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On the basis of their vegetation and soils, sub-Antarctic island ecosystems are considered ro be part of the tundra biome. However, sub
Antarctic island vegetation is more productive and nutrient cycling more rapid than in Northern Hemisphere tundra. Human occupation 
and exploitation on the islands has comprised mainly sealing, whaling and, in some instances, fishing and agriculture. Research stadons 
have also been established for meteorological monitoring and scientific research. All these activities have affected the islands' floras and 

faunas but the greatest impact of humans has been through the introduction of alien organisms. Because the islands' indigenous biotas 
are species-poor and lack cardinal trophic groups that are common in other ecosystems (especially mammalian herbivores and predators), 

an introduced species that becomes invasive on an island can have insidious, but far-reaching, effects on ecosystem functioning. Such 
effects are the focus of this paper and the principal examples given are the effects of the introduced house mouse and a European slug on 

nutrient cycling at Marion Island. Manuring by seabirds and seals is also an imponant determinant of ecosystem structure and funcdon 
at sub-Antarctic islands. Introduced domestic cats have reduced burrowing bird populations on some of the islands, and at Marion Island 
the populations of most surface-nesting birds have also declined, probably due to human exploitation of their oceanic food resources. 
This has far-reaching implications for ecosystem functioning. The sub-Antarctic region is also becoming warmer; at some islands this is 
coupled with decreased, and at others with increased, precipitation. Some implications of these climatic changes for ecological functioning 

are presented. The most important is that a warming climate will increase the probability of introduced organisms becoming established 
on an island. This, together with increasing human visitation and occupancy (the major cause of species introductions), implies that it is 
inevitable that the rate of establishment of invasive biota on the sub-Antarctic islands will increase. 
Key Words: Sub-Antarctic islands, alien biota, climate change, ecosystem functioning, primary production, nutrient cycling, island 
ecology. 

INTRODUCTION 

Most oceanographers define the sub-Antarctic region as the 
zone between the Antarctic and Subtropical Convergences 
in the Southern Ocean. The latitudinal distribution of many 
marine organisms is limited by these boundaries, but this is 
less true of sub-Antarctic terrestrial organisms such as plants 
(Wace 1965), insects (Gressitt 1970), spiders (Pugh 2004) 
and avifauna (Barrat & Mougin 1974). Hence, terrestrial 
biologists have tended to delimit the sub-Antarctic region 
on the basis of plant physiognomic, plant biogeographic, 
vegetation structure or climatic criteria. Lewis Smith (1984) 
used these criteria, especially those related to vegetation 
(Wace 1965) and climate (Holdgate 1964), to produce a 
regional classification of Antarctica and the Southern Ocean. 
This recognises six islands or island groups as belonging to 
the sub-Antarctic region (South Georgia, Macquarie Island, 
Marion and Prince Edward islands, Iles Crozet, Iles Kerguelen, 
Heard and McDonald islands), all situated within a few 
degrees latitude north or south of the Antarctic Convergence. 
Because of the cold Bouvet Current from the Weddell Sea 
the Convergence extends farther north in the Indian Ocean 
so that relatively low-latitude islands such as Marion, Prince 
Edward and Iles Crozet are within this sub-Antarctic zone, 
even though they are farther north than the islands of the New 
Zealand continental shelf (Campbell, Antipodes, Auckland, 
Snares). These latter, because they possess a well-developed 
shrub and/or low tree vegetation, are considered to belong 
to the cool temperate zone, together with the Tristan da 
Cunha-Gough Island group, Ile Amsterdam, Ile Saint-Paul, 
Falkland Islands and southern Tierra del Fuego. At the other 

extreme, Bouvetoya, the South Sandwich Islands, South 
Orkney Islands and South Shetland Islands are considered 
to be in the maritime Antarctic zone. 

This paper deals with ecological processes and problems on 
those islands considered as sub-Antarctic sensu Lewis Smith 
(1984). The ecological problems are mostly related to human 
activities, although the sub-Antarctic is also experiencing a 
more rapid rate of climate change than most other parts of 
the world, and this is also affecting the islands' ecosystems. 
Humans have long impacted on the biota and ecology of 
sub-Antarctic islands, in the eighteenth and nineteenth 
centuries through sealing and whaling and later through 
the establishment of meteorological and research stations. 
There also has been some agricultural activity, mainly on Iles 
Kerguelen. In most instances, the human footprint caused 
by these exploitative activities has been small but on some 
islands it has been more significant. For instance, between 
1904 and 196 5 South Georgia was the most industrialised 
and densely populated place ( up to 2000 human inhabitants) 
south of the Antarctic Convergence, connected with sealing 
and whaling, and leading to large engineering works, massive 
local industrial pollution and acute and chronic oil spillages 
(Headland 1984). The two phases of human exploitation of 
the sub-Antarctic islands (whaling/sealing and research) and 
their effects are discussed by Frenot et al. (2005) and Convey 
et al. (2006), who also consider a third phase of human 
exploitation - the burgeoning Antarctic tourism industry. 
The details presented by those authors are not repeated here; 
rather, discussion concentrates on the effects that humans 
have had, and are likely to continue to have, on ecosystem 
functioning at sub-Antarctic islands through the intentional 
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or inadvertent introduction of alien organisms and also by 
over-exploiting the surrounding marine ecosystem, which 
leads to declining seabird populations on the islands. How 
climatic change might interact with these human-mediated 
impacts on ecosystem functioning at the islands is also 
considered. 

If an introduced organism becomes invasive on a remote 
island, its impact is likely to be much more difficult to 
mitigate or reverse than any effect caused by harvesting the 
natural populations, anthropogenic pollution or changing 
the type of land use at that island. To elucidate the effects 
of alien organisms on ecological fuctioning at sub-Antarctic 
islands it is necessary to consider to which of the world's 
ecosystem types the islands belong or most closely resemble, 
to highlight some important aspects of their terrestrial biotas 
and to examine what is known about ecological processes 
such as primary production, decomposition and nutrient 
cycling at the islands. 

The terrestrial sub-Antarctic biome 

A useful concept for categorising ecosystems is the "biome", a 
kind of "subcontinental biotic supercommunity" (Rutherford 
et al. 2006) or "large-scale ecosystem" (Cox & Moore 
2000). -rhe concept recognises the role of macroclimate in 
shaping both the structural and functional properties of 
the ecosystem at the plant, animal and microbial levels but, 
because of the dominant nature of vegetation cover, biomes 
have been delimited mainly on vegetation criteria. Ou that 
basis, sub-Antarctic island vegetation has traditionally been 
considered to be tundra Of, at least, tundra-like (Rosswall & 
Heal 1975), since it shows strong physiognomic similarities 
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ro Northern Hemisphere tundra vegetation (low-growing, 
dominated by cryptogams, cushion plants, small shrubs, 
herbs and graminoids, mostly occurring on wet organic soils 
or peats), although few taxonomic affinities exist between 
the floras of the two regions. Two sub-Antarctic islands 
(Macquarie Island and South Georgia) were included in the 
International Biological Program's Tundra Biome Project 
0967-74) and Macquarie Island is part of the International 
Tundra Experiment. 

French & Smith (1985) compared sub-Antarctic and 
maritime Antarctic terrestrial communities with Northern 
Hemisphere tundra (ranging from high Arctic polar deserts 
to temperate alpine tundra) using multivariate analyses of 
climatic, soil and vegetation parameters. This comparison 
showed that sub-Antarctic islands possess almost the full 
range of vegetation types found in Northern Hemisphere 
tundra (fig. 1), with the sub-Antarctic communities linked to 
their Northern Hemisphere counterparts at higher latitudes, 
due to the thermal influence of the Antarctic continent, 
climatic wetness and wind-chill. In effect, the vegetation 
of the sub-Antarctic islands resembles that of much higher 
latitudes (as much as 20 or even 30 degrees higher) in the 
Northern Hemisphere. More information on the structural 
and functional similarities and differences between sub
Antarctic island ecosystems and Northern Hemisphere 
tundra is provided by Smith & Mucina (2006). 

Indigenous biota of sub-Antarctic islands 

All the sub-Antarctic islands are extremely remote (mostly 
> 2000 km from the nearest continent). Their indigenous 
terrestrial biotas (plants and non-marine-based animals) 
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F1G. I - Euclidean-distance Hemisphere tundra plant communities (open circles) and sub-Antarctic island 
communities (closed on their scores on the first four axes derived foom a Principal Components Analysis of 

soil and climate parameters. Modified foom French & Smith (J 985). 
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have been established by the slow process of immigration 
and colonisation over large expanses of ocean. Conseguently 
this has resulted in a low species diversity. For instance, Lewis 
Smith (1984) listed 72 vascular plant species indigenous to 
the whole sub-Antarctic region, whereas the Canadian Arctic 
Archipelago, a climatically far more extreme region and about 
2Y of latitude nearer the Pole than the sub-Antarctic, has 
more than 340 indigenous vascular plant species (Porsild 
1964). About 10% oEthe 72 vascular species on sub-Antarctic 
islands are endemic to the sub-Antarctic region but only 
four species are endemic to a single island or island group. 
This low degree of endemism in the vascular floras of the 
sub-Antarctic islands reflects the short period of time that 
speciation could occur. Most of the islands are geologically 
young -- only three (South Georgia, lIes Kerguelen and 
Heard Island) are substantially older than 10 million years 
and these were totally, or almost totally, glaciated during the 
Last Glacial Maximum period 12-27 kyr ago (Chown et al. 
1998, Sachs & Anderson 2005). 

This paucity in species extends to other components of 
the islands' biotas. There are no indigenous land mammals 
or freshwater fish, and no island has more than three 
indigenous land bird species. 'The insect faunas are small; 
no island has more than 44 indigenous insect species. 
Of particular relevance to ecosystem functioning is that 
important trophic groups are absent, most notably vertebrate 
herbivores and predators. Even insect herbivores are poorly 
represented in the indigenous faunas; most insect species 
on the islands are detritivores. The low biodiversity of sub
Antarctic islands, together with the fact that their native 
species evolved in isolation, and mostly in the absence 
of competition or predation, has important implications 
regarding the susceptibility of ecosystem structure and 
function to human-introduced organisms. 

Alien biota of sub-Antarctic islands 

Human-introduced organisms form a significant component 
of the biota of sub-Antarctic islands. For instance, 108 
alien vascular plant species have been recorded in the sub
Antarctic (Frenot et al. 2005), 50% more than the number 
of indigenous species. Eight land mammal species have been 
introduced and become established on sub-Antarctic islands 
(Bonner 1984), Several salmonid fish species have been 
introduced to IIes Kerguelen and lIes Crozet (Davaine & 
Beall 1997). Knowledge of alien terrestrial invertebrate taxa 
in the sub-Antarctic is incomplete, but 46% of the insect 
species (Chown etal. 1998) and 38% of the springtail species 
(Gabriel et al. 2001) on Marion Island are introductions. 
Other introduced invertebrates on sub-Antarctic islands 
include enchytraeids, earthworms, mites, slugs, spiders, 
woodlice and a landhopper, 

Invasive organisms represent a major threat to sub
Antarctic island biota and ecosystems and have been the topic 
of several reviews in the past decade. Chown et al. (1998) 
correlated biodiversity and invasive organism successes at 
Southern Ocean islands (sub-Antarctic and cool temperate 
zone islands) with abiotic parameters such as temperature, 
island age, size and altitude, distance to the nearest continent, 
extent of past glaciation and human occupancy. They 
showed that island area and temperature explained a high 
proportion of the variance in species richness in plants, 
insects and mammals - larger, warmer islands tend to have 
more species than smaller, colder ones. Human occupancy 

(numbers of humans on the island) was also important, but 
the relationship is confused by the fact that larger islands tend 
to have more humans. 'Ihe same data as used by Chown et 
al. (1998) were re-analysed by Selmi & Boulinear (2001), 
who introduced spatial autocorrelation into the analysis to 
show that dispersal ability and dispersal opportunity were 
important in determining island biodiversity, However, 
human occupancy was again shown to be crucial; human 
visitation enhances the opportunity for groups with a low 
dispersal ability (e.g., mammals, insects and plants) to reach 
the islands. Frenot et at, (2005) documented the origins and 
current status of alien plants, micro-organisms, invertebrates 
and vertebrates at the islands and discussed some implications 
of their presence to the islands' ecosystems. Convey et al. 
(2006) drew on that information to provide an overview 
of the current, and likely future, significance of biological 
invasions on sub-Antarctic islands. These reviews focus 
mostly on the effects the alien organisms have on structural 
aspects (species richness, population sizes of particular 
indigenous organisms or groups of organisms, vegetation 
structure and composition) of the islands' ecosystems. 
Here, the focus is on the effects of invasive organisms on 
ecosystem functioning. 

Ecological processes - primary production 

Despite its floristic poverty, sub-Antarcticisland vegetation (at 
least the closed plant communities at low altitudes) exhibits 
a high annual primary production (ANP). Total (above- plus 
belowground) ANPs of the island communities are higher than 
at the 52 Arctic and sub-Arctic sites investigated as part of 
the International Biological Program's Tundra Biome Project 
and also mostly greater than at the more temperate oceanic 
moorlands and bogs that were also considered to be tundra 
in that study (fig. 2). Even compared with temperate plant 
communities, ANPs of the sub-Antarctic plant communities 
are high. In some instances they are higher than the maximum 
reported for temperate North American grasslands, and they 
are very much in the upper part of the range reported for 
temperate wetlands and marshes - vegetation types that are 
considered to be particularly productive. 

Sub-Antarctic islands have a hyper-oceanic climate with 
precipitation throughout the year and small seasonal and' 
diurnal variations in temperature. "Ihis leads to a long 
growing season. On Marion Island, for instance, the growing 
season for vascular plants (at low latitudes, below about 300 
m) is about 10 months (Huntley 1970) and bryophytes grow 
all year (Smith 1987a). Other sub-Antarctic islands have 
similarly long growing seasons (Wielgolaski et al. 1981). 
In contrast, Northern Hemisphere tundra communities 
have much shorter growing seasons, from a few weeks at 
high Arctic sites to about six months for sub-Arctic and 
alpine tundras. It is the long growing season, rather than 
any intrinsic capability of the plants to grow fast, that leads 
to the high annual primary production of sub-Antarctic 
vegetation. Productivity (defined here as the daily rate 
of aboveground production, since there are no data for 
belowground productivity at Northern Hemisphere tundra 
for comparison) is, in fact, guite low in the sub-Antarctic 
(e.g., between 0.9 g m·2 daTI and 3.1 g m-2 daTI for 
Marion Island vegetation; Smith 2007a). 'This is in part due 
to the cool summers experienced at sub-Antarctic islands. 
In contrast, sub-Arctic shrub- or dwarf shrub-dominated 
tundras have a growing season that, although short, is 
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FIG. 2 - Total (above- plus belowground) annual primary production of sub-Antarctic island vegetation, Northern Hemisphere 
tundra, temperate oceanic moorlands and bogs, a maritime Antarctic island (Signy Island), temperate grasslands and temperate 
freshwater and tidal wetlands. Hatched bars are for graminoid- and/or bryophyte- dominated vegetation, stippled bars are for 
herb and/or dwarfshrub- dominated vegetation. For the sub-Antarctic islands each bar is for a single community. For the rest the 
left bar of the pair is the minimum, and the right bar the maximum, annual production reported for the particular vegetation 
type. Marion Island from Smith (1987a, b, 2007); Macquarie Island from Jenkin (1975); South Georgia from Clarke et al. 
(1971), Lewis Smith 6- Walton (1975) and Lewis Smith (1984); Arctic tundra from Pakarinen 6- Vitt (1973), Bliss (1975), 
Muc (1977), Webber (1978) and Miller et al. (1980); Sub-Arctic tundra from Wielgolaski 6- Kjelvik (1973), 0stby et al. 
(1975), Rosswall et al. (1975), and Wielgolaski et al. (1981); Oceanic moorlands and bogs from Doyle (1973) and Forrest 6-
Smith (1975); Signy Island from Edwards (1973, 1974) and Collins et al. (1975); Temperate grasslands from Sims 6- Singh 
(1978); Freshwater and tidal wetlands from Bernard 6- Gorham (1978), Reader (1978), and Whigham et al. (1978). 

thermally more favourable for plant growth and show 
aboveground productivities of between 3 and 109 m-2 

da;1 (Wielgolaski et al 1981). Sub-Antarctic vegetation 
productivity is more similar to that of sedge-moss and grass
herb communities in the higher latitude Arctic (2.2--3.3 g 
m-2 da;l; Wielgolaski etal. 1981). These communities also 
have cool summers. 

Another reason for the low production rates of sub
Antarctic vegetation is low irradiance. High incidence of 
cloud cover results in daily radiation receipt at ground 
level being only about 50% of that at the top of the 
atmosphere. This is considerably lower than at the more 
continental polar and sub-polar regions of the Northern 
Hemisphere. On Marion Island, production efficiencies 
(energy fixation as a percentage of energy received in the 
incident photosynthetically active radiation during the 
growing season) of the plant communities range 0.7%-2.1 % 
(Smith 2007a), almost identical to the range (0.7%-2.4%) 
for sub-Arctic and Arctic tundras (Wielgolaski et al 1981). 
This shows that, although the island vegetation grows more 
slowly during the growing season, it uses the incident 
radiation as effectively as do the Northern Hemisphere 
tundra vegetations. This is probably also true for other 
sub-Antarctic islands, although Jenkin & Ashton (1970) 

reported low production efficiencies (0.06%-0.46%) for 
Macquarie Island vegetation. However, those values were 
based on total radiation for the whole year, rather than 
photosynthetically active radiation received only in the 
growing season. 

Ecological processes - nutrient cycling 

Sub-Antarctic vegetation needs to take up substantial amounts 
of nutrients to support the high ANP Marion Island plant 
communities require 7--27 g N, 0.5-3 g P, 5-10 g K and 
2-10 g Ca per square metre per year (Smith 2007a). For 
some nutrients (especially Nand P) the quantity taken up 
annually may be greater than their amounts contained in the 
vegetation and very much greater than the levels of plant
available forms of those nutrients in the soil. This suggests 
fast cycling of nutrients through the plants and rapid rates 
of nutrient mineralisation in the soil, contrasting with 
Northern Hemisphere tundra, where nutrient uptake by the 
vegetation is smaller, soil nutrient mineralisation rates lower, 
and nutrient cycling through the vegetation slower, than on 
the sub-Antarctic islands (Dowding et al. 1981, van Cleve & 
Alexander 1981). However, like tundra vegetation, it appears 
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that sub-Antarctic vegetation utilises nutrients particularly 
efficiently in its primary production. For Marion Island 
communities, the nutrient cost of the AN? (the total amount 
ofN, P, K, Ca, Mg, Na, Si, Fe and Mn needed to produce 
1 g of plant material, considering only the aboveground 
component) is between 17 and 40 mg nutrients per g ANP. 
Nutrient costs for the ANP have not been reported for other 
islands, but for South Georgia and Macquarie Island estimates 
are possible by combining primary production information 
(Jenkin & Ashton 1970, Clarke et al. 1971, Jenkin 1975, 
Lewis Smith & Walton 1975, Lewis Smith 1984) with the 
plant nutrient concentration information (Jenkin 1972, 
Walton & Lewis Smith 1980, Pratt & Lewis Smith 1982, 
Lawson 1985) for the two islands. This gives approximate 
values of29-44 mg nutrients per gANP, similar to those for 
Marion Island vegetation. For all three islands, the nutrient 
costs of the ANP are very much in the lower part of the range 
(18-135 mg g-I) reported for other vegetation types, ranging 
from tundra to tropical forest, by Swift et al. (1979). 

An indication of the rapid nutrient cycling on Marion 
Island is given in table 1, which shows the pool sizes and flux 
rates of nitrogen in a graminoid- and bryophyte-dominated 
mire. This vegetation needs to take up 25 g N per square 
metre per year to support the annual production. Uptake 
rate during peak plant growth in midsummer is 336 mg 
N m-2 daTI which would deplete the plant-available N 
pool in about two days if that were not replenished. There 
is no direct nutrient input by seals or seabirds to the 
mire community, but most of the N in dry fallout and 
precipitation probably originates in rookeries and wallows 
on the nearby coast. However, the amount ofN reaching the 
mire by dry fallout and precipitation, and also by biological 
N fixation, is negligible - only about 0.2% of the daily 
requirement of 336 mg N m-2 daTI. 

There is a large reserve of organic N in the mire peat 
and plant litter and mineralisation of the organic N is the 
obvious mechanism replenishing the plant-available N pool. 
Much effort has been devoted to estimating decomposition 
and nutrient mineralisation rates, using in vitro and in vivo 
soil incubation techniques and these yielded values which 
translated into very low estimates of N mineralisation rates 
in the field. For example, for the mire, a maximum rate 
of 48 mg N m-2 daTI was found, which is only about 
15% of the rate needed to meet the vegetation's daily 
requirement in midsummer. Smith & Steenkamp (l992a) 
discussed these decomposition and mineralisation studies 
in more detail and emphasised their limitations, the most 

important of which was that they concentrated on N 
release by microbial organisms on their own and ignored 
the effect of the island's abundant soil fauna. The soil fauna 
comprises mainly detritivores andlor microbivores which 
are potentially able to enhance nutrient mineralisation rates 
by comminuting the decomposing substrate, by chemically 
altering it so that it is more amenable to microbial action and 
by enlarging the suite of micro-organisms acting on it. Using 
a microcosm approach it was subsequently shown that soil 
macro-invertebrates (moth and weevil larvae, earthworms, 
snails and slugs) do, in fact, greatly stimulate rates of 
nutrient release from peat and litter (Smith & Steenkamp 
1992b, 1993). Smith & Steenkamp (1992c) incorporated 
the microcosm results into a model that considered macro
invertebrate densities, peat:macro-invertebrate mass ratios, 
micro-organism biomasses, N pool sizes of the soil micro
organisms and of the macro-invertebrates, temporal changes 
in soil inorganic N concentration, and rates of N uptake 
by the vegetation. For the mire community considered in 
table 1, the model showed that macro-invertebrates cause 
the release of 345 mg N m-2 daTI, sufficient to account 
for maximum rates of N uptake by the mire vegetation in 
midsummer (table 1). Hence, soil invertebrates are crucial 
to nutrient cycling on Marion Island and this is almost 
certainly true for all sub-Antarctic islands. 

Threats to ecological processes caused by 
invasive alien organisms 

If the rate of nutrient release from decomposing organic 
matter limits primary production at sub-Antarctic islands, 
and soil invertebrates are crucial facilitators of decomposition, 
any factor impacting on the soil invertebrate populations is 
likely to affect nutrient cycling and vegetation production 
at the islands. House mice (Mus musculus Linnaeus, 1758) 
have been introduced to most sub-Antarctic islands. On 
Marion Island their population (at least in summer and 
autumn) has recently increased, possibly in response to an 
ameliorating climate (Van Aarde & Jackson 2007) andlor 
the eradication of the island's feral domestic cats in the early 
1990s (Ferreira et al. 2006). The mice feed mainly on soil 
macro-invertebrates (Crafford 1990a, Smith etal. 2002) and 
they can annually remove up to six times the instantaneous' 
biomass of a particular macro-invertebrate prey species. Since 
most of the prey species have long life-cycles the mice must 
impact severely on their populations, and the densities of 

TABLE 1 
Pools and fluxes of nitrogen in a mire community at Marion Island* 

Pool/flux 

Annual amount taken up by vegetation 

Uptake rate in midsummer 

Plant-available N pool 

Precipitation and dry fallout input 

Biological N fixation 

Organic N pool 

N mineralization by microorganisms alone 

Soil macro invertebrate-stimulated N mineralisation 

from Smith (1988) and Smith & Steenkamp (l992c) 

Size / rate 

25 000 mg N m-2 ;' 

336 mg N m-2 da;' 

700 mg N m-2 

0.6 mg N m-2 da;' 

0.2 mg N m-2 da;' 

388 000 mg N m-2 

48 mg N m-2 da;l 

345 mg N m-2 day-l 
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the preferred prey (moth larvae, weevil larvae and adults, 
and spiders) have declined significantly at the island (Hanel 
] 999). 

Predation by mice on terrestrial macro-invertebrates 
can be expected to result in decreased rates of nutrient 
mineralisation, which will decrease not only the quantity 
but also the quality (nutrient status) of plant material in 
the primary production. Ihis will result in lower quality 
litter (Smith 2007a) that will decompose even more slowly. 
Changes in the balance between peat accumulation and 
decay will have implications for ecosystem structure since 
that balance determines the hydrological regime, which 
directs vegetation succession on the island (Gremmen & 
Smith 2007). 

Another consideration in the interaction between house 
mice, soil macro-invertebrate and nutrient cycling is that 
the European slug, Deroceras panormitanum (Lesson a & 
Pollonera, 1882), introduced to the island in the mid- to late 
1960s (Smith 1992) is now widely distributed and abundant 
in some habitats. Slugs are rarely preyed on by mice (Smith 
et at. 2002) but, like the indigenous macro-invertebrates, 

markedly stimulate rates of nutrient mineralisation 
(Smith & Steenkamp 1992b). Thus, slugs can potentially 
replace indigenous macro-invertebrates as nutrient recyclers 
in areas of high mouse density. However, Smith (2007b) 
showed that there are qualitative and quantitative differences 
in decomposition/ mineralisation mediated by slugs and the 
indigenous soil macrofauna. For instance, the ratio of C to 
N mineralised by slugs from plant litter is 372: 1 whereas for 
mineralisation by moth larvae (the most important mediators 
of nutrient release in most habitats on the island) it is 541: 1 
(difference significant at P=O.Oll). In contrast, the C:P ratio 
released by slugs (4735:1) is not significantly different to 
that released by moth larvae (4380:1). lhese differences 
will lead to altered nutrient quality of the decomposing 
substrate, and ultimately to a shift in the balance between 
primary production and decomposition. The substitution, 
or partial substitution, ofindigenous macro-invertebrates by 
slugs as facilitators of decomposition and nutrient cycling 
will be thus afFect ecosystem structure and functioning on 
Marion Island. 

Other introduced detritivores at the island are the 
chironomid midge Limnophyes minimus (Meigen, 1818) 
and a porcellionid isopod Porcellio scaber (Latreille, 1804). 
In some habitats midge iarvae ingest greater amounts of 
litter than do the indigenous moth larvae (Hanel & Chown 
1 and the large bodied isopod is also likely to ingest 
large quantities of litter (Slabber & Chown 2002). Both 
will inHuence nutrient cycling, but studies like the one 
on the slugs are needed to establish their exact qualitative 
and quantitative effects. If an introduced species possesses 
a different habit to the one it might compete with or 
even replace, the influence on ecological processes might 
be substantial, even if the two are taxonomically similar. 
For instance, all sub-Antarctic islands have indigenous 
earthworms. Their habit, like all the introduced earthworms 
reported until recently, is epigeic (live in the organic surface 
layer of soil, and in the overlying litter layer, feed on organic 
debris only). In 2004 a new earthworm species, Allolobophora 
chlorotica (Savigny, 1826), was found at Iles Kerguelen, only 
near the glasshouses at Port-aux-Francais, suggesting that it 
was a recent introduction (Convey et al. 2006). The habit 
of A chlorotica is a mix of endogeic (live in complex lateral 
burrows that extend through all layers of upper mineral soil, 
and eat mineral soil as well as organic matter) and anecic 

(build vertical burrows that extend from the soil surface 
well into the mineral soil, feed on surface litter and cause 
vertical mixing of material in the soil profile). Convey et al. 
(2006) suggest that the habits of this species, especially the 
burying of organic matter in mineral soil, will have significant 
consequences for pedogenesis at the island, and it is quite 
likely that this will affect rates of nutrient cycling. 

Changes in nutrient inputs by seabirds 

Seabirds feed in the ocean and deposit substantial amounts 
of nutrients in the form of guano and moulted feathers on 
sub-Antarctic islands. A large proportion of the nutrients are 
added on the coast, at large penguin rookeries, and much of 
that washes back to the ocean without being incorporated 
into the soils or vegetation. However, there is substantial 
volatilisation of nitrogen as ammonia off the rookeries, some 
ofwhich is deposited inland (Lindeboom 1984). In addition, 
birds that breed inland (mainly albatrosses, sknas, petrels 
and prions) have a significant effect on the productivity and 
nutrient status of the vegetation (Smith 1976a, 1978), and 
also on other aspects related to ecological functioning, such 
as the size and activity of soil micro-organism populations 
(Smith & Steyn 1982, French & Smith 1986, Grobler et al. 
1987), rates of cellulose decomposition (Smith et al. 1993) 
and soil respiration (Smith 2003). 

The populations of the surface-nesting species at Marion 
Island have declined since the mid-1970s (Crawford et 
al. 2003). Amongst the reasons suggested for this (Ryan 
& Bester 2007) is a decreased food availability caused by 
overfishing in the Southern Ocean (and possibly increased 
competition for food by a rapidly increasing fur seal 
population), mortality associated with long-line fishing 
and, for the Southern Giant Petrel, possibly disturbance at 
breeding colonies. The decline in the seabird populations 
has resulted in a smaller nutrient input of avian products 
to the island. Between the 1974/75 and 2002 the inputs 
of N, P and Ca through guano and moulted feathers of 
surface-nesting birds declined by 4-11 % in the shore zone 
and by 37-47% inland (fig. 3). 

Ihe data in figure 3 reflect the influence of only the surface 
nesters. In 2002 it is estimated that burrowing petrels and 
prions added about 185 tonnes N, 18 tonnes P and 48 
tonnes Ca to the Marion Island's ecosystem, much of that 
inland (Smith & Froneman 20(7). It is not known what 
the amounts added by burrowers was in the 1970s since 
there are no population estimates for that period. However, 
it is known that domestic cats, which were introduced in 
1949 and quickly became feral, had a deleterious effect 
on the populations of most, if not all, of the burrowing 
species. By 1975 the cat population was about 2000 and 
it was estimated that they killed about 450 000 burrowing 
birds per year (Bester & Skinner 1991). Tussock grassland 
comprising nitrophilous plant species is the climax vegetation 
of slopes occupied by burrowing birds and is supported by 
the nutrients by them (Smith 1 976a). In 1971/72 tussock 
grassland occupied about 1 % of the lowlands on the 
northeastern part of Marion Island (Smith 1976b, 1977). 
By 1991 this had decreased to 0.1%, and by 2005 tussock 
grassland had completely disappeared from the area, being 
replaced mostly by low-nutrient status communities such 
as fernbrake. The decline is ascribed to the disappearance of 
burrowing bird colonies caused by cat predation (Gremmen 
& Smith 2007), even though the cats were eradicated in 
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FIG. 3 The amounts of nitrogen, phosphorus and calcium added annually as guano and moulted ftathers of surface-nesting 
seabirds to the coastal and inland areas of Marion Island in 1974/75 and 2002/03. From Smith cr Froneman (2007). 

1991 (Bester et al. 2000). The petrel and prion populations 
do appear to be recovering (Cooper et at. 1995) but this 
has not yet led to the establishment of significant inland 
colonies.ll1ssock grasslands are widespread on nearby Prince 
Edward Island, where burrowing bird densities are also much 
higher and where cats were never present. 

Climate change and its effects on ecosystem 
function 

1he sub-Antarctic climate has changed significantly over the 
past 40 years. Substantial warming has occurred at Macquarie 
Island (Adamson et al. 1988), South Georgia (Gordon & 
Timmis 1992), Marion Island (Smith 2002), lies Kerguelen 
(Frenot et al. 1997) and Heard Island (Budd 2000). In 
the same period total annual precipitation has decreased 
on Marion Island and lIes Kerguelen but has increased on 
Macquarie Island. Smith & Steenkamp (1990) proposed 
some scenarios of the direct effects of warming (and drying) 
for the biota of Marion Island, but there have been few 
studies specifically focusing on the effects of climatic change 
on ecosystem processes in the sub-Antarctic. Most have 
concentrated on the ecophysioJogical responses of particular 
organisms (or groups of organisms) to abiotic factors such 
as moisture, light and temperature and it is only possible to 
speculate on the functional implications of climate change 
from their results. 

Since primary production and decomposition rates are 
limited by low temperature and, in some plant communities, 
by soil moisture contents that are either sub-optimal or 
supraoptimal for soil microbial activity, climate change 
will directly influence ecological functioning at the islands. 
It is uncertain what effects warming will have on primary 
production. Phorosynthetic optima of the sub-Antarctic 
and maritime Antarctic plants studied to date are above 
mean air temperatures at the islands on which they occur 
(Collins 1977, Bate & Smith 1983, Pammenter etal. 1986, 
Edwards & Lewis Smith 1988, Smith & Gremmen 2001), 
so warming is expected to increase carbon assimilation rate. 

All sub-Antarctic plants have the C j photosynthesis pathway 
and might be expected to show increased rates of CO2 

assimilation in response to the increasing atmospheric CO2 

concentration being experienced in the sub-Antarctic (Smith 
1991, Yoshikawa-Inoue & Ishii 2005). Hence, sub-Antarctic 
vegetation should become more productive under the current 
regime of warming and CO2 enrichment. However, so far the 
only studies of the influence of climatic change on primary 
production have been limited to individual species and do not 
give an unequivocal picture. For example, Smith & Gremmen 
(2001) showed that changes in temperature and radiation at 
Marion Island by the amounts known to have occurred there 
in the past 35 years (temperature increased by 2°C, total 
irradiation by 10%) have a negligible effect on the annual 
amount of carbon acquired by the lichen Turgidosculum 
complicatulum ((Ny!.)]. Kholm. & E. Kholm.) (= Mastodia 
tesselata, Hook. f.& Harv., 1845), provided the thalli remain 
hydrated. Even more drastic changes - temperature up 
by 4°C and radiation up by 20(Vo - will have a negligible' 
effect on annual carbon acquisition by the lichen, again 
provided the thalli stay hydrated. Incorporating hydration! 
desiccation cycles into the model resulted in a lowering of 
annual net C uptake compared with current levels, but the 
reduction varied greatly depending on whether atmospheric 
drying or thallus drying was considered. However, these 
findings might not be pertinent for carbon acquisition by 
the vegetation, in which vascular and bryphyte species are 
much more important than lichens. 

Soil respiration rate on Marion Island increases with 
increasing temperature and with soil moisture content up to 
field water-holding capacity (Smith 2003,2005). It is likely 
that waterlogging depresses respiration rate. This has not 
been tested, but soil decomposition potential (measured as 
the loss in tensile strength of buried cotton strips) is lower 
at waterlogged (and at very dry) sites than at mesic sites 
(Smith et al. 1993); the same has been shown for other 
sub-Antarctic islands (Walton 1985, Lawson 1988) and also 
on maritime Antarctic Signy Island (Davis 1986, Wynn
Williams 1988). The rate of decomposition mediated by 
microbes alone should thus increase with warming, and will 
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either increase or decrease with wetting/drying depending 
on the current soil moisture regime at the particular plant 
community. Warming also increases the rate at which the 
island's insects and earthworms process plant litter and peat 
(Crafford 1990b, Smith & Steenkamp 1990), leading to 
greater rates of nutrient release. However, ecophysiological 
studies on the island's weevil species (important agents of 
nutrient mineralisation in many of the habitats) show that 
upper lethal temperature for a particular species corresponds 
closely to the maximum microclimate temperature in the 
habitats occupied by that species (Van der Merwe et ai. 1997), 
suggesting that climatic warming might be deleterious to the 
weevils' survival. Similarly, flightless moth larvae are probably 
the most important facilitators of nutrient release on the 
island and Klok & Chown (1997) showed that continued 
warming will have a profound negative effect on the moth 
population, especially if the warming is accompanied by 
increasing aridity. Hence, climate warming could affect the 
island's insect populations directly, as well as indirectly by 
allowing a larger population of house mice at the island. 
Both effects are detrimental to the insect populations and 
will lead to decreased rates of nutrient recycling and lower 
primary production. 

Other scenarios of the effects of climate change on 
ecosystem function can be proposed. For instance, if 
changing oceanic and atmospheric circulation patterns 
underlie the climate change being experienced at sub
Antarctic islands, as suggested by Adamson et ai. (1988) 
and Rouault et al. (2005), then this could affect the the 
trophic dynamics of the seal and seabird populations by 
moving their feeding grounds, or making it harder/easier 
for them to reach the feeding grounds. This might be one 
reason for the decline in seabird populations at Marion 
Island. As mentioned above, the input of nutrients in 
avian products is an important determinant of all aspects 
of ecosystem functioning at Marion Island, and this is true 
for all sub-Antarctic islands. 

Probably the most important effect of a warming climate 
is that it increases the ease with which invasive alien 
organisms can become established on sub-Antarctic islands 
(Bergstrom & Chown 1999). Coupled with increasing 
human visitation and occupancy of the islands, the major 
source of introduced organisms (Chown et al. 1998, 2005, 
Wllinam et al. 2005), it is likely that the rate of establishment 
of invasive biota on sub-Antarctic islands will increase. 1bis 
is already happening. On Marion Island the number of 
new introductions has increased in the past decade, despite 
stringent measures having been put into place to prevent 
this (Slabber & Chown 2002). At South Georgia there has 
been an explosion of several long-established, but previously 
alien plant populations due to the production of viable 
seed (which was not achieved until a few decades ago), 
several species that were recorded as rare transient aliens 
have suddenly reappeared at their former sites (presumably 
from a buried seed bank), and new species have also recently 
appeared (information on South Georgia kindly provided 
by Ron Lewis Smith). The pace of recent human-mediated 
introductions of spiders to islands in the Southern Ocean 
is at least 30 times more rapid than introductions resulting 
from natural dispersal (Pugh 2004). Like the examples 
of the introduced house mice and slugs at Marion Island, 
new introductions that succeed in becoming invasive are 
likely to have insidious, but profound, effects on ecosystem 
functioning on the sub-Antarctic islands. 
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