tem peratures 
(Raupach et al. 2007).

3.1. How might the abyssal region change?

It is, of course, not straightforward to predict how 
abyssal regions might respond to current and future 
climate change. Evidence from past changes is scarce 
or distributed patchily across the literature, and most 
studies are based on models that show very contra­
dictory results, e.g., with respect to the stability of the 
THC (Rahmsdorf 2000) or the sequestration of C 0 2 in 
the deep sea (Hoppema 2004). Hoppem a (2004) found 
that the Antarctic Central Interm ediate W ater (CIW) 
is a very effective w ater mass for transporting C 0 2 to 
the deep sea (6% of global carbon export com pared 
to 0.4% surface area of CIW). The saturation levels of 
C aC 0 3 are low in the SO and seem likely to decrease 
with increasing acidity, so it will becom e harder for 
organism s to synthesise and m aintain shells (Orr et al. 
2005). Transport of C 0 2 to the deep sea, however, 
seems to be very sensitive to surface layer changes, 
such as during g lacial-in terglacial transitions. During 
at least some glacial times the flow of CIW was re ­
duced, increasing atm ospheric C 0 2 partial pressure 
(Hoppema 2004). Such an increase is contrary, though, 
to the general lowering of C 0 2 during glacial periods 
(see Francois et al. 1997, Anderson et al. 2002). How­
ever, the coupling betw een the abyss and adjacent 
shelf areas and atm osphere and its relative constancy 
in ecological time m akes signals of change likely and 
easier to detect. Surface changes influencing deep-sea 
communities should be particularly strong in the SO 
because of the seasonally strong mixing and bottom 
w ater being formed from sinking surface water. Signif­
icant surface w arm ing has already been detected  in 
the Bellingshausen Sea (M eredith & King 2005), and 
thus we suggest that it is likely already happening in 
some surface areas of bottom w ater production. It is 
possible that change has not been detected  around the 
W eddell or Ross Sea surfaces, because any w arm ing is 
continually being transferred to the abyss by down- 
welling. If this is the case, it may prove hard  to initially 
detect because of conduction and thus dilution of the

effect. Studies on the timing and m agnitude of past cli­
m ate change often use proxy records from deep-sea 
sedim ents due to their high levels of constancy com ­
pared  to surface w ater (Lear et al. 2000), and deep-sea 
cores reveal a high-resolution picture of our atm o­
spheric and climatic past (Petit et al. 1999). Yet, timing 
w hen changes will become apparent in the deep sea is 
afflicted w ith high uncertainties, due to the buffering 
effect of this huge w ater mass. Future changes are 
likely to include changes in the ventilation as reported 
for the North Atlantic using deep-sea corals as a proxy 
(Adkins et al. 1998), but can also be seen by looking at 
benthic foraminifers in deep SO sedim ents (Ninne- 
m ann & Charles 2002). There is a balance betw een 
North Atlantic Deep W ater (NADW) and SO deep 
w ater formation, and changes in the outflow of A nt­
arctic deep w ater will probably alter the formation of 
NADW and vice versa (e.g. Kim et al. 1998, Ninne- 
m ann & Charles 2002).

It is conceivable that near future w arm ing will result 
in major freshening around West Antarctica as has 
been  reported  in the North Atlantic and Ross Sea 
(Jacobs et al. 2002). A recent coupled global climate 
model projected significant decrease of sinking rates 
and so deep-sea ventilation (Richardson et al. 2005). 
Predicted abrupt (even on the scale of decades) slow­
ing of the THC is known from the past in the North 
Atlantic (Dickson et al. 2002). Modifications of these 
huge w ater masses may affect benthic communities on 
a global scale due to, e.g., altering 0 2 distribution. In 
surface w aters it seems likely that 0 2 depletion will 
occur earliest in the tropics (where levels are lower and 
there is less mixing), but, in the deep sea, we suggest 
that the earliest signs will be at high polar latitudes. If 
oceanic overturning gradually or even abruptly slows, 
the transport of 0 2 to the deep sea will be drastically 
reduced in the polar deep sea and, thus, to the global 
deep sea. We consider it is as im portant to look at local- 
scale changes of near-bottom  currents, as these are 
suggested to be critical factors w ith respect to com m u­
nity structure and composition through altering sedi­
m ent mobility and, thus, its characteristics (Levin et al. 
2001 ) .

A significant w arm ing of the Antarctic Circumpolar 
C urrent (ACC; Gille 2002) and W eddell Sea Deep 
W ater (WDW; Sm edsrud 2005) has been m easured 
over several decades, and the tem perature increase is 
faster than that of the global ocean (Gille 2002). To 
date, this w arm ing has not directly influenced deep- 
sea organisms, as it has been detected  at m id-water 
depths (down to 2000 m; Sm edsrud 2005). There 
appears to be some cyclical cooling and w arm ing in 
the WDW, so that the current w arm ing might be not 
directly connected to regional warming, but to local 
variations (Smedsrud 2005). However, recent models
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do project significant abyssal w ater w arm ing in r e ­
sponse to surface freshening, in turn, driven by 
regional warm ing, but at levels insignificant to biota 
(0.05°C; see Richardson et al. 2005). Evidence from the 
past has revealed a connection betw een  global w arm ­
ing and deep-sea tem peratures. Kennett & Stott (1991) 
suggested a benthic mass extinction in Antarctic 
w aters at the end of the Palaeocene-Eocene Thermal 
Maximum (PEMT) caused by considerable changes in 
ocean circulation, w arm ing of the deep sea and, thus, a 
decrease of oxygen concentration. During this time, 
deep-w ater circulation slowed down and some persis­
tent anoxic areas developed, and this may be a near­
future scenario for deep-sea environments.

In summary, w e consider that initial effects on the 
deep-sea environm ent will be minor, involving in ­
creases in production and sedimentation. Of most con­
sequence will be a gradual or, possibly, abrupt change 
in the THC, leading to drastic current, heat flux and 
oxygenation shifts. Over longer time scales, tem pera­
ture and acidification are projected to increase dow n­
w ards w ith mainly physiological consequences. These 
are sum m arised in Table 2.

3.2. Expected impact on SO biota

Past and current work on response of Antarctic 
marine organism s to 'clim ate change' has entirely 
focussed on shallow shelf species and mainly on 
tolerance to raised tem peratures (for a recent review 
see Peck 2005). It is now technically possible to collect 
deep-sea animals under pressure, such that similar 
tem perature tolerance experim ents could be p e r­
formed on abyssal species, but this has not yet been 
undertaken  to our knowledge. Early work that estab ­
lished SO shelf fish to be highly stenotherm al has now 
been repeated  across a w ide range of taxa (Peck 2005).

Experim ental physiology suggests that Antarctic an i­
mals cannot acclimate to slightly raised tem peratures, 
because they cannot supply oxygen fast enough. How­
ever, even less severe tem perature rises may hinder 
or prevent Antarctic animals from perform ing tasks 
such as predator avoidance (Peck 2005). This line of 
evidence suggests Antarctic organism s are under 
extrem e threat from the w arm ing com ponent alone of 
predicted climate change. The extent to which such 
short-duration laboratory experim ents represent true 
tolerances is, however, debated (see Barnes & Peck
2008). The alternative to adaptation or tolerance of 
future tem perature rises for Antarctic shelf animals is 
for them  to m igrate (geographically or bathymetrically) 
or become extinct. Tolerance may prove a possibility as 
most of Antarctica shows no w arm ing trend yet and, if 
this situation persists, the shelf around East Antarctica 
and high latitudes of West Antarctica may rem ain cool. 
Furtherm ore, Antarctic shelf and deep-sea organisms 
are likely to have considerable scope for bathym etric 
migration (into cooler deeper waters) as they are 
thought to show high levels of eurybathy (Brey et al. 
1996). In summary, the true ability of Antarctic shelf 
organism s to cope with direct warm ing is unknown, 
although it is suspected to be low (but debated), and 
their ability to m igrate is reduced geographically, but 
extended bathymetrically.

Raised tem peratures are, though, only one of many 
features of climate change to w hich animals are and 
will be exposed. The retreat of glaciers, for example, 
along the AP (see Cook et al. 2005) has opened up new 
areas for prim ary productivity, new  habitat for benthos 
and freshening (from melt water) (Clarke et al. 2007). 
Each of these has potentially im portant and differing 
impacts on organisms. Of these, the most obvious 
change, which might impact the deep sea as well as 
the shelf areas, is surface freshening. Surface freshen­
ing can influence the w ater column and the seabed

T able  2. M ain  factors ch an g in g  n ow  a n d  in  th e  n e a r  fu tu re  in  th e  SO abyssal en v iro n m en t a n d  th e ir  tim ing, m ag n itu d e  an d  
p o ten tia l effects on  bio ta. NIS: n o n -in d ig en o u s species; THC: th e rm o h a lin e  c ircula tion

Factor L ikely tren d Tim e scale Effect m ag n itu d e Possib le effects

Food supp ly Increases: a rea  & du ra tio n N o w -1 0  yr Local In c reased  2 n d  p ro d u c tio n  & diversity
S ed im en tation In creases n e a r  slope N o w -1 0 s of years Local C logg ing  & b u ria l of b en th o s
NIS

estab lishm en t
A rrival N o w -1 0 0 s of years R egional C om position  ch an g e , d e c re a sed  

diversity
TH C G rad u al or a b ru p t slow ing Y ears-1 0 0 s of years G lobal E cosystem  ch an g e , in c re ased  

a b u n d an ce , d e c re ased  d iversity
O xygenation D ecreases 1 0s-100s of years G lobal D ecreased  survival of la rg e r species
T em p era tu re In c reases from  su rface  dow n 1 0s-100s of years R e g io n a l-g lo b a l D ow nslope m igration , stress to 

steno therm s, invasion?
A cidification In creases from  su rface  dow n 100s of years R e g io n a l-g lo b a l R ed u ced  sk e le to n /sh e ll synthesis, 

in c re a sed  p re d a tio n
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below it in many ways, most obviously by increasing 
stratification and thus decreasing w ater column p en e ­
tration of light, oxygen and other factors. Some of these 
factors are likely to also be im portant to the deep sea, 
whilst others may be of negligible or have no direct 
impact on biodiversity there.

3.3. Expected impact on deep SO biota

M any of the influences of climate change on surface 
w aters are projected to take considerable time, 100s of 
years to reach the abyss and thus influence the biota, 
but not all. These are sum m arised in Table 2. Initial 
influences on deep-sea biota are probably already 
happening through increased surface productivity due 
to ice shelf collapses and decreased m arginal sea ice 
duration and extent. Similarly sedim entation is p roba­
bly increasing as are the chances of localised down- 
slope slumps resulting in the burial of communities. A 
rapid and massive shift towards freshening has been 
m easured in parts of the North Atlantic, intensifying 
over the last few decades. The most important, likely 
ecosystem shifting, influence will be a slowing down of 
the THC prom pted by massive inundation of the ocean 
surface by melt water. W ide-scale freshening of Arctic 
surface w aters later spread to deep North Atlantic 
w ater masses (Dickson et al. 2002). These authors sug­
gest this is of special concern, as in the past such 
changes have d isrupted the THC and thus abruptly 
changed ocean heat and gas distributions. It seems 
likely that most of the influences expected will occur 
sooner and be more severe in shelf w aters before influ­
encing the deep sea. For example, acidification, w arm ­
ing and freshening all occur through surface in terac­
tions and penetrate the deep from there. However, 
C aC 0 3 saturation levels are m uch lower in the deep 
sea, so proportionally less acidification is needed  to 
have a g reater effect on biota. Furtherm ore, past con­
stancy of acidity levels m eans that deep-sea organisms 
are less used to coping w ith rapid fluctuations in satu­
ration levels. Present and projected changes are likely 
to be m uch more severe than even the drastic increase 
in acidity and thus decrease in C a C 0 3 saturation at the 
PEMT (55.5 to 54.8 million yr ago) (Zachos et al. 2005). 
The im m ediate effect of a drastic slow down in ocean 
overturning would be very apparent on the surface b e ­
cause of changes in heat distribution and thus abrupt 
changes in tem perature. The mid- to long-term  influ­
ence would be as m uch or more severe to the deep-sea 
environm ent though because of reduction in mixing 
and oxygen supply. Only at the polar regions is there 
strong connectivity betw een the deep sea and the sur­
face; thus, a halt in ocean overturning would isolate 
the global deep sea and its biota.

Studies on Pacific foraminifers have revealed that 
oxygen minimum zones (OMZ) there expanded during 
interglacials and species typical of low oxygen concen­
trations dom inated, whilst, during cool periods, species 
typical of higher oxygen concentrations w ere more 
abundant (see Levin 2002). Past OMZ expansion is 
considered a result of climate change, and com puter 
models already suggest a great annual loss of oxygen 
from the world's oceans of w hich a high amount would 
be taken  from the SO deep sea (Levin 2002). However, 
the loss of oxygen in the SO deep sea will probably be 
negligible and not physiologically significant for deep- 
sea biota w ithin the next 100 yr.

Ultimately, the collapse of ice shelves and a decrease 
of surface ice-loading provide more coastal surface 
area for prim ary production, but this may not necessar­
ily increase food supply to the deep sea (Piepenburg & 
Gutt 2006). Small changes in food w eb structure may 
be very noticeable, as w eak interactions are im portant 
for the stability of a community (Clarke et al. 2007). 
Currently, inner-ice communities and ice-edge phyto­
plankton blooms are an im portant food source for 
deep-sea organisms, but, if the extent of seasonal ice 
continues to decrease and ice shelves retreat, these 
food sources will be reduced and m aybe disappear. 
Elsewhere, C 0 2 injection program s have been  devel­
oped over the last 3 decades (Thistle et al. 2007) to 
remove C 0 2 from the atm osphere and directly inject it 
into the deep sea. Consequential small-scale studies 
on the impact of this C 0 2-laden, acidic seaw ater on 
deep-sea benthos revealed high rates of meiofaunal 
mortality (Thistle et al. 2007).

It seems very likely that faunal shifts will occur in the 
deep sea, as is already happening in surface environ­
m ents and as diatom and foraminifer evidence suggest 
has happened  in the past (Lear et al. 2000). Yet, at the 
moment, w e do not know the fauna well enough to 
detect shifts. There is m uch evidence that the present 
SO fauna is a combination of various subm erging and 
em erging processes (Brandt et al. 2007b), and that 
these events were, are and will be an im portant feature 
of the SO past, present and future faunal composition. 
The high levels of eurybathy in m any Antarctic species 
are thought to be adaptations to g lacial-in terglacial 
cycles, w hereby eurybathic species w ere able to escape 
unfavourable conditions on the shelf by subm ergence 
(Brey et al. 1996). The vast volume and mixing of the 
SO should m ean the abyss could again be a refuge, 
not from expanding ice shelves during glaciation, but 
from a therm al maximum w ithout precedent in recent 
time.

Although m arine NIS have been  reported  from the 
SO, no animals are known to have established ye t— 
the only large area for w hich this is true. However, 
over the planet's entire surface, hum an activity has
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proved a very strong vector for NIS transport and 
establishm ent. The timing of intensification of regional 
warm ing is coincident w ith unparalleled anthropo­
genic transport to the region. Typically, this is likely to 
spread NIS betw een regions in the shallows, but simi­
larity of conditions deeper or freak events may aid 
dispersal to the slope and abyss. If, for example, the 
tourist ship 'Explorer', w hich recently sank at slope 
depths near the South Shetland Islands, had  NIS on its 
hull or in ballast water, as other ships in the region 
have been found to be carrying (Lewis et al. 2003), 
these would be delivered directly to the seabed. Yet, 
the know ledge of deep-sea fauna is so poor, in the SO 
as throughout the world, that NIS arrival and establish­
m ent there would be nearly impossible to detect.

Central to any considerations of how deep-sea biota 
may be im pacted by climate change are the quality of 
data and the understanding of processes underpinning 
it. If investigation of aspects of biodiversity represents 
the best opportunities for detecting change in the SO 
deep sea, w e must scrutinise how biodiversity is cu r­
rently being m easured and w hether new  approaches 
are needed.

4. PREDICTING RESPONSES OF BIOTA TO 
CLIMATE CHANGE

4.1. Is biodiversity the best indicator for potential 
deep SO ecological change?

On land and in the shallows of shelf w aters a variety 
of approaches have been taken to assess vulnerability 
of polar fauna to present and projected climate change. 
A major component of such research involves lab­
oratory or field manipulations of variables, such as 
acidity or tem perature. Experimental approaches are 
extrem ely difficult for scientists to study biota that lives 
in the deep sea because of habitat inaccessibility or 
dam age and stress to organisms rem oved from it. It is 
also true that aspects of biodiversity are the best stud­
ied of w hat little we do know about deep-sea biota. 
Levels of knowledge certainly m ake monitoring of 
changes in biodiversity an appropriate aspect for the 
assessment of deep-sea responses to climate change, 
but actually, at the current time, there are few other 
realistic alternatives. Physiological experim ents of 
response to m anipulated acidity, tem perature, sedi­
m entation and other factors could be investigated in 
species with bathymetric ranges spanning the shallows 
to the deep sea. Yet, this would involve major assum p­
tions that the deep-sea populations of the same spe­
cies might respond similarly. Alternatively, calcification 
levels of species that occur across a range of saturation 
levels of C aC 0 3 (with depth) could be examined, which

would not necessarily require animal husbandry. How­
ever, it seems likely that most of our information about 
potential responses is going to come from comparative 
assessment of aspects of biodiversity. The main ques­
tion is—w hich aspects? Most deep-sea data collected 
to date concern simple richness levels, in which change 
will tell us little. However, at least in the Weddell and 
Scotia Seas, sample density and levels of knowledge 
are higher, and new insights are being extracted from 
existing data (Kaiser et al. 2007). Elucidating the scale 
on which richness varies and w hat drives richness will 
be key steps forward.

Before we can assess possible organism  responses to 
change, w e must consider how the SO deep-sea envi­
ronm ent will physically and chemically alter as a result 
of climate change. To date, climate models have not 
proved very successful at recreating actual data  of 
present climate change, let alone projecting short-term 
and m edium -term  future trends. Part of the problem  is 
the level of complexity and that most past data  are 
from w hen the Earth w as in g reater balance com pared 
with the very rapid multiple changes associated with 
hum an activity. Nevertheless, there is a suite of strongly 
expected physical oceanographic changes, including 
pH change and associated influences on carbonate 
saturation levels, tem perature, freshening, circulation 
and oxygen content.

4.2. Measuring SO deep-sea biodiversity

O btaining robust estim ates of biodiversity is clearly 
important, but a m ere list of taxa— species richness— 
is clearly a poor descriptor and can vary drastically 
betw een apparatus, observer and many other p ara­
meters. M aking m easurem ents m eaningful and com ­
parable is a major challenge, especially in the deep 
SO, w ith few, expensive scientific cruises run  by scien­
tists from different nations and taxonomic focus. Pro­
gressing from simple species lists, m easurem ents of 
more value include how evenly species are spread in 
abundance or taxonomic similarity in an assem blage 
(M agurran 2004). As faunal pattern  can vary con­
siderably across spatial scales, even w ithin a seem ing 
hom ogeneous habitat (Ellingsen 2001), several sam ­
ples w ithin a habitat are critical to assess community 
variability (e.g. in species composition) and distribu­
tion patterns (Ellingsen 2001). Defining habitats or 
m icrohabitats, however, is not an easy task in the nor­
mally uniform deep sea. It is likely that m easurem ent 
of deep SO diversity to date is betw een habitats 
(ß-diversity) rather than w ithin a habitat (a-diversity). 
With new  and more detailed techniques and especially 
the study of sedim ent origin, chemistry, granulometry, 
oxygenation, surface rugosity and organic content
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coupled w ith strong variation in bottom currents, it 
is becom ing clear that SO deep-sea habitats can be 
highly varied (e.g. Howe et al. 2004, Brandt et al. 
2007a, their supplem entary material).

Setting the 'right' scale to m easure distributional and 
diversity patterns is inappropriate, as this depends on 
the species or animal type studied (e.g. Levin 1992). 
Ideally, diversity across a range of scales needs to be 
quantified, but w hen m easured at small spatial scales 
data should not be extrapolated to a larger scale 
(Thrush & Warwick 1997). In a first cross-scale survey 
on deep SO macrofauna, Kaiser et al. (2007, unpubl. 
data) found similarly high levels of variability (patchi­
ness) in abundance and richness across 3 spatial scales 
(samples taken  10, IO2 and IO3 km apart) and taxo­
nomic levels (genus, family, order) studied. They con­
cluded that the nature of patchiness (e.g. patch size, 
dynamics and distance betw een patches) needs to be 
explored on a smaller scale than has been m easured to 
date. The im portance of small-scale studies to m easure 
deep-sea biodiversity has been  shown by Jum ars 
(1978), who assessed the vertical and horizontal distri­
bution of deep-sea m acrobenthos across different (hor­
izontal and vertical) spatial scales (0.01 to 500 m). 
M eso-scale studies will be valuable to elucidate the 
population structure of taxa, the developm ent of com ­
munities and the im portance of vertical dimension to 
segregation and partitioning (Jumars 1978).

The key to progress is how biodiversity should be 
m easured to achieve highest resolution, greatest com ­
parability and earliest signals of significant change. 
The type of sample apparatus seems to have been the 
first consideration for much past work. Central to the 
m easurem ents of m egabenthos have been Agassiz 
trawls and deep rem otely operating vehicles (ROV). 
The m acrobenthos has usually been sam pled using 
epibenthic sledge (EBS) and box corer, whilst meio- 
fauna m easurem ents have used MUC. Quantifying 
richness and abundance is delicate using some of these 
types of apparatus (e.g. EBS), but quantitative appara­
tus such as MUC sample only tiny areas (<1 m2); 
devices like ROVs are only appropriate for larger 
epibenthos, as photographs do not reveal cryptic 
fauna. Perhaps of most importance, though, is sample 
design, in term s of sample area, replication and dis­
tances betw een replicates versus sites (Fig. 4). It will 
be im portant for consensus to be reached amongst 
research teams, to standardise protocols and to collect 
more habitat information than has been practice to 
date. Samples are often split into com ponent taxa and 
sent to specialists w ith no future communication or 
oversight of overall or com parative patterns. Sampling 
hom ogeneity across research  team s would be signifi­
cant progress, but simultaneously, data  interpretation 
must be considered.

In terms of analysis, the best practice would be to com­
pare richness and diversity betw een  areas w hen taxon 
accum ulation curves reach their asymptotes; however, 
few if any areas in the SO deep sea have been sam pled 
to this degree. A variety of diversity indices are currently 
used. M any indices are sensitive to sample size (such as 
the Shannon index), but how m any individuals are 
needed  per sample for diversity analysis is debated. It 
may be as few as 300 to 500 individuals are adequate 
per sample, as this would likely include rare species 
(M agurran 2004 and discussion therein). In the SO deep 
sea, though, we suggest that a higher num ber might 
be needed  (Kaiser et al. 2007) due to patchiness (Fig. 4).

4.3. New approaches

In some areas the SO has now been sam pled at com ­
parable levels to elsew here, but very uneven in time, 
geography and bathymetry. Sam pling of the deep sea 
has been  patchy in time since the mid-1800s, but most 
has taken  place in just the last 2 decades (see Fig. 5). 
The density of sam pling is strongly linked to the 
proximity of scientific research stations. Bias by bathy­
m etry is even stronger and has mainly focussed at shelf 
depths (Table 1). For example, 91.7% of SO mollusc 
sample locations are at shelf and just 2.3% at abyssal 
depths (Griffiths et al. 2003). The few SO expeditions 
to collect samples deeper than 1000 m have been 
mainly concentrated around the W eddell Sea.

Sample bias and assessm ent of levels of know ledge 
are obviously crucial to understanding the deep sea 
and the responses of biota to projected changes. Even 
though the deep sea appears poorly sampled, true 
levels of know ledge are actually much lower than can 
be m easured by sample intensity and timing. For 
example, few deep SO benthic samples have ever 
been  completely analysed, such that some rem ain 
completely unsorted, some sorted only to higher taxo­
nomic levels and some have detailed all individuals of 
a few model taxa to species level. Even in the latter 
case, many or most of the species are new  and thus 
wait to be formally described, as for exam ple in one of 
the more intensively studied taxa, the isopod crus­
taceans (see Brandt et al. 2007a). It is clear, therefore, 
that to gain a baseline of know ledge and understand­
ing it will require a great deal more than merely 
increasing geographic sam pling effort. W hen the biota 
of existing samples have been  identified in term s of 
taxonomy, functional and ecological roles and the 
nature of distributions, it will be im portant to use such 
information as 'feedback' to improve sampling strategy. 
One im portant way to do this is by integrating the find­
ings from use of different types of sampling apparatus 
to provide a more holistic view  of the deep seabed.
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Fig. 4. Schem atic  sh ow ing  h y p o th e tica l sam p lin g  of b io ta  on  a  d e ep  SO seab ed . A traw l (central trough) sam ples p a rts  of p o p u la ­
tions, an d  it is often  h a rd  to  assess w h e th e r a  spec ies is p a tch y  or ra re  from  su ch  inform ation. O n e  spec ies (diam ond) ap p ea rs  ra re  
(r) in  Sam ple A, b u t Sam ple B rev ea ls  th e  species to b e  w id e ly  d is trib u ted  (w); a  seco n d  spec ies (circle) ap p ea rs  ra re  from  Sam ple 
A, b u t is re v e a le d  to  b e  qu ite  a b u n d an t in  Sam ple  B. C learly  it is e ith e r p a tch y  (p) or w ide ly  d is trib u ted  (d ep en d in g  on th e  defin i­
tion  of pa tch in ess , th e  d istance  b e tw e e n  sam ples [ds] a n d  th e  n u m b er of rep lica tes  [sam pling  size]). A th ird  species (triangle) is 
very  a b u n d an t in  Sam ple A, b u t ab sen t in  Sam ple B. W h ether th is spec ies is ra re  or ju st p a tch ily  d is trib u ted  re q u ire s  fu rth er 

sam p lin g  to d e te rm in e . F ig u re  b ack g ro u n d  is m odified  from  B randt e t al. (2007a)

As all sampling techniques are biased (but in differ­
ent ways), it is im portant to use a com plem entary set of 
apparatus that is com parable across expeditions. Ulti­
mately, sampling w ithin an 'area ' and across spatial, 
but also tem poral scales, using multiple samples from 
each apparatus type, should enable comparison of the
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site or for a total inventory of all possible niches
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(M agurran 2004). Technically, it should be possible to 
establish m onitoring of a deep-sea region, and, given 
the overlying w arm ing (M eredith & King 2005), 
ice re treat (Cook et al. 2005) and level of adjacent 
shelf know ledge (Clarke & Johnston 2003), the deep 
Bellingshausen Sea is perhaps the ideal location.

5. CONCLUSIONS

Signals of climate change pervade the world's sur­
face environm ents and, to date, seem most acute in the 
Arctic and WAP regions, but are not yet apparent in 
the global or SO deep sea. There can be little doubt 
that acidification, warm ing, de-oxygenation and other 
changes will occur, but the extent, timing and rate of 
change is hard  to project. As in shallower waters, it 
seems likely that many such param eters will be very 
small and physiologically irrelevant to organism s at 
first, m aybe for decades, but will rapidly increase over 
centuries. However, there is evidence of a num ber of 
abrupt switches (e.g. in ocean overturning leading to 
global tem perature changes) in the past and rapid 
freshening may trigger one of these. Any long lag 
phase m eans that abyssal acidification, w arm ing and 
other related  changes may continue intensifying even 
centuries after any future decrease in C 0 2 (for exam ­
ple, following fossil fuel exhaustion). A major com po­
nent of climate change in surface environm ents is the 
increasing frequency of brief, but acute events, such as 
sudden warm ing, but vast volumes of w ater above 
the deep sea buffer any temporary, extrem e physical 
change. However, the relative constancy of the deep 
sea on ecological time scales has m ade alterations in 
sedim ents an im portant record of past changes. Its con­
nectivity w ith the global deep sea and the driving of 
(for example) oxygenation there m akes monitoring of 
present and future changes vital. Furtherm ore, the 
continuity of the SO deep sea w ith the rapidly altering 
Antarctic shelf, coupled w ith the high eurybathy of 
organisms, could result in faunistic shifts even before 
any physical changes are detectable. Shelf organisms 
around the Antarctic have little linear (north to south) 
coast to m igrate along, unlike elsew here, but they may 
have g reater potential to m igrate by subm erging. A d­
vances have been m ade in understanding deep-sea 
biodiversity and its dynamics, but as m uch as anything 
these have revealed how little w e know. For instance, 
species new  to science dom inate samples. New studies 
have shown that many, or even most, deep-sea species 
may be patchily distributed and that both abundance 
and richness varies as much betw een  samples 10s of 
kilometres apart as betw een ocean basins. Quantifying 
the scale at w hich patchiness occurs and w hat drives 
variability in abundance and richness will provide a

big step forward in our understanding. Currently, bio­
logists experim ent on how organism s might respond 
by subjecting them  to increases in physical param e­
ters, but, to date, these studies have focussed on rapid 
and considerable rises, w hich are not predicted to such 
extents w ithin the lifetimes of organism in the deep 
sea. We need  to address m eaningful elevations and 
time scales on deep-sea species at am bient pressure.

A ck n o w led g e m e n ts .  T he au tho rs th a n k  Profs A. C larke , A. 
B randt, P. M artinez-A rb izu , a n d  Drs J. G uerrero-K om m ritz , K. 
Linse, M. Schüller, T. M unilla , P. H ayw ard , S. N. B randao , J. 
S trugnell, M. M ered ith , H. T. B anks a n d  H. J. G riffiths for p ro ­
v id in g  v a lu ab le  inform ation . W e a re  g ra tefu l to 3 anonym ous 
re fe re e s  for constructive  com m ents le a d in g  to an  im p roved  
m anuscrip t. W e ack n o w led g e  a  g ran t to S.K. from  th e  G e r­
m an  Science F ou n d a tio n  (DFG, C on trac t No. Br 1121/ 26-3) 
a n d  th e  G erm an  A cadem ic  E xch an g e  Service (DAAD) for 
financ ia l support.

LITERATURE CITED

A dkins JF, C h en g  H, Boyle EA, D ruffel ERM, E dw ards RL 
(1998) D eep -sea  coral ev id en ce  for ra p id  ch an g e  in  v e n ­
tila tion  of th e  d e ep  N o rth  A tlantic  15,400 years ago. 
Science 280:725-728  

A nd erso n  RF, C h ase  Z, F le isher M Q, Sachs J  (2002) The 
S o u th ern  O cean 's  b io logical p u m p  d u rin g  th e  Last G lacial 
M axim um . D eep -S ea  Res II 49 :1909-1938 

A rntz  WE, G u tt J , K lages M  (1997) A ntarctic  m arin e  b io d iv e r­
sity: a n  overview . In: B attag lia  B, V alencia  J, W alton DW H 
(eds) A n tarctic  com m unities. Species, s tru c tu re  a n d  su r­
vival. C am b rid g e  U niversity  Press, C am bridge , p  3 -1 4  

B arnes DKA, Griffiths H J (2008) B iodiversity  a n d  b io g eo g ra ­
p h y  of so u th e rn  tem p e ra te  an d  p o lar b ryozoans. G lob Ecol 
B iogeogr 17 :84-99  

B arnes DKA, P eck  LS (2008) V ulnerab ility  of A ntarctic  shelf 
b iod iversity  to p re d ic te d  reg io n a l w arm ing . C lim  Res 37: 
149-163

B arnes DKA, H odgson  DA, C onvey  P, A llen  CS, C larke  A
(2006) Incursion  a n d  excursion  of A ntarctic  bio ta: past, 
p re se n t a n d  fu tu re . G lob Ecol B iogeogr 15:121-142 

B arnes RSK (1998) T he diversity  of liv ing  organism s. Black- 
w ell Science, L ondon 

B lake JA , N a ray an asw am y  BE (2004) B enthic in fau n a l com ­
m u nities across th e  W eddell S ea  B asin  an d  South  S a n d ­
w ich  Slope, A ntarctica . D eep -S ea  Res II 51:1797-1815 

B randt A, G ooday  AJ, B randao  SN, Brix S a n d  o thers (2007a) 
First in sig h ts in to  th e  b iod iversity  a n d  b io g eo g rap h y  of th e  
S o u th ern  O cean  d eep  sea. N a tu re  447:307-311 

B randt A, De B royer C, D e M esel I, E llingsen  KE a n d  others 
(2007b) T he b iod iversity  of th e  d eep  S o u th ern  O cean  
b en thos. Philos T rans R Soc Lond B Biol Sei 362 :39-66  

Brey T, D ahm  C, G orny M, K lages M, Stiller M , A rn tz  WE 
(1996) Do A ntarctic  b en th ic  in v erteb ra tes  show  an 
e x te n d ed  leve l of eu rybathy?  A n ta re i Sei 8 :3 -6  

C lark e  A (1996) B enthic m arin e  h a b ita ts  in  A ntarctica . In: 
Ross RM, H offm an EE, Q uen tin  LB (eds) Origins a n d  evolu­
tio n  of th e  A ntarctic  bio ta. G eol Soc Spec Publ 47 :253-268  

C lark e  A (2003) T he p o lar d eep  sea. In: Tyler PA (ed) 
T he d eep  seafloor. Ecosystem s of th e  W orld. Elsevier, 
A m sterdam , p  239 -2 6 0  

C lark e  A, Jo h n s to n  NM  (2003) A ntarctic  m arin e  b en th ic



178 Clim  Res 37: 165-179 , 2008

diversity. O cean o g r M ar Biol Arrnu Rev 41:47-114  
C larke  A, M urphy  EJ, M ered ith  MP, K ing JC  a n d  others

(2007) C lim ate  ch an g e  a n d  th e  m arin e  ecosystem  of th e  
w e s te rn  A ntarctic  Pen insu la. Philos T rans R Soc L ond B 
Biol Sei 362:149-166 

C ollins MA, R odhouse PGK (2006) S o u th ern  O cean  cephalo- 
pods. A dv  M ar Biol 50:191-265 

^ . C ook A J, Fox AJ, V au g h an  D C , F errigno  JG  (2005) R e trea t­
in g  g lac ier fron ts on th e  A ntarctic  P en in su la  over th e  p as t 
half-cen tury . Science 308:541-544 

D anovaro  R, D ell'A nno A, P u sced d u  A (2004) B iodiversity 
re sp o n se  to c lim ate ch an g e  in  a  w a rm  d eep  sea. Ecol Lett 
7:821-828

D ickson B, Y ashayaev  I, M eincke  J, T urrell B, Dye S, Hoffort 
J  (2002) R apid  fresh en in g  of th e  d eep  N o rth  A tlantic  
O cean  over th e  p a s t four d ecades. N a tu re  416:832-837  

E llingsen  KE (2001) B iodiversity  of a  co n tinen ta l shelf soft- 
sed im en t m acro b en th o s com m unity. M ar Ecol P rog  Ser 
218:1-15

EPICA (E uropean  P roject for lee  C oring  in  A ntarctica) (2004) 
E igh t g lacial cycles from  an  A ntarctic  ice  core. N a tu re  
429:623-628

Falkow ski PG, Katz ME, M illigan  A, F en n e l K a n d  o thers
(2005) T he rise  of oxygen  over th e  p a s t 205 m illion  years 
a n d  th e  evo lu tion  of la rg e  p lacen ta l m am m als. Science 
309:2202-2204

Francois R, A ltab e t MA, Yu EF, S igm an  DM  a n d  o thers (1997) 
C on tribu tion  of S o u th ern  O cean  su rface -w a ter stra tifica­
tion  to  low  atm ospheric  C 0 2 concen tra tions d u rin g  th e  last 
g lacial period . N a tu re  389:929-935  

G age  JD  (1996) W hy a re  th e re  so m an y  spec ies in  d e ep -se a  
sed im ents?  J  Exp M ar Biol Ecol 200:257-286 

G age  J  (2004) D iversity  in  d e ep -se a  b e n th ic  m acro fauna: th e  
im p o rtan ce  of local ecology, th e  la rg e r scale , th e  h isto ry  
a n d  th e  A ntarctic . D eep -S ea  Res II 51 :1689-1708 

G ille ST (2002) W arm ing  of th e  S o u th ern  O cean  since  th e  
1950s. Science 295:1275-1277 

G odfrey  JS , Rintoul SR (1998) T he ro le  of th e  oceans in  
S o u th ern  H em isp h ere  clim ate. In: K aroly DJ, V incen t DG 
(eds) M eteoro logy  of th e  S o u th ern  H em isphere . A m erican  
M eteoro log ical Society, Boston, p  2 8 3 -3 0 6  

G rassle JF, M acio lek  N J (1992) D eep -sea  species richness: 
reg io n a l a n d  local d iversity  estim ates from  quan tita tiv e  
bo ttom  sam ples. A m  N at 139:313-341 

G ray JS  (2001) M arin e  diversity: th e  p a rad ig m s in  p a tte rn s  
of spec ies richness exam ined . Sei M ar 65(Suppl 2 ):41-56  

►  Griffiths H J, L inse K, C ram e A J (2003) SOM BASE—S ou th ern  
O cean  m ollusc d a tab ase : a  tool for b io g eo g rap h ic  analysis 
in  d iversity  a n d  ecology. O rg  Div Evol 3 :207-213 

G u tzm an n  E, M artin ez  A rb izu  P, Rose A, V eit-K öhler G (2004) 
M eio fauna  com m unities a long  a n  abyssal d e p th  g rad ien t 
in  th e  D rake  Passage . D eep -S ea  Res II 51:1617-1628 

H allam  A, W ignall PB (1997) M ass extinctions an d  th e ir after- 
m ath . O xford  Science Publications, O xford 

H a n se n  J, Sato M , R uedy R, Lo K, L ea DW, M ed ina-E lizade  M
(2006) G lobal tem p e ra tu re  ch ange . Proc N atl A cad  Sei 
USA 103:14288-14293

H arg rav e  BT (1985) F eed in g  ra te s  of abyssal scav en g in g  
am phipods (E u ry th en es  gryllus) d e te rm in e d  in  situ  by  
tim e-lap se  p h o tography . D eep -S ea  Res 32 :443-450  

H arrison  K (1988) S easonal re p ro d u c tio n  in  d e ep -se a  C ru s­
ta c e a  (Isopoda: A sellota). J  N at H ist 22:175-197 

H ay w ard  P J (1981) T he C heilostom ata  (Bryozoa) of th e  d eep  
sea. G a la th ea  Rep 15:21-68 

H ilb ig  B, G erd es D, M ontiel A (2006) D istribution  p a tte rn s  
a n d  b iod iversity  in  p o ly ch ae te  com m unities of th e  W ed­
dell Sea a n d  A ntarctic  P en in su la  a re a  (Southern  O cean).

J  M ar Biol A ssoc UK 86:711-725 
H o p p em a M  (2004) W eddell S ea  is a  globally  significant 

con tribu tor to d e ep -se a  seq u estra tio n  of n a tu ra l carbon  
d ioxide. D eep -S ea  Res I 51:1169-1177 

H ow e JA , Shim m ield  TM, D iaz R (2004) D eep -w ate r se d i­
m en ta ry  en v iro n m en ts of th e  n o rth w e ste rn  W eddell Sea 
a n d  Sou th  S andw ich  Islands, A ntarctica . D eep -S ea  Res II 
51:1489-1514

Jaco b s SS (2004) Bottom  w a te r  p ro d u c tio n  a n d  its links w ith  
th e  th e rm o h a lin e  circulation . A n ta rct Sei 16:427-437 

Jaco b s SS, G iulivi CF, M ele  PA (2002) F re sh en in g  of th e  Ross 
S ea  d u rin g  th e  la te  20 th  century . Science 297 :386-389  

Ju m ars PA (1978) Spatia l au to co rre la tio n  w ith  RUM (Remote 
U n d e rw a te r M anipulator): v e rtica l a n d  ho rizon tal s tru c ­
tu re  of a  b a th y a l b en th ic  com m unity. D eep -S ea  Res 25: 
589 -6 0 4

K aiser S, B arnes DKA, B randt A (2007) S lope a n d  d e ep -se a  
a b u n d an c e  across m ultip le  scales: S o u th ern  O cean  iso ­
p ods show  how  com plex th e  d eep  sea  can  be. D eep -S ea  
Res II 54 :1776-1789 

K ennett JP, Stott LD (1991) A b ru p t d e ep -se a  w arm ing , p a laeo - 
cean o g rap h ic  ch an g es a n d  b en th ic  extinctions at th e  en d  
of th e  P a laeocene . N a tu re  353:225-229 

Kim SJ, C row ley TJ, S tössel A (1998) Local o rb ita l fo rcing  
of A ntarctic  c lim ate  ch an g e  d u rin g  th e  last in te rg lac ia l. 
Science 280:728-730  

L ear CH, E lderfie ld  H, W ilson PA (2000) C enozoic d e ep -se a  
tem p e ra tu re s  an d  g lobal ice vo lum es from  M g /C a  in  
b e n th ic  fo ram in ifera l calcite. Science 287:269-272 

Levin SA (1992) T he p ro b lem  of p a tte rn  a n d  scale  in  ecology.
Ecology 73:1943-1967 

Levin LA (2002) D eep -o cean  life w h e re  oxygen  is scarce . Am  
Sei 90:436-444

Levin LA, E tte r RJ, Rex MA, G ooday  A J a n d  o thers (2001) 
E n v ironm en ta l in flu en ces on reg io n a l d e ep -se a  species 
diversity. A n n u  Rev Ecol Syst 32:51-93  

Lewis PN, H ew itt CL, R iddle M, M cM inn A (2003) M arine  
in troductions in  th e  S o u th ern  O cean: an  u n reco g n ised  
h a z a rd  to b iodiversity . M ar Pollut Bull 46:213-223  

L inse K, Griffiths H J, B arnes DKA, C larke  A (2006) Bio­
d iversity  a n d  b io g eo g rap h y  of A n tarctic  a n d  sub-A ntarctic  
M ollusca. D eep -S ea  Res II 53:985-1008  

M a g u rran  AE (2004) M easu rin g  b io log ical diversity. Black- 
w ell Publish ing , O xford 

M alyu tina  M  (2004) R ussian  d e ep -se a  in v estiga tions of 
A ntarctic  farm a. D eep -S ea  Res II 51:1551-1570 

M ay RM (1988) H ow  m an y  spec ies a re  th e re  on earth?
Science 241:1441-1449 

M ered ith  MP, K ing JC  (2005) C lim ate  ch an g e  in  th e  ocean  to 
th e  w est of th e  A ntarctic  P en in su la  d u rin g  th e  seco n d  ha lf 
of th e  20 th  century . G eophys Res Lett 32:L19604 

M oore JK, A bbott MR, R ichm an JG  (1999) L ocation an d  
dynam ics of th e  A n tarctic  Polar F ron t from  satellite  sea  
su rface  tem p e ra tu re  da ta . J  G eophys Res 104:3059-3073 

M unilla  T (2008) C heck-list of th e  pycnogon ids from  A n ta rc ­
tic a n d  subA ntarctic  w aters. Z oogeographie  im plications. 
A n ta rct Sei (in press)

N in n em an n  US, C harles CD (2002) C h an g es in  th e  m ode of 
S o u th ern  O cean  c ircu lation  over th e  last g lacial cycle 
re v ea le d  by  form inifera l stab le  isotopic variability . E arth  
P lan e t Sei Lett (201):383-396 

^  O rr JC , F ab ry  VJ, A um ont O, Bopp L a n d  o thers (2005) 
A n th ro p o g en ic  ocean  acid ification  over th e  tw enty-first 
cen tu ry  a n d  its im pact on calcifying organism s. N a tu re  
437:681-686

Peck  LS (2005) P rospects for surv iv ing  clim ate ch an g e  in  
A ntarctic  aqu atic  species. F ron t Zool 2:9



K aiser & B arnes: A ntarctic  d e ep -se a  re sp o n ses to  c lim ate  ch an g e 179

Petit JR, Jou ze l J, R ay n au d  D, B arkov NI a n d  o thers (1999) 
C lim ate  a n d  a tm ospheric  h isto ry  of th e  p a s t 420 ,000 years 
from  th e  V ostok ice  core, A ntarctica . N a tu re  399:429-436  

P ie p en b u rg  D, G utt J  (2006) B od en fau n a  a rk tisch er u n d  
an ta rk tisch e r Schelfm eere . In: L ozán JL  (ed) W arnsigna le  
aus d e n  P o larreg ionen: w issenschaftliche  F ak ten . Büro 
'Wiss. A u sw ertu n g en ', H am b u rg , p  126-132 

R ahm storf S (2000) T he th erm o h alin e  c irculation: a  system  
w ith  d an g ero u s  th resho lds. C lim  C h a n g e  46 :247-256 

R aupach  M, W ägele  JW  (2006) D istingu ish ing  cryptic species 
in  A ntarctic  A sello ta  (C rustacea: Isopoda) — a p re lim in ary  
s tudy  of m itochondria l DNA in  A can thasp id ia  drygalskii. 
A n ta rct Sei 18:191-198 

R aupach  M , H e ld  C, W ägele  JW  (2004) M ultip le  colonization  
of th e  d e ep  se a  by  th e  A sello ta  (C rustacea: Peracarida: 
Isopoda). D eep -S ea  Res II 51:1787-1796 

R aupach  MR, M arlan d  G, C iais P, Le Q u éré  C a n d  others
(2007) G lobal an d  reg io n a l drivers of acce le ra tin g  C 0 2 
em issions. Proc N atl A cad  Sei 104:10288-10293 

R ichardson  G, W adley  MR, H eyw ood  KJ, S tevens DP, H e len e  
B anks H T (2005) S hort-term  clim ate  re sp o n se  to a  fresh ­
w a te r  p u lse  in  th e  S o u th ern  O cean . G eophys Res Lett 32: 
L03S03

^  R ogers AD, C larke  A, Peck  LS (1998) Popu la tion  g enetics of 
th e  A ntarctic  h e te ro n e m e rte a n  Parbolasia corrugatus  
from  th e  Sou th  O rk n ey  Islands. M ar Biol 131:1-13 

S chotte  M, K ensley  BF, Shilling  S (1995) W orld list of m arine , 
fre sh w a te r a n d  te rre s tr ia l C ru stacea  Isopoda. N ational 
M useum  of N a tu ral H istory Sm ithsonian  Institution, W ash­
ing ton , DC. A vailab le  at: w w w .n m n h .si.ed u /iz /iso p o d / 

Schuller M, E bbe  B (2007) G lobal d istribu tional p a tte rn s  of 
se lec ted  d e ep -se a  Po lychaeta  (A nnelida) from  th e  Sou th ­
e rn  O cean. D eep -S ea  Res II 54:1737-1751 

Schw abe E, B ohn JM , E ngl W, L inse K, Schroed l M  (2007) 
Rich a n d  r a re — first insigh ts in to  spec ies d iversity  an d  
ab u n d an c e  of A n tarctic  abyssa l G astro p o d a  (M ollusca). 
D eep -S ea  Res II 54:1831-1847 

Sm ed sru d  LH (2005) W arm ing  of th e  d e ep  w a te r  in  th e  
W eddell S ea  a long  th e  G reen w ich  m erid ian : 1977-2001.

D eep -S ea  Res I 52:241-258  
Sm ith  JE , Risk M J, Schw arcz HP, M cC o n n au g h ey  TA (1997) 

R apid  c lim ate  ch an g e  in  th e  N o rth  A tlantic  d u rin g  th e  
Y ounger D ryas re co rd e d  b y  d e ep -se a  corals. N a tu re  386: 
8 18 -8 2 0

Thistle  D, S ed lacek  L, C a rm an  KR, F leeg er JW , B rew er PG, 
B arry  JP  (2007) E xposure  to carb o n  d iox ide-rich  seaw ate r  
is stressfu l for som e d e ep -se a  species: a n  in  situ, b e h a v ­
iou ral study. M ar Ecol P rog  Ser 340:9-16  

T h ru sh  SF, W arw ick RM (1997) T he ecology of soft-bottom  
h ab ita ts : m a tch in g  sp a tia l p a tte rn s  w ith  dynam ic p ro ­
cesses. J  Exp M ar Biol Ecol 216 (Special volum e)

T urner J , C olw ell SR, M arshall GJ, L ach lan -C ope  TA an d  
o thers (2005) A ntarctic  c lim ate ch an g e  d u rin g  th e  last 50 
years. Int J  C lim atol 25 :279-294 

V anhove S, V e rm ee ren  H, V an reu sel A (2004) M eio fauna  
to w ard s th e  d eep  South  S andw ich  T rench  (750-6300  m). 
D eep -S ea  Res II 51:1665-1687 

V an reu sel A, V incx M  (2003) N em ato d a  of th e  w orld , an  
in te rac tiv e  d a tab ase . A vailab le  at: h ttp ://n e m y s .u g en t.b e / 
ind ex .asp

W alter T, Palm  H, P iep io rka  S, R ückert S (2002) Parasites of 
th e  A n tarctic  ra tta il M acrourus w hitson i (Regan, 1913) 
(M acrouridae, G adiform es). Polar Biol 25 :633-640  

W alther GR, Post E, C onvey  P, M enzel A a n d  o thers (2002) 
Ecological re sp o n ses to re ce n t c lim ate  ch ange . N a tu re  
416 :389-395

W atson A J, N av eira  G arab a to  A C  (2006) T he ro le  of S o u th ern  
O cean  m ix ing  a n d  u p w e llin g  in  g lac ia l- in te rg la c ia l a tm o ­
spheric  C 0 2 ch ange . Tellus 58B :73-87 

^  Zachos J, P ag an i M, Sloan L, T hom as E, B illups K (2001) 
T rends, rh y th m s a n d  ab erra tio n s in  g lobal c lim ate  65 M a 
to p re sen t. Science 292:686-693  

Zachos JC , R oehl U, S ch e llen b erg  SA, Sluijs A a n d  o thers 
(2005) R apid  acid ification  of th e  ocean  d u rin g  th e  Palaeo- 
c e n e -E o c e n e  th e rm al m axim um . Science 308:1611-1615 

Zw ally H J, Com iso JC , P ark in so n  CL, C avalieri DJ, G loersen  
P (2002) V ariability  of A ntarctic  se a  ice  1979-1998. J  G eo ­
p hys Res 107:C5,341

S u b m itted : O ctober 1, 2007 ; A ccep ted : D e ce m b e r  21, 2007 Proofs re c e ive d  fro m  author(s): A u g u s t  15, 2008

http://www.nmnh.si.edu/iz/isopod/
http://nemys.ugent.be/

