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Cushion plant Silene acaulis is a pioneer
species at abandoned coal piles in the High
Arctic, Svalbard
Minwoo Oh and Eun Ju Lee*

Abstract

Background: Abandoned coal piles after the closure of mines have a potential negative influence on the
environment, such as soil acidification and heavy metal contamination. Therefore, revegetation by efficient species
is required. For this, we wanted to identify the role of Silene acaulis in the succession of coal piles as a pioneer and
a nurse plant. S. acaulis is a well-studied cushion plant living in the Arctic and alpine environments in the northern
hemisphere. It has a highly compact cushion-like form and hosts more plant species under its canopy by
ameliorating stressful microhabitats. In this research, we surveyed vegetation cover on open plots and co-occurring
species within S. acaulis cushions in coal piles with different slope aspects and a control site where no coal was
found. The plant cover and the similarity of communities among sites were compared. Also, the interaction effects
of S. acaulis were assessed by rarefaction curves.

Results: S. acaulis was a dominant species with the highest cover (6.7%) on the coal piles and occurred with other
well-known pioneer species. Plant communities on the coal piles were significantly different from the control site.
We found that the pioneer species S. acaulis showed facilitation, neutral, and competition effect in the north-east
facing slope, the south-east facing slope, and the flat ground, respectively. This result was consistent with the stress
gradient hypothesis because the facilitation only occurred on the north-east facing slope, which was the most
stressed condition, although all the interactions observed were not statistically significant.

Conclusions: S. acaulis was a dominant pioneer plant in the succession of coal piles. The interaction effect of S.
acaulis on other species depended on the slope and its direction on the coal piles. Overall, it plays an important
role in the succession of coal piles in the High Arctic, Svalbard.
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Introduction
Coal mining has been dramatically reduced worldwide,
and many coal piles have been abandoned after the clos-
ure of mines. If it is not appropriately reclaimed, dis-
solved pollutants are carried in runoffs and flows into
streams (Carter and Ungar 2002), and soils are acidified
and contaminated by heavy metals (Hollesen et al.
2009). For these reasons, there were many attempts to
restore the abandoned coal piles by replanting trees or

spreading seeds (Singh and Singh 2006; Moreno-de las
Heras et al. 2008; Dowarah et al. 2009; Alday et al. 2012;
Fields-Johnson et al. 2012).
There are many abandoned coal piles in Svalbard, and

it polluted surrounding areas with their acid mine drain-
age (AMD) (Søndergaard et al. 2007). Oxidation of pyr-
ite (FeS2) from rock fragments on a coal pile produces
sulfuric acid, and this leads to heavy metal dissociation.
As a result, AMD contains accumulated heavy metals,
such as Fe, Al, Mn, Zn, and Ni (Søndergaard et al.
2007). Among them, Al and Mn exist as dissolved forms
and often cause plant damage (Elberling et al. 2007).
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Despite the cold weather in Svalbard, the core of coal
piles is kept warm (~ 5 °C) throughout the year because
of the heat generated by the microbial-driven pyrite oxi-
dation (Elberling et al. 2007; Hollesen et al. 2009). It
keeps the chemical process happening and generating
AMD (Elberling et al. 2007).
Insufficient moisture and nutrient as well as poisonous

AMD limit vegetation in coal waste areas in alpine tun-
dra (Baig 1992). Such areas are efficiently colonized by
some species characterized by low growth-form, low re-
quirement of nutrients, and efficient vegetative
reproduction showed better colonization ability. In the
High Arctic tundra, the cushion plants, Silene acaulis,
Saxifraga oppositifolia, and Saxifraga cespitosa, were ob-
served with high coverage in an abandoned coal pile
(Kojima 2004). They are characterized by low dome-
shaped growth-form (Aubert et al. 2014).
A cushion plant is an ecological engineer that en-

hances the probability of seedling recruitment and estab-
lishment by offering benign microhabitats under their
canopies, such as favorable temperature, humidity, and
nutrients (Frenot et al. 1998; Schöb et al. 2012;
Anthelme et al. 2012; Cavieres et al. 2014). This positive
interaction of cushion plants on sub-canopy plants is
called the facilitation effect, and this kind of cushion
plant is also called a nurse plant. Facilitation is usually
found in a harsh environment, such as the Arctic, alpine
tundra, or desert (Bertness and Callaway 1994; Ren et al.
2008; Dvorský et al. 2013).
S. acaulis is a perennial and long-lived densely packed

hemispherical cushion plant with 2–8 cm height and
taproot. It is commonly found in Svalbard and thrives
on slightly dry gravel. This plant is widely distributed in
circumpolar regions except in Siberia (Lee et al. 2014;
Hermansen 2007). It is a well-studied nurse plant in the
northern hemisphere, especially in the alpine environ-
ment (Antonsson et al. 2009; Molenda et al. 2012; Bona-
nomi et al. 2016), but its facilitation effect as a pioneer
species has not been extensively studied in the High
Arctic region despite its dominance in some Arctic tun-
dra such as Svalbard (but see Kjær et al. 2018). Also, its
potential for accelerating successional changes on a coal
pile was not studied so far.
In this study, we focused on identifying the role of S.

acaulis on abandoned coal piles as a pioneer and a nurse
plant in the early stage of succession. S. acaulis is
already known as a pioneer species in a glacier foreland
that can recruit other species by facilitation (Kjær et al.
2018). However, it has not been reported that S. acaulis
is also a pioneer species on a coal pile. Also, there are
only a few studies that described the successional change
of coal piles in alpine or arctic tundra (Baig 1992;
Kojima 2004). We hypothesized that the floristic com-
position of a coal pile is different from the surrounding

area where coal is not found, but S. acaulis is still a
dominant pioneer species on a coal pile based on our
observation. Also, we measured the facilitation effect of
S. acaulis to determine its additional role in the succes-
sion of the coal pile. The facilitation effect generally ac-
celerates ecological succession by supplying favorable
microhabitats to other plants; therefore, a nurse plant
can be a promising candidate to restore a disturbed area
in a harsh environment (Ren et al. 2008). For this rea-
son, we expected that S. acaulis also have a facilitation
effect on a coal pile, and it can accelerate natural restor-
ation of the abandoned coal piles in the High Arctic
tundra.

Materials and methods
Study area
We surveyed S. acaulis on the abandoned coal piles
on the south-east of Ny-Ålesund, Svalbard, which is
located in a northward direction from the Norwegian
mainland (Fig. 1). In the study site, abandoned coal
piles were scattered on the ground, and there was
some vegetation, including S. acaulis (Fig. 2 a). On
the coal piles, soils are not formed yet, and vegetation
was sparse compared to the surrounding non-coal pile
areas, which indicates its early successional stage.
Coal mining was commenced in 1916 at Kongsfjorden
in the north of Ny-Ålesund and closed after the big
explosion in 1962 (Hermansen 2007).
We selected three sites of coal piles for the study,

which are (1) a north-east facing slope (NE), (2) a south-
east facing slope (SE), and (3) a flat ground on coal piles
(Fig. 1). Also, we surveyed a control site near the coal
piles, in which no coal is found. Those three coal piles
sites indirectly reflect the different stress conditions be-
cause the slope aspects determine the amount of inci-
dent light during the day, and the slope steepness alters
the shear stress on the residing plants.
Svalbard is classified as tundra, according to the Köp-

pen classification (Rubel and Kottek 2010). The annual
mean temperature is − 4.9 °C. The warmest month is
July with 5.4 °C on average, and February is the coldest
month with − 12.4 °C on average. Precipitation is re-
duced in summer and reaches the lowest point in June
(15.1 mm), and it increases again in winter (around 40
mm). Due to the low precipitation, Svalbard is as dry as
many deserts, and the primary source of water is perma-
frost (Stange 2007). The harsh wind is another factor of
growth inhibition. The average wind speed is 3.7 m/s. It
is cold and windy but relatively favorable compared with
such a far north area because of a branch of the Gulf
stream flowing along the west side of Spitsbergen
(Rønning 1996). All the descriptive statistics of weather
information was calculated from the meteorological data
from 1975 to 2017 recorded in Ny-Ålesund observation
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station located at 78.9243, 11.9312 (decimal degrees), 8
m.a.s.l., about 1 km away from survey sites, which was
acquired from eKlima, web-based climate database of
The Norwegian Meteorological Institute.

Sampling method
From July 13 to 15 in 2015, we surveyed 20 of 50 cm ×
50 cm plots in an open area on the control site, NE, SE,
and the flat ground on the coal piles, and we recorded
vegetation coverage (%) of all plant species found within
the plots. We also haphazardly selected 300 S. acaulis in
the control site and 50 S. acaulis in each coal pile site,
and we measured their diameters and recorded the oc-
currence of other species within each cushion. All spe-
cies were identified, according to Lee et al. (2014).

Data analysis
Plant communities among sites were compared by
NMDS with Bray–Curtis dissimilarity applied to the
vegetation cover recorded in 50 cm × 50 cm plots.
PERMANOVA tested the statistical significance of dif-
ferences in plant community among three sites with
9999 permutations (Anderson 2001) followed by pair-
wise comparisons with Bonferroni correction. Indicator
species for each site or its combinations were found if it
is present using indicator value index (IndVal) with 999
permutations (Dufrêne and Legendre 1997; De Cáceres,
et al. 2010).

Fig. 1 The locations of the sampling sites in Ny-Ålesund, Svalbard: the control site, flat ground (Flat), north-east facing slope (NE), and the south-
east facing slope (SE) on coal piles. The base map is from OpenStreetMap, Google, and Maxar Technologies

Fig. 2 S. acaulis was growing as a dominant species on the coal pile
slope in Ny-Ålesund a. As a nurse plant, S. acaulis can harbor other
species within its cushion. For example, Bistorta vivipara has grown
out of S. acaulis in the photo below b
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The sign and the magnitude of the interaction effect of
S. acaulis on co-occurring species were indirectly ana-
lyzed by comparing two rarefaction curves of S. acaulis
cushions and 20 of 50 cm × 50 cm plots in each site.
Firstly, the presence or absence of found species within
each cushion was coded into 1 (presence) or 0 (absence),
and a cushion-by-species incidence matrix was gener-
ated. The cushion areas were estimated by the formula
of the circle area, πr2, using measured diameters by as-
suming them to be circles. According to the
randomization technique, sample order was randomized
1000 times, and cumulative area and cumulative richness
were calculated (Colwell and Coddington 1994; Gotelli
and Colwell 2001). However, the cumulative area was
not regularly increased because the cushion area is dif-
ferent from each other; therefore, the usual permutation
method cannot be applied to this data. The range of cu-
mulative area was divided into 30-quantiles (30 seg-
ments). Then, the mean of the cumulative species
richness and the cumulative area in each segment were
calculated. Whether the segmentation number affects
the result was checked, and we confirmed that the shape
of curves was robust to the segmentation number unless
it was too large.
The confidence interval (CI) for the rarefaction curve

was calculated by parametric bootstrap. For this, the in-
cidence probability for each species given cushion area
was modeled by logistic regression. Then, a cushion by
species matrix was simulated 1000 times based on the
incidence probability. The rarefaction curve of each sim-
ulated matrix was computed using the same method
previously described. The standard deviation of all simu-
lated richness given the same quantile of the cumulative
area was calculated. The means of cumulative areas per
quantile were slightly different among simulations, but
these variations were negligible. Forsythe–Malcolm–
Moler Spline interpolation (Forsythe et al. 1977) was ap-
plied to plot a smoother rarefaction curve.
The difference between two rarefaction curves at the

same cumulative area is the absolute effect of the inter-
action. It cannot be compared to that of other sites with-
out normalization unless both sites have the same
species richness on open ground. Therefore, we used
relative interaction intensity (RII) to normalize the mag-
nitude of the interaction (Armas et al. 2004):

RII ¼ Bw − Bo

Bw þ Bo

where Bw is the number of species within a cushion, and
it represents the community response to the interaction
effect of the cushion. Bo is the number of species in an
open area, and it represents the basal species richness
without interaction effect. RII is symmetrical and

ranging from - 1 to 1. The negative RII is interpreted as
competition, and the positive RII is interpreted as facili-
tation. This index has been widely used to study the
interaction effect of plants in ecology literature (Schöb
et al. 2013; Bonanomi et al. 2016; Kjær et al. 2018; Liu
et al. 2020).
Bw and Bo can be obtained in the rarefaction curves,

but the cumulative area should be rarefied to the same
level. This is because as the sampling effort increases, so
does the species richness. It means that the species rich-
ness at the minimum cumulative area of all sites should
be calculated and compared. The minimum cumulative
area among three sites on coal piles was 6658 cm2,
which was observed in the NE. Given this area, species
richness per site was calculated by Forsythe–Malcolm–
Moler spline interpolation (Forsythe et al. 1977) of the
rarefaction curve. The variance of RII was calculated by
a general formula of propagation of error with the inter-
polated richness and standard deviation of richness.
Since the cushion size can be another factor to deter-

mine interaction, its logarithmic transformation was
compared among three sites by a one-way ANOVA test
followed by Tukey’s HSD for post hoc analysis. Before
the tests, the 300 cushion samples were reduced to 50
by undersampling without replacement to resolve the
imbalanced data problem. Also, the relationship between
the median cushion size and the RII was visually
assessed.
All the analyses were performed in R 4.0.2 (R Core

Team 2020) with the package vegan version 2.5.6 for
NMDS and PERMANOVA (Oksanen et al. 2019) and
the package indicspecies version 1.7.9 for indicator spe-
cies analysis (De Cáceres and Legendre 2009).

Results
Plant communities on the coal piles and the control site
S. acaulis had the highest cover on the open plots of
coal piles, followed by S. oppositifolia, Luzula confusa,
and others (S. acaulis 6.7 ± 5.9%, S. oppositifolia 3.5 ±
3.0%, L. confusa 3.0 ± 4.6%, Bistorta vivipara 1.8 ± 2.2%,
Oxyria digyna 1.2 ± 2.9%, Salix polaris 0.7 ± 1.5%, Poa
alpina 0.3 ± 1.6%, Equisetum scirpoides 0.2 ± 1.4%, S.
cespitosa 0.1 ± 0.3%, the others: below 0.1%, all values
are mean ± s.d.) (Fig. 3). However, on the control site, L.
confusa had the highest cover, followed by S. polaris, S.
acaulis, B. vivipara, and others (S. acaulis 9.9 ± 7.1%, S.
oppositifolia 2.7 ± 2.3%, L. confusa 13.3 ± 6.2%, B. vivi-
para 9.8 ± 9.0%, O. digyna 0.3 ± 0.7%, S. polaris 12.0 ±
5.2%, S. cespitosa 0.1 ± 0.5%, Draba alpina 0.2 ± 0.4%,
Micranthes hieracifolia 0.1 ± 0.3%, Minuartia biflora 1.4
± 1.2%, all values are mean ± s.d.).
We found that the plant community of control site

was significantly different from that of the coal piles
(Fig. 4). Among three sites on the coal piles, the flat
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Fig. 3 The cover (%) of the species found on the open plots arranged in descending order of the mean of means of coal pile sites. The error bar
stands for standard deviation

Fig. 4 NMDS ordination plot of plant communities in the control site (control), flat ground (Flat), the north-east facing slope (NE), and the south-
east facing slope (SE). The color dots indicate surveyed plots per site, and the black plus sign (+) indicates the species found. The ellipses for sites
were drawn based on the standard deviation of point scores. The bold text species are indicator species; S. polaris and M. biflora are indicator
species for the control site. L. confusa is an indicator species for the control, flat ground, and the NE. B. vivipara is an indicator species for the
control, NE, and the SE. P. alpine is an indicator species for the flat ground. The stress value of NMDS was 0.21
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ground plant community was significantly different from
the SE. NMDS ordination plot (stress value = 0.21) and
the result of PERMANOVA supported this division
(Bonferroni correction; Pseudo-F = 9.88, df = 3, P <
0.001 for all sites; Pseudo-F = 12.33, df = 1, P < 0.001
for the control vs. the flat ground; Pseudo-F = 25.01, df
= 1, P < 0.001 for the control vs. the NE; Pseudo-F =
22.89, df = 1, P < 0.001 for the control vs. the SE;
Pseudo-F = 3.19, df = 1, P = 0.060 for the flat ground vs.
the NE; Pseudo-F = 4.70, df = 1, P = 0.003 for the flat
ground vs. the SE; Pseudo-F = 1.85, df = 1, P = 0.559 for
the NE vs. the SE). As for indicator species of these
communities, both S. polaris and M. biflora were signifi-
cantly associated with the control site (IndVal = 0.927, P
< 0.005 for S. polaris; IndVal = 0.866, P = 0.005 for M.
biflora). P. alpina was an indicator of the flat ground
(IndVal = 0.387, P = 0.035). L. confusa was an indicator
species for the combination of the control, flat ground,
and the NE (IndVal = 0.875, P = 0.050). B. vivipara was
an indicator species for the combination of the control,
NE, and the SE (IndVal = 0.851, P < 0.005).

Interaction effects of S. acaulis on associated plants
We showed that the interaction effects of S. acaulis were
facilitation to competition according to the site and the
cushion diameter (Fig. 5). Rarefaction curves of cushions
and open plots on the NE (Fig. 5a), control (Fig. 5c), and
the flat ground (Fig. 5d) slightly deviated as the cumula-
tive area increased, but in the SE (Fig. 5b), the curves
were largely overlapped. This result is well depicted in
RII per site (Fig. 5e). Even though 95% CIs of all RIIs in-
cluded 0, RIIs showed a decreasing trend in the order of
the NE, SE, control, and the flat ground. The median log
diameter of cushions also followed this order.
The cushion size was significantly larger in the flat

ground than in the NE (Tukey’s HSD, t = - 2.83, P =
0.026 for the flat ground vs. the NE). However, it was
not significantly different between other sites (Tukey’s
HSD; t = 1.77, P = 0.29 for the control vs. the flat
ground; t = - 1.06, P = 0.71 for the control vs. the
NE; t = - 0.44, P = 0.97 for the control vs. SE; t = -
2.21, P = 0.12 for the flat ground vs. the SE; t = 0.62,
P = 0.93 for the NE vs. SE).

Fig. 5 Rarefaction curves of the S. acaulis cushion and open areas a–d, and RII values against median log diameters of cushions e. The rarefaction
curves for cushions and open plots were respectively calculated by the randomization method for the north-east facing slope a, the south-east
facing slope b, the control site c, and for the flat ground d. The shaded area shows a 95% CI. The vertical dotted lines show the minimum
cumulative area among the four sites. RIIs were calculated from the species richness at the minimum cumulative area in the rarefactions, and
they were plotted against the median log diameters of the cushions e. The vertical solid line shows 95% CI of RII. The distribution of the log
diameter of the cushions is also shown at the top of the graph
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Discussion
On the coal piles, soils were not formed yet, and the
overall vegetation cover was sparse compared to the
control site. Our results showed that S. acaulis was the
most dominant plant on the coal piles on any slope.
Also, S. oppositifolia and O. digyna, the well-known pi-
oneer species in a glacier foreland, are observed with
relatively high coverage together (Erschbamer and Retter
2004; Erschbamer and Mayer 2011). Not only S. opposi-
tifolia or O. digyna, but also S. acaulis is known as a pi-
oneer species in a glacier foreland (Kjær et al. 2018). In
this respect, we concluded that the coal piles could be
regarded as in the early stage of succession based on the
scarcity of soils and the high coverage of pioneer species.
Therefore, S. acaulis could be a dominant pioneer plant
in an abandoned coal pile as well as in a glacier foreland.
Many cushion plants are also reported as pioneer spe-

cies, such as S. oppositifolia (Erschbamer and Mayer
2011), Thylacospermum caespitosum (Dvorský et al.
2013), Azorella selago (Aubert et al. 2014), Philonotis
esquelensis, Bryum pseudotriquetrum, and Pohlia wah-
lenbergii (Gavini et al. 2019). Their low dome-shaped
growth form often beneficial to colonize harsh and
barren environments (Aubert et al. 2014). This feature
seemed to be a key factor to be a pioneer species in the
alpine or High Arctic tundra.
Also, S. acaulis appeared to tolerate the coal-related

stress well because it was still the dominant species on
the coal piles despite a 32% reduction in plant cover
compared to the control site. No data has been reported
for the physical or chemical effect of coal piles on S.
acaulis, but its high coverage was also observed on a
coal pile in previous literature (Kojima 2004). Its domin-
ance and comparable cushion size to the control site
supported the hypothesis that S. acaulis is tolerant of
the negative effect of the coal piles.
On the other hand, we found that some species poorly

tolerated the coal piles. For example, the cover of L. con-
fusa, B. vivipara, S. polaris, and M. biflora were dramat-
ically decreased on the coal piles. Specifically, S. polaris
and M. biflora were strongly negatively associated with
the coal piles. This result can be due to the toxicity of
AMD on the coal piles, limited soil moisture, or scarce
nutrient. However, S. polaris showed the highest cover
in an abandoned coal mine near Ny-Ålesund in a previ-
ous report (Kojima 2004). Therefore, we cannot
generalize our result to the vast area of the Arctic tundra
without considering microclimate, local soil characteris-
tics, or other abiotic factors which might be crucial to
determine the habitat suitability of species.
Moreover, we found that the interaction effect of S.

acaulis was slightly changed by coal piles even though
there was no statistically significant difference. In the
first place, the interaction effect in the control site was

the competition at the small cumulative area. However,
as the cumulative area increased further, the interaction
effect turned to facilitation. Compared to the control
site, the flat ground on the coal pile showed more nega-
tive RII. However, we did not measure any abiotic fac-
tors in this research. Therefore, further research is
needed to determine what factors of coal piles affects
the interaction effect of S. acaulis.
The interaction of S. acaulis in the three coal pile sites

changed from positive to negative when the slope aspect
was turned to a lesser stressful condition. Plants living
on the NE faced the harshest condition because its slope
aspect limited incident light. The SE also had stressed
conditions, but it is more suitable to live there than on
the NE. Compared to the two slopes, the flat ground is
in the least stressed condition because the slope steep-
ness is often related to the physical damages, such as
surface material movement and water runoff (Naga-
matsu et al. 2002; Wang et al. 2014). Soil erosion gener-
ated by runoff also causes soil water loss, and it affects
seedling emergence, mortality, and seed production
(Espigares et al. 2011). Therefore, the slope area is much
heavily affected than on the flat ground. In a stressed en-
vironment, the growth rate of S. acaulis is usually lower,
which results in a smaller cushion diameter distribution.
This fact is in good agreement with the actual observed
cushion size distribution in our result.
The change in the interaction effect along the stress

gradient is a consistent result with the stress gradient
hypothesis (SGH) (Bertness and Callaway 1994). Ac-
cording to the SGH, facilitative effects tend to in-
crease along stress gradients. Previous studies on the
SGH mainly focused on the altitudinal stress gradient
(Antonsson et al. 2009; Schöb et al. 2013; Bonanomi
et al. 2016). However, only a few studies reported the
changes in the interaction strength of plants, accord-
ing to slope aspects (Badano et al. 2005; Farji-Brener
et al. 2009). Our results support that SGH can ex-
plain plant interaction changes with stress gradients
along the slope direction.
On the other hand, it could be argued that the de-

crease in RII was not due to the decrease in stress gradi-
ent but due to an increase in cushion size because the
RII showed a decreasing trend as the cushion size in-
creased. However, the diameters of cushions among the
three sites showed only small differences. Also, only the
cushion size between the NE and the flat ground showed
a significant difference. In a current study about the rela-
tionship between cushion sizes and facilitation, another
cushion plant Arenaria polytrichoides showed a higher
facilitation effect in a larger cushion (Yang et al. 2017).
Therefore, it is more convincing that the RII was af-
fected by the slope direction, which determined abiotic
stress. From this point of view, a cushion size seemed
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not a cause, but the result of different growth rates of S.
acaulis in different abiotic stress conditions.
One limitation of our research is a small sample size

on coal piles because of sparse vegetation. More accurate
interactions can be assessed when the two rarefaction
curves level off. Even the control site where 300 cush-
ions were sampled did not level off yet. However, the
gap between the cushion rarefaction curve and the open
plot rarefaction curve increased as the cumulative area
increased. Consequently, RII can be significantly differ-
ent from 0 when enough number of cushions is
sampled.

Conclusions
This research showed that (1) S. acaulis was a pioneer
plant in the early stage of succession on abandoned coal
piles, and (2) a shift in interaction effects of S. acaulis
according to the slope and its direction. According to
the results, S. acaulis was a dominant species on coal
piles regardless of slope aspects. A facilitation effect of S.
acaulis appeared on the north-east facing slope, which
was the shaded slope, but it was shifted to a neutral ef-
fect on the south-east facing slope or competition on the
flat ground. Although all of them were not statistically
significant, it was a consistent result with SGH. To sum
up, S. acaulis increases vegetation cover on coal piles
and also ameliorates stress on a shaded slope, which
may gradually cause the deposition of soils above the
coals. Therefore, it plays a vital role in the early stage of
succession on coal piles in Svalbard.
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