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Abstract:

Climate change increases plant species richness in alpine ecosystems. However, to what
extent this diversity enrichment masks extinction dynamics of resident species remains
elusive. Here, we use floristic resurvey data from 896 permanent vegetation plots across 62
European mountain summits to show that local extinctions have increased over the past 21
years. Extinction rates rose with the magnitude of warming, and species were more likely to
go extinct towards their low-elevation range margins and in communities undergoing
stronger thermophilization. Moreover, local extinctions were significantly related to
preceding abundance declines, which can hence serve as an early warning signal. These
findings suggest that despite increasing plant species richness, plant assemblages above the
treeline face an accelerating, but so far neglected loss of their most characteristic species.
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Main Text:

Vascular plant species richness on mountain summits has increased during recent decades (/,
2). The likely driver of this species accumulation is the accelerating rate of climate warming
at higher elevation (3), which has made previously inhospitable sites more amenable to
vascular plant life and enabled less cold-tolerant species from lower-elevation habitats to shift
or expand upslope and colonize mountain summits (2, 4-6). However, this increase in species
richness dominated by lower-elevation species may obscure a loss of resident specialists (7).
Identifying and quantifying this possible loss is important as high-elevation floras tend to be
rich in geographically restricted and often functionally unique or distinct species (8, 9).
Extinctions from this unique species pool can thus have disproportionate effects on functional
and phylogenetic diversity, endemism and rarity (10, 11).

Local and regional studies suggest that species above the treeline do indeed sort into
‘winners’ and ‘losers’ in terms of abundance change with climate warming, and that
specialists of highest elevations are disproportionately frequent among the ‘losers’ (/2-14).
However, no continental-scale analysis has so far provided a systematic assessment of the
magnitude of recent species losses in high-mountain plant communities or potential patterns
of vulnerability among species and populations. Moreover, local and regional-scale findings
have often been based on a single resurvey of historical observations, where directed
abundance trends can most easily be confounded with stochastic population fluctuation or
observation error (15, 16). Whether the documented abundance declines are early-warning
signs of pending local- or larger-scale extinctions remains hence to be evaluated.

The Global Observation Research Initiative in Alpine Environments (GLORIA, /7) is the
largest systematic monitoring scheme of climate effects on mountain summit floras (/8). In
Europe, its core sampling network consists of 62 summits distributed across 16 mountain
regions (Fig. 1) that were surveyed four times, in 7-year intervals, between 2001 and 2022
(with a few minor deviations, see 19 for details). During each survey, on each summit, the
full list of vascular plants, together with their abundance (ground cover, visual estimation)
were recorded on 16 permanent 1 m x 1 m plots. Based on these data, we here analysed
temporal trends in local extinctions and their relationship with the magnitude of climate
warming. We refer to local extinction as the disappearance of a species recorded in one, but
not re-recorded in the consecutive survey, although we do not know whether the species
persisted on the same summit or in the same region outside of the surveyed plots. For the
species that were present in the first survey, we moreover evaluated whether the likelihood of
local extinction events was related to a preceding decrease of their cover and the position of
the plot within the species’ elevational range, and whether extinctions were more likely in
communities undergoing a more pronounced change towards predominance of warmth-
demanding species, so-called thermophilization (20). To account for slight variation in
observation methods between surveys, we used a resampling approach in the analyses and
report results as means and standard deviations of resamples (see 19 for details). Temporal
and geographical trends in local extinctions were assessed on the level of sampled plots, as
well as on the aggregated levels of summits and mountain regions.

Rates and temporal trends of local extinctions, and their relationship to climatic trends
Local extinction events were observed frequently in each re-survey. Across the three re-
surveys, the number of such extinction events varied as follows: 980 to 1451 + 9 at the plot
level, 118 to 185 £ 4 at the summit level, and 57 to 99 + 2 at the mountain region level. These
numbers correspond to 11.1% to 15.7% = 0.1%, 6.7% to 9.9% = 0.2%, and 5.5% to 8.9% +
0.2% of all species observations at the plot, summit, and mountain region level, respectively
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(see table S1). However, a considerable percentage (34.2% + 0.2%) of the plot-level
extinctions documented in the second or third survey were followed by re-observation of the
focal species during one of the subsequent surveys, either due to real extinction and
colonization dynamics, lack of above-ground appearance of species in a certain year, or due
to intermittent observer errors. In the most conservative accounting, which only considers
species present in the first, but in none of the three consecutive surveys, there were 578, 62,
and 31 extinction events, corresponding to 6.5%, 3.5%, and 3% of the species observations
on the plot, summit, and mountain region level, respectively.

Using generalized linear mixed-effects models for proportion data (see 19 for details), we
found that local extinction rates significantly increased over time, i.e., with each consecutive
re-survey, on each level of aggregation, i.e., on the plot, summit and mountain region level
(Fig. 2, Fig. 3A and table S2). Extinction rates rose in parallel with the total vascular plant
cover per plot and species richness per plot and summit (Fig 3B, table S3 and S4). However,
when fitting these extinction-rate models we included local extinctions of all species, even if
they were re-observed in consecutive surveys. This was necessary because the chance for an
apparently extinct species to re-appear decreases with the number of subsequent surveys.
Omitting local extinctions followed by re-observations would hence result in rising extinction
rates per se. To assess whether the detected temporal trend is attributable to increased rates of
natural fluctuation and observer error or rather indicates a rise of local extinction rates we
thus fitted two additional mixed-effects models for proportion data (see /9). In these
additional models, we separately tested whether the likelihood of a transition of type
presence-absence-presence and of type presence-absence-absence has increased between the
earlier (2001-2008-2015) and later (2008-2015-2022) three surveys. We thereby interpreted
the latter type of transition as an indication of real local extinction events. We found that on
all three levels of aggregation only transitions of type presence-absence-absence became
more frequent (estimate = 0.26 £ 0.009, p <0.001, estimate = 0.37 + 0.03, p =0.016 £ 0.010
and estimate = 0.45 £ 0.030, p = 0.04 £ 0.015, respectively). These results suggest that
natural fluctuation and observer error have not increased over time, but that the increase in
extinctions drives the observed trend.

To evaluate whether climate warming could be the driver behind rising local extinction rates,
we quantified the magnitude of macroclimatic warming for each survey on each summit. We
therefore derived the difference between the mean temperature during the 14 years prior to
each survey and the mean temperature during a baseline period between 1900 to 1950, using
data from the Climate Research Unit (CRU, version 4.06; 21). We selected a 14-year time
window for this analysis as it corresponds to two survey intervals and is consistent with the
subsequent analyses presented below. Using the same type of generalized linear mixed-
effects model as above, but exchanging time with the magnitude of warming as a fixed-
effects predictor we found that local extinction rates were positively related to climate
warming (estimate = 0.38+0.01/0.37+0.02/0.39+0.02 on the plot/summit/mountain region
level, p <0.001 in all cases, cf. table S5): with each additional 0.1°C of warming, the
proportion of local extinctions has increased by 1.6%, 1.1%, and 1.0 % at the three levels of
aggregation. This model explained a considerably higher proportion of the observed variance
in local extinction rates (as measured by marginal R>-values, R?m = 0.14/0.27/0.36 +
0.004/0.014/0.018 on the plot/summit/ mountain region level) as compared to the model that
used time as a fixed-effects predictor (R?m = 0.03/0.09/0.17 + 0.001/0.008/0.018, cf. Fig. 3)
which underpins the role of climate change in driving the increasing local extinction rates.
Finally, to assess whether local extinction rates show geographical trends we also included
latitude and longitude as additional fixed-effects predictors into the climate-warming model.



201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250

We found that at the plot, but not at the summit and region level, local extinction rates were
higher at southern latitudes while there was no east-west gradient at any of the three
aggregation levels (Fig. 3A and table S6).

Declining cover predicts local extinctions

To assess whether a species’ decrease in local abundance can be considered an indicator of its
local extinction risk, we computed the change in the observed cover between the first and the
third survey for each species on each plot. A logistic mixed-effects model revealed that the
likelihood that a species was reported as locally extinct at a plot during the fourth survey in
2022 indeed increased under stronger decline of cover of the focal species at this plot during
the preceding 14 years (i.e., between 2001 and 2015, Fig. 3C, 4B and table S7). The effect
was independent of the species’ cover value in the first survey. The latter variable was itself a
significant predictor of local extinction (Fig. 3C and table S7), most likely because low cover
in the first survey increases the probability of both subsequent local extinctions and
observation errors. Prior cover decline predicted local extinctions in the fourth survey also
when computed over a shorter observation window of seven years, i.e., between the second
and the third survey. However, the strength of the effect was weaker, probably because of
stronger noise from random fluctuations (Fig. 3C, 4B and table S7).

The relationship between declining cover and local extinction rate was significant even
though changes of cover prior to local extinction varied considerably in magnitude and
direction, suggesting considerable background fluctuation. Of all local extinctions reported
during the fourth survey, 57.6 % + 0.2% were preceded by cover decline, 32.2% + 0.2% by
cover increase and 10.2% + 0.1% by constant cover between the first and the third survey. To
further support the conclusion that a declining cover leads to local extinction more often than
expected by chance under this background fluctuation we counted all trajectories of
monotonic cover decrease towards extinction across the four surveys, i.e., of type coversurveyl
> COVelsurvey2 > COVeTlsurvey3 > 0. We then compared the number of such trajectories in the
entire dataset to their number after randomly re-shuftling the cover values, including Os, of
each species at each plot across the four surveys. We found that these monotonic decline-to-
extinction trajectories occurred 2.5 times more often than expected by chance (Fig. 4A, 44.5
+ 6.5 and 112.8 + 2.7 trajectories for reshuffled and observed data, respectively), a difference
that was highly significant (t-test, d.f. = 1333209, p <0.001).

Species are more prone to local extinctions towards their lower range margin and in
communities undergoing stronger thermophilization

If local extinctions of plant species on mountain summits are - at least partly - driven by the
changing climate, we would expect that extinction risk is higher the closer a summit is
located towards a species’ warmer, lower range margin, in line with scattered recent
observations in various mountain plant and animal species (12, 22). We tested this
assumption based on a six-level classification of species according to the elevational belt
where they most frequently occur (1 = nival; 2 = subnival or alpine-nival ecotone; 3 = alpine;
4 = alpine to the treeline; 5 = treeline ecotone; and 6 = montane 20). We calculated the
relative rank of each species in each plot as the average elevational rank of all species co-
occurring in the plot (i.e., the community-mean value) in 2001 minus the species’ elevational
rank. This species-by-plot-specific value of relative elevational rank is hence an indicator of
the position of the plot within the elevational range of a species. Positive values indicate that
the “average species” of a plot prefers lower elevations than the focal species, suggesting that
the plot is located towards the lower range margin of the focal species; and, vice versa,
negative values indicate a location of the plot towards the upper elevational range margin of
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the focal species. We added this relative elevational rank as a further predictor to the model
used to analyse the relationship between local extinction probability in the fourth survey and
cover change in the preceding 14 years. We found that the relative elevational rank was
positively related to local extinction likelihood (Fig. 3C and table S7). Towards their lower
elevational range margin, species hence had a higher risk of local extinction between 2015
and 2022. We moreover repeated the comparison of the ‘decline-to-extinction trajectories’
against random expectations, as described above, separately for local extinction events of
species with positive and negative relative elevational ranks. We found that such trajectories
occur more often than expected by chance in both groups, in line with a general impact of
prior cover decline on local extinction likelihood. However, the overrepresentation was
stronger for the group with positive elevational ranks, underlining that populations at lower
range margins faced a higher risk of local extinction over time (Fig. 4A). Finally, we tested
whether local extinctions in the fourth survey were more likely in communities undergoing a
stronger general change towards warmth-demanding species (thermophilization, cf. 20). We
therefore calculated the change in the cover-weighted average elevational rank of plots
between 2001 and 2022 (after removing the focal species, see 19 for details). We added this
change as a predictor variable to the model and found that local extinctions between 2015 and
2022 were more likely in communities which experienced a stronger thermophilization (Fig.
3C, table S7). This finding underlines that local extinctions are, at least partly, embedded into
a climate-driven restructuring of the entire community.

Discussion
Monitoring plant occurrence and cover on permanent plots is prone to observer error (23).
Although relocation errors are minimized by the permanent-plot design of GLORIA, and
identification errors were reduced as much as possible by prior data cleaning (see 19), part of
the local extinctions reported certainly result from species that were overlooked or from
natural fluctuation. However, if all local extinctions were attributable to observer errors or
random fluctuation, significant relationships with time, level of warming, or relative
elevational rank should not emerge. In fact, the explanatory power of our models (marginal
2-values reached up to 0.75, see Fig. 3 and tables S6 and S7) demonstrate that these
variables explain a high proportion of the observed variation in local extinction rates.
Moreover, transitions suggesting real local extinctions increased over time and monotonic
decline-to-extinction trajectories were far more frequent than expected by chance. Finally, a
complementary analysis of colonization dynamics, mirroring our analyses of extinction
dynamics, further suggests that the data do not exclusively reflect natural fluctuation and
observer error (see 19 for details). In particular, this complementary analysis demonstrated
that, in correspondence with the patterns found for local extinctions, a monotonic increase of
a species’ cover following local colonization (i.e. a transition of type 0 < coversurvey2 <
COVeTsurvey3 < COVeTsurvey4) Was much more likely than expected under random fluctuations;
and that local colonizations were significantly more frequent towards the species upper
elevational range limits. However, in contrast to extinctions, colonizations did not become
more frequent over time. Finally, the number of colonization events were also unrelated to
the level of warming, most likely because of their strong dependence on the availability of
potential colonizers in the plots’ immediate surroundings (36, 39).

While our results indicate a significant impact of climate change on rising local extinction
rates, we cannot exclude additional effects due to other anthropogenic drivers. In the case of
GLORIA, strong impacts of land-use changes are unlikely because summits were selected
with the explicit purpose of minimizing land-use changes (/7). A possible effect of
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atmospheric nitrogen deposition (/2) remains to be tested, even if an earlier study based in
part on GLORIA data, did not detect any consistent impact of nitrogen deposition on local
plant species richness of European mountain summits (2). Besides these non-climatic factors,
climate-related changes other than warming temperatures could foster extinction rates,
especially decreasing water availability and a shortened snow cover period (73, 24). Robust
data on how these factors have developed across GLORIA summits are not available and
their impact cannot hence be disentangled from the one of warming yet. However, changes in
these factors are likely correlated with higher temperatures as the latter increase evaporative
demand (25), shift the ratio of rain and snow (26) and advance spring snowmelt (27, 28). We
hence emphasize that the demonstrated link between the exposure to climate warming and
local extinction rates does not necessarily indicate an impact of temperature per se, but rather
reflects a response to a set of conditions altered by rising temperature. These changes may
also include alterations of the biotic environment. Indeed, the combination of rising species
numbers, increasing total vegetation cover (Fig. 3B, table S3 and S4) and community
thermophilization may indicate that increasing competitive pressure has already contributed
to the rise of local extinction events (29, 30). Such competitive effects would be in line with
the widely accepted hypothesis that the climatically more favourable range margins, where
we found extinctions to be more frequent, are primarily set by competitive interactions (3/-
34). However, a conclusive distinction of direct and indirect effects of climate change on
local extinctions can only be confirmed through experiments (29).

In summary, our results show that climate change does not only add additional species to
European summit floras (2, 4) but also causes loss of former residents, and that local
extinctions are more frequent towards the species’ lower range margin. As a consequence, the
species characteristic of the highest elevations will also face highest extinction risk because
they have least opportunities to offset lower-margin losses by upper-margin expansion. The
focus on the salient biodiversity increase has masked simultaneous extinctions to a certain
extent, and the latter have received more attention only over the most recent years (/3, 14, 35,
36). This may reflect the fact that local extinctions are intrinsically more difficult to
demonstrate than local colonizations. The recent rise of attention on extinctions may,
however, also suggest that climate-driven local extinctions happen more slowly than
colonizations, which is likely in the case of long-lived and stress-tolerant alpine plants (37-
39). This is consistent with the rising number of local extinction events detected here and
might imply that an extinction debt, accumulated since at least the most recent amplification
of climate change during the 1980s (40), is now starting to become paid off.
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Fig. 1: Local extinction rates on European mountain summits. A) Geographical
distribution of the 16 mountain regions surveyed. The size of the circles represents the mean
proportion of local extinctions from 2001 to 2022, i.e., of species observed in 2001, but not
re-observed in 2022, across all plots of a given mountain region. The violin plots show the
distribution of the plot-wise extinction rates (% per plot) across Europe (blue), within each
mountain region (grey) [as well as within each summit in the Pyrenees in panel B (red)].
Dashed lines show the mean extinction rate across all plots in the respective region or across
Europe. B) Each mountain region comprises three to four summits as exemplified for the
Pyrenees. C) On each summit, up to 16 plots (yellow squares) are permanently installed,
arranged in four plot clusters in each cardinal direction 5 meters below the peak (the
respective contour line is depicted as dashed red line).
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Fig. 2: Local extinctions increased across surveys. Values on the y-axis represent the
percentage of species observed in one but not re-observed in the consecutive survey on the
same summit (each dot represents one of the 62 summits analysed). Dot colour represents the
temperature change in the 14 years before the respective time interval, compared to a
summit-specific baseline climate of the years 1900 to 1950. The regression line is the fixed
effect of a generalized linear mixed-effects model for the proportion of local extinctions
against time (p < 0.001 + 0.000, R’m = 0.09 + 0.008, R’c = 0.73 £0.011). The grey band
indicates the 95% confidence interval. All values, i.e., percentage of local extinctions as well
as the regression line, are the mean of 1000 resamples. The grey lines link the dots
representing one particular summit.
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Confidence intervals not overlapping with 0 indicate significant fixed effects. Mean marginal
(m) and conditional (c) R? values and their standard deviation were also derived from the
1000 resamples. The following models are illustrated: A) Generalized linear mixed-effects
models for proportion data with the proportion of extinctions, as response and time (upper
part of the panel) or climate warming, latitude and longitude as fixed effects (lower part) at
the plot (green), summit (blue) and mountain region (grey) level. B) Generalized linear
mixed-effects models for count data with the total species number as response and time as
fixed effect at the plot (green), summit (blue) and mountain region (grey) level. C) Logistic
mixed-effects models with local extinction (yes/no) as response and average cover change per
year between the first or second and the third survey (representing a period of approximately
7 or 14 years, orange and dark red), and the cover at the beginning of the respective period as
fixed effects. Negative estimates imply increased extinction risk for lower cover values as
well as for stronger cover decreases. In the model represented in the upper part of the panel
relative elevational rank and thermophilization are used as additional fixed effects All
predictors were scaled to zero mean and unit variance.

A,
L 1
S
]
L 604
g
C 1 - .
2 —$— Rel. elevational rank
e 407 B Negative
;>_-—< & Positive
)
o]
2 2. =
£
©
A
Obsérved Resh'ufﬂed
B 1.00 7
2
E
80751
o
o8 ) .
c Time period
o i
.2 0.50 [ 14 years
E 7 years
%
2L 251
]
o
o
|
0.00 T T Z T <
-8 -4 " decrease () increase

Average cover change per year [%]
Fig. 4: Preceding change in cover is related to the probability of species’ extinction. A)
Number of trajectories of monotonic cover decrease during the first three surveys, followed
by extinction in the fourth one (coversurveyl > COVersurvey2 > COVETsurveys > 0) in the observed
data and after randomly re-shuftling species cover values on each plot across the four surveys
100 times. The comparison was done separately for species with negative and positive
relative elevational ranks, indicating a position of the monitoring plot towards the upper or
lower range margin of the species, respectively. Boxplots represent the variation across 100
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reshuffles of 1000 resamples from the data. For both groups the difference between the
observed and reshuffled data was highly significant (t-tests, d.f- = 1266957/1390299, p <
0.001). B) The relationship between preceding cover change per year and the probability of a
species to go extinct in a plot, i.e., to be not re-detected in the fourth survey. Results of two
logistic mixed-effects models with local extinction (yes/no) as response variable and a
random intercept for summit nested in mountain region, as well as a random intercept for
species. Fixed effects were the average cover change per year between the first or second and
the third survey covering a period of approximately 7 and 14 years, respectively, and the
cover at the beginning of the respective period. Shaded areas represent 95% confidence
intervals, averaged across 1000 resamples from the data. All predictors were scaled to zero
mean and unit variance.
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Supplementary material:
Materials and Methods

Species observations

In 2022, GLORIA-Europe (20), the largest systematic monitoring initiative of climate
impacts on high-mountain vegetation, conducted its fourth round of surveys of 896
monitoring plots distributed across 62 summits in 16 mountain regions across Europe. The
initial survey and subsequent resurveys were conducted in the years 2001, 2008, 2015 and
2022 with some slight deviations in some mountain regions (see table S8 for detailed
information). Monitoring plots were established on four summits per mountain region (or
three summits in one of the regions), with summit heights ranging from the treeline to the
highest elevations represented in the respective mountain range. On each summit, 16
vegetation plots (less in a few cases due to topographical constraints, see table S7 for detailed
information) of 1 m X 1 m each were permanently installed (see Figure 1), four per cardinal
direction (from here on called plot clusters). In each of the four surveys all vascular plant
species and their cover (visual estimation in %, down to 0.005 %) in these plots were
recorded. Additionally, each plot was subdivided into 100 subplots of 10 cm x 10 cm and the
presence of all vascular plant species was recorded in each subplot. This method to assess
frequency was consistently applied across all plots during the first and second survey, across
693 of the 896 initial plots during the fourth survey, but was omitted during the third survey.
Here, we analysed local extinction events of species within survey intervals defined as
observation of species in one, followed by lack of observation in the subsequent survey.
Analyses were computed separately at the plot, summit and mountain region level and
focused on all observed local extinctions in assessments of spatial and temporal trends, but
only on species present in the initial survey in 2001 when analysing the possible effect of
prior decline on local extinctions reported in 2022 (see below for details).

Species taxonomy was standardised using the WorldFlora package in R (42, version
v.2022.12). For species marked as unchecked (by the package), names were defined using
Plants of the World Online (https://powo.science.kew.org/).

Data cleaning and accounting for uneven sampling efforts

Misidentifications of the same species as different taxa in different surveys may bias local
extinction rates towards higher values. To be conservative in this respect, we removed entries
where one species was not re-observed but another species of the same genus colonized a
particular plot in the same survey (4.6% of all species x plot combinations). Species of the
genera Alchemilla, Euphrasia, Hieracium, Pilosella as well as Taraxacum were additionally
removed due to potential identification issues.

Applying or not applying the frequency method during sampling has potential implications
for the number of species observed in a plot, and hence also for (apparent) local extinctions,
because this method increases the time spent per plot, and hence sampling effort,
considerably. To estimate this effect, we compared plots monitored with and without the
frequency method in the same plot cluster during the fourth survey and indeed found a higher
detection probability of species when the frequency method was applied. We therefore
corrected the number of local extinctions in combinations of plot and survey in which the
frequency method was not applied. To do so, we compared the recolonisation rates from the
third to the fourth survey (i.e., the percentage of species present on a plot in the second
survey, considered extinct in the third survey, but re-observed in the fourth) between plots
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with and without the application of the frequency method in the fourth survey. The
comparison was done via a one-sided paired t-test pairing plots of the same plot cluster
surveyed with and without the frequency method in the fourth survey. We found that
recolonisation rates for plots where the frequency method was applied during the fourth
survey were on average 12.1% higher (p = 0.026) indicating that 12.1 % of apparent
extinctions during the third survey, resulted from species overlooked due to lower sampling
effort. To correct for this uneven sampling effort, we randomly chose 12.1% of all species
that were not re-observed in a plot and set their cover to 0.1% in the respective plot. We did
this for all plots in the third survey and for the 217 plots where the frequency method was not
applied during the fourth survey. We therefore drew from a binomial distribution with a
probability of success of 0.121 for each species that was not re-observed in a plot. For all
species for which we drew a one in this process the cover was corrected. This random
sampling was repeated 1000 times, and all further analyses were done for all 1000 resamples
separately. Finally, for all results we derived means and standard deviations of the models of
all resamples.

Computation of warming rates

Monthly average temperatures from 1900 to 2022 were extracted from the Climate Research
Unit (CRU, version v4.06) dataset (27). As the native spatial resolution of this dataset is
rather coarse (0.5 arcsec), it was further statistically downscaled to a 100 m resolution using
the delta method (38). For each survey and each summit, climate warming was derived as the
difference between the mean temperature of the 14-years period preceding a survey and the
mean temperature of the time 1900 to 1950, a period before the onset of more rapid recent
anthropogenic climate change (43). We used a period of 14 years for this analysis because it
corresponds to the duration of two monitoring intervals, which we also used to explore the
relationship between local extinctions and preceding abundance decline (see below).

Statistical analyses

The relationship between the proportion of local extinctions at the plot, summit and mountain
region level and time as well as exposure to climate warming and geographical position was
tested using separate generalized linear mixed-effects models (GLMMs). We built GLMMs
for proportion data with the number of local extinctions (= species observed in the first, but
not in the consecutive survey, as success) and the number of local persistences (= species
observed in two consecutive surveys, as failures) per time interval on all three levels of
spatial aggregation as a two-column response variable. Year of sampling was included as a
numeric predictor in the fixed effects of the model and random intercepts were used for plot
nested in summit nested in mountain region, summit nested in mountain region, or mountain
region alone, depending on the level of spatial aggregation we used in the analysis (i.e., plot,
summit or mountain region level, respectively). In a second model of the same type, we used
the exposure to climate warming per summit, tailored to each time interval (see Computation
of warming rates above), first alone and then combined with geographical longitude and
latitude, as predictors in the fixed effects of the model and random intercepts, again for plot
nested in summit nested in mountain region, summit nested in mountain region, or mountain
region alone, depending on the level of spatial aggregation (i.e., plot, summit or mountain
region level, respectively). For all models, predictors were scaled to zero mean and unit
variance. To derive the increase of local extinction rates under additional warming of 0.1°C,
we used the latter model (with exposure to climate warming as the only predictor) to predict
the local extinction rates (fixed effects only) under average climate warming across all
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summits of the average conditions between 2001 and 2015 (+1.2°C) as well as under
additional 0.1°C (i.e., +1.3°C).

To better distinguish background dynamics (due to observation error or due to natural
fluctuation of species presence), from real extinction dynamics, we focused on two specific
types of transitions for each combination of species and plot, summit or region: the first of
type presence-absence-presence (1-0-1) represents background dynamics whereas the second
of type presence-absence-absence (1-0-0) was interpreted as indication of real extinctions. To
test whether the probability of these two types of transitions has increased from the first
window of three surveys (2001 — 2008 — 2015) to the second one (2008 — 2015 — 2022), we
used two GLMMs for proportion data with the number of either 1-0-1 or 1-0-0 trajectories as
success and the number of trajectories starting with presence and following other transition
patterns than the focal one as failures. The fixed-effects predictor was the survey window and
the random-effects structure was the same as described above.

To analyse the relationship between species richness and time at the plot, summit and
mountain region level, we used GLMMs for count data (assuming a Poisson error
distribution) that were checked for overdispersion. Year of sampling was included as a
numeric predictor in the fixed effects of the model and random intercepts were used in the
same way as in the models described above.

The relationship between local extinction probability and preceding cover changes was
analysed at the species-by-plot level using a logistic mixed-effects model (i.e., the response
variable is binary: 1 or 0 for species local extinction or persistence, respectively) with a
random intercept term for summit nested in mountain region as well as an additional random
intercept term for species. To evaluate if the relationship between local extinctions and cover
change strengthens if longer observation periods for cover change are used, we build two
different models. The fixed-effects predictors were, for the first model, the average cover
change per year between the first and the third survey (a 14-year period in most cases) as well
as the cover during the first survey. For the second model, the fixed-effects predictors were
the average cover change per year between the second and the first survey (a 7-year period in
most cases) as well as the cover during the second survey. All fixed-effects predictors were
scaled to zero mean and unit variance. To obtain a fair comparison (i.e., the same sample size
for both models) we analysed only local extinctions between the third and fourth survey,
making sure that species were present in all preceding surveys.

Additionally, we tested if local extinction probability differed depending on whether a
species is more characteristic of, in relative terms (i.e., compared to the other species co-
occurring in the same focal plot), higher or lower elevations. Therefore, we used elevational
ranks that had been assigned to all species by regional experts, mostly those who also
conducted the surveys. The ranks indicate the elevational belt within which the species has its
center of distribution and were coded as: 1 = nival; 2 = subnival, i.e., at the transition between
the upper alpine and lower nival belt; 3 = alpine; 4 = alpine to the treeline; 5 = treeline
ecotone; and 6 = montane (20). For each species and each plot, we computed the difference
between the average elevational rank at the community level (i.e., the community mean of all
species’ elevational rank values) of the plot during the first survey and the elevational rank of
the focal species. We interpreted this difference as an indicator of the position of the plot
within the elevational interval covered by the focal species. The rationale of the latter is that a
species with an elevational rank higher (= numerically lower) than the average of the
community is likely occurring at a plot located lower than where it is usually found, hence
towards its lower range margin. Subsequently, this relative elevational rank was included into
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the model relating local extinction rates to the cover during the first survey and the cover
change between the first and third survey.

To explore whether local extinctions in the last survey align with a broader, climate-driven
re-structuring of communities we further used these elevational ranks to compute
thermophilization of communities between the first and the last survey. Thermophilization is
defined as the change in the cover ratio of warmth-demanding to cold-adapted species within
a community (20). We therefore calculated the average elevational rank of each community
in the first and last survey, but this time as a weighted average, with weights set according to
species’ cover values. As we wanted to use this variable as an additional potential predictor
of local extinction, we did these calculations after prior removal of the focal species to avoid
circularity. Put differently, each trajectory of a species on each plot was associated with the
change in the cover-weighted average elevational rank of all other, co-occurring species on
the plot between the first and the last survey. We then added this variable to the model
relating the probability of local extinction between the third and fourth survey to the cover
during the first survey, the cover change between the first and third survey, and the relative
elevational rank of the species.

Finally, to provide additional support that the trajectories of decline and eventual extinction
in our data are more frequent than expected under background dynamics (including observer
errors) we counted the clearest such decline-to-extinction trajectories, i.e., those with a
monotonic decline from the first to the third survey and an extinction in the fourth one (i.e.,
of type oversurveyl > COVeTsurvey2 > COVeTsurvey3 > 0). We subsequently re-shuffled the species
cover values, including 0, across the four surveys randomly 100 times for each of the 1000
random samples accounting for the uneven sampling effort (see above) and re-counted the
then emerging trajectories of this type. We did this for all species together, but also separately
for the subgroup of species with elevational ranks higher and lower than the average species
of the community. We compared, by means of two-sample t-tests, numbers from the
empirical dataset with numbers obtained after randomly re-shuffling species cover values.

Complementary analysis of colonization dynamics

Although our paper is focused on studying local extinctions, we additionally analysed local
colonizations as well, to provide a complete picture of observed species dynamics. We
thereby concentrated on analyses that are sensible correlates of those we conducted for local
extinctions. In particular, we computed the number of local colonization events observed per
resurvey and analysed their relationship with time and exposure to climate change. We
repeated the analyses aiming at a better distinction between background dynamics (due to
observation error or natural fluctuation of species presence) and real local colonization
events; and we assessed whether local colonizations were more likely towards the upper
range margins of species, in analogy to local extinctions supposedly more likely towards the
species’ lower range margins. We briefly document the corresponding methods and results
here.

Regarding methods we tried to use the same statistical approaches as in the analyses of local
extinctions, but with some necessary modifications. First, we had analysed local extinctions
via binomial GLMMs because there is a clear distinction between success (species observed
at a site in one survey, but not in the subsequent one) and failure (species observed in both
surveys). However, in case of local colonizations, the data only deliver information about
successes but not about failures, i.e., we can count the colonization events (species observed
at a site in one survey, but not in the previous one) but we lack data on how many species
could have colonized the plot but did not do so. Instead of binomial GLMMs we hence used
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negative binomial GLMMs with the number of local colonizations as the response variable to
study the relationship of local colonizations with time and exposure to warming. With respect
to all other settings, the statistical models were built in the same way as those we had used for
local extinctions, i.e., the predictors were year of sampling or exposure to climate warming
per summit, tailored to each time interval (see Computation of warming rates above), and
random intercepts were used for plot nested in summit nested in mountain region, summit
nested in mountain region, or mountain region alone, depending on the level of spatial
aggregation we used in the analysis (i.e., plot, summit or mountain region level, respectively).
For all models, fixed-effects predictors were scaled to zero mean and unit variance. No model
showed overdispersion nor zero inflation as checked using the performance package.

For fitting models analogous to those used for better distinction of background dynamics and
extinction dynamics in the case of colonization dynamics, we separately compared transitions
of type absence-presence-absence and of type absence-presence-presence between the earlier
(2001-2008-2015) and later (2008-2015-2022) three surveys. We interpreted the first
sequence as an indication of background dynamics and the latter as indication of real local
colonization events. We again used a negative binomial GLMM with the number of such
sequences in the two time-windows as the response and the identity of this time-window as
the fixed-effect predictor variable, with random intercepts as described in the previous
paragraph.

In further analogy with the extinction analysis, we investigated if local colonizations are
followed by increasing cover more often than expected by chance under the given
background fluctuation. We therefore counted all trajectories of monotonic cover increase
after local colonization across the four surveys, i.e., of type 0 < coversurvey2 < COVeTsurvey3 <
COVersurveyd. We then compared the number of such trajectories in the entire dataset to their
number after randomly re-shuffling the cover values, including Os, of each species at each
plot across the four surveys.

For evaluating whether colonization events occur significantly more often towards the upper
range limits of a species we again computed the difference between the average elevational
rank (i.e., the community mean of all species’ rank values) of the plot during the first survey
and the elevational rank of the focal, colonizing species. To keep the analogy with the
analysis of local extinctions only colonization events of species that were not present on the
focal plot in the first survey, but still present in the last re-survey were included in this
analysis. Again, positive values indicate that the species mainly occurs at elevations higher
than the average species within the plot and thus a location of the plot towards the lower
elevational margin of a species range; and, vice versa, negative values indicate that the
species mainly occurs at elevations lower than the average species within the plot and hence a
location of the plot towards the upper elevational range margin of the species. As we lacked
information about failures (see explanation above), we used an intercept-only model in this
analysis, i.e., we evaluated whether the relative elevational rank of colonizing species is
lower than zero using a linear mixed-effects model with random effects according to the level
of spatial aggregation as described above.

The results of these analyses demonstrate that local colonization events were even more
frequent than local extinction events in the earlier resurveys, and approximately as frequent
as local extinctions in the latest one: across the three re-surveys, their number varied as
follows: 1391 to 1401 + 6 at the plot level; 189 to 194 at the summit level; and 95 + 1.45 to
102 at the mountain region level (see table S9). In contrast to local extinctions, the number of
colonization events did not change significantly with time nor with exposure to climate
change, on none of the three levels of spatial aggregation (see table S10 and S11). Consistent
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with these results, neither the transitions of type absence-presence-absence nor those of type
absence-presence-presence became more frequent between the earlier (2001-2008-2015) and
later (2008-2015-2022) three surveys. However, monotonic thrive-after-colonization
trajectories (= of type 0 < coversurvey2 < COVeTsurvey3 < COVeTsurvey4) Occurred 3.0 times more
often than expected by chance (44.5 = 6.5 and 133.2 £ 1.4 trajectories for reshuffled and
observed data, respectively), a difference that was highly significant (t-test, d.f. = 1096473, p
<0.001) — a finding that indicates that many of the observed local colonizations were real and
followed by establishment of the species in the local community. Finally, colonizing species
had indeed a significantly higher elevational rank (= subtraction of their elevational rank
from the community-level mean resulted in a negative value) than the resident community,
suggesting that colonizers are mainly coming from below and/or colonization events
predominantly occur towards the upper range margins of a species (see table S12).

Taken together, this supplementary analysis suggests that the balance of local extinctions and
colonizations has shifted over time, with rising extinctions catching up with stable
colonizations in the last resurvey. We note that the approach we have used for correcting for
lower sampling effort in the resurvey of 2015 (and in a subset of ca. 25% of the plots in 2022)
was tailored to correct for overestimating local extinctions and not for underestimating
colonizations. However, most (successful) colonizations that may have been overlooked in
2015 should have been counted in 2022, where 75% of the plots were again sampled with the
frequency method. As corollary, underestimation of colonizations in 2015 should have been
followed by overestimation in the last resurvey in 2022. Nevertheless, in this last resurvey,
colonization events were not more frequent than in the first survey in 2008. We hence
conclude that the approximately constant number of colonization events across the three
resurveys is not a methodological artefact: local extinctions have increased significantly over
time but colonizations did not.

Relative elevational ranks of colonizers deviate from the community average in a way exactly
opposite to those of the species that went locally extinct: local extinctions are hence more
frequent towards the species’ lower range margins and colonizations towards the species’
upper range margins. These findings strongly suggest climate change as an important driver
of the observed dynamics. However, other than in case of local extinctions, exposure to
climate warming was not a significant predictor of the number of colonizations. We suppose
that this discrepancy is due to stronger context-dependence of colonizations. In particular,
due to dispersal limitation in low-statured alpine plants (36,39) the number of newly
colonizing species is constrained by the number of potential colonizers in the surrounding of
the plots. These pools of potential colonizers will vary considerably in dependence on the
richness and composition of regional floras as well as on the surrounding habitat conditions,
and this variation is most likely independent of the level of exposure to warming.

All models were fit with the function g/mer() from the package Ime4 (44) combined with the
package ImerTest(45), marginal and conditional R?-values were computed with the function
r.squaredGLMM() from the package MuMIn (46) in R (47, version 4.3.2). Negative binomial
models were fit using the function glmmTMB() from the package glmmTMB (48).
Overdispersion and zero inflation was checked using the function check overdispersion()
from the package performance (49).
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Table S1.

Number of local extinctions and percentages of all species observations for each time interval
and at each of the three levels of spatial aggregation (plot, summit and mountain region). At
the plot, summit and mountain region level, local extinctions are counted as species that were
not re-observed in a consecutive survey on a plot, the whole summit and the whole mountain
region, respectively. Percentages represent averages over all plots, summits or mountain
regions per time interval. All values are the mean + standard deviation of 1000 resamples.

Time Plot level Summit level | Region level

interval

2001 —2008 | 980=+0 118+ 0 57+0
11.1%+0 |6.7%+0 5.5%+0

2008 —2015 | 1266 +£9.81 | 154 +3.66 77 £2.50
13.7%+0.1 | 84% +0.2 7.1% +0.2

2015-2022 | 1451 +£891 | 185+3.62 99 £2.40
15.7%+0.1 | 9.9% + 0.2 8.9% +0.2
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Table S2.
Fixed-effects as well as R? values of generalized linear mixed-effects models on proportion
data with the number of local extinctions (= species observed in the first, but not in the
consecutive survey) and persistences (= species observed in two consecutive surveys) per
survey on three different levels of spatial aggregation as the response variable (a two-column
variable with the count of successes and failures) and year of survey as the only fixed-effect
variable. The model was built assuming a binomial error distribution and a logistic link
function. Significant estimates are in bold. The predictor was scaled to zero mean and unit
variance. All values are the mean + standard deviation of 1000 resamples.

Estimate Std. error P value

Plot level
R’m = 0.03 £ 0.001, R°c = 0.65 + 0.004
Proportion local extinctions ~ time + (I|region/summit/plot)

Intercept -1.96 = 0.005 0.16 £0.002 <0.001 +0.000
Time 0.17 = 0.003 0.02+0.000 <0.001 +£0.000
Summit level

R?m = 0.09 £ 0.008, R°c =0.73 £0.011

Proportion local extinctions ~ time + (I|region/summit)

Intercept -2.46+0.010  0.13+0.003 <0.001 +0.000
Time 0.19 + 0.010 0.05 +0.000 <0.001 £ 0.000
Mountain region level

R’m =0.17+0.018, R%c =0.81 +£0.010

Proportion local extinctions ~ time + (I|region)

Intercept -2.65 £ 0.015 0.11+0.004 <0.001 +0.000
Time 0.21 +0.013 0.04 +£0.000 <0.001 +0.000
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Table S3.

Fixed-effects as well as R?values of generalized linear mixed-effects models on count data
with the number of species per survey on three different levels of spatial aggregation as the
response variable and year of survey as the only fixed- effect predictor variable. The model
was built assuming a Poisson error distribution and a logistic link function and was checked
for overdispersion using the function check overdispersion() from the package performance.
Significant estimates are in bold. The predictor was scaled to zero mean and unit variance.
All values are the mean + standard deviation of 1000 resamples.

Estimate Std. error

Pvalue

Plot level
R’m = 0.0002 £ 0.0000, R’c = 0.9102 + 0.0003
Species richness ~ time + (1|region/summit/plot)

Intercept 1.89 £ 0.001 0.15+0.000
Time 0.01 £0.000 0.01 £0.000

<0.001 £+ 0.000
0.008 £ 0.001

Summit level
R’m = 0.0006 £ 0.000, R?%c = 0.9630 + 0.0002

Species richness ~ time + (1|region/summit)

Intercept 3.06 = 0.001 0.16 = 0.000
Time 0.02 £ 0.000 0.01 £0.000

<0.001 £+ 0.000
0.049 £+ 0.004

Mountain region level
R’m =0.0010 £ 0.000, R°c = 0.9671 £ 0.0002

Species richness ~ time + (1|region)

Intercept 4.05 +0.001 0.16 = 0.000
Time 0.02 +0.000 0.02 +0.000

<0.001 £ 0.000
0.168 £ 0.008
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Table S4.

Fixed-effects as well as R?-values of a linear mixed-effects model on total vegetation cover
per plot per survey as the response variable and year of survey as the only fixed-effect
variable. Significant estimates are in bold. The predictor was scaled to zero mean and unit
variance. All values are the mean + standard deviation of 1000 resamples.

Estimate Std. error Pvalue

Plot level
R’m = 0.002 + 0.0000, R’c = 0.9204 = 0.0000
Plot cover ~ time + (1|region/summit/plot)

Intercept 40.34+ 0.000 6.57+0.000 <0.001 + 0.000
Time 1.49 £ 0.000 0.18 £0.000 <0.001 +0.000
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Table SS.
Fixed-effects as well as R? values of generalized linear mixed-effects models on proportion
data with the number of local extinctions (= species observed in the first, but not in the
consecutive survey) and persistences (= species observed in two consecutive surveys) per
survey on three different levels of spatial aggregation as the response variable (a two-column
variable with the count of successes and failures) and climate warming as the only fixed-
effect variable. The model was built assuming a binomial error distribution and a logistic link
function. Significant estimates are in bold. The predictor was scaled to zero mean and unit
variance. All values are the mean + standard deviation of 1000 resamples.

Estimate Std. error P value

Plot level

R’m = 0.14 £ 0.004, R°c = 0.68 + 0.004

Proportion local extinctions ~ climate warming +
(1|region/summit/plot)

Intercept -1.98 £0.005  0.16+0.002 <0.001 £+ 0.000
Climate warming  0.38 £ 0.005 0.03 +£0.000 <0.001 £ 0.000
Summit level

R°m =0.27+0.014, R°c = 0.78 £0.009

Proportion local extinctions ~ climate warming + (1|region/summit)

Intercept -2.49+£0.001  0.13+0.003 <0.001 £ 0.000
Climate warming  0.37 £ 0.015 0.08 £ 0.001 <0.001 +0.000

Mountain region level
R’m =0.36£0.018, R?%c = 0.89 + 0.008

Proportion local extinctions ~ climate warming + (I|region)

Intercept -2.68 £ 0.015 0.13+0.004 <0.001 +0.000
Climate warming  0.39 = 0.020 0.06 £ 0.000 <0.001 +0.000
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Table Sé6.

Fixed-effects as well as R? values of generalized linear mixed-effects models on proportion
data with the number of local extinctions (= species observed in the first, but not in the
consecutive survey) and persistences (= species observed in two consecutive surveys) per
survey on three different levels of spatial aggregation as the response variable (a two-column
variable with the count of successes and failures) and climate warming, latitude and longitude
as fixed-effect variables. The model was built assuming a binomial error distribution and a
logistic link function. Significant estimates are in bold. All predictors were scaled to zero
mean and unit variance. All values are the mean + standard deviation of 1000 resamples.

Estimate Std. error Pvalue

Plot level

R’m =0.35+0.007, R?c = 0.67 £ 0.004

Proportion local extinctions ~ climate warming + Latitude +
Longitude + (I|region/summit/plot)

Intercept -1.99 £ 0.005 0.10 £ 0.002 <0.001 + 0.000
Climate warming 0.38 £ 0.005 0.03 £0.000 <0.001 +0.000
Latitude -0.42 +0.009 0.11 £0.002 <0.001 +0.000
Longitude 0.15+0.005 0.10+£0.002 0.16+0.016

Summit level

R’m =0.33 £0.021, R’c = 0.78 £ 0.009

Proportion local extinctions ~ climate warming + Latitude +
Longitude + (I|region/summit)

Intercept -2.52 £0.011 0.12+0.003 <0.001 £ 0.000
Climate warming 0.38 £ 0.015 0.08 £ 0.001 <0.001 £ 0.000
Latitude -0.17 £ 0.021 0.14 £ 0.003 0.21 £0.055
Longitude 0.05 +0.009 0.12+0.004 0.65+0.052

Mountain region level

R’m = 0.35+0.022, R% = 0.88 £ 0.008

Proportion local extinctions ~ climate warming + Latitude +
Longitude + (I|region)

Intercept -2.69 = 0.016 0.13+0.005 <0.001 +0.000
Climate warming 0.40 £ 0.021 0.06 = 0.000 <0.001 +0.000
Latitude -0.07 £0.023 0.13+0.005 0.61 +£0.127
Longitude 0.12+0.015 0.12+0.005 0.33+0.061




875  Table S7.

876  Fixed effects as well as R2-values of logistic generalized linear mixed-effects models with

877  local extinction (binary, yes/no) as response. The predictors were the average cover change
878  between 2 surveys, approximately 7 or 14 years, the cover at the beginning of the respective
879  time interval; and for the last model additionally the relative elevational rank of each species
880  in a plot. All predictors were scaled to zero mean and unit variance. All values are the mean +
881  standard deviation of 1000 resamples.

Estimate Std. error Pvalue

Time period: 7 years

R’m = 0.58 £0.004, R’%c = 0.73 £ 0.003

Local extinctions ~ cover 2008 + average cover change + (1|region/summit)
+ (1|Species)

Intercept -3.43+0.013 0.25+0.002 <0.001 + 0.000
Av. cover change 7 years -1.24 +0.015 0.17+0.001 <0.001 £+ 0.000
Cover 2008 -2.72 £ 0.022 0.28 +0.001 <0.001 + 0.000

Time period: 14 years

R’m = 0.60 = 0.004, R’c = 0.74 £ 0.003

Local extinctions ~ cover 2001 + average cover change + (1|region/summit)
+ (1|Species)

Intercept -3.46 = 0.014 0.25+0.002 <0.001 £+0.000
Av. cover change 14 -1.50 = 0.018 0.18+0.001 <0.001 £ 0.000
years

Cover 2001 -2.77 £ 0.024 0.28+0.001 <0.001 +0.000

Time period: 14 years

R’m =0.75+0.042, R’%c = 0.83 £ 0.028

Local extinctions ~ cover 2001 + average cover change + relative
elevational rank + thermophilization+ (I|region/summit) + (I|Species)

Intercept -3.89 +0.202 0.26 +0.010 <0.001 £+ 0.000
Av. cover change 14 -2.06 £ 0.287 0.24+£0.024 <0.001 £ 0.000
years

Cover 2001 -3.90 + 0.531 0.37+0.038 <0.001 = 0.000
Relative elevational rank  0.16 £ 0.008 0.06 = 0.002 0.01 +0.005
Thermophilization 0.18 £ 0.015 0.09 £ 0.006 0.04 £ 0.006
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Table S8.

Description of all 62 summits including the number of plots per summit and the year of the 4 surveys. On one summit (Zinken-NW-summit, AT)
the plots were surveyed in two different years in survey 1.

Number of | Year of Yearof | Year of Year of
Mountain region Country | Summit Elevation | Latitude | Longitude plots Surveyl | Survey 2 | Survey3 | Survey 4
Vesle
Dovrefjell (S-Scandes) NO Armodshokollen 1161 62.2621 9.66582 16 2001 2008 2015 2022
Dovrefjell (S-Scandes) NO Veslekolla 1418 62.30665 | 9.4573 16 2001 2008 2015 2022
Dovrefjell (S-Scandes) NO Kolla 1651 62.29214 | 9.48661 8 2001 2008 2015 2022
Dovrefjell (S-Scandes) NO Storkinn 1845 62.34667 | 9.44069 3 2001 2008 2015 2022
Crea
Cairngorms (Scotland) UK Mhigiachaidh 742 57.09862 | -3.86096 16 2002 2008 2015 2022
Cairngorms (Scotland) UK Camp Cairn 904 57.09029 | -3.84285 15 2001 2008 2015 2022
Cairngorms (Scotland) UK Unknown Hillock 978 57.07944 -3.83 16 2001 2008 2015 2022
Cairngorms (Scotland) UK Sgoran Dubh Mor 1111 57.07972 | -3.80944 16 2001 2008 2015 2022
W-Carpathians / High Tatra SK Krizna 1919 49.18083 | 19.94972 16 2002 2008 2015 2022
W-Carpathians / High Tatra SK Velka kopa 2052 49.20056 | 19.97361 16 2002 2008 2015 2022
W-Carpathians / High Tatra SK Sedielkova kopa 2061 49.14972 | 20.02056 16 2001 2008 2015 2022
W-Carpathians / High Tatra SK Kratka 2336 49.16306 | 20.01444 16 2002 2008 2015 2022
Zinken-NW-
NE-Alps / Hochschwab AT summit 1910 47.59826 | 15.09152 16 1998/2002 2008 2015 2022
NE-Alps / Hochschwab AT Weihbrunnkogel 2065 47.62474 | 15.16285 16 2001 2008 2015 2022
NE-Alps / Hochschwab AT G hacktkogel 2214 47.61389 | 15.13152 16 2001 2008 2015 2022
Zagelkogel-NW-
NE-Alps / Hochschwab AT summit 2255 47.61076 | 15.12332 16 2001 2008 2015 2022
E-Carpathians / Rodnei Mts. RO Gropile 2063 47.57253 | 24.61761 16 2001 2008 2015 2022
E-Carpathians / Rodnei Mts. RO Golgota 2116 47.60049 | 24.62521 16 2001 2008 2015 2022
E-Carpathians / Rodnei Mts. RO Buhaiescu 2221 47.58266 | 24.63246 16 2001 2008 2015 2022
E-Carpathians / Rodnei Mts. RO Rebra 2268 47.58563 | 24.63577 16 2001 2008 2015 2022
Central Alps / Swiss National Mot sper Chamana
Park - siliceous CH Sesvenna 2424 46.73565 | 10.4286 16 2003 2010 2015 2022




Central Alps / Swiss National

Park - siliceous CH Minschuns 2519 46.64543 | 10.33792 16 2002 2010 2015 2022
Central Alps / Swiss National

Park - siliceous CH Mot dal Gajer 2797 46.69434 | 10.3311 16 2002 2010 2015 2022
Central Alps / Swiss National

Park - siliceous CH Piz Plazer 3104 46.70862 | 10.388 7 2002 2010 2015 2022
Central Alps / Swiss National

Park - carbonatic CH Munt Buffalora 2438 46.63856 | 10.24364 16 2003 2009 2015 2022
Central Alps / Swiss National

Park - carbonatic CH Munt Chavagl 2542 46.64419 | 10.23407 12 2002 2009 2015 2022
Central Alps / Swiss National

Park - carbonatic CH Piz Murtér 2836 46.64578 | 10.14171 14 2002 2009 2015 2022
Central Alps / Swiss National

Park - carbonatic CH Piz Foraz 3092 46.69075 | 10.27672 11 2002 2009 2015 2022
S-Alps / Dolomites IT Grasmugl 2199 46.33082 | 11.56248 16 2001 2008 2015 2022
S-Alps / Dolomites IT Do Peniola 2463 46.38282 | 11.60545 14 2001 2008 2015 2022
S-Alps / Dolomites IT Ragnaroek 2757 46.38368 | 11.59267 15 2001 2008 2015 2022
S-Alps / Dolomites IT Monte Schutto 2893 46.5247 | 11.81478 15 2001 2008 2015 2022
W-Alps / Alps of Valais-

Entremont CH Laly 2360 46.03076 | 7.24917 16 2001 2008 2015 2022
W-Alps / Alps of Valais-

Entremont CH Mont Briilé 2550 46.02057 | 7.20137 16 2001 2008 2015 2022
W-Alps / Alps of Valais-

Entremont CH Pointe du Parc 2989 45.99798 | 7.23227 7 2001 2008 2015 2022
W-Alps / Alps of Valais-

Entremont CH Pointe de Boveire 3212 45.99452 | 7.24003 4 2001 2008 2015 2022
W-Alps / Mont Avic IT Colle Lago Bianco 2340 45.64639 | 7.59499 16 2002 2012 2017 2022
W-Alps / Mont Avic IT Lago Balena 2584 45.64026 | 7.5516 16 2002 2012 2017 2022
W-Alps / Mont Avic IT Pra Pelat 2790 45.65891 | 7.54782 15 2002 2012 2017 2022
W-Alps / Mont Avic IT Cime Bianche 3014 4591941 | 7.69407 16 2002 2012 2017 2022

Cima di Foce a
Northern Apennines IT Giovo 1722 44.11833 | 10.61083 16 2001 2008 2015 2022
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Cima di Pian

Northern Apennines IT Cavallaro 1815 44.2025 10.6925 16 2001 2008 2015 2022

Northern Apennines IT Alpe di Mommio 1854 44.27583 | 10.24472 16 2001 2008 2015 2022

Northern Apennines IT Monte Casarola 1978 44.33167 | 10.2075 12 2001 2008 2015 2022

Central Pyrenees / Ordesa ES Punta Acuta 2242 42.63758 | -0.06232 16 2001 2008 2015 2022

Central Pyrenees / Ordesa ES Sierra Custodia 2519 42.65004 | 0.03266 16 2001 2008 2015 2022

Central Pyrenees / Ordesa ES Punta Tobacor 2779 42.65514 | -0.01309 12 2001 2008 2015 2022

Central Pyrenees / Ordesa ES Punta de las Olas 3022 42.66227 | 0.05394 7 2001 2008 2015 2022

Central Caucasus / Kazbegi

region GE Cross Pass 1 2240 42.53944 | 44.49306 16 2001 2008 2015 2022

Central Caucasus / Kazbegi

region GE Cross Pass 2 2477 42.49917 | 44.45639 16 2001 2008 2015 2022

Central Caucasus / Kazbegi Cross Pass 4 -

region GE Kudebi 3024 42.49694 44.51 16 2001 2008 2015 2022

Central Apennines / Majella IT Femmina Morta 2405 42.03321 | 14.09924 16 2001 2008 2015 2022

Central Apennines / Majella IT Monte Macellaro 2635 42.05804 | 14.10121 16 2001 2008 2015 2022
Monte

Central Apennines / Majella IT Mammoccio 2737 42.10354 | 14.12095 16 2001 2008 2015 2022

Sierra Nevada - West ES Pulpitito 2778 37.03667 | -3.34528 16 2001 2008 2015 2022

Sierra Nevada - West ES Cupula 2968 37.04583 | -3.35222 16 2001 2008 2015 2022
Pico del Tosal

Sierra Nevada - West ES Cartujo 3150 37.03972 | -3.405 16 2001 2008 2015 2022
Cerro de los

Sierra Nevada - West ES Machos 3327 37.05722 | -3.3575 11 2001 2008 2015 2022

Crete / Lefka Ori GR low summit 1664 35.26861 | 24.08722 16 2001 2008 2015 2022

Crete / Lefka Ori GR Chorafas 1965 35.27333 | 24.08111 16 2001 2008 2015 2022
South-East of

Crete / Lefka Ori GR Kakovoli 2160 35.28444 | 24.09083 16 2001 2008 2015 2022

Crete / Lefka Ori GR Sternes 2339 35.29667 | 24.05667 10 2001 2008 2015 2022
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Table S9.

Number of local colonizations for each time interval and at each of the three levels of spatial
aggregation (plot, summit and mountain region). At the plot, summit and mountain region
level, local colonizations were counted as species that were observed in one resurvey, but
were not observed in the previous one. All values are the mean + standard deviation of 1000

resamples.

Time Plot level Summit level | Region level
interval

2001 —2008 | 1391+0 194+ 0 102+ 0
2008 —2015 | 1284=+0 189+ 0 99 + 0
2015—-2022 | 1401 £5.57 | 191 £1.83 95+ 1.45
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Table S10.

Fixed-effects as well as R? values of generalized linear mixed-effects models on count data
with the number of local colonizations per survey on three different levels of spatial
aggregation as the response variable and year of survey as the only fixed-effect variable. The
model was built assuming a negative binomial error distribution and a logistic link function.
Significant estimates are in bold. The predictor was scaled to zero mean and unit variance.

All values are the mean + standard deviation of 1000 resamples.
Estimate Std. error P value

Plot level
R’m = 0.00 = 0.000, R°c = 0.25 + 0.003
Number local colonizations~ time + (I|region/summit/plot)

Intercept 0.37 £ 0.003 0.10£0.001 <0.001 +0.000
Time 0.02 +0.002 0.02 + 0.000 0.17 +£0.033

Summit level
R’m =0.00 £ 0.000, R?%c = 0.34 £ 0.007

Number local colonizations ~ time + (1|region/summit)

Intercept 1.06 £ 0.008 0.12+0.002 <0.001 +0.000
Time -0.00 £ 0.006 0.05 £0.000 0.92 +£0.053

Mountain region level
R’m =0.17+0.018, R%c =0.81 £ 0.010

Number local colonizations ~ time + (1|region)

Intercept 1.65 £ 0.015 0.16 £0.007 <0.001 +0.000
Time -0.03 £ 0.007 0.03 +£0.000 0.31 +0.101
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Table S11.
Fixed-effects as well as R? values of generalized linear mixed-effects models on count data
with the number of local colonizations per survey on three different levels of spatial
aggregation as the response variable and climate warming as the only fixed-effect variable.
The model was built assuming a negative binomial error distribution and a logistic link
function. Significant estimates are in bold. The predictor was scaled to zero mean and unit
variance. All values are the mean + standard deviation of 1000 resamples.

Estimate Std. error P value

Plot level

R’m = 0.00 = 0.000, R°c = 0.25 + 0.003

Number local colonizations ~ climate warming +
(1|region/summit/plot)

Intercept 0.37 £0.003 0.10£0.001 <0.001 £ 0.000
Climate warming  0.02 + 0.003 0.03 £ 0.000 0.51 +0.068
Summit level

R’m =0.00 £ 0.001, R?%c = 0.33 £ 0.008

Number local colonizations ~ climate warming + (I|region/summit)

Intercept 1.06 £ 0.008 0.12+0.002 <0.001 £ 0.000
Climate warming  0.04 £ 0.007 0.08 +£0.001 0.61 £ 0.060
Mountain region level

R’m =0.01 £0.003, R?%c =0.72 + 0.025

Number local colonizations ~ climate warming + (1|region)

Intercept 1.65 £ 0.016 0.17+0.008 <0.001 +0.000
Climate warming  -0.07 +£0.013 0.06 = 0.000 0.21 +£0.084




911  Table S12.
912  Intercept as well as R? values of intercept-only linear mixed-effects models with the relative
913  elevational rank of colonizers per resurvey on three different levels of spatial aggregation as
914  the response. Significant estimates are in bold. All values are the mean + standard deviation
915  of 1000 resamples.

Estimate Std. error P value

Plot level
R’c=0.06+0.002
Relative elevational rank~ 1 + (1|region/summit/plot)

Intercept -0.23 + 0.003 0.05+0.001 <0.001 £ 0.000
Summit level

R’c =0.01 £0.004

Relative elevational rank~ 1 + (l|region/summit)

Intercept -0.53+£0.006 0.06+0.002 <0.001 +0.000
Mountain region level
R’c=0.08£0.011

Relative elevational rank~ 1 + (I|region)

Intercept -0.65+0.010 0.11+0.004 <0.001+0.000
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