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SUMMARY: The Scotia Arc links Patagonia to the Antarctic Peninsula. This island chain has changed considerably since
Antarctica’s geographic and thermal isolation from other land and water masses. Now its rates of air, land and fresh-water
climate change are among the highest measured. This review examines work on the shallow water benthos of this region in
the context of climate change. In summer, primary productivity is as intense as anywhere, whilst in winter the water reach-
es unprecedented clarity. Suspension feeders may eat for just a few months but others feed all year. Growth and reproduc-
tion are up to 50x slower than non-polar rates. Life here is in the slow lane. There is intense summer disturbance from ice-
scour and wave action. This has erased shore zonation and created it below the surface. In contrast to summer disturbance,
the winter is among the calmest and most thermally stable environments, when the area is overlain by fast ice. Whilst few
animal phyla or species are represented on land, phyletic richness—and in some groups species richness—rivals that of trop-
ical regions. Data showing clines in benthic richness at several taxonomic levels across the Patagonia-South Georgia-Signy
Is.-Adelaide Is. chain and 50 years of ice-sheet retreat are presented.

Keywords: polar benthos, zonation, metabolism, suspension-feeding, growth, reproduction.

RESUMEN: UNA CADENA CAMBIANTE: PASADO, PRESENTE Y FUTURO DE LAS COMUNIDADES BENTONICAS SOMERAS DEL ARCO
DE SCOTIA Y ANTARTIDA. — El Arco de Scotia conecta la Patagonia con la Peninsula Antartica. Esta cadena de islas ha cam-
biado considerablemente desde el aislamiento geogréafico y térmico de la Antartida respecto de otras masas de agua y tierra.
Actualmente, esta area tiene las tasas de cambios climéticos mas elevadas, tanto en aire, tierra y aguas continentales. En esta
revision, se examinan los estudios en las comunidades bentonicas de aguas someras en el contexto del cambio global. La
productividad primaria es, durante el verano, tan intensa como en otras areas, mientras que en invierno las aguas alcanzan
una claridad sin precedentes. Los suspensivoros pueden alimentarse por apenas unos pocos meses, pero otros se alimentan
durante todo el afo. El crecimiento y la reproduccion son hasta 50 veces més lentos que en los organismos no polares. La
vida aqui esta en el “carril lento”. Durante el verano, existe un disturbio intenso debido al raspaje del hielo y la accion de
olas. Estos factores han eliminado la zonacion costera y la generaron debajo de la superficie del agua. En contraste al dis-
turbio de verano, el invierno esta entre los ambientes mas calmos y térmicamente estables, cubierto por la banquisa de hielo.
Mientras que sdlo unos pocos phyla o especies animales estan representados en tierra, la riqueza filética y en algunos gru-
pos la riqueza especifica, equipara la de las regiones tropicales. Se presentan datos evidenciando gradientes en la riqueza
bentdnica en varios niveles taxondmicos a través de la cadena Patagonia - Islas Georgias del Sur - Isla Signy - Isla Adelai-
da, ademaés de 50 afios de retraccion glaciaria.

Palabras clave: bentos polar, zonacion, metabolismo, suspensivoros, crecimiento, reproduccion.

ENVIRONMENTAL CHARACTERISTICS continents, Antarctica became very isolated over the
geographic south pole. From its former near-sub-

When the ancient supercontinent of Gondwana  tropical forests, Antarctica has become the coldest,
disintegrated and the fragments drifted apart to form  windiest, driest and highest continent that is almost
entirely covered with ice sheets several kilometres

*Received March 4, 2004. Accepted March 21, 2005. thick. The Circumpolar Current that developed in
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FiG. 1. — The Patagonia-Scotia Arc-Antarctic Peninsula region of
the South Atlantic and Southern Ocean. The major study islands
discussed are named.

the deep basins surrounding the cooling continent
and the Polar Frontal Zone (PFZ) became a major
oceanic barrier between the southern parts of the
Atlantic, Indian and Pacific Oceans and the South-
ern Ocean. At its narrowest point it covers almost 10
degrees of latitude (53-63°S), which is almost entire-
ly ocean, except for a few small islands and archi-
pelagos. Several of these archipelagos, South Geor-
gia, the South Sandwich Islands and the South
Orkney Islands (Fig. 1), are the tips of an almost
continuous subsurface mountain chain linking the
Andes and the Antarctic Peninsula. These moun-
tains, the Scotia Arc, are the only connection
between Antarctica and another continent apart
from deep abyssal plains. At the most northerly and
ice free (and thus most convenient) parts of the con-
tinent, islands such as the South Shetlands have
become important centres for science and other
anthropogenic activities. Convenience aside, the
Patagonia-Scotia Arc-Antarctic Peninsula has for
many reasons become a crucial region of the globe
for biological and climatological research.

For examination of nearshore benthic systems, the
Patagonia-Scotia Arc-Antarctic Peninsula offers the
only possibility for investigating the continuity of
trends across latitude at southern high latitudes. It also
represents the mostly likely point for invasions of ter-
restrial and marine habitats. Although some parts of
the Scotia Arc, the South Sandwich Islands, are very
poorly known (Baker er al., 1964; Holdgate and
Baker, 1979), the Scotia Arc and Antarctic Peninsula
region have increasingly become hotspots for cold
water research. In the 1970s, much of the ground-
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breaking polar research was focused at McMurdo
Sound in the high Antarctic (e.g. Dayton et al., 1970;
1974). The last decade, however, has seen a prolifer-
ation of science in the west Antarctic region, includ-
ing significant progress in the understanding of
colonisation (e.g. Rauschert, 1991), growth (e.g.
Kloser et al., 1993), larval development (Peck, 1993),
reproduction (e.g. Bréthes et al., 1994), feeding (e.g.
Barnes and Clarke, 1995), food availability (Clarke
and Leakey, 1996), metabolism (e.g. Ahn and Shim,
1998) and specific dynamic action (e.g. Robertson et
al., 2001) in the nearshore benthic environment.
Important discoveries of ice shelf disintegration
(Doake and Vaughan, 1991), high shelf benthic rich-
ness (Barnes and Brockington, 2003), great age and
records of atomic bomb tests in animal shells (Peck
and Brey, 1996), warming of air (King and Harango-
70, 1998) and lake temperatures (Quale et al., 2002)
have also focused on western Antarctica. In this
review many features of the environment and shallow
benthic faunas are compared, such as disturbance,
zonation, recruitment, diversity and mortality along
this link between the continents. Of crucial impor-
tance and background to such discussions is the con-
text of the southern polar environment and how it
contrasts with elsewhere.

The relative positions and amounts of land and
water in the south and north polar regions are very dif-
ferent; at Scotia Arc latitudes the southern hemisphere
is virtually all water, whereas it is nearly all land in the
northern hemisphere. At 55-70°N Subarctic and Arc-
tic seas have massive fresh water input over summer
periods as major rivers discharge on all sides from the
surrounding continents. The ocean around the Scotia
Arc is virtually all fully saline (Antarctica has no
rivers). Some of the Scotia Arc islands (e.g. the South
Sandwich Archipelago) may be young but the region
is old, whilst the entire Arctic environment is young.
There are, however, many similarities between the
Scotia Arc region of Antarctica and equivalent north-
ern hemisphere latitudes, particularly in terms of cli-
mate. For matched latitudes there is the same light cli-
mate, becoming more seasonal polewards. This
imparts a strong seasonal influence on sea surface
temperatures, fast-ice (frozen sea surface) formation
and breakup, disturbance and primary productivity
(and therefore, secondary productivity). Sea surface
temperatures change abruptly across the PFZ with
those south of it, typically reaching nearly -2°C in win-
ter and barely +2°C in summer (Table 1). In addition
to the glaciations, the relatively long period of cold
southern polar sea temperatures has removed much of



TABLE 1. — Comparison of marine environments from Patagonia to the Antarctic Peninsula in terms of physical, biological, climatic and
anthropogenic factors of change. Decreased ozone is shown as ‘| O;’.

factor Patagonia South Georgia South Orkneys South Shetlands Antarctic Peninsula
sea temp 0°C tol2°C. -2°C to >4°C. -2°Cto 2°C. -2°Cto 2°C -2°Cto 4°C
ice scour occasional around ~ occasional around  seasonal major seasonal major seasonal major
glaciers glaciers factor factor factor
fast ice rare occasional, seasonal, up to seasonal, up to seasonal,
short period 9 months 8 months up to 8 months
radiation seasonal. || O, seasonal. || O, seasonal. || O, seasonal. || O, seasonal. || O,

for days for days

climate change glacial retreat,

air temps

glacial retreat,
air temps

organism invasions terrestrial/ marine

persistent debris abundant abundant
tourism and ship traffic high high
science presence moderate low

terrestrial / lake

for days for weeks for weeks
highest lake air temps ice shelf changes,
warming, air temps air temps
terrestrial terrestrial/ marine? terrestrial
common common rare

low moderate low

low high low

the terrestrial and intertidal biota. This, and the relative
constancy of this low-temperature environment, have
left biota which are highly stenothermal and an austral
fauna with a strong pattern of temperature-dependent
biogeography (Peck, 2002; Portner, 2002a,b,c). The
influence of temperature in the polar realm has been of
fundamental interest for half a century and even now
its effect on fertilisation or enzyme kinetics (Vetter and
Buchholz, 1998) and rates of protein synthesis (Fraser
et al., 2002) have become important topics. Clarke
(1988) described the seasonal pattern of sea surface
temperature at Signy Island as typically being a long
period at -1.85 °C followed by a sharp rise to positive
temperatures, then a few months later a sharp fall back
to -1.85 °C. Sahade et al. (1998) have found this pat-
tern to be little different in the South Shetland Islands,
and indeed it is similar further down the Antarctic
Peninsula at 68°S (Adelaide Island). In contrast, south
of the Antarctic Peninsula, around the continental
margins, the annual change in sea surface temperature
has been reported to be as little as a tenth of a degree
(Dayton et al., 1970). Therefore, Antarctic sea tem-
peratures, compared with those in Patagonia and else-
where (even the high arctic), are characterised by
depressed levels and relative constancy.

DISTURBANCE

All environments experience disturbance, but the
frequency, scale and patchiness of events differ
enormously. It is not, however, merely the intensity

of destruction which dictates the effect on the biota:
the capability of communities to recover governs the
diversity and structure of ecosystems. Forests expe-
rience small-scale (in time and space) events rang-
ing from tree falls to massive land slides (Garwood
et al., 1979; Borkaw, 1985). Nearshore marine envi-
ronments are typically exposed to chemical, biolog-
ical and physical disturbance. In coastal water this is
often from sedimentation, fresh water runoff, pollu-
tion, anoxia or currents and wind-driven wave
action. Of these, currents and wave action are likely
to be most important in the Scotia Arc region. This
sort of disturbance ranges from the smallest ripples,
which are only likely to effect meiofauna, to benth-
ic storms, hurricanes and tsunamis. The average
wind speed and wave height is reasonably pre-
dictable across the globe by latitude (Fig. 2A,B): the
most heavily disturbed latitudes are those at the
level of the Scotia Arc.

Shallow seas also experience a wide range of
mechanical disturbance, incuding bioturbation by
organisms, bashing by drift logs (Dayton, 1971),
digging by Gray whales (Nerini and Oliver, 1983)
and hurricanes (Wulff, 1995). None of these agents
of disturbance are as severe in either impact force or
frequency as ice scour, which like wave height is
predictable to some extent by latitude (Fig. 2C). The
polar and sub-polar regions occupy a major propor-
tion of the globe (nearly a third), but ice scour also
occurs adjacent to glaciers at lower latitudes (Pugh
and Davenport, 1997). Nevertheless, in terms of
non-anthropogenic disturbance an averaged mean
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FiG. 2. — Shallow water disturbance with latitude and ocean basin.
Mean surface wind speed and wave height from Barnes (2002a)
drawn from data in Bentamy et al. (1996); solid line is mean across

different oceans. Ice scour data from satellite imagery of floating
ice prevalence.

across latitude is likely to show massive levels at
polar latitudes compared with anywhere else. In
periods of open water billions of pieces of floating
ice collide with the sea floor, almost denuding the
intertidal zone around an entire continent
(Hedgepeth, 1969; Shabica, 1972). Below the lit-
toral bigger icebergs are able to hit (Fig. 3A)—the
biggest scrape the bottom at several hundred metres
(Lien et al., 1989; Gutt et al., 1996) and are amongst
the most destructive natural forces (Dayton, 1990).
In the Scotia Arc one of the major influences of ice-
scour on hard substrata is a marked pattern of sub-
littoral zonation (Shabica, 1972; Zamorano, 1983;
Gallardo, 1987; Gambi et al., 1994; Barnes 1995a;
Nonato et al., 2000; Gutt, 2001; Barnes and Brock-
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ington, 2003). The same is also true at many Arctic
and Subarctic localities (Ellis and Wilce, 1961;
Bolton, 1983; Dowdswell et al., 1993; McCook and
Chapman, 1997; Conlan et al., 1998). In mud and
silt ice, gouging can even wipe out most of the meio-
fauna (Peck et al., 1999, Lee et al., 2001a) and
resuspend huge volumes of sediment (Rearic et al.,
1990). These plough furrows and other ice scour
features have been preserved in rock, giving impor-
tant clues to pre-present aquatic ice patterns and
processes (Dionne, 1977; Vogt et al., 1994). The
recolonisation time in sediments begins in days,
with the more mobile forms, particularly scav-
engers, returning to feast on the previous destruction
(Peck et al., 1999; Lee et al., 2001a,b). Thus, as the-
orised for deep sea environments (Dayton and
Hessler, 1972; Grassle and Sanders, 1973), this dis-
turbance promotes wider scale diversity by increas-
ing surface heterogeneity (Fig. 3B) and the domi-
nance of fauna from place to place (Gutt and Piepen-
burg, 2003). On hard substrata too, encrusting, com-
petitively-dominant species are prevented from
monopolising space by periodically being wiped out
(Barnes, 2002a). Poorly ranked competitors (usually
pioneers) are often highly abundant in shallow polar
habitats, as can also happen at some lower latitude
sites promoted by disturbance (Dayton, 1971; Paine,
1979; Karlson, 1983) or keystone species abundance
(Paine, 1974). In the Patagonia-Scotia Arc-Antarctic
Peninsula region there is likely to be a trend of
increased levels of ice scour with latitude, but any
signal from such a cline would be complex for sev-
eral reasons:

The latitude of the PFZ, and therefore freezing
water, varies in time and space. The ANDEEP (Fut-
terer et al., 2003) and LAMPOS (Arntz and Brey,
2003) cruises of the Polarstern have, for example,
collected data suggesting the PFZ to occasionally
be south of South Georgia. If this is the case, the
PFZ may wander hundreds of miles in the South
Georgia region.

Complexity is also generated by other forms of dis-
turbance, such as wave action (Fig. 2B), ice-foot and
anchor ice formation, also changing with latitude.

The prevalence and duration of freezing surface
waters (fast ice) increases with latitude. When fast-
ice forms it effectively locks up icebergs so that they
are immobilised, reducing scouring to already
grounded ice, and even this to only the location
where they are.

Anchor ice (formed by supercooled water nucle-
ating around organisms or objects) is rare in the Sco-



FiG. 3. — Disturbance and colonisation. Ice in the process of scouring the seabed (top left); ice scour path left after iceberg has scraped the
seabed (top right); southernmost shore zonation in Tierra del Fuego (middle left); rich benthos on a wall at 20 m, Signy Island (middle right);
first year colonisation on a boulder at Adelaide Island (bottom left); colonisation after ~ a decade (bottom right).

tia Arc or along the Antarctic Peninsula, and even in
the high Antarctic below 30 m (Dayton et al., 1970;
1974). Much of Antarctica’s coastline lies at 67-72
°S, but we still know little of the relative balances of
disturbance and community structuring at these lati-
tudes. Only at the Vestfold Hills and Adelaide Island
has shallow shelf sea bed and fauna even been stud-
ied in moderate detail in the context of ice distur-
bance (Kirkwood and Burton, 1988; Tucker, 1988;
Barnes and Brockington, 2003). There is, however,
no littoral or even shallows around much of the high
Antarctic, as floating ice sheets extend out from the
continent. In the SE Weddell Sea the only ‘shallows’
are sea-mounts rising to within 100 m of the surface.

Ice is clearly one of the most severe natural dis-
turbance events. Only in recent years, however, has
the impact of anthropogenic disturbance — particular-
ly fishing—begun to be evaluated and realised. Fish-
ing has massively changed benthic (and other)
ecosystems across the globe by systematically remov-
ing the uppermost trophic level (Jackson et al., 2001).
In warm waters sharks and large predatory fish, such
as tuna, have been gradually been reduced to smaller
populations of smaller fish (Myers and Worm, 2003),
with ultimately a smaller ecological role. These
authors suggest that large predatory fish have been
reduced to just 10% of their number, causing cata-
strophic changes cascading along trophic levels. In
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the Scotia Arc this is now happening to the Patagon-
ian Toothfish Dissostichus and the commercially
fished squid populations (Collins et al., 2003). In the
case of these Southern Atlantic and Southern Ocean
fisheries, as with whales, the problem is acute, as
adults take a long time to grow and mature. Further-
more, the fishing methods have resulted in by-catch-
es of seabirds and have been crippling populations of
another top predator—albatrosses (Schiavini et al.,
1998). Previously the Southern Ocean, particularly
around the Scotia Arc, was the centre for one of the
largest scale changes of an ecosystem. Over just a few
decades the large populations of the most massive
animals ever to have occurred on earth were reduced
to near ecological extinction. In size-successive order
man removed the Blue, Fin, Sei and other baleen
whales from the ecosystem—their bones lie scattered
around many bays of the Scotia Arc islands (e.g.
South Georgia and Signy Island). It seems that even
the scale of the reduction of the great whales them-
selves is still being underestimated (Roman and
Palumbi, 2003).

The effects of demersal fishing in some ways
mimic those of ice scour. Some areas are being
‘scoured’ by trawls many times a year (Collie et al.,
2000, Thrush and Dayton, 2002), though this is rare
within the Scotia Arc. The type of destruction
resembles ice scour in many ways, such as in the
type, effect and frequencies involved. Acoustic
methods are increasingly being used to evaluate the
impact of fishing on benthic communities and this
method is likely to be an increasingly powerful tool
for investigating polar ice scouring. In the Patago-
nia-Scotia Arc-Antarctic Peninsula, ice is probably
the major structuring influence to coastal benthic
communities above ~100 m depth, and in some
areas even below this (Gutt, 2001). In the intertidal
this is principally mediated by ice-foot encasement
during the winter and by ice-scour during summer
open-water periods (seasonally in Patagonia (Fig.
3A,B)). In the shallow subtidal, ice-scour starts
overtaking wave action as of most influence at about
52-56 °S and anchor ice likewise starts becoming the
most important influence south of 73-75 °S (Barnes
and Brockington, 2003). In deeper polar water it is
clear that scouring occurs commonly (in places)
even at several hundred metres depth, in both the
Antarctic and the Arctic (Gutt et al., 1996; McCook
and Chapman, 1997; Gutt and Starmans, 2001).
Therefore, ice effects have pronounced clines with
latitude, bathymetry and season, but are most appar-
ent in the strong zonation created.
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ZONATION

Zonation has for more than a century been an
important concept for understanding distributions
of organisms. Many environmental gradients exist
in space and time but those that marine biologists
particularly associate with zonation are tidal, geo-
graphical, topographical and exposure. Nowhere is
this more obvious than on temperate shores as a
clear series of ‘belts’: superabundance of particular
animals, algae or lichens are obvious across a ver-
tical plane spanning just a few meters. On the
southernmost shores of South America, Africa and
Australasia littoral zonation is striking, yet around
the Antarctic and high Arctic coastlines this band-
ing disappears (Dayton, 1990). In the Atlantic,
Tristan da Cunha (37°S), Gough (41°S) and the
Falkland/Malvinas Is. (51°S) are amongst the most
southerly islands. On these shores littoral zonation
is clear amongst algae and macrofauna (see de Vil-
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FIG. 4. — Intensity of faunal zonation with latitude in the littoral
(upper) and sublittoral (lower). The position of the Polar Frontal
Zone is shown as a grey shaded bar. Schematic diagram modified
from Barnes and Brockington (2003) suggesting a change of inten-
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Hills, 12. McMurdo Sound.



liers, 1976). Around the margins of the Polar
Frontal Zone, though, there is a dramatic change:
the only sign of shore zonation is the banding of
macroalgae. This is largely the case in the Sub-
antarctic islands of the Prince Edward archipelago,
Kerguelen and South Georgia (de Villiers, 1976;
Pugh and Davenport, 1997). Beyond these lati-
tudes, in the South Sandwich, South Orkney and
South Shetland archipelagos, even macro-algae are
absent from shores. As zones are entirely biologi-
cally defined, that is they are largely the visible
patterns of a few such dominant species (Under-
wood and Kennelly, 1990), the phenomenon of
zonation in the littoral disappears south of about
54°S - except at the southern tip of South America.
The most southerly shores around Cape Horn at
about 55°S are permanently north of the PFZ and
do show (reduced) faunal and algal zonation (Fig.
3C). Thus, there is a cline in the strength of zona-
tion with latitude, which can be seen by comparing
shores of islands from the South Atlantic to those
along the Antarctic Peninsula (Fig. 4).

Increased levels of floating ice, the scouring that
this causes, and winter freezing are thought to be the
driving factors behind the disappearance of abun-
dant littoral macrobiota and zonation. For decades it
was considered that life was virtually absent from
the Antarctic littoral zones, but there are a few—
mainly marine—species that colonise during sum-
mer open-water periods (see Hedgepeth, 1969;
Shabica, 1972; Barnes et al. 1996; Kim, 2001;
Barnes and Brockington, 2003). However, ice scour,
primarily responsible for the reduction of shore
biota and zoning, starts becoming a major structur-
ing force in the sublittoral at similar latitudes. Only
fast-growing pioneer species (a few gastropods,
bivalves, tubicolous polychaetes, encrusting bry-
ozoans and hydroids) are found in the top 5-10 m on
hard rocky bottoms at Signy Island in the South
Orkney Archipelago (60°S) (Barnes, 1995b). The
different faunas between 25 m (Fig. 3D) and 6 m at
Signy Island are, however, apparent even in the dif-
ferential species recruiting to newly available sub-
strata (Stanwell-Smith and Barnes, 1997). Experi-
mental panels immersed for nearly 2 years at 6 m at
Signy Island were only colonised by the few pio-
neers (spirorbid worms and a few species of bry-
ozoans) that are typical of encrusting communities
at that depth. Similar panels immersed at the same
place for the same period but at 25 m revealed a
much richer colonising fauna. In the upper-most
islands of the Antarctic Peninsula region, zonation is

a prominent feature, and has been documented from
a variety of islands, especially around the South
Shetland Archipelago (62°S). As with temperate
shore zonation, this probably takes the form of a
series of slightly differing species distributions, but
3-4 zones are characteristically described, based on
the distributions of the most abundant species. One
of the earliest descriptions (from the South Shetland
Archipelago), by Gruzov and Pushkin (1970), tri-
split the shallow subtidal into an upper surf zone, a
middle kelp zone and a deeper (15-30 m) fauna
zone. More detailed accounts of biota horizons in
the shallow waters around King George Island have
been given by Zielinski (1981), Rauschert (1991),
Kloser et al. (1993), Atz et al. (1994), Arnaud et
al. (1998), Jazdzewski (1998), Sahade et al. (1998),
and most recently by Nonato er al. (2000) and
Bromberg et al. (2002). The upper zone (0-4 m),
though variable from place to place, seems to be
mainly depauperate of fauna (apart from
amphipods) and comprises the algae Desmarestia,
Himantothallus and Leptsomia. Below this, to about
15-18 m polychaetes, the limpet Nacella concinna,
serolid isopods and the bivalve Laternula elliptica
become abundant. In the deeper zones to 25 m and
beyond the fauna becomes richer and resembles a
typical shallow-water Antarctic Peninsula fauna,
e.g. the echinoid Sterechinus neumayeri, the
nemertean Parborlasia corrugata and the isopod
Glyptonotus antarcticus, among others. Meiofaunal
patterns seem to be similar to those in the macrofau-
na (increases in abundance and diversity) with
respect to depth (Skowronski et al., 1998; Vanhove
et al., 2000; Lee et al., 2001a,b).

Though less well described, the benthic zonation
appears to be more delineated at the Palmer
Archieplago (Zamorano, 1983) and the Haswell
Islands (66°S) (Propp, 1970) and at Adelaide Island
(Barnes and Brockington, 2003). At Adelaide Island
Barnes and Brockington (2003) report that the tri-
level zonation can even be distinguished by charac-
teristics within populations of single species: the
size of Sterechinus neumayeri varies significantly
with depth. Furthermore, species such as S. neumay-
eri, and other grazers (e.g. Nacella concinna), can
not only create zonation patterns by their own dif-
ferential abundance but by their feeding intensify
them through removal of recruits. Strong zonation
has been found at similar depths at other higher lat-
itude sites around the Antarctic continent shelf (Gal-
lardo 1987), or more specifically the Vestfold Hills
(Kirkwood and Burton, 1988), Terra Nova Bay (Cat-
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taneo-Vietti et al., 2000) and McMurdo Sound
(Dayton et al., 1970; 1974; Dayton, 1979; Miller
and Pearse 1991). The vertical zonation absent in
the littoral zone south of the PFZ is therefore quite
apparent in the shallow sublittoral and increases as
an opposite trend to decreasing shore patterns (Fig.
4). A number of authors have, however, reported
distinct sublittoral zonation along temperate Pacific
shores, particularly along the Chilean fjords and
Californian coast.

Ellis and Wilce (1961), and others since, have
reported equivalent zonation patterns from the high
Arctic. The littoral macrofauna and zonation pat-
terns do become reduced with latitude, though there
are still quite a number of species on some shores at
77-79°N (Spitsbergen) (Weslawski et al., 1993).
Both in the littoral and sublittoral, Arctic biota have
strong additional forces of zonation. Run-off from
surrounding continents, especially large inputs of
fresh water, localised pollution and sedimentation
(Holte et al., 1996) or anoxia (Kvitek ef al., 1998)
contribute substantially to faunal vertical distribu-
tions. Changes in zonation with latitude (mediated
by ice scour) probably occur up coastlines into the
Arctic as well as along the Patagonia-Scotia Arc.
Zonation is clear in the high Arctic sublittoral (Day-
ton, 1990), though equivalent changes seem to occur
at a much higher boreal (than anti-boreal) latitude.
As in the southern polar region, these patterns in the
sublittoral are due to the frequency of disturbance
versus the potential of biota to colonise. Settlement
and recruitment was therefore a key feature for the
understanding of nearshore benthic community
structure, yet until 1991 (when both Pearse and
Pearse, and Rauschert reported studies), Dayton and
Oliver’s now famous (1977) experiment at McMur-
do Sound was the only such study reported from the
entire Southern Ocean.

RECRUITMENT

For a long time since the pioneering reproductive
studies undertaken by Thorson and their wider inter-
pretation (Mileikovsky, 1971), the idea of many
polar taxa using pelagic larvae was against a strong
paradigm. A couple of decades later it seemed that
some taxa did not follow Thorson’s rule (Pearse et
al., 1991; but see Arntz and Gili, 2001). Even in
remote archipelagos like the South Orkney Islands,
pelagic larvae from a wide range of taxa can be
common (Stanwell-Smith ez al., 1998). Pelagic lar-
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FiG. 5. — Coverage of artificial substrata (settlement panels) in tem-
perate/tropical localities (filled symbols) vs southern polar
localities. Adapted from Stanwell-Smith and Barnes (1997).

vae may, however, be quite rare in large areas of the
Southern Ocean, such as across the Weddell Sea
(unpublished ANDEEP III cruise data). The timing,
duration, abundance and mortality of recruits was
completely unknown in the southern polar region
before Dayton (1989) reported some strange recruit-
ment patterns in the Ross Sea. This experiment had
been running for about a decade and a rich fauna,
with respect to cheilostome and cyclostome bry-
ozoans, had colonised the panels (Moyano, 1984).
Periodic macroscopic observation by divers had
suggested almost no recruitment for a number of
years followed by a massive recruitment later on in
the experiment. This may, indeed, be evidence of
considerable interannual variation, as suggested by
Dayton (1989), but there are other interpretations.
Early examination was by divers only, so it is not
surprising that they were unable to see much
because many pioneer species are small and translu-
cent. Furthermore, for a number of years the panels
were not examined at all, so while strong interannu-
al variation in recruitment may have occurred, we
cannot be certain that recruitment was more gradual,
as has been measured elsewhere. In the same year
the first of a number of settlement and recruitment
studies in the Patagonia-Scotia Arc-Antarctic Penin-
sula were published. At 46°S Lopez-Gappa (1989)
showed that benthic recruitment in Magellanic shal-
low waters closely resembled that of the better-stud-
ied northern Atlantic with respect to space occupied,
richness and other obvious factors. The first study in
the Antarctic Peninsula region revealed the presence
and importance of relatively fast-growing ascidians
in early community development (Rauschert, 1991).
Two back-to-back two-year studies (Barnes, 1996;



TABLE 2. — Recruitment to benthic environments, experiments with artificial substrata in the Scotia Arc and Antarctic. Two values for species
richness and duration refer to the different sources given above.

factor Patagonia South Orkneys South Shetlands Antarctic Peninsula high Antarctic
source Lopez Gappa, 1989;  Barnes, 1996; Rauschert, 1991 Bowden, unpubl. Moyano, 1984;
Barnes, unpublished ~ Stanwell-Smith and Dayton, 1989;
Barnes, 1997 Arntz et al. unpub.
% cover 75% 2-10% >10% 40-80% variable by year (<5%)
species richness 24 species, 19 species 22 species,23 species  low moderate 46 species
diversity moderate low low low moderate
taxa polychaetes, polychaetes, polychaetes, polychaetes, polychaetes,
bryozoans, ascidians  bryozoans, ascidians ~ bryozoans, ascidians bryozoans, sponges, bryozoans
ascidians
duration 9 months 21 months 3 years 2 years 10 years
4 months 21 months 3 years

Other southern polar studies include those of Pearse and Pearse (1991), who recorded very little on panels immersed for a year at McMurdo
Sound, Davenport and Stevenson (1998), who recorded 3 species on panels at South Georgia, and Gerdes and Klages (unpublished data), who
recorded O species after 1 year at 670 m in the Weddell Sea. A further study was set up in the South Shetland Is. more than 4 years ago but

remains to be retrieved (Arntz pers. comm.).

Other northern polar studies include those of DePalma (1969), who recorded 8 species (7 at any one time) in Newfoundland, and Schoener
et al. (1978), who recorded 8 species (8 at any one time) in southern Alaska and 10 species (7 at any one time) in Washington. The most
recent experiment is the fouling over 2-3 years on Arctic moorings but is yet to be published (Arntz pers. comm.).

Stanwell-Smith and Barnes, 1997) at Signy Island in
the South Orkney Islands were the first to report sea-
sonal data. Both studies showed very low levels of
colonisation compared to temperate or tropical stud-
ies (Fig. 5, Table 2). Whether or not rarity of pelag-
ic larvae contributes to depressing colonisation rates
is debatable, as many colonists at low latitudes are
those with benthic larvae. Benthic recruitment stud-
ies also emphasise the disturbance in shallow water:
both Rauschert (1991) and Barnes (1996) lost panels
to ice and wave action. Schoener et al. (1978) had
shown, despite site and year variability, that latitude
was a major factor in explaining recruitment differ-
ences in northern hemisphere sites from the tropics
to the Subarctic. Although most of Antarctica’s
coastline lies between 67 and 72°S, at no site within
this latitudinal span had hard substratum recruitment
been investigated until recently. The preliminary
results of a new shallow water study by David Bow-
den at Rothera, Adelaide Island, suggests that
colonisation rates were low compared to those at
low-latitude sites but not nearly to the extent found
by the two studies at Signy Island. The depressed
colonisation values found by Barnes (1996) and
Stanwell-Smith and Barnes (1997) may owe as
much to the isolation of the South Orkney Islands as
to their polar latitude. If this is true, it contrasts with
a lack of strong isolation effects in other austral, but
lower-latitude, recruitment studies (e.g. Holmes et
al., 1997). To date no large-scale nested studies of

recruitment, such as those performed across the
Great Barrier Reef (Hughes et al., 1999), have
included high latitude sites—this needs to be done to
determine the scale at which we can really apportion
variability.

Dayton (1989) considered that ice occasionally
providing uplift for benthic larvae was important in
shallow soft sediment environments in the Ross Sea.
Such events might support the interannual variabili-
ty he and co-workers reported of recruits to panels.
Certainly ice patterns do seem to show short 4-8
year patterns as well as those on larger and smaller
(seasonal) scales (Murphy et al., 1995). Although
many features of sediments have been well studied
in the Scotia Arc and Antarctic Peninsula region, lit-
tle is still known of recruitment to such habitats.
Among rooted bryozoans, Winston (1983) found
that many of the young colonies had grown from
fragments of older ones, so much ‘recruitment’ was
vegetative rather than from sexual origins. In soft
sediment habitats, settlement in and invasion of
scours, that is the recolonisation of ice denuded
areas, has probably been the most studied aspect of
recruitment. In deep waters the recruitment of pio-
neer species to scours has now been well document-
ed in the Arctic (Conlan et al., 1998) and Antarctic
(Gutt and Piepenburg, 2003). In shallow waters
bimodal distributions of bivalves (e.g. Yoldia eight-
si) have been found in well-scoured sediments with
entire cohorts missing (Peck and Bullough, 1993).
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Recruitment into soft sediments occurs through both
migration in and settlement onto surface muds. Peck
et al. (1999) found that recruitment to new scours
varied considerably between taxa: the more mobile
elements of both macro- and meio-fauna were
quickest. Recruitment of meiofauna, as with much
of the ecology of this important fraction of the ben-
thos, is poorly known, but work by a few teams is
starting to rectify this (e.g. Skowronski et al., 1998;
Lee et al., 2001a,b).

DIVERSITY AND RICHNESS

Half a decade of northern hemisphere work has
led to a long and complex argument as to the cause
of a ‘global’ latitudinal cline in biodiversity (see
Pianka, 1966; Gray, 2001; Allen et al., 2002). It is
frequently referred to as the most recognised diver-
sity pattern, despite the fact that such a trend has
never been established in the southern hemisphere
(Clarke, 1992). Investigations of global geographic
diversity trends in bivalves (Stehli et al., 1967;
Crame, 2000) and corals (Stehli and Wells, 1971),
for example, have found longitudinal components to
be as strong as latitudinal. In gastropods (Roy et al.,
1998) and bryozoans (Clarke and Lidgard, 2000)
strong pole-ward declines have been established, but
their data were restricted to particular northern
coasts only. Recently complex but broadly poleward
declines have been described in decapods around
South America (Astorga et al. 2003) and on North
American coastlines (Boschi, 2000). A number of
taxa, however, not only show no such decline in the
southern hemisphere but even may have raised polar
values. These include the brachiopods (Foster,
1974), bryozoans (Hayward, 1995; Lopez Gappa,
2000), pycnogonans (Clarke and Johnston, 2003)
and even molluscs (Valdovinos et al., 2003). For
such work the coastline of North America conve-
niently stretches from the tropics to the high Arctic,
but the Patagonia-Scotia Arc-Antarctic Peninsula
chain has an even greater latitudinal span. For inves-
tigation and explanation of large-scale trends in the
distribution or characters of organisms, the Patago-
nia-Scotia Arc-Antarctic Peninsula link offers the
best opportunity to evaluate latitude in the southern
hemisphere. Early expeditions and collections
revealed striking differences between the biota of
the southernmost continent and its surrounding
ocean, not least the near absence of some taxa,
unusual abundance of others, extremely high
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endemism (see Arntz et al., 1997), minute land
fauna and, conversely, gigantism in some marine
fauna. Exploring the continuity of such macro-eco-
logical/evolutionary trends has, however, been
heavily dominated by work around Europe and
North America.

The many confounding problems of using histor-
ical data have again placed emphasis on ecological,
multiple small-scale sampling across wide latitudi-
nal ranges. For many decades surveys of shallow
water benthos have been undertaken from the scien-
tific bases of most nationalities in the Scotia Arc-
Antarctic Peninsula region (see Arntz et al., 1994;
1997). This information is very patchy in shallow
waters. A number of detailed studies have addressed
diversity patterns along the Chilean coast (San-
telices and Marquet, 1998; Rivadeneira et al., 2002),
but few have been undertaken along Argentina and
the Falkland/Malvinas (Lopez Gappa 2000) or
South Georgia islands and none (to the author’s
knowledge) in the South Sandwich archipelago.
Studies in the South Orkney Archipelago have
focused on just one island, Signy (Barnes, 1995a;
Barnes et al., 1996), whilst the sublittoral around the
South Shetland and Palmer archipelagos in the
northern Antarctic Peninsula are probably as well
studied as some European and North American
coasts (Gruzov and Pushkin, 1970; Zamorano,
1983; Rauschert, 1991; Arnaud et al., 1998;
Jazdzewski, 1998; Sahade et al., 1998; Nonato et
al., 2000). Antarctic Peninsula sites can be highly
speciose, as well as having high biomass and abun-
dance values relative to those in the Arctic or even
temperate regions (Brey and Clarke, 1993; Arntz et
al., 1997). Some of the highest values recorded have
been at Adelaide Island at 68°S (Barnes and Brock-
ington, 2003), but vertical surfaces at other loca-
tions, such as Signy Island (Fig. 3D), also clearly
have high values. At Adelaide island 75 species
were found in a total sample area of just 7.5 m? and
9 species were found in the intertidal—rich by
Antarctic standards. Hard substratum samples taken
within similar areas (about 4x 0.25 square m) at sev-
eral depths at 5 sites along the Patagonia-Scotia Arc-
Antarctic Peninsula are reported in the current paper
for the first time (see Gerdes et al., 1992 for a com-
parison of soft sediment and latitude within the
Southern Ocean). Diversity was highest at the deep-
er depths (12-35 m) and patterns were similar both
between sites and between the taxonomic levels
used (Fig. 6). Thus higher taxon surrogacy for pat-
tern analysis does seem valid for these data, albeit a
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small set. The lowest diversity (Shannon H’) values
were in the shallowest depths and in the Falk-
land/Malvinas and South Georgia. Thus, as with
recruitment to settlement panels, low values are
associated with isolated islands, but diversity at
Signy Island, also in an isolated archipelago, was as
high as at Tierra del Fuego.

Elsewhere in the world comparable methods
have been used at similar, though northern latitudes.
Maughan and Barnes (2000), in the subtidal zone of
SW Ireland (51°N), found uniformly fewer (range
10-67, mean 43) species at 3-18 m depth in mean
sample areas of 2.747 m? On the west Atlantic
seaboard (Maine), Ojeda and Dearborn (1989)
encountered just 60 species from sampling an area
14 times the size of the areas sampled here in the
rocky subtidal. At a lower latitude, e.g. Milos Is., a
site of established regional (Mediterranean Sea)
benthic richness (Morri et al., 1999), numbers of
hard substratum shallow benthic species were com-
parable with SW Ireland and lower than at Tierra del
Fuego, Signy and Adelaide islands. In contrast, typ-
ical temperate and tropical species richness in the
littoral zone is probably an order of magnitude high-
er (e.g. McGuiness, 1990; Maughan and Barnes,
2000). The taxon richness values at the Patagonia-
Scotia Arc-Antarctic Peninsula sites studied here are
very high in comparison with typical Arctic sites
(see Dayton, 1990; Arntz et al., 1994). Just 3-42
species m? have been found at similar depths by a

number of studies in the high Arctic from 10 x the
sample area (author’s unpublished data, Holte et al.,
1996; Sjer et al., 2000). There are, however, highly
improverished subtidal faunas in the Scotia Arc and
along the Antarctic Peninsula, such as the South
Sandwich Islands and the wind- and wave-swept
Snow Island (Barnes and Arnold, 2001a,b). At some
isolated Subantarctic localities, such as Marion
Island, considerable sublittoral species richness (64-
106 species in 0.4 m? area, 203 species in 4 m?) has
been reported (Becley and Branch, 1992). Although
they are not completely barren, intertidal zone
species richness and diversity on Antarctic shores is
substantially reduced. In Tierra del Fuego, and to a
lesser extent the Falkland/Malvinas, a wide range of
animals and animal taxa are still common on shel-
tered shores. Pugh and Davenport (1997) did report
a number of colonists on some littoral areas of South
Georgia, but typically these shores have a very
reduced presence of algae and animals. Further
south, Rauschert (1991) and Barnes and Arnold
(2001a,b) found 5 or fewer littoral species in large
sample areas at Signy Island and various Antarctic
Peninsula islands. Only at Thorgerson Is. (Palmer
Archipelago) and Adelaide Island were as many as
9 littoral species found. The most common hard sub-
stratum species are generally the copepod Tigriopus
angulatus, the limpet Nacella concinna,
cheilostome bryozoans (e.g. Inversiula nutrix) and
amphipods (e.g. Hippomedon kergueleni). On soft
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sediment shores (which are rare) amphipods and a
variety of worms, such as sipunculans (e.g. Golfin-
gia margaritacea) and priapulans (e.g. Priapulus
tuberculatospinosus) are typical. The species rich-
ness of southern polar shores may be poor but most
of them also represent different phyla. This mirrors
the substantial higher taxon richness of the subtidal:
16 animal phyla and 25 classes were represented in
10 m? at Adelaide Island. The combination of high
space coverage, densities and richness in the subti-
dal zone and the fact that the system is almost cer-
tainly less complex than those at lower latitudes,
should have made this region ideal for investigations
of major ecological concepts such as competition for
resources.

COMPETITION

It has long been thought that competition and pre-
dation are more severe with decreasing latitudes
whilst environmental factors become more severe
(see McGuiness, 1990). Such a difference between
temperate and tropical regions has been hard to
demonstrate because of confounding issues such as
variability between sites, localities or regions and
differences between taxa, basin ages and other vari-
ables. The vigourous research in polar regions has
not yet, however, spread to competition in either
polar marine realm. This may in part be due to the
historical assertion that resources need to be limiting
for competition to occur (Connell, 1978) and the
assumption that in polar seas disturbance is high and
empty space is common in young communities (Fig.
3E). However, many areas, such as cliffs, overhangs,
crevices and caves are ice-sheltered, competition can
be intense on assemblages a few years old (Fig. 3F)
and there is virtually no free space on those
unscoured for decades (Fig. 3D). In the ecological
literature there is an abundance of studies in cool
temperate North America and NW Europe. Much
discussion has focused on the outcomes of competi-
tion, such as the importance of tied vs decided inter-
actions (Schmidt and Warner, 1986), reversals in out-
come between competitor pairs (Chornesky, 1989)
and levels of transitivity (how hierarchical an assem-
blage is) (Russ, 1982; Tanaka and Nandakumar,
1994). How competition is structured on hard sur-
faces is of fundamental importance to recovery from
disturbance and generation of diversity: in a strict
hierarchy an ultimate dominant species should
emerge and monopolise most space. This has been
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found to happen in a number of hard substratum
environments. In such places diversity can be main-
tained either by mechanical or biological disturbance
removing clumps of fauna and exposing space. Day-
ton (1971) found that floating logs smashed gaps in
mussels which otherwise smothered the coast and
Paine (1974) found that a keystone predator, Pisas-
ter, acted similarly, opening up opportunities for
competitive inferiors. This is equivalent to pioneer
trees growing in the clearings made from the destruc-
tive fall of competitively superior trees. On Atlantic
(Jackson, 1979) and Indo-West Pacific coral reefs
(Chornesky, 1989), intransitive networks prevail in
competition—resulting in so many ties or reversals
in outcome that large numbers of species can exist
side-by-side. Work in Patagonia (Lopez Gappa,
1989), the Scotia Arc (Barnes and Arnold, 2001a)
and the Antarctic Peninsula (Barnes and Clarke,
1998) showed that high latitude assemblages were
more hierarchical than any other assemblages previ-
ously measured. The clashes between the encrusting
animals of these southern polar communities rarely
resulted in ties and the competitive dominant species
overgrew any competitor encountered on virtually all
occasions. Only in vertebrate intraspecific battles for
status had such hierarchies previously been estab-
lished (Clutton-Brock et al., 1979; Wagnon et al.,
1996). There thus seems to be a latitudinal cline in
the structure of competition, and therefore in the
mechanism of succession in shallow marine environ-
ments (Barnes, 2002a). An obvious note of caution,
though, is that there are comparatively few tropical
data, so the low values of the few low latitude stud-
ies may be driving the significance of the relation-
ship. The cline is still supported, though, even when
just the southern polar data are examined (Fig. 7).
The significance of this trend in competition as a
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structuring force is that typically in the tropics no
environmental disturbance is required to maintain
high levels of local diversity. At polar latitudes, in
contrast, without disturbance, competitive dominants
would monopolise vast areas of shallow benthic
space (on hard substratum) and poorer competitors
would be shut out completely. With current (high)
levels of disturbance, diversity and richness is also
low as assemblages are numerically dominated by
fast growing pioneer species (Barnes and Clarke,
1998). Thus, with extremely high or low disturbance
only one or two species prevail in an environment
which at mid-levels (on the larger boulders, see
Barnes et al., 1996) can support tens of species in
just a square metre. As such, this system represents
one of the best examples of the intermediate distur-
bance hypothesis (Connell, 1978; Huston, 1979) at
local scales for hard substrata. Examples of poor
competitors dominating assemblages are known
from elsewhere in the world (Karlson, 1980; 1983;
Paine, 1979), but in the Antarctic this phenomenon
occurs along vast areas of hard bottom coastline.
Therefore, although only small areas of space are
occupied in very shallow waters around the Scotia
Arc-Antarctic Peninsula, competition is common
and severe. Only the regularity and catastrophic
nature of disturbance enables pioneer species; the
fast dispersers dominate what little space the fauna
occupies. This ‘rapid’ colonisation of new space
does involve adult movement as well as larvae
recruiting into it, but speedy physical movement of
animals in this entire region is unusual.

METABOLISM AND ACTIVITY

One of the most striking features of southern
polar shallow water communities to an in situ
observer is how little movement there is, despite (in
places) high densities, biomass and richness. Sessile
or sedentary suspension feeders and deposit feeders
often comprise the major part of communities (see
e.g. Gruzov and Pushkin, 1970; Winston and Heim-
berg, 1988; Gerdes et al., 1992; Barnes, 1995a) and
are increasingly seen as playing a fundamental role
in food webs (Gili and Coma, 1998). Even inverte-
brate predators such as nemertean worms, certain
gastropods, pycnogonans and asteroids can still
have moved less than a metre in a week. Greatly
speeded up film has revealed some remarkable
nemertean chases of limpets and burrowing and
wriggling of bivalves over actual periods of many

hours (Peck, pers. com.). The success of some fauna
in such areas as polar seas and abyssal plains has
been based on their living life in the slow lane
(Emson, 1985). Certainly many of the highly suc-
cessful fauna (e.g. bryozoans, brachiopods, echino-
derms and hexactinellids [now placed in the phylum
Symplasma]) are mainly bone and do not move or
move only slowly. Even southern polar fish are usu-
ally fairly sluggish. They more than any other taxa
have been important for larger scale comparisons of
latitude and temperature on physiology such as mus-
cle oxidative capacity (Johnston et al., 1998) and
metabolic scaling (Clarke and Johnston, 1999).
Again, the Scotia Arc and Antarctic Peninsula has
been the focus for virtually all analysis of activity
and metabolic rates, and how these link with envi-
ronmental factors such as temperature. The normal
oxygen consumption or resting metabolic rate has
now been measured in quite a wide variety of ani-
mals (Fig. 8). Two decades ago almost nothing was
known about the ‘tick-over’ of polar invertebrates
but in the last two decades we have gained insight
into oxygen use in a wide variety of taxa. Typical
values stretch over approximately an order of mag-
nitude (30-300 ug O,.g AFDM.h') and seem to
vary as much within as between taxa and lifestyles.
For example, the highest and lowest values to date
are both in sessile bryozoans. Though some of this
work has been undertaken in places such as Kergue-
len Island (Féral and Magniez, 1988), most has
arisen from studies in the Scotia Arc and Antarctic
Peninsula. When the values of these southern polar
species in any group are compared with values for
low latitude representatives (in those for which this
comparison is possible), polar animals seem to have
depressed metabolic rates but not metabolic cold
adaptation (Peck, 1998; 2002).

Cold water does of course hold more gas than
warm water, which in combination with great wave
action and cold, dense surface water sinking means
that southern polar waters are well oxygenated.
After decades of argument and guesswork, oxygen
availability has proved to be fundamentally linked to
animal size (Chapelle and Peck, 1999). The idea of
‘polar gigantism’ inspired by huge isopods (e.g.
Glyptonotus  antarcticus) and pycnogonans
(Decalopodium australis), amongst other animals, is
simply an artefact of the high oxygen in cold polar
waters. Predominantly Southern Ocean benthos
such as molluscs, amphipods and isopods are small
(see Hain, 1990; De Broyer and Jazdzewski, 1993;
Brandt, 1999, respectively). Hain (1990) reports that
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FIG. 8. — Mass-specific oxygen consumption measures (xg O,.g¢ AFDM'.h"") in a range of polar marine invertebrates. The taxa are bivalves

(hexagons), gastropods (open circles), a brachiopod (triangles up), bryozoans (filled squares), an echinoid (triangles down), isopods (dia-

monds), ascidians (crosses) and sponges (filled circles). Figure modified from Harper and Peck (2003) with data for bryozoans, echinoid,

isopods, ascidians and sponges added. Data from Ralph and Maxwell (1977), Houlihan and Allan (1982), Davenport (1988), Schmid (1996),

Peck et al. (1997), Ahn and Shim (1998), Portner et al. (1999), Gatti et al. (2000), Gatti and Orejas (2000), Brockington (2001), Kowalke et
al. (2001), Robertson et al. (2001) and Peck and Barnes (2003). Lines show ranges of data for a given species.

55% of molluscs are smaller than 10 mm, for exam-
ple. Nevertheless, because of the high oxygen levels
in southern polar waters, giants occur. These include
the largest bryozoan colonies and sponges (1.5 m
high or long), ctenophores (50 cm long) and nudi-
branch molluscs (30 cm long) (all pers. obs.). This
strikes a strong contrast with not only the true ter-
restrial fauna, which are tiny (the largest are mites a
few mm in size), but also typical animals in very
shallow or deep waters. In the subtidal biota are so
frequently hit by ice that populations are frequently
formed of small (and young) individuals (Peck and
Bullough, 1993; Urban and Campos, 1994; Barnes
and Clarke, 1998; Urban and Mercuri, 1998; Brock-
ington, 2001). The great size achieved in some taxa
as a feature of this extreme environment was mere-
ly one of a number of major curiosities and themes
of research into the growth of polar ectotherms.

SEASONALITY OF FEEDING, GROWTH AND
REPRODUCTION

Investigations into feeding, growth and repro-
duction of polar invertebrates are necessarily also
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studies of seasonality. Seasonality is a major feature
of shallow benthic communities across much of the
globe and comparable responses of organisms can
be seen in environments as seemingly dissimilar as
the Mediterranean Sea and the Southern Ocean
(Coma et al., 2000). The extreme nature of the light
climate in the water column is further exaggerated
by formation of sea-ice and overlying snow further
decreasing light penetration in autumn or spring.
Thus, abundant food availability to primary con-
sumers is highly restricted to just a few months a
year (Clarke, 1988). However, rather than all sus-
pension feeders closing down and ‘hibernating’ for
the majority of the year (see e.g. Gruzov, 1977),
there is clearly a range of strategies varying from
feeding for a couple of months to throughout the
year (Barnes and Clarke, 1995). Feeding for long
periods is possible in some taxa because they feed
on the smaller nanophytoplankton (ciliates and fla-
gellates), rather than the larger diatoms which dom-
inate typical Southern Ocean blooms (Clarke and
Leakey, 1996). Resuspension of particles, by cur-
rents or iceberg scouring, may also be important for
non-summer feeding—benthic diatoms have, for
example, been found in the stomachs of brachiopods



during winter (Peck et al. unpublished data). As in
several areas of ecology, in just a decade we have
moved from a situation of almost no hard data to one
in which we now have established the seasonal pat-
terns of feeding for representatives from a wide vari-
ety of taxa. Even taxa traditionally regarded as diffi-
cult to examine feeding in, such as sponges and
ascidians (see Gatti and Orejas, 2001; Kowalke,
1999; Tatian et al., 2002; Sahade et al., 2004 respec-
tively), are beginning to be tackled. Typical season-
al patterns of plankton availability and feeding by a
gastropod, an echinoid, an ascidian and a bryozoan
are shown in Figure 9. Of course, nanoplanktonic
food is not the dominant food for all of these or
many other suspension feeders and the narrow feed-
ing windows of some taxa, such as the holothurians
(Barnes and Clarke, 1995), may be due to a reliance
on the highly seasonal diatom abundance. One of
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the potential sources of food that we know little
about and we should, perhaps, be making an effort
to study is the bacterial picoplankton. Overall we
probably now have good data for feeding of Antarc-
tic suspension feeder communities and this has
allowed comparisons between other areas for which
there has been a large body of work, such as the
Mediterranean Sea (Coma et al., 2000; Gili and
Coma, 1998). They suggest strong similarities
between tropical/subtropical and polar suspension
feeders, which are predominantly feeding in clear
waters in contrast to those in temperate regions with
high particulate run-off even far from the coast.

In contrast to the work on feeding, which has
focused on the Scotia Arc and Antarctic Peninsula
(but see Gatti and Orejas, 2001), that on growth has
been going on right round the Southern Ocean and is
now one of the best known aspects of the Antarctic
benthos (Arntz et al., 1994). Historically, much
investigatory study has focused on fish (e.g.
Wohlschlag, 1961; Burchett, 1983; Everson, 1984),
due to obvious potential commercial applications,
but here I will discuss progress on other taxa. Work
on the duration, timing of initiation and cessation of
feeding has helped interpret the patterns of growth,
such as the establishment of growth check lines of
some animals as annual (Barnes, 1995b). The pro-
duction of growth check lines in taxa such as the
molluscs (Lutz and Rhodes, 1980), bryozoans (Win-
ston, 1983), brachiopods (Brey et al., 1995a) and
echinoids (Brey et al., 1995b) is a major source of
information. This provides not only the extent of
annual growth (and so annual variability), age (and
so variability with age) but also—by comparison to
local primary productivity —relationships between
the duration of food availability and growth. Use of
stable isotopes has shown some high Antarctic
bivalve, brachiopod and bryozoan growth check
lines to be annual (Brey and Mackensen, 1997; Brey
et al., 1999a,b). However, one the most common
shallow water brachiopods produces growth check
lines at a frequency of 1.8 years and has decoupled
reproductive and somatic growth (Peck and Brey,
1996). These authors showed that shells of species,
e.g. Liothyrella uva, living to great age are an envi-
ronmental archive recording such events as atomic
bomb tests decades ago. Most taxa do not, however,
produce obvious °‘readable’ growth check lines.
Early assessment of a taxon, the crustaceans,
seemed to suggest slow growth (Littlepage, 1965;
Oliver, 1979), which now seems to be typical for
southern polar benthos (Arntz et al., 1994). It has
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TABLE 3. — Growth and reproductive tempo in benthic Antarctic animals in comparison with non-polar taxa. The symbols are Antarctic
Peninsula (AP) and Scotia Arc (AC).

taxon growth tempo reproduction location source
sponges slow, very few fast Ross Sea Dayton et al. 1974, Dayton 1979, 1989;
Gatti et al. 2002
cnidarians slow Ross Sea Oliver 1979, Orejas et al. 2002
nemerteans slow SA, Ross Sea Dearborn 1965, Peck 1993
annelids highly diverse Magellan Weddell Sea Pearse et al. 1986, Gambi et al. 2000; 2001
strategies
crustaceans slow slow South Georgia, AP, Littlepage 1965, Dearborn 1967, White 1970,
Ross Sea Oliver 1979, Luxmore 1982, Clarke 1985,
Marinovic 1987, Wagele 1987
molluscs slow to very slow  slow SA, AP Macquarie Is Shabica 1974, Ralph and Maxwell 1977,
Ross Sea Simpson 1977, Richardson 1979, Stockton 1984,
Berkmann 1990, Peck and Bullough 1993, Bréthes
et al. 1994, Urban and Mercuri 1998, Powell 2001
brachiopods slow to very slow  slow SA, Weddell Sea Brey et al. 1995a, Peck et al. 1997, Peck and Brey 1996

bryozoans

slow to comparable

slow

AP, Patagonia, Ross Sea,
Weddell Sea

Winston 1983, Lopez Gappa 1989, Barnes 1995b,
Stanwell-Smith and Barnes 1997, Brey ef al. 1999a,b,
Barnes and Arnold 2001b, Cancino et al. 2001

Pearse 1965, Simpson 1982, Magniez 1983,
Yakovlev 1983, Bosch et al. 1987, McClintock and
Pearse 1987, McClintock er al. 1988, Pearse et al.

echinoderms  slow slow SA, AP Kerguelen Is
Macquarie Is Ross Sea,
Weddell Sea

ascidians moderate - fast AP

fish slow slow SA, AP, Antarctica

1991, Gutt et al. 1992, Brey et al. 1995b

Rauschert 1991, Kuhne 1997, Sahade et al. 1998,
Kowalke et al. 2001, Sahade er al. 2004

Wohlschlag 1961, Burchett 1983, Everson 1984, di
Prisco et al. 1991

now been widely reported both that typical organic
growth is slow and that there are exceptions (Day-
ton, 1989; Rauschert, 1991). Some Antarctic pio-
neer species have been reported as having tempos of
growth which were ‘fast’ or comparable to low-lati-
tude species (Barnes, 1995a; Dayton, 1989;
Rauschert, 1991), but this is really only relative to
typical temperate values. If the fastest polar species
are compared with the fastest low-latitude species,
i.e. pioneers compared with pioneers (like with
like), growth seems universally slower in the polar
realm. However, many polar animals are growing
for only a short period, if the tempo of growth whilst
actually growing is compared between polar and
non-polar environments, growth may indeed be
comparable (Barnes, 1995a). Here I would stress the
importance of linking knowledge of precise food
taken, its duration of abundance, feeding behaviour
and allocation between somatic and reproductive
development.

The tempo of reproduction, like growth, seems to
be typically slow (Table 3). This is easiest seen in
rates of larval development. Compared to temperate
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species echinoderms take up to 10x longer (Bosch et
al., 1987; Hoegh-Guldberg and Pearse, 1995; Stan-
well-Smith and Peck, 1998), bivalves take up to 15x
longer (Powell, 2001) and brachiopods take up to
50x longer (Peck and Robinson, 1994). Again, like
work establishing patterns of Antarctic invertebrate
growth, reproductive strategies represent some of
the earliest ecological work right around the shores
of Antarctica. Even before the establishment of
Thorson’s rule (Mileikovsky, 1971), ecologists were
intrigued by reproduction in cold water (Dearborn,
1965; 1967, Pearse, 1965). Several decades of study
later, it remains true that molluscs have a high pro-
portion of brooders and direct developing young and
that some brooding taxa, such as the isopods,
amphipods and pycnogonans, have achieved a high
level of success (see Arntz et al., 1994 for general
review). Pelagic larvae of many taxa have, in places,
been found to be abundant in Antarctic waters and
can be released into the water column at various
times (Stanwell-Smith et al., 1998). Conversely,
Arntz and Gili (2001) suggest that in comparison
with temperate latitudes pelagic larvae are compara-



tively rare in open-ocean areas south of the PFZ.
There are certainly taxa that arguably (see Arntz and
Gili, 2001) do not seem to follow Thorson’s rule
(Pearse et al., 1991) and on investigation some have
a remarkable diversity of strategies (Gambi et al.,
2000; 2001). One of the most important perspectives
to emerge recently is the contrast between evolu-
tionary vs ecological success of particular reproduc-
tive strategies. Amongst the echinoids, for example,
most extant Antarctic shallow water species are
brooders but the super-successful Echinidae are
broadcast spawners (Poulin ef al., 2002). Similarly
amongst the molluscs, despite the prevalence of
brooding, many of the most successful species (e.g.
the limpet Nacella concinna) are also broadcast
spawners with planktotrophic larvae. Poulin et al.
suggest that this is due to selective extinction of
those with pelagic larvae, probably during times
when expanding ice sheets bulldozed fauna off the
shelves into deeper water. Those pelagic spawners
that did survive are much more able to quickly
colonise shallow water environments, especially
habitats with high rates of ice-scour disturbance
where populations of adults are regularly destroyed.
Alternatively, Pearse and Bosch (1994) argue that
the nature of the circum-polar current might favour
selective speciation of brooders (rather than selec-
tive extinction of broadcast spawners). There may
be a middle ground between these ideas in which
both selective extinction of broadcast spawners and
selective speciation of brooders explains the current
situation (Pearse and Lockhart, in press). The new
emphasis on the importance of long-term data sets in
marine biology is filtering through to the polar sci-
entific community. Now that multiyear data sets
exist for comparison of feeding, growth and repro-
ductive patterns for a number of species, these could
prove to be vital evidence in marine organism
response to climate change.

SEAS OF CHANGE

Scientists across the world are quantifying all
manner of changes in the biosphere at the current
time, but then to our knowledge, many things have
always been changing—it is the pace that differs.
The large predators are disappearing from the world
ocean environment to be replaced by man at the top
of each food web (Jackson et al., 2001; Myers and
Worm, 2003). Nowhere is this fishing depletion
more obvious than in the Southern Ocean, where

huge populations of the largest animals to ever pop-
ulate the planet, the Balaenoptera whales, have been
reduced to mere thousands of individuals (Roman
and Palumbi, 2003). In terms of benthic habitats,
though, those around the Antarctic continent must
be amongst those least affected, as large vertebrates
(such as teleost fish [though these can be major con-
sumers of benthos], sharks, marine reptiles and
mammals) have little structuring influence com-
pared with elsewhere. Over the last century, when
much of the fishing damage has been done, the
earth’s climate has warmed by about 0.6°C. Across
habitats there has been a major phenological (timing
of activity) response from organisms, such as earlier
flowering, migrant arrival and breeding (Walther et
al., 2002). In the Arctic and west Antarctic, howev-
er, the temperature rise has—regionally at least—
proved even more dramatic (Quadfasel et al., 1991).
Both the highest increases of air temperatures (King
and Harangozo, 1998) and lake temperatures (Quale
et al., 2002) have been measured around the Scotia
Arc-Antarctic Peninsula region. Quale et al. (2002)
described this as nearly 1°C in the lakes of Signy
Island in just a decade. The signal in the sea is not as
clear and model estimates of 2°C change over the
next 80 years have associated errors as large as the
predicted values of change (Murphy and Mitchell,
1995). The rapid retreat and disintegration of ice
shelves is suggested as a sign of drastic warming
along coastal Antarctica (Doake and Vaughan,
1991). In just over half a century the ice shelf adja-
cent to the British Antarctic Survey Station of
Rothera has retreated 2 km but the majority of this
has occurred in just the last decade (Fig. 10). Simi-
lar retreats are being quantitatively marked in Patag-
onia and elsewhere in the world (though perhaps not
in the high Antarctic). Considering that so many of
the Southern Ocean’s benthos is known to be highly
stenothermal, they are an obvious group of organ-
isms to act as indicators of biotic response. To have
a massive effect on the biota, temperatures almost
certainly do not need to rise to the point of killing
animals through thermal shock but merely to func-
tional limits whereby animals are not capable of
feeding, reproducing or adequately defending them-
selves.

Generally associated biotic responses to chang-
ing temperatures are altitudinal and latitudinal range
shifts, but also in the context of isolated Antarctic
biota there is an increased possibility of invasions or
survival of propagules. Unlike all other marine (and
all terrestrial) environments, the Southern Ocean is

PATTERNS IN SCOTIA ARC AND ANTARCTIC BENTHOS 81



r 68"‘20'W
"B 2001
7 —
1992
1974

Kilometres
).}

67°35'S

FiG. 10. — Coastline changes (ice sheet retreat) at Adelaide Island, Antarctic Peninsula over half a century. Data courtesy of Alison Cook
(Mapping and Geographic Information Centre, BAS).

the only realm in which no invasive species are yet
known. However, a few larvae of some decapod
crustaceans and adults of others have recently been
found around the South Shetland Islands (Thatje and
Fuentes, 2003; and Tavares and Melo, 2004 respec-
tively). Anomuran (lithodid) crabs, long known
from South Georgia, are now present in deep water
(200+ m) off the Antarctic Peninsula (Boschi and
Gavio, 2003), though whether they have recently
invaded this habitat or been there a while is
unknown. In the Arctic lithodid crabs introduced to
the Barents Sea have certainly undergone a major
migration west across Subarctic Norway in just the
last decade (Fletcher and Gollasch, 2003). It seems
that it is only a matter of time before the first marine
invaders establish a breeding population in the
Southern Ocean. The region’s best protection, sea
temperatures barely above freezing in summer and
nearly —2°C in winter, may be on their way up if the
predictions of the Hadley Centre model are born out
(Murphy and Mitchell, 1995). We should be con-
cerned, not only because Antarctic seas are the only
ones left without known invaders but also because
the fauna there has levels of endemism of ~75-
90% —higher than anywhere else (Arntz et al.,
1997). These values may appear very high partly
because the Southern Ocean is big, and clearly the
larger the area considered the higher its endemism
(at m scale it is ~0% and at global scale 100%).
Also, with increasing research some Antarctic
species may have wider distributions, thus reducing
the level of southern polar endemism. Nevertheless,

82 D.K.A. BARNES

it is likely that the real values of Antarctic endemism
are indeed high. Endemics, frequently the species
that are out-competed or eaten by introduced
species, are gone forever if lost because, by defini-
tion, they occur nowhere else.

One of the most likely potential mechanisms of
marine invasions is in ship ballast water or due to
fouling hulls. Although shipping in general is not on
the increase, those carrying scientists and particular-
ly tourists to the Scotia Arc and Antarctic Peninsula
regions certainly are. However, there is another
source of transport to fouling organisms more
numerous than ships, increasing faster and travelling
to any shore: plastic debris. In the last two decades
this has been increasing dramatically on even
remote southern Atlantic islands (Ryan and
Moloney, 1993) and reaching Southern Ocean
islands before people have even set foot on them
(Convey et al., 2002). By the early 1980s Sub-
antarctic and Antarctic island shores right round the
continent had plastics, tars and other debris washing
up on them (Gregory et al., 1984; Torres and Gajar-
do, 1985; Ryan, 1987; Eriksson and Burton, 2001).
Some of the longest data sets anywhere for the
build-up of sea plastics are in the Scotia Arc-Antarc-
tic Peninsula region (see e.g. Torres and Gajardo,
1985; Torres and Jorquera, 1996). With no longer
any forests and only rare volcanic activity there are
very few natural agents of flotsam within the Polar
Frontal Zone, so the increase has been proportional-
ly greater here than anywhere else. Of course, drift-
ing macroalgae have probably been carrying float-
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ing biota for considerable periods of time, but they
break down more quickly (in wave action or UV
light), are now much rarer than artifacts, and many
organisms preferentially settle on plastic (Barnes,
2002b). Just half a century ago plastics and other
artefacts were rare at sea or on any islands; now it is
rare for anywhere to be without them and a large
proportion may carry attached biota (Barnes,
2002b). Recently just a single piece of floating plas-
tic was found with 10 species from a total of 5 phyla
washed onto an Adelaide Island shore, showing that,
as in the tropics, diverse assemblages of animals can
raft in the Southern Ocean (Barnes and Fraser,

2003). Worryingly, this seems to be an increasingly
likely method of non-native species entering
Antarctic waters, as the amount of material entering
the seas keeps growing.

Production of waste has had another (though
indirect), much better-known, influence on the polar
regions: halogenated carbon molecules and other
compounds of anthropogenic origin react in the
stratosphere attacking ozone molecules. In the mid-
1980s large total losses of stratospheric ozone were
discovered (Farman er al., 1985). The seasonal
opening up of an ‘ozone hole’, which exposes
organisms to higher doses of UV irradiation, has
increased in intensity since its discovery (Fig. 11
upper). The area of depleted ozone is mobile and
sometimes spans southern Patagonia to the northern
Antarctic Peninsula (Fig. 11, lower). Penetration of
UV into the water column is poor but is likely to
have strong effects on the already fragile intertidal
and shallow subtidal (Hader et al., 1998), and the
impact on terrestrial ecosystems in the region and
elsewhere has already been reported (Rozema,
1999; Newsham et al., 2002). The change from
complete UV shielding to full exposure with retreat
of snowpack in spring meltback is likely to be dra-
matic to the ‘life on the edge’ in the intertidal as it is
to terrestrial organisms (Cockell et al., 2002).

CONCLUSIONS

The Patagonia-Scotia Arc-Antarctic Peninsula has
proved to be an important place for scientific research
in the last half century and particularly so in the last
decade. The density of scientific stations is greater
than anywhere else in Antarctica, as is the increase in
the influence of man, most noticeably with the rapid
rise of tourist vessels and marine flotsam. It seems to
be a pivotal place for various aspects of climate
change as well as studies on biogeography and biodi-
versity. Some of Antarctica’s longest environmental
data sets occur there and some of the key recent sci-
entific advances in understanding scale, pattern and
process in Southern Ocean benthic ecology have been
made there. The sampling is patchy within this region
but levels of knowledge are now approaching those
for other shelf environments elsewhere in the world.
There remain adjacent areas which are still very poor-
ly known, however, like the Bellingshausen Sea. The
next decade should see a strong push in expansion
from predominantly organism and population work to
work ranging from the subcellular level, through

PATTERNS IN SCOTIA ARC AND ANTARCTIC BENTHOS 83



organism and populations, to ecosystems, with
emphasis on the importance of each scale of evolu-
tion and ecology in Antarctica’s benthos. We have
some crucial questions to answer; many involve the
past, such as when exactly did the Drake Passage
open sufficiently for the circumpolar current to devel-
op in deep water? As ice-shelves have started to
retreat now can we interpret the patterns of colonisa-
tion with a view to explaining how recolonisation
may have happened in the past? When ice-shelves
expanded and bulldozed shallow faunas to the shelf-
edges (Clapperton and Sugden, 1988), were their
refuge shelf areas that were not covered and can we
link these periods in time to extinctions and subse-
quent radiations? Are larvae and/or adults crossing
the Polar Frontal Zone regularly and are they doing so
naturally or aided by man? How frequently do ice-
bergs scour the seafloor and how does this change
with depth and geography? How will sea tempera-
ture, circulation and ice-scour alter, and how will the
biota react in the face of climate change? There are
many questions to be answered and most will have a
profound impact on our understanding of the world
north of the PFZ. As just one example, the range of
latitude covered by Patagonia, the Scotia Arc and the
Antarctic Peninsula make it the only location for
examining whether the northern diversity-latitude
relationship really holds true in the southern hemi-
sphere. Scientists in the Patagonia-Scotia Arc-
Antarctic Peninsula in the last 10 years have played a
major role in shaping the concepts and current para-
digms in benthic ecology —it will be important not to
lose this momentum.

DEDICATION

The author would like to dedicate this paper to
Kirsty Brown, who lost her life in July 2003 when
attacked by a Leopard seal at the British Antarctic
Survey’s Rothera research station. She was under-
taking cutting-edge work trying to measure how
often and when ice actually scrapes the seabed.
Kirsty was a dynamic, enthusiastic and extremely
popular scientist with a bright future: she will be a
big loss to the southern polar scientific community.
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