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Climate impact studies have indicated ecological fingerprints
of recent global warming across a wide range of habitats"2. Al-
though these studies have shown responses from various local
case studies, a coherent large-scale account on temperature-
driven changes of biotic communities has been lacking®*. Here
we use 867 vegetation samples above the treeline from 60
summit sites in all major European mountain systems to show
that ongoing climate change gradually transforms mountain
plant communities. We provide evidence that the more cold-
adapted species decline and the more warm-adapted species
increase, a process described here as thermophilization. At
the scale of individual mountains this general trend may not
be apparent, but at the larger, continental scale we observed
a significantly higher abundance of thermophilic species in
2008, compared with 2001. Thermophilization of mountain
plant communities mirrors the degree of recent warming and
is more pronounced in areas where the temperature increase
has been higher. In view of the projected climate change®® the
observed transformation suggests a progressive decline of cold
mountain habitats and their biota.

The decade 2000-2009 was the warmest since the beginning
of global climate measurements’, surpassing the 1990s, which
unveiled ecological responses of many animals and plants®. Several
of these previous studies were made in mountain areas where
an increase in plant species richness has been shown®'’, and
which coincide with projections of distribution models suggesting
warming-induced upward range shifts’*'°. These field studies,
however, have been based on incidental historical data from a
limited number of sites.

Based on a standardized and multiple-scale dataset for European
mountain systems (GLORIA; ref. 17), we test the hypothesis of a
synchronous change of plant communities towards a composition
and structure that indicates a warming effect. In 2001, at 60
summit sites of different elevations distributed over 17 major
European mountain regions, 1 X 1 m permanent plots, arranged
in clusters of four quadrats (plot clusters), were established in
each cardinal direction (Fig. 1¢; ref. 17). In 2001 and 2008, data
on species occurrences and cover were collected in the same
standardized way. Our dataset comprised 764 vascular plant species
(see Supplementary Information).

For detection of a warming effect, here termed thermo-
philization, we used the indicative value of the species found in
a plot. The ecological indicator concept'® relies on the realized
position of a species along an environmental gradient, in our case
altitude, which resembles a thermal gradient" (Fig. 1a). For some
species their optimum performance is found in the treeline ecotone,
whereas for others it is in the alpine zone, and in some cases close
to the limits of plant life (nival zone; ref. 20; Fig. 1b). According
to standard floras, an altitudinal rank was assigned to all recorded
species (for details on ranking and effects of misclassifications
see Supplementary Section S1 and Methods). For each plot, a
composite score (that is, a weighted average?') in the following
thermic vegetation indicator S was then calculated as

S = (Xrank(species;) x cover(species;))/ X cover(species;) (1)

To justify the use of S as thermic indicator, we tested its
correlation with habitat temperature, expressed by the average June
daily minimum temperature (Ty,;,), measured in the soil over the
years 2001-2007 (Fig. 1d and Supplementary Section S2).

Differences of the thermic vegetation indicator S between 2001
and 2008 were used to quantify transformations of the plant
communities, and termed thermophilization indicator D hereafter
(D = Sz008 — S2001)-

This transformation is driven by species cover changes within
the plot and by immigration or disappearance of species. Positive
differences (thermophilization) may result from increased cover
and/or immigration of species with a higher rank (that is, of
lower elevational ranges (thermophilic)) and/or the decline or
loss of species of lower ranks (that is, higher elevational ranges
(cryophilic)). Alpine plants are long-lived®* and internal processes
in alpine plant communities work at a slow rate?®, thus it can
be assumed that species cover does not vary much from year
to year but shows a clear trend with increasing time intervals.
Applying mixed-effects models, differences D were calculated at
the continental scale as well as for each region and each summit.
To interpret D in terms of climate change we used Ty, in June
from gridded European temperature data at a resolution of 0.25°
(E-OBS data®*). As the climatic conditions during the preceding
years of a survey (termed here as prior periods) are expected to

A full list of affiliations appears at the end of the paper.
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Figure 1| Plant species distribution and vegetation patterns in mountains. a, Mountain plant species (symbolized as curves) are distributed along
altitudinal gradients. The amplitudes of the curves reflect varying species abundances, which generally decrease towards higher elevations. To each studied
species, an altitudinal indicator value was assigned using six ranks (1-6, blue to red). b, Species constitute vegetation patterns that form bioclimatic belts;
example from the European Alps. In each of these belts, monitoring plots were installed in a hierarchical scheme: in 17 European mountain regions, four
summits (one of them exemplified by the yellow rectangle in b) spanning the gradient from the region'’s treeline to its altitudinal limit were selected. ¢, On
each summit's four cardinal directions (east, south, west and north), a cluster of four 1x Tm monitoring plots was installed. For each plot, a vegetation score
S was calculated as the average of the altitudinal ranks of the contributing species, weighted by their respective cover (see equation (1)). Soil temperature
was measured hourly in the centre of each plot-cluster over the years 2001-2007. d, The vegetation score S, calculated for 2008 and averaged for each
cardinal direction’s plot cluster, is correlated with soil temperature. It is therefore coined as the thermic vegetation indicator S. Circles, pooled data of plot
clusters from several mountain regions. Blue lines, linear regressions of S from particular mountain regions on June mean of daily minimum temperature.
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Figure 2 | The thermophilization indicator D is significantly positive on the European level. Diamonds and horizontal lines, D and 95% confidence
intervals for the summits. Orange dots and horizontal bars, D and 95% confidence intervals for the mountain regions. The bar thickness refers to the
number of summits in each mountain region (mostly four; three in Polar Urals, Southern Scandes, Valais, Central Pyrenees, Central Caucasus, Central
Apennines; two in Corsica). Red line and green shading, European D and its 95% confidence interval. Black line, reference line at D = 0. Mountain regions
are ordered from north to south (top to bottom), summits within regions from highest to lowest summit.
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Figure 3 | The thermophilization indicator D of mountain regions is correlated with temperature change. a, Change in June mean of daily minimum
temperature (map prepared from data provided by E-OBS; ref. 24, resolution 0.25°), calculated as the difference of the averages of two time periods that
precede plant data recording: prior 2008 (2003-2007)-prior 2001 (1996-2000). The numbers indicate the mountain regions and are referenced in Fig. 2.
No temperature data are available for the Polar Urals and Southern Urals (2 and 5 in Fig. 2). b, Correlation of D with the change in June mean of daily
minimum temperature (prior 2008-prior 2001) in the study regions (data derived from the map in a), using a one-sided test following the null hypothesis
of no positive correlation. Vertical lines are 95% confidence intervals of D for the mountain regions and a linear regression line is shown.

have long-lasting effects, we applied average values for the period
19962000 (prior 2001) and the period 2003-2007 (prior 2008).
The usefulness of Ty, in June and the choice of time spans of
the prior periods were tested with our data and found acceptable
(Supplementary Sections S2 and S5).

At the continental scale, the thermophilization indicator D
was highly significantly positive (D = 0.054, p < 0.0001; Fig. 2).
Sixteen of the 17 regions and 42 of the 60 summits had a positive
D. The total variance in D resulted primarily from the among-
plot differences (75%) and less so from nesting at larger spatial
levels: 19% from cardinal directions, 6% from summits, and only
0.002% of the variance of D derived from differences between
the mountain regions (for details see Methods and Supplementary
Section S3). D was quite insensitive to possible misclassifications in
the species’ altitudinal ranks; the European D remained significantly
positive up to a simulated misclassification rate of around 40%
of the originally applied ranks. Neither the latitude of regions
nor the elevation of summits had a significant effect on D
(Supplementary Section S3).

The magnitude of D of the mountain regions reflects the
pattern of the regional European climate development in the past
decade and a half, that is, between prior 2001 and prior 2008.
With an overall warming trend on the continental level’ and

an average increase of 0.76°C in our study regions, June Ty,
changed differently in different mountain regions (Fig. 3a). The
thermophilization indicator D was significantly correlated with
these regional climatic trends (Fig. 3b).

The transformation of plant communities on a continental scale
within less than a decade can be considered a rapid ecosystem
response to ongoing climate warming. Although the signal is
not statistically significant for single mountain regions, it is
clearly significant when data throughout Europe are pooled. This
signal is expected to have a number of important implications.
Biotic interactions were suggested to shift along abiotic stress
gradients from mutualistic interactions under physically harsh
conditions to more competitive interactions under less harsh
conditions®. Thus, climate warming exposes short-stature, light-
demanding and slow-growing cold-adapted alpine plant species to
enhanced competition. A temperature-governed change of plant
communities may lead to declines or even local disappearance
of alpine plant species. In fact, declines of extreme high-
altitude species at their lower range margins have recently been
observed in the Alps'.

For Europe, approximately 2,500 vascular plant species (or
approximately 20% of the continent’s native vascular flora) were
estimated to be centred in the alpine zone from the treeline
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ecotone to the highest mountain summits®. This zone comprises
only 3% of the terrestrial area of Europe and, hence, limited
space would be available for future alpine habitats in warmer
climates. A thermophilization of D =1 would relate to a shift
in the magnitude of one vegetation belt (see Supplementary
Section S1) according to our altitudinal rank definitions. This
would theoretically imply that, for example, habitats of open
and scattered subnival plant communities would be colonized by
species of alpine grasslands. On the European level, we observed
a transformation in the magnitude of about 5% of one vegetation
belt after only seven years. Although a strong heterogeneity
in microclimatic patterns”’ and a large vertical extension of
mountains may provide local refugia'**®, our results indicate
a progressive shrinking of the low-temperature, high-elevation
habitats, including parts of the Alps and Mediterranean mountains,
where many locally restricted species live?™.

Methods

Field recording. Species percentage cover was visually estimated as a percentage of
the permanent plot with the aid of transparent templates. In each plot cluster, a
temperature logger (Onset Stowaway Tidbit) was buried at 10 cm substrate depth.
A total of 131 loggers yielded complete temperature series (2001-2007) and was
entered for the analysis shown in Fig. 1d.

Mixed-effects models. To calculate D at the European level we applied a
mixed-effects model with an intercept as fixed effect and plots, grouped in
clusters arranged in the cardinal directions (further grouped into summits
and mountain regions), as random effects using restricted maximum
likelihood estimation. D on lower nesting levels was calculated by fitting
separate models with a similar but lower nesting structure. As fitting routine
we used Ime() from S-PLUS (TIBCO Spotfire S+ 8.1 for Windows). The
function intervals() was applied to calculate confidence intervals for D
(Supplementary Section S3).

Sensitivities to errors in species rank classification and cover estimation. To
assess the sensitivity of D to the applied altitudinal classification scheme of the
species, we randomly perturbed the originally assigned ranks with normally
distributed errors with increasing standard deviation and rounded the perturbed
ranks to the nearest integer on our scale. For each standard deviation, we
simulated 1,000 sets of perturbed ranks and computed the effect on D as well as the
misclassification rate, averaged over the sets (Supplementary Section S1).

Visual cover estimation includes two error components: a systematic error
that varies between different observers; and a random error that an observer
makes from one estimate to the next. The random component is dealt with
appropriately by our model. Using a pilot study we estimated the influence of the
systematic error to account for only approximately 4% of the total error in cover
estimation and therefore decided not to model this negligible variance component
(Supplementary Section S4).
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