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Abstract
Environmental gradients are caused by gradual changes in abiotic factors, which af‐
fect species abundances and distributions, and are important for the spatial distribu‐
tion of biodiversity. One prominent environmental gradient is the altitude gradient. 
Understanding ecological processes associated with altitude gradients may help us to 
understand the possible effects climate change could have on species communities. 
We quantified vegetation cover, species richness, species evenness, beta diversity, 
and spatial patterns of community structure of vascular plants along altitude gradi‐
ents in a subarctic mountain tundra in northern Sweden. Vascular plant cover and 
plant species richness showed unimodal relationships with altitude. However, species 
evenness did not change with altitude, suggesting that no individual species became 
dominant when species richness declined. Beta diversity also showed a unimodal 
relationship with altitude, but only for an intermediate spatial scale of 1 km. A lack of 
relationships with altitude for either patch or landscape scales suggests that any alti‐
tude effects on plant spatial heterogeneity occurred on scales larger than individual 
patches but were not effective across the whole landscape. We observed both 
nested and modular patterns of community structures, but only the modular patterns 
corresponded with altitude. Our observations point to biotic regulations of plant 
communities at high altitudes, but we found both scale dependencies and inconsist‐
ent magnitude of the effects of altitude on different diversity components. We urge 
for further studies evaluating how different factors influence plant communities in 
high altitude and high latitude environments, as well as studies identifying scale and 
context dependencies in any such influences.
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1  | INTRODUC TION

Environmental gradients, gradual changes in abiotic factors which 
affect species abundances and distributions, can be very import‐
ant for the spatial distribution of biodiversity (Gaston, 2000). 
Studies which focus on quantifying biodiversity along environ‐
mental gradients are important for improving our understanding 
of how species communities respond to local environmental con‐
ditions (Whittaker, Willis, & Field, 2001), and can also be infor‐
mative for our understanding of how species communities evolve 
(Emerson & Gillespie, 2008). Many environmental gradients are 
linked to primary productivity through access to water and net 
influx of energy (Hawkins et al., 2003). For instance, the latitude 
gradient along which species richness decreases from the tropic 
to polar regions is largely thought to be caused by primary pro‐
ductivity (Currie, 1991), although alternative explanations, such as 
species–area relationships or geometric constraints, exist (Willig, 
Kaufman, & Stevens, 2003).

It has long been recognized that species richness shifts in pre‐
dictable ways with increasing altitude in a wide range of organisms 
(Lomolino, 2001). As with other environmental gradients, under‐
standing the ecological processes associated with altitude gradi‐
ents can be fundamental for our ability to develop and test more 
general theories regarding spatial biodiversity patterns (Brown, 
2001). Mountains are also interesting from a fragmentation per‐
spective (Steinbauer et al., 2016), since they are surrounded by 
areas of lower elevations and hence can be regarded as a special 
case of ecological islands (MacArthur, 1972). High altitude en‐
vironments are, like other areas with extreme climates, also ex‐
pected to experience larger biotic effects of global warming than 
temperate areas (Beniston, 2003; Grabherr, Gottfried, & Pauli, 
1994). However, although abiotic factors such as temperature and 
precipitation predictably change with altitude (Currie et al., 2004), 
the corresponding change in biodiversity is not as uniform and 
we currently have a limited understanding of how altitude influ‐
ences biodiversity across different spatial and taxonomic scales 
(Rahbek, 2005).

Arctic plants face several growth constraints caused by envi‐
ronmental conditions, many of which mimic the constraints faced 
by plants in high‐alpine environments (Billings & Mooney, 1968). 
Subsequently, in arctic conditions, any altitude‐mediated effects on 
diversity are expected to be amplified, with a subsequent accentua‐
tion of the altitude diversity gradient (Chapin & Körner, 1995). This 
is particularly relevant in the face of ongoing climate change, which 
is occurring twice as fast in the Arctic than as in many other environ‐
ments (Anasimov et al., 2007). Growth, reproduction, seedling devel‐
opment and survival are hampered by persistent snow cover during 
winter and by low temperatures, reduced period for growth and 
low availability of soil nutrients during summer (Bliss, 1956, 1971; 
Sørensen, 1941; Wilson, 1996). However, although many of these 
constraints may be released by a warmer climate, altitude variation 
of plant diversity at high latitudes is complex with multiple drivers, 
many which occur at very local scales (Callaghan et al., 2013).

Whittaker (1960) proposed a partitioning of diversity into alpha, 
beta, and gamma components, which describes patterns of diver‐
sity from very local (alpha) to landscape (gamma) scales. Although 
these spatial diversity components describe variation within and 
among biological communities, they do not fully describe patterns 
of species distributions across time and space (Dalerum, de Vries, 
Pirk, & Cameron, 2017). For instance, both spatially nested and 
modular species distributions could theoretically result in similar 
values of all three diversity components compared to antinested 
or completely random patterns of variation. Since both nested 
and modular patterns of the spatial distributions of species may 
be highly relevant for ecosystem properties and our management 
of them (Bastolla et al., 2009; Patterson & Atmar, 1986), metacom‐
munity structure has become a central component of modern com‐
munity ecology (Leibold et al., 2004). In a fully nested pattern of 
species distributions, all species that are present in species‐poor 
locations are also present in species‐rich ones (Galeano, Pastor, 
& Iriondo, 2009). In reality, fully nested patterns are rare, but 
communities in which species‐rich locations contain more unique 
species than species‐poor ones are commonly observed (Wright, 
Patterson, Mikkelson, Cutler, & Atmar, 1998). Modularity describes 
the extent to which species interactions are clustered so that spe‐
cies are more ecologically associated within than across modules. 
It is expected to be an important property of ecological commu‐
nities (Olesen, Bascompte, Dupont, & Jordano, 2007). In a spatial 
context, modular distribution structures are the consequence of 
species turnover (Baselga, 2010), which has been suggested as 
important for biodiversity maintenance (Chesson, 2000). Since, 
modular structures represent fundamentally different processes 
behind community structuring compared to nestedness (Williams, 
1996), it is important to evaluate the relative prevalence of each 
structure for a complete understanding of spatial variation in di‐
versity (Gaston & Blackburn, 2000).

In this study, we quantified how vegetation cover, species 
richness, species evenness, and beta diversity of vascular plants 
changed along altitude gradients in a subarctic mountain tundra 
in northern Sweden. We also tested for nested and modular pat‐
terns of community composition, and if these corresponded to 
altitude. Such quantifications of how biodiversity shifts with al‐
titude are paramount for our ability to form testable hypothesis 
regarding the processes underlying spatial biodiversity variation 
(Dalerum, Retief, Havemann, Chimimba, & Rensburg, 2019). At 
northern latitudes, with the amplified effects of global warm‐
ing (Anasimov et al., 2007), mechanistic understanding is par‐
ticularly important for our abilities to manage ecosystems under 
environmental change (Waide et al., 1999). However, we would 
like to highlight that this study focuses on quantifying patterns 
of biodiversity change rather than trying to relate any shifts in 
biodiversity to potential drivers. We have chosen this approach 
since we believe that a proper identification of ecological pat‐
terns is necessary before any mechanistic hypotheses are de‐
veloped to test the underlying processes behind such patterns 
(Dalerum, 2012). Although intuitive, a monotonic decline in 
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species richness and diversity with increasing altitudes is not ge‐
nerically supported by empirical observations (Colwell & Lees, 
2000). Instead, both a hump‐shaped relationship between alti‐
tude and species richness, with a maximum diversity at midal‐
titudes and a pattern with essentially constant diversity from 
low to midaltitude followed by a strong decline at the highest 
elevations have also been observed (Rahbek, 1995). However, 
patterns of community composition have not yet been quanti‐
fied. Hence, it is unclear to what extent alterations in species 
communities with varying altitudes are caused by species turn‐
over, which would generate modular patterns, or a dilution of 
species that are poorly adapted to specific altitude bands, which 
may give rise to nested or partially nested patterns of community 
composition.

2  | METHODS

2.1 | Study area

We collected field data on mountains west and southeast of the 
Abisko Scientific Research Station (ANS), which is located ap‐
proximately 200 km north of the Arctic circle (68°21′N, 18°49′E, 
Figure 1a). The area is dominated by glacial valleys and mountains up 
to 1,750 m above sea level (Klaus, Becher, & Klaminder, 2013), with 
the tree line occurring at approximately 650 m (Dahlberg, Berge, 
Petersson, & Vencatasawmy, 2004). Climate is varied with a mari‐
time influence from the west and a continental influence from the 
east (Klaus et al., 2013). The subalpine vegetation is dominated by 
mountain birch. Woodlands are characterized by heath with a field 

F I G U R E  1  A map of the study area including the transect locations and the Abisko scientific research station (a), and a schematic outline 
of the sampling transects (b). Time and weather constraints prevented us from sampling the highest elevation at the southeast mountain, 
which subsequently only contained three transects
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layer dominated by dwarf shrubs. Herb‐rich, meadow‐type forests 
occur in areas of moving groundwater and are often dominated by 
broad‐leaf grasses and tall herbs (Callaghan, Carlsson, & Svensson, 

1996). Above the tree line, vegetation consists of a mixture of diverse 
plant communities, including cushion plant communities character‐
ized by Saxifraga oppositifolia, dwarf shrub communities consisting 
of Betula nana as well as different Salix and Vaccinium species, and 
heath communities mainly consisting of Juncus, Carex, and various 
grass (Poaceae) species (Callaghan et al., 1996).

The mean annual temperature at Abisko increased between 
1913 and 2006, with a mean annual temperature of 0.06°C during 
2006 and mean monthly temperatures ranging from −10.8°C in 
January to +11.7°C in July (Callaghan et al., 2010). The mean annual 
precipitation for the same time period was 305 mm, with monthly 
precipitation ranging from 11.5 mm in April to 50.7 mm in July. From 
around 24th May until 20th July, the time period incorporating the 
majority of the fieldwork, the sun does not set (Bäckman, Karlsson, 
& Alerstam, 2015).

2.2 | Field data collection

Field data were collected during July 2016 along 11 pre‐identified 
1 km transect lines distributed across 3 mountains (Figure 1a). Each 
transect was placed within one of four elevation bands, 700–900 m, 
900–1,100 m, 1,100–1,300 m and >1,300 m. Each mountain had 
one transect within each elevation band. However, due to time and 
weather constraints, we could not sample the highest elevation 
transect on one mountain. The transects were placed so they had 
minimal altitude variation among the sample stations (mean SD for 
all transects 15.6 m, range 6.3–28.8 m). In addition, we placed the 
transects so that they avoided lakes and rivers to minimize logistic 
difficulties, and to not be influenced by footpaths, trails, or other 
human infrastructure.

The 1 km long transects consisted of five sample stations spaced 
250 m apart. At each of the five stations, a 25 × 25 m square was 
placed. At each of the four corners and the center point of the square, 
we placed a 1 m2 sample plot (Figure 1b). A visual estimation of the 
total percentage of vegetation cover was noted for each plot, and we 
identified all vascular plants to species level if possible. We used a 
modified version of the ITEX (International Tundra Experiment) com‐
munity baseline monitoring protocol to quantify the relative abun‐
dance of species within our plots (Walker, 1996). Within each plot, 
we placed a grid of 100 10 × 10 cm cells from which 20 random cell 
intersections were selected as sample points. The 20 intersections 
were combined with each corner and the center of each grid for a 
total of 25 sample points for each plot, amounting to 125 for each 
station and 625 for each 1 km transect. At each intersection, we 
placed an upright stick and counted any plant that was touching it.

We identified plants to species level in the field if possible. 
However, when field identification was not possible, we brought rep‐
resentative specimens back to the station to compare with a refer‐
ence collection. Despite these efforts, 6.6% of the individual plants 
could only be identified to genus (99 out of 1,491 taxonomic identifi‐
cations). These are outlined in detail in Supporting Information Table 
S1 and were distributed across all three mountains and occurred in 
10 out of the 11 transects.

F I G U R E  2  Vascular plant cover (%, a), species richness (b), and 
species evenness (c) in 1 m2 plots at varying altitudes. The plots 
were clustered in groups of five, representing one sample station, 
which were distributed across 11 transects located at different 
altitudes. Each point represents the average of the five 1 m2 plots 
within each station, and the red hashed lines present significant 
quadratic relationships between altitude and % vascular plant cover 
(a) and species richness (b). There were neither significant linear nor 
quadratic relationships between altitude and species evenness



     |  4787NAUD et al.

2.3 | Data analysis

We used the visually estimated percentage cover in each 1 m2 plot 
as an indicator of vascular plant cover and the number of identified 
species in each 1 m2 plot as an indicator of vascular plant species 
richness. We used the number of times each species was observed 
in the cell intersections as an indicator of the relative community 
composition of vascular plant species. We pooled all intercepts for a 
whole station, that is, for five 1 m2 plots, since we got too few spe‐
cies intercepts in individual plots to accurately quantify the relative 

abundance of different species. We used a scaled Shannon diver‐
sity index as an estimate of species evenness within each station 
(Tóthmérész, 1998). This index provides a measure of evenness in 
relative species abundances, and has been regarded as appropriate 
for biodiversity quantifications (Jost, 2006). For ease of interpreta‐
tion, we scaled the index so that a value of 1 represented complete 
evenness and a value of 0 a community with only one species.

In accordance with Anderson, Ellingsen, and McArdle (2006), we 
used the average dissimilarity between each plot and relevant group 
centroids (see below) as an index of beta diversity. This measure has 
been regarded as appropriate to measure beta diversity across and 
along gradients (Anderson et al., 2006). We calculated the group 
centroids in several steps and for three spatial scales. First, we used 
a binary Bray–Curtis dissimilarity to create a pairwise distance ma‐
trix describing the difference in binary community compositions 
among stations. We then used this distance matrix to calculate the 
differences between each plot and three centroids representing 
three spatial scales, (a) the sample station, representing beta diver‐
sity on a very local (25 × 25 m) scale, (b) transect, representing beta 
diversity on a local (1 km) scale, and (c) among all plots within the 
same altitude band, representing beta diversity on the same altitude 
at a landscape scale. To enable the use of a dissimilarity metric that 
does not satisfy triangle inequality, the pairwise distances were first 
converted into principal coordinate space prior to calculation of 
Euclidean distances (Anderson et al., 2006).

We used mixed linear models to evaluate the effect of altitude 
on percentage cover of vascular plants and species evenness. In 
the model on cover, we used the logit transformed proportion of 
cover in each plot as the response variable (Warton & Hui, 2011), 
and in the model on species evenness we used the scaled Shannon 
index. We used a generalized mixed linear model with a log‐link 
function and a Poisson error structure to evaluate the effect of al‐
titude on species richness. This model had the raw number of spe‐
cies per plot as the response variable. We used station nested in 
transect and mountain as a random effect structure for the models 
on cover and species richness and transect nested in mountain as 
a random effect structure for the model on species evenness. To 
evaluate potential nonlinearity in the relationships, we evaluated 
both linear and quadratic relationships between each response 

F I G U R E  3  Vascular plant beta diversity at a local 25 m scale 
(a), at a 1 km transect scale (b) and at a 20–30 km landscape 
scale (c) at different altitudes, as well as a significant quadratic 
relationship between altitude and beta diversity at the transect 
scale (b). There were no significant relationships between beta 
diversity and altitude for either the local or the landscape scales. 
Beta diversity was estimated as the Euclidean distance from 1 m2 
plots to the multidimensional centroids of all plots within a sample 
station (i.e., five plots clustered within a 25 × 25 m2square, a), of 
all plots along a transect of five sample stations (distributed across 
1 km on a common altitude, b) and of all plots within each of four 
(700–900 m.a.s.l, 900–1,100 m.a.s.l., 1,100–1,300 m.a.s.l. and 
over 1,300 m.a.s.l.) altitude band across the whole Abisko area 
(approximately 40 km × 40 km) (c)
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variable and altitude. We used likelihood ratio tests to evaluate 
if the increased complexity of the quadratic relationship signifi‐
cantly improved the model fit.

We similarly used mixed linear models to evaluate the effects of 
altitude and spatial scale on beta diversity. We used the Euclidean 
distance between each plot and the relevant centroid as response 
variable. We fitted two models, one using a linear relationship be‐
tween beta diversity and altitude and one where we also introduced 
a quadratic term. In both models, we added the type of centroid (i.e., 
station, transect, or landscape) and the two‐way interaction be‐
tween type of centroid and the altitude covariates as fixed effects. 
We used Tukey posthoc contrast to evaluate pairwise differences 
in beta diversity among the different spatial scales, and we evalu‐
ated effects of altitude within each scale using subset models. For 
all models, we added station nested in transect and mountain as a 
random effect structure.

We measured nestedness using the deterministic NODF 
(nestedness metric based on overlap and decreasing fill) algo‐
rithm (Almeida‐Neto, Guimaraes, Guimarães, Loyola, & Ulrich, 
2008) and modularity using Barber's Q metric based on the 
BRIM (Bipartite Recursively Induced Modules) algorithm (Barber, 
2007). The NODF index can range between 0 (indicating no 
nestedness) and 100 (indicating perfect nestedness), but is de‐
pendent on matrix fill so that appropriate interpretations rely 
on comparisons with appropriate null models (Almeida‐Neto et 
al., 2008). Barber's Q is a bipartite extension to Newman and 
Girvan's (2004) initial concept of network modularity and is 
similarly to the NODF index relying on null models for proper 
interpretation. It has been suggested as a powerful method for 
identifying spatial modularity in species distribution (Dallas, 
2018). Both nestedness and modularity analyses were con‐
ducted on binary species presence matrices with the 1 m2 plots 
as rows and the plant species as columns. We calculated sepa‐
rate values of both nestedness and modularity for all transects 

pooled as well as for each individual mountain. For both of these 
scales, we calculated nestedness and modularity based on an op‐
timal sorting of rows and columns. For nestedness, we sorted 
the plots based on species richness and species based on abun‐
dances (Ulrich, Almeida‐Neto, & Gotelli, 2009). For modularity, 
we sorted plots and species based on respective plot and species 
scores derived from reciprocal averaging (Hill, 1973). To enable 
a direct quantification of the effect of altitude on community 
organization, we also calculated nestedness and modularity val‐
ues based on matrices where the plots were sorted based on the 
corresponding altitude (Dalerum et al., 2017). For modularity, we 
also constructed a matrix where plots were sorted by altitude 
within each mountain. We compared our observed values of 
nestedness and modularity to random expectations using 1,000 
randomised matrices based on a null model algorithm that pre‐
serves species frequencies (Jonsson, 2001). We evaluated each 
observed value of nestedness and modularity against the null 
model expectations using a simple Z‐score conversion.

Statistical analyses were conducted in the statistical environ‐
ment R version 3.4.4 for Linux (http://www.r-project.org) using the 
user‐contributed packages vegan (Oksanen et al., 2018), emmeans 
(Lenth, 2018), metacom (Dallas, 2018), and lme4 (Bates, Maechler, 
Bolker, & Walker, 2015).

3  | RESULTS

We identified a total of 139 plant species from 68 genuses 
(Supporting Information Table S1). For both %, a quadratic relation‐
ship with altitude provided a significantly better fit than a linear one 
(cover χ2 = 4.44, df = 1, p = 0.035; species richness: χ2 = 13.65, df = 1, 
p < 0.001), with a peak in % cover at 800–900 m.a.s.l. (Figure 2a) 
and in species richness at approximately 1,000 m.a.s.l. (Figure 2b). 
The equations for both % cover (β = −3.80 × 10−6, SEb = 1.70 × 10

−6, 

TA B L E  1  Observed and expected values of the NODF index of spatial nestedness and Barber's Q index of spatial modularity for 
optimally sorted matrices, where the plots were sorted by species richness for nestedness and by the rank order derived from reciprocal 
averaging for modularity, as well as matrices where plots were sorted by altitude and by altitude within mountains, as well as associated Z 
statistics

Transects Sorting of plots

Nestedness (NODF) Modularity (Q)

Obs Exp Z p Obs Exp Z p

All Optimal 20.10 17.27 7.64 <0.001 0.33 0.22 10.7 <0.001

Altitude 12.66 17.27 −2.43 <0.001 0.33 0.22 9.92 <0.001

Altitude within 
mountain

0.33 0.22 9.92 <0.001

AB01–AB04 Optimal 24.30 21.70 3.09 0.001 0.32 0.28 6.23 <0.001

Altitude 16.11 21.70 −6.65 <0.001 0.32 0.28 6.23 <0.001

AB05–AB08 Optimal 20.47 18.49 3.18 0.001 0.38 0.26 10.6 <0.001

Altitude 16.02 18.49 −3.94 <0.001 0.38 0.26 9.05 <0.001

AB09–AB11 Optimal 19.00 16.63 5.27 <0.001 0.38 0.26 9.51 <0.001

Altitude 14.28 16.64 −5.21 <0.001 0.38 0.26 9.37 <0.001

http://www.r-project.org
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p = 0.029) and species richness (β = −7.00 × 10−6, SEb = 1.60 × 10
−6, 

p < 0.001) contained significant quadratic terms, but only the equa‐
tion for species richness contained a significant linear term (% cover: 
β = −5.90 × 10−3, SEb = 3.74 × 10

−3, p = 0.122; species richness: 
β = 1.43 × 10−2, SEb = 3.49 × 10

−3, p < 0.001). There was no signifi‐
cant linear relationship between Shannon evenness and altitude 
(β = −1.26 × 10−5, SEb = 6.63 × 10

−5, p = 0.854), and a quadratic term 
did not provide a significantly better fit (χ2 = 0.01, df = 1, p = 0.938, 
Figure 2c).

The quadratic relationship provided a significantly better fit than 
the linear one between beta diversity and altitude (χ2 = 9.06, df = 1, 
p = 0.029). However, there was a significant interaction between 
the quadratic term of altitude and spatial scale (F = 9.06, df = 2,696, 
p = 0.027), with a significant quadratic term for the transect scale 
(β = −7.20 × 10−7, SEb = 3.00 × 10

−7, p = 0.046, Figure 3b) but not for 
the station (β = 2.00 × 10−7, SEb = 3.00 × 10

−7, p = 0.490, Figure 3a) 
or the landscape scales (β = 2.30 × 10−7, SEb = 3.00 × 10

−7, p = 0.398, 
Figure 3c). The linear terms were not significant for any of the three 

F I G U R E  4   Image representations of 
binary matrices representing presence 
or absence of plant species (columns) 
within each 1 m2 sample plot (rows) for 
all transects pooled as well as for each 
of three sampled mountains separately, 
sorting plant species based on their 
abundance and sorting sites for optimal 
nestedness based on species richness (a), 
and on altitude (b)



4790  |     NAUD et al.

spatial scales (station: β = −5.41 × 10−4, SEb = 6.64 × 10
−5, p = 0.420; 

transect: β = 1.51 × 10−3, SEb = 7.75 × 10
−4, p = 0.058; landscape: 

β = 4.64 × 10−4, SEb = 6.08 × 10
−4, p = 0.450). Across all altitudes, 

vascular plant beta diversity at the station scale was smaller than for 
both transect (mean difference = 0.17, t = 9.21, df = 696, p < 0.001) 

and landscape (mean difference = 0.22, t = 11.99, df = 696, p < 0.001) 
scales, and beta diversity at the transect scale was smaller than for the 
landscape scale (mean difference = 0.05, t = 2.77, df = 696, p = 0.015).

Community composition consistently showed a more nested 
pattern than random expectations (Table 1), both for all mountains 

F I G U R E  5   Image representations of binary matrices representing presence or absence of plant species (columns) within each 1 m2 
sample plot (rows) for all transects pooled as well as for each of three sampled mountains separately, sorting plant species based on their 
reciprocal averaging scores and sorting sites based on reciprocal averaging scores for optimal modularity (a), altitude (b) and altitude within 
each mountain (c)



     |  4791NAUD et al.

pooled as well as for each mountain separately (Figure 4a). However, 
this nestedness did not follow the altitude gradient (Figure 4b), with 
the altitude sorted matrices both for the full data set and for each 
separate mountain exhibiting less nestedness than expected by the 
null model (Table 1). There was also evidence for a modular pattern 
of community composition (Table 1), both for all areas pooled and 
for each separate mountain (Figure 5a). Contrarily to nestedness, 
the modular pattern was still evident when sorting plots based on 
altitude, with both the altitude sorted matrices and the full matrix 
with altitude sorted within each mountain (Table 1). The modular 
pattern along altitude was particularly evident for individual moun‐
tains (Figure 5b), and less so for the matrix sorted by altitude within 
mountains (Figure 5c).

4  | DISCUSSION

Both vascular plant cover and species richness declined with al‐
titude, but contrary to some observations (Ah‐Peng et al., 2012; 
Larjavaara & Muller‐Landau, 2012), our study did not suggest that 
such declines were monotonic. Instead, our study agrees with 
previous findings of unimodal relationships between altitude and 
vascular plant species richness (Bruun et al., 2006; Grytnes, 2003; 
Rahbek, 1995). Such relationships have been suggested as the 
consequence of productivity associated competitive exclusions at 
lower altitudes (following from Rosenzweig, 1971) and productiv‐
ity‐related dilutions of regional species pools at higher altitudes 
(Huston, 1999). Despite the observed declines in vegetation cover 
and species richness, we did not observe an associated decline in 
species evenness, so that that not one species appears to have be‐
come dominant as species communities became diluted at higher 
altitudes. Although this result partly could have been caused by 
a declining species pool at higher altitudes (Dalerum et al., 2017), 
our observations support suggestions of strong abiotic regulation 
of plant diversity at higher altitudes (Sang, 2009), coupled with 
relaxed competition (Bruun et al., 2006). Since global warming is 
likely to release some of the abiotic constraints (Parmesan & Yohe, 
2003), our results highlight that high altitude plant communities are 
likely to change dramatically under credible climate change scenar‐
ios. Such shifts have already been observed (Gottfried et al., 2012; 
Pauli et al., 2012), but are likely to be unpredictable due strong in‐
teractions between biotic and abiotic regulation of plant communi‐
ties (Wilson & Nilsson, 2009).

We found a predicted scale dependency of beta diversity, with 
the patch scale (sample station) having lower beta diversity than 
the intermediate (transect) or landscape scales, and the interme‐
diate scale having lower beta diversity than the landscape scale. 
These results contradict observations pointing to a strong impor‐
tance of local characteristics and processes for shaping biodiver‐
sity patterns in plants (Marini, Scotton, Klimek, & Pecile, 2008) and 
invertebrates (Dalerum et al., 2019, 2017), and instead suggest that 
broad‐scale environmental variation may have been more import‐
ant for the spatial heterogeneity of plant communities than patch 

level characteristics. Although local characteristics such as snow 
cover (When, Lundemo, & Holten, 2014), soil and topographic 
properties (Marini, Scotton, Klimek, Isselstein, & Pecile, 2007), and 
geological substrate (Trigas, Tsiftsis, Tsiripidis, & Iatrou, 2012) all 
influence local plant communities, the magnitude of effects of local 
conditions may be dictated by constraints set by landscape charac‐
teristics. Hence, it is important to recognize that factors at various 
scales are not acting in isolation, but have synergetic effects which 
may include the interactions with other plants (Godsoe, Jankowski, 
Holt, & Gravel, 2017; Grassein, Lavorel, & Till‐Bottraud, 2014; 
Tilman, 2004), symbionts (Gardes & Dahlberg, 1996) and with her‐
bivores (Austrheim & Eriksson, 2001).

We also observed scale dependence in the relationship between 
altitude and beta diversity, with a unimodal relationship between al‐
titude and beta diversity only for the intermediate (transect) scale. 
This relationship corresponded to the relationship between altitude 
and species richness, with an increased spatial heterogeneity of 
plant communities at lower altitudes and a spatial homogenization 
at higher ones. Hence, at this spatial scale, spatial heterogeneity 
appears to, at least partly, be maintained by the available species 
pool and subsequently by local variations in species deletions from 
this available pool. However, the lack of an altitudinal change in beta 
diversity at either patch or landscape scales suggests that the pro‐
cesses that generate spatial heterogeneity across altitude occur at 
spatial scales larger than our 25 × 25 m sample stations, and that 
there was no general factor homogenizing plant communities across 
our three mountains. This latter observation contradicts findings of 
spatial homogenization at high altitudes, caused by upward shifts 
in ubiquitous alpine species altitudes (Jurasisnski & Kreyling, 2007; 
Odland, Hoitomt, & Olsen, 2010).

We observed both nested and modular community structures, 
but only the modular structures appeared to correspond to shifts 
in altitude. This latter result highlights that the main driver behind 
altitude variation in plant communities appear to have been species 
turnover, with species assemblages specific for each section along 
the altitude gradient. Such structuring could be caused by both 
ecologic constrains limiting individual species occurrences, phyloge‐
netic constraints associated with adaptations to local conditions, or 
a combination of the two (Graham et al., 2014). In contrast to mod‐
ularity, the composition of plant species communities appears to 
have been nested according to factors not associated with altitude, 
such as for instance soil characteristics, hydrology, and light regime 
(Körner, 2003). This combination of nested and modular structures 
highlights the need for further studies evaluating how altitude ef‐
fects are influenced by spatial scales as well as context‐dependent 
processes (Callaghan et al., 2013).

We acknowledge some caveats with this study. First, our 
imperfect taxonomic identification, where we did not have all 
plants identified to species level in all the cases, could have in‐
fluenced both plant species richness and estimates of species 
evenness and beta diversity. However, only a small portion of the 
identified plants were not resolved to species level, and these 
were distributed across all sampled mountains and occurred 
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in almost all transects. Hence, we suggest that our imperfect 
taxonomic identification may have had limited effects on the 
identified community patterns. Second, the study had a limited 
number of sample sites across only three elevation gradients. 
The geological structure of the Abisko area is complex, with a 
great spatial variation in the locally prevailing bedrock and in 
the geological substrate (Kozlowska & Raczkowska, 2002). This 
variation has likely influenced plant communities and generated 
hotspots of species richness at high altitudes, including unique 
endemic flora (Trigas et al., 2012). Although we did not strat‐
ify our sampling by geological substrate, we took great care in 
not biasing the transects with regards to geology. Subsequently, 
we argue that our results are not biased and that any spatial 
variation caused by substrate variation only has influenced the 
precision in our estimates of altitude effects on vascular plant 
communities. Finally, our analyses only contain taxonomic di‐
versity, which has been suggested as a crude proxy for more 
functional and evolutionary relevant measurements of species 
variations (Dalerum, 2013).

To conclude, we found unimodal relationships between altitude 
and vascular plant cover and plant species richness, but altitude 
had little effect on plant species evenness. A unimodal relationship 
between altitude and beta diversity at the transect scale suggested 
a spatial homogenization at higher altitudes, but a lack of relation‐
ships with altitude for either the station or landscape scales sug‐
gests that altitude effects on plant spatial heterogeneity occurred 
on scales larger than individual patches but were not effective 
across the whole landscape. We found both nested and modular 
patterns of species distributions, but only the modular patterns 
corresponded to the altitude gradient. Overall, our observations 
supported biotic regulations of plant communities at high altitudes 
in this subarctic tundra, but strong scale dependencies and incon‐
sistent magnitude of the effects of altitude on different compo‐
nents of the taxonomic diversity of vascular plants highlight the 
need for further studies evaluating how different drivers influence 
biodiversity in high altitude and high latitude environments, as well 
as studies identifying scale and context dependencies in the ef‐
fects of such drivers.
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