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Abstract

Developments of future scenarios of Antarctic ecosystems are still in their
infancy, whilst predictions of the physical environment are recognized as being
of global relevance and corresponding models are under continuous develop-
ment. However, in the context of environmental change simulations of the
future of the Antarctic biosphere are increasingly demanded by decision makers
and the public, and are of fundamental scientific interest. This paper briefly
reviews existing predictive models applied to Antarctic ecosystems before
providing a conceptual framework for the further development of spatially
and temporally explicit ecosystem models. The concept suggests how to improve
approaches to relating species” habitat description to the physical environment,
for which a case study on sea urchins is presented. In addition, the concept
integrates existing and new ideas to consider dynamic components, particularly
information on the natural history of key species, from physiological experi-
ments and biomolecular analyses. Thereby, we identify and critically discuss
gaps in knowledge and methodological limitations. These refer to process
understanding of biological complexity, the need for high spatial resolution
oceanographic data from the entire water column, and the use of data from
biomolecular analyses in support of such ecological approaches. Our goal is to
motivate the research community to contribute data and knowledge to a holistic,
Antarctic-specific, macroecological framework. Such a framework will facilitate
the integration of theoretical and empirical work in Antarctica, improving our
mechanistic understanding of this globally influential ecoregion, and supporting
actions to secure this biodiversity hotspot and its ecosystem services.

To access the supplementary material to this article please see Supple-
mentary Files under Article Tools online.
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Concept for species distribution modelling

Projections of future climate following a range of
scenarios are becoming increasingly important for scien-
tists, decision makers and the public. It has become
apparent that, besides Antarctic-specific questions, inte-
gral to improved global predictions is a greater under-
standing of processes in the Southern Ocean, the
Antarctic ice sheets and the polar atmosphere (Marshall
et al. 2006; Le Quéré et al. 2007). Predictions relating to
biological processes have been attempted since the 1930s,
but such approaches were selective and only covered
short periods, for instance in the modelling of tish
population dynamics and yields (Stock et al. 2011).
Nowadays, social and political demands for a healthy
environment make the development of more general
predictions of the impacts of climate change on ecosys-
tems increasingly urgent. This could lead to improved
understanding of the contribution of Antarctic ecosys-
tems to global ecosystem services, such as in biological
carbon sequestration (Arrigo, van Dijken & Bushinsky
2008; Arrigo, van Dijken & Long 2008; Peck, Barnes et al.
2009). In addition, concerns about the loss of biodiversity
(Butchart et al. 2010) and of genetic information have
practical implications, such as in the loss of potentially
useful natural products, as well as the risk that some
components of the full diversity of life on this planet may
be lost before they have even been discovered (Ehrlich
1992). Moreover, there is increasing recognition of the
conservation value and even necessity of protecting
larger marine and terrestrial areas. These must now also
be designed to accommodate a rapidly changing environ-
ment and to include the locations of potential future
refuges and threatened habitats (Agardy 1994).

The development of long-term predictions of selected
parameters of the physical environment is quite ad-
vanced. They are based on georeferenced data, although
the quantity and quality of these data may vary con-
siderably. Predictive simulation models in this realm are
under continuing development, and new theoretical
approaches exist. However, a comprehensive framework
for an interdisciplinary model of Antarctic ecosystems
under future climate change is still lacking, particularly
one that can accommodate the full range of biodiversity
in the region, the extreme spatial heterogeneity of species
assemblages and aspects of ecosystem dynamics and
biological interactions.

The aim of this paper is to propose such a framework,
building on the bioregionalization approach (Grant et al.
2006) to model the composition of Antarctic marine and
terrestrial ecosystems and their relationship to current
and future conditions of the atmosphere, cryosphere and
ocean. Antarctica provides an ideal test-bed with which
to develop such an approach, encompassing ecosystems
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across the range from probably the simplest on the
planet, e.g., those of the inland continental frigid deserts
and isolated nunataks (Freckman & Virginia 1997;
Convey & McInnes 2005; Hodgson et al. 2010) to marine
ecosystems that are arguably second only to tropical coral
reefs in their diversity and complexity (Clarke & John-
ston 2003). To be of greatest value the framework has to
cover large spatial scales from, for example, the Antarctic
Peninsula or Ross Sea areas up to the entire Antarctic and
sub-Antarctic region. Accordingly, it must accommodate
spatial and temporal heterogeneity (Gutt et al. 2010)
across a wide range of scales. The framework is partly
based on existing methods, tools and data. In addition,
we set out to identify gaps and develop new ideas, both in
terms of realistic development based on existing under-
standing, and more imaginative or speculative ap-
proaches. We consider means of merging correlative
approaches and dynamic modelling, both of which are
important to understanding ecosystem functioning and
in explaining ecosystem structure. Although this general
approach could be applied globally, there are impor-
tant Antarctic characteristics and processes that are
specific to the region. These include ozone-hole-related
atmospheric processes, the ice cover of the continent
and large areas of the Southern Ocean, the Antarctic
Circumpolar Current, the hydrodynamic separation of
cold from warmer water masses, and specific adaptations
of individual species or entire biological systems to this
unique environment.

With this framework, we aim to engage climatologists
and biologists in contributing to a broad cross-disciplinary
concept, which has important and clearly defined out-
comes, including contributing to human well-being. This
will significantly enhance the value of individual mea-
surements, samples, data, experiments and calculations.
This paper is also intended to inform decision makers of,
for instance, the value of biogeographical databases and
the necessity of improving and embracing ecological
theory, which have important potential in creating a
platform for practical application. These aims are in
accordance with the terms of reference of the Action
Group on Prediction of Changes in the Physical and
Biological Environments of the Antarctic, formed by the
Scientific Committee on Antarctic Research (SCAR) in
2008. The necessity of this type of integrated research has
been emphasized by Turner et al. (2009); for a summary
see Convey et al. (2009).

In the following sections, we briefly summarize the
state-of-the-art of existing modelling approaches for
spatiotemporal predictions of species distributions in
general, and provide overviews of physical and biological
data available from the Antarctic and of recent model
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applications. We then present a route by which these
often separate bodies of information can be assembled to
lead the development of future Antarctic biodiversity
scenarios. In this paper the term “prediction” is under-
stood as any information relevant to describing how
physical and biological habitats may appear in future,
based on mathematical modelling and empirical ap-
proaches, sound scientific assumptions, and current
conditions. Consequently, this term is considered here
as synonymous with “projection” and “development of
future scenarios”. We believe this approach is the best
available for providing robust predictions relating to the
ecosystems of Antarctica and the Southern Ocean, in
order to make a positive contribution to and further the
international debate on climate change.

Modelling species distribution: state of the art

Models of large-scale species distributions have been
available for many years, and cover many biological
groups across terrestrial, freshwater and marine environ-
ments although, until recently, primarily focusing on
terrestrial systems (Elith & Leathwick 2009; Robinson
et al. 2011). Numerous recent studies have also attem-
pted to project 21st century species extinctions under
scenarios of environmental change (Pereira et al. 2010
and references therein).

The majority of climate change impact studies rely on
phenomenological, correlative approaches. Statistical
species (SDMs; synonymously
known as habitat suitability models, environmental
envelope models, niche-theory models) fit the environ-
mental niche of a species by relating species location data
to environmental variables in order to describe the
conditions under which a given species occurs. Because
SDMs do not depend on detailed prior knowledge of the
species concerned, and require comparatively simple,
widely available occurrence data, these models currently
constitute one of few practical approaches for rapid
impact assessments (“screening”) for a wide range of
species over large spatial scales (Elith & Leathwick 2009).
Nevertheless, SDMs are increasingly questioned for
climate change applications due to their correlative and
static nature (Guisan & Thuiller 2005; Elith & Leathwick
2009). They assume that species are in equilibrium with
their current environment, that all environmental factors
limiting species’ distribution are included in the model,
and that these environmental factors and any gradients
therein have been adequately sampled and described.
Further, they ignore factors or processes that are likely to
modify species’ response to environmental change,
including genetic variability, phenotypic and behavioural

distribution models
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plasticity, biotic interactions, migration or dispersal
(Jeltsch et al. 2008; Angilletta 2009; Zurell et al. 2009;
Somero 2010). One means of increasing confidence in
the projections of SDMs is by employing multiple SDMs,
which are based on different assumptions and methods,
thereby reducing uncertainties by identifying robust
predictions, or providing understanding of why the
predictions of the different models are not consistent
(Elith & Leathwick 2009).

Alternative approaches allow projections under non-
equilibrium conditions (Thuiller et al. 2008; Zurell et al.
2009). In these, the environmental niche of a species
may be depicted by ecophysiological models that incor-
porate mechanistic links between species’ functional
traits and their environment (Kearney & Porter 2009).
Such models have the promise of producing more robust
predictions of the fundamental niches of different species
(Helmuth 2009). The main problems with this approach
lie with the lack of inclusion of information on char-
acteristics such as dispersal mechanisms that may con-
strain abilities to colonize new benthic habitats and to
maintain pelagic systems (Hoffmann & Murphy 2004),
and of understanding of physiological resistance and
adaptation rates (Somero 2010). Including such data in
models may be very difficult, if not impossible in some
cases (Soberén 2007) and is feasible for few species only.
Spatially explicit population models can be used to model
dynamic processes and could incorporate evolutionary,
macroecological and physical processes as well as inter-
actions and feedbacks (Jeltsch et al. 2008). Process-based
models may also help to uncover “tipping points” in
ecosystems that could lead to rapid and potentially
irreversible changes (Pereira et al. 2010). However,
such models usually are quite complex and therefore
data-hungry, and require extensive knowledge of species’
biology and population processes. This often limits the
spatial scale of such studies, the number of species
included or the generality of the results obtained (Jeltsch
et al. 2008) and, in particular, their predictive power
(e.g., Angilletta 2009; Helmuth 2009).

Attempts have been made to develop a “minimal”
solution, using SDM outputs and spatially and temporally
explicit projections of habitat suitability as environmental
input layers that constrain basic demographic parameters
of population models that are deliberately kept simple.
Applications of this approach are currently rare in a global
change context, but are promising (Cheung et al. 2008;
Cheungetal. 2009; Keith etal. 2008; Anderson et al. 2009;
Zurell et al. 2011). Effects of large-scale environmental
change patterns and processes on population dynamics,
as well as the relative importance of different processes in
shaping population responses, can be assessed.
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Modelling Antarctic-specific species
distributions and the environment:
state of the art

The physical environment: modelling future
scenarios

Climate models provide estimates of how the ocean,
atmosphere and ice components of the physical environ-
ment may change in the future. The most comprehensive
dataset of outputs from climate models available to date
was compiled as part of the preparation for the fourth
assessment report of the Intergovernmental Panel on
Climate Change (IPCC; Solomon et al. 2007). This is the
Coupled Model Intercomparison Project phase 3 (CMIP3)
data set and contains output from 24 different climate
models from major modelling centres around the world.
A wide range of different parameters output from the
climate model simulations are stored at the CMIP3
archive (https://esg.llnl.gov:8443/home/publicHomePa-
ge.do). These range from variables such as temperature,
wind and precipitation to diagnostics such as incoming
solar radiation and precipitation extremes (a full list of
variable names can be found at: https://esg.llnl.gov:8443/
about/ipccTables.do).

The IPCC’s fourth assessment report (Solomon et al.
2007) models predict a consistent intensification and
poleward shift of the circumpolar westerly winds over
the Southern Ocean during the 21st century. This leads to
an increased cyclonic wind forcing on the subpolar ocean
circulation. Consequently, the westward flows in the
southern limbs of the subpolar gyres become intensified
in most models. However, there exist considerable dis-
crepancies in the simulated total gyre transports, mainly
due to the large uncertainties in the simulated meridional
shifts of the gyre axes. These lead to uncertain predictions
of the future Antarctic Circumpolar Current transport
through the Drake Passage, although the maximum
currents become intensified and shift poleward consis-
tently in the majority of these models.

In addition to the projected 21st century poleward
shifts in winds and ocean currents, a robust retreat of sea
ice is also predicted by the IPCC’s fourth assessment
report models (Bracegirdle et al. 2008). The annual
average total sea-ice area around Antarctica is expected
to decrease by 33 +/— 9% (assuming the SRESA1B
emissions scenario) by the end of the century.

Figure 1 shows the predicted ocean temperature
changes over the 21st century (Turner et al. 2009).
Regardless of season, temperatures become warmer
throughout the water column, with the warming being
intensified near the surface, particularly at mid-latitudes
and in the subtropics. Along the continental margin,
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ocean temperature changes, 21st century (Feb., Mar., Apr.)
zonal mean cross-section
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Fig. 1 Southern Ocean temperature changes over the 21st century,
defined as the means over the last decade minus the means over the
first decade for the late austral summer season (February, March, April).

bottom waters are predicted to warm by around 0.25°C,
or up to 0.5°C at depths of 200 to 500 m. The largest
surface warming is seen to the north of the Antarctic
Circumpolar Current, partly caused by the poleward
shifting of the westerly jet. In the Southern Ocean, the
surface warming is weaker, which is partly related to
the large heat storage by the ocean, and is partly due to
the enhanced northward Ekman drift associated with the
intensified westerlies.

Unfortunately, the carbon cycle has not yet been
represented in the CMIP3 simulations, impairing predic-
tions of biologically important variables such as pH.
However, climate model simulations including the car-
bon cycle have been requested as part of preparation for
the next IPCC assessment report. A new climate model
database is currently being compiled for this (CMIP5) for
which biogeochemical parameters are being requested
(see http://cmip-pcmdi.llnl.gov/cmip5/output_req.html?
submenuheader=2). An alternative source of biogeo-
chemical data from climate models is the Ocean Carbon
Model Intercomparison Project Phase 2 (OCMIP-2) data
set (Orr et al. 2005; see also wwwl.whoi.edu/mzweb/
ocmip_ipsl.html).

There remain some caveats associated with the use of
data from global climate models. In particular, the
horizontal grid size of the climate models used for
CMIP3 is typically about 200 km for the atmosphere
and 150 km for the ocean component, so that the details
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of land and bathymetric features on a smaller spatial
scales are not resolved.

The ecosystems and their susceptibility

The huge pelagic system of the Antarctic is very much
driven by the seasonal advance and retreat of sea ice.
Primary production is limited by micronutrients rather
than by nutrients. Communities within and north of the
sea-ice zone are aligned in latitudinal bands from the
continent to the Antarctic Polar Front, with copepods,
krill and salps being the key organisms (from south to
north) shaping other components of the pelagic system
such as warm-blooded animals (see, e.g., Brierley &
Thomas 2002; Smetacek & Nicol 2005; Barnes & Clarke
2011). The speciose benthos can be separated into shelf
and deep-sea communities, with both being increasingly
but still poorly sampled. The shelf benthos shows an
obvious spatial heterogeneity at all spatial scales, ranging
from habitats being extremely helle (e.g., in sponge
communities), to those that
(e.g., under the ice shelf). They are driven by a variety
of environmental factors such as sea ice, food supply, and
iceberg scouring, but are not influenced to the same
extent by sediment characteristics as is seen in other shelf
areas (Gutt 2000, 2007 and references therein; Gutt &
Starmans 2001; Cummings et al. 2006; Barnes & Conlan
2007; Barnes & Peck 2008). Fish can obviously be
classified according to the temperature of their habitat,
with Notothenia species predominating west of the Ant-
arctic Peninsula and a higher proportion of icefish and
representatives of other families at higher latitudes.
Whilst the most demersal shelf species belong to the
suborder Notothenioidei and occupy a broad variety of
niches, Pleuragramma antarcticum is the only true Antarc-
tic high-latitude pelagic fish (Kock 1992).

The most serious changes in the Antarctic marine
ecosystem (for review see Turner et al. 2009; Brandt &
Gutt 2011) are expected for biological processes related to
the sea ice, not least because some changes have already
been observed and are ongoing, affecting processes such
as primary production, krill recruitment and population
dynamics of penguins (McClintock et al. 2008; Montes-
Hugo et al. 2009; McClintock et al. 2010). Direct effects of
temperature increase and acidification are also likely at
both the regional and global scale. It is as yet unclear
whether the response in these pelagic and benthic
systems will be limited to a biogeographical shift of
ecologically key species and entire communities, espe-
cially along the Antarctic Polar Front, or whether
changes in ecosystem functioning at all latitudes will
result. At a local scale dramatic changes in environmental
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conditions and obvious impacts to the life in coastal
waters happen on both sides of the Antarctic Peninsula,
where ice shelves collapse.

On land, changes in three physical environmental
variables are of direct importance to terrestrial biota
and their responses—the thermal environment, the
availability and amount of liquid water, and the radiation
environment. Plainly, changes in these variables may also
be associated with others of biological significance, for
instance with desiccation influencing salinity or nutrient
availability in soils or freshwaters, or with cloud cover
influencing radiation environment and hence primary
production (see Convey 2006, 2010 for review). To date
the most rapid changes in the first two variables are
apparent along the Antarctic Peninsula/Scotia Arc, in
general with warming, increased precipitation, and
longer periods of temperatures permitting liquid water
in the environment (Convey et al. 2009; Turner et al.
2009). Where this direction of change occurs, biological
responses are rapid and positive, allowing increased
production, growth, population size and local dispersal/
colonization (Fowbert & Smith 1994; Convey & Smith
2006). However, the precise detail of environmental
changes at local scale is obviously important and may
lead to positive or negative consequences for biota at
specific locations. This has been demonstrated for in-
stance in the Victoria Land Dry Valleys, where population
declines have been seen in terrestrial invertebrates
associated with multi-year but still short-term local
cooling trends (Doran et al. 2002), and changes in
relative population abundances of soil nematodes with
different water environment requirements as a result of
an exceptional thawing and flooding event (Barrett et al.
2008; Nielsen et al. 2011). Some freshwater ecosystems
appear particularly sensitive to and strong indicators of
climatic changes, magnifying the rates of change and
response seen in the adjacent terrestrial environment
(Quayle et al. 2002; Quayle et al. 2003; Vincent &
Laybourn-Parry 2008).

Clearly these generalizations inevitably hide specific
instances where reverse environmental trends occur, e.g.,
local cooling over a period of years as reported in the Dry
Valleys by Doran et al. (2002). Synergies between
variables can also lead to negative results. For instance,
both field ecophysiological data (Convey et al. 2003) and
the results of controlled environmental manipulation
experiments (Convey et al. 2002) are consistent with
warming leading to increased desiccation stress being
experienced by terrestrial arthropods, hypothesized to
indicate that warming has a greater effect on evaporation
of water than on making liquid water available (e.g.,
through increased snowmelt) in the studied systems.
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Impacts of exposure to increased UV-B radiation
linked with the ozone hole are negative in a different
manner in marine, freshwater and terrestrial habitats,
relating to the costs of protection and damage repair,
and their ramifications through the food chain (see, e.g.,
Karsten et al. 2009).

Biogeographical and environmental data

An increasing number of georeferenced environmental
data are becoming available for both terrestrial and
marine Antarctic ecosystems. They potentially contribute
to the definition of suitable habitats and prediction of the
spatial occurrence of single (key) species, assemblages or
functional groups. For the marine ecosystem a total of 39
abiotic factors have been assessed during a Census of
Antarctic Marine Life/SCAR-Marine Biodiversity Infor-
mation Network (SCAR-MarBIN) workshop, held in
Villefranche-sur-Mer, France, in May 2010 to determine
which of these could have a significant effect on the
distribution of benthic and pelagic organisms of the
Antarctic margin and the Southern Ocean (Supplemen-
tary Table S1). Detailed descriptions of these data sets will
be made available as metadata records in the Global
Change Master Directory (http://gcmd.gsfc.nasa.gov/).
The data itself will be posted on SCAR-MarBIN's
geoserver, as open access geographic information system
layers.

There is currently no Antarctic-wide terrestrial parallel
for this programme of work. At the smaller, but still
ambitious, scale of the Ross Sea region, the New Zealand
Terrestrial Antarctic Biocomplexity Survey (http://nztabs.
ictar.aq/mission.php) is currently obtaining data in order
to build a biocomplexity model linking biodiversity,
landscape and environmental factors. This programme
has the stated aim of being able to identify the biological
or environmental factors that drive terrestrial biocom-
plexity at any chosen location in the Ross Sea region of
Antarctica.

Biological data documenting local-scale occurrence are
available for a variety of species, systematic or functional
groups of organisms. For the marine biota most of this
information is accessible via SCAR-MarBIN (recently
renamed Antarctic Biodiversity Information Facility [AN-
TABIf]), the regional Ocean Biogeographic Information
System node for the Antarctic (www.scarmarbin.be;
www.biodiversity.aq), while terrestrial biodiversity data
are also available through the SCAR database held at the
Australian Antarctic Division (http://data.aad.gov.au/
aadc/biodiversity/). This biogeographic information
is constantly being extended and updated with data
from recent projects and by the input of historical data
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sets (De Broyer & Danis 2010; Gutt et al. 2010). This
compilation of data provides, for the first time, a truly
synoptic circumpolar view, even if it has some limitations
such as a lack of “confirmed absence” records and few
abundance data. In principle, biological data with a more
process-oriented relevance, such as biomass, productiv-
ity, and metabolic rate measures could also be included in
these databases, although this is not currently the case.
Although there are many publications documenting
genetic or physiological adaptations to the Antarctic
environment (e.g., Peck et al. 2005; Hennion et al.
2006; Peck et al. 2006; Chen et al. 2008; Russo et al.
2010; Patarnello et al. 2011), to date there are no
databases of Antarctic “omics” or physiological capacities
which could be allied to biogeographic patterns and data-
mined for modelling purposes.

Existing biological models

Currently available studies aimed at characterizing
Antarctic marine habitats by using physical, chemical
and biological parameters have used a bioregionalization
approach (Grant et al. 2006). Here, mainly non-biological
parameters were classified into clusters representing
similar environmental conditions, primarily with refer-
ence to open water but also with some application to the
sea-floor. A partly analogous “environmental domains”
analysis has been carried out in the Antarctic terrestrial
environment (Morgan et al. 2007). However this is based
purely on physical environmental parameters, and link-
ing the regions produced with biological communities is
complicated by the strong historical/evolutionary regio-
nalization now becoming apparent in the Antarctic
terrestrial biota. Regions defined by contemporary en-
vironmental features often do not match biogeographical
distributions whose boundaries are indicative of far more
ancient processes (Convey et al. 2008).

More sophisticated approaches using, for example,
correlative species distribution models, although still
rare, are beginning to be published, as illustrated below.

The distribution of echinoids in the Southern Ocean,
known from more than 3500 occurrence data (for data
repository see David et al. 2005), make a computation of
a distribution model for two species, Ctenocidaris perrieri
and Amphipneustes lorioli, possible. They belong to two
phylogenetically distant, ecologically contrasting families,
Cidaridae and Schizasteridae, which are widespread over
the Antarctic continental shelf (David et al. 2005;
Supplementary Table S2). An SDM was constructed using
a GIS (ArcGIS version 9.3) and MaxEnt (version 3.3.2)
for assessing species distributions from presence-data
(for details see Dudik et al. 2004; Phillips et al. 2006).
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The technique aims at evaluating the target probability
distribution, i.e., the real probability distribution of a
species over the whole study area. Among the set of
environmental data, 10 variables assumed to be ecologi-
cally significant to echinoids were selected (Supplemen-
tary Table S1). These variables were checked for pairwise
Spearman correlations of less than 0.85. The evaluation
of the model was based on 10-fold-cross-validation, and
the predictive performance of the model was tested as its
ability to predict a “test subsample” from a “training
subsample”.

The results obtained for the two species were similar
(Figs. 2, 3), although indicating a slightly more southern
distribution of Amphipneustes lorioli. The modelled and
observed distributions are in very good agreement as
judged by the area under the Receiver Operation
Characteristic curve, also known as AUC (Swets 1988).
The AUC values obtained for Ctenocidaris perrieri and A.
lorioli were 0.984 and 0.987, respectively, where a value
of 1 represents the best possible fit. Depth, sea-ice

Vj No data
Highly suitable

Not suitable

Concept for species distribution modelling

coverage and sea surface temperature (Supplementary
Table S1) showed the highest contribution values,
explaining a total of 89% to 90% of the potential
distribution of each species.

An example model from the circumpolar pelagic realm
addresses Oithona similis, a very abundant copepod in the
Southern Ocean (Pinkerton et al. 2010). A multispecies
approach has recently been applied to mesopelagic fish
for a smaller area in the Dumont d’'Urville Sea off East
Antarctica at approximately 140°E (Koubbi et al. 2010).
A rare example of the application of an Antarctic-specitic
predictive biological approach is that predicting a
dramatic decline of an Emperor penguin (Aptenodytes
forsteri) colony related to large-scale and long-term
changes in sea-ice extent (Jenouvrier et al. 2009)

An individual-based model, Simulation Model of
Benthic Antarctic Assemblages (SIMBAA; Potthoff
2006), developed to contribute to the understanding of
the Antarctic marine benthic ecosystem functioning,
uses a completely different approach. It is based on

Fig. 2 Map of habitat suitability (probability of occurrence) for Ctenocidaris perrieri generated by maximum entropy modelling (MaxEnt).
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Fig. 3 Map of habitat suitability (probability of occurrence) for Amphipneustes lorioli generated by maximum entropy modelling (MaxEnt).

representing generic ecological guilds that respond to
changing environmental parameters. Their fitness de-
pends on modifiable functional traits describing repro-
duction, dispersal, growth, and mortality in combination
with lottery competition (Chesson & Warner 1981)
during recruitment. The development of single guilds
and community structure is determined by a locally
variable carrying capacity of the grid cells, by larval
dispersal driven by ocean currents and by disturbances
due to grounding icebergs causing local mortality. The
model’s outputs stressed that patchy dispersal supported
the coexistence of sessile species even at short distances
(Potthoft, Johst & Gutt 2006; Potthoff, Johst, Gutt et al.
2006). A similar but less complex model confirmed the
Intermediate-Disturbance Hypothesis (Connell 1978)
with regard to iceberg disturbance and benthic biodiver-
sity (Fig. 4; Johst et al. 2006).

The first spatially explicit and dynamic distribution
model was developed for a total of 1066 fish and
invertebrate species distributed over the entire world’s
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ocean (Cheung et al. 2008; Cheung et al. 2009). This
dynamic bioclimate envelope model goes beyond niche
habitat modelling and attempts to incorporate more
mechanistic relationships between ocean—atmospheric
changes and the biology and biogeography of marine
species. It was developed to study the potential effects of
climate change on marine biodiversity. Physiological
preferences to environmental conditions were inferred
from the relationship between the spatially predicted
actual distribution of the species and environmental
variables, including sea surface and bottom temperature,
salinity, sea-ice extent, upwelling strength and associa-
tion to specific habitat types (e.g., seamounts). The model
then simulated changes in relative abundance within
0.5° x0.5° cells under projected changes in oceano-
graphic conditions based on a spatially explicit popula-
tion dynamic model. Specifically, population dynamics
were driven by changes in carrying capacity of each cell
(a function of its suitability as a habitat for the species
concerned), and changes in recruitment and migration
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Fig. 4 An analytical model simulating the effect of the intensity of
disturbance by grounding icebergs (x axis) on the diversity of benthic
successional stages (y axis). The disturbance intensity covers intensities
ranging from very rare and low to extremely high values. Squares with
error bars indicate empirical data, the site with greatest Shannon index
being an “iceberg cemetery” with unusually high disturbance rates, and
the two other locations being representative for larger shelf areas
between 100 and 300 m depth. Curve and empirical data redrawn from
Johst et al. (2006); the recolonization patterns are based on unpublished
data.

based on larval dispersal along ocean currents and adult
migration. The model projected that, under the SRES
AlB and B1 scenarios predicted from the National
Oceanic and Atmospheric Administration’s GFDL CM2.1,
distributions of fish and invertebrates would shift pole-
wards, resulting in high rates of species invasion in the
Arctic and the Southern Ocean. Local extinction events
were concentrated in the tropics, semi-enclosed seas
and sub-polar regions. A species-specific version of this
model predicts that the Antarctic toothfish (Dissostichus
mawsoni), a commercially exploited species, will become
largely reduced because it cannot extend its southern
limit in response to warming (Cheung et al. 2008).
While Antarctic marine habitats exhibit relatively high
thermal stability, terrestrial habitats experience extreme
environmental variations (Peck et al. 2006). The chal-
lenge of identifying and modelling species” responses in
the Antarctic terrestrial environment is therefore rather
different. Terrestrial invertebrates and plants have been
the focus of a body of ecophysiological research studying
their environmental tolerance that has developed over
many years. For general introductions to the literature
across various taxa see, e.g., Longton (1988), Semme
(1995), Hennion et al. (2006), Peck et al. (2006) and
Denlinger & Lee (2010). As is often the case, a relatively
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small number of species have been the subject of the
most detailed analyses, effectively becoming “example”
taxa (Chown & Convey 2007) and comprehensive
spatially explicit models are still missing. Terrestrial
microarthropods have provided a particular focus for
study, with the springtail Cryptopygus antarcticus, oribatid
mite Alaskozetes antarcticus and dipteran Belgica antarctica
being the subject of the majority of studies in the
maritime Antarctic (Block 1990; Block & Convey 1995;
Elnitsky et al. 2008; Lopez-Martinez et al. 2009; Burns
et al. 2010; Teets et al. 2011). In the continental
Antarctic, similar studies have largely been limited to
Victoria Land, where the springtail Gomphiocephalus
hodgsoni (McGaughran, Convey et al. 2010), and the
nematodes Panagrolaimus davidi, Scottnema lindsayae and
Eudorylaimus antarcticus (Wharton 2003; Nielsen et al.
2011) have received most attention. From these we
extrapolate to conclude that terrestrial biota are well-
adapted to survive the considerable range of variation in
environmental conditions that is typical in their Antarctic
habitats. Judged from currently available century-scale
climate scenarios, we expect generally moderated physi-
cal environmental constraints on land (although note
again the caveat discussed above, that at local scale the
combinations of changes may also result in more severe
constraints), and hence that predicted changes are well
within the tolerances of the native species. Therefore, in
circumstances where warming (i.e.,
energy availability) is experienced in combination with
an increase or at least no change in water stress, native
biota are expected to benefit in terms of increased growth
rates and biomass, population sizes and extent, and
through local colonization of newly available areas of
ice-free habitat, see Convey (2010, 2011) and Nielsen
et al. (2011) for review. Manipulation experiments (Day
et al. 1999; Smith 2001; Convey & Wynn-Williams 2002;
but see Kennedy 1995 and Bokhorst et al. 2011 for
caveats on methodological weaknesses) and limited field
observations (Fowbert & Smith 1994; Parnikoza et al.
2009) tend to support this observation, with native
species and communities responding positively to the
major predicted changes of increased temperature and
water availability, as these relax current constraints on
biological processes and activities.

Therefore, the major challenge for terrestrial Antarctic
ecosystems may lie in predicting the impacts of “incom-
ing” species, rather than the failure of native ones per se
(Convey 2011). While there is reasonable knowledge of
actual distributions of “example” taxa, more generally
there are many gaps in available survey data across all
terrestrial faunal and floral groups, compounded by a
lack of up to date or authoritative taxonomic evaluation

increased thermal
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(e.g., Adams et al. 2006; Chown & Convey 2007). More
recently, studies of molecular phylogeography have
started to become available, however these are again
currently limited to a small number of target taxa
(e.g., McGaughran, Toricelli et al. 2010; Mortimer et al.
2011).

At small physical scale, usually for a single location,
some studies have attempted to link observed native and
non-native terrestrial species distributions and physical
environmental data (Usher & Booth 1984; Freckman &
Virginia 1997; Sinclair et al. 2006; Lee et al. 2009; Davies
et al. 2011), while Lee & Chown (2009) have also done
this for an invasive slug species on sub-Antarctic Marion
Island. In studies of Antarctic plants, broad descriptions of
vegetation types and ecological associations are also
implicitly or explicitly linked with general descriptions
or assumptions about linked environmental features
(e.g., Smith 1972; Longton 1988; Gremmen & Smith
2008). However, such studies are yet to be placed into a
larger scale and more predictive modelling framework.
Furthermore, in the context of modelling possible future
distribution changes it must also be taken into account
that, unlike the generally inter-connected structure of
the Antarctic marine environment, terrestrial ecosystems
are effectively restricted to normally tiny “islands” of
habitat (contributing only 0.34% of the total area of the
continent, or in total about 44 000 km?). Hence, terres-
trial biota are not uniformly distributed across habitats
within a geographical extent defined by their environ-
mental tolerance envelope but are rather isolated on
physical scales up to hundreds of km from either the
“next” population of the same species, or the next
available area of habitat for colonization.

Given the scale of physical isolation of most islands of
Antarctic terrestrial habitat, models that attempt to
overcome this type of constraint therefore also require
incorporation of information that is currently not avail-
able relating to dispersal and colonization mechanisms,
frequencies and routes. A further complication is the
recently described considerable and ancient biogeogra-
phical regionalization within the terrestrial biota of
Antarctica (Convey et al. 2008; Vyverman et al. 2010),
which highlights that the wvarious elements within
Antarctica have been (and still are) strongly isolated
from each other, presumably by physical barriers, over
very long periods of time. The ancient biogeographical
signal within Antarctica requires incorporation in model
development, in order to overcome the problem that, for
many if not most taxa, any attempt to describe a simple
“environmental envelope” will not take into account of
these boundaries and will therefore inevitably incorpo-
rate areas of different regions, even though the taxa
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concerned do not occur across these boundaries. An
example of this is that the majority of mites and spring-
tails (the dominant and largest terrestrial invertebrates in
the Antarctic) currently known from the maritime
Antarctic, as well as smaller groups such as nematodes,
tardigrades and rotifers, would face no apparent change
in ecological or physiological stress in terrestrial habitats
of the coastal continental Antarctic, or vice versa, i.e.,
could live there if transplanted. Yet, at species level, there
is no overlap in the current faunas in the majority of
these groups between the two regions (see, e.g., Andrdssy
1998; Convey et al. 2008).

While the focus of this paper is on predicting biological
responses associated with systematic climatic change, this
last point also further highlights that other “direct”
human impacts may act in synergy with climate. Perhaps
highest amongst these is that of human-assisted move-
ment of biota both into Antarctic terrestrial and marine
ecosystems from elsewhere, and, especially on land,
between the ditferent regions within Antarctica (Frenot
et al. 2005; Hughes & Convey 2010). Indeed, inspection
of the establishment of non-indigenous species currently
known particularly from the sub-Antarctic islands
strongly suggests that these may have considerably
greater impacts on native species and ecosystems than
any that are likely to arise as a consequence of climatic
change over the same period (Convey 2011). In this
context, a more applied approach utilized on a specific
sub-Antarctic island to the prediction of biological change
is to model the response of communities to the suppres-
sion of invasive species (Raymond et al. 2011).

Proposed integrative framework
for the Antarctic

Broad-scale screening and dynamic predictions

Biodiversity scenarios for the Antarctic can be derived in
different steps of increasing complexity. Pragmatically, we
should start with simple models and, perhaps more
importantly, choose an approach that can be supported
with data. Correlative (static) approaches are useful for
broad-scale screening purposes. Calculations of poten-
tially suitable habitat identify combinations of environ-
mental parameters which best explain contemporary
occurrence of selected species, systematic or functional
groups, or entire ecological assemblages for which
sufficient information is available (Cheung et al. 2008;
Cheung et al. 2009). Thus, it allows investigation of the
main environmental forces shaping the niches of species
and groups of species. The larger the geographic areas
considered are, the smaller the expected errors due to
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undersampling of single cells and the better will be the
calculations representing regional or global diversity.
Conclusions will substantially contribute to an improved
and holistic understanding of Antarctic ecosystem func-
tioning. Applications in a global change context will
provide rapid assessments of potential changes in suitable
habitats, as many examples from global terrestrial bio-
geography have underscored (see Pereira et al. 2010).

This static approach can then be complemented by
predictions of dynamic outcomes that incorporate demo-
graphic processes. Such models typically require a greater
level of biological knowledge and data than are currently
available. However, in the preceding section we have
described the outcomes of some models that incorporate
demographic processes (Potthoff 2006; Cheung et al.
2008; Cheung et al. 2009; Jenouvrier et al. 2009). These
exemplify how even limited biological knowledge can be
utilized to inform dynamic population models for large
numbers of species, for example by supplementing
known process parameters with those obtained from
allometric relationships (e.g., maximum growth rates
inferred from body size). Spatially explicit dynamic
population models allow for qualitative analyses of local
and regional population viability and for assessing alter-
native management scenarios. Approaches such as those
used by Potthoff (2006) can be applied to functional
types, trophic guilds or keystone species. In a further step,
it would be straightforward to relate such generic models
to more realistic sea- or landscapes, especially in terms of
coastline, current patterns and topography.

Incorporating “first principles”

Dynamic distribution models, which incorporate simple
models of population dynamics, are more flexible than
purely correlative models, which assume constant
species—environment relationships but may still be lim-
ited because they are based on demographic parameters
that are valid only for those environmental conditions
under which these parameters were observed. Predicting
the response of species distributions to future climate
scenarios will, however, very likely include unprece-
dented environmental conditions, for which no data
exist. To solve this problem, modelling the response of
organisms to their environment has to be based on “first
principles”, i.e., ecophysiological or behavioural mechan-
isms. In such models, demographic parameters are no
longer imposed, but emerge from individual-level
processes (Grimm & Railsback 2005).

For example, a later version of the model developed by
Cheung et al. (2008) further examines the interactions
between changes in ocean biogeochemistry (acidity and
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dissolved oxygen level, phytoplankton community struc-
ture) and species’ biogeography by incorporating an
explicit ecophysiological component into the model.
This model simulates changes in metabolic rates accord-
ing to temperature and ocean chemistry, and predicts
their effects on body size, reproduction, and growth and
natural mortality rates of the studied species (Cheung
et al. 2011). Changes in life history characteristics then
affect the species’ population dynamics that determine its
predicted distributions. For example, applying the model
to 120 species of exploited demersal fishes and inverte-
brates in the north-east Atlantic, this study showed that
ocean acidification and changes in oxygen content may
reduce species” growth performance, increase the rate of
range shift, and lower the estimated catch potentials. This
highlights the potential sensitivity of marine biodiversity
to ocean acidification and reduced dissolved oxygen.
A more general conclusion is that we need to distinguish
carefully between imposed and emerging demographic
responses of species to their environment. Basing models
on first principles requires more effort than simpler
approaches but is rewarded by higher flexibility and
more reliable predictions; see also, for populations in
other types of ecosystems, Railsback & Harvey (2002) and
Goss-Custard et al. (2006). Focusing on first principles is
also a trend in macroecology, where recently “macro-
physiology” has been suggested as a new focus area
(Gaston et al. 2009; Chown et al. 2010). It will be
interesting to relate these approaches to mechanistic
models based on first principles, but it should be noted
that the rationale of macroecology is completely different
from mechanistic modelling in that it focuses on statis-
tical correlations instead of causal relationships.

Incorporating adaptation and genetic
information

A key element in producing better predictive models is
the need to include improved understanding of popula-
tions that are stressed by changing environments. How-
ever, whilst ecological observations can record shifts in
species ranges and regime changes associated with
climate change events (Drinkwater 2009), these are a
posteriori observations. Currently, besides ecological
methods, physiological and biochemical criteria are
available to answer questions on population level fitness,
relatedness, genetic diversity and geneflow. All these
population-specific characteristics potentially influence
extinction or survival probabilities in a changing
environment.

A better understanding of long-term adaptations to the
environment can be achieved through phylogenetic
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screening across the whole genome for the presence of
multiple genes indicative of stress. Within a macroecolo-
gical context, we are now able to formulate experiments
which correlate the capacity to cope with changes and
survival characteristics with genome tags. Such adapta-
tions are widespread and not restricted to isolated
populations, such as gigantism (Chapelle & Peck 1999),
lack of haemoglobin (e.g., di Prisco et al. 2002; Cheng
et al. 2009), increased muscle-fibre diameter (Johnston
2003), the lack of production of a heat-shock response
(Hoffmann et al. 2000; Clark et al. 2008; Clark & Peck
2009), and the development of antifreeze glycoproteins
(deVries 1988). These examples are specifically marine
and a wide range of genes that respond to temperature
stress has now been identified and may be valuable in
future (Thorne et al. 2010; Truebano et al. 2010).
However, the amount of molecular work on terrestrial
species is increasing with a concentration on under-
standing freezing and dessication resistance in the ar-
thropods Crytopygus antarcticus (Burns et al. 2010) and
Belgica antarctica (Lopez-Martinez et al. 2009) and the
nematode Plectus murrayi (Adhikari et al. 2009; Adhikari
et al. 2010). The examples above (both marine and
terrestrial) are largely concerned with either single gene
studies or at most 2000 transcripts. However, Next
Generation sequencing technologies promise to expand
our genetic repertoire immensely with recent studies
generating around 20 000 transcripts for both the
Antarctic clam (Laternula elliptica) and krill (Euphausia
superba) as public resources (Clark et al. 2010; Clark
et al. 2011).

To provide a priori predictions, we need to understand
whether organisms/species can survive long enough in
any given habitat that is challenged by change until they
adapt via microevolution (see below). Recently, it has
been shown that short-term laboratory experiments have
value in predicting physiological limits (e.g., Portner &
Knust 2007; Peck, Clark et al. 2009). Results are
currently available from a range of species, but are far
from covering all ecologically key species. We can start to
link these with data on species longevity, reproduction,
and life histories. However, further data are required
from both physiological and behavioural experiments,
ground-truthed by comparison with field observations
(e.g., Morley, Tan et al. 2009). Long-term studies are also
vital as they document inter-annual variability and often
highlight the long-term cycles intrinsic in polar environ-
ments (Grange et al. 2004; Bowden et al. 2009).

This is an area where the application of new “omics”
technologies could significantly improve our predictive
abilities. In addition to genomics, proteomics encom-
passes approaches to analyse the molecular structure and
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functioning of a complete set of proteins, and transcrip-
tomics shows which genes are transcribed (i.e., genetic
activity). A corresponding molecular screening can, for
example, determine accurately the temperatures at
which a species starts to experience cellular stress, which
may impact whole animal health (Truebano et al. 2010).
By combining the transcriptomics and proteomics
approaches, we can understand how organisms translate
the effects of a changing environment into molecular and
biochemical responses. Extreme sensitivities for whole
organisms are relatively easy to describe, such as in the
brittle star Ophionotus victoriae (Peck, Clark et al. 2009).
However, acclimation to 4+4°C or higher, such as among
the sea star Odontaster validus (Peck et al. 2008) and
notothenioid fishes (e.g., Bilyk & deVries 2010) are more
difficult to characterize as this requires detailed under-
standing of life history traits such as growth, metabolism,
reproduction and recruitment, coupled to competitive
and abiotic interactions. Data presented by Chen et al.
(2008) suggest that evolution in the cold has produced
genomic expansions and/or upregulations of specific
protein-gene families, many of which are involved in
the antioxidant function. These may produce increased
vulnerabilities via decreased capacities to cope or reduced
cellular energetic buffering. In the terrestrial field, the
latter is of particular interest as there are clear energetic
trade-offs required in such a highly variable environ-
ment, the animals are often subjected to sudden freezing
events and multiple freeze/thaw events as well as
seasonal cooling and over-wintering (Michaud et al.
2008; Lopez-Martinez et al. 2009; Adhikari et al. 2010;
Teets et al. 2011). These have started to provide interest-
ing data on stress-specific biochemical pathways with
indications that, at least in Belgica antarctica, some of these
pathways may be shared between responses to different
stresses (Michaud et al. 2008). These data enable the
relative costs of survival to be determined under the
different environmental regimes, a prerequisite for un-
derstanding responses to climate change (Teets et al.
2011). They are also required to enable an understanding
of the success of invasive species, a more pressing issue in
the terrestrial field than the marine (Worland 2010).
Antarctic notothenioid fish also provide an example of
the relevance of spatially explicit data in studies of trade-
offs, since they show geographically patchy acclimation
abilities at the physiological and molecular level, for
instance, in comparison between the Antarctic Peninsula
and Ross Sea (Bilyk & deVries 2010). Such spatial
heterogeneity, traditionally described as physiological
races, might explain some of the differences between
field observations and physiological experiments on the
temperature tolerance of the fish Pagothenia borchgrevinki,
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which are otherwise contradictory due to unknown
reasons (Franklin & Seebacher 2009).

Genomic studies will also help us to understand
microevolution and its underlying mechanisms. Again,
this has been described in model species and such
processes must surely operate in Antarctic species, albeit
at a slower rate. Novel genomics techniques, such as
restriction site-associated DNA (RAD) tags (Baird et al.
2008) are revolutionizing traditional phylogenetic stu-
dies, allowing rates of gene evolution to be assessed.
Given the rate of sea water warming along the Antarctic
Peninsula, and the limitations of adaptation rates that are
given by the cold Antarctic marine environment (slow
growth, longevity, deferred maturity, etc.), it is key to
understand how effective microevolution is at realistic
timescales in producing new gene complements in
populations which are under environmental stress.
Studying the genetic structure and responses of popula-
tions in regions where change is greatest (currently, the
Antarctic Peninsula) compared to those areas where
temperatures are largely unchanged (such as the Belling-
shausen, Weddell and Ross seas) could potentially
provide indicators of adaptation abilities and how they
have been altered by recent change.

Antarctic studies are a long way behind those of
laboratory model species, where susceptibility and resis-
tance can be linked to genetic traits, heritability and
range limitations (see, e.g., Hoffman et al. 2010). How-
ever, development and exploitation of a similar array of
genetic analysis tools has the potential to identify
vulnerable species, the loss of which would cause marked
imbalance at the ecosystem level. In this case we will be
able not only to model possible biogeographic shifts but
also significant in situ changes in the ecosystems. Specitic
physiological acclimatization seems to be linked to
specific habitats and microevolution might accelerate in
areas under environmental stress, whilst no selective
pressure is expected in environmentally stable areas.
Both phenomena are valuable to be simulated focusing
on mechanisms to maintain or, if new competitive
interactions occur, diminish species occurrence. These
mechanisms would also produce feedback effects on
microevolution that would be difficult to predict without
a mechanistic approach. The examples mentioned above
show that selected results from physiological and biomo-
lecular studies are a priori relevant for future predictive
models due to their spatially and temporally explicit
nature. If implemented in such models their general
relevance to predict the structure and functioning of
future Antarctic ecosystems could also be assessed and
confirmed.
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Refining environmental parameters

All biological forecasts rely on the availability of relevant
environmental parameters in global change scenarios.
Therefore, we can consider (1) environmental para-
meters for which future scenarios exist, for instance
sea—ice, air and sea-water temperatures, or pH in the
ocean, (2) parameters that are expected to be stable over
the period of extrapolation, such as bathymetric features,
and (3) assumptions for parameters expected to change
but for which no predictions exist, such as the intensity of
iceberg scouring or flux of phytodetritus through the
water column.

The average predictions made by the IPCC are of
limited value for biological models, because organisms
may be (differentially) more vulnerable than expected to
fine-scale spatial and temporal niche-specific tempera-
tures, and subject to the effects of both biotic and abiotic
factors (Helmuth 2009). For example, for many species
sea surface temperatures as predicted by climate models
may not be ecologically meaningful. Species such as
bivalve molluscs, that are known to exist in the benthic
shallows of the Antarctic Peninsula (67°S, annual tem-
perature at 15 m water depth in the range between —2°C
and +1°C), are only present in deeper water near South
Georgia (54°S, average temperature 1.2°C) as the annual
shallow water is between —1°C and +4°C, with upper
summer limits beyond their known physiological coping
capacity (Morley, Hirse et al. 2009; Morley et al. 2010).
Hence presence/absence could be directly correlated with
water temperature. For future ecological predictions it is
therefore important to understand and quantify the
physical parameters in three dimensions (see Turner
et al. 2009).

We know that also highly dynamic and spatially patchy
physical and biological processes and interactions shape
life in Antarctic ecosystems. For example, the recruit-
ment of krill depends very much on the existence of sea
ice during the late austral winter, particularly in the
south-west Atlantic sector of the Southern Ocean
(Atkinson et al. 2004). Further, the distribution, at least
at local scale, of sessile benthic species may be most
strongly influenced by single extreme events, such as
occasional upwelling of warm water masses or of physical
disturbance through iceberg scour, which occur rarely
and are of very short duration (Gutt 2006). Such features
may therefore require a high temporal resolution of the
environmental predictions used in models, especially if
the important extreme events are of ephemeral nature.
Such variability of environmental parameters not only
plays an important role in predictions but also in
improved definition of contemporary potentially suitable
habitats, because a modified and extended analysis
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would provide refined information on organism toler-
ance (and the limits thereof) to environmental variability
(Zimmermann et al. 2009).

Many climate models predict an
the frequency of extreme events. In the context of the
Antarctic marine environment examples include the
collapse of large ice sheets and greater iceberg activity,
as well as increased sedimentation and fresh-water run-
off (Barnes & Conlan 2007; Brandt & Gutt 2011). Whilst
the effects of these may be relatively local, they may
change core populations with wider ranging conse-
quences. There is a clear need to link more effectively
information on reduction in sea ice, glacial erosion and
iceberg activity with chlorophyll measurements (both
satellite and actual). Loss of ice sheets creates “new” areas
of open water, which can then contribute to primary
productivity, providing a negative feedback on the
climate system (Peck et al. 2010; Gutt et al. 2011). Loss
of sea ice can impact not only on the seasonal availability
of open water and primary production (Arrigo & Thomas
2004), but also on certain life history stages of macro-
invertebrates (Atkinson et al. 2004), with consequences
for the food web. In addition, primary production is
expected to increase as a result of increased nutrient
upwelling (Arrigo, van Dijken & Bushinsky et al. 2008).
Drifting icebergs have been shown to increase local
primary productivity (Schwarz & Schodlok 2009), whilst
grounded icebergs can obviously cause the opposite effect
(Arrigo et al. 2002). Icebergs scouring the sea-floor have
locally drastic effects on benthic communities (see Peck
et al. 1999; Lee et al. 2001; Brown et al. 2004), but
the patchwork of stages of succession after such events
increases regional diversity (Gutt & Piepenburg 2003).
Our ability to track icebergs is becoming increasingly
sophisticated (Silva & Grant 2005; Tournadre et al. 2008).
Given examples of both greater and locally reduced
likelihood of iceberg disturbance, these data should be
used in combination with climate prediction models to
further develop models such as those of Potthotf (2006),
Potthoff, Johst & Gutt (2006), Potthoff, Johst, Gutt et al.
(2006) and Johst et al. (2006), briefly described above.

A fundamental advance in biological predictions could
be achieved through the use of higher spatial resolution
than the current 0.5° by 0.5° to 3° by 3° cells (which also
have variable area due to the influence of latitude) used
in most Southern Ocean scale analyses and general
circulation models. Many biological processes and their
spatial variability are specific for a spatial scale of 1 km or
(much) less rather than the ca. 200 km used in the
majority of global climate models. However, most global
scale climate models do not necessarily increase local
accuracy with finer scale analyses. Local variability is

increase in
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often driven by local processes that are independent of
regional or global climate change. However, if biological
data are sampled in a patchy way, they may not be
suitable for fine-scale analysis due to high variation in
sampling effort across cells. In both the Southern Ocean
and on land in Antarctica some larger regions are known
to be better sampled than others, while hotspots of
regional climate change exist (Turner et al. 2009). For
such regions the use of a finer scale model to predict local
changes in biodiversity would be a major step forward.
Regional climate models are increasingly being used to
better represent smaller-scale features, such as the
mountains of the Antarctic Peninsula, which have a
dramatic influence on surrounding wind, temperature
and precipitation patterns. These models are run with
horizontal grid sizes in the range of 1 to 100 km. An
important caveat is that large uncertainty still remains in
regional model predictions, the main source of which is
the global climate models within which they are nested.
The resolution of available sea-surface data collected
remotely, such as temperature and primary productivity,
increases with each generation of satellite technology.
However, other data, which are only collected in situ,
such as sea-floor temperature, are impossible to obtain at
the same spatial resolution. Approaches that provide data
otherwise impossible or difficult to obtain include
biologging—the mounting of sensors on large animals—
or the deployment of floats, gliders, crawlers and auton-
omous operated vehicles. The data resolution required
depends upon the nature of the question being answered
and the associated errors and uncertainties. An example
of macroecological features which demand higher spatial
resolution is given by oceanic gyres of only a few
kilometres diameter, because they can significantly shape
the composition of planktonic assemblages within a
larger region, along with further impacts to other trophic
levels. An analogous example is given by krill swarms
extending in length to between 10 m and > 1 km
(Tarling et al. 2009). Benthic patterns range in size,
depending features of interest, from as little as a few
metres to description of a relatively homogeneous
circumpolar faunistic province (Gutt et al. 2010).

Validation

If models are to provide a basis for political decision-
making, confidence in predictions needs to be high.
Validation of climate impact predictions is therefore
crucial, though at the same time inherently difficult as
the future is unknown. A largely theoretical approach to
validation of climate impact predictions is presented by
Zurell and co-workers (Zurell et al. 2009; Zurell et al.
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2010). These authors use virtual data generated by a
mechanistic model to investigate the effects of transient
dynamics as well as ecological properties and processes
on the prediction accuracy of correlative species distribu-
tion models. A more applied way of independently
testing the predictive ability of models across time is to
use retrospective data, for example from fossil records
(Pearman et al. 2008). Some responses of Antarctic
biological systems to environmental changes have been
inferred from palaeo-ecological samples and their ana-
lyses, and from studies over recent decades linked with
contemporary changes. Examples include changes in
krill, penguins and phytoplankton in areas experiencing
sea-ice reduction (Barbraud & Weimerskirch 2001;
Atkinson et al. 2004; Ducklow et al. 2007; Montes-
Hugo et al. 2009). Further, observed 20th century
distribution shifts can provide validation (Ardujo et al.
2005; Willis et al. 2009). If our model is initiated with a
pre-industrial scenario in a relatively predictable and
stable environment, in silico predictions for contempor-
ary scenarios can be calculated and compared with the in
situ results from field surveys. Analogous “ground-
truthing” will become important if contemporary scenar-
ios are used as the initial point, with model results then
being compared with results from future field surveys.
This approach appears promising, especially among
sensitive functional groups of organisms or in specific
areas with, for instance, clearly reduced sea ice or at the
shifting polar frontal system. Such “ground-truthing” can
help to narrow the otherwise wide scope of potential
options for future ecological developments.

Challenges

Measurements of some oceanographic and atmospheric
physical parameters, which contribute most to climate
processes, are carried out regularly by remote sensing
techniques, which cover large areas and have a relatively
high spatial resolution. In addition, manned and un-
manned ground stations provide locally detailed data.
Our ability to predict such parameters is reasonably well
advanced. In biology such synoptic approaches are
limited to parameters amenable to remote sensing
approaches, such as chlorophyll measurement at the
sea surface, or to the description of bird and mammal
movements through satellite tracking. Remote-sensing
technologies also have the potential to measure features
such as vegetation extent, although this is yet to be
applied widely to the Antarctic (but see Fretwell et al.
2011). Measurements of biological, chemical and some
physical parameters in the water column at high spatial
and temporal resolution will remain scarce until new
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techniques are developed or existing modern approaches
widely applied. However, ongoing single measurements
and biodiversity surveys focusing on specific areas and
systematic groups can help to overcome current limita-
tions, especially in the bioregionalization approach
where information gaps are overcome using interpola-
tion techniques. Data on benthic topography and
sedimentological parameters, such as surface grain size,
are very patchily distributed but, since it can be reason-
ably assumed that these are stable over long periods, each
new survey contributes to a continuous improvement in
the Antarctic-wide picture. The situation is similar for
territorial and sedentary organisms such as benthic
animals and their assemblages, or vegetation and its
associated fauna, as long as they are not (yet) aftected by
unusual environmental changes such as the climate
change already seen along the Antarctic Peninsula or
by direct anthropogenic disturbance,
historical and recent exploitation of marine mammals
and fisheries (Montes-Hugo et al. 2009; Trathan & Reid
2009). In such cases it is doubtful whether the approach
described above can reconstruct the pre-disturbance
conditions, required to generate a starting point for
model modifications having different foci.

A further limitation that cannot be ignored within an
intermediate temporal scale arises from biological com-
plexity. It is important in biodiversity studies to know the
sampling effort at each site, and this is especially so in
Antarctica. Understanding of patchiness of distributions is
still generally poor, and even the “presence/absence”
classification may be interpreted erroneously due to lack
of sampling effort, leaving “presence” alone as the lowest
common denominator within comprehensive biodiver-
sity data sets. Where abundance data have been esti-
mated in previous surveys, such as for some specific
species (e.g., krill), this could be proposed as a future
standard for all biogeographical biodiversity surveys.
A major advantage of the inclusion of abundance data
is that the most basic but important additional informa-
tion of absence (=zero abundance) can improve the
approach considerably. In addition, abundance in general
may be a parameter in community structure, which
responds first to environmental change well before
species become locally, regionally or globally extinct.
On the other hand, the inclusion of abundance makes
predictive ecological climate models less robust to
changes in population size being independent of climate
change processes. A compromise could be to use abun-
dance classes, providing some robustness against meth-
odological errors. One potential method to correct species
richness values for sampling effort is to calculate the
residuals of the regression of the number of species on

such as the
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the number of samples from defined areas with higher Verde et al. 2008). The framework described above is

residuals indicating higher than average species richness especially designed for the Antarctic. However, despite
(Clarke et al. 2007, for examples see also Gutt et al. the obvious differences in physical environmental and
2010). There is optimism that, in future, rapid analyses of biological characteristics, it could relatively easily also
metagenomes will increase the efficiency of species apply to the Arctic because general principles, such as
determinations by orders of magnitudes. However, this decreasing duration and extent of sea-ice cover, with
technique will only be applicable to ecological studies if =~ major impact on primary production and higher trophic
the corresponding information for most known species is levels, as well as the direct effects of oceanic warming, are
available in genetic libraries. similar. Due to the spatially explicit nature of this
Dynamic distribution models based on “first principles” concept, the principle difference between both polar
as described above are also not without challenges. They regions in the potential for range shifts along latitudinal
need to be carefully designed, tested, and analysed to gradients can also be easily considered.
avoid unnecessary complexity, which could obstruct These are good reasons to bring skilful modellers
understanding and thereby render the model useless. together with specialists providing all relevant biological
One strategy for avoiding overly complex models is and environmental data. While accepting that, in their
“pattern-oriented modelling”, where model structure is initial phase, the predictive power of such models is not

tied to a limited number of key patterns observed in the high, if seriously developed they will contribute to a
real system to be modelled (Grimm & Railsback 2005; considerably improved understanding of complex sys-
Grimm et al. 2005). tems, in our case of Antarctic ecosystems under climate

change stress, and to increasing robustness. The out-

comes of the approach described here will also inform
Implementation and conclusions other models focusing on possible biosphere—cryosphere—
atmosphere—hydrosphere feedback effects and, thus,
contribute to improving and extending predictions based
on future IPCC scenarios.

Even if a relatively poor systematic and spatial coverage
of Antarctic biological data and of some ecologically
relevant parameters remain the largest challenges in
the foreseeable future, we cannot wait to develop power-
ful predictive ecological models. There is a pressing
demand for biological predictions from decision makers Acknowledgements
and society in general because of their implications in
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