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Abstract Inland Antarctic nunataks typically have simple
physically weathered soils and limited ecosystem complex-
ity. In this paper we present quantitative measurements of
soil physical and chemical properties at one Antarctic nuna-
tak. We measured pH, grain size, Weld capacity, soil organic
carbon, phosphate, nitrate, ammonium and the cations mag-
nesium, calcium and potassium along two transects. The data
obtained indicated that very low levels of nutrients were
present/available to biota, and that liquid water was absent, at
least from the surface depths of soil, except during periods of
active snow melt. Consequently, biological activity is
severely limited. We conclude that, due to the climatic and
microclimatic conditions at this location, the development of
biological communities and soils is maintained in an
extremely simple but still apparently stable ‘quasi climax’
state. Increased soil development and biological complexity
can be expected if the contemporary rapid regional warming
in the Antarctic Peninsula region continues.

Keywords Nunatak · Polygon soil · Soil parameters · 
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Introduction

Terrestrial, ice-free habitats in Antarctica are restricted to
less than 0.35% of the entire Antarctic continent, with the

remainder permanently covered by ice (British Antarctic
Survey 2004). Over most terrestrial ice free habitats precipi-
tation rates are very low, and many are classiWed as frigid
deserts (Walton 1984; Sømme 1995). Desiccation stress is
considered to be at least as great a constraint on biological
activity as are the more obvious low temperatures (Kennedy
1993). Within Antarctica, terrestrial biologists convention-
ally recognise three distinct biogeographical zones: the con-
tinental, the maritime and the sub-Antarctic (Smith 1984).

Research on Antarctic soils has focused on the continen-
tal cold desert soils of the Dry Valleys in Victoria Land, on
coastal areas of Wilkes Land, and on soils of the maritime
Antarctic. The latter are generally described as sub-Antarc-
tic brown soils or protorankers (Campbell and Claridge
1987; Bockheim and Ugolini 1990). Histosols also have
been described from the maritime Antarctic (Fabiszewski
and Wojtun 1993). Leptosols, regosols and podzols are typ-
ical soil formations of the coastal continental Antarctic
(Blume and Bölter 1993, 1996). In contrast, soils of the
frigid desert Victoria Land Dry Valleys are characterised
by physical weathering only. Accumulation of carbonates
and salts frequently occurs (Campbell and Claridge 1987,
Bockheim and Ugolini 1990, Beyer et al. 1999).

Among the spectrum of abiotic factors involved in the
relatively simple Antarctic ecosystems, soils and their prop-
erties are an important element (Holdgate 1970). Antarctic
soils are frequently exposed to climatic freeze—thaw
events that lead to disturbance of substrata by cryoturbation
(Chambers 1967; Hall and Walton 1992), leading to the
formation of frost-sorted soil polygons, circles, nets, steps
or stripes. These soil formations are often described as
“patterned ground” (Washburn 1956). Their mode of
formation has been modelled by Kessler and Werner
(2003). BrieXy, as ice forms on the soil surface, water is
drawn up from the underlying soil by capillary action and
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soil particles are uplifted to take its place. As a result of this
upwards frost heave process, loose stones lying on the sur-
face are displaced, eventually collecting in a frost-sorted
pattern around each small surface rise. More complicated
patterns, such as polygons, arise when a second mechanism
interacts with frost heave. The stone piles are compressed
when the soil around them freezes and expands. If this
compression is suYciently intense, avalanches of stones
form lines and polygons.

Detailed studies have been carried out on polygon soil
nutrients and biological colonisation at Signy Island (South
Orkney Islands, northern maritime Antarctic, 60°S). Here,
nitrate has been found to be a limiting nutrient for soil biota
(Arnold et al. 2003), supporting the earlier studies of Davey
and Rothery (1992) on factors limiting the growth of terres-
trial microalgae on this island. Low levels of nitrogen,
rather than the physical environmental factors of low tem-
peratures and freeze-thaw events, lead to the limitation of
microalgae in late summer. Arnold et al. (2003) found no
signiWcant variations in inorganic nutrients either within or
between polygons, while Davey and Rothery (1992)
reported clear intra-polygonal diVerences in physical and
chemical properties but very limited inter-polygonal diVer-
ences. Based on striking diVerences in microalgal commu-
nity composition between otherwise similar soil polygons,
Davey and Rothery (1992) hypothesised that colonisation
of fellWeld polygons is a stochastic rather than a nutrient
limited event.

In Antarctic soils cryoturbation may be a limiting factor
for the establishment and survival of biota (Smith 1993;
Wynn-Williams 1993) and, hence, the development of eco-
systems. Cryptogamic communities composed of lichens
and bryophytes, which lack the root systems of higher
plants, as well as soil inhabiting microbiota, are potentially
well-equipped to tolerate such conditions, and ice free areas
of the continental and maritime Antarctic are predomi-
nantly colonised by these organisms (Smith 1984; Kanda
et al. 2002; Olech 2002; Seppelt 2002). However, to date
research on soils and their developing communities in the
maritime Antarctic has been restricted to the relatively well
developed and colonised soils of coastal locations of the
northern and central maritime Antarctic, especially those of
Signy Island (ca. 60ºS) in the South Orkney Islands, the
South Shetland Islands (62–63°S) and Adelaide Island (ca.
68ºS). However, at the southern limit of the maritime Ant-
arctic (70–72°S), ice-free ground is found at locations
remote from maritime inXuence, particularly in the ablation
areas of the Fossil BluV Formation exposed on south-east-
ern Alexander Island (Convey and Smith 1997). These
areas are visibly subject to considerable cryoturbation, as
well as containing biological communities that are appar-
ently at an earlier stage of development and with much
lower complexity than those of more northern localitions.

Little eVort has yet been made to describe the properties of
polygon soils at these inland nunataks, or consider how
they inXuence the development of biological communities.

In this study we examined soil properties at Coal Nuna-
tak (72°4�S 68°31�W) (Fig. 1) and their implications for
ecosystem development. Coal Nunatak is located on south-
eastern Alexander Island oV the west coast of the Antarctic
Peninsula. It is protected from the direct inXuence of the
open sea, over 200 km due west in summer, by the high
landmass of Alexander Island and the ice shelves that
fringe its west coast, and by the permanent ice shelf that
occupies George VI Sound to the east (6 km from the study
site) and south (20 km from the study site). Lying at the
extreme southern limit of the maritime Antarctic, this
region’s climate is considered to be intermediate between
that of the moist maritime region and the colder and drier
continental zone (Smith 1988).

Materials and methods

Research site

Coal Nunatak is located in the south-eastern part of Alexan-
der Island (Fig. 1). It is one of a number of nunataka at the
southern end of a mountain ridge, dissected by glaciers, ori-
ented north-south along the east coast of Alexander Island.
Geologically, Alexander Island consists of thick Xuviatile,
deltaic and submarine fan sedimentary rocks forming the
Fossil BluV Group. This was deposited unconformably dur-
ing the Cretaceous on the older deformed metasediments of
the LeMay Group, the oldest rocks to outcrop on Alexander
Island, formed during the middle Jurassic, prior to the
break-up of Gondwana. Coal Nunatak is a member of the
Triton Point formation. Its upper 150 m is composed of
very Wne to very coarse sandstones and mudstones with int-
erbedded palaeosols and occasional beds of vitric tuV repre-
senting Xuvial channel Xoodplain deposits with meandering
facies including notable exposures of fossil forests (Nichols
and Cantrill 2002; Howe and Francis 2005 and references
therein). Terrestrial habitats of Coal Nunatak include areas
of frost-sorted polygon sandstone and mudstone dominated
cryosol soils formed from the weathering of local sedimen-
tary rocks, and exposed bedrock formations present along
the relatively broad and Xat summit ridge of the nunatak
(380–424 m asl). A very limited lichen and bryophyte Xora
is present, restricted to rock surfaces and crevices and to the
margins of soil polygons. Air temperatures range between
extremes of ¡45°C in the winter months and +7°C in sum-
mer. The mean annual temperature is about ¡10°C. The
mean annual humidity has not been measured. Surfaces of
rocks exposed to direct insolation can reach temperatures
up to +26°C in summer.
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Two research sites were selected at Coal Nunatak (Fig. 1).
Transect 1, (T1) was 240 m long at an altitude of ca.
380 m asl, sloping ca. 5°WNW. It consisted of polygons of
approximately 2.5 m diameter. Transect 2 (T2) was 70 m
long at an altitude of ca. 420 m asl. It included smaller poly-
gons of approximately 1 m diameter, and sloped ca. 10°S to
end above the margin of a glacier. Transect T1 was covered
by snow until beginning of January, then remained snow free
until early March, while T2 was covered by snow until mid-
December and then remained snow free until early March.
Along both transects three soil polygons were selected for
more detailed studies of soil properties. In T1 they are num-
bered polygon 1, 2 and 3 and in T2 polygon 4, 5 and 6
(Fig. 1c). Soil samples were taken from each polygon at three
diVerent sampling points. One sample was taken from the
polygon centre and two samples form opposite positions of
the polygon margins. Therefore each transect includes nine
sampling points. During the summer study period no perma-
frost was present at the study sites up to a depth of 50 cm.

Soil sampling

Along each transect samples of soil Wnes were collected from
each of the three selected polygons. Samples were taken
from three diVerent micro sites across each polygon, one
from each margin (collecting the Wnes from <5 cm from the
margin) and one from the polygon centre. Sampling depth
was 0–7 cm. This sampling depth was chosen to correlate the
results parallel to investigations on microbial diversity

(sampling depth 0–5 cm). Quantities sampled were limited
by the requirement not to damage the habitat, and targeted at
the biological/chemical analyses. The samples (ca. 30 g)
were collected using acid washed polyethylene cylinders
(diameter 45 mm, length 70 mm), and were stored and trans-
ported with care so as to avoid disturbance and mixing. They
were transported to the Rothera Research Station, after which
they were stored and transported to Germany at ¡20°C.

A broad range of standard soil analytical methods was
used to provide detailed characterisation of the soils at Coal
Nunatak. For each set of three soil samples from each poly-
gon, these analyses included the following: grain size distri-
bution, total organic carbon (TOC), phosphorus, nitrogen,
nutrient cations (K+, Ca2+, Mg2+), cation exchange capacity
(CEC), soil pH, Weld capacity (a measure of the percentage of
water remaining in the soil 2–3 days after it has been satu-
rated and free drainage has ceased) and soil water content.
For all analyses except pH, Weld capacity and water content,
dried samples of Wne soil (grain size < 2 mm) were used. For
TOC analysis 2 g of Wne soil was used. Investigations on pH,
Weld capacity and water content were carried out using intact
soil cores. Combustion of the samples was carried out at
480°C to determine organic carbon. 5 g of Wne soil was
required for analyses of the content of phosphorus and the
soil pH. For nitrogen analysis 15 g (5 g for ammonium and
10 g for nitrate) and for cations 5 g of Wne soil was required.
The grain size distribution was determined from a sample of
30 g of Wne soil. For measurement of Weld capacity and water
content entire soil cores were used.

Fig. 1 Localities: a Alexander 
Island, the arrow marks the 
location of Coal Nunatak; b Coal 
Nunatak, the circle marks the 
location of the research area at 
the north eastern extent of the 
Nunatak; c The research area on 
Coal Nunatak, position of 
transect 1 (T1) and transect 2 
(T2), the numbers 1–6 mark the 
positions of the polygons 1–6
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Grain size distribution of silt, clay and sand was
obtained using the pipette analysis of Köhn (1928) for frac-
tions <0.063 mm, and the sand fraction (0.063–2 mm) was
quantiWed by sieve analysis (Leser 1977). TOC was quanti-
Wed using a carbon analyser DIMA-1000 (Dimatec).
Available phosphate was quantiWed using the CAL-method
(Schüller 1969; HoVmann 1991). Ammonium and nitrate
were quantiWed by a photometric method using the com-
mercially available kits Spectroquant 14752 and 14733,
respectively (E. Merck, Darmstadt). Cations (K+, Ca2+,
Mg2+) were determined by atomic absorption spectrometry
(AAS) (Varian SpectrAA 100). For AAS-analyses, cations
were initially extracted from soil samples into an
ammonium-acetate extraction solution (pH 6.8–7.2) of
1 mol l¡1 (ScheVer and Schachtschabel 2002). CEC is cal-
culated by adding up the milli-equivalents of acidity, cal-
cium, magnesium and potassium. For determination of soil
pH, 5 g sub-samples of soil were eluted with distilled water
(10 ml) and 10 mM CaCl2. The pH of the resulting suspen-
sion was measured using a commercial glass-electrode and
a pH meter (Jenway pH-Meter 3310). Soil water content
and Weld capacity were measured using a gravimetric
method.

Results

Transect 1 (T1)

There were few systematic diVerences between the three
polygons along this transect, although the Weld capacity
was lower at polygon 3 (Fig. 2). Soil water content was
greatest at polygon 2 (Fig. 3), located in a slight depression
where snow and meltwater can accumulate, but water
content at all three polygons was clearly lower than the
Weld capacity. Two polygons shared an almost homogenous
distribution of grain size fractions, while the coarse sand
fraction was dominant at one polygon (Fig. 4). Soil pH was
close to neutral and consistent across all three polygons
(Fig. 5). Total organic carbon (TOC) was present at low
levels, with the minimum being seen in polygon 3 (Fig. 6).

Soil nutrient levels were very low across T1 (Fig. 7).
Nitrogen levels (both ammonium and nitrate) were below
detection limits (nitrate < 1.00 ppm, ammonium < 0.03 ppm).
Cation composition was dominated by Ca2+, with both Mg
2+ and K+ detected at low levels (Fig. 8). Cation exchange
capacity (CEC) varied little across T1 (Fig. 9).

Transect 2 (T2)

Along T2 Weld capacity (Fig. 2) and soil water content
(Fig. 3) were comparable at each polygon, with soil water
content again being lower than the Weld capacity. Grain size

distribution in all three polygons was dominated by the
sand fraction (Fig. 4). Soil pH was again close to neutral,
although there was a trend towards increasing acidity down
the slight slope from polygon 4 to 6 (Fig. 5). TOC also
increased between each polygon down this slope, with the
greatest levels of TOC present in polygons 5 and 6 (Fig. 6).
Phosphate concentrations in polygon 5 and 6 were clearly
higher than that of polygon 4 (Fig. 7). Nitrogen levels
(ammonium and nitrate) were again below detection limits.
Cation content was again dominated by Ca2+ (Fig. 8), with

Fig. 2 Field capacity of the soil from three polygons in transect 1 (T1-
1, T1-2, T1-3) and 3 polygons in transect 2 (T2-4, T2-5, T2-6)

Fig. 3 Water content of the soil from three polygons in transect 1 (T1-
1, T1-2, T1-3) and three polygons in transect 2 (T2-4, T2-5, T2-6)

Fig. 4 Grain size distribution of the soil from three polygons in tran-
sect 1 (T1-1, T1-2, T1-3) and three polygons in transect 2 (T2-4, T2-5,
T2-6)
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highest cation concentrations and CEC found in polygons 5
and 6 (Fig. 9).

Comparisons between T1 and T2

Notwithstanding the overall similarity in the measured soil
parameters, subsamples obtained across each polygon were
generally diVerent, such that only those from polygons 5
and 6 (T2) showed no intrapolygonal variation. Field
capacity (Fig. 2) diVered little between the two transects,
varying between 17.9 and 23.7% dry weight. Soil water

contents were generally somewhat lower in T2 (Fig. 3).
Grain size of soils across T2 was dominated by the sand
fraction, while most of T1 showed more homogenous grain
size distributions (Fig. 4). Soil pH diVered little between
the two transects (Fig. 5). The mean content across T2 was
higher than that of T1. The lowest TOC levels were found
in polygon 3 (T1; 2.58 mg kg¡1), and the greatest in poly-
gon 6 (T2; 12.5 mg kg¡1 soil) (Fig. 6). Concentrations of
the nutrient phosphate ion were also distinctly higher across
T2, and ranged between 23.7 mg kg¡1 soil (polygon 1) and
104.03 mg kg¡1 (polygon 2) (Fig. 7). Low nitrogen levels
at both transects indicate that these soils are extremely deW-
cient in available nitrogen. Cation concentrations and CEC
were mostly greater in T2 than T1 (Figs. 8, 9), Ca2+ consis-
tently being present at the highest level in all polygons and
K+ at the lowest. Ca2+ had consistently the greatest inXu-
ence on CEC, followed by Mg 2+, K+ and H+.

Discussion

The extremely simple terrestrial ecosystem present on Coal
Nunatak appears to be held at a very early developmental
stage in comparison with better known and more-developed

Fig. 5 Soil pH of the soil from three polygons in transect 1 (T1-1, T1-
2, T1-3) and three polygons in transect 2 (T2-4, T2-5, T2-6)

Fig. 6 Total organic carbon (TOC) of the soil from three polygons in
transect 1 (T1-1, T1-2, T1-3) and three polygons in transect 2 (T2-4,
T2-5, T2-6)

Fig. 7 Phosphate content of the soil from three polygons in transect 1
(T1-1, T1-2, T1-3) and three polygons in transect 2 (T2-4, T2-5, T2-6)

Fig. 8 Content of cations of the soil from three polygons in transect 1
(T1-1, T1-2, T1-3) and three polygons in transect 2 (T2-4, T2-5, T2-6)

Fig. 9 Cation exchange capacity (CEC) of the soil from 3 polygons in
transect 1 (T1-1, T1-2, T1-3) and 3 polygons in transect 2 (T2-4, T2-5,
T2-6)
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ecosystems from more northern, generally low altitude
coastal, locations elsewhere in the maritime Antarctic or
even those at lower altitude on Alexander Island (Smith
1984, 1988; Convey and Smith 1997). This could be con-
sidered to mirror the early stages of ecosystem develop-
ment after glacial retreat, with the severe environmental
conditions at locations such as Coal Nunatak serving to
restrict further development and succession.

The soil parameters obtained in this study demonstrate
some heterogeneity between polygons along the two tran-
sects consistent with the particle size sorting processes of
cryoturbation and soliXuction (Blume et al. 2002). The
source of Wner material is likely to result from the weather-
ing of local bedrock with some proportion redistributed by
wind. One of the most signiWcant factors inXuencing both
the physical processes in pedogenesis and the biological
processes of colonisation and establishment is the availabil-
ity of soil water. This is considered as the primary limiting
factor for many soils in Antarctica, particularly those classi-
Wed as frigid deserts (Kennedy 1993; Ellis-Evens 1997;
Wynn-Williams et al. 1997; Campbell et al. 1998; Freck-
man and Virginia 1998). Although, during the Antarctic
summer, water may become available locally through snow
and glacial melt, the ability of soil to retain this is funda-
mental, and this is inXuenced primarily by grain size and
organic content. The water contents of the soils investigated
here ranged between 4.2 and 7% (mean 4.9%), comparable
to values reported from coastal ecosystems of McMurdo
Sound (Campbell et al. 1997, 1998). More extreme condi-
tions are typical in the soils of the neighbouring Victoria
Land Dry Valleys, averaging 0.45% in the soil surface layer
up to 4.5 cm depth. The polygons present along the two
study transects on Coal Nunatak diVer in their developmen-
tal stage, with those of T2 being at an earlier stage, as indi-
cated by being less well sorted and the presence of more
coarse grained material.

Soil pH across the study site was close to neutral, indica-
tive of soils in their earliest stage of development, as seen
in the soils of extremely young moraines (<100 years) of
the Windmill Islands (continental Antarctic coast) (Blume
et al. 2002). However, within the data obtained some trends
are apparent. The downslope decrease in soil pH along T2
may be linked with the higher TOC values also obtained
along this transect, as soil acidiWcation is often an eVect of
soil biological activity. The TOC levels found in Coal Nun-
atak soils, although very low in absolute terms, are likely to
be derived from the activity of soil microbiota including
bacteria, cyanobacteria (Brinkmann et al. 2007), algae and
fungi (Brinkmann et al., unpublished data). Ahumic soils
are deWned as containing <1% dry mass of organic material
(Bölter et al. 2002), and clearly include most of the soils
examined in the present study. The soils of Coal Nunatak
are generally intermediate between most of the soils of the

Antarctic Peninsula and soils of continental Antarctica,
such as the McMurdo Dry Valley.

The soils of polygons 5 and 6 (T2) can be classiWed as
being primitive humic soils, slightly exceeding (1.14 and
1.25% TOC, respectively) the 1% threshold (Bölter et al.
2002). These values are very low even in comparison with
other Antarctic soils, although comparable low levels have
been reported by Blume et al. (2002) in cryosols of King
George Island (South Shetland Islands) characterised by
very low vegetation cover. In comparison, vegetated pod-
zolised soils of the Windmill Islands contain 0.55–4.0%
TOC, and guano enriched soils from recent Adélie Penguin
rookeries in the same area reach 16–30% TOC (Blume
et al. 2002). Lawley et al. (2004) measured organic
contents ranging between 5.94% in soils of Rothera Point,
Adelaide Island (68°S, western Antarctic Peninsula),
2.56% at Mars Oasis (72°S, Alexander Island, a low alti-
tude site adjacent to the George VI Sound ice shelf, ca.
20 km north of Coal Nunatak), 2.3% at Signy Island (60°S,
northern maritime Antarctic), 1.83% at Sky Hi Nunataks
(75°S, Ellsworth Land) and 0.42% at the LaGorce
Mountains (87°S, Transantarctic Mountains). In compari-
son with the current study at Coal Nunatak, these organic
matter levels are all at least 2–5 times greater, with the
exception of the extreme southern location of the La Gorce
Mountains. However, Lawley et al. (2004) also reported
higher TOC levels than the current study (4.34%) from
diVerent soil polygons elsewhere on Coal Nunatak,
highlighting the possibility of considerable inter-site diVer-
ences.

The very low nutrient levels found across all the study
polygons do not permit informative statistical analyses. As
with organic content, several nutrient measures (phospho-
rus, nutrient cations (Ca2+, Mg2+) and CEC) tended to be
higher along T2. The content of K+ did not diVer between
transects, while nitrogen (nitrate or ammonium) levels were
uniformly below detection limits. The slightly greater nutri-
ent availability in soils of T2 may again be linked with the
slightly greater levels of TOC and biological activity. The
phosphorus contents of Coal Nunatak soils are comparable
to the mineral soils of the Windmill Islands (Beyer et al.
2002), and more generally are slightly lower than values
obtained from sandy soils, typically between 200 and
800 mg kg¡1 at temperate latitudes (ScheVer and
Schachtschabel 2002).

While water is acknowledged as one of most important
and limiting factors for colonisation processes in Antarctic
habitats, at least equally important is the availability of
micro-niches where such water as is present can be
retained. Such conditions are present along the margins of
some well developed soil polygons in T1. The polygon
margins have a more complex three dimensional structure
than the majority of the polygon soil surface, and may
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experience decreased evaporation rates, thereby becoming
more suitable for colonisation of macro-organisms such as
lichens.

Soil movement may inhibit soil maturation and, there-
fore, colonisation by slow growing macro-organisms as
lichens. This is despite the fact that soil under active cryo-
turbation can be eVectively colonised by micro-organisms
including algae and cyanobacteria (Bölter et al. 2002). Seen
in this context, the fact that lichen and bryophyte colonisa-
tion is seen only along the margins of certain polygons in
T1 is likely to be linked to reduced soil movement relative
to the polygon centre. Increased water availability by snow
accumulation may also be of importance. Romeike (2002)
proposed a simple model for the colonisation by lichens of
soils at polygon margins on Coal Nunatak. This model
involved the initial Wxation of unstable soil by fungal
hyphae and cleistothecia as a prerequisite for colonisation
by the lichen Psoroma cf. tenue. This species is the only
lichen found at Coal Nunatak that includes both green algae
and cyanobacteria as photobionts, and hence has nitrogen
Wxing capacity. Subsequently, community complexity
increases as Lepraria sp. and Candelariella Xava become
established on and overgrow P. cf. tenue. Lichens of the
genus Candelariella are known to be nitrophilic species
which nevertheless are able to colonise nitrogen poor habi-
tats if nitrogen Wxing cyanobacteria are present (Poelt and
Mayrhofer 1988).

It is clear from this study that these terrestrial ecosys-
tems of Coal Nunatak include some of the most nutrient-
poor soils yet to be examined from the Antarctic. Very low
TOC values and an almost neutral soil pH indicate only
very low levels of soil biological activity. These very basic
soil ecosystems represent a very early stage in soil ecosys-
tem physical and biological development, which neverthe-
less appears to be held at this relatively stable ‘quasi-
climax’ level due to the prevailing extreme environmental
conditions. In the context of the rapid regional warming
that is being measured along the Antarctic Peninsula, and
by comparison with neighbouring low-altitude sites at Mars
Oasis and more distant locations throughout the maritime
Antarctic, these soil ecosystems provide a valuable baseline
for monitoring the consequences of rapid environmental
change and for identifying when ‘quasi-climax’ conditions
are replaced by accelerated biological successional pro-
cesses relevant to both polar regions.
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