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The alpine life zone is expected to undergo major changes with ongoing climate change. 

While an increase of plant species richness on mountain summits has generally been 

found, competitive displacement may result in the long term. Here, we explore how 

species richness and surface cover types (vascular plants, litter, bare ground, scree and 

rock) changed over time on different bedrocks on summits of the European Alps. We 

focus on how species richness and turnover (new and lost species) depended on the 

density of existing vegetation, namely vascular plant cover. We analyzed permanent 

plots (1 m x 1 m) in each cardinal direction on 24 summits (24 x 4 x 4), with 

always four summits distributed along elevation gradients in each of six regions {three 

siliceous, three calcareous) across the European Alps. Mean summer temperatures 

derived from downscaled climate data increased synchronously over the past 30 years 

in all six regions. During the investigated 14 years, vascular plant cover decreased on 

siliceous bedrock, coupled with an increase in litter, and it marginally increased on higher 

calcareous summits. Species richness showed a unimodal relationship with vascular 

plant cover. Richness increased over time on siliceous bedrock but slightly decreased 

on calcareous bedrock due to lasses in plots with high plant cover. Our analyses suggest 
contrasting and complex processes on siliceous versus calcareous summits in the 

European Alps. The unimodal richness-cover relationship and species lasses at high 

plant cover suggest competition as a driver for vegetation change on alpine summits. 

Keywords: bedrock, elevation gradient, GLORIA, microscale, surface cover type, species richness, species 
turnover, vascular plant cover 
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INTRODUCTION 

Alpine plants are highly sensitive to global warming (Kammer 
et al., 2007; Grytnes et al., 2014; Rixen and Wipf, 2017; Winkler 
et al., 2019). With rising temperatures, species from lower 
elevations have been expanding their ranges upward (Rumpf 
et al., 2018), leading to an accelerated increase of species 
richness on mountain summits (Steinbauer et al., 2018) and 
a "thermophilization;' i.e., a directional shift in community 
composition in favor of warm-affinity species, of mountain 
plant communities (Vittoz et al., 2008; Erschbamer et al., 2011 ; 
Gottfried et al., 2012; Pauli et al., 2012; Wipf et al., 2013; 
Unterluggauer et al., 2016). Warmer temperatures and a longer 
growing season have been enhancing plant productivity and 
causing a greening trend at high elevation during the last decades 
(Carlson et al., 2017; Rogora et al., 2018; Filippa et al., 2019). Since 
competitive species with a higher growth rate are particularly 
benefiting from warming (Farrer et al., 2015; Winkler et al., 
2019) it is expected that slow-growing, cold-adapted species 
are threatened by competitive displacement (Alexander et al., 
2015) and/or physiological constraints (Larcher et al., 1998; 
Marcante et al., 2012, 2014; Lamprecht et al., 2018) over time. 
Species distribution models predict drastic losses of such cold­
adapted species by the end of the 21st century (Dirnböck et al., 
2011; Engler et al., 2011; Dullinger et al., 2012). Recent studies 
in the Central Austrian Alps have already shown losses and 
decrease in cover of cold-adapted species from permanent plots 
(Lamprecht et al., 2018; Steinbauer et al., 2020). However, species 
distribution models might overestimate losses, as extinctions are 
still rarely encountered in revisitation studies in the European 
Alps (Kulonen et al., 2018). 

The highly heterogeneous relief of alpine terrain (Nagy and 
Grabherr, 2009) forms a mosaic of closely located distinct 
climatic "micro-refugia;' which might locally reduce or postpone 
extinction risks of alpine species (Scherrer and Körner, 2011 ; 
Graae et al., 2018). While, on the mesoscale of a whole 
summit, suitable microhabitats for new and resident species 
could be available side by side for a long time, especially 
when taking into account the contrasting temperature regimes 
between aspects (Winkler et al., 2016), open space for low­
competitive alpine plants might get overgrown on the microscale. 
Here, the availability and distribution of surface cover types 
such as vascular plants, litter, bare ground, scree or rock 
might be relevant for species establishment. Open microsites 
such as rock crevices and scree could function as seed traps, 
providing new colonization areas (Graae et al., 2011 ). Kulonen 
et al. (2018) found that successfully colonizing high-alpine 
summit plants were most abundant on scree. In contrast, high­
alpine species with a prevalence on organo-mineral substrate 
showed decreasing frequencies over time, suggesting competitive 
interactions in alpine microhabitats with favorable growing 
conditions (Kulonen et al., 2018). 

The difference in species composition between siliceous versus 
calcareous bedrock types in the European Alps is an essential 
driver of the high plant diversity in the alpine region (Grabherr 
and Mucina, 1993; Wohlgemuth, 2002; Virtanen et al., 2003) 
and has been the focus of numerous early studies in plant 
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ecology (Gigon, 1971 and references therein). The two bedrocks 
form contrasting landscape morphologies, typically with !arge 
rock walls and extensive scree slopes in calcareous regions, and 
dense grasslands up to high elevation in siliceous regions (Reisigl 
and Keller, 1994). Gigon (1971, 1987) and Kinzel (1983) found 
that most of the competitive species from siliceous grassland 
communities were inhibited by an excess of calcium ions, and 
by iron and phosphorus deficiency when they were grown on 
a calcareous substrate. Calcareous grassland species, on the 
other hand, were inhibited by an increased solubility of toxic 
aluminium ions and heavy metals due to a low pH, and - above 
all - by root competition of calcifuge species when they were 
grown on a siliceous substrate. These processes point toward a 
higher level of competition within siliceous plant communities 
and a higher level of specialization to abiotic conditions in species 
from calcareous substrates. Additionally, the different erosion 
potential (i.e., stronger weathering of calcareous bedrock due 
to carbonate dissolution) and different soil forming processes 
(Veit, 2002) most likely lead to more open and diverse surface 
cover types at calcareous sites, thus slowing down vegetation 
development, preventing the dominance of competitive species, 
and allowing a higher species richness (Wohlgemuth, 2002; 
Virtanen et al., 2003) and species turnover. 

Whether vegetation in siliceous or calcareous regions will be 
more strongly affected by climate change is still an open, but 
highly relevant question in terms of conservation. Dense and 
competitive communities in siliceous regions might hamper new 
colonizers from low elevation and thus remain relatively stable, 
whereas open microsites on calcareous bedrock might facilitate 
the installation of new species and thus enhance a vegetation 
change. In the present study, we investigated divergences of 
ongoing vegetation changes between bedrock types, specifically 
focusing on the relationship between species richness/species 
turnover and vascular plant cover on calcareous and siliceous 
summits. On the microscale, a unimodal relationship of species 
richness and vascular plant cover might indicate increasing 
competition in dense vegetation (Grytnes, 2000). We analyzed 
monitoring data from 1 m x 1 m permanent plots, covering 
a 14-year period from three siliceous and three calcareous 
GLORIA (Global Observation Research Initiative in Alpine 
Environments1) regions across the European Alps (total of 24 
summits) . We assumed that warming effects on vegetation vary 
in magnitude (i) between siliceous and calcareous mountains, 
and (ii) along a gradient from low to high vascular plant cover. 
Specifically, we address the following three topics and inherent 
hypotheses: 

(1) Surface cover types: (la) Cover of vascular plants and 
litter is higher on siliceous bedrock, whereas on calcareous 
bedrock the cover of bare ground, scree, and rock is 
higher and, as a consequence, more open and competition 
free microsites should be present here. (lb) Over time, 
vascular plant and litter cover increases at the expense of 
bare ground, scree and rock, however more strongly on 
siliceous bedrock. 

1 www.gloria.ac.at 
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(2) Species richness: (2a) Species richness shows a unimodal 
relationship with increasing vascular plant cover and 
highest values at intermediate plant cover. (2b) Species 
richness increases over time, however at a slower pace on 
si.liceous bedrock. 

(3) New species and lost species: (3a) With an increasing 
vascular plant cover the number of lost species increases 
more than the number of new species. (3b) The number 
of lost species exceeds the number of new species at sites 
with high vascular plant cover, more so, on siliceous than 
on calcareous bedrock. 

MATERIALS AND METHODS 

Study Regions and Study Design 
Our dataset comprised 24 summits from the GLORIA initiative 
across the European Alps, in three regions on siliceous and 
calcareous bedrock, respectively (Table 1 and Supplementary 
Figure 1). Each region contained permanent plots on four 
different summits situated along an elevation gradient from the 
treeline to the subnival ecotone (treeline, lower alpine, upper 
alpine, subnival). The summits were mostly located in protected 
areas and were chosen to avoid pressure from human land use 
(i.e., tourism or intense grazing by livestock or anthropogenically 
strongly raised numbers of wild ungulates; Pauli et al., 2015; 
Supplementary Table 1). Species composition was surveyed in 
each permanent plot at least twice between 2001 and 2017 
following the methodology in Pauli et al. (2015) . To standardize 
elevation across different regions, we used the elevation of a 
summit relative to the position of the regional treeline (defined 
at the first survey as the highest elevation where groups of trees 
taller than 3 m occur), instead of absolute elevation (Table 1). On 
each summit, a quadrat duster of 3 m x 3 m was established 5 m 
below the peak in each of the four cardinal directions. In each of 
the four 1 x 1 m corner plots of each quadrat duster (in total 
345 plots), percent cover was estimated for all occurring vascular 
plant species and for four different surface types, namely vascular 
plants (living), litter (dead plant material), bare ground (earthy or 
sandy surface), scree (unsealed rocks and debris material !arger 
than sand fraction), and solid rock (outcrops and !arge boulders). 
As an attempt to minimize phenological variations, the first 
survey and resurvey were clone in peak season. For the analyses, 
the scree and rock surface cover types were aggregated into one 
common substrate type "scree & rock;' due to some potential 
ambiguity in the dassification ([arger boulders were sometimes 
dassified as rocks and sometimes as scree) and because scree 
induded a !arger range of sizes (cm to m), with various potential 
for seedling establishment. Cover changes of cryptogams were 
exduded from the analyses due to their higher variability in cover 
estimation (Vittoz et al., 2010) and ambiguity in the dassification. 
Due to inaccessible terrain on some summits, not all aspects 
could be equally documented (Table 1) . After the baseline surveys 
from 2001 to 2003, monitoring was repeated approximately every 
seven years. To estimate long-term trends, we compared the 
first and the last survey (called resurvey hereafter) to gain the 
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longest possible time interval. Time intervals varied from 12 to 
14 years (Table 1) . 

Data Analyses 
Climate 
Annual Chelsa dimate data2 combined with data from CRU 
(Climate research unit3, Harris et al., 2014) were downscaled to a 
resolution of 100 m (see Supplementary Material for the detailed 
downscaling process). To investigate different temperature trends 
between regions or summits over the last 30 years the mean 
summer temperature (June, July, August) was regressed on 
year, allowing different trends for each region or summit. Serial 
autocorrelation was considered with Newey Weststandard errors 
(Newey and West, 1987). 

Surface Cover Types 
The dependence of the percentage of the surface, covered by 
the four surface cover types (see study design), on (1) bedrock 
(siliceous, calcareous), (2) aspect (south, east, west, north), 
(3) elevation (distance to treeline), and (4) first survey/resurvey 
was investigated. Separately for each surface cover type, a mixed 
beta regression (with logit link) was used. A beta regression is 
appropriate for dependent variables that are percentages varying 
between zero and one (Ferrari and Cribari-Neto, 2004; Simas 
et al., 2010). The percentage values were transformed using the 
formula y*(n- 2+o.s (Smithson and Verkuilen, 2006), where y is 
the percentage value of the surface cover type (divided by 100), 
and n is the number of observations. The variables "bedrock;' 
"aspect;' "distance to treeline", and "first survey/resurvey" were 
used as fixed effects. In addition, summits nested in regions, i.e., 
distance to treeline were considered as random intercepts. All 
two-way interaction effects were induded in the model. Thus, the 
final model looked like: 

g ( E [ytype]) 
= (ßo + Uo) + ß1 bedrock + ß2 aspect 
+ ß3 distance_to_treeline + ß4 bedrock # distance_to_treeline 
+ßs first_survey / resurvey + ß6 first_survey / resurvey # bedrock 
+ ß7 first_survey / resurvey # distance_to_treeline + E, 

whereg O is an appropriate link function (logit link) and E[·] the 
expectation; ytype is the transformed ratio of the specific surface 
cover type following the beta distribution; the intercept consists 
of the overall intercept ßo together with the random intercept 
(Uo) considering the summit nested in the region; the ßs capture 
all fixed effects and two way interaction effects; # denotes an 
interaction effect between the corresponding variables; E is the 
remainder noise. 

To visualize the trends in surface cover types, we predicted 
mean cover values and their 95% confidence intervals for a 
gradient of distance to treeline from the smallest to the highest 
value per bedrock type in steps of 10 m. 

2http://chelsa-climate.org/ 
3 h ttps:/ / crudata. uea.ac. uk/ cru/ data/h rg/ 
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TABLE 1 1 Geographical distribution (GLORIA region, country: AT = Austria, CH = Switzerland, IT = ltaly; mountain range), bedrock (Si = siliceous, Ca = calcareous), 
summit designation (combined of the region's three-digit code and the summit number in ascending elevation), number of 1 m x 1 m permanent plots, year of first 
survey/resurvey, elevation (in m), and relative position to the treeline of the 24 inventoried summits (Dist. treeline = elevation above the treeline, in m). 

GLORIA region (country) Mountain range Bedrock Summit Plots (n) First survey Resurvey Elevation (m a.s.1.) Dist. Treeline (m) 

Texelgruppe (11) Central Alps Si TEX-1 

Texelgruppe (11) Central Alps Si TEX-2 

Texelgruppe (11) Central Alps Si TEX-3 

Texelgruppe (11) Central Alps Si TEX-4 

Swiss National Park (CH) Central Alps Si SN2-1 

Swiss National Park (CH) Central Alps Si SN2-2 

Swiss National Park (CH) Central Alps Si SN2-3 

Swiss National Park (CH) Central Alps Si SN2-4 

Alps of Valais-Entremont (CH) Western Alps Si VAL-1 

Alps of Valais-Entremont (CH) Western Alps Si VAL-2 

Alps of Valais-Entremont (CH) Western Alps Si VAL-3 

Alps of Valais-Entremont (CH) Western Alps Si VAL-4 

Swiss National Park (CH) Central Alps Ca SN1 -1 

Swiss National Park (CH) Central Alps Ca SN1-2 

Swiss National Park (CH) Central Alps Ca SN1-3 

Swiss National Park (CH) Central Alps Ca SN1 -4 

Hochschwab (A1) Eastem Alps Ca HSW-1 

Hochschwab (A1) EastemAlps Ca HSW-2 

Hochschwab (A1) EastemAlps Ca HSW-3 

Hochschwab (A1) EastemAlps Ca HSW-4 

Dolomites (11) Southern Alps Ca ADO-1 

Dolomites (11) Southern Alps Ca ADO-2 

Dolomites (11) Southern Alps Ca ADO-3 

Dolomites (11) Southern Alps Ca ADO-4 

Species Richness 
With the number of vascular plant species present in the 
1 m x 1 m plot, trends in plant species richness were analyzed. 
The relationship of species richness with vascular plant cover, 
bedrock, aspect, and first survey/resurvey was analyzed using a 
general linear mixed model (GLMM) with a negative binomial 
distribution appropriate for count data and overdispersion. 
Vascular plant cover was included both as linear and quadratic 
term to be able to model a unimodal relationship with decreases 
at higher values of vascular plant cover. The relationship was 
allowed tobe different with respect to bedrock. Random intercept 
and slopes per region were taken into account, as this quadratic 
relationship differed between regions. The model was structured 
thus: 

g (E [y]) 
= (ßo + Uo) + ßibedrock + ß2aspect 
+ (ß3 + 1/3) vascular _plants + (ß4 + 1/4) vascular _plants2 

+ßsbedrock # vascular _plants + ß6bedrock # vascular _plants2 

+ ß7first_survey/ resurvey + ßsbedrock # first_survey/ resurvey 

+ E, 

where g (-) is the appropriate link function (log link) and 
E[·] the expectation; y indicates species richness following a 
negative binomial distribution; the intercept consists of the 
overall intercept ßo together with the random intercept variable 
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15 2003 2017 2180 30 

13 2003 2017 2619 469 

11 2003 2017 3074 774 

11 2003 2017 3287 987 

16 2003 2015 2424 24 

16 2003 2015 2519 119 

16 2003 2015 2797 397 

16 2003 2015 3104 704 

16 2001 2015 2360 110 

16 2001 2015 2550 300 

8 2001 2015 2989 739 

12 2001 2015 3212 962 

16 2002 2015 2438 38 

16 2002 2015 2542 142 

16 2002 2015 2836 436 

16 2002 2015 3092 692 

16 2001 2015 1910 60 

16 2001 2015 2065 215 

16 2001 2015 2214 364 

16 2001 2015 2255 405 

16 2001 2015 2199 99 

14 2001 2015 2463 363 

15 2001 2015 2757 657 

15 2001 2015 2893 793 

4 

for the region ( Uo); random slopes are denoted with the 
corresponding random variables 1/3 and 1/4; the symbol # denotes 
an interaction effect between the corresponding variables; E 

indicates the remainder noise. 
The visualization was realized as described for surface 

cover types; species richness and 95% confidence intervals 
were predicted dependent on the continuous predictor variable 
"vascular plant cover" in steps of 1 %. 

Number of New and Lost Species 
To further explore changes in richness patterns, the number of 
new species gained, and the number of species lost between the 
first survey and the resurvey were computed per plot. New species 
were defined as the species present in a plot in the resurvey, 
but not present in the first survey. Lost species were defined as 
species absent from a plot at the time of resurvey, but present 
in the first survey. New and lost species of every plot were 
checked and, in case of suspected determination problems (e.g., 
Alchemilla, Hieracium), they were merged to species aggregates to 
avoid pseudo-turnover. No exotic species were on the summits. 
The relationship between the number of new or lost species and 
vascular plant cover, bedrock, and aspect was analyzed using 
GLMMs with a negative binomial distribution to account for 
overdispersion. A random intercept and slope per region was 
taken into account. Vascular plant cover values of the first survey 
were used (models using the values of the vascular plant cover of 
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the resurvey gave qualitatively the same results). The model was: 

g (E [y]) 
= (ßo + Uo) + ßibedrock + ß2aspect 
+ (ß3 + 1/3) vascular _plants + ß4bedrock # vascular _plants + E, 

where g(·) is the appropriate link function (log link) and E[·] 
the expectation; y indicates number of new or the number of 
lost species, following the negative binomial distribution; the 
intercept consists of the overall intercept ßo together with the 
random intercept variable for the region (Uo); a random slope 
was used (U3 ) for vascular plant cover (vascular_plants) to allow 
for regional differences; between bedrock and vascular plants 
an interaction effect was used (denoted by #); E indicates the 
remainder noise. 

The number of new or lost species was predicted dependent 
on the predictor variable "vascular plant cover" with a 
step size of 1 %. 

For the categorical variables "bedrock;' "aspect;' and "first 
survey/resurvey;' the first levels (i.e., siliceous, aspect S and 
first survey) were used as the reference level. For the 
readers' convenience to easily obtain the appropriate P-values 
additionally, the models with calcareous bedrock as the 
reference level were computed. The results are provided in 
the Supplementary Tables 3, 4, 6. A significance Level of 
5% was used. Assumptions and residual diagnostics were 
checked for all models. 

All analyses were performed by using R 4.0.2 (R Development 
Core Team, 2015) and the R packages glmmTMB (Brooks et al., 
2017) for models and performance (Lüdecke et al., 2020) for 
calculating marginal and conditional effects. For figures we 
employed ggplot2 (Wickham, 2016). Moving averages (10 years) 
of summer temperatures were visualized by using the smooth 
function within the latter package. 

RESULTS 

Climate 
Mean summer temperatures increased in all regions by 
0.05 ± 0.01 °C per year (estimate ± serial correlation robust 
standard error) over the period from 1986 to 2015 (Figure 1 
and Supplementary Table 2, Year: p < 0.001). This finding 
results in an estimated temperature increase of 0.7°C over the 
14 years from the first survey to the resurvey. According to the 
downscaled climate data, trends in mean summer temperatures 
did not significantly differ neither between regions nor summits. 

Surface Cover Types 
Neither the mean vascular plant cover nor the mean scree & 
rock cover differed significantly between siliceous and calcareous 
bedrock (Figures 2A,D and Table 2, Calcareous: p = 0.677, 
p = 0.138 respectively) . Bare ground was significantly !arger 
in calcareous regions (4.2 ± 0.6% mean ± standard error, see 
Table 3 for all mean values) than in siliceous regions (3.3 ± 0.5%; 
Table 2, Calcareous: p = 0.05). Generally, the proportion of 
litter and bare ground was low (Figures 2B,C) and poorly 
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explained by the fixed effects of the model (Table 2, Litter cover: 
Marginal R2 = 0.256; Bare ground: Marginal R2 = 0.125). Surface 
cover types were affected by aspect, with vascular plant cover 
being higher at the southern and eastern plots compared to the 
western and northern ones (Table 2, Aspect W: p < 0.001, Aspect 
N: p < 0.001) . Additionally, litter cover and bare ground cover 
were higher at southern and eastern aspects compared to western 
and northern ones (Table 2, Aspect W: p = 0.002, p < 0.001, 
Aspect N: p = 0.005, p = 0.001 respectively). The cover of scree 
& rock was higher at the western and northern aspects (Aspect 
W: p < 0.001, Aspect N: p < 0.001). 

Vascular plant cover decreased with increasing distance to 
the treeline over both bedrock types (Table 2, Dist. treeline: 
p < 0.001). The proportion of scree & rock increased with 
increasing elevation (Figure 2D and Table 2, Dist. Treeline: 
p < 0.001). Litter decreased with the distance to treeline 
(Figure 2B and Table 2, Dist. treeline: p < 0.001). Bare ground 
decreased with the distance to treeline only on calcareous 
bedrock (Supplementary Table 2, Calcareous # Dist. treeline: 
p = 0.006). 

Differences in vascular plant cover between the first survey 
and the resurvey depended on bedrock types (Table 2, 
Resurvey # Calcareous: p = 0.040). In siliceous regions, mean 
vascular plant cover decreased over time from 42.2 ± 2.6% 
in the first survey to 39.3 ± 2.4% in the resurvey (Table 2, 
Resurvey: p = 0.010). In contrast, in calcareous regions, mean 
cover was 38.6 ± 2.6% in the first survey and this did not change 
significantly in the resurvey (Supplementary Table 3, Resurvey: 
p = 0.535). The interaction effect of first survey/resurvey and 
distance to treeline was marginally significant for both bedrocks 
(Table 2, Resurvey # Dist. treeline: p = 0.057), resulting in a 
stronger decrease of vascular plants cover on lower siliceous 
summits and a slight increase of vascular plant cover on higher 
calcareous summits (Figure 2A). The decrease of the vascular 
plant cover from the first survey to the resurvey in siliceous 
areas was coupled with a significant increase in litter (Table 2, 
Resurvey: p < 0.001) from 4.0 ± 0.5% to 6.1 ± 0.8% (Figure 2B). 
For bare ground and scree & rock, no significant changes over 
time were detected (Table 2, Resurvey: p = 0.780, p = 0.906, 
respectively; Figures 2C,D). 

Species Richness 
Mean species richness per 1 m x 1 m plot was lower in the 
siliceous regions (13.6 ± 0.8) compared to the calcareous regions 
(15.0 ± 0.8, Table 4, Calcareous: p = 0.033), while the differences 
were higher in plots with a low vascular plant cover (Figure 3). 
The southern and eastern aspects were more species-rich than the 
western (Table 4, Aspect W: p = 0.032) and the northern aspects 
(Table 4, Aspect N: p < 0.001). 

We found significant effects of the linear and the quadratic 
term of the vascular plant cover on species richness on both 
bedrock types (Table 4 and Supplementary Table 4, Vascular 
plant cover: p < 0.001, Vascular plant cover2 : p < 0.001, 
p = 0.012 respectively), confirming a unimodal relationship 
between species richness and vascular plant cover (Figure 3). 
Species richness was highest at a vascular plant cover of 67% in 
siliceous regions and at 63% in calcareous regions (Figure 3), but 
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FIGURE 1 1 Trend in mean summer temperatures on each four summits (1 -4, in ascending order) in the six regions (Table 1). Shown are averages of summer 
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the difference between bedrock types was not significant (Table 4, 
Vascular plant cover # Calcareous: p = 0.107, Vascular plant 
cover2 # Calcareous: p = 0.295) . Considering the single regions, 
the relationships between species richness and vascular plant 
cover varied considerably for calcareous bedrock from unimodal 
to nearly linear (Supplementary Figure 2), as indicated by the 
relatively low marginal R2 of0.640 (fixed effects, Table 4). 

Changes in species richness over time differed significantly 
between siliceous and calcareous bedrock (Table 4, 
Resurvey # Calcareous: p = 0.006). In siliceous regions, mean 
species richness increased slightly but statistically significantly 
over time from 13.6 ± 0.8 to 14.6 ± 0.8 per plot (Table 4, 
Resurvey: p = 0.013, Figure 3), whereas in calcareous regions, 
it slightly decreased from 15.0 ± 0.8 to 14.3 ± 0.8, though not 
significantly (Supplementary Table 4, Resurvey: p = 0.173). In 
siliceous regions, the change ranged from -5 to 9 species and 
in calcareous regions from -17 to 10 species (Supplementary 
Table 5). On calcareous bedrock, the range of species richness 
varied among aspects from a maximum decrease per plot on 
eastern and western aspects (-17 and -11 species, respectively) 
to a maximum increase on the southern aspects ( + 10 species, 
Supplementary Table 5). 

Number of New and Lost Species 
On siliceous bedrock, the number oflost species (1.9 ± 0.2) was 
lower than on calcareous bedrock (2.8 ± 0.2; Table 5, Calcareous: 
p = 0.012). In general, the number of new species was higher 
on the southern aspects in comparison to the western aspects 
(Table 5, Aspect W: p = 0.002). Species losses were highest on 
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southern aspects; however, significant differences were found 
only for the northern aspect (Table 5, Aspect N: p = 0.008). 

In the siliceous regions, the number of both new and lost 
species increased with increasing vascular plant cover (Table 5, 
Vascular plant cover: p < 0.001) . In total, the number of new 
species (3.0 ± 0.2) exceeded that of lost species (1.9 ± 0.2; 
Figure 4) . In contrast, in calcareous regions, only the number of 
lost species increased with vascular plant cover (Supplementary 
Table 5, Vascular plant cover: p = 0.001), exceeding the number 
of new species in plots with more than 25% vascular plant cover 
(Figure 4) . However, the relationship varied considerably among 
the three calcareous regions: the numbers of new and lost species 
were overall low in Ca-SNl, high for lost species in Ca-HSW, 
and higher for lost species than new species when vascular plant 
exceeded 55% in Ca-ADO (Supplementary Figure 3). 

DISCUSSION 

Temperature lncrease 
Our analyses of the downscaled climate data confirmed the 
drastic increase of summer temperature in all six studied 
mountain regions over the last three decades as reported from 
other studies (Marty and Meister, 2012; Gobiet et al., 2014; 
Pepin et al., 2015). As the GLORIA summits were chosen to 
avoid pressure from human land use (see section "Materials and 
Methods"), the observed changes from the first survey to the 
resurvey can be ascribed almost completely to the direct and 
indirect effects of climate change. Further, Pauli et al. (2012) 
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and Steinhauer et al. (2018) found that increased temperature is 
the main driver of the observed species increase on mountain 
summits across Europe. Gottfried et al. (2012) found a strong 
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correlation between the ongoing "thermophilization" of alpine 
plant communities and the increase of the mean daily minimum 
temperature ofJune. 
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TABLE 2 1 Effects of bedrock, aspect, distance to treeline, first survey/resurvey, and selected interactions on the cover of vascular plants, litter, bare ground, and scree & 
rock. 

Vascular plant cover Litter cover Bare ground cover Scree & Rock cover 

est. SE P-value est. SE P-value est. SE P-value est. SE P-value 

lntercept (siliceous, aspect S, first survey) 1.640 0.434 <0.001 -2.291 0.191 <0.001 -2.881 0.230 <0.001 -3.101 0.406 <0.001 

Calcareous -0.253 0.608 0.677 -0.090 0.262 0.731 0.621 0.317 0.050 0.832 0.561 0.138 

Aspect E -0.006 0.085 0.947 -0.1 36 0.070 0.050 -0.088 0.072 0.219 0.166 0.095 0.081 

AspectW -0.738 0.090 <0.001 -0.228 0.072 0.002 -0.434 0.079 <0.001 0.885 0.101 <0.001 

Aspect N -0.545 0.088 <0.001 -0.199 0.071 0.005 -0.238 0.074 0.001 0.598 0.098 <0.001 

Dist. treeline -0.004 0.000 <0.001 -0.001 0.000 <0.001 1E-04 3E-04 0.715 0.005 0.001 <0.001 

Calcareous # Dist. treeline -0.001 0.001 0.418 -5E-05 4E-04 0.894 -2E-03 0.001 0.006 0.001 0.001 0.535 

Resurvey -0.321 0.125 0.010 0.376 0.095 <0.001 -0.031 0.113 0.780 -0.018 0.148 0.906 

Resurvey # Calcareous 0.252 0.123 0.040 -0.351 0.101 <0.001 -0.018 0.108 0.870 0.003 0.138 0.982 

Resurvey # Dist. treeline 4E-04 2E-04 0.057 -3E-04 2E-04 0.067 6E-05 2E-04 0.753 -2E-04 3E-04 0.509 

Marginal R2 0.694 0.256 0.125 0.824 

Estimates (est.), standard errors (SE) and P-values for fixed effects (P-values below 0.05 are in bold) are shown. For the categorical variables "bedrock," "aspect", and 
"first survey/resurvey," the first levels (i.e., si/iceous, aspect S, and first survey) were treated as the reference level. Results with calcareous as reference level are avai/able 
within the Supplementary Table S3. Marginal R2 is the coefficient of determination of fixed effects. 
Model is GLMM (betaregression), estimated by glmmTMB. 

TABLE 3 I Table of means and standard errors (SE) for all analyzed response variables: surface cover types ("vascular plant cover," "litter cover," "bare ground cover"), 
"species richness," number of "lost species", and "new species" for the two bedrock types during the first survey/resurvey, and according to the aspects. 

Vascular ptants [%] Litter [%] Bare ground [%] Scree & rock [%] Species richness Lost species Newspecies 

Category Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE 

Siliceous first survey 42.4 2.6 4.0 0.5 3.3 0.5 39.5 3.1 13.6 0.8 

Siliceous resurvey 39.3 2.4 6.1 0.8 3.7 0.6 37.6 3.0 14.6 0.8 1.9 0.2 3.0 0.2 

Calcareous first survey 38.6 2.6 3.7 0.4 4.2 0.6 52.9 2.9 15.0 0.8 

Calcareous resurvey 40.0 2.6 3.0 0.4 3.9 0.6 51.8 2.9 14.3 0.8 2.8 0.2 2.4 0.2 

Aspect South 45.9 2.6 5.2 0.7 5.1 0.7 38.5 3.0 16.9 0.8 3.0 0.3 3.2 0.3 

Aspect East 44.3 2.7 4.2 0.5 4.2 0.6 42.9 2.9 15.7 0.8 2.7 0.3 2.7 0.3 

AspectWest 34.7 2.6 3.7 0.6 2.6 0.6 51.7 3.1 12.9 0.7 2.2 0.3 2.0 0.2 

Aspect North 34.8 2.3 3.6 0.4 3.2 0.5 50.7 2.8 12.1 0.7 1.7 0.2 2.6 0.2 

The sum of surface cover types is not supposed to reach 100% as the proportion of cryptogams was excluded from analyses (see section "Materials and Methods"). 

Bedrock Specific Surface Cover 
Characteristics and Changes Over Time 
Overall, we found small differences in surface cover between 
siliceous and calcareous bedrock. Therefore, the hypothesis 
(la) that vascular plant cover and litter should prevail on 
siliceous bedrock, whereas bare ground, scree, and rock 
should dominate on calcareous bedrock could only be partially 
confirmed. Independently of bedrock, mean vascular plant 
cover decreased strongly along the elevation gradient and 
thus, is strongly related to the adiabatic temperature gradient 
(Bürli et al., 2021). Also, the proportion of scree and 
rock was independent of bedrock types. Nevertheless, the 
low bare ground cover on lower siliceous summits might 
indicate a Jack of appropriate microhabitats for potential 
germination (Graae et al., 2011) in contrast to calcareous 
summits, where also at lower elevations small amounts of bare 
ground were present. 

Although vascular plant cover strongly decreased with 
decreasing temperature along the elevation gradient, changes 
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over time were smaller than expected from the considerable 
warming of 0.7°C of the mean summer temperature over the 
monitoring period. Using a space-for-time substitution approach, 
such warming would correspond to a 120 m upward shift in 
elevation necessary to conserve the past climatic conditions. 
In contrast to previous observations of vascular plant cover 
increases due to improved growing conditions and a langer 
growing season (Rogora et al., 2018), our hypothesis (lb) of 
an increase in vascular plant cover, more pronounced within 
siliceous regions, was not supported by our data. Vascular 
plant cover increased slightly, yet not significantly, only on the 
higher calcareous summits. On the lower siliceous summits mean 
vascular plant cover decreased by 3%, coupled with an increase of 
mean litter cover. 

These observed decreases in plant cover on siliceous bedrock 
go in line with findings at Mt Schrankogel, the largest permanent 
plot site in the alpine-nival ecotone of the Alps on siliceous 
bedrock, where vascular plant cover also decreased over the 
last 20 years (Lamprecht et al. , 2018). There, the decrease was 
mainly caused by a cover decrease of the cold-adapted species 
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TABLE 41 Effects of bedrock, aspect, vascular plant cover (linear and quadratic), 

first survey/resurvey, and chosen interactions on species richness. 

Species richness est. SE P-value 

lntercept (siliceous, aspect S, first survey) 0.877 0.336 0.009 

Calcareous 1.008 0.472 0.033 

Aspect E -0.035 0.046 0.452 

AspectW - 0.106 0.050 0.032 

Aspect N -0.224 0.047 <0.001 

Vascular plant cover 6.932 1.241 <0.001 

Vascular plant cover2 -5.142 1.274 <0.001 

Vascular plant cover # Calcareous -2.831 1.758 0.107 

Vascular plant cover2 # Calcareous 1.900 1.814 0.295 

Resurvey 0.124 0.050 0.013 

Resurvey # Calcareous - 0.186 0.068 0.006 

Marginal R2 0.640 

Estimates (est.), standard errors (SE) and P-values for fixed effects (P-values below 
0.05 are in bald) are shown. For the categorical variables "bedrock, • "aspect", and 
"first surveylresurvey, • the first levels (1.e. , siliceous, aspect S, and first survey) were 
treated as the reference level. Results with a ca/careous reference level are available 
within the Supplementary Table 4. Marginal R2 is the coefficient of determination 
of fixed effects. 
Model is GLMM (negative binomialj, estimated by glmm TMB. 

(Steinbauer et al., 2020), while new species from lower elevations 
were not able to fill the open gaps. Vascular plant cover changes, 
therefore, may not necessarily be connected to the worldwide 
observed increase of species richness on summits (Dullinger et al., 
2007; Pauli et al., 2012; Steinbauer et al., 2018). This is plausible 
as the soil development and establishment of vegetation can take 
centuries to millennia (Theurillat et al., 1998; Kulonen et al., 
2018) and are hampered by the steep slopes and strong erosion 
through gravitational processes on alpine summits. At !arger 
spatial scales, 'greening' of the European Alps was evidenced 
as an increase of the normalized difference vegetation index 
(NDVI) derived from satellite data on a spatial resolution of 
30-125 m (Carlson et al., 2017; Filippa et al., 2019), which is, 
however, probably not comparable with the vascular plant cover 
changes in our plots. 

Nevertheless, the slight increase of vascular plant cover on 
the higher calcareous summits points to a slow densification of 
the existing vegetation patches, either following a filling or a 
moving process (Grabherr et al., 1995; Gottfried et al., 1999). This 
increase was probably too small to be paralleled in a detectible 
decrease of surface cover types like bare ground or scree and rock. 
Additionally, it is possible that vascular plant species occupied 
microsites primarily covered by cryptogams, which were not 
considered in our analyses. 

Furthermore, we found contrasting cover changes of litter 
between siliceous and calcareous regions. The increased 
proportion of litter on the lower siliceous summits and 
replacement of living vascular plants might be the first sign 
toward a more pronounced decreasing vascular plant cover 
in the long-term. Long-lived tussocks such as Carex curvula 
(Grabherr, 1989) produce a high quantity of old leaves 
and leaf sheaths, which decompose over a long timescale. 
More frequent drought events might have enhanced litter 
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accumulation on lower siliceous summits during the last 
summers (Haslinger et al., 2016). The slow-decaying dead 
plant material can prevent colonization by new species 
and can negatively affect seed germination and seedling 
establishment (Xiong and Nilsson, 1999; Graae et al., 2011). 
However, effects of litter on seed germination and establishment 
depend on the quality and density of the dead plant material. 
Faster decomposing material of forbs might even be of 
advantage for seedlings under conditions of recurrent drought 
when increasing the water storing capacity or ameliorating 
the microclimate. 

Competition Within Communities With 
High Vascular Plant Cover and Bedrock 
Specific Trends in Species Richness 
The unimodal relationship between species richness and vascular 
plant cover, with a peak around 65% cover (Figure 3; siliceous 
67%, calcareous 63%) confirms hypothesis 2a, in line with 
other results describing a decrease of species richness due 
to increased competition for resources such as light (Grime, 
1979; Rosenzweig, 1995; Grytnes, 2000; Pierce, 2014). Besides 
competition for light, it is likely that root competition takes 
place in dense alpine grasslands (Grabherr, 1989). Naud et al. 
(2019) showed a unimodal relationship of species richness per 
1 m x 1 m plot with elevation whereby species diversity 
was limited by competition at low elevation and by a smaller 
species pool at high elevation (Moser et al., 2005). However, 
at the mesoscale, there is a decrease in the richness of 
vascular plants along the elevation gradient above the treeline 
(Theurillat et al., 2003). 

The unimodal relationship between species richness and 
vascular plant cover was found in both bedrock types. However, 
the decrease in richness at plant cover above 65% was more 
pronounced in siliceous communities. All three siliceous regions 
showed a remarkably similar decrease in richness at plots 
with high vascular plant cover, pointing toward a common 
species richness pattern at siliceous summits in the Alps 
above the treeline sharing similar communities and geological 
characteristics (Pfiffner, 2015). Contrastingly, patterns for the 
calcareous regions were rather heterogeneous, and relatively 
high species richness could also be found at high vascular 
plant cover (Supplementary Figure 2). An explanation for the 
high heterogeneity could be that the regions were situated 
in different parts of the Alps (Supplementary Figure 1) 
with different types of limestone and varying proportions of 
calcium, magnesium carbonate or clay, which further impacts 
erosion and soil formation: (1) SNl within the geological 
complex calcareous part of the Swiss Central Alps consisting 
of heterogenous limestone formations (Wetterstein, Dolomite) 
high summits and a limitation of vegetation development (no 
high vascular plant cover, no high species richness); (2) HSW 
at the eastern edge of the Northern Limestone Alps with 
low maximum elevations, a relatively pure calcium carbonate 
limestone (Wetterstein, Gutensteiner Dolomite), and a nearly 
monotonic increasing species richness with vascular plant cover; 
and finally (3) ADO within the Southern Alps dominated by 
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FIGURE 3 I Relationship of species richness with vascular plant cover per 1 m x 1 m plot over time {first survey vs resurvey) on siliceous and calcareous bedrock. 
The lines show the predicted mean species richness and the 95% confidence interval {in grey) from a negative binomial GLMM. Mean values and standard errors 

were calculated across aspects and random regions. Crosses represent data. Coefficients and significance levels of effects are given in Table 4. 

Latemar limestone and Hauptdolomite showing a unimodal 
relationship with a high species richness maximum at high 
vascular plant cover. 

High levels of competition in well-developed alpine grassland 
communities has been shown experimentally (Olsen and 
Klanderud, 2014) and via community analyses (Grabherr, 1989). 
Dense communities may be able to prevent the establishment 
of new species because of the presence of many long-lived, 
clonal species forming dense mats (Steinger et al., 1996; 
Theurillat and Guisan, 2001; but see discussion on species 
turnover below). Particularly impressive examples are Carex 
curvula communities with nearly no change over 32 yearsy 
(Windmaißer and Reisch, 2013) and communities at the Niwot 
Ridge, United States with minimal changes over 40 years (Naud 
et al., 2019). In the same way, the species-rich calcareous 
grassland communities with Carex sempervirens are known to 
be very competitive and stable (Grabherr, 1989; Gritsch et al., 
2016; Matteodo et al., 2016). In comparison to the siliceous 
communities reaching a maximum species diversity at 65% 
vascular plant cover, single calcareous communities within our 
study reached their diversity maximum at up to 100% vascular 
plant cover. This goes in line with Gigon's (1971) investigations, 
showing that more species can coexist at calcareous sites because 
dominance of competitive species is not as strong as in siliceous 
communities. Additionally, in the European Alps the calcareous 
species pool is richer than the siliceous species pool, as a 
result of the outer calcareous regions being less impacted by 
glaciations than the central, siliceous regions (Wohlgemuth, 
2002; Aeschimann et al., 2012). This might enable higher 
species richness in calcareous plots. Our results also confirmed 
higher species richness on calcareous bedrock, although the 
mean difference of just one species was relatively small and 
decreased over time. 

Our results showed that changes in species richness at the scale 
of 1 m x 1 m plots were rather small over 14 years of observation. 
The mean increase of species richness by one species found in 
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siliceous plots is comparable to the changes at the alpine-nival 
ecotone in the siliceous Austrian Central Alps (Mt Schrankogel), 
where Lamprecht et al. (2018) reported a slightly higher increase 
of two species over 20 years. Contrastingly, changes of species 
richness were not significant in calcareous regions, which argues 
against our hypothesis 2b, suggesting a more substantial increase 
of species richness within calcareous regions. Probably due to the 
increasing numbers of lost species, species richness increase is 
already limited in several plots. While species richness at whole 
summit areas is still rapidly increasing (Matteodo et al., 2013; 
Unterluggauer et al., 2016; Steinhauer et al., 2018), first threats 
of a loss in species richness might be observed at the finer scale of 
1 m x 1 m plots. 

TABLE 5 I Effects of bedrock, aspects, vascular plant cover, and the interaction 
between vascular plant cover and bedrock on the number of new/ lost species. 

New species Lost Species 

est. SE P-value est. SE P-value 

lntercept {siliceous, 0.312 0.304 0.305 -0.935 0.437 0.033 
aspect S) 

Calcareous 0.446 0.413 0.280 1.465 0.583 0.012 

Aspect E -0.162 0.114 0.156 -0.024 0.123 0.845 

AspectW - 0.383 0.126 0.002 - 0.252 0.135 0.062 

Aspect N - 0.073 0.11 5 0.527 - 0.355 0.134 0.008 

Vascular plant 0.015 0.004 <0.001 0.028 0.004 <0.001 
cover 

Vascular plant - 0.011 0.006 0.085 - 0.016 0.006 0.004 
cover # Calcareous 

Marginal R2 0.215 0.518 

Estimates (est.), standard errors (SE) and P-values for fixed effects (P-values below 
0. 05 are in bold) are shown. For the categorical variables "bedrock", and "aspect, • 
the first leve/s (i.e., siliceous and aspect S) were treated as the reference leve/. 
Results with a calcareous reference level are available within the Supplementary 
Table 6. Marginal R2 is the coefficient of determination of fixed effects. 
Model is GLMM (negative binomial), estimated by glmm TMB. 
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High Species Losses in Communities 
With a High Vascular Plant Cover 
The number of new species and lost species provided additional 
insight to detect vegetation changes over time. So far only native 
species have been found on the studied summits and colonization 
involved only species that have been present in the region for 
a lang time. With increasing vascular plant cover, the number 
of lost species increased, which confirms our hypothesis 3a. 
However, contrary to our expectations, the number oflost species 
exceeded the number of new species at the highest vascular 
plant cover in calcareous regions only (hypothesis 36). This 
might be the first sign of diversity lass in some sites with higher 
vascular plant cover. Erschbamer et al. (2011) and Unterluggauer 
et al. (2016) for example, reported an ongoing encroachment 
of treeline species and grasses on the lowest summit in the 
calcareous region ADO. They suggested that treeline species 
might outcompete alpine species in the future. Eventually, due to 
the increased water permeability and lower water contents of soils 
on calcareous bedrock (Gigon, 1971), the effect of drought may 
be more severe in calcareous regions and lead to a higher number 
of lost species. Indeed, several summers (2003, 2015) within the 
monitoring period were dry and hot (Haslinger et al., 2016). 
According to predictions, the probability of increased frequency 
and severity of summer drought events will increase in some parts 
of the Alps (Gobiet et al., 2014; Haslinger et al., 2016; Spinoni 
et al., 2018). Together with high temperatures, which increase 
evapotranspiration, this might pose a serious problem for Alpine 
plants. However, the low resolution of the downscaled climate 
data and the low frequency of monitoring cycles within our study 
make it difficult to capture the direct effect of drought on the 
1 m x 1 m plot level. 

In siliceous regions, well-developed communities with a high 
vascular plant cover were expected to be competitive and stable. 
Overall, however, there was a high species turnover on siliceous 
bedrock, and the numbers of new and lost species both increased 
with increasing vascular plant cover. lt seems therefore quite 
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probable that due to the special conditions taking place on 
summits, a higher turnover is possible in comparison to the well­
developed grasslands on homogenous slopes or flatter areas in 
the alpine belt (Windmaißer and Reisch, 2013; Gritsch et al., 
2016; Naud et al., 2019) at least at the micro-scale of 1 m x 1 m 
plots. However, the observed species turnover does not mean 
a conversion into a new community. Most of the new species 
belang to the local species pool around or below the summits 
(Unterluggauer et al., 2016). Nevertheless, several studies have 
already reported a homogenization and thermophilization of the 
summit communities (Vittoz et al., 2008; Erschbamer et al., 2011; 
Gottfried et al., 2012; Pauli et al., 2012; Wipf et al., 2013; Matteodo 
et al., 2016; Unterluggauer et al., 2016; Lamprecht et al., 2018). 

Overall, the models used in our study to predict the 
number of new and lost species had a comparably low 
marginal R2 with considerable differences between regions 
(Supplementary Figure 3). This is not surprising as colonizations 
and disappearances are rare events that are influenced by several 
other factors besides temperature and vascular plant cover 
(Graae et al., 2011), making them more prone to stochastic events 
occurring between plots and regions. 

Additional Factors lnfluencing Surface 
Cover, Species Richness and Turnover 
In their pan European GLORIA analysis, Winkler et al. (2016) 
clearly showed that aspects matter for species diversity on 
summits in temperate mountains, enabling a higher species 
richness on eastern and southern exposures due to warmer 
temperatures and better-developed soils. Therefore, it appeared 
straightforward to include the effect of aspect in the models in 
order not to omit a variable and to introduce a bias. The results of 
all our models confirmed the strong effect of the aspect. Winkler 
et al. (2016) showed that new species mostly invade the warmer 
southern and eastern sides. The variation between aspects might 
also be the reason for the !arge range of species richness change 
over time observed in the present study. Probably the higher 
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species turnover on calcareous bedrock resulted from a higher 
instability of vegetation on certain aspects. 

Besides the discussed factors influencing vegetation changes, 
grazing might be a variable that is difficult to take into 
account correctly. Since summits were initially chosen 
in areas with no or the least possible domestic grazing 
(Supplementary Table 1), we expect grazing effects to 
be small, although no quantitative data exist in this way 
for wild grazers. Therefore, we cannot exclude that some 
variation in the grazing activity may have caused some local 
heterogeneity or could have temporarily masked the effects 
of warming. For instance, the general trend of a continuous 
decrease of pasturing by livestock in the alpine zone of the 
European Alps over the last decades could have an impact on 
vegetation succession (Tasser and Tappeiner, 2002; Czortek 
et al., 2018; Frate et al., 2018). Conversely, there is a long­
term trend of increasing wild ungulates (Apollonio et al., 
2010). According to Steinbauer et al. (2018) land-use change 
may account for local variation in species richness trends, 
but it is unlikely at a !arger scale. In a joint analysis with 
Mediterranean GLORIA regions, Lamprecht et al. (2019) 
analyzed the impact of land-use in three of our regions (ADO, 
HSW, VAL). Although land-use varied locally, structural 
equation models could not find a significant effect on species 
richness trends. 

Observer errors, in particular visual cover estimation and 
wrong species identifications, are a common issue in resurveys. 
The relative coefficient of variation of cover estimation may 
reach up to 60% (Vittoz et al., 2010; Futschik et al., 2020). 
Wrong identification of species, leading to pseudo-turnover and 
pseudo-variation in species richness, may occur in 10 to 30% 
of the cases, according to Morrison (2016) and Futschik et al. 
(2020) . However, Futschik et al. (2020) showed that changes in 
species turnover and species cover were significantly !arger than 
pseudo-changes due to observer errors even after seven years 
within the tested GLORIA regions Hochschwab, Mt Schrankogel, 
and High Tatra. Additionally, to avoid pseudo-turnover, we 
checked all the new and lost species for possible misidentification. 
Remaining mistakes are likely to be random, and hence our 
extensive dataset allows us to find trends beyond potential 
observer errors. 

Besides observer errors, several phenological variations caused 
by water availability, warm or cold season, and inherent 
population fluctuations between years in the reproductive 
allocations might still be apparent within our dataset and 
superimpose a long-term effect of climate change. As an attempt 
to minimize phenological variations, the first survey and resurvey 
were clone in peak season. 

CONCLUSION 

The present study provides evidence that vegetation attributes 
such as species richness and species turnover, and the 
distribution of surface cover types (vascular plants, litter, 
bare ground, scree & rock) generally differ between calcareous 
and siliceous summits and show contrasting changes over 14 
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years of climate warming on the micro-scale of 1 m x 1 m. 
Surface cover types showed minor general differences 
between bedrock types but changed differently over time: 
on siliceous bedrock, vascular plant cover decreased, coupled 
with an increase in litter, and it marginally increased on 
the highest calcareous summits. Instead of the expected 
increase, vascular plant cover might thus even decrease at the 
expense of litter accumulation quite probably due to drought. 
Counterintuitively, this effect is more pronounced at the moment 
on siliceous bedrock; however, similar effects might occur in 
calcareous regions. 

We could confirm a unimodal relationship of species 
richness and vascular plant cover indicating competition in 
communities with a high vascular plant cover. Species richness 
decreased more strongly beyond 65% plant cover within siliceous 
regions. Nevertheless, overall species richness increased over 
time, and the number of new species exceeds the number 
of lost species. Contrastingly and contrary to expected, in 
calcareous regions, the exceeding number of lost species might 
be the first sign of a negative trend in species richness with 
drought possibly being an increasing problem for summit 
vegetation. Continued monitoring will be necessary to confirm 
the observed trends. 
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