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Abstract
Refugia will be important to the response of alpine vegetation to climate change. Potential refugia exist at multiple scales, 
including a range-wide mesoscale. The climates of alpine grasslands of 23 mountain ranges of southern and central Europe 
were evaluated to assess whether each range would support potential refugia in projected future climates. The mean tem-
perature the warmest month and quarter with the precipitation of the warmest quarter, derived from gridded global climate 
data at ~ 1 km resolution, were examined range-wide and for areas identified as alpine grassland to identify limits within 
each range. The overlap of current grassland climate and future range-wide climates, the latter calculated using regional 
projections from three global models with three socioeconomic driving scenarios, were assessed as potential refugia. Among 
the nine projections, three had none of the current grassland climates in any of the 23 ranges by 2100, while two retained 
more than 20% in more than half of the ranges. Most of the potential mesoscale refugia were in the Alps. Micro-refugia and 
warmer and drier fundamental climatic niches for alpine grassland species could mitigate these bleak results, but otherwise 
they are extremely threatened.
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Introduction

Climate change is expected to alter plant community struc-
ture and diversity because of their species climatic niches, 
spatial isolation, and limited potential for dispersal (e.g., 
Alatalo et al. 2020; Sklenar et al. 2021). These changes 
are ongoing across Europe (e.g., Steinbauer et al. 2020). 
Engler et al. (2011) projected alpine species losses of > 50%, 

with notable variation among mountain ranges, and Rubel 
et al. (2017), using projected Köppen-Geiger climate zones, 
reported elimination of alpine vegetation and most montane 
coniferous forest as a worst-case scenario for 2100. Barredo 
et al. (2020) found potential losses of alpine habitat in Euro-
pean mountains ranging from 44% to nearly 100% with 
1.5–3 °C warming scenarios in regional climate simulations. 
A potential for mitigation of the worst effects of ongoing 
warming exists in climatic refugia (e.g., Graae et al. 2018). 
We assess whether alpine grasslands in southern and cen-
tral Europe (SACEU) have range-wide climatic limits and 
if future climates might exceed them.

Refugia are central to understanding the response of 
alpine vegetation to climate change. Refugia are locations, 
currently occupied or not, where species can exist during 
periods when the climate differs from that at present (e.g., 
Holderegger and Thiel-Egenter 2009; Ashcroft 2010; Keppel 
et al. 2012). Thus, for alpine vegetation, refugia at the Last 
Glacial Maximum (LGM) may have been more extensive 
than present ranges (e.g., Testolin et al. 2021), while pro-
jections for the future are that alpine vegetation area will be 
reduced (e.g., Gentili et al. 2015).
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Refugia are multiscale, occurring at macro-, meso-, and 
micro- (or crypto-) scales, but alpine habitats manifest as 
distinct zones on this gradient because of their spatial sepa-
ration (e.g., among vs. within mountain ranges). Macroscale 
alpine refugia would be on different, currently unoccupied 
mountain ranges, and alpine vegetation, which generally 
has limited dispersal capacities (Morgan and Venn 2017), 
would face the problem of whether dispersal distances 
are sufficient to match climate velocities. Thus, we do not 
address macroscale refugia here. Mesoscale alpine refugia 
are constrained to exist within a macroclimate such that 
major topographic differences within a mountain range can 
create meso-climates beyond the current climatic envelope 
of a given vegetation (or the niche dimensions of a species). 
The most likely future mesoscale refugia for alpine vegeta-
tion would exist at higher elevations—if other factors such 
as soil are suitable. Current mesoscale patterns of alpine 
vegetation also include slope aspect and exposure (Winkler 
et al. 2016; Liberati et al. 2019). Micro-refugia, on the other 
hand, could persist within meso-climates where topography 
can buffer some climate change (Dobrowski 2011; Mosblech 
et al. 2011; Patsiou et al. 2014; Niskanen et al. 2017; Graae 
et al. 2018; Körner and Hiltbrunner 2021). For example, 
geomorphic features can create temperature inversions (Lun-
dquist et al. 2007; Patsiou et al., 2017) and heterogeneity in 
temperature even within a single slope (Scherrer and Körner 
2011; Garcia et al. 2020), and the now-cooler sites could be 
micro-refugia for species now in warmer ones. New glacial 
forelands could also provide micro-refugia (Gentili et al. 
2015). However, potential micro-refugia may not function 
as such if the mesoscale climate changes sufficiently, and 
because these are micro, they are unlikely to sustain all cur-
rent plant species over a longer term.

We examine the bioclimates and the potential for mes-
oscale refugia for alpine grasslands in SACEU. We focused 
on alpine grasslands because they are the most extensive 
vegetation occurring above climatic treeline (Testolin et al. 
2020). Our purposes are, first, to determine whether the 
alpine grasslands of 23 mountain range in SACEU have 
climatic limits at a range-wide extent that parallel the find-
ings of Bürli et al. (2021) for European summit vegetation 
(a growing-season soil temperature of 4.9 °C or a grow-
ing-season length of 85 days marked the upper elevation), 
and second, to determine whether these alpine grasslands 
would have potential mesoscale climatic refugia within the 
same range in a warmer and drier future, given that iso-
lation from past refugia has affected patterns of diversity 
(Jiménez-Alfaro et al. 2021). We assess the vulnerability 
of alpine grasslands to climate change using the observed 
climatic envelope (analogous to the realized climatic niche 
of a species) for each mountain range with projections of 
three climate models for three socioeconomic scenarios. It 
has long been known that observations of the realized niche 

may be inadequate for understanding responses to climate 
change (e.g., Malanson et al. 1992), and as part of our first 
objective we assess this issue. We ask:

•	 Are high- or low-temperature boundaries, parallel to 
those reported by Bürli et al. (2021), evident for lower 
resolution climatic data at a greater extent, and if so, does 
it change with precipitation?

•	 Do alpine grasslands have mesoscale (within the same 
range) climatic refugia in a warmer and drier future, and 
how limited are they?

Methods

Study regions and data

We investigated patterns in the 23 mountain ranges in 
southern and central Europe studied by Jiménez-Alfaro 
et al. (2021) (Fig. 1) with detailed explanation in their first 
appendix (https://​onlin​elibr​ary.​wiley.​com/​action/​downl​
oadSu​pplem​ent?​doi=​10.​1111%​2Fgeb.​13274​&​file=​geb13​
274-​sup-​0001-​Appen​dixS1.​pdf). After delineating the tree-
line for each range based on local records, they identified 
alpine grasslands by excluding tree-covered, wetland, rocky 
substrate, and successional vegetation using the normalized 
difference vegetation index (NDVI) derived from Landsat 
data as explained in Testolin et al. (2020; see http://​www.​
ecogr​aphy.​org/​sites/​ecogr​aphy.​org/​files/​appen​dix/​ecog-​
05012.​pdf).

For current climates, we extracted 19 bioclimatic vari-
ables from CHELSA V2.1, 1979–2017 (Karger et al. 2017, 
2021; 1979–2013; see https://​chelsa-​clima​te.​org/​wp-​admin/​
downl​oad-​page/​CHELSA_​tech_​speci​ficat​ion.​pdf) for the 
30-arcsecond cells (c. 1 × 1 km) of the entire 23 ranges 
(72,328 cells) and the alpine grassland cells (49,085 cells) 
(Fig. 1). CHELSA data are an accurate interpolation of cli-
mate variables, with correspondence to independent station 
data having R2 > 0.90 for temperature (Morales‐Barbero 
and Vega‐Álvarez 2019). Temperature variables are for 2 m 
above the surface.

For future climates, we used CHELSA’s compilation of 
CMIP6 ISIMIP3 model projections. We selected three mod-
els, as prioritized by the ISIMIP3 protocol, and the three 
scenarios for future climate forcing:

Models:
 M1: GFDL-ESM4
 M2: UKESM1-0-LL
 M3: MPI-ESM1-2-HR
Scenarios:
 S1: SSP1-RCP2.6
 S2: SSP3-RCP7.0
 S3: SSP5-RCP8.5

https://onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1111%2Fgeb.13274&file=geb13274-sup-0001-AppendixS1.pdf
https://onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1111%2Fgeb.13274&file=geb13274-sup-0001-AppendixS1.pdf
https://onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1111%2Fgeb.13274&file=geb13274-sup-0001-AppendixS1.pdf
http://www.ecography.org/sites/ecography.org/files/appendix/ecog-05012.pdf
http://www.ecography.org/sites/ecography.org/files/appendix/ecog-05012.pdf
http://www.ecography.org/sites/ecography.org/files/appendix/ecog-05012.pdf
https://chelsa-climate.org/wp-admin/download-page/CHELSA_tech_specification.pdf
https://chelsa-climate.org/wp-admin/download-page/CHELSA_tech_specification.pdf
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Fig. 1   The location, areas, 
grassland areas, and their 
proportion of the alpine habitats 
in the 23 ranges of southern and 
central Europe. The delineation 
of these regions was described 
in detail by Jiménez-Alfaro 
et al. (2021) (https://​onlin​elibr​
ary.​wiley.​com/​action/​downl​
oadSu​pplem​ent?​doi=​10.​1111%​
2Fgeb.​13274​&​file=​geb13​274-​
sup-​0001-​Appen​dixS1.​pdf). The 
regions were based on identi-
fication of local treeline and 
the treeline elevation, and the 
relevant sources were provided 
in that document

https://onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1111%2Fgeb.13274&file=geb13274-sup-0001-AppendixS1.pdf
https://onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1111%2Fgeb.13274&file=geb13274-sup-0001-AppendixS1.pdf
https://onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1111%2Fgeb.13274&file=geb13274-sup-0001-AppendixS1.pdf
https://onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1111%2Fgeb.13274&file=geb13274-sup-0001-AppendixS1.pdf
https://onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1111%2Fgeb.13274&file=geb13274-sup-0001-AppendixS1.pdf
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Of the socioeconomic scenarios, S1 is optimistic in terms 
of reduction in CO2 emissions while S3 assumes increases 
in both populations and the use of coal. The bioclimatic 
variables for the nine combinations of models and scenarios 
were extracted for all cells and the grassland cells in the 23 
regions.

Temperature boundaries

We examined the mean temperatures of the warmest month 
and warmest quarter with the mean precipitation of the 
warmest quarter (CHELSA does not include the precipita-
tion of the warmest month, and because of soil water stor-
age, the quarterly data are more relevant; the precipitation of 
the wettest month can be in different seasons and so would 
not have the same biological meaning). These three vari-
ables should be relevant to physiological processes during 
the growing season, as mean temperature of the warmest 
month can better represent the effects of extremes while 
mean temperature of the warmest quarter represents the 
growing season. Also, these two temperature variables are 
well-correlated with their mean annual and cold season 
counterparts. Summer temperatures and precipitation have 
been shown to influence alpine grasslands (Wang et al. 2013; 
Marchin et al. 2018,), and they are expected to change with 
global warming (Coppola et al. 2021; Pichelli et al. 2021). 
Mean temperatures of the warmest month and warmest quar-
ter should be correlated with the soil temperatures reported 
by Bürli et al. (2021), given that the temperatures reported 
by Scherrer and Korner (2011) for soil surfaces and at 3 cm 
depth bracketed 2 m air temperatures and tracked the daily 
change in radiation (differences in soil and air temperatures 
vary seasonally and geographically, but patterns are consist-
ent within biomes; Lembrechts et al. 2022).

We plotted mean precipitation of the warmest quarter vs 
the mean temperatures of the warmest month and warm-
est quarter for the grassland cells over the range-wide cells 
to determine whether any upper or lower boundaries were 
evident for any variable, i.e., if the climate range of the 
grassland cells was exceeded by non-grasslands in the same 
mountain range. Visual inspection of the plots revealed that 
the patterns for those with the mean temperatures of the 
warmest month and warmest quarter were virtually identi-
cal (Online Resources 1 and 2), and we further examined 
the latter. For temperature, we defined a lower boundary 
for mean temperature of the warmest quarter if the 5th 
percentile of the temperature distribution of the grassland 
points was > 0.25 °C higher than the same percentile for all 
points in the range. We similarly looked for an upper limit 
(95th percentile), which would inform thinking on the real-
ized envelope for these alpine grasslands, and we visually 
examined the plots for any evidence of interaction between 

temperature limit and precipitation (no boundaries were evi-
dent for precipitation alone).

Mesoscale refugia

For our second question, we constructed climatic envelopes 
for each of the 23 ranges using principal components analy-
sis (PCA) using PC-ORD v.7 (McCune and Mefford 2016) 
with a correlation-based cross-products matrix. We used this 
diverse climate envelope for this question because climate 
change may be more complex than would be represented by 
WMT or WQT and WQP alone as seen in preliminary analy-
ses. Of the 19 CHELSA bioclimatic variables, we excluded 
eleven:

•	 Wet and dry season temperature and precipitation (4) 
because they can use different seasons for different loca-
tions;

•	 The monthly variables (4), which are highly correlated 
with the corresponding quarterly variables; and

•	 Daily and annual ranges and isothermality (3), which are 
correlated with temperature seasonality but do not have 
a corresponding precipitation variable.

We retained mean annual temperature and precipitation, 
mean temperature and precipitation of the warmest and cold-
est quarters, and temperature and precipitation seasonality 
(MAT, MAP, WQT, WQP, CQT, CQP, TSY, PSY). Mean 
annual temperature and precipitation capture broad differ-
ences; mean temperature and precipitation of the warmest 
quarter emphasize the growing season; mean temperature 
and precipitation of the coldest quarter include the effects 
of snow; and seasonality of temperature and precipitation 
reflect continentality and the mid-latitude vs. Mediterranean 
climates.

For each of the 23 ranges, present + future climate enve-
lopes were created using the current data with each of the 
nine future climate model scenarios in 207 separate PCAs 
(PC-ORD v.7). Thus, each future envelope is independent 
of the other modeled futures for the calculation of present 
and future overlap. The significance of the eigenvectors was 
assessed by comparison of the variance captured relative 
to 1000 randomizations of the same climatic data. The cli-
matic variables most represented by the eigenvectors were 
identified by examining the correlation coefficient between 
scores for rows in the main matrix and the climate variables 
(computationally equivalent to the eigenvector scaled to its 
standard deviation).

To assess the likelihood of future mesoscale refugia, we 
visually examined and counted the incidence of cells falling 
within future grassland climates. For each mountain range, 
we plotted the scores of the first two eigenvectors for the 
future range-wide PCAs with those of the current grassland 
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PCAs. We counted the visual incidence of the future range-
wide cells falling within the envelopes of the current grass-
land cells and calculated the proportion of the total range. 
For ranges with many overlapping points, we divided areas 
of overlap of the two PCA dimensions in a spreadsheet and 
counted the points in the subsections.

For the set of simulations for each range, we noted the 
highest proportion, the mean proportion (although the dis-
tribution is not normal the mean can be used for simple com-
parisons), and the number of zeroes (i.e., cases where no 
area was within the envelope in future). We examined these 
three indicators in relation to the location of the ranges, their 
areas, elevation range from treeline to the highest peak, and 
selected climatic variables {mean, maximum, minimum, 
and range of mean temperature of the warmest month and 
quarter and precipitation of the warmest quarter) including 
a climatic envelope size based on the distribution of the 
points for the two dimensions of a PCA for all 72,328 points 
together, to which we applied the shoelace algorithm using 
5–15 points to define a bounding polygon. We calculated a 
General Linear Model for each with a stepwise procedure 
using a threshold alpha of 0.01 to enter.

Results

Description

The 23 ranges exhibit a substantial breadth of the three 
growing-season variables examined (Online Resource 3, 
Table SI1). Values of mean temperature of the warmest 
month and quarter and precipitation of the warmest quar-
ter of individual geographic cells that comprise each range 
(the 30-arcseconds or c. 1 × 1 km cells of CHELSA) ranged 
0.75–22.15 °C, − 5.85–17.55 °C and 37.50–1199.9 mm, 
respectively. The Alps, with a greater span of elevation, 
have the greatest breadth in temperatures. The drier ranges 
have a narrow span of precipitation of the warmest quarter. 
Furthermore, many ranges have fewer cells (i.e., less area 
due to pyramidal topography) at lower temperatures and a 
resulting triangular distribution (e.g., Fig. 2A, C).

Temperature boundaries

A lower-temperature boundary is evident—counting a differ-
ence > 0.25 °C—in tens of the ranges, or 50% after excluding 
three ranges with few records (Table 1, Fig. 2, and Online 
Resource 1). The average low limit of WQT is 5.99 °C. In 
11 ranges with sufficient area, alpine grasslands occur within 
pixels that reach the coldest summer temperatures, which aver-
age 9.2 °C WQT, with a minimum of 5.99 °C (W. Carpathi-
ans; absolute lowest 4.15 °C). At the highest levels of summer 
precipitation, e.g., ≥ 1000 mm in the E. Alps, the cold limit is 

1–2 °C higher than the limit for most grassland cells; Online 
Resource 1). A high-temperature boundary is seen only in the 
W. Carpathians at 9.75 °C. However, there are several ranges 
where grasslands persist at the highest observed temperatures, 
e.g., at > 14 °C in the geographically distant Central System 
and Dinarides.

Fig. 2   Examples of the patterns of precipitation and temperature 
variables warm quarter precipitation, WQP) and warm quarter tem-
perature, WQT) illustrate cold-, neither, and warm limits of the alpine 
grasslands. Similar figures for plots of WQP and WQT and WQP and 
warmest month temperature (WMT) for all mountain ranges are in 
Online Resources 1 and 2
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Mesoscale refugia

PCAs

Two eigenvectors were significant in 70% of the 207 PCAs, 
and three were in the other 30%. The significant eigenvectors 
extracted an average of 90% of the variance in the climate 
data (Online Resource 3, Table SI2). The first eigenvec-
tor was most highly correlated with both temperature and 
precipitation variables but in opposite directions, which 
indicated a gradient from warm, dry to cold, wet conditions 
(Online Resource 3, Table SI3). In those cases, the second 
eigenvector was usually most correlated with precipitation 
seasonality. In some cases, with three significant eigenvec-
tors, the order of correlations was temperature, precipitation, 
precipitation seasonality.

Climatic envelopes

Among the 207 regions × model × scenario cases, 44 were 
instances where the proportion of the range that sustained 

grassland habitat in future was > 20% (Table 2, Figs. 3, 4 
and Online Resources 4 and 5); 21 of these were in the four 
regions of the high Alps. Of these, nearly the entire current 
grassland climate envelope was still within the future climate 
envelope of the range in eight instances: the GFDL and MPI 
models with the SSP1 (most optimistic) scenario. Of the 
163 cases with < 20% potential mesoscale refugia, 102 had 
no remaining grassland climate. Fifty of these were with 
the SSP5 scenario of most extreme change. The change in 
the climatic envelopes was primarily toward warmer, drier 
conditions as indicated by a shift of points to the right in 
most graphs (the direction of the gradient can be reversed 
and the figures in Online Resource 4 can be linked to Online 
Resource 3 Table SI3). By region, the Alps consistently har-
bored the most potential refugia, while Corsica and the East 
Carpathians, the smallest ranges, harbored none. Prelimi-
nary analyses of climatic envelopes defined by temperature 
and precipitation of the warmest quarter had generally simi-
lar results with temperature being the important driver of 
the difference in extant alpine grassland climates (Online 
Resources 1 and 2).

Table 1   Potential summer low 
and high temperature limit (°C) 
for alpine grasslands observed 
in relation to the range-wide 
temperatures of the 23 ranges 
based on the 5th and 95th 
percentiles, respectively, of the 
distributions (e.g., Fig. 2 and 
Online Resource 1)

No limit is evident where the values are within 0.5°. Unusual cold limits or those with possible interactions 
with precipitation are mentioned in comments
*Ranges with < 50 grassland observations

Low WQT limit High WQT limit
(5th quantile) (95th quantile)

Grassland/range Grassland/range Comment

Baetic 12.56/10.46 14.40/14.35 Cold limit, but high
Balkans 9.27/8.92 11.45/11.85 Cold limit
C. Apennines 8.72/8.75 12.95/13.05
Cantabrians 9.23/8.46 11.57/11.55 Cold limit
Central 12.55/12.35 14.95/14.95
Corsica* 9.12/9.04 10.88/11.27
Dinarides 10.65/10.45 13.95/14.05
E. Alps 5.5/4.15 9.45/9.65 Cold limit, 6° where wetter
E. Carpathians* 7.55/7.53 8.98/8.95
E. Pyrenees 7.45/7.28 10.25/10.25
EC. Alps 5.45/3.55 9.45/9.45 Cold limit, 5.7° where wetter
Mar.Alps 7.75/7.25 10.45/10.45 Cold limit
N. Apennines* 10.95/10.95 12.21/12.54
N. Iberian* 11.33/11.34 12.71/12.71
Rhodope-Rila 8.05/8.05 11.15/11.25
S. Apennines 11.66/7.42 14.10/14.10 Cold limit, but high
S. Carpathians 7.25/7.25 9.75/9.87
S. Hellenides 10.45/10.45 13.55/13.65
Scardo-Pindhic 9.45/9.45 13.55/13.55
W. Alps 6.15/2.65 10.05/10.05 Cold limit, 6.3° where wetter
W. Carpathians 5.95/6.30 9.75/10.65 Warm limit
W. Pyrenees 7.55/6.75 10.25/10.25 Cold limit
WC. Alps 5.65/2.65 9.15/9.05 Cold limit, 6.3° where wetter
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The proportions of the alpine regions that remained 
within the grassland climatic envelopes in future scenarios 
have one geographic pattern: a greater area of potential mes-
oscale refugia in the Alps (Online Resource 5). In general 
linear models with a stepwise procedure, only the log of the 
area of the climate envelope in PCA space, which was cor-
related with actual range area, was a significant predictor 
of any of the three indicators (Table 3). However, the rela-
tionship may be heteroscedastic: the potential for refugia is 
consistently high with the greater breadth of climates in the 
Alps but varies among the model/scenario combinations if 
the climate envelope areas are small (Fig. 5).

Model comparisons

Because of the many zeroes and high skew in the proportion 
of the climate of the ranges that remained within the climatic 
envelope of their current grasslands, the differences among 
models and scenarios are best assessed by inspection of the 
column totals in Table 2. The MPI model projects slightly 
less loss of alpine grassland climate than the GFDL model, 

but the UK model has the greatest changes. The greatest 
differences among the models are with the optimistic SS1 
scenario but these narrow in the SSP3 conditions and all 
three models approach complete loss of alpine grassland 
climate with the SSP5 scenario.

Discussion

The climates of the alpine habitats of the 23 mountain ranges 
of SACEU are not uniform. Highest monthly and quarterly 
temperatures among all points varied by over 20 K, and 
summer precipitation by over 1100 mm, with coefficients 
of variation of 0.33 and 0.37, respectively. Variability within 
ranges was less, but still exceeded 10 K in both temperatures 
variables four ranges and spanned > 800 mm of summer pre-
cipitation in seven.

Alpine grasslands occupy the full range of warm-season 
temperatures within 10 of the 23 ranges of SACEU and 
close to the full range on others. The exceptions for temper-
ature are primarily in the Alps, where colder temperatures 

Table 2   The proportions of the 
future ranges that lie within the 
current climatic envelopes of 
the alpine grasslands on each of 
the 23 mountain ranges

Results are rounded to the nearest 5% to recognize imprecision in estimating superposition with hundreds 
of points. M#S# refer to the model–scenario combinations

Range M1S1 M1S2 M1S3 M2S1 M2S2 M2S3 M3S1 M3S2 M3S3

Baetic 0.40 0.00 0.01 0.07 0.00 0.00 0.08 0.07 0.00
Balkan 0.05 0.00 0.00 0.00 0.00 0.00 0.12 0.00 0.00
C. Apennines 0.29 0.09 0.02 0.02 0.00 0.00 0.23 0.08 0.06
Cantabrian 0.30 0.03 0.01 0.07 0.00 0.00 0.90 0.15 0.11
Central 0.18 0.00 0.00 0.02 0.00 0.00 0.36 0.00 0.00
Corsica 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Dinarides 0.58 0.06 0.01 0.07 0.00 0.00 0.38 0.04 0.01
E. Alps 0.77 0.25 0.09 0.27 0.00 0.00 0.70 0.30 0.09
E. Carpathian 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
E. Pyrenees 0.32 0.00 0.00 0.01 0.00 0.00 0.66 0.00 0.00
EC. Alps 0.67 0.29 0.19 0.36 0.00 0.00 0.68 0.53 0.11
Mar. Alps 0.76 0.00 0.00 0.03 0.00 0.00 0.77 0.02 0.00
N. Apennines 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.00
N. Iberian 0.00 0.00 0.00 0.00 0.00 0.00 0.06 0.00 0.00
Rhodope-Rila 0.19 0.00 0.00 0.02 0.00 0.00 0.48 0.00 0.00
S. Apennines 0.11 0.00 0.00 0.00 0.00 0.00 0.59 0.30 0.00
S. Carpathian 0.21 0.00 0.00 0.00 0.00 0.00 0.09 0.00 0.00
S. Hellenides 0.08 0.00 0.00 0.01 0.00 0.00 0.64 0.00 0.00
Scardo-Pindic 0.72 0.29 0.11 0.52 0.02 0.00 0.79 0.12 0.03
W. Alps 0.55 0.23 0.00 0.34 0.01 0.00 0.60 0.46 0.11
W. Carpathian 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
W. Pyrenees 0.43 0.05 0.02 0.09 0.00 0.00 0.65 0.03 0.00
WC. Alps 0.57 0.56 0.23 0.54 0.00 0.00 0.57 0.57 0.07
Minimum 0 0 0 0 0 0 0 0 0
Median 0.29 0 0 0.02 0 0 0.48 0.02 0
Maximum 0.77 0.56 0.23 0.54 0.02 0 0.9 0.57 0.11
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at higher elevations probably exclude grassland vegeta-
tion (cf. Bürli et al. 2021). The mean summer cold limit, 
where evident, is 8.1 °C with a coefficient of variation of 
0.32 (excluding the Baetic System and the S. Apennines, 
where the mean and CV are 7.27 and 0.22 and we expect 
the > 11 °C limits may be confounded by a factor other than 
climate). Lack of evidence for a warm-limit indicates that 
the high-temperature boundary is likely determined by com-
petition with trees, which may in turn be locally determined 
by land use. Alpine grasslands also occupy the full range 
of the summer precipitation envelope, and potential inter-
actions between precipitation and temperature suggest that 
high precipitation may raise the cold limit. This pattern of 
interaction holds for the combination of mean annual and 
mean winter temperature and precipitation, not shown here, 
and so the limit for grasslands could also be related to snow 

depth and its effect on soil temperatures and growing-season 
length (Choler 2018; Vorkauf et al. 2021).

The model and scenario results parallel those of earlier 
studies (Rubel et al. 2017; Barredo et al. 2020). Here, the 
details of the climatic envelopes of alpine grasslands are 
revealed. The potential for refugia at mesoscale is limited. 
It depends on the breadth of the current climate and species 
niches (cf. Engler et al. 2011; Lynn et al. 2021). To sup-
port even minimal climatic refugia at this scale, ranges must 
have a wider range of current climates than the predicted 
amount of change. Most ranges do not have the breadth of 
current climate greater than the change predicted even in the 
moderate scenario; those that do are within the Alps, which 
have more area at higher elevation than current grasslands 
in other ranges. While these areas meet our definition of 
climatic mesoscale refugia, they include places without soil, 

Fig. 3   Examples of the relation-
ship of the current grassland 
climatic envelopes (G2020) to 
future projections for the range-
wide envelopes from selected 
model-climate scenarios (here, 
the GFDL model and the 
optimistic SSP1 scenario for 
the Scardo-Pindic and the MPI 
model and pessimistic SSP5 
scenario for the eastern Alps). 
Similar plots of all model-
scenario combinations for all 
ranges with an overlap of > 5% 
of the range-wide points are in 
Online Resource 4
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including glaciers. Indeed, where the proportion of the range 
that could support grassland does not change in the more 
optimistic scenario, additional niche limitations should be 
evaluated. Even these areas lose all grassland climates in 
the most extreme model and scenario combination (M2S3: 
UKESM1 with SSP5). Where more potential refugia rela-
tive to the breadth of current climate exist (i.e., the Can-
tabrian and Scardo-Pindic ranges), the changes projected 
some model-scenario combinations are small (e.g., M1S1: 
GFDL with SSP1).

Although the climates of the 23 mountain ranges of 
SACEU provide little potential for mesoscale refugia for 
their alpine grasslands in a warmer, drier future, micro-ref-
ugia exist where topography can buffer some climate change 

Fig. 4   The potential for refugia among the nine model and scenario 
combinations for each of the 23 ranges as indicated by the current, 
and future maximum proportions of range area within the current 
grassland climate envelope and the number of future instances with 
none (summary of rows Table 2)

Table 3   GLM results for indicators of the mesoscale refugia in the 
nine model and scenario combinations for each range

Only the log of the climate envelope area (CEA), calculated from the 
distribution of points in PCA space defined by the first two eigenvec-
tors, was significant; however, this variable was correlated with the 
log of the area of the range (r = 0.95)

Maximum proportion = 26.27 + 35.39 logCEA R2 = 51.35
Mean proportion = 4.23 + 17.12 logCEA R2 = 78.75
Count of zeroes = 6.68 – 4.32 logCEA R2 = 73.74

Fig. 5   Relationships of maximum (A) and mean (B) proportions of 
range area and the number of future instances with zero area within 
the current grassland climate envelope
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(e.g., Mosblech et al. 2011; Patsiou et al. 2014), which can 
be more complex than represented at 1-km resolution (e.g., 
Lundquist and Cayan 2007; Patsiou et al. 2017). Microsites 
on single slopes can have a range of surface temperatures 
greater than 10 °C (Scherrer and Körner 2011), but, given 
that the variation at 2 m is less, many fewer would still be 
within the temperature niche of their local grassland species 
with the changes projected. Furthermore, the current vari-
ation does not necessarily imply that any areas will remain 
stable or maintain such temperature difference with further 
mesoscale warming.

Our analysis is limited to the patterns of the realized cli-
matic envelopes of the alpine grasslands and the fundamen-
tal envelopes could be broader in the direction of increased 
productivity, i.e., higher temperatures, on the climatic gra-
dients (Pellisier et al. 2013). Thus, additional refugia could 
exist if some grassland species can persist in warmer, drier 
conditions than observed. The future realized envelopes 
will depend on the realized treeline ecotone. Although fun-
damentally responsive to temperature (Körner 2021), this 
limit for alpine grasslands will be driven by the regeneration 
niches of its species as determined by biotic and other abiotic 
factors (Malanson et al. 2019). Lags in treeline response in 
dry conditions could reduce some potential losses of alpine 
grassland area. While the combination of cooler microsites 
and broader tolerance of higher temperatures could lessen 
the impact of climate change, both would still be constrained 
by mesoscale climate.

While micro-refugia will be important for future biodi-
versity, the area of alpine grasslands would be reduced. The 
species–area relationship—the most consistent pattern in 
biogeography—portends significant local losses of species 
after a period of extinction debt (Malanson 2008). Given 
unknown thresholds in the buffering capacity of microsites 
and the climatic niche breadth of individual species, the 
amount and timing of extinction debt will make projections 
from current distributions and trends uncertain (cf. Malan-
son et al. 2019). The future of alpine grasslands in SACEU 
will also depend on the dynamics of other montane veg-
etation with intersecting climatic envelopes. The resistance 
of alpine vegetation proposed by Körner and Hiltbrunner 
(2021) could be limited in extent, and micro-refugia may not 
prevent significant losses of biodiversity in alpine grasslands 
in a warmer, drier future (recognizing time lags; e.g., Wind-
maisser and Reisch 2013).

The potential for refugia to mitigate the impact of climate 
change should recognize their multiscale context. Micro-
refugia can be effective only up to the point where their 
ability to buffer climate changes is exceeded by mesoscale 
change. Where mesoscale limits are exceeded, the geogra-
phy of macroscale refugia and the extent and abiotic and 
biotic conditions of micro-refugia may become relevant. Our 
results illustrate the need for more precise spatial metrics at 

greater extents and are relevant to the location of conser-
vation measures (cf. Balantic et al. 2021; Carroll and Ray 
2021).
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