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Physiological Traits of Organisms in a Changing Environment

Abstract

[Extract] Antarctic ecosystems represent one extreme of the continuum of environmental conditions
across the planet. To our eyes, the environment appears harsh but, even though terrestrial biological
diversity is restricted, a wide range of life is present and, locally, thrives. In the Antarctic, unusually,
environments exist in which physical characteristics are dominant and overcome biological
considerations. These are at the extreme ends of the ranges of many characteristics (temperature, snow,
ice and solar radiation) found across environments globally. However, the Antarctic is also a large
continent, comparable in area to continental Europe, and further surrounded by the cold Southern Ocean,
within which lie a ring of subantarctic islands. Together, these islands and the continent give a natural
environmental gradient with which to study the biological impacts of climate variables. Antarctica is also
a focus for studies of responses to regional and global change (eg Bergstrom and Chown 1999, Convey
2001, 2003, Robinson et al. 2003). Some of the fastest changing regions on earth (air temperatures along
the western Antarctic Peninsula and Scotia Arc) are found here (King and Haranzogo 1998, Skvarca et al.
1998, Smith 2002, Quayle et al. 2002, 2003). Evaluations of change in this area are expected to provide a
vital ‘early warning system’ for change consequences worldwide (Convey et al. 20033, b). This chapter
addresses an area central to our ability to understand and evaluate biotic responses to climate change
predictions - that of organism physiology.
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Introduction

Antarctic ecosystems represent one extreme of the continuum of environmental
conditions across the planet. To our eyes, the environment appears harsh but, even
though terrestrial biological diversity is restricted, a wide range of life is present
and, locally, thrives. In the Antarctic, unusually, environments exist in which
physical characteristics are dominant and overcome biological considerations. These
are at the extreme ends of the ranges of many characteristics (temperature, snow, ice
and solar radiation) found across environments globally. However, the Antarctic is
also a large continent, comparable in area to continental Europe, and further
surrounded by the cold Southern Ocean, within which lie a ring of subantarctic
islands. Together, these islands and the continent give a natural environmental
gradient with which to study the biological impacts of climate variables.

Antarctica is also a focus for studies of responses to regional and global change
(eg Bergstrom and Chown 1999, Convey 2001, 2003, Robinson et al. 2003). Some
of the fastest changing regions on earth (air temperatures along the western
Antarctic Peninsula and Scotia Arc) are found here (King and Haranzogo 1998,
Skvarca et al. 1998, Smith 2002, Quayle et al. 2002, 2003). Evaluations of change in
this area are expected to provide a vital ‘early warning system’ for change
consequences worldwide (Convey et al. 2003a, b). This chapter addresses an area
central to our ability to understand and evaluate biotic responses to climate change
predictions — that of organism physiology.

Antarctic climate change

Features of climate change as seen in the Antarctic are described in Convey this
volume and are summarised briefly here. Two non-connected aspects of Antarctic
climate change have received most attention — the rapid temperature increases that
have been well documented along the Antarctic Peninsula and Scotia Arc and are
observed to a lesser extent elsewhere and the seasonal formation in the austral spring
of the Antarctic ‘ozone hole’. At a continental scale some areas, particularly of
inland continental Antarctica and parts of Victoria Land, are also thought to have
experienced cooling over the same period, although data are sparse. In addition to
any direct biological consequences of changes in temperature, indirect consequences
may also be significant — for instance, temperature increases in either winter or
summer may lead to a shortening of the winter season — while temperature changes
will clearly also be linked with the processes controlling water availability in
terrestrial habitats.

Water availability can be more important even than temperature in controlling
biological activity in Antarctic terrestrial habitats (Kennedy 1993, Block 1996). In
the subantarctic in particular, recent changes in precipitation patterns potentially
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have greater biological significance than the concurrent changes in temperature.
Clearly, changes in precipitation patterns will impact water availability, although
this is likely to be seen most directly in the subantarctic and parts of the maritime
Antarctic (during summer), when the majority of precipitation falls as rain rather
than snow and is immediately available to terrestrial biota. Summer thawing of
seasonal snow banks and runoff from permanent glaciers also provide liquid water
to terrestrial habitats, hence changes in the timing and magnitude of winter
precipitation events, and the timing of thaws, will also be important. Consequences
may also include a decrease in water availability, in instances where precipitation
reduces, or finite resources of snow or ice are exhausted. Trends of both increasing
and decreasing precipitation, identified in datasets covering up to the last six
decades, are being seen at a variety of maritime and subantarctic locations.

The potential biological significance of seasonal ozone depletion is linked with
the associated increase in shorter wavelength UV-B radiation reaching the Earth’s
surface. However, it is the timing of this increase rather than the absolute magnitude
that is important. During periods of maximum ozone loss (typically October and
November, during the austral spring) the intensity of UV-B radiation at ground level
is similar to that normally experienced in mid-summer. However, early in the spring,
exposed biota may be unable to respond, as they are yet to resume normal
physiological activity after winter.

ORGANISMS UNDER INCREASED RADIATION

The potential effects of UV-B radiation on phototrophic organisms may be grouped
into three areas: (a) changes in photosynthesis and growth (eg through trade-offs
with reproductive capacity and biomass) (Teramura and Ziska 1996) (b) increased
investment in UV-B absorbing or screening compounds (Karentz et al. 1991a,b) and
(c) DNA damage, repair and photoreactivation (Lud et al. 200la). Mobile
organisms, such as cyanobacteria, can move to deeper layers in the soil to avoid
radiative stress (Wynn-Williams 1994), while sessile organisms are particularly
exposed to UV-B radiation. However, despite the clear effects seen in laboratory
manipulations, those field studies that find effects generally report these to be much
more minor, while others often report no detectable consequences (Jackson and
Seppelt 1997, Montiel et al. 1999, Day et al. 1999, Huiskes et al. 1999, 2001, Lud et
al. 2001a, Rozema et al. 2001).

Sessile phototrophic organisms such as lichens can not avoid incident solar
radiation completely and they must make a trade-off between receiving sufficient
levels of PAR and appreciable doses of UV-B (Day 2001). Microniche selection
also plays a part, in that many utilise partially protected crevices and fissures, or
locations that are protected by snow cover during the critical period (Cockell et al.
2002). To some extent they can also utilise a passive avoidance strategy: being
poikilohydric, the periods when they are moist and active generally occur in the
mornings or in the evenings, when UV radiation levels are low. However, it is also
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important to quantify the potential for uncontrolled damage during inactive periods,
when repair is not possible.

CHANGES IN PHOTOSYNTHESIS AND GROWTH

Day and co-workers (Day et al. 1999, 2001, Xiong and Day 2001, Ruhland and Day
2000, 2001) have completed an extensive field manipulation study near Palmer
Station (Anvers Island, western Antarctic Peninsula), separating the influence of
UV-B and other environmental variables on the growth and ecophysiology of the
two Antarctic flowering plants, Colobanthus quitensis (Kunth) Bartl. and
Deschampsia antarctica Desv. Relative to ambient controls, exposure to solar UV-B
from spring to mid-summer led to 11 - 22% less biomass and a 24 - 31% decrease in
leaf area. Rates of photosynthesis were reduced when expressed relative to
chlorophyll content or dry mass, but not relative to leaf area, through the
development of thicker leaves containing more photosynthetic and screening
pigments. Exposure to UV-B also led to reductions in quantum yield of photosystem
II, based on fluorescence measurements of adaxial leaf surfaces and impaired
photosynthesis in the upper mesophyll layer. The latter was suggested to be
associated with light-independent enzymatic limitations. In C. quitensis, exposure to
solar UV-B led to reductions in leaf longevity, branch production, cushion diameter
growth, above-ground biomass and thickness of the non-green cushion base and
litter layer. Exposure to UV-B also influenced patterns of reproductive investment,
accelerating the development of reproductive structures and increasing the number
of panicles (D. antarctica) and capsules (C. quitensis). Seed viability appeared to
remain unchanged. In a similar field manipulation study in the Windmill Islands,
East Antarctica, gametophytes of the moss Grimmia antarctici growing under near
ambient UV radiation had a higher density of leaves than those growing under
reduced UV radiation and there was evidence of morphological changes in moss
exposed to ambient UV radiation (Robinson et al. 2005) (Fig. 1). However, no
evidence for changes to photosynthetic parameters were detected in this species and
rates of growth were too slow for any difference to be apparent over a 14 month
period. Also other studies have failed to detect differences in photosynthetic
parameters related to UV-B exposure. Rozema et al. (2001) reported no difference in
net photosynthesis of Deschampsia antarctica treated with different levels of UV-B
radiation in a growth chamber. They also showed a reduction in the length of shoots
of D. antarctica when grown under experimental conditions but, under field
conditions, no difference in shoot length or reproductive biomass was detected. Lud
et al. (2001b) found no changes in photosynthetic activity of lichens and mosses
either in field measurements or under controlled conditions. This was equally true
for net photosynthesis, maximum PSII quantum efficiency and effective PSII
quantum efficiency. Likewise, Montiel et al. (1999) found no changes in D.
antarctica and C. quitensis and George et al. (2001) reported that some
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cyanobacteria were unaffected by UV-B radiation. Some other studies however
reported evidence for a negative effect of UV-B radiation on photosynthesis of
certain Antarctic species, including some cyanobacteria (George et al. 2001), mosses
(Montiel et al. 1999) and a terrestrial alga (Post and Larkum 1993).

1.0mm

'

Figure 1. Comparison of gametophytes of Grimmia antarctici showing the normal leaf
morphology (c and d) and atypical leaf morphology (a and b), enlarged (e). Atypical leaves
were characterized by short length and blunted leaf tips and were twice as common in plants
grown under near ambient rather than reduced UV-B radiation (from Robinson et al. 2005).

INCREASES IN UV-B ABSORBING COMPOUNDS

A variety of UV-B absorbing compounds are found in Antarctic phototrophic
organisms (eg Karentz et al. 1991ab, Adamson and Adamson 1992).
Phenylpropanoids produced by the shikimate pathway are thought to be
predominant, often in combination with the acetate-malonate pathway (Day 2001).
These pathways are responsible for the synthesis of various phenolic compounds
(hydroxycinnamic acids, flavonoids, lignins and tannins). Key enzymes in these
pathways are induced by light, both visible and UV (Beggs and Wellmann 1994).
Flavonoids are present in D. antarctica (Webby and Markham 1994) and some moss
species (Webby et al. 1996). They often accumulate in the epidermis, where, in
higher plants, over 90% of incident UV- radiation is attenuated (Robberecht and
Caldwell 1978). Recent research (Nybakken et al. 2004a,b) suggests that epidermal
screening may be a constitutive feature, with little or no evidence for any dynamic
response in effectiveness in Arctic and alpine plants. The only direct evidence
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available for plants having a dynamic ability to respond to incident levels of UV-B
radiation over ecologically realistic timescales is from studies of three Antarctic
mosses (Newsham et al. 2002, Newsham 2003) exposed to natural variations under
the Antarctic ozone hole. These studies found that screening pigment concentrations
were best correlated with levels of UV-B radiation experienced during the preceding
24 h. Species variation has also been shown for co-occurring Antarctic mosses, with
the endemic species Grimmia antarctici possessing low levels of UV-B screening
pigments whilst the two cosmopolitan species Ceratodon purpureus and Bryum
pseudotriquetrum have intermediate and higher concentrations respectively (Dunn
2000, Lovelock and Robinson 2002, Robinson et al. 2005). In only one of these
species, B. pseudotriquetrum, was evidence found that UV screening pigments
correlate with UV radiation doses (Dunn 2000, Robinson et al. 2005). Experimental
manipulations demonstrate that flavonoid synthesis may be enhanced by both UV-B
radiation (Meykamp et al. 2001) and UV-A and visible wavelengths (Bornman and
Sundby-Emanuelsson 1995). Concentrations of UV-B absorbing compounds were
found to be higher in seedlings of Colobanthus quitensis exposed to natural UV-B
levels in the field compared to those under UV-B absorbing screens (Ruhland and
Day 2001).

Other secondary UV-screening compounds such as mycosporine-like amino
acids (MAAs) may also be involved in UV-B responses. MAAs consist of a
substituted cyclohexenone linked with an amino acid or an amino alcohol, and are
found in many different organisms including fungi, eukaryotic algae, corals and
starfish, Antarctic microalgae and cyanobacteria (Karentz et al. 1991b, Garcia-
Pichel and Castenholz 1993, Ishikura et al. 1997, George et al. 2001). Prasiola
crispa, a common Antarctic terrestrial green alga, contains low concentrations of
UV-B absorbing compounds (including an unknown MAA) (Post and Larkum 1993,
Hoyer et al. 2001, Lud et al. 2001a). However, chlorophyll concentration and
photosynthesis in this alga are depressed when exposed to UV-B radiation (Post and
Larkum 1993, Jackson and Seppelt 1997).

Lichens also contain a high proportion of secondary products, some not found in
other groups (Huneck et al. 1984). Many are synthesised by the mycobiont and are
often deposited as crystals on the surfaces of hyphae and phycobiont cells
(Honegger 1986). Their role (if any) in photoprotection is unclear. For instance,
although Solhaug and Gauslaa (1996) confirmed the photoprotective role of parietin
in Xanthoria parietina, this was not the case in two other lichens examined.
Swanson and Fahselt (1997) and Swanson et al. (1996) found a negative correlation
between exposure to UV-B and thallus contents of lichen phenolics.

PHOTOSYNTHETIC AND PHOTOPROTECTIVE PIGMENTS IN ANTARCTIC
PLANTS

In Antarctica, even with relatively low solar zenith angles, irradiance levels can be
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both very high and variable, being strongly influenced by meteorological conditions
and the high surface albedo of surrounding snow and ice. Several Antarctic plants
have photosynthetic pigment characteristics more common to high light plants. For
example in three Antarctic moss species the photoprotective xanthophyll cycle and
carotene pigments comprised between 32-42% of the total carotenoid pool, which is
comparable to species grown under high light conditions (Demmig-Adams and
Adams 1992, Dunn 2000, Robinson et al. 2001, Lovelock and Robinson 2002). In
addition, 15-80% of the xanthophyll cycle pigments remain in their photoprotective
forms even after periods under low light conditions. This suggests the use of an
‘insurance’ strategy, ie that plants experience frequent periods of high light under
temperature conditions that preclude use of this energy for photosynthesis, hence
requiring the pigments to absorb excess energy (Schlensog et al. 1997, Verhoeven et
al. 1998, Dunn 2000, Lovelock and Robinson 2002).

Photoprotective pigments, such as zeaxanthin, are important in protecting certain
Antarctic mosses from the negative effects of freeze-thaw events (Lovelock et al.
1995a,b). It has also been suggested that these antioxidant pigments play a role in
protection from UV-B exposure, since some Antarctic bryophytes and higher plants
produce increased levels of carotenoids in response to high, ambient UV-B radiation
(Dunn 2000, Xiong and Day 2001, Newsham et al. 2002, Newsham 2003, Robinson
et al. 2003). Some studies of Antarctic mosses further suggest that plants with low
levels of UV-B pigments have correspondingly higher levels of photoprotective
pigments (Dunn 2000, Robinson et al. 2001, 2003).

Chlorophyll a:b ratios of Antarctic mosses are high (>3.2) and more similar to
those found in higher plants growing in high light environments, than those found in
temperate and subarctic mosses which exhibit shade characteristics (Balo 1967,
Martin 1980, Martin and Churchill 1982, Kershaw and Webber 1986, McCall and
Martin 1991, Barsig et al. 1998, Gehrke 1998). However, evidence that chlorophyll
bleaching occurs in exposed environments has been found in some species. Grimmia
antarctici turf growing on exposed ridges and under ambient UV radiation had
significantly less chlorophyll than moss in sheltered valleys or under reduced UV-
radiation (Robinson et al. 2005). In addition, despite having higher levels of UV-B
screening pigments, chlorophyll b content was lowered in Colobanthus quitensis
seedlings exposed to natural UV-B levels in the field (Ruhland and Day 2001).

DNA-DAMAGE AND PHOTOREACTIVATION

DNA is a vulnerable component of the living cell and is more sensitive to UV-B
damage than the photosynthetic process (Lud et al. 2001a,b). Cyclobutane
pyrimidine dimer formation occurs when DNA is damaged by UV-B radiation
(Buma et al. 1995), leading to the activation of repair mechanisms, including
photoreactivation, excision of dimers, recombinational filling of gaps and
resynthesis of DNA. Repair processes can be inhibited by low temperatures (Pakker
et al. 2000), which might imply that higher damage levels would be expected in



134 HENNION ET AL.

Antarctic biota exposed to UV-B radiation at low temperature. The natural growth
form of some species, such as the multi-layered thallus of the alga Prasiola crispa
and the accumulation of dead cells on the thallus surface reported for some lichen
species (Crittenden 1998) could be a form of protection against UV-B (both in the
context of DNA damage and other biochemical processes) as suggested previously
for mat-forming cyanobacteria (Margulis et al. 1976).

There have been very few studies of DNA damage in Antarctic terrestrial biota.
Damage levels encountered in the moss Sanionia uncinata, alga Prasiola crispa and
experimental microbial dosimeters are substantially lower than those found in
marine organisms (Buma et al. 2001, George et al. 2002). In P. crispa damage does
not increase linearly with dose as found for unicellular marine organisms (Buma et
al. 1995), indicating repair of DNA damage during the day under ambient UV-A and
PAR (Lud et al. 2001a) (Fig. 2). Even after exposure to high levels of UV-B, repair
overnight is sufficient to prevent accumulation of dimers and low levels of DNA
damage do not appear to affect growth of P. crispa.
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Figure 2. Values of maximum PSII quantum efficiency (Fv/Fm) (a) and cyclobutyl pyrimidine
dimer (CPD) frequencies, indicating DNA damage (b) of Prasiola crispa under UV-Mini-
lamps with mylar filters (blocking UV-B transmission), respectively, Cellulose Acetate (CA)
filters (transparent to UV-B). Filled circles represent samples exposed to ambient UV-B
(mylar lamp), open circles represent samples exposed to enhanced UV-B (CA lamp). The
symbols show mean and standard deviation. Note the overnight decrease in CPD frequencies,
indicating the presence of repair mechanisms (Adapted from Lud et al. 2001b).
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CONSEQUENTIAL EFFECTS ON FAUNA AND THROUGH FOOD WEBS

The direct effects of UV-B radiation on plants already described above may have
much wider consequential impacts. Changes in the concentrations and/or types of
protective pigments can affect the quality of plant or microbial material as a food
resource, with implications throughout the food web. In a multi-trophic level and
multiple stress field manipulation study completed at Palmer Station, Anvers Island,
Day et al. (1999 2001) identified a range of biochemical and morphological changes
resulting particularly from exposure to UV-B. Convey et al. (2002) further
demonstrated consequential negative impacts of UV-B exposure on the associated
arthropod populations, proposing to link these with altered diet quality. Perhaps
surprisingly, these studies also found that warming, while increasing growth of
plants, had a negative influence on some invertebrate populations, although this may
be linked with increased drying stresses at higher temperatures.

Field manipulation experiments focussing on temperature and UV radiation are
known to lead to changes in leaf or shoot production, leaf length, or foliar cover, all
of which may affect vegetative growth form (Smith 1990, 2001, Day et al. 1999,
2001, Sullivan and Rozema 1999, Ruhland and Day 2000). With the simple,
cryptogamic, vegetation characteristic of maritime and continental Antarctic
habitats, even subtle changes in growth form will alter habitat structure and
microclimate characteristics. While the consequences of such changes have not been
studied in the Antarctic, the fundamental importance of addressing climate change
consequences across multiple trophic levels is recognised, as it is clear that subtle
effects at one level may combine or interact to produce much greater consequences
elsewhere in the food web (Day 2001, Searles et al. 2001).

Antarctic plants under changing temperature

PHOTOSYNTHESIS

Antarctic and subantarctic photosynthetic autotrophs maintain photosynthesis at low
temperatures, with some being active well below 0°C. For instance, the subantarctic
crucifer Pringlea antiscorbutica, the grass Poa cookii and the Rosaceae Acaena
magellanica and A. tenera sustain photosynthesis throughout the year, even during
the coldest days when the temperature remains close to 0°C (Bate and Smith 1983,
Smith 1984, Aubert et al. 1999a). Photosynthetic activity has been reported in
continental Antarctic lichens below -10°C (Schroeter et al. 1994). However, during
summer photosynthetic organs often achieve temperatures well above zero and
optimum temperatures for photosynthesis are correspondingly higher, ranging from
10-12°C in Deschampsia antarctica from Signy Island and the Antarctic Peninsula
(Edwards and Smith 1988, Xiong et al. 1999), 12°C in Poa cookii from Marion
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Island (Bate and Smith 1983), 15°C in Pringlea antiscorbutica at Iles Kerguelen
(Aubert et al. 1999a), 19°C in Colobanthus quitensis from Signy Island (Edwards
and Smith 1988) and up to 20-25°C in a variety of maritime moss species (Rastorfer
1972, Green et al. 1999, 2000, Schroeter et al. 1997, Pannewitz et al. 2003). Some
species additionally show plasticity in their optimal temperature. When grown at
temperatures above those experienced in the field, the optimal temperature for
Drepanocladus uncinatus (now known as Sanionia uncinata) remained at 15 °C,
whilst that for Polytrichum alpestre increased from 5-10 °C to 15 °C (Collins 1977).

Prevailing low temperatures throughout the Antarctic biome are generally
considered to limit net photosynthesis (P,) for most of the growing season (Xiong et
al. 1999). However photosynthetic organs can reach relatively high temperatures and
show much greater fluctuations than seen in diurnal air temperature, eg +20°C above
ambient on the continent (Longton 1974, Melick and Seppelt 1994b). In contrast, in
the subantarctic plant Pringlea antiscorbutica at lles Kerguelen, leaf temperature is
maintained far lower than maximum air temperature (23°C) on warm days, possibly
through the intense leaf transpiration observed (Aubert et al. 1999a). Increased P,
under elevated temperature has been demonstrated in three continental moss species
(Smith 1999) and the two maritime vascular species (Xiong et al. 2000) whilst in
contrast, decreases in P, were observed in other mosses and vascular plants (Vining
et al. 1997, Xiong et al. 1999). In many species, increasing temperatures can reduce
carbon gain by increasing respiratory loss (Nakatsubo 2002). Decreases in P, under
increasing temperatures might also be due to consequential increase in
photoinhibition as has been shown in some continental Antarctic mosses (Kappen et
al. 1989).

The relative importance of temperature and irradiance to photosynthetic rates
varies. In the two maritime Antarctic vascular plants net photosynthetic rates are
negligible at canopy air temperatures greater than 20 °C, with temperature, rather
than high irradiance responsible for this photosynthetic depression (Xiong et al.
1999). However, it has also been demonstrated for these species that increasing
vegetative growth outweighs decreases in photosynthetic rates under 20 °C daytime
temperatures (Xiong et al. 2000). In subantarctic species such as the crucifer
Pringlea antiscorbutica and the grass Poa cookii, net photosynthesis is very little
affected by temperature within a range of naturally occurring values (2.5 — 25°C)
and is much more responsive to irradiance (Bate and Smith 1983, Aubert et al.
1999a).

DEVELOPMENTAL AND METABOLIC RESPONSES

While Antarctic plants are, generally speaking, at their biological limits for sexual
reproduction, diverse patterns are found. The two antarctic flowering plants,
Colobanthus quitensis (Kunth) Bartl. and Deschampsia antarctica Desv., although
flowering every year down to the southern limits of their distribution, do not always
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achieve mature seed and their reproductive performance appears to be linked with
habitat favourability (Edwards 1974). In contrast, several autochthonous
subantarctic  plants, including endemic species from the Kerguelen
phytogeographical province, show a regular and relatively high production of viable
seeds and share rapid development and early seed ripening (Dorne 1977, Hennion
and Walton 1997a,b, Chapuis et al. 2000). Other autochthonous, non-endemic
species encounter limitations in seed fertility due to embryo immaturity or
dormancy, which are also reported in their more northerly locations but are more
severe in subantarctic sites and reproductive capacity of these species may be
influenced by site favourability (Walton 1976, Dorne 1977, Hennion and Walton
1997a,b). In Macquarie Island, with a milder climate, diverse patterns of phenology
and seed fertility are found (Bergstrom et al. 1997). Finally, while the majority of
species alien to the subantarctic do not achieve successful sexual reproduction, a
minority show high production of viable seeds and have become invasive (Frenot et
al. 2005).

Autochthonous subantarctic plants and the two antarctic phanerogams have high
temperature optima for germination (c. 20°C) as is also observed in arctic and alpine
species, a feature possibly related to high soil surface temperatures during the
summer (Holtom and Greene 1967, Callaghan and Lewis 1971, Dorne 1977,
Hennion and Walton 1997a,b). Meanwhile, rates of germination at low temperatures
are greatly improved by cold pretreatment (Holtom and Greene 1967, Dorne 1977,
Walton 1977, Frenot and Gloaguen 1994, Hennion and Walton 1997a), with long-
term cold storage of soil cores from the west Antarctic Peninsula promoting
increased germination rates from seed banks (Ruhland and Day 2001). This suggests
that enhanced temperature under climate change may, firstly, increase the
germination rate of autochthonous subantarctic and Antarctic species. However,
changes in temperature and water availability are also expected to affect seed output
and fertility and seedling survival, making the combined consequences of climate
change on the colonisation success of individual species hard to predict. Along the
Antarctic Peninsula, increases in both the size and number of populations of D.
antarctica and C. quitensis over the last 20 years and the frequency of successful
seed maturation suggest that longer, warmer and wetter growing seasons have a
positive effect on their reproductive capacity (Convey 1996a, Day et al. 1999). Thus,
evaluating the impacts of climate variables on the reproductive success of
autochthonous and alien phanerogams should be one of the key targets for plant
ecophysiologists in the subantarctic and Antarctic.

Amongst autochthonous species, the crucifer Pringlea antiscorbutica, a highly
successful plant of the Iles Kerguelen and Iles Crozet, Marion and Heard Islands,
displays several features indicating specific adaptation to subantarctic climate. On
Iles Kerguelen, P. antiscorbutica is found from the shore to the highest vegetated
areas, and is tolerant to chilling, frequent freeze-thaw cycles and some salt exposure
(Hennion and Bouchereau 1998). In contrast, all attempts to cultivate the Kerguelen
cabbage under temperate conditions have failed, resulting in leaf necrosis,
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accelerated abscission and death after a few weeks (Dorne 1981, Hennion and
Martin-Tanguy 2000). The sensitivity of seedling, especially root, development to
high temperature appears as soon as germination is completed (Dufeu et al. 2003,
Hummel et al. 2004a) (Fig. 3). Polyamines, growth regulators involved in stress
response and reported at high levels in some cold tolerant plants, are abundant in
Pringlea antiscorbutica and also in Lyallia kerguelensis, a species endemic to Iles
Kerguelen (Hennion and Martin-Tanguy 1999, 2000). The level of agmatine is
positively correlated with the root growth rate of P. antiscorbutica seedlings at low
temperature (Hummel et al. 2002). The balance of polyamine metabolism is
dramatically affected by heat stress in both seedlings and mature plants, with for
instance accumulations of putrescine or spermidine possibly due to depressed
catabolism (Hennion and Martin-Tanguy 2000, Dufeu et al. 2003, Hummel et al.
2004a). Additionally, the aromatic amines dopamine and tyramine are present at
high levels in this species and are strongly responsive to heat stress (Hennion and
Martin-Tanguy 2000, Dufeu et al. 2003). These developmental and metabolic
characteristics indicate a particular sensitivity of P. antiscorbutica to enhanced
temperatures at all stages and suggest that this and other autochthonous subantarctic
species may not have the physiological flexibility to cope with large increases in
temperature. Little is known about the metabolic responses of antarctic plants to

increased temperature.
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Figure 3. Changes in growth parameters (length and dry mass) during seedling development
of Kerguelen cabbage, Pringlea antiscorbutica R. Br., under a 5°C/10°C night/day (closed
symbols) or a 22°C/25°C night/day (open symbols) regime. Day 0 is the time of radicle
emergence, post-germination lasts until day 2 (Adapted from Dufeu et al. 2003).

Some other biochemical features of Antarctic plants are also significant. The
subantarctic P. antiscorbutica and maritime Antarctic Deschampsia antarctica
display high levels of soluble carbohydrates, likely to be important in cryoprotection
in addition to tolerance of desiccation and freeze-thaw events (Hennion and
Bouchereau 1998, Aubert et al. 1999a, Zuiiiga et al. 1996). The two maritime
Antarctic vascular plants show different cold tolerance strategies. Deschampsia
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antarctica is freezing tolerant, with a low LT, temperature, whereas Colobanthus
quitensis is freeze avoiding (Alberdi et al. 2002). Reyes et al. (2003) suggested that
heat shock protein (HSP70) accumulation may protect D. antarctica against
temperatures lower or higher than its optimal photosynthetic temperature, a role
reported for these proteins in several other species. Neither D. antarctica nor P.
antiscorbutica has a lipid composition characteristic of cold resistant plants either in
the content of polar lipids or the degree of unsaturation of fatty acids, a finding
possibly related to the temperatures of leaves often being higher than air temperature
in the sub- and maritime Antarctic (Dorne et al. 1987, Zufiiga et al. 1994).

Antarctic plants under changing water availability
WATER

On the Antarctic continent most water is permanently locked up as ice and snow,
while large areas are accurately described as frigid desert, receiving very low or no
direct precipitation and experiencing chronically low relative humidity. Organisms
living here must therefore be able to survive long periods of freezing and consequent
drought, year round. In the summer, water may become available from snowmelt
and around melt lakes, however, this water supply is transient and repeated freeze-
thaw events still occur. In the maritime and subantarctic, water is less limiting,
although the maritime region experiences extended periods of freezing during winter
and rainfall plays a more important role. Throughout the region water availability
thus varies spatially and temporally, with large variation occurring from year to
year. At a broad scale, levels of tolerance of desiccation therefore vary across the
Antarctic biome and among species, with the maritime region supporting some
desiccation-sensitive species, particularly in hydric habitats (Davey 1997a,b,c,
Robinson et al. 2000, Lange and Kappen 1972).

On the continent, all water comes from melted snow. Uptake of water by lichens
is largely from snow deposited on their surfaces which, even at subzero
temperatures, can be adequate for rehydration (Kappen and Breuer 1991, Kappen
1993, 2000, Schroeter et al. 1994, 1997, Schroeter and Scheidegger 1995, Pannewitz
et al. 2003). These lichens show extraordinarily high levels of tolerance of
desiccation and are capable of reactivating photosynthetic activity very rapidly via
uptake of water vapour (Lange and Kappen 1972, Hovenden et al. 1994, Hovenden
and Seppelt 1995). Although lichens can receive sufficient light to photosynthesise
under several centimetres of snow (Lange and Kappen 1972, Walton 1982), the
insulating effects of snow cover may normally maintain temperatures below the
minimum for photosynthesis (Pannewitz et al. 2003).

Continental Antarctic bryophytes, whilst less tolerant of increasing aridity than
lichens, also have the ability to survive desiccation. Species-specific differences in
tolerance of desiccation have been detected for three moss species from the
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Windmill Islands, East Antarctica (Robinson et al. 2000, Wasley et al. 2006b), with
two cosmopolitan species (Bryum pseudotriquetrum, Ceratodon purpureus) able to
metabolise at lower turf water content than the endemic Grimmia antarctici =~
Shistidium antarctici. Bryum pseudotriquetrum also shows greater plasticity than the
other species, with plants from drier sites showing greater tolerance of desiccation
that those from wetter sites, in addition to seasonal changes in desiccation tolerance
(Robinson et al. 2000, Wasley et al. 2006b). The ability to survive repeated
desiccation and freezing events is probably related to the high concentrations of
soluble carbohydrates found in these species (Melick and Seppelt 1994b) and in
particular the presence of compounds such as stachyose and trehalose in B.
pseudotriquetrum (Robinson et al. 2000, Wasley et al. 2006b). In contrast C.
purpureus has a much higher proportion of fatty acids/soluble carbohydrates. All
three species have a high proportion of their fatty acids in polyunsaturated forms (>
67%), a feature characteristic of cold tolerant higher plants (Zufliga et al. 1996,
Wasley et al. 2006b). Quantifying the relative importance of lipids versus soluble
carbohydrates in these freeze tolerant plants stands out as an interesting target for
further study, it may be that lipids are a safer storage compound, since soluble
carbohydrates are known to leak from bryophytes during desiccation-rehydration
and freeze thaw cycles (Melick and Seppelt 1992).

In general, the evidence suggests that net photosynthesis and growth are
currently limited by water availability (Fowbert 1996, Davey 1997a,b,c, Schlensog
and Schroeter 2000). However this may not be the case for lichens, where high
water content can cause a depression of net photosynthesis (Kappen and Breuer
1991, Hovenden et al. 1994, Pannewitz et al. 2003). Antarctic bryophytes sampled
from wetter sites have higher water contents at full hydration (Robinson et al. 2000),
chlorophyll concentrations (Kappen et al. 1989, Melick and Seppelt 1994a),
concentrations of soluble carbohydrates (Melick and Seppelt 1994a, Robinson et al.
2000), nitrogen and potassium (Fabiszewski and Wojtun 2000), turf CO,
concentrations (Tarnawski et al. 1992), rates of nitrogen fixation (Davey 1982,
Davey and Marchant 1983) and production rates, in addition to a wider temperature
range for maximal net photosynthesis (Kappen et al. 1989). On the negative side,
photosynthetic efficiency decreases at higher tissue water contents (Robinson et al.
2000) and tissues freeze at higher temperatures (Melick and Seppelt 1994a) in
samples collected from wet sites compared to those from dry sites. For lichens,
increased water availability may decrease photosynthesis and appears to have a
destabilizing effect on the symbiotic relationship, with the free-living algal and
intermediate forms becoming more dominant in wet habitats (Huiskes et al. 1997).

Water is less likely to be limiting in the relatively moist maritime Antarctic. On
Signy Island, whilst some xeric species are occasionally water-limited (Davey
1997¢), more generally photosynthesis is not water-limited (Collins 1977). When the
photosynthetic rates of a range of xeric and hydric species from this island were
compared under laboratory conditions, no difference among habitats was detected
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(Convey 1994). Maritime moss species from a variety of habitats (hydric, mesic,
xeric) also experience increased penetration of light into the turf as drying occurs,
counteracting at least in the short term the loss of productivity during periods of
desiccation (Davey and Rothery 1996).

Subantarctic climates are generally described as having a strong maritime
influence, with high levels of precipitation. Over recent decades, however, climate
change data are becoming available from this region that, in some locations, indicate
a dramatic reduction in precipitation (Bergstrom and Chown 1999). Newly
experienced drought periods visibly affect autochthonous subantarctic species.
Among these, Pringlea antiscorbutica displays several features indicative of
sensitivity to water stress, such as permanently high leaf relative water content
despite a low leaf diffusion resistance and stomatal closure only under severe water
deprivation, all facts in accordance with this species growing exclusively in places
with water-saturated soils (Dorne and Bligny 1993). Mature P. antiscorbutica plants
show some salt tolerance with characteristics such as high levels of proline in all
organs and proline accumulation in the cell cytoplasm in response to salt
concentration in the surrounding medium (Hennion and Bouchereau 1998, Aubert et
al. 1999a,b). In contrast, in field microenvironments as under laboratory
experiments, water and salt stresses were shown to result in a drastic reduction of
root growth and high mortality of seedlings, suggesting that seedling establishment
of P. antiscorbutica may be restricted by climate change (Hummel et al. 2004b).

Water availability has been shown to influence turf and gametophyte
morphology in a range of continental and maritime Antarctic mosses and this, in
turn, can affect water relations (Nakanishi 1979). In general, gametophyte shoots are
shorter and turf denser in drier sites (Gimingham and Smith 1971, Wilson 1990,
Wasley 2004, Wasley et al. 2006b). Indeed, the changes in plant morphology and
growth patterns that are reported as the norm in many long-term environmental
manipulation experiments, often implicitly assumed to relate primarily to
temperature increase, may equally well be explained by changes in microclimate
humidity and soil moisture. Some subantarctic higher plants, such as the magellanic
Ranunculus biternatus and R. pseudotrullifolius and the Kerguelen endemic R.
moseleyi, three closely related species (Hennion and Couderc 1992, 1993), show
high variability of leaf morphology in relation with environmental water availability
(Hennion et al. 1994). R. pseudotrullifolius and R. moseleyi were characterized by
developmental flexibility which increased the degree of heterophylly in fluctuating
conditions, which could be considered adaptive to the wide variations of water level
in their aquatic habitats. In contrast, R. biternatus had a much wider variability in
leaf shape, part of which could be genetically fixed, and which could be related with
the more varied, terrestrial habitats of this species (Hennion et al. 1994). As a whole,
data suggest that R. biternatus may be better fitted to cope with present climate
drying at Iles Kerguelen than the more biogeographically and ecologically restricted
R. pseudotrullifolius and R. moseleyi.

In the subantarctic, altitudinal factors strongly influence the frequency of freeze-
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thaw events experienced by biota. For example, P. antiscorbutica grows at a range
of altitudes and can experience frequent freeze-thaw cycles (Hennion and
Bouchereau 1998). High levels of glucose present in the leaves of this species may
help in protection against osmotic stresses (Hennion and Bouchereau 1998), such as
that experienced in association with ice formation. In general, continental Antarctic
plants can survive repeated freeze-thaw events (Melick and Seppelt 1992), whilst
maritime species appear to be less tolerant (Davey 1997b). The pattern of exposure
to freezing is also important - repeated freeze-thaw cycles cause a greater reduction
in gross photosynthesis than constant freezing over the same time period (Kennedy
1993). Tolerance of freeze-thaw events involves interactions with other
environmental parameters, in particular that of water availability. For example,
desiccation before freezing reduces damage to the photosynthetic apparatus, while
protection from freeze-thaw events can be provided by snow cover acting as an
insulator (Lovelock et al. 1995a,b). Ice nucleation activity, measured on 19 species
of lichens, mosses and flowering plants, ranked in the order: lichens > mosses >
flowering plants (Worland et al. 1996). In the search for genes associated with
freezing tolerance, cold-acclimation related transcripts were isolated from
Deschampsia antarctica and appeared also responsive to water stress (Gidekel et al.
2003).

NUTRIENTS

Nutrient cycling in the Antarctic is relatively slow, due to the constraints imposed on
biological activity by low temperatures and extreme aridity. Nutrient availability in
Antarctic terrestrial ecosystems is patchy, with high concentration of nutrients in the
vicinity of bird and seal colonies, whilst elsewhere nutrients are limited to those
deposited in precipitation and through aerosol transfer from the sea (Allen et al.
1967, Greenfield 1992a,b). Nutrient requirements for Antarctic vegetation have been
reported to be so low that nitrogen levels in precipitation were assumed to be non-
limiting for growth of cryptogams, particularly lichens (Greenfield 1992a,
Crittenden 1998). However, nutrient availability does play a role in determining
patterns of species distributions in Antarctica. Two studies, in particular, have
demonstrated positive correlations between vegetation patterns and nutrient
availability associated with nutrient inputs from birds (Gremmen et al. 1994,
Leishman and Wild 2001). A recent field manipulation study has shown that, in both
moss and lichen communities, electron transport rate and chlorophyll content
respond positively to nutrient inputs (Wasley et al. 2006a), suggesting that nutrient
limitations may be more important than previously thought (Beyer et al. 2000). This
finding is particularly relevant in the context of future climate scenarios, since plants
may be unable to respond to changes in thermal climate or hydration if nutrients
become limiting.

In the continental and maritime Antarctic, release of nutrients from organic
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matter is primarily mediated through microbial processes and is relatively slow
(Smith and Steenkamp 1992). In contrast, in the subantarctic, rates of inorganic
nutrient release from plant litter are enhanced by macro-invertebrate communities
(Smith and Steenkamp 1992) which are absent on the continent. Smith (2005) used a
modelling approach to examine decomposition-related phenomena in the
subantarctic across a broad range of soils from Marion Island. Respiration rate was
shown to increase with soil moisture content and the degree of this response strongly
increased with temperature, especially above 10°C. The model predicted that the
currently experienced drying of soils, due to climate drying, on Marion would result
in a decrease in soil respiration rate, despite a slight positive effect of warming. In
addition, the consequences of nutrient input from vertebrates were shown to include
improved primary production, larger, more active and more diverse soil microbial
populations and larger populations of microbivores (Smith 2005).

Increased nutrient availability is not automatically an advantage to Antarctic
biota. In the extreme, this is obvious in the context of such events as excessive
manuring by vertebrates such as Antarctic fur seals causing the death of moss banks
(Smith 1988), an effect that is separate to but generally acts in concert with physical
trampling. Some Antarctic plants, such as Pringlea antiscorbutica seedlings, display
strikingly better growth under nutrient deprivation than addition (Hummel et al.
2004a), a feature which may apply more generally than currently thought in species
characteristic of oligotrophic habitats. Recent studies have demonstrated
mycorrhizae to be associated with several subantarctic plant species, with variable
plant mycorrhizal status among sites, some data suggested that mycorrhizae might
be involved in plant colonization in oligotrophic sites (Strullu et al. 1999). The
sensitivity of this symbiotic association to climate change processes is unknown.
Finally, as climate change is also likely to alter patterns of rock weathering and
release of elements, impacts of changes in nutrient supply are to be expected on the
physiological performances of plants.

Invertebrates under changes in temperature and water patterns

A range of ecophysiological studies support there being a very close relationship,
both over short-term and evolutionary timescales, between tolerance of desiccation
and cold (Ring and Danks 1994, Block 1996, Worland 1996, Worland et al. 1998).
Ecophysiological and biochemical features associated with cold tolerance have
received much attention (see Zachariassen 1985, Block 1990, Duman et al. 1991,
Lee and Denlinger 1991, Wharton 1995, Danks 1996, Sinclair et al. 2003a,b, while
Cannon and Block 1988, Danks et al. 1994 and Convey 1996b apply to polar
studies), with cold tolerance strategies now being grouped into ecologically-useful
classifications (Bale 1993, Sinclair 1999).

Freezing tolerant organisms (those that can survive the formation of ice within
their body, normally in extracellular spaces) can ‘seed’ ice formation at relatively



144 HENNION ET AL.

high sub-zero temperatures by using ice nucleators such as specific proteins or
bacteria. Control of the process of ice formation, which is more easily achievable at
higher sub-zero temperatures, appears to be key to organism survival here. As
temperature decreases further after initial ice formation there is much variation
among taxa in the degree of protection provided, with some only surviving a few
degrees below the freezing point while others can then tolerate biologically
unrealistic extreme low temperatures. Freezing susceptible organisms (that die when
ice forms within their body) can lower their freezing point and stabilise the
supercooled state by the use of a range of cryoprotectant chemicals, including
antifreezes, polyhydric alcohols and sugars, and antifreeze proteins.

Most Antarctic arthropods are freezing susceptible and have been key in the
study of supercooling (Fig. 4). Freezing tolerant species of higher insect are also
present, including Diptera, Coleoptera and Lepidoptera. Application of the various
cold tolerance classification systems starts to break down when applied to the groups
of smaller soil invertebrates that progressively assume dominance in more extreme
Antarctic terrestrial habitats, including tardigrades, nematodes and rotifers. When
these experience freezing immersed in water (such as would coat soil particles or
vegetation) at high sub-zero temperatures, they cannot resist ice nucleation from
their surroundings and can show considerable levels of freeze tolerance (Wharton
1995, Wharton and Block 1993, 1997, Convey and Worland 2000a). A similar
process occurs in ‘frost hardy’ plants. However, when the same species are exposed
to classical experimental supercooling methodologies, they can respond as freezing
susceptible species, showing considerable supercooling ability but dying at the
freezing point (Convey and Worland 2000b). Finally, many representatives of these
groups, which typically have very little resistance to water loss, have well-developed
ability to survive desiccation, showing particular development of the process of
anhydrobiosis (Pickup and Rothery 1991, Wharton 1995).

The parallels between processes allowing tolerance of freezing and desiccation
are well illustrated by consideration of events at the cellular level. Both involve the
protection of cell membranes and organelles. The formation of ice crystals in
extracellular spaces draws water out of cells by osmosis, in an analogous process to
that experienced during desiccation. In both cases, cryoprotectants such as trehalose
allow stabilisation of membranes and soluble proteins (Ring and Danks 1994, Block
1996). Some nematodes appear to have taken this ability one step further, and are
able to survive intracellular freezing (Wharton 1995, Wharton and Ferns 1995), an
ability previously thought to be restricted to certain isolated invertebrate tissues and
not whole organisms. A frozen organism has no ability to actively control further
water loss (Worland 1996, Worland et al. 1998). If in contact with air, water loss
will inevitably continue to take place, ultimately resulting in freeze-drying. In
addition to the invertebrate groups mentioned, many elements of the flora of
Antarctic ecosystems are well adapted to tolerate such desiccation processes, often
repeatedly over relatively short timescales, being poikilohydrous (Green et al. 1999,
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Kappen and Valladares 1999).

All the ecophysiological tactics of permitting cold or desiccation tolerance referred
to above involve significant physiological costs, which must reduce the finite
reserves of an organism that can be made available for other activities. While there
are few estimates available, it is clear that costs may be considerable (eg Green et al.
1999). Circumstantial evidence in support of a ‘trade-off’ between investment in
stress tolerance and another ecologically important function (reproduction) is
provided by a study of reproductive investment of an antarctic Oribatid mite across
the natural environmental gradient between South Georgia and Marguerite Bay (c.
54 - 69°S) (Convey 1998). This found significantly greater investment in
reproduction in the milder subantarctic location. Given the considerable costs
involved in stress protection tactics, there is clearly likely to be a selective advantage
associated with their efficient use. Thus, while variation over seasonal timescales in
abilities such as cold tolerance is well known (Cannon and Block 1988, Block
1990), it is only recently that attention has been given to more rapid dynamic or
responsive changes in levels of stress protection which might allow invertebrates to
take maximum advantage of the opportunities provided for feeding and growth
during the short austral summer season (Convey and Worland 2000b, Worland and
Convey 2001, Sinclair et al. 2003c). Alternatively, in the subantarctic where thermal
buffering of summer microclimate is experienced through the strong maritime
influence (Convey 1996c, Danks 1999), there is reduced need to invest resources in
cold survival. In the most extreme terrestrial habitats of the continental Antarctic the
reverse is seen, with high levels of cold tolerance required year-round (Sgmme
1986), as there is no time of the year in which freezing events are not experienced.

Antarctic terrestrial invertebrates clearly possess the features required to allow
survival of the environmental stresses experienced, although few of these can be
claimed to be ‘true’ or evolutionary adaptations and they are generally considered to
be ancestral features (Norton 1994, Convey 1996b, 1997). However, it is clear that
‘whole-body processes’ such as growth, feeding, movement and survival, which
effectively integrate the many biochemical and physiological processes occurring
within the body, often have low temperature optima, which indicates the presence of
adaptation even though the detail is not known (eg Marshall et al. 1995, Convey
1996b). There continues to be considerable debate over the existence or functional
importance of metabolic rate elevation at low temperatures (Block 1990, Clarke
1991, 1993, Chown and Gaston 1999, Addo-Bediako et al. 2002). Although this
feature has been reported in several studies of terrestrial arthropods, along with the
related feature of lowered enzyme activation energies, there remain significant
doubts over methodological validity or data interpretation.

Antarctic terrestrial habitats experience high natural variability in environmental
stresses, with the magnitude of these variations generally far outweighing those that
are linked with climate change. Therefore, as a broad generalisation, it is predicted
that Antarctic terrestrial invertebrates, and their communities, are likely to benefit
from current change trends (Convey 2003). They are likely to experience reduced
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levels of environmental stress (and hence levels of investment required to counter
these stresses), greater access to resources and longer active seasons over which to
develop. Indeed, it is expected that Antarctic (and Arctic) species generally will
show particular sensitivity and strength of response, at least to warming: as they
currently spend long periods operating near to lower thermal and other limits for
activity, small increases will have a relatively much greater significance than similar
increases from a higher baseline (Kennedy 1994, Strathdee et al. 1995, Freckman
and Virginia 1997, Arnold and Convey 1998, Convey 2003).
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Figure 4. Typical bimodal distribution of supercooling (individual freezing) points in a
natural population of the freezing-susceptible springtail, Cryptopygus antarcticus, these two
groups are formed by individuals either having relatively high sub-zero freezing points, and

limited cold tolerance ability, or relatively low sub-zero freezing points and very high cold
tolerance (data supplied by M.R. Worland).

However, many interacting variables influence the biology of these invertebrates
and it is clear that some circumstances can restrict the activity and distribution of
some biota. Thus, the key role of water availability has been recognised (Kennedy
1993) and it is clear that some regions of the Antarctic will experience decreased
precipitation and increased drought stress. Some terrestrial invertebrates, such as
Collembola, while responding positively to temperature increase, are also
particularly sensitive indicators of water stress and changes are likely to result in
altered limits to distribution (Block and Harrisson 1995, Block and Convey 2001,
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Convey et al. 2003a).

In particular circumstances, it is also possible that species distributions could be
limited as maximum microhabitat temperatures approach upper thermal limits.
Unlike the ability shown by many invertebrates (not only polar species) to acclimate
or acclimatise to low temperatures, upper thermal limits appear to show less
flexibility (Addo-Bediako et al. 2000) and, thus, any increase in time spent near
these temperatures may be costly. The potential importance of upper thermal limits
in biological responses to climate change has been raised in a study of subantarctic
weevils (Coleoptera) (van der Merwe et al. 1997).

Conclusions

Both observation and knowledge of the physiological characteristics of some
antarctic organisms suggest that even the slight increase in temperature currently
recorded in this region can significantly affect the organisms living there. This is
also true for the expected or already observed changes in water availability.
Physiological flexibility is a key factor in the ability of biota to cope with
environmental change, whether caused through natural variability or anthropogenic
change processes. Apparently small changes in processes (eg the limited
photosynthetic response to a slight increase in mean temperature) may assume much
greater significance in the context of pre-existing limitations on physiological
activity in Antarctic habitats. Other metabolic processes having impacts on
development, growth or reproduction may be much more sensitive to changes in
environmental parameters, with significant consequences on survival, establishment
and colonisation of both indigenous and introduced species. Few data are available
in these areas and there is an urgent need to integrate specific studies of
physiological processes at the whole organism and food web levels. Studies of
physiological plasticity, linked with estimates of available genetic variability are
also urgently required to assess accurately the impacts of climate change on the
sensitive Antarctic terrestrial ecosystem.

As a broad generalization, maritime Antarctic biota are likely to be able to take
advantage of predicted levels of environmental change, although the alternative
possibility of increased limitation in specific circumstances must be recognised too.
In contrast, current evidence suggests that subantarctic biota may be considerably
more vulnerable. The relative importance of changes in different environmental
variables (particularly thermal vs. precipitation) still needs to be assessed. At
present, the great isolation of Antarctica from sources of colonizing biota acts to
protect most indigenous species from the confounding effects of competition.
However, the dangers of invasive species are already amply illustrated on some of
the subantarctic islands, where human activity has led to the establishment of a
range of vertebrates, invertebrates and plants (Frenot et al. 2005). Indigenous species
are generally poor competitors (Convey 1996b) and it is far from clear how they will
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respond to the twin challenges presented by both climate change and alien
colonization.

Finally, it is important to emphasise that studies of climate change responses
need to incorporate not only individual target species, but also the possibility of
interaction or synergistic links among environmental variables, and the cumulative
consequences, when integrated through the food web, of apparently insignificant
changes (Day 2001, Searles et al. 2001, Convey et al. 2002, Convey 2003).
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