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ABSTRACT

Shrubs are expanding across the cold ecosystems of our planet with potentially profound consequences for their biodiversity
and functioning. However, evidence is still strongly biased towards the Arctic tundra, while a large-scale assessment of shrub
expansion in alpine areas above the elevational treeline is missing so far. Here we quantified shrub cover changes over the past

two decades in 576 permanent plots of 1 m? spread across the alpine vegetation belt of Europe's major mountain chains. Total

shrub cover clearly increased in the plots with an average rate of about 2.6% per m? per decade (95% CI=1.9%-3.4%), and this

expansion was more pronounced for evergreen (2.0% per m? per decade, CI=1.3%-2.7%) than for deciduous species (1.7% per m?
per decade, C1=0.9%-2.4%). The magnitude of individual species' cover shifts was positively associated with their plant height,
but negatively with their leaf nitrogen content and light affinity. In sum, we show that shrub expansion is a widespread phenom-
enon also in the alpine zone of European mountains, with potentially far-reaching consequences for alpine plant dynamics, soil

microclimates, snow patterns, carbon cycling, food chains and livelihoods.

1 | Introduction

Arctic and alpine environments are experiencing profound
changes in biodiversity in response to contemporary climate
change (Mekonnen et al. 2021; Pepin et al. 2022; Rantanen
et al. 2022; Gonzélez-Herrero et al. 2024; Garcia Criado, Myers-
Smith, et al. 2025), including the widespread expansion of
shrubs across these cold and sparsely vegetated ecosystems.
This phenomenon of shrub encroachment or shrubification is
multifaceted, with shrub species experiencing local increases in
height and cover (Forbes et al. 2010; Bjorkman et al. 2018a), lo-
cally filling in gaps between existing patches or expanding into
new areas (Sturm et al. 2001; Chapin IIT et al. 2005; Myers-Smith

et al. 2011). Paleo-ecological evidence indeed reveals shrub en-
croachment of the Arctic tundra during the Last Interglacial
and Holocene post-glacial period, indicating that rising tem-
peratures under climate change are likely the key driving fac-
tor of recent shrub expansion at higher latitudes (Birks 2008;
Hallinger et al. 2010; Formica et al. 2014; Carlson et al. 2017;
Crump et al. 2021). This conjecture is corroborated by an array
of field experiments reporting a marked increase in shrub per-
formance in artificially warmed plots across tundra ecosystems
(Walker et al. 2006; Elmendorf et al. 2012; DeMarco, Mack,
Bret-Harte, Burton, and Shaver 2014; Bjorkman et al. 2020). In
addition to climatic changes, however, the progressive abandon-
ment of century-old livestock grazing practices during the past
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few decades may have reinforced the encroachment by woody
plants into sparsely vegetated Arctic environments (Améztegui
et al. 2010).

In high-elevation areas, shrub encroachment as a result of warm-
ing temperatures and/or the abandonment of farming grounds
and lifestock pastures has also been documented, for exam-
ple, across the European Alps (Dullinger et al. 2003; Cannone
et al. 2007, 2022; Malfasi and Cannone 2020), the Mediterranean
Apennines (Palombo et al. 2013; Calabrese et al. 2018; De Toma
et al. 2025) and the Scandes (e.g., Kullman 2004, 2010; Vowles
et al. 2017; Vanneste et al. 2017) and the Scottish Highlands (e.g.,
Britton et al. 2009). The European Alps, in particular, have ex-
perienced intense greening above the tree line since the 1980s
(Rumpf et al. 2022), a trend visible from space and which seems
to be in tandem with increased shrub productivity and cover
(Choler et al. 2021). Yet, considerable disparities exist among
studies, species and regions, with shrub encroachment in the
European Alps being chiefly driven by late-successional species
(e.g., of the genera Empetrum, Juniperus, Kalmia, Rhododendron,
Vaccinium) and in the Apennines mainly byJuniperus communis
and Pinus mugo, while in the Scandes pioneer deciduous shrubs
of the genera Alnus, Betula and Salix were found to expand.
Besides deciduous shrubs, some studies (e.g., Klanderud and
Birks 2003; Vuorinen et al. 2017; Maliniemi et al. 2018) have also
reported vast increases of prostate evergreen shrub species such
as Empetrum nigrum across high-latitude alpine sites. Most evi-
dence is, however, still coming from smaller study areas calling
for a more systematic, large-scale assessment of shrub expan-
sion in alpine environments.

The potential ecological ramifications of shrub expansion above
and beyond the treeline are manifold, but marked differences
are found between tall deciduous and evergreen dwarf shrubs
(Vowles and Bjork 2019). The taller and denser deciduous shrub
canopies reduce surface albedo, accelerating spring snowmelt
(Sturm et al. 2005), but can also trap more snow during winter,
which acts as insulation and locally increases soil temperatures
(Myers-Smith and Hik 2013). The latter can, in turn, accelerate
winter and summer nitrogen mineralisation rates, litter decom-
position, and winter respiration (DeMarco et al. 2011, Vowles
and Bjork 2019), while the deciduous plant litter typically de-
composes more easily, hence also speeding up carbon turnover
rates (DeMarco, Mack, and Bret-Harte 2014). Furthermore, the
taller canopies of deciduous shrubs can outcompete the smaller,
light-demanding alpine specialist plants or other groundcover
taxa such as lichens and bryophytes by shading (Vanneste
et al. 2017), negatively impacting local species richness (Walker
et al. 2006; Pajunen et al. 2011; Garcia Criado, Myers-Smith,
et al. 2025). Evergreen dwarf shrubs, on the other hand, tend
to have more recalcitrant leaf litter, which decomposes slowly,
thereby decelerating nutrient cycling and promoting the long-
term build-up of soil carbon stocks (Serensen et al. 2018). In
order to understand the complex feedbacks related to shrub en-
croachment, as well as the consequences for alpine biodiversity
and ecosystem functioning, we need a comprehensive overview
of both deciduous and evergreen shrub cover changes using
long-term observational data across large spatial scales.

Plant functional traits provide mechanistic insights into the
relationships between species and their environment (Violle

et al. 2007; Bruelheide et al. 2018). In particular, traits related to
growth, resource acquisition and dispersal such as plant height
at maturity, specific leaf area (SLA), seed mass and leaf stoichi-
ometry (cf. Westoby 1998) have been widely used to study plant
responses to changing climatic conditions (Diaz et al. 2022),
as well as the variation in life-history strategies among species
(Adler et al. 2013; Salguero-Gomez et al. 2016). These traits are
generally also easy to measure and abundantly available in on-
line databases such as TRY (Kattge et al. 2020) and the Tundra
Trait Team (TTT) database (Bjorkman et al. 2018b). Since pro-
cesses such as competition, survival, reproduction and dispersal
determine a plant's performance and thus also the abundance it
can attain in a certain environment, it is expected that tempo-
ral cover changes could relate to species’ traits connected with
these processes (Myers-Smith et al. 2019; Visakorpi et al. 2023).
For instance, greater stature, SLA and leaf nitrogen (N) con-
centrations of plant species are typically associated with higher
competitive ability and resource acquisition, while lighter seeds
promote dispersal capacity and seed production (Hamilton
et al. 2005; Bruelheide et al. 2018). Hence, shrub species with
greater height, SLA and leaf N but lighter seeds could poten-
tially have undergone greater cover increases under a warming
climate (but see Garcia Criado et al. 2023). Besides average trait
values, trait variation within species (i.e., intraspecific trait vari-
ation; ITV) strongly matters, with greater ITV implying higher
genetic differentiation and phenotypic plasticity and thus more
opportunities for adaptation to changing environmental condi-
tions (Albert et al. 2011; Jonsdottir et al. 2023). However, func-
tional trait approaches have not yet been used to explain alpine
shrub species’ cover changes at a continental extent.

In addition to functional traits, ecological indicators reflecting
plant niche requirements can help to explain species-specific
responses to a changing environment (Diekmann 2003). These
indicators have been developed to describe a species’ niche op-
timum or niche width along gradients of major environmen-
tal conditions such as soil moisture, pH, and nitrogen as well
as light availability and thermal regime, and are thoroughly
supported by empirical measurements (Ellenberg et al. 1974;
Dengler et al. 2023). These environmental conditions are sub-
ject to change under a warming climate in alpine systems, in-
cluding changing soil temperature regimes (Marta et al. 2023),
alterations in edaphic conditions owing to eutrophication or
acidification (Lieb et al. 2011), transformation of snow patterns
(Dedieu et al. 2014; Blau et al. 2024), and shifting hydrological
and nutrient cycling rates (Pepin et al. 2022). As a result, spe-
cies with, for instance, a preference for higher temperatures may
have shifted their cover more than species adapted to colder
temperatures (Gottfried et al. 2012). The explanatory power of
ecological indicators for shrub species’ cover changes under a
changing climate has, however, not been evaluated so far.

Here we quantified shrub cover changes, both at plot and spe-
cies level, over the past two decades in 576 permanent plots
spread across the alpine zone of Europe's major mountain
chains. These plots are part of GLORIA (Global Observational
Research Initiative in Alpine Environments; https://gloria.ac.
at), which is the largest monitoring network of mountaintop
floras worldwide. All plots were surveyed at least twice be-
tween 2001 and 2022. Species-specific trait values related to
plant structure and resource economics as well as ecological
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indicators for major plant niche dimensions were compiled
and related to the plot-level abundance shifts. Besides average
trait values and niche optima, we also included ITV and niche
widths in our analyses. Specifically, we addressed the follow-
ing questions:

1. Has shrub cover, both deciduous and evergreen, increased
on European mountaintops over the past two decades?

2. Is this increase in cover over time uniform across shrub
species?

3. Can plant traits or niche optima explain the species-level
differences in cover changes over time?

4. Does higher trait variation or niche width of a species
imply a higher increase in its cover over time?

2 | Methods
2.1 | Shrub Cover Data

Data on percentage cover of individual shrub species were gath-
ered from a broad set of permanent plots across Europe's major
mountain chains. These plots are part of the GLORIA network,
a global and long-term monitoring program devoted to study-
ing the impact of climate change on our planet's alpine flora. We
used a subset of the European GLORIA dataset including the
18 mountain sites distributed across the Boreal, Temperate and
Mediterranean biomes with resurveys spanning at least 20years
(Figure 1a). Each mountain site consists of four summits spread
across an elevational gradient from subalpine grasslands near
the treeline up to the uppermost vegetation zone available. A
standardized setup of permanent plots is used on the mountain
summits, following the protocol of Pauli et al. (2015). Each sum-
mit contains 16 plots of 1 m?, arranged in four quadrat clusters of
3mx3m, of which the outer quadrats were surveyed. The quad-
rat clusters are positioned in the major cardinal directions (North,
East, South, West) at the 5-m contour line below the highest sum-
mit point (Figure 1b). Here, we focused on the two lowest summits
in each site only, given that the ecosystems near the treeline are
most strongly affected by shrub cover dynamics. This resulted in a
dataset of 36 mountain summits with 576 permanent plots in total
(see Table S1 for a complete list of summits).

Species-level data on the occurrence and abundance (i.e., visual
estimation of plant cover relative to the plot area) of all vascu-
lar plants were gathered from these plots at least twice over the
past two decades (average sampling interval between baseline
survey and last resurvey=20.5+0.9years). Our analysis here
focused exclusively on shrub species. In total, 66 different shrub
species were distinguished based on the classification by Plants
of the World Online (POWO; https://powo.science.kew.org, in-
cluding both categories ‘shrub’ and ‘subshrub’), which were sub-
sequently subdivided into deciduous (22 species) and evergreen
shrubs (44 species; see Table S2 for a complete shrub species list).
The total shrub cover, as well as the deciduous and evergreen
shrub cover, was calculated per plot as the sum of covers of all
individual species within the respective groups. We excluded all
shrub species with a total number of occurrences lower than 29
across the full dataset (i.e., less than 5% of the total plot count)

to avoid biases in the species cover shift calculations caused by
rare species, hence only retaining 31 shrub species of which 8
are deciduous and 23 evergreen (Table S2).

For each group (all shrubs combined, deciduous shrubs and ev-
ergreen shrubs) and for each species separately, the cover shift
over time was quantified as the plot-level log-response ratio of
percentage cover values in the baseline survey and the last re-
survey (Equation 1).

Clasl resurvey

In
Cbaxeline (1)

At

InRR =

With InRR representing the log-response ratio, Cjug reuney the
plot-level percentage shrub cover in the final resurvey, Cy e
the plot-level percentage shrub cover in the baseline survey, and
At the time difference (in years) between the baseline and final
resurvey. Notably, species absent from a plot in both surveys
(i.e., species X plot combinations with zero abundances at both
timepoints) were removed. Colonisations (i.e., species with zero
abundance in a plot at the baseline survey and X% abundance
with X>0% in the last resurvey) were handled as a full cover
increase (+X%). For computational reasons, 0.001% cover was
then added to the nominator. Extinctions (i.e., species present
in a plot with Y% abundance at the baseline survey but absent at
the last resurvey) were treated similarly.

2.2 | Trait Data

Species-specific trait values were compiled by combining re-
cords from the TRY 6.0 database (Kattge et al. 2020) with the
Tundra Trait Team database (TTT; Bjorkman et al. 2018a,
2018b). Data comprised only publicly available trait records. We
focused on four fundamental functional traits associated with
different key aspects of plant ecology: plant height at maturity,
specific leaf area (SLA; leaf area per dry mass), seed mass,
and leaf nitrogen (N) content per unit dry mass. Plant height
is strongly associated with competitive ability, with taller
plants shading out shorter competitors (Diaz et al. 2022). SLA
reflects the trade-off between carbon investment in the leaf
structure and light capture for photosynthesis, with high-SLA
plants typically obtaining their nutrients more easily (Wright
et al. 2004). Seed mass is linked to dispersal and colonisation
capacity, with smaller seeds generally dispersing over longer
distances but larger seeds entailing a higher germination rate
and seedling survival (Westoby and Wright 2006). Leaf N con-
tent is a good indicator for plant growth rates and nutritional
status, with greater leaf N contents typically indicating faster
plant growth rates (Niklas 2006). At larger scales, this trait
is even related to ecosystem nutrient cycling and ecosystem
stability (Xu et al. 2020).

Only records reported as single measurements or individ-
ual means in the respective online databases were retained.
Likewise, only control and ambient values were used, whereas
experimental treatments or herbarium specimens were not con-
sidered given that our interest was in trait records from unma-
nipulated wild specimens. Outliers were removed following the
rule that values greater than three standard deviations from a
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FIGURE1 | (a)Map of the 18 GLORIA-Europe sites spread across Europe's major mountain ranges. Each site consists of four summits, of which
only the ones in the alpine vegetation belt were selected (36 mountain summits with 576 1-m? permanent plots in total). (b) Setup of 1-m? plots ar-
ranged in four quadrat clusters positioned at the 5-m contour line below the summit in every cardinal direction. Only the outer quadrats (black
squares) were surveyed at regular time intervals (median interval = 7years) between 2001 and 2022. For each plot and survey, the total, deciduous
and evergreen shrub cover was calculated by summing the percentage covers of individual shrub species. The abundance shift over time was then
quantified as the log-response ratio (InRR) between the cover in the baseline survey and final resurvey. (c) Distribution of cover shifts over time
across plots for all shrubs combined, deciduous shrubs and evergreen shrubs. Darker and shaded bars indicate plots with positive (i.e., cover increase)
and negative cover shifts over time (i.e., cover decrease), respectively. Mean cover shifts and 95% confidence intervals (CI) are indicated in the top

right corner of each panel.

species’ mean should be omitted (cf. Garcia Criado et al. 2023).
In total, 15,359 trait records were retained with an average of
549 records per species. Trait values were available for 82%, 84%,
78% and 72% of species for plant height, SLA, seed mass and
leaf N content, respectively. For each of these species, we then
calculated the mean trait values, which were assumed to rep-
resent mature and healthy plants grown under natural condi-
tions within the species distribution range (see Diaz et al. 2022).
Deciduous shrub species were, on average taller, had greater
SLA, lower seed mass and higher leaf N content than evergreens
(Figure S1). In addition to the mean trait values, intraspecific
trait variation (ITV) was computed as the coefficient of variation
(CV, that is, the ratio between the standard deviation and the

mean) of all trait values per species (see Table S3). We specif-
ically opted for the CV to represent ITV owing to its indepen-
dence from the mean trait values and because it puts the ITV
of all traits on the same scale making cross-trait comparison
possible.

2.3 | Niche Optimum and Width

Besides structural and resource economics traits, plant niche re-
quirements can help to explain the variation in cover shifts among
species. To this end, ecological indicators were directly extracted
from the Ecological Indicator Values for Europe (EIVE) 1.0
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database (in supplementary 8 from Dengler et al. 2023) for the five
main plant niche dimensions: soil moisture (M), soil nutrients (N),
soil reaction (R), light (L) and temperature (T). For each species
and environmental gradient, we extracted both the niche opti-
mum and niche width value (i.e., 5 gradients X2 values=10 eco-
logical indicators per species). Niche optima are quantified as the
centre (i.e., mean) of a species’ realized niche along the respective
environmental gradients, while niche widths describe the ampli-
tude and variability in niches within a species across its distribu-
tion range (see Dengler et al. 2023 for details on the workflow and
calculation procedure). The empirical indicators for niche optima
and niche widths are based on a broad series of regional datasets
across Europe, which were rescaled into one value and vary on a
standardized ordinal scale between 0 and 10, with 0 and 10 repre-
senting the lowest and highest possible value of the respective en-
vironmental variable across these European datasets, respectively
(see Table S4). To illustrate, species with a low niche optimum for
light tend to prefer shadier conditions, while species with high
values typically grow in open, light-rich conditions. Similarly, low
and high niche width values for light are applicable to species that
tolerate a narrow and broad range of light regimes, respectively.

2.4 | Statistical Analyses

First, linear mixed-effect models (LMMs) were used to test
whether the mean cover shift for all shrub species combined,
deciduous shrubs and evergreen shrubs differed significantly
from zero. These models included a fixed intercept as well as a
random intercept term of aspect nested within summit and sum-
mit nested within mountain site to account for the hierarchical
structure of the dataset and potential spatial autocorrelation ef-
fects between shrub communities in plots of the same aspect,
summit, and site (Equation 2).

InRR,

eroup ~ 1 + (1] site / summit / aspect) Q)

With InRR,,,,, the log-response ratio of cover changes over
time in each group per plot (all shrubs combined, deciduous
shrubs and evergreen shrubs) and (1]site/summit/aspect)
the nested random intercept term. A similar model as in
Equation (2) was used to test whether the log-response ratio
of cover changes over time for each species separately differed
significantly from zero.

Next, to test whether plant traits could explain the species-level
abundance shifts, another LMM was built with the log-response
ratio of cover changes as the response variable, the four mean
trait values as fixed effects, and aspect nested within summit
and summit nested within mountain site as random intercept.
Another random intercept term of genus nested within plant
family was added to the model to account for phylogenetic re-
latedness among species in our dataset (Equation 3, but see
Table S5 for alternative models with species as random inter-
cept instead of the phylogenetic structure to account for baseline
species-specific differences not captured by traits). All mean
trait values were z-transformed to facilitate model interpretation
and parameter coefficient comparisons. Similar LMMs were
built with ITVs, niche positions or niche widths as sets of predic-
tors. Some predictors (mean plant height, mean seed mass, ITV
of SLA, and ITV of seed mass) were log-transformed before the

analyses to meet model assumptions. Multicollinearity among
predictors was checked for all models using variance inflation
factors (VIF), but no issues were detected (VIFs < 3).

InRR ~M TVHeight +MTVs g +MTV g0 mass

species

3
+MTV}op v + (1] site/summit /aspect) + (family /genus) ®)

With InRR,,.;.; the log-response ratio of cover changes over
time for each shrub species per plot, MTVy,,; the z-transformed
mean trait values per species, and (1| site / summit / aspect) and
(1] family / genus) the random intercept terms. Owing to the
multivariate nature of our models, missing trait or EIVE indi-
cator values meant that the respective species was omitted from
the analyses (i.e., for 35% of shrub species in the trait models and
6% of species in the niche indicator models).

To check for additional sources of variation in plot-level shrub
cover changes, an alternative series of models was run using mod-
ified versions of Equations (2) and (3). Regional differences in the
total shrub cover change per plot, for instance, Equation (2) but
with site as response variable and aspect nested within summit
as random intercept. Among-species differences in cover change
were evaluated using a modified version of Equation (3) substitut-
ing traits by species identity as fixed effect. Additionally, to check
how the plot-level shrub cover changes related to the change in
total vegetation cover per plot (i.e., greening trend) as well as the
cover of other plant types, Equation (2) was run but with the total
cover of all species combined as well as the cover of forbs and
graminoids, instead of shrubs, as response variables. Finally, to
account for the fact that trait effects may vary depending on the
geographic positioning of a summit or mountain site in the species’
climatic niche, an alternative series of univariate models was run
including the separate mean trait values as fixed effect, but adding
a random slope factor on the traits (Equation 4).

InRR ~MTVyy + (MTVy,| site / summit / aspect) + (1] family / genus)

@

All analyses were performed in the statistical programming
software R version 4.4.1 (R Core Team 2021), using the pack-
ages dplyr (Wickham et al. 2023) for data manipulation, Ime4
(Bates et al. 2015) and broom.mixed (Bolker and Robinson 2022)
for model building, and ggplot2 (Wickham 2016) and patchwork
(Pedersen 2024) for visualisation. Relationships were inter-
preted as statistically significant when the 95% confidence inter-
vals (CI) of model estimates did not overlap with zero.

species

3 | Results

The average log-response ratio of total plot-level shrub cover was
significantly different from zero (mean=0.027, C1=0.017-0.037),
indicating that shrub abundance clearly increased over the
past two decades on the studied mountaintops. Similarly, the
average deciduous (mean=0.026, CI=0.016-0.037) and ever-
green (mean=0.033, CI=0.022-0.044) shrub cover per plot was
also significantly different from zero, with the mean increase
being slightly greater for evergreen than for deciduous shrubs
(Figure 1c). Translated to absolute percentage cover, the increases
in total cover in the 1-m? plots corresponded to an average of
2.64% (CI=1.87%-3.40%), 1.66% (CI=0.92%-2.41%) and 1.96%
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FIGURE 2 | Cover shift, quantified as the plot-level log-response ratio of percentage cover values in the baseline survey and the last resurvey,

of the 31 studied shrub species. Dots and error bars represent mean and 95% confidence intervals (CI) of the species' cover shifts across all plots.
Species are ordered in descending mean change value and coloured according to their functional group (i.e., deciduous vs. evergreen). The dashed
black line depicts zero cover change. Species’ mean cover changes are considered significant over time if the 95% CI does not overlap with zero: Nine
species showed a significant increase in cover over time (Kalmia procumbens, Empetrum nigrum, Juniperus communis, Rhododendron ferrugineum,
Vaccinium myrtillus, V. vitis-idaea, V. uliginosum, Betula nana and R. kotschyi) and only one species a significant decrease (Thymus nervosus); indi-

cated by (¥).

(CI=1.26%-2.67%) per decade for the total, deciduous and ever-
green shrub cover, respectively. Little among-region differences in
the amount of shrub cover change per plot could be detected, im-
plying that shrubification of alpine summits is likely a widespread
and uniform phenomenon across Europe (Table S6). Moreover, the
rate of change in total vegetation cover per plot was highly simi-
lar to that of shrubs (i.e., an average increase of 2.46% per m? per
decade). Forb and graminoid cover, however, remained virtually
stable over time (Figure S2), illustrating that shrubification is the
primary driver of greening on our mountain summits.

Out of the 31 studied shrub species, nine showed a significant
increase in cover over time (Kalmia procumbens, Empetrum
nigrum, Juniperus communis, Rhododendron ferrugineum,
Vaccinium myrtillus, V. vitis-idaea, V. uliginosum, Betula nana,
and R. kotschyi) and only one species a significant decrease
(Thymus nervosus). Among the shrub species with increasing
cover, six were evergreen and three deciduous (Figure 2).

Looking at the relationship between functional traits and the
shrub species’ cover shifts over time, only mean plant height
showed a positive effect on the log-response ratio of shrub species
cover (slope=0.019, CI=0.005-0.034; Figures 3, 4, S3, Table S7).
This relationship confirms our hypothesis and was mainly driven
by taller evergreens of the genera Juniperus, Rhododendron, Erica
and Calluna. Contrastingly, the mean leaf N content was negatively
associated with the shrub species' cover changes (slope=-0.030,
CI=-0.048 to —0.010; Figures 3, 4, S3, Table S7), which did not
match our initial expectations. The absence of significant effects
in the separate set of univariate trait models showed that there
were no trade-offs in the trait effects among sites or mountain

summits (Table S8, Figure S4). Concerning the niche position and
niche width indicators, we only found a significant negative effect
of the species' indicator for light (L) on the log-response ratio of
shrub cover (slope=-0.021, CI=-0.037 to —0.002; Figures 3, 4,
S5, Table S7), which also contrasted with our hypothesis. Overall,
the variation explained by the models' fixed effects (i.e., marginal
R?) was relatively low (R?<0.1; Table S7). Among-species differ-
ences, however, only accounted for 11% of variation in shrub cover
change, which in turn represents the upper limit of variation that
could possibly be explained by species characteristics (Table S9).

4 | Discussion

Our study provides the first continent-wide and multidecadal
assessment of shrub encroachment in the alpine zone. Using
vegetation resurvey data from 576 permanent plots located on
alpine summits across Europe's major mountain chains, we
show that plot-level shrub cover clearly increased over the past
two decades and that the cover increase was slightly higher for
evergreen than for deciduous species. Looking at the species-
level cover changes, we found that species with greater height
increased their cover more, while higher leaf N concentrations
and light affinity were associated with smaller cover changes.
Overall, the explanatory power of the models was low, and spe-
cies trait variation or niche widths did not appear to affect shrub
cover changes over time. While ongoing shrub cover changes
may have far-reaching consequences for the functioning of al-
pine ecosystems, predicting this may not be straightforward
given that species’ cover dynamics poorly relate to their occu-
pied trait spaces and niche requirements.
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FIGURE 3 | Effect of mean trait value (a), intraspecific trait variation (ITV; b), niche optimum (c) and niche width (d) on the shrub species' cover
shifts (quantified per species as the plot-level log-response ratio of percentage cover values in the baseline survey and the last resurvey). Functional
traits included are plant height (m), specific leaf area (mm?/mg), seed mass (mg) and leaf nitrogen content (mg/g), while plant niches are quantified
by the Ecological Indicator Values for Europe (EIVE; sensu Dengler et al. 2023) for temperature (T), soil reaction (R), nutrients (N), moisture (M)
and light (L). Dots and error bars depict mean estimates and 95% confidence intervals (CI) from linear mixed-effect models with the species’ cover
shifts as response variable, the mean traits, intraspecific trait variations (ITV), niche positions or niche widths as predictors, and species and aspect
nested within summits nested within region as random intercepts. The dashed black line represents the zero line. Effects are considered statistically
significant when 95% CIs do not contain zero.
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FIGURE 4 | Scatterplots depicting significant relationships between mean plant height (a), mean leaf nitrogen (N) content (b) and optimum
for light (c), on the one hand, and shrub species’ cover shifts, on the other hand. The abundance shift was quantified per species as the plot-level
log-response ratio of percentage cover values in the baseline survey and the last resurvey. The shrub species’ optimum for light was based on the
Ecological Indicator Values for Europe (EIVE; sensu Dengler et al. 2023), and varies along an ordinal scale from 0 (low light affinity, typical for
shaded habitats) to 10 (high light affinity, typical for open habitats). Lines and shaded ribbons depict model predictions and 95% confidence intervals
(CI) for linear mixed-effect models, while black dots with fading to avoid overlap show the actual data points. The x-axes are back-transformed from
log-scale to linear scale to facilitate interpretation of the graphs.

4.1 | Cover Changes Differ Among Evergreen of studies from the Arctic tundra where mostly increases in
and Deciduous Shrub Species the cover of tall deciduous shrubs of the genera Alnus, Betula,

and Salix have been observed (Tape et al. 2006; Myers-Smith
Unexpectedly, evergreen shrubs showed a slightly higher ex- et al. 2011). These shrubs are strong competitors for resources

pansion rate than deciduous species, contrasting with a plethora with the potential to outcompete prostrate or low-growing
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vegetation via shading through their tall canopy architecture as
well as efficient nutrient acquisition through benevolent mycor-
rhizal associations (Martin et al. 2017; Schore et al. 2023). This is
further corroborated by Dobbert et al. (2021) suggesting positive
growth responses of deciduous shrubs to future warming, pos-
sibly dominating over evergreen competitors at the same sites.
For instance, while the deciduous Betula nana benefited from a
prolonged growing season and winter warming in Arctic-alpine
environments, the evergreen Empetrum hermaphroditum ex-
hibited strong negative sensitivity to late-frost exposure follow-
ing earlier melt-out dates. Freezing events early in spring have
been shown to affect other evergreen shrub species as well (see
Venn and Green 2018), which was attributed to the fact that they
have not yet become frost-hardened after snowmelt.

Contrarily, in the European Alps, prominent advances of late-
successional shrubs of the genera Rhododendron, Juniperus,
Vaccinium and Empetrum have been reported, many of which
are evergreens (Cannone et al. 2007, Cannone and Pignatti 2014,
Malfasi and Cannone 2020). In a study by Wilson and Nilsson
(2009) on a Swedish mountainside, the greatest cover increase was
observed for the evergreen shrub E. hermaphroditum over a 30-
year period, but primarily at intermediate elevations. Malfasi and
Cannone (2020) observed a clear negative influence of decreasing
snow cover under global warming on the recruitment of the ever-
green species Rhododendron ferrugineum, and attributed this to
the lower water supply as well as increased probability of freez-
ing damage. Yet, a shift in the species’ reproductive strategy from
sexual reproduction to vegetative propagation at the recruitment
stabilizing phase could have prevented a subsequent reduction in
cover, and in some cases even promoted local expansion through
additional layering and vegetative growth. An alternative expla-
nation for the higher increase in evergreen shrub cover could be
that many tall deciduous shrub species are prone to grazing due
to their highly palatable, nutrient-rich leaves (e.g., Salix glauca in
the Scandes), which could have inhibited their expansion to some
extent. Livestock grazing by, for example, sheep or reindeer has a
millennia-old tradition in the alpine zone of Europe (see Pajunen
et al. 2012; Mayer and Erschbamer 2017), halting the encroach-
ment of alpine meadows by deciduous shrubs while most ever-
green dwarf shrubs seem to be unaffected (Vowles et al. 2017).
On top of that, foliar damage and reduced productivity has been
noted for several deciduous shrub species owing to recent severe
insect outbreaks under warmer winter conditions (Finger-Higgens
et al. 2021). Finally, it is not unlikely that recent summer droughts,
especially on the Mediterranean summits and in the Alps, ad-
versely affected shrub expansion, particularly in deciduous spe-
cies, whereas evergreens tend to be more resistant to low soil
moisture conditions (Dobbert et al. 2022).

4.2 | Winner Shrub Species Have Greater Stature
but Lower Leaf Nitrogen and Light Affinity

Our analyses showed that shrub species with greater plant
height at maturity and lower leaf N contents also tended to
have larger cover increases over time. Greater stature may in-
deed confer a competitive advantage over other species in a
warming alpine biome (see Gaudet and Keddy 1988). However,
similar positive responses could be expected from species with
higher SLA or leaf nutrient concentration indicating more

efficient resource acquisition, but this was not confirmed by
our analyses (see also Bjorkman et al. 2018a, 2018b). For SLA,
the continent-wide effect could have been masked by regional
trade-offs in plant strategies, for instance, caused by high SLA
being beneficial with warming at higher latitudes but low SLA
being associated with better resistance against droughts in the
Mediterranean mountain ranges. However, our separate set of
univariate models accounting for such regional variation in trait
effects could not confirm this conjecture. Higher leaf N, on the
other hand, is sometimes linked to increased plant palatability
(Schidler et al. 2003), which could explain why shrub species
with lower leaf N increased their cover more over time on our
summits, being less susceptible to herbivory.

Contrary to our expectations, however, no significant effects
of trait variation (i.e., ITV) on the magnitude of species-level
cover shifts could be detected, implying that higher trait plas-
ticity is not likely to support increased opportunities for al-
pine shrub species to expand their covers under a warming
climate. One possible explanation could be that, for many al-
pine shrubs, genetic variation, and thus adaptability under a
changing environment, mainly emanates from differentiation
among, and not within, populations. Indeed, genetic differen-
tiation can be comparatively high among the spatially isolated
populations of alpine plants as a result of limited gene flow,
random genetic drift or selection in topographically heteroge-
neous mountainous landscapes (Reisch and Rosbakh 2021).
Hence, it is likely that the isolated populations of a certain
shrub species on our mountain summits will not profit from
the species’ regional gene pool for adaptation, regardless of
its size (AEgisdottir et al. 2009). Alternatively, because trait
records were collected from multiple databases to maximise
coverage across (sometimes rare) shrub species, the geograph-
ical range of sampling may differ considerably across species
and not necessarily reflect the species' full distribution range,
introducing a potential bias in the ITV calculations. Also un-
expectedly, ecological indicators for plant niche optimum and
niche width, reflecting species environmental preferences,
proved to be poor predictors of shrub species' cover changes,
apart from the significant negative influence of the niche
optimum for light. In other words, shrub species preferring
shadier habitats increased their cover more over time than
high light-affinity species. Albeit counterintuitive at first,
it is possible that several forest and treeline shrubs such as
Vaccinium myrtillus and V. vitis-idaea have taken advantage
of the warming temperatures in the alpine zone, and hence ex-
panded their cover, equivalent to the widespread borealisation
trend observed in plant communities across the Arctic tundra
(Garcia Criado, Barrio, et al. 2025).

4.3 | Critical Viewpoints and Avenues for Future
Research

Overall, the explanatory power of our models was low (marginal
R?<0.1 only including the fixed effects), supporting the idea
that most alpine shrub species do not only show trait responses
to a changing climate but that species responses are more likely
to be complex, individualistic and highly heterogeneous, and po-
tentially further complicated by concurrent changes in land-use
within the alpine zone such as changes in herbivore densities

8 of 14

Global Change Biology, 2026



and grazing pressure. When including the random structure (i.e.,
nested design of the sampling with different aspects, summits
and sites), the models' explanatory power increased to about 0.3
(conditional R?), which is common in continental-scale ecolog-
ical studies. Still, interspecific differences in our shrub species
pool, and thus the maximum amount of variability that can be
attributed to species traits or environmental preferences, could
only account for 11% of variation in cover changes. The latter
corroborates Garcia Criado et al. (2023) showing that range
shifts and abundance changes in common tundra shrubs do not
necessarily result in directional turnover of shrub trait composi-
tion. Furthermore, it should be noted that the shrub species in-
cluded in our dataset are highly heterogenous in, among others,
growth form (including both tall shrubs and erect or prostrate
dwarf shrubs) and habitat preference (with, e.g., Rhododendron
species typically growing within alpine snowbeds and Kalmia
procumbens preferring exposed ridges). This could have further
contributed to the idiosyncratic responses observed here, and
advocates for more detailed species- or group-level approaches
rather than including all species together into a holistic model.

Alternatively, including additional morphological or physio-
logical traits in our models related to, for example, clonality,
wood density, frost hardening, water-use efficiency, stomata
density, rooting depth or mycorrhizal associations and plant
palatability, could improve the explanatory power, partic-
ularly when there is a more direct relationship to a species’
climatic responsiveness (cf. Kiithn et al. 2021). Still, data on
these traits are relatively scarce or highly heterogeneous, es-
pecially for many of the less frequent alpine shrub species in
our dataset. Moving beyond traits, it is possible that demo-
graphic processes such as inter- and intraspecific competition,
growth, survival, fecundity, germination and establishment
exert a more pronounced influence on shrub species cover dy-
namics (Garcia Criado et al. 2023). This could be particularly
true for alpine environments where steep changes in aspect,
slope and exposure can cause large variation in climatic con-
ditions over small spatial scales (Korner 2003). These fine-
scale climatic gradients are known to have a strong impact on
the demographic rates of alpine plants (Forbis 2003). Together,
the complex relationships between demography and interwo-
ven climatic gradients continue to shape population growth
rates and abundance dynamics of alpine plant species in het-
erogeneous mountain terrains (Oldfather and Ackerly 2019).
Individual-based models (IDMs) offer a powerful tool to sim-
ulate demographic rates and population dynamics in a chang-
ing world, and have previously been applied to alpine plants
(see Cotto et al. 2017). Particularly interesting is that these
IDMs incorporate information on eco-evolutionary dynam-
ics, which is highly relevant in the context of long-lived alpine
species with limited potential for adaptive evolution in a rap-
idly changing environment. However, the demographic data
necessary to parameterise and validate such models remains
to date limited, and further research is required to what extent
demographic rates and evolutionary processes can steer the
response of alpine shrub species to climate change.

Finally, we acknowledge that our models do not account for the
strong spatial heterogeneity in microclimates, topography, soil
moisture, nutrient availability and snow dynamics, which is typ-
ical for alpine terrains and allows species to reside and thrive in

microrefugia even though the surrounding environment is not
optimal (Graae et al. 2018). Such microvariability in environ-
mental conditions is typically not captured by generic ecological
indicator values. To illustrate, while the thermal niche of plants
is generally estimated in relation to ambient air temperatures
that are measured in weather stations at 2m height (i.e., mac-
roclimate), small-statured or prostrate alpine shrubs are more
likely to respond to microclimate, that is, fine-scale temperature
variation near the ground (see Graae et al. 2012). Developing
microclimate-based thermal niche indicators, similar to the en-
deavours by Lenoir et al. (2013) and Haesen et al. (2023), could
be an interesting way forward here, as these might have more
explanatory power. Of course, this requires long-term micro-
climate monitoring efforts paired with vegetation data across
the alpine biome, which is currently being realized by global
networks such as the Microclimate Ecology & Biogeography
Network (https://meb-network.com; Lembrechts et al. 2020)
and MIREN (Haider et al. 2022).

5 | Conclusion

5.1 | Implications for Alpine Biodiversity
and Ecosystem Functioning

Both deciduous and evergreen shrub cover has clearly in-
creased across Europe's alpine vegetation belt over the past
20years. This shrub expansion could have far-reaching im-
plications for mountain biodiversity and ecosystem function-
ing. Dense shrub growth could decrease many of the native
specialist plants through competition for light and nutrients,
leading to homogenization of the alpine vegetation. Shrubs
can also alter the surface energy balance by reducing the al-
bedo, and change the soil thermal regime through shading
in summer and additional snow trapping in winter. Higher
soil temperatures, in tandem with altered litter inputs, may
eventually also alter decomposition and carbon turnover
rates, with possibly global consequences through complex
feedback processes (Wookey et al. 2009, Vowles and Bjork
2019). However, the more pronounced increase in evergreen
compared to deciduous shrubs observed in our pan-European
study, could imply that many of these ecosystem-wide effects
are dampened given that some evergreen shrubs with lower
stature are far less likely to influence snow cover and, in turn,
soil microclimates. Moreover, the input of more recalcitrant
litter from evergreen dwarf shrubs can slow nutrient cycling
and amplify ecosystem carbon storage, thereby partly off-
setting the negative feedback loop caused by albedo changes
(reviewed by Vowles and Bjork 2019). Including shrub dynam-
ics and their complex interactions with the environment into
mechanistic climate models (e.g., General Circulation Models
used by the IPCC) could thus be of paramount importance to
more accurately predict these feedbacks between alpine vege-
tation changes and the global climate system.

Second, our analyses made clear that increasing shrub cover is
poorly associated with a specific combination of trait values or
variation, nor to individual species' niche requirements. Future
endeavours could therefore investigate the role of other morpho-
physiological traits with more direct relationships to species’ en-
vironmental change responses as well as the explanatory power
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of alternative niche indicator values that capture the fine-scale,
in situ measured variation in environmental conditions experi-
enced by alpine plants. Additionally, accounting for demographic
rates and evolutionary processes could further deepen our under-
standing of the complex nature of alpine shrub abundance dy-
namics in a changing world. To date, however, the availability and
reliability of such data are still highly deficient. While our study
provides foundational insights into the intricate mechanisms driv-
ing shrub cover dynamics on mountaintops at unprecedented bio-
geographical scales, we emphasize the need for more complete and
comprehensive databases of alpine plant trait and environmental
conditions based on widespread, in situ sampling efforts paving
the way towards deeper mechanistic understanding.

Finally, further research is needed to identify whether the ob-
served trend of increasing shrub cover on European mountain-
tops will continue in the future, especially because more and
more studies point towards shrub browning as a result of foliar
frost damage following advancement in snowmelt dates caused
by warm-winter spells or in early spring (albeit at the moment
particularly in Arctic regions; see Myers-Smith et al. 2020,
Bokhorst et al. 2022). Continued monitoring of shrub cover
changes across space and time, whether greening or browning,
is thus of the utmost importance and should be a priority on the
future research agenda of mountain environments.

Author Contributions

T.V. conceived and designed the study, in close collaboration with P.D.F.,
K.V, B.J.G, S.D., and H.P. T.V. and H.B. performed the data analyses.
T.V. wrote the manuscript. All authors contributed to the data collection
and provided extensive feedback during the writing of the manuscript.

Affiliations

!Forest & Nature Lab, Ghent University, Gontrode, Belgium | 2GLORIA
Co-Ordination, Institute of Interdisciplinary Mountain Research,
Austrian Academy of Sciences, Vienna, Austria | 3Department
of Ecosystem Management, Climate and Biodiversity, GLORIA
Co-Ordination, Institute of Botany, BOKU University, Vienna,
Austria | “Department of Botany and Biodiversity Research,
Biodiversity Dynamics and Conservation, University of Vienna,
Vienna, Austria | SDepartment of Biology, Norwegian University
of Science and Technology, Trondheim, Norway | ®Department of
Ecology, Ilia State University, Tbilisi, Georgia | 7Jolube Botanical
Consultor, Jaca, Spain | 8UK Centre for Ecology and Hydrology,
Penicuik, UK | °Institute of Landscape Ecology, Slovak Academy of
Sciences, Bratislava, Slovakia | °Department of Animal Biology, Plant
Biology and Ecology, Autonomous University of Barcelona, Bellaterra,
Spain | '"Department of Botany, University of Innsbruck, Innsbruck,
Austria | IMBE, Aix Marseille University, Avignon University,
CNRS, IRD, Marseille, France | *Department of Botany, University
of Granada, Granada, Spain | “Department of Geoinformation in
Environmental Management, CIHEAM-Mediterranean Agronomic
Institute of Chania, Chania, Greece | *Department of Environmental
Management and Policy, Georgian Institute of Public Affairs, Tbilisi,
Georgia | Institute for Alpine Environment, Eurac Research, Bolzano/
Bozen, Italy | Department of Biodiversity Conservation and Ecological
Restoration, Pyrenean Institute of Ecology (IPE, CSIC), Zaragoza,
Spain | '®Interuniversity Institute of the Earth System in Andalusia
(IISTA), Andalusian Center for the Environment, University of Granada-
Junta de Andalucia, Granada, Spain | Environmental Protection
Agency of Aosta Valley, Aosta, Italy | 2°Department of Chemistry, Life
Sciences and Environmental Sustainability, University of Parma, Parma,

Italy | 2LA Borza Botanic Garden, Babes-Bolyai University, Cluj Napoca,
Romania | #?Department of Taxonomy & Ecology, Faculty of Biology &
Geology, Babes-Bolyai University, Cluj Napoca, Romania | 2*Institute
of Earth Surface Dynamics, Faculty of Geosciences and Environment,
University of Lausanne, Lausanne, Switzerland | ?*Interdisciplinary
Centre for Mountain Research CIRM, University of Lausanne, Bramois,
Switzerland | 2WSL Institute for Snow and Avalanche Research SLF,
Davos Dorf, Switzerland | 2°Department of Earth and Environmental
Sciences (DSTA), University of Pavia, Pavia, Italy | ?’Department of
Bioscience and Territory, University of Molise, Termoli, Italy | 2Emil
G. Racovitd Institute, Babes-Bolyai University, Cluj-Napoca,
Romania | *Department Research and Monitoring, Swiss National
Park, Zernez, Switzerland | 3°Department of Environmental Sciences,
University of Basel, Basel, Switzerland | 3'Luzula Biodiversitit Wissen
GmbH, Davos Monstein, Switzerland

Acknowledgments

Data collection was realized within the framework of the Global
Observational Research Initiative in Alpine Environments (GLORIA)
network. We are grateful to the Fifth RTD Framework Program of
the European Union, Norwegian Directorate of Nature Management
(Norwegian Environmental Agency), International Network for
Terrestrial Research and Monitoring in the Arctic (European Union
H2020, 730938), GreenMount project (PN-IV-P2-2.1-TE-2023-0726),
Swiss Federal Office for the Environment (Dr. Joachim de Giacomi
foundation, Research Commission of the Swiss National Park), Swiss
National Science Foundation, Canton du Valais, Fondation Ignace
Mariéthan, Communes d'Orsieres et de Val de Bagnes, the VEGA grant
agency project (2/0026/25) and the ERC Advanced grant MICROCLIM
(883669) for funding local field campaigns. Special thanks go to Ottar
Michelsen, Anne Syverhuset, Sigrid Lindmo, Magni Kyrkjeeide, Rozélia
Kapds, Matthias Vandersteene, Hanne Petlund, Courtney Ray, Liyenne
Hagenberg and Qystein Opedal for their assistance in the fieldwork,
data input and data quality checks. T.V. was supported by the Special
Research Fund (BOF) of Ghent University (01P09722) and the Research
Foundation—Flanders (FWO, 1268126N).

Funding

This work was supported by the Fifth RTD Framework Program of
the European Union; Norwegian Environment Agency; International
Network for Terrestrial Research and Monitoring in the Arctic, 730938;
GreenMount project, PN-IV-P2-2.1-TE-2023-0726; Dr. Joachim de
Giacomi foundation, Research Commission of the Swiss National Park.;
Schweizerischer Nationalfonds zur Forderung der Wissenschaftlichen
Forschung; Fondation Ignace Mariéthan; VEGA grant agency proj-
ect, 2/0048/22; ERC Advanced grant MICROCLIM, 883669; Special
Research Fund (BOF) of Ghent University, 01P09722.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The raw data used in this study is available upon request at the
GLORIA coordination office (gloria.office@boku.ac.at), while a de-
rivative of the data including plot-level and species-level shrub cover
shifts as well as all code necessary to reproduce the analyses and fig-
ures is available on Github (https://github.com/to-vanneste/GLORIA-
shrubification.git) and Figshare with unique identifier (DOI) 10.6084/
m9.figshare.31398462.

References

Adler, P. B., A. Fajardo, A. R. Kleinhesselink, and N. J. Kraft. 2013.
“Trait-Based Tests of Coexistence Mechanisms.” Ecology Letters 16, no.
10: 1294-1306.

10 of 14

Global Change Biology, 2026


mailto:gloria.office@boku.ac.at
https://github.com/to-vanneste/GLORIA-shrubification.git
https://github.com/to-vanneste/GLORIA-shrubification.git
https://doi.org/10.6084/m9.figshare.31398462
https://doi.org/10.6084/m9.figshare.31398462

ZAgisdottir, H. H., P. Kuss, and J. Stocklin. 2009. “Isolated Populations
of a Rare Alpine Plant Show High Genetic Diversity and Considerable
Population Differentiation.” Annals of Botany 104, no. 7: 1313-1322.

Albert, C. H., F. Grassein, F. M. Schurr, G. Vieilledent, and C. Violle.
2011. “When and How Should Intraspecific Variability Be Considered
in Trait-Based Plant Ecology?” Perspectives in Plant Ecology, Evolution
and Systematics 13, no. 3: 217-225.

Améztegui, A., L. Brotons, and L. Coll. 2010. “Land-Use Changes as
Major Drivers of Mountain Pine (Pinus uncinata Ram.) Expansion in
the Pyrenees.” Global Ecology and Biogeography 19, no. 5: 632-641.

Bates, D., M. Maechler, B. Bolker, and S. Walker. 2015. “Fitting Linear
Mixed-Effects Models Using Ime4.” Journal of Statistical Software 67,
no. 1: 1-48. https://doi.org/10.18637/jss.v067.i01.

Birks, H. H. 2008. “The Late-Quaternary History of Arctic and Alpine
Plants.” Plant Ecology and Diversity 1, no. 2: 135-146.

Bjorkman, A. D., M. Garcia Criado, I. H. Myers-Smith, et al. 2020.
“Status and Trends in Arctic Vegetation: Evidence From Experimental
Warming and Long-Term Monitoring.” Ambio 49: 678-692.

Bjorkman, A. D., I. H. Myers-Smith, S. C. Elmendorf, et al. 2018a. “Plant
Functional Trait Change Across a Warming Tundra Biome.” Nature
562, no. 7725: 57-62.

Bjorkman, A. D., I. H. Myers-Smith, S. C. Elmendorf, et al. 2018b.
“Tundra Trait Team: A Database of Plant Traits Spanning the Tundra
Biome.” Global Ecology and Biogeography 27, no. 12: 1402-1411.

Blau, M. T.,P.Kad, J. V. Turton, and K. J. Ha. 2024. “Uneven Global Retreat
of Persistent Mountain Snow Cover Alongside Mountain Warming From
ERAS5-Land.” NPJ Climate and Atmospheric Science 7, no. 1: 278.

Bokhorst, S., J. H. C. Cornelissen, and S. Veraverbeke. 2022. “Long-
Term Legacies of Seasonal Extremes in Arctic Ecosystem Functioning.”
Global Change Biology 28, no. 10: 3161-3162.

Bolker, B., and D. Robinson. 2022. “broom.mixed: Tidying Methods for
Mixed Models.” https://github.com/bbolker/broom.mixed.

Britton, A. J., C. M. Beale, W. Towers, and R. L. Hewison. 2009.
“Biodiversity Gains and Losses: Evidence for Homogenisation of
Scottish Alpine Vegetation.” Biological Conservation 142, no. 8:
1728-1739.

Bruelheide, H., J. Dengler, O. Purschke, et al. 2018. “Global Trait-
Environment Relationships of Plant Communities.” Nature Ecology &
Evolution 2, no. 12: 1906-1917.

Calabrese, V., M. L. Carranza, A. Evangelista, M. Marchetti, A. Stinca,
and A. Stanisci. 2018. “Long-Term Changes in the Composition,
Ecology, and Structure of Pinus mugo Scrubs in the Apennines (Italy).”
Diversity 10, no. 3: 70.

Cannone, N., M. Guglielmin, C. Casiraghi, and F. Malfasi. 2022. “Salix
Shrub Encroachment Along a 1000 m Elevation Gradient Triggers a
Major Ecosystem Change in the European Alps.” Ecography 2022, no.
2:e06007.

Cannone, N., and S. Pignatti. 2014. “Ecological Responses of Plant
Species and Communities to Climate Warming: Upward Shift or Range
Filling Processes?” Climatic Change 123, no. 2: 201-214.

Cannone, N., S. Sgorbati, and M. Guglielmin. 2007. “Unexpected
Impacts of Climate Change on Alpine Vegetation.” Frontiers in Ecology
and the Environment 5, no. 7: 360-364.

Carlson, B. Z., M. C. Corona, C. Dentant, R. Bonet, W. Thuiller, and P.
Choler. 2017. “Observed Long-Term Greening of Alpine Vegetation—A
Case Study in the French Alps.” Environmental Research Letters 12, no.
11: 114006.

Chapin, F. S., III, M. Sturm, M. C. Serreze, et al. 2005. “Role of Land-
Surface Changes in Arctic Summer Warming.” Science 310, no. 5748:
657-660.

Choler, P., A. Bayle, B. Z. Carlson, C. Randin, G. Filippa, and E. Cremonese.
2021. “The Tempo of Greening in the European Alps: Spatial Variations on
a Common Theme.” Global Change Biology 27, no. 21: 5614-5628.

Cotto, O., J. Wessely, D. Georges, et al. 2017. “A Dynamic Eco-
Evolutionary Model Predicts Slow Response of Alpine Plants to Climate
Warming.” Nature Communications 8, no. 1: 15399.

Crump, S. E., B. Fréchette, M. Power, et al. 2021. “Ancient Plant DNA
Reveals High Arctic Greening During the Last Interglacial.” Proceedings
of the National Academy of Sciences 118, no. 13: €2019069118.

De Toma, A., M. Malavasi, F. Marzialetti, and M. Cutini. 2025.
“Unveiling Spatial Patterns and Trajectories of Shrub Dynamics in
Mediterranean Alpine Ecosystems.” Plant Ecology 226, no. 2: 149-160.

Dedieu, J. P., A. Lessard-Fontaine, G. Ravazzani, E. Cremonese, G.
Shalpykova, and M. Beniston. 2014. “Shifting Mountain Snow Patterns
in a Changing Climate From Remote Sensing Retrieval.” Science of the
Total Environment 493: 1267-1279.

DeMarco, J., M. C. Mack, and M. S. Bret-Harte. 2011. “The Effects of
Snow, Soil Microenvironment, and Soil Organic Matter Quality on N
Availability in Three Alaskan Arctic Plant Communities.” Ecosystems
14: 804-817.

DeMarco, J., M. C. Mack, and M. S. Bret-Harte. 2014. “Effects of Arctic
Shrub Expansion on Biophysical vs. Biogeochemical Drivers of Litter
Decomposition.” Ecology 95, no. 7: 1861-1875.

DeMarco, J., M. C. Mack, M. S. Bret-Harte, M. Burton, and G. R. Shaver.
2014. “Long-Term Experimental Warming and Nutrient Additions
Increase Productivity in Tall Deciduous Shrub Tundra.” Ecosphere 5,
no. 6: 1-22.

Dengler, J., F. Jansen, O. Chusova, et al. 2023. “Ecological Indicator
Values for Europe (EIVE) 1.0.” Vegetation Classification and Survey 4:
7-29.

Diaz, S., J. Kattge, J. H. Cornelissen, et al. 2022. “The Global Spectrum
of Plant Form and Function: Enhanced Species-Level Trait Dataset.”
Scientific Data 9, no. 1: 755.

Diekmann, M. 2003. “Species Indicator Values as an Important Tool in
Applied Plant Ecology-a Review.” Basic and Applied Ecology 4, no. 6:
493-506.

Dobbert, S., E. C. Albrecht, R. Pape, and J. Loffler. 2022. “Alpine
Shrub Growth Follows Bimodal Seasonal Patterns Across Biomes—
Unexpected Environmental Controls.” Communications Biology 5,
no. 1: 793.

Dobbert, S., R. Pape, and J. Loffler. 2021. “Contrasting Growth Response
of Evergreen and Deciduous Arctic-Alpine Shrub Species to Climate
Variability.” Ecosphere 12, no. 8: e03688.

Dullinger, S., T. Dirnbock, and G. Grabherr. 2003. “Patterns of Shrub
Invasion Into High Mountain Grasslands of the Northern Calcareous
Alps, Austria.” Arctic, Antarctic, and Alpine Research 35, no. 4: 434-441.

Ellenberg, H., H. E. Weber, R. Diill, V. Wirth, W. Werner, and D.
Paulifien. 1974. Zeigerwerte von pflanzen in Mitteleuropa. Vol. 18, 1-248.
E. Goltze.

Elmendorf, S. C., G. H. Henry, R. D. Hollister, et al. 2012. “Plot-Scale
Evidence of Tundra Vegetation Change and Links to Recent Summer
Warming.” Nature Climate Change 2, no. 6: 453-457.

Finger-Higgens, R., M. DeSiervo, M. P. Ayres, and R. A. Virginia. 2021.
“Increasing Shrub Damage by Invertebrate Herbivores in the Warming
and Drying Tundra of West Greenland.” Oecologia 195, no. 4: 995-1005.

Forbes, B. C., M. M. Fauria, and P. Zetterberg. 2010. “Russian Arctic
Warming and ‘Greening'are Closely Tracked by Tundra Shrub Willows.”
Global Change Biology 16, no. 5: 1542-1554.

Forbis, T. A. 2003. “Seedling Demography in an Alpine Ecosystem.”
American Journal of Botany 90, no. 8: 1197-1206.

Global Change Biology, 2026

11 of 14


https://doi.org/10.18637/jss.v067.i01
https://github.com/bbolker/broom.mixed

Formica, A., E. C. Farrer, I. W. Ashton, and K. N. Suding. 2014. “Shrub
Expansion Over the Past 62 Years in Rocky Mountain Alpine Tundra:
Possible Causes and Consequences.” Arctic, Antarctic, and Alpine
Research 46, no. 3: 616-631.

Garcia Criado, M., I. C. Barrio, J. D. M. Speed, et al. 2025. “Plant
Community Borealization in the Arctic Is Driven by Boreal-Tundra
Boundary Species.” EcoEvoRxiv. https://doi.org/10.32942/X2534Q.

Garcia Criado, M., I. H. Myers-Smith, A. D. Bjorkman, et al. 2023. “Plant
Traits Poorly Predict Winner and Loser Shrub Species in a Warming
Tundra Biome.” Nature Communications 14, no. 1: 3837.

Garcia Criado, M., I. H. Myers-Smith, A. D. Bjorkman, et al. 2025.
“Plant Diversity Dynamics Over Space and Time in a Warming Arctic.”
Nature 642: 1-9.

Gaudet, C. L., and P. A. Keddy. 1988. “A Comparative Approach to
Predicting Competitive Ability From Plant Traits.” Nature 334, no. 6179:
242-243.

Gonzalez-Herrero, S., M. Lemus-Canovas, and P. Pereira. 2024. “Climate
Change in Cold Regions.” Science of the Total Environment 933: 173127.

Gottfried, M., H. Pauli, A. Futschik, et al. 2012. “Continent-Wide
Response of Mountain Vegetation to Climate Change.” Nature Climate
Change 2, no. 2: 111-115.

Graae, B. J., P. De Frenne, A. Kolb, et al. 2012. “On the Use of Weather
Datain Ecological Studies Along Altitudinal and Latitudinal Gradients.”
Oikos 121, no. 1: 3-19.

Graae, B. J., V. Vandvik, W. S. Armbruster, et al. 2018. “Stay or Go-
How Topographic Complexity Influences Alpine Plant Population
and Community Responses to Climate Change.” Perspectives in Plant
Ecology, Evolution and Systematics 30: 41-50.

Haesen, S., J. Lenoir, E. Gril, et al. 2023. “Microclimate Reveals the
True Thermal Niche of Forest Plant Species.” Ecology Letters 26, no. 12:
2043-2055.

Haider, S., J. J. Lembrechts, K. McDougall, et al. 2022. “Think Globally,
Measure Locally: The MIREN Standardized Protocol for Monitoring
Plant Species Distributions Along Elevation Gradients.” Ecology and
Evolution 12, no. 2: e8590.

Hallinger, M., M. Manthey, and M. Wilmking. 2010. “Establishing a
Missing Link: Warm Summers and Winter Snow Cover Promote Shrub
Expansion Into Alpine Tundra in Scandinavia.” New Phytologist 186,
no. 4: 890-899.

Hamilton, M. A., B. R. Murray, M. W. Cadotte, et al. 2005. “Life-History
Correlates of Plant Invasiveness at Regional and Continental Scales.”
Ecology Letters 8, no. 10: 1066-1074.

Jonsdottir, I. S., A. H. Halbritter, C. T. Christiansen, et al. 2023.
“Intraspecific Trait Variability Is a Key Feature Underlying High
Arctic Plant Community Resistance to Climate Warming.” Ecological
Monographs 93, no. 1: e1555.

Kattge, J., G. Bonisch, S. Diaz, et al. 2020. “TRY Plant Trait Database-
Enhanced Coverage and Open Access.” Global Change Biology 26, no.
1:119-188.

Klanderud, K., and H. J. B. Birks. 2003. “Recent Increases in Species
Richness and Shifts in Altitudinal Distributions of Norwegian Mountain
Plants.” Holocene 13, no. 1: 1-6.

Korner, C. 2003. Alpine Plant Life: Functional Plant Ecology of High
Mountain Ecosystems. Springer.

Kiihn, N., C. Tovar, J. Carretero, V. Vandvik, B. J. Enquist, and K. J.
Willis. 2021. “Globally Important Plant Functional Traits for Coping
With Climate Change.” Frontiers of Biogeography 13, no. 4: 1044.

Kullman, L. 2004. “Early Holocene Appearance of Mountain Birch
(Betula pubescens ssp. tortuosa) at Unprecedented High Elevations in the

Swedish Scandes: Megafossil Evidence Exposed by Recent Snow and Ice
Recession.” Arctic, Antarctic, and Alpine Research 36, no. 2: 172-180.

Kullman, L. 2010. “A Richer, Greener and Smaller Alpine World: Review
and Projection of Warming-Induced Plant Cover Change in the Swedish
Scandes.” Ambio 39, no. 2: 159-169.

Lembrechts, J. J., J. Aalto, M. B. Ashcroft, et al. 2020. “SoilTemp: A
Global Database of Near-Surface Temperature.” Global Change Biology
26, n0. 11: 6616-6629.

Lenoir, J., B. J. Graae, P. A. Aarrestad, et al. 2013. “Local Temperatures
Inferred From Plant Communities Suggest Strong Spatial Buffering of
Climate Warming Across Northern Europe.” Global Change Biology 19,
no. 5: 1470-1481.

Lieb, A. M., A. Darrouzet-Nardi, and W. D. Bowman. 2011. “Nitrogen
Deposition Decreases Acid Buffering Capacity of Alpine Soils in the
Southern Rocky Mountains.” Geoderma 164, no. 3-4: 220-224.

Malfasi, F., and N. Cannone. 2020. “Climate Warming Persistence
Triggered Tree Ingression After Shrub Encroachment in a High Alpine
Tundra.” Ecosystems 23, no. 8: 1657-1675.

Maliniemi, T., J. Kapfer, P. Saccone, A. Skog, and R. Virtanen. 2018.
“Long-Term Vegetation Changes of Treeless Heath Communities in
Northern Fennoscandia: Links to Climate Change Trends and Reindeer
Grazing.” Journal of Vegetation Science 29, no. 3: 469-479.

Marta, S., A. Zimmer, M. Caccianiga, et al. 2023. “Heterogeneous
Changes of Soil Microclimate in High Mountains and Glacier
Forelands.” Nature Communications 14, no. 1: 5306.

Martin, A. C., E. S. Jeffers, G. Petrokofsky, I. Myers-Smith, and M.
Macias-Fauria. 2017. “Shrub Growth and Expansion in the Arctic
Tundra: An Assessment of Controlling Factors Using an Evidence-
Based Approach.” Environmental Research Letters 12, no. 8: 85007.

Mayer, R., and B. Erschbamer. 2017. “Long-Term Effects of Grazing on
Subalpine and Alpine Grasslands in the Central Alps, Austria.” Basic
and Applied Ecology 24: 9-18.

Mekonnen, Z. A., W. J. Riley, L. T. Berner, et al. 2021. “Arctic Tundra
Shrubification: A Review of Mechanisms and Impacts on Ecosystem
Carbon Balance.” Environmental Research Letters 16, no. 5: 53001.

Myers-Smith, I. H., B. C. Forbes, M. Wilmking, et al. 2011. “Shrub
Expansion in Tundra Ecosystems: Dynamics, Impacts and Research
Priorities.” Environmental Research Letters 6, no. 4: 45509.

Myers-Smith, I. H., and D. S. Hik. 2013. “Shrub Canopies Influence
Soil Temperatures but Not Nutrient Dynamics: An Experimental Test
of Tundra Snow-Shrub Interactions.” Ecology and Evolution 3, no. 11:
3683-3700.

Myers-Smith, I. H., J. T. Kerby, G. K. Phoenix, et al. 2020. “Complexity
Revealed in the Greening of the Arctic.” Nature Climate Change 10:
106-117.

Myers-Smith, I. H., H. J. Thomas, and A. D. Bjorkman. 2019. “Plant
Traits Inform Predictions of Tundra Responses to Global Change.” New
Phytologist 221, no. 4: 1742-1748.

Niklas, K. J. 2006. “Plant Allometry, Leaf Nitrogen and Phosphorus
Stoichiometry, and Interspecific Trends in Annual Growth Rates.”
Annals of Botany 97: 155-163. https://doi.org/10.1093/aob/mcj021.

Oldfather, M. F., and D. D. Ackerly. 2019. “Microclimate and
Demography Interact to Shape Stable Population Dynamics Across the
Range of an Alpine Plant.” New Phytologist 222, no. 1: 193-205.

Pajunen, A., R. Virtanen, and H. Roininen. 2012. “Browsing-Mediated
Shrub Canopy Changes Drive Composition and Species Richness in
Forest-Tundra Ecosystems.” Oikos 121, no. 10: 1544-1552.

Pajunen, A. M., J. Oksanen, and R. Virtanen. 2011. “Impact of Shrub
Canopies on Understorey Vegetation in Western Eurasian Tundra.”
Journal of Vegetation Science 22, no. 5: 837-846.

12 of 14

Global Change Biology, 2026


https://doi.org/10.32942/X2534Q
https://doi.org/10.1093/aob/mcj021

Palombo, C., G. Chirici, M. Marchetti, and R. Tognetti. 2013. “Is
Land Abandonment Affecting Forest Dynamics at High Elevation
in Mediterranean Mountains More Than Climate Change?” Plant
Biosystems-An International Journal Dealing With All Aspects of Plant
Biology 147, no. 1: 1-11.

Pauli, H., M. Gottfried, A. Lamprecht, S. Niessner, S. Rumpf, and M.
Winkler. 2015. The GLORIA Field Manual-Standard Multi-Summit
Approach, Supplementary Methods and Extra Approaches. GLORIA-
Coordination, Austrian Academy of Sciences & University of Natural
Resources and Life Sciences.

Pedersen, T. 2024. “patchwork: The Composer of Plots. R Package
Version 1.3.0.9000.” https://github.com/thomasp85/patchwork.

Pepin, N. C,, E. Arnone, A. Gobiet, et al. 2022. “Climate Changes and
Their Elevational Patterns in the Mountains of the World.” Reviews of
Geophysics 60, no. 1: e2020RG000730.

R Core Team. 2021. R: A Language and Environment for Statistical
Computing. R Foundation for Statistical Computing.

Rantanen, M., A. Y. Karpechko, A. Lipponen, et al. 2022. “The Arctic
Has Warmed Nearly Four Times Faster Than the Globe Since 1979.”
Communications Earth & Environment 3, no. 1: 168.

Reisch, C., and S. Rosbakh. 2021. “Patterns of Genetic Variation in
European Plant Species Depend on Altitude.” Diversity and Distributions
27,no. 1: 157-163.

Rumpf, S. B., M. Gravey, O. Brénnimann, et al. 2022. “From White to
Green: Snow Cover Loss and Increased Vegetation Productivity in the
European Alps.” Science 376, no. 6597: 1119-1122.

Salguero-Gomez, R., O. R. Jones, E. Jongejans, et al. 2016. “Fast-Slow
Continuum and Reproductive Strategies Structure Plant Life-History
Variation Worldwide.” Proceedings of the National Academy of Sciences
113, no. 1: 230-235.

Schidler, M., G. Jung, H. Auge, and R. Brandl. 2003. “Palatability,
Decomposition and Insect Herbivory: Patterns in a Successional Old-
Field Plant Community.” Oikos 103, no. 1: 121-132.

Schore, A.I.,J. M. Fraterrigo, V. G. Salmon, D. Yang, and M. J. Lara. 2023.
“Nitrogen Fixing Shrubs Advance the Pace of Tall-Shrub Expansion in
Low-Arctic Tundra.” Communications Earth & Environment 4, no. 1:
421.

Serensen, M. V., B. J. Graae, D. Hagen, B. J. Enquist, K. O. Nystuen,
and R. Strimbeck. 2018. “Experimental Herbivore Exclusion, Shrub
Introduction, and Carbon Sequestration in Alpine Plant Communities.”
BMC Ecology 18: 1-12.

Sturm, M., T. Douglas, C. Racine, and G. E. Liston. 2005. “Changing
Snow and Shrub Conditions Affect Albedo With Global Implications.”
Journal of Geophysical Research: Biogeosciences 110: G01004.

Sturm, M., C. Racine, and K. Tape. 2001. “Increasing Shrub Abundance
in the Arctic.” Nature 411, no. 6837: 546-547.

Tape, K. E. N, M. Sturm, and C. Racine. 2006. “The Evidence for Shrub
Expansion in Northern Alaska and the Pan-Arctic.” Global Change
Biology 12, no. 4: 686-702.

Vanneste, T., O. Michelsen, B. J. Graae, et al. 2017. “Impact of Climate
Change on Alpine Vegetation of Mountain Summits in Norway.”
Ecological Research 32: 579-593.

Venn, S. E., and K. Green. 2018. “Evergreen Alpine Shrubs Have High
Freezing Resistance in Spring, Irrespective of Snowmelt Timing and
Exposure to Frost: An Investigation From the Snowy Mountains,
Australia.” Plant Ecology 219: 209-216.

Violle, C., M. L. Navas, D. Vile, et al. 2007. “Let the Concept of Trait Be
Functional!” Oikos 116, no. 5: 882-892.

Visakorpi, K., S. Block, L. Pellissier, J. M. Levine, and J. Alexander. 2023.
“Eco-Physiological and Morphological Traits Explain Alpine Plant
Species’ Response to Warming.” Functional Ecology 37, no. 2: 287-301.

Vowles, T., and R. G. Bjork. 2019. “Implications of Evergreen Shrub
Expansion in the Arctic.” Journal of Ecology 107, no. 2: 650-655.

Vowles, T., B. Gunnarsson, U. Molau, T. Hickler, L. Klemedtsson, and R.
G. Bjork. 2017. “Expansion of Deciduous Tall Shrubs but Not Evergreen
Dwarf Shrubs Inhibited by Reindeer in Scandes Mountain Range.”
Journal of Ecology 105, no. 6: 1547-1561.

Vuorinen, K. E., L. Oksanen, T. Oksanen, A. Pyykonen, J. Olofsson, and
R. Virtanen. 2017. “Open Tundra Persist, but Arctic Features Decline—
Vegetation Changes in the Warming Fennoscandian Tundra.” Global
Change Biology 23, no. 9: 3794-3807.

Walker, M. D., C. H. Wahren, R. D. Hollister, et al. 2006. “Plant
Community Responses to Experimental Warming Across the Tundra
Biome.” Proceedings of the National Academy of Sciences 103, no. 5:
1342-1346.

Westoby, M. 1998. “A Leaf-Height-Seed (LHS) Plant Ecology Strategy
Scheme.” Plant and Soil 199: 213-227.

Westoby, M., and I. J. Wright. 2006. “Land-Plant Ecology on the Basis of
Functional Traits.” Trends in Ecology & Evolution 21: 261-268. https://
doi.org/10.1016/j.tree.2006.02.004.

Wickham, H. 2016. ggplot2: Elegant Graphics for Data Analysis.
Springer-Verlag New York. https://ggplot2.tidyverse.org.

Wickham, H., R. Frangois, L. Henry, K. Miiller, and D. Vaughan. 2023.
“dplyr: A Grammar of Data Manipulation. R Package Version 1.1.4.”
https://github.com/tidyverse/dplyr.

Wilson, S. D., and C. Nilsson. 2009. “Arctic Alpine Vegetation Change
Over 20 Years.” Global Change Biology 15, no. 7: 1676-1684.

Wookey, P. A., R. Aerts, R. D. Bardgett, et al. 2009. “Ecosystem
Feedbacks and Cascade Processes: Understanding Their Role in the
Responses of Arctic and Alpine Ecosystems to Environmental Change.”
Global Change Biology 15, no. 5: 1153-1172.

Wright, I. J., P. B. Reich, M. Westoby, et al. 2004. “The Worldwide Leaf
Economics Spectrum.” Nature 428: 821-827. https://doi.org/10.1038/
nature02403.

Xu, S., J. Sardans, J. Zhang, and J. Pefuelas. 2020. “Variations in
Foliar Carbon:Nitrogen and Nitrogen:Phosphorus Ratios Under Global
Change: A Meta-Analysis of Experimental Field Studies.” Scientific
Reports 10: 12156. https://doi.org/10.1038/541598-020-68487-0.

Supporting Information

Additional supporting information can be found online in the
Supporting Information section. Figure S1: Boxplots showing the dif-
ference in plant height (log-transformed; (a), SLA (b), seed mass (log-
transformed); (c) and leaf nitrogen content (d) between deciduous and
evergreen shrub species. Figure S2: Distribution of cover shifts over
time across plots for all species combined (i.e., greening), forbs and
graminoids. Figure S3: Model estimates (mean +95% CI) for the shrub
species’ cover changes over time (calculated as long-response ratios)
as function of the mean trait values for plant height, specific leaf area
(SLA), seed mass and leaf nitrogen (N) content. Shrub species are or-
dered (top to bottom) according to decreasing modelled cover changes
(@), plant height (b) and leaf N content (c). Figure S4: Scatterplots for
the alterative series of univariate models with the mean trait values as
random slope terms to account for the fact that trait effects of shrub
species’ cover changes may vary depending on the region. Figure S5:
Model estimates (mean +95% CI) for the shrub species’ cover changes
over time (calculated as long-response ratios) as function of the niche
optima for moisture, soil reaction, nutrient levels, light and temperature
(EIVE indicator values). Table S1: List of GLORIA mountain sites and
summits located in the alpine vegetation belt. Table S2: List of shrub
species in the GLORIA database. Species were classified as shrubs
accodring the Plants of the World Online (POWO), including both
‘shrubs’ and ‘subshrubs’. Table S3: Mean trait values and intra-specific
trait variation (quantified as coeficient of variation; CV) for the shrub
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species’ plant height at maturity (m), specific leag area (SLA; mm?/mg),
seed mass (mg) and leaf nitrogen (N) content (mg/g). Table S4: Niche
optimum and width for the shub species’ ecological indicator values for
soil moisture (M), soil nutrient status (N), soil acidity (R), light (L) and
temperature (T). Table S5: Mean parameter estimates (£SD or 95% CI)
for alternative linear mixed-effect models relating shrub species cover
shifts over time to mean trait values (model 1), intra-specific trait vari-
ation (model 2), niche optima (model 3) and niche widths (model 4),
but with species as random intercept term instead of the phylogenetic
structure. Table S6: Mean parameter estimates (£SD or 95% CI) for the
effect of region on the plot-level total shrub cover. Table S7: Mean pa-
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