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Plant community type and small-scale disturbances, but not
altitude, influence the invasibility in subarctic ecosystems
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 Little of our knowledge about invasibility comes from arctic and alpine ecosystems, despite
increasing plant migration and invasion in those regions. Here, we examine how community
type, altitude, and small-scale disturbances affect invasibility in a subarctic ecosystem.
 Over a period of 4 yr, we studied seedling emergence and establishment in 17 species sown
in gaps or undisturbed vegetation in four subarctic community types (Salix scrub, meadow,
rich heath, poor heath) along an elevation gradient.
 Invasibility was lowest in rich heath and highest in Salix scrub. Small disturbances significantly increased the invasibility in most communities, thereby showing the importance of
biotic resistance to invasion in subarctic regions. Unexpectedly, invasibility did not decrease
with increasing elevation, and it was also not related to summer temperature.
 Our data suggest that biotic resistance might be more important than abiotic stress for invasibility in subarctic tundra and that low temperatures do not necessarily limit seedling establishment at high altitudes. High elevations are therefore potentially more vulnerable to
invasion than was originally thought. Changes in community composition as a result of species
migration or invasion are most likely to occur in Salix scrub and meadow, whereas Empetrumdominated rich heath will largely remain unchanged.

Introduction
In subarctic regions, the climate is now warming rapidly
(Callaghan et al., 2010) and further temperature increases are
expected to be substantially greater than the global average
(ACIA, 2004). This may lead to upward movement of native
plant species (Kullman, 2002; Klanderud & Birks, 2003; Lenoir
et al., 2008) and improved climatic conditions for the establishment of alien species (Dukes & Mooney, 1999; Rose &
Hermanutz, 2004; Walther et al., 2009; Ware et al., 2012). To
date, we have very limited knowledge on where in the subarctic
landscape migrating native or introduced alien species are most
likely to establish, and thus where changes in plant community
composition are likely to occur. This information, however, is
needed to better predict ecosystem responses to climate change
(Wookey et al., 2009) and to improve models of species migration
and invasion (Guisan & Thuiller, 2005; Pellissier et al., 2010).
Invasibility (i.e. the susceptibility to the establishment of new
species – this can be either natives or aliens; Burke & Grime,
1996) has rarely been examined in arctic or alpine ecosystems.
Probably, this is because of earlier assumptions that native species
rarely establish from seed in biomes dominated by clonal propagation (Billings & Mooney, 1968; Billings, 1987; Totland,
1997) and that invasion by alien species is strongly limited in
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harsh environments (Millennium Ecosystem Assessment, 2005).
However, the importance of sexual reproduction in cold ecosystems has now been acknowledged (Forbis, 2003; Erschbamer
et al., 2008; Venn & Morgan, 2009; Douhovnikoff et al., 2010),
and recent studies describe rapid increases of alien plant introductions and establishment in arctic and alpine ecosystems (Morgan
& Carnegie, 2009; Alexander et al., 2011; McDougall et al.,
2011; Ware et al., 2012). Our current knowledge comes either
from short (1 yr) experimental studies (Paiaro et al., 2007;
Eckstein et al., 2011; Soudzilovskaia et al., 2011) or from observational studies (Welling & Laine, 2002; Forbis, 2003; Venn &
Morgan, 2009), which inherently suffer from differences in propagule pressure between the examined communities or habitats
(Catford et al., 2012). Here, we examined in a 4 yr study how
plant community type, altitude and disturbance influenced invasibility in a subarctic ecosystem and how they interacted. We
focused on easy-to-measure factors because they have the
potential to be incorporated into species distribution models.
The most common plant community types in subarctic tundra
are rich heath, poor heath, meadow and Salix scrub (Graae et al.,
2011). These community types do not only differ in species composition, but also in their occurrence along fine-scale topographic
gradients which influence patterns of snow depth and duration,
leading to strongly contrasting growing conditions (Forbis, 2003;
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K€orner, 2003; Graae et al., 2011, 2012). As a result, we find relatively productive and species-rich plant communities in the more
benign sheltered depressions (Salix scrub and mesic meadow),
Empetrum-dominated dwarf shrub communities at intermediate
habitats (rich heath), and low-growing species-poor heath communities, including a lot of lichens, on wind-exposed ridges
(poor heath; Graae et al., 2011). Prediction of which communities should have the highest invasibility is not straightforward,
because they all have characteristics that could either benefit or
hamper invasion. For instance, subarctic meadow communities
are moist, have a reasonable amount of nutrients and are protected from subzero temperatures during winter, suggesting they
have a higher invasibility than poor heath communities, which
are dry, nutrient-poor and experience a lot of winter frost (Forbis,
2003; Graae et al., 2011; Sundqvist et al., 2011). On the other
hand, considering the very short growing season in meadow
(K€orner, 2003; Graae et al., 2011) and its higher species richness
than in poor heath (higher diversity is often linked to lower invasibility; Knops et al., 1999), one could also expect the opposite
pattern. However, based on the assumption that subarctic plant
communities are not yet saturated with species (Stohlgren et al.,
2008; Hoffmann, 2012), the knowledge that more species-rich
places often support larger numbers of colonizers or invaders
(‘the rich get richer’; Stohlgren et al., 2003), and the fact that the
results from two studies show higher seedling numbers in
meadow and Salix communities than in heath vegetation
(Welling & Laine, 2002; Graae et al., 2011), we expect a higher
invasibility in the more sheltered and species-rich communities
(i.e. meadow and Salix scrub) than in the more exposed communities (rich heath and poor heath).
Although altitude per se is not a perfect substitute for environmental harshness (K€orner, 2007), the air temperature and the
duration of the growing season usually decline with increasing elevation in high-latitude mountains, especially if other factors such
as moisture regime are held constant (K€orner, 2007). In particular, the transition from the forested montane zone to the treeless
alpine zone is commonly related to a decrease in temperature and
nutrient concentrations, and an increase in wind speed and the
amount and duration of the snow cover (K€orner, 2003; Sundqvist
et al., 2011), and therefore plant colonization might be hampered
above the tree line. It is often assumed that invasibility decreases
with increasing elevation (Pauchard & Alaback, 2004; Marini
et al., 2009), which is supported by observed lower numbers of
alien species with increasing altitude (Alexander et al., 2011;
Pysek et al., 2011). This pattern, though, could also arise from
lower propagule pressure (i.e. the number of introduced seeds
and/or number of introduction events; Colautti et al., 2006) and
less anthropogenic disturbances at high altitudes (Pysek et al.,
2011), and is thus not necessarily linked to differences in abiotic
growing conditions. Moreover, reduced competition (Callaway
et al., 2002) and a higher small-scale heterogeneity at high- vs lowelevation sites (Davies, 2011) could potentially increase the invasibility at high altitudes. However, because abiotic factors
(e.g. climatic conditions) often dominate over biotic factors (e.g.
competition) in determining colonization or invasion success
(D’Antonio et al., 2001; Milbau et al., 2009b), we expect that the
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invasibility decreases with increasing elevation, or at least declines
from the montane to the alpine zone.
Disturbance is a strong driver of invasion in general (D’Antonio
et al., 1999) and small-scale disturbances play an important role in
community invasibility by creating new microhabitats and directly
removing or decreasing populations of competitor species
(Kotanen, 1997; Byers, 2002). In subarctic environments, disturbances at the community scale are mainly created through grazing
and trampling by reindeer, burrowing by lemmings and voles, and
by cryogenic processes resulting in bare soil patches (Gough,
2006; Vistness & Nellemann, 2008). In various arctic and alpine
communities, a positive effect of disturbance on colonization has
been demonstrated (Welling & Laine, 2002; Lindgren et al.,
2007; Olofsson & Shams, 2007; Cichini et al., 2011; Graae et al.,
2011), but it is not known how the role of disturbance differs
between community types or along an elevation gradient. Here,
we expect that disturbance will mainly increase the invasibility in
the more productive sites (Graae et al., 2011), and thus at low elevations and in meadow and Salix scrub. At higher elevations or in
exposed communities (poor heath), disturbance could potentially
disrupt facilitative interactions needed for plant colonization
(Cavieres et al., 2005), and we would therefore expect neutral or
negative effects there. It must be noted, though, that Paiaro et al.
(2007) found the opposite pattern, with disturbance reducing
seedling emergence at all but the highest elevations, where the
effect was positive.
We conducted a 4 yr fully factorial seed-sowing experiment in
a subarctic ecosystem to examine if community type, altitude and
small-scale disturbances affected invasibility, and how these factors interacted. Because we were interested in differences in invasibility (i.e. which habitats/biological communities are most
susceptible to species establishment), and not in habitat preferences of individual species, we examined the germination and
establishment success of a broad species pool, including different
genera, growth forms and functional types. Further, we examined
how the communities and altitudes differed in abiotic and biotic
characteristics and whether any of those were closely correlated to
invasibility.

Materials and Methods
Study site
The study was carried out between 500 and 900 m asl on the
northeast-facing slope of Mt Suorooaivi (1193 m), located
c. 20 km southeast of Abisko, c. 200 km north of the Arctic Circle
in northern Sweden (68°21′N, 18°49′E). The bedrock consists of
salic igneous rock and quartic and phyllitic hard schists (Sundqvist
et al., 2011). The site is characterized by a subarctic climate, with a
mean annual air temperature of 0.6°C (Abisko Scientific
Research Station, 1913–2006). The mean annual precipitation in
the region is 303 mm yr1 (Abisko Scientific Research Station,
400 m asl, 1913–2006). The growing season lasts for c. 130 d
(Karlsson & Callaghan, 1996) and the tree line at the study site is
situated at c. 550 m asl and formed by Betula pubescens ssp.
czerepanovii (mountain birch). Reindeer range freely in the area.
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Seed material
To compare the invasibility between plant communities or altitudes, we used the same seed mix in all treatments (Milbau et al.,
2003; Catford et al., 2012). We used 22 species belonging to different functional types and varying in latitudinal range (Table 1).
Apart from Betula pubescens ssp. pubescens, Calamagrostis
purpurea and Pinus sylvestris, all species occurred in the study
area, where we collected the seeds between 15 August and 13
September 2007. P. sylvestris and Vicia cracca are naturalized alien
species in Sweden, whereas the other species are native to the
area. Seeds of P. sylvestris were ordered from a seed company in
Karesuando (68°20′N, 21°53′E) and seeds from B. pubescens ssp.
pubescens and C. purpurea were collected in Ume
a (63°49′N, 20°
15′E). All seeds were stored at room temperature until sowing.
Five species showed very low germination in this study and in a
related laboratory experiment (Milbau et al., 2009a) and were
therefore excluded from the analyses (Table 1).
Experimental design and treatments
At each of five elevations (500, 600, 700, 800 and 900 m asl), we
selected three replicate plots per community type, that is Salix
scrub, meadow, rich heath and poor heath, which differ in their
occurrence along fine-scale topographic gradients (Forbis, 2003;
Graae et al., 2011; see Supporting Information, Table S1, for
species composition). At the site at 500 m asl, there were no poor
heath communities, as a result of the mild and sheltered conditions in the birch forest. The selected altitudinal gradient
(500–900 m asl) ranged from just below the forest line to near
the limit of vascular plant growth. Summer air temperatures

measured along the gradient at 400, 700 and 1000 m asl were,
respectively, 13.3, 12.4 and 10.6°C in July 2008, and 9.6, 8.2
and 6.3°C in August 2008 (Sundqvist et al., 2011).
In each of the 57 plots, we used three degrees of disturbance:
undisturbed, gaps of 3 cm diameter, and gaps of 6 cm diameter.
These treatments were applied to each of the 22 study species individually. Each plot thus contained 22 gaps of 3 cm, 22 gaps of
6 cm and 22 permanently marked undisturbed microplots.
Because we were mostly interested in small disturbances, for
instance created by animals in an otherwise undisturbed
landscape, we chose gap sizes of 3 and 6 cm diameter. We expected
these diameters to be large enough to affect target–neighbour
interactions in subarctic communities (Milbau et al., 2007). We
created the gaps by removing all above-ground vegetation and the
top (c. 1 cm) of the soil layer with a core saw-drill of the correct
diameter. Within each plot, large and small gaps were positioned
randomly and all gaps were at least 20 cm apart. Between 27
September and 9 October 2007, 30 seeds per species were put in
the centre of each gap, or in between two marker pins for the
undisturbed treatment. Because of large seed sizes and high germination percentages in P. sylvestris and V. cracca (Milbau et al.,
2009a), only 10 seeds per gap were used for those species.
Seedling emergence and seedling establishment
We recorded seedling emergence in all 3762 microplots in June,
July and August 2008, and recorded seedling survival in June and
August 2009, and in July 2010. The total number of newly
emerged seedlings (‘seedling emergence’) was calculated per plot
and per disturbance treatment (i.e. undisturbed, 3 cm gap, 6 cm

Table 1 List of the species added as seeds to the studied plant communities

Species

Functional type

Seed origin

Latitudinal
range

Astragalus frigidus (L.) A.Gray
Betula nana L.
Betula pubescens ssp. pubescens Ehrh.
Betula pubescens ssp.
czerepanovii (Orlova) H€
amet-Ahti
Calamagrostis lapponica (Wahlenb.) Hartm.
Calamagrostis purpurea (Trin.) Trin.
Carex rostrata Stokes
Carex saxatilis L.
Deschampsia flexuosa (L.) Trin.
Dryas octopetala L.
Empetrum hermaphroditum
Lange ex Hagerup
Epilobium angustifolium L.
Festuca ovina L.
Pinus sylvestris L.
Salix glauca L.
Silene acaulis (L.) Jacq.
Silene dioica (L.) Clairv.
Solidago virgaurea Praecox
Vaccinium myrtillus L.
Vaccinium uliginosum L.
Vaccinium vitis-idaea L.
Vicia cracca L.

Forb (legume)
Shrub
Tree
Tree

Abisko
Abisko
Ume
a
Abisko

Narrow
Narrow
Broad
Narrow

Grass
Grass
Sedge
Sedge
Grass
Dwarf shrub
Dwarf shrub

Abisko
Ume
a
Abisko
Abisko
Abisko
Abisko
Abisko

Narrow
Broad
Broad
Narrow
Broad
Narrow
Broad

Forb
Grass
Tree
Shrub
Forb
Forb
Forb
Dwarf shrub
Dwarf shrub
Dwarf shrub
Forb (legume)

Abisko
Abisko
Karesuando
Abisko
Abisko
Abisko
Abisko
Abisko
Abisko
Abisko
Abisko

Broad
Broad
Broad
Broad
Narrow
Broad
Broad
Broad
Narrow
Narrow
Broad
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Excluded from
analyses

9
9
9
9

9

Ó 2012 The Authors
New Phytologist Ó 2012 New Phytologist Trust

New
Phytologist
gap). Further, we calculated, per plot and disturbance treatment,
the total number of seedlings (‘seedling establishment’) and the
number of seedling species (‘seedling richness’) present in 2010.
Seedling establishment and seedling richness were used as a measure of invasibility. Seedling mortality was calculated as the difference between the maximum and the final number of seedlings
divided by the maximum number of seedlings (i.e. % mortality).
Abiotic and biotic characteristics of the communities
In each community type and at each elevation, we measured soil
temperature (°C) in the top 2 cm of the soil layer with three temperature sensors (ECT; Decagon Devices, Pullman, WA, USA),
and soil volumetric moisture content (VWC, m3 m3) in the top
5 cm soil layer with two soil moisture sensors (EC-5; Decagon
Devices). We used several sensors per plot because they easily break
down or get damaged by rodents or other animals. Soil temperature and soil moisture were measured every min and mean values
h–1 were stored (Em50 data logger; Decagon Devices). We calculated average values over all working sensors in each plot. In the
analyses, we used the mean soil temperatures from January 2008
(coldest month, ‘winter temperature’) and August 2008 (warmest
month, ‘summer temperature’). For soil moisture, averages were
calculated over June, July and August 2008 (‘summer moisture’).
Snow depth was measured in March 2009, by putting a measuring
pole in two locations per plot and averaging the values per plot.
þ
Bioavailable amounts of NO
3 and NH4 were determined by
burying three resin capsules (PST-1; Unibest, Bozeman, MT,
USA) in each plot and allowing them to adsorb ions during
2 months (July and August 2008). The capsules were then collected and extracted in 2 M KCl. The KCl extractable concentra
tions of NHþ
4 and NO3 were determined by colorimetry and
total N was calculated by adding NO3-N and NH4-N. For determination of soil pH, in each plot we collected three soil cores
(4.5 cm diameter) of the top 5 cm soil layer and stored them
at 15°C until carrying out the analyses. We merged the three
samples per plot and sieved them through a 2 mm sieve. Soil pH
was measured in the soil suspension (6 g of soil in 50 ml
deionized water) after shaking for 18 h using a MP220 pH meter
(Mettler Toledo, Stockholm, Sweden).
The extent to which vegetation shaded seeds and seedlings
was measured as photosynthetically active radiation (PAR,
400–700 nm) above the canopy and at the soil surface, yielding
percentage PAR transmittance. This was done in July 2008, at the
peak of the growing season, by measuring at four points in each plot
with a PAR sensor (JYP 1000; SDEC, Reignac-sur-Indre, France).
We carried out measurements on overcast days because this
improves the results (Sinoquet et al., 1990). During August 2008,
we determined species composition and cover in each plot in a representative square of 50 9 50 cm, with a frame split into 25 small
squares. From these data, we also determined the species richness
in each plot.
Statistical analyses
We used discriminant analysis (DA) to examine how the plant
communities differed in the measured abiotic and biotic factors
Ó 2012 The Authors
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(summer temperature, winter temperature, summer moisture,
snow depth, soil pH, total N, PAR transmittance, species richness), and a similar analysis was done to test for differences
between altitudes.
We performed four linear mixed-model ANOVAs with
seedling emergence, seedling establishment, seedling richness and
seedling mortality as dependent variables, to test how community
type, altitude and disturbance type affected the invasibility of the
plots. Community type, altitude and disturbance and all possible
interactions were entered as fixed factors. Plot nested within altitude 9 community type was used as a random factor in the analyses. Differences among means were further analysed by pairwise
comparisons, using least significant differences.
Because most of the measured abiotic and biotic factors were
correlated, we used a principal component analysis (PCA) regression approach (Jolliffe, 2002; Zuur et al., 2007) to assess which of
these variables were most important for seedling emergence,
seedling establishment and mortality. Because all measurements
were done in intact vegetation (i.e. not in the gaps), seedling data
from the undisturbed treatment were used as dependent variables.
First, we conducted PCA on all explanatory variables (summer
temperature, winter temperature, summer moisture, snow depth,
soil pH, total N, PAR transmittance, species richness), which were
normalized (i.e. mean = 0, SD = 1) before the PCA. Then we used
all uncorrelated PCA axes as explanatory variables in the linear
regression model, and with backward selection we selected those
axes that were significantly related to the dependent variable. Following Zuur et al. (2007), we then used the estimated regression
parameters of the axes that were retained in the model and their
loadings (these told us how each axis was composed in terms of
the eight original explanatory variables) to infer which of the
original variables were most important. First, we multiplied the
regression coefficient of each axis with the loadings for that axis.
Then, we added up the multiplied loadings of all axes for each
explanatory variable. This resulted in a final regression model that
allowed us to assess which of the variables were important while
avoiding problems with multicollinearity (Zuur et al., 2007).
Seedling emergence and seedling establishment were squareroot-transformed in all analyses to improve normality of the data
and homogeneity of variance. DA and PCA were performed using
XLSTAT 2012.4.12 (Addinsoft, Paris, France) and all other statistical analyses with SPSS 18.0 (SPSS, Chicago, IL, USA).

Results
Plant communities and altitudes
Plant communities were well separated by the measured biotic
and abiotic variables (DA, Wilk’s lambda test, P < 0.0001;
Fig. 1). Along the first axis, which represented 68% of the variation, Salix scrub showed the highest and poor heath the lowest
values for soil moisture, pH, winter temperature, species richness,
snow depth, total N and summer temperature (variables with discriminant function coefficients > 0.3, given in order of decreasing
importance). For PAR transmittance, the highest values occurred
in poor heath communities. The second axis represented 26% of
New Phytologist (2013) 197: 1002–1011
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in intact communities (Fig. 4b,c). The effect of disturbance
peaked at 600 m asl (Fig. 4), whereas at 500 m asl (i.e. in the
birch forest) disturbance promoted seedling emergence (Fig. 4a),
but not seedling establishment or richness (Fig. 4b,c). Disturbance had a smaller effect at 900 than at 700 and 800 m asl.
In general, seedling establishment and seedling richness were
very strongly correlated (Pearson correlation test, N = 171,
P < 0.001, r = 0.921), meaning that a high seedling number (i.e.
‘seedling establishment’) indicates that many species are able to
establish, as opposed to many individuals of a particular species.
During the first 3 yr, nearly 80% of all seedlings died (Fig. 5).
Seedling mortality was not affected by the disturbance treatments, but there was a significant interaction between community type and altitude (Table 2, Fig. 5). Whereas in meadow the
mortality decreased with increasing altitude, the pattern was the
other way around in poor heath. In Salix scrub and rich heath,
no clear altitudinal pattern was found.
For seedling emergence, four PCA axes were retained in the
model (P < 0.001, r2 = 0.36), and after multiplying the axes loadings with the regression coefficients (Zuur et al., 2007), we
obtained the following model: Emergence = 3.44 + 0.15 9
total N + 0.04 9 snow depth  0.19 9 Twinter + 0.12 9 Tsummer
+ 0.55 9 soil moisture + 0.78 9 pH  0.48 9 PAR + 0.23 9 species richness. This suggests that high seedling emergence was
most strongly associated with high pH, high soil moisture and
low PAR transmittance. For seedling establishment, the model
contained three PCA axes (P = 0.009, r2 = 0.17), and establishment was most strongly associated with high pH, high species
richness, high winter temperatures, and high soil moisture
(establishment = 1.52 + 0.06 9 total N + 0.00 9 snow depth +
0.16 9 Twinter  0.02 9 Tsummer + 0.11 9 soil moisture + 0.41
9 pH + 0.06 9 PAR + 0.18 9 species richness). High seedling
mortality was mainly associated with high snow depth, low
winter temperatures and low species richness (mortality = 81.84 + 2.67 9 total N + 5.03 9 snow depth  4.81 9
Twinter + 0.07 9 Tsummer + 2.08 9 soil moisture + 2.80 9 pH +

the variation and indicated higher values for species richness,
PAR transmittance, snow depth, summer temperatures and pH
in meadow compared with the other community types.
Also the altitudes varied significantly in abiotic and biotic variables (DA, Wilks’ k test, P < 0.0001; Fig. 2). The first axis, which
accounted for 53% of the variation, indicated that the lowest elevations (500 and 600 m asl) had higher summer and winter temperatures, higher pH, higher soil moisture and lower PAR
transmittance than the higher elevations. Contrary to our expectations, the highest altitude (900 m asl) was not positioned at the
coldest end of this gradient, but was similar to the site at 700 m
asl. The second axis accounted for 37% of the variation and was
mainly correlated with soil moisture and snow depth, indicating
high soil moisture at the 900 m site and high snow accumulation
at the 700 m site.
Invasibility: effects of plant community type, altitude and
small-scale disturbances
In undisturbed vegetation, Salix scrub showed the highest invasibility (measured as seedling emergence, seedling establishment
or seedling richness) and the lowest values were found in the
heath communities (Table 2; Fig. 3). Disturbance had a large
effect on seedling emergence, establishment and richness, but
there was no significant difference between 3 and 6 cm gaps
(Table 2; Figs 3, 4). On average, three times as many seedlings
became established in gaps compared with undisturbed vegetation. The beneficial effect of disturbance on seedling emergence
was smaller in Salix scrub than in the other community types
(significant disturbance 9 community type interaction; Fig. 3a),
and the disturbance effect disappeared during seedling establishment in Salix scrub (Fig. 3b). The effects of disturbance on
emergence, establishment and richness were similar in meadow,
rich heath and poor heath (Fig. 3).
More seedlings emerged at 900 than at 800 m asl (Fig. 4a), but
altitude did not affect seedling establishment or seedling richness

(b)

Discriminant function 2

Discriminant function 2

(a)

Discriminant function 1
Discriminant function 1

Fig. 1 (a) Plot of group centroids and confidence ellipses (95% confidence interval) for the different community types classified by discriminant analysis. S,
Salix scrub; M, meadow; PH, poor heath; RH, rich heath. (b) Correlation between biotic and abiotic variables and the discriminant functions (DFs).
DF1 = 68%, DF2 = 26%. PAR, photosynthetically active radiation.
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(b)

Discriminant function 2

Discriminant function 2

(a)

Discriminant function 1

Discriminant function 1

Fig. 2 (a) Plot of group centroids and confidence ellipses (95% confidence interval) for the different altitudes (500–900 m asl) classified by discriminant
analysis. (b) Correlation between biotic and abiotic variables and the discriminant functions (DFs). DF1 = 53%, DF2 = 37%. PAR, photosynthetically active
radiation.

Table 2 Effects of altitude, community type and disturbance type on seedling emergence, seedling establishment, seedling richness and seedling mortality
in linear mixed models
Seedling emergence

Seedling establishment

Seedling richness

Seedling mortality

Source of variation

Fdf

P

Fdf

P

Fdf

P

Fdf

P

Altitude (A)
Community (C)
Disturbance (D)
A9C
A9D
C9D
A9C9D

1.2424,38
1.9623,38
112.7202,76
0.61311,38
2.6758,76
3.6636,76
1.16022,76

0.310
0.136
< 0.001
0.806
0.012
0.003
0.309

2.9904,38
1.2403,38
30.1402,76
1.92511,38
1.8198,76
4.6316,76
0.96622,76

0.031
0.309
< 0.001
0.067
0.086
< 0.001
0.514

2.9184,38
2.3123,38
34.1112,76
1.87111,38
1.3318,76
6.3416.76
1.10222,76

0.034
0.092
< 0.001
0.075
0.241
< 0.001
0.364

1.3824,38
1.8173,38
0.4372,75
3.31811,38
1.3648,75
0.3876,75
1.18622,75

0.258
0.160
0.648
0.003
0.226
0.885
0.286

P-values < 0.05 are in bold. Seedling emergence and seedling establishment were square-root-transformed before analyses.

1.32 9 PAR  4.75 9 species richness), based on a model with
two PCA axes (P = 0.009, r2 = 0.17).

Discussion
Overall, invasibility in the subarctic was strongly affected by community type and disturbance, whereas altitude had no effect on
invasibility in undisturbed vegetation. We will first discuss the
influence of community type and altitude and then the effect of
disturbance and how it interacts with community type and elevation.
In undisturbed vegetation, the invasibility was highest in Salix
scrub and lowest in the two types of heath (Fig. 3), which is in
agreement with our expectation of higher invasibility in more
sheltered and benign communities. The discriminant analysis
(Fig. 1) confirms the good overall growing conditions in Salix
scrub, with high values for pH, winter temperature, soil moisture
and nitrogen, and also a high species richness (Graae et al.,
2011). Our finding of low invasibility in intact rich heath communities is important, because this is by far the most dominant
community type on poor acidic soils in the Northern
Ó 2012 The Authors
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Hemisphere (Tybirk et al., 2000; Pellissier et al., 2010). Consequently, our results suggest that the current subarctic landscape
might remain largely unchanged with a continued dominance of
rich heath, and that Salix scrub and meadow will be the hotspots
for community changes. We believe that this information should
be used in species distribution models dealing with subarctic
regions, as suggested, for instance, by Pellissier et al. (2010), who
encourage integrating approaches from community ecology into
models of species distribution.
Altitude did not affect the invasibility (seedling establishment
and richness) of undisturbed communities (Fig. 4b,c), whereas
we expected a higher invasibility at lower elevations (Pauchard &
Alaback, 2004; Marini et al., 2009). Even though the selected
altitudinal gradient did not represent a perfect soil temperature
gradient (Fig. 2), with the site at 900 m asl being milder than
expected (Graae et al., 2012; Tsyganov et al., 2012), the invasibility at the coldest site (i.e. 800 m asl) was not lower than at other
altitudes, nor was the invasibility higher in the warmer sites at
500 and 600 m asl. The lack of an overall altitude effect can be
partly explained by the finding that summer soil temperature was
only very weakly related to seedling emergence and establishment
New Phytologist (2013) 197: 1002–1011
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(c)

Fig. 3 Means ( 1 SE) for number of emerged seedlings (a), number of established seedlings (b), and seedling richness (c) in undisturbed vegetation (black
bars), gaps of 3 cm diameter (grey bars), and gaps of 6 cm diameter (white bars) in the different community types. Different letters represent significant
differences between community types (least significant difference (LSD), P < 0.05).

(PCA regressions), whereas factors that vary independently of elevation (e.g. pH or soil moisture) seemed more important. Our
data thus suggest that colonization is not highly constrained by
low summer temperatures, which is in accordance with earlier
studies showing that warming had either no or a negative effect
on the germination or early seedling establishment of arctic and
subarctic species (Graae et al., 2009; Milbau et al., 2009a;
Shevtsova et al., 2009). It is important to note that we found
seedlings from 14 out of the 17 sown species at the highest elevation, including species currently restricted to lower altitudes or
latitudes, indicating that our findings are not restricted to cold
climate specialist species.
If temperature differences in the range of 2–3°C (c. 400 m elevational difference) are indeed not strongly affecting germination
and seedling establishment, then the lower number of alien species occurring at high elevations (Alexander et al., 2011) might be
more strongly related to limited seed availability or reduced
anthropogenic disturbances than to low temperatures. The high
number and genetic diversity of alien plant species that are able
to establish at high altitudes or latitudes (Morgan & Carnegie,
2009; McDougall et al., 2011; Ware et al., 2012), and the fact
that they are mostly generalists instead of cold-climate specialists
(Alexander et al., 2011) supports this. This also suggests that the
direct introduction of alien species to high elevations, for instance
via mountain roads (Pauchard & Alaback, 2004), recreational
activities (Johnston & Pickering, 2001; Morgan & Carnegie,
2009), or grazing (van Rees, 1982), poses a serious threat to the
native mountain flora, especially once improved climatic conditions allow them to produce viable seeds. However, our results
should not be extrapolated to the subnival zone or to high-arctic
biomes, where more severe abiotic stress might seriously limit
plant recruitment. Yet, we assume that our results are valid within
the alpine zone in other mountain areas, at least where drought is
not a limiting factor. This is supported by a study on mountain
summits in southeastern Australia showing that natural seedling
recruitment was not related to altitude (Venn & Morgan, 2009).
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As expected (Cichini et al., 2011; Graae et al., 2011), small disturbances strongly increased the invasibility in our study system,
with overall a threefold higher establishment in vegetation gaps
than in undisturbed vegetation. Whereas past studies used gap
sizes > 10 cm, we found that gap sizes of only 3 cm diameter were
large enough to significantly increase the invasibility in the
majority of community types and elevations. Yet, in the most
productive plots, that is in Salix scrub or at 500 m altitude, neither the 3 cm, nor the 6 cm gaps had an effect on seedling establishment or richness, although they increased seedling emergence.
Our results thus indicate that small-scale disturbances significantly improve the invasibility in most parts of the tundra
landscape, but that larger disturbances may be needed to promote
invasibility in more productive shrub- and tree-dominated
subarctic communities (cf. Lindgren et al., 2007). It must be
noted, though, that Empetrum-dominated tundra (i.e. rich heath)
is very resilient against disturbance and that Empetrum fails to
recover only when it is 100% removed (Aerts, 2010). We therefore assume that even in the presence of herbivores, chances for
invasion in rich heath will remain low. On the other hand,
meadow (herbivory and burrowing) and poor heath (frost
actions) show natural disturbances similar to those we simulated
and therefore (climate-driven) changes in reindeer, vole and lemming populations (Kausrud et al., 2008; Vors & Boyce, 2009)
and in frost–thaw events may significantly affect the invasibility
in these community types.
Contrary to our expectations, the disturbance effect did not
decrease from the more productive Salix and meadow communities to the less productive heath communities. Differences in productivity and species richness alone could thus not explain
differences in biotic resistance. Whereas the lack of a disturbance
effect in the Salix scrub likely resulted from the small size of the
vegetation gaps relative to the tall growing understorey vegetation, we assume that the strong effect of disturbance in the heath
communities was related to their dominance by Empetrum
hermaphroditum (see Table S1), a clonal evergreen species with a
Ó 2012 The Authors
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Fig. 4 Means ( 1) SE for number of emerged seedlings (a), number of established seedlings (b), and seedling richness (c) in undisturbed vegetation (black
bars), gaps of 3 cm diameter (grey bars), and gaps of 6 cm diameter (white bars) at the different altitudes. Different letters represent significant differences
between altitudes (least significant difference (LSD), P < 0.05).

the subnival zone, we found positive disturbance effects. This
supports the idea that in cold ecosystems, too, biotic competition
might be an important driver of species assemblages (Klanderud
& Totland, 2007; Eskelinen, 2010). However, because of the
small size of our disturbances, we cannot completely exclude the
presence of facilitative interactions, such as shelter from strong
winds, by the extant vegetation.
Conclusions

Fig. 5 Percentage seedling mortality ( SE) given per community type and
altitude (m asl). There was no poor heath in the birch forest at 500 m.

very dense growth pattern and therefore a very strong competitor
for space (Pellissier et al., 2010). E. hermaphroditum also produces an allelopathic compound that potentially limits seedling
growth and survival (Nilsson, 1994; Tybirk et al., 2000; Aerts,
2010), but we did not observe higher seedling mortality in heath
than in other community types (Fig. 5). Our results thus suggest
that not only the productivity or diversity of invaded communities, but also their structure and species composition, determine
the amount of biotic resistance against invasion. We argue that
this should be more commonly taken into account in invasibility
studies (cf. Dukes, 2002).
Whereas the gaps were probably too small to remove competition in the birch forest (i.e. at 500 m asl), the decreasing effect of
disturbance in the alpine zone of the gradient (from 600 to
900 m asl) supports the idea of decreasing biotic resistance with
increasing elevation. However, different from what was expected,
there were no signs of facilitation in our study system. Indeed,
even at the coldest and least productive site (800 m asl), close to
Ó 2012 The Authors
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Empetrum-dominated rich heath, the dominant community type
in subarctic tundra, was very resistant against invasion, whereas
meadow and Salix scrub were easier to invade. We therefore conclude that plant migration (or invasion) is not going to happen at
the same speed anywhere in the subarctic landscape, and argue
that species distribution models should incorporate differences in
invasibility between plant community types. Small disturbances
can considerably increase the invasibility of subarctic communities and we expect this to be mainly important in meadow and
poor heath communities.
Unexpectedly, invasibility did not decrease with increasing
altitude, and we found no indication that low temperatures limited colonization at high elevations. Biotic resistance, on the
other hand, considerably reduced invasibility, even at the highest
elevation and in the most exposed community type, where small
vegetation gaps resulted in much higher seedling establishment.
Our data thus suggest that, even in a harsh subarctic climate,
biotic resistance might be more important than abiotic stress for
community invasibility. Further, we found that biotic resistance
depended more on vegetation structure and species composition
than on community productivity or diversity, showing that species-poor communities are not necessarily easier to invade.
Our data suggest that altitude is not a strong limiting factor
for colonization and invasion in subarctic tundra and therefore,
given the influx of new (alien or native) seeds, significant changes
in community composition and ecosystem functioning can be
expected at high elevations in subarctic regions.
New Phytologist (2013) 197: 1002–1011
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