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Topography of the Dolomites 
modulates range dynamics 
of narrow endemic plants 
under climate change
Francesco Rota 1*, Gabriele Casazza 2, Giulio Genova 1, Gabriele Midolo 
1, Filippo Prosser 3, Alessio Bertolli3, Thomas Wilhalm 4, Juri Nascimbene 5 & 
Camilla Wellstein 1*

Climate change is expected to threaten endemic plants in the Alps. In this context, the factors that 
may modulate species responses are rarely investigated at a local scale. We analyzed eight alpine 
narrow endemics of the Dolomites (southeastern Alps) under different predicted climate change 
scenarios at fine spatial resolutions. We tested possible differences in elevation, topographic 
heterogeneity and velocity of climate change among areas of gained, lost, or stable climatic habitat. 
The negative impact of climate change ranged from moderate to severe, depending on scenario and 
species. Generally, range loss occurred at the lowest elevations, while gained and stable areas were 
located at highest elevations. For six of the species, climate change velocity had higher values in 
stable and gained areas than in lost ones. Our findings support the role of topographic heterogeneity 
in maintaining climatic microrefugia, however, the peculiar topography of the Dolomites, 
characterized by high altitude plateaus, resulted in high climate change velocity in areas of projected 
future climatic suitability. Our study supports the usefulness of multiple predictors of spatio-temporal 
range dynamics for regional climate-adapted management and eventual assisted colonization 
planning to not overlook or overestimate the potential impact of climate change locally.

Global warming, driven by anomalous anthropogenic  CO2  emission1, is one of the greatest threats to 
 biodiversity2,3. Under a predicted future climate, the Alps will be severely affected by the end of the twenty-
first century, especially in high elevation  ranges4. Among mountain species, endemic plants are expected to be 
more affected by climate change due to their small niche-breadths, small population sizes, low genetic diversity, 
specific habitat  requirements5 and low dispersal  ability6. In particular, in the  Alps7–9, endemic plants growing at 
high elevation are more sensitive to climate change than endemics growing at low elevation. Moreover, endem-
ics restricted to the tops of not snow-cladded mountains and endemics limited by lithological (e.g. massive 
limestone) and/or pedological barriers are supposed to be most threatened since they may hardly shift their 
distributional range tracking new suitable  areas10. Such characteristics of endemic plants call for an appropriate 
analysis of various factors that may modulate their responses to climate change, including elevation, topography 
and velocity of climate change.

In fact, to keep pace with global warming and avoid extinction, besides plasticity and evolutionary 
 adaptation11, most mountain plant species are expected to shift their distributional range upward, causing a 
change of current vegetation communities and altering the equilibrium of high mountain  ecosystems12,13. Species 
occurring at the highest altitudes may be extensively affected because they cannot shift their distributional range 
further  upward14. Nevertheless, the high spatial heterogeneity that characterizes alpine  landscapes15, may result 
in microclimatic variation, which in turn may buffer species against local extinction during climate  changes16–18. 
In alpine environments, topography may affect species distribution indirectly through its correlation with tem-
perature and precipitation, but also through landscape diversity and configuration as well as soil and water 
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 dynamics19. Consequently, a complex topography may favor the presence of microrefugia due to increased habitat 
diversity and niche space  availability20,21. Microrefugia have increased the likelihood of species persistence during 
periods of environmental alterations (e.g., during past climatic  fluctuations22,23). For these reasons, topographi-
cally complex alpine areas are considered a much ‘safer’ place to live under climate change than flat areas, which 
offer no short-distance escapes from new climatic  conditions24.

Even if mountain topography buffered the effects of climate change on  plants25, the poor ability to disperse 
of endemic  plants26 can impede them from tracing the geographical shift in climatically suitable environments. 
For this reason, areas with a low rate of climate change may have  favored27, and likely will favor, the persistence 
of endemic  species28.

The Dolomites are one of the most relevant areas for plant biodiversity in the  Alps29, being recognized as one 
of the richest centers of endemism and one of the main areas of glacial  refugia30,31. Moreover, these mountains 
have unique geological and resulting topographical  structures32,33 and are one of the most protected regions in 
the Alps, with ten natural parks and nine systems according to UNESCO within the World Heritage  Sites34. In 
these areas, vegetation changes (i.e. increasing species numbers at high elevations and ‘thermophilization’) are 
currently taking place in the alpine  zones35,36. However, as the Dolomites likely acted as refugia for cold adapted 
species during the last glaciations ensuring climatically stable areas, they might similarly enable species to survive 
future climate change in local  refugia28.

Species distribution models  (SDMs37) allow to predict the shift in suitable climatic conditions of species under 
environmental  change38. However, because coarse resolution climate modeling approaches do not account for 
the importance of microclimatic conditions, they may underestimate the habitat suitability and overestimate 
the species’ rate of  extinction39. For such reason, fine-scale modeling based on climatic downscaling techniques 
can be more effective in considering such microhabitat  conditions40.

Using species distribution models, we analyzed the potential effects of climate change on eight plants endemic 
to the Dolomites under different climate change scenarios. Moreover, we tested whether areas where species are 
projected to lose, gain or maintain their suitable habitat differ in elevation, topographic heterogeneity and in 
velocity of climate change. First, we expected an extensive reduction of the distributional range of the endem-
ics in the Dolomites, little balanced by gain of newly suitable areas. Secondly, we expected that endemics lose 
climatically suitable habitats at low elevation, in areas with low topographic heterogeneity and high climate 
change velocity, and that they maintain or gain suitable habitat at high elevation, in areas with high topographic 
heterogeneity and a low climate change velocity.

Methods
Study area and selected species. The study area includes the Dolomites and surrounding areas with 
a total area of about 8325  km2. In the last centuries, the field surveys carried out by several botanists provided 
an extensive documentation on the distribution of endemic  plants29,41–43. In this study, we selected eight out of 
25 endemic species with a restricted range present in the  Dolomites43 (Table 1, S1; Fig. 1): Campanula moret-
tiana Rchb. (Campanulaceae), Festuca austrodolomitica Pils and Prosser (Poaceae), Gentiana brentae Prosser 
and Bertolli (Gentianaceae), Nigritella buschmanniae Teppner and Ster (Orchidaceae), Primula tyrolensis Schott 
ex Rchb. (Primulaceae), Rhizobotrya alpina Tausch (Brassicaceae), Saxifraga facchinii Koch (Saxifragaceae) and 
Sempervivum dolomiticum Facchini (Crassulaceae).

The species were selected based on their sub-alpine/alpine distribution and on the availability of more than 
30 points of occurrence, which has been shown to provide reliable results in modeling  studies44. Moreover, 
these species represent the taxonomic and ecological diversity of endemics in the alpine zone of the Dolomites 
belonging to eight families and growing in different habitats (i.e. screes, rocks, ridges and alpine grasslands).

All eight taxa are of conservation  concern45–48 due to their narrow distribution range, rarity and high habitat 
specificity (Table 1). We obtained occurrences from public regional floristic databases and expert observations 

Table 1.  Life-history traits and conservation assessment for the eight studied species. For each species we 
reported the family, the life form (LF; H scap = scapose hemicryptophyte, H caesp = bushy hemicryptophyte, H 
ros = rosulate hemicryptophyte, Ch pulv = pulvinate chamaephyte, G bulb = bulb geophyte, Ch succ = succulent 
chamaephyte), the dispersal mode (DM), the inclusion in the Annex IV of the European Habitats Directive 
92/43/EEC (HD; yes or no) and the IUCN category both at national  level45,46 (It) and at regional  level42,47,48 
(Ve = Veneto, St = South-Tyrol and Tr = Trentino).

Species Family n LF DM HD

IUCN category

It Ve St Tr

Campanula morettiana Rchb Campanulaceae 145 H scap Boleochory (anemochory) yes LC NT EN NT

Festuca austrodolomitica Pils and Prosser Poaceae 161 H caesp Pterometeorochory (anemochory)/Epizoochory (zoo-
chory) for small mammals no LC NT NT –

Gentiana brentae Prosser and Bertolli Gentianaceae 72 H ros/Ch pulv Boleochory (anemochory) no NT – – NT

Nigritella buschmanniae Teppner and Ster Orchidaceae 124 G bulb Boleochory (anemochory) no NT – – EN

Primula tyrolensis Schott ex Rchb Primulaceae 147 H ros Boleochory (anemochory) no LC – – NT

Rhizobotrya alpina Tausch Brassicaceae 112 H ros Blastochory (autochory) no VU VU LC NT

Saxifraga facchinii Koch Saxifragaceae 93 H scap Blastochory (autochory) no NT EN VU NT

Sempervivum dolomiticum Facchini Crassulaceae 49 Ch succ Boleochory (autochory) no LC VU VU VU
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(Supplementary Table S1). We neither collected nor handled plants for our study. We discarded occurrences with 
uncertainty in taxonomic identification and inaccurate geographical position. To mitigate pseudo-replication 
of occurrences, we retained for each species only one occurrence per grid cell resampling the occurrence data 
at 50 m of resolution. In total, we included 939 occurrences, ranging from 49 to 161 occurrences per species.

Environmental predictors. We downloaded all the 19 bioclimatic predictors for baseline (i.e. 1979–2013) 
and future (i.e. 2061–2080) climate at 30 arc sec (~ 1 km) spatial resolution from the CHELSA  database49. We 
selected two future Representative Concentration Pathways (rcp’s) representing intermediate (rcp 4.5) and real-
istic (rcp 8.5) emission  scenarios50. To account for variability in the forecasts, according to Sanderson et al.51, we 
used rcp’s projections from five non interdependent General Circulation Models (GCMs) representing physical 
processes in the atmosphere, ocean, cryosphere and land surface: ACCESS1-0, CESM1-CAM5, CNRM-CM5, 
MIROC-ESM, MPI-ESM-MR. To improve model’s transferability, we used the first two axes of a principal com-
ponents analysis (PCA) as environmental variables for species distribution modeling. The PCA was calculated 
on the bioclimatic variables for baseline and for future climates pooled together; then the values of the first two 
axes of the PCA of each climate were separated to obtain the final response variables for each climate (one base-
line and ten future). The PCA was performed using the R package  factoextra52.

Climate data downscaling. Because coarse scale models may underestimate the potential impacts of cli-
mate change on mountain plants not considering the microclimatic conditions, we statistically downscaled the 
climatic predictors at 50 × 50 m resolution. In short, we resampled through Nearest Neighbor a DEM at 50 m 
resolution, from the downloaded 25 m EU-DEM (https:// www. eea. europa. eu/ data- and- maps/ data/ eu- dem). We 
calculate slope and aspect, the latter as northness [cos(aspect)] and eastness [sin(aspect)], by using terrain() func-
tion in the R package “raster”. We included also an irradiation predictor (Direct Normal Irradiation, DNI [kWh/
m2]) from https:// globa lsola ratlas. info/ downl oads/ world. Then, we interpolated the PC1 and PC2 climatic pre-
dictors on the five topographical variables at 50 m (elevation, slope, northness, eastness, DNI) following the 
method of Geographic Weighted Regressions as in Lenoir et al.53.

Species distribution models. To account for model-based uncertainties in the modelling  process54, we 
used five SDM techniques implemented in the R package ‘biomod2’ v 3.3–7.155. These five modeling techniques 
belong to three different model classes: two regression methods (Generalized Linear Modelling – GLM and 
Generalized Additive Modelling—GAM), two machine learning methods (Gradient Boosting Model – GBM 
and Random Forests – RF) and one classification method (Classification Tree Analysis—CTA). The number of 
pseudo-absences and replicate sets for each modeling technique was chosen according to the recommendations 

Figure 1.  Study area location (Dolomites, south-eastern Alps, Italy) and species occurrences (colored dots) for 
the eight narrow endemic study species within their distribution range. Photo by Rota F. (Campanula morettiana 
Rchb. Rhizobotrya alpina Tausch, Saxifraga facchinii Koch and Sempervivum dolomiticum Facchini), photo by 
Prosser F. (Festuca austrodolomitica Pils and Prosser, Gentiana brentae Prosser and Bertolli, Primula tyrolensis 
Schott ex Rchb., Nigritella buschmanniae Teppner and Ster).

https://www.eea.europa.eu/data-and-maps/data/eu-dem
https://globalsolaratlas.info/downloads/world
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of Barbet-Massin et al.56 (Supplementary Table S2). For each pseudo-absence set, a split-sample cross-validation 
was repeated 10 times, using a random subset (30%) of the initial data set. We assessed model performance by 
using the area under the receiver operating characteristic curve (AUC)57 and the true skill statistic (TSS)58. As 
the choice of threshold may affect projection bias, we used three different thresholds performing equally or bet-
ter than  others59,60 to convert the continuous suitability maps into binary projections of species presence and 
absence: the threshold selection method based on (i) equal training sensitivity and specificity, (ii) maximizing 
training sensitivity and specificity, and (iii) minimizing the distance between the curve and the upper left corner 
of ROC plot. Finally, we generated a total of 165 binarized projections for each species: 15 for baseline climate (3 
threshold * 5 algorithms) and 75 for each future climate rcp scenario (3 threshold * 5 algorithm * 5 GCMs). Then, 
we applied the majority consensus rule among the binarized projections: we considered a species as occurring 
in a cell if at least 50% of all the models predicted its occurrence there. Further, as the study species grow only 
on limestones and dolomitic  rocks42, we used a geological layer obtained rasterizing at 50 m the geolithologi-
cal map of Italy downloaded from the Geoportale Nazionale (http:// www. pcn. minam biente. it/ mattm/) to mask 
SDMs outputs (Supplementary Figure S1). All analyses were carried out on the Vienna Scientific Cluster (VSC) 
by using R (version R/3.6.2)61.

Range analysis and maps. The percentage of overall projected range change (RC) in relation to the pre-
sent-day predicted distribution was estimated using the formula RC = 100 * (RG – RL)/PR, where RG (range 
gain) is the number of grid cells projected to be not suitable under present climate but suitable under future 
climate, RL (range loss) is the number of grid cells projected to be suitable under present climate but not suitable 
under future climate and PR (present range) is the number of grid cells predicted suitable under baseline climatic 
scenario. A negative RC value indicates a loss in overall range, whereas a positive value indicates an increase in 
overall range size. The no-dispersal scenario was calculated as the percentage of range lost (percentage of RL), 
while the full-dispersal scenario was calculated as percentage of range changed (percentage of RC), as the result 
of the difference between RG and RL related to the present range (PR). For each species and scenario, mean 
and standard deviation values were calculated among each combination of algorithm, GCMs and thresholds. 
The full-dispersal scenario is likely to be unrealistic because it assumes that a species can colonize all locations 
without physiological, environmental or geographical limitations, while the no-dispersal scenario is likely to be 
more appropriate for poor dispersers as endemic species frequently  are26 (Table 1).

Climatic habitat-suitability relationship with elevation, topographic heterogeneity and cli-
mate change velocity. We explored the relationship among change in habitat suitability (loss or stability in 
the future) and elevation, topographic heterogeneity and climate change velocity (CCV). Elevation was assessed 
from the DEM at 50 m resolution (see above). The topographic heterogeneity was calculated with two different 
indices: (i) the Terrain Ruggedness Index (TRI)62 with “tri()” function of “spatialEco” package in R that estimates 
for the among-cells grid complexity and is calculated as the mean of the absolute differences between the value of 
a cell and the value of its eight surrounding cells, (ii) the intrinsic topographic complexity index (TCI) to account 
for within-cells grid complexity (following Irl et al.63), calculating the ratio between the 3D and 2D surface area, 
including the Tinitaly DEM at 10 m resolution (from http:// tinit aly. pi. ingv. it/)64, with the following equation:

The multivariate climate change velocity surface was calculated using the protocol described in Hamann 
et al.65. In short, climate change velocity was calculated as the minimum geographic distance to the nearest 
analogous climate, divided by the number of years between the baseline climate period and the future projection 
for both the intermediate (rcp 4.5) and the realistic (rcp 8.5) climate scenario. The CCV value is calculated as 
 log10 of velocity (m*yr-1) multiplied by 100. We used the first two PCA axes calculated from the 19 bioclimatic 
variables and 120 bins of unique climates to define climate matches for each of the 5 GCMs, then we averaged 
them to obtain two scenarios of CCV (rcp 4.5 and rcp 8.5).

We assessed the correlation among the five variables (elevation, TCI, TRI, CCV rcp4.5, CCV rcp8.5) over the 
whole study area using the Pearson correlation coefficient implemented in R.

We created a matrix of each loss, gain and stable spatio-temporal category of difference of climatic habitat 
suitability between the baseline and the future predicted conditions for each species. We analyzed the relation-
ship among habitat suitability and elevation, topographic heterogeneity and climate change velocity for each 
species using the Kruskal–Wallis test, with 0.05 significance. Subsequently, we tested the difference of elevation, 
topographic heterogeneity and climate change velocity among areas of climatic loss, stability or gain by using 
the post-hoc Mann–Whitney test (pairwaise.wilcox.test() R function) with 0.05 significance and “Bonferroni” 
 correction66 for each species. To test for the robustness of these results and for pseudo replication issues, we 
run the analysis randomly sampling 10% and 1% of cells of each range change category. We repeated the rand-
omization procedure 1000 times, then we counted how many times the Kruskal–Wallis test was significant (p 
value <  = 0.05). Second, we performed the previous procedure setting the maximum number of cells of each 
range change category to 1000.

Results
Overall patterns of change in habitat suitability. Under baseline climatic conditions, model evalua-
tion showed a good model performance for the majority of modelling techniques in all analysed species (Sup-
plementary Table S3). Considering each species’ response, range loss was different between the two future sce-

TCI =

∑

(50×50)m

(

Area(10×10)m
/

cos(Slope(10×10)m)

)

Area(50x50)m

http://www.pcn.minambiente.it/mattm/
http://tinitaly.pi.ingv.it/
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narios. In particular, the percentage of loss ranged from 51 to 79% under the rcp 4.5 scenario, while it was higher 
under the rcp 8.5 scenario ranging from 72 to 92% (Table 2, Table S4).

The habitat loss mainly occurred at lower elevations and at the geographical periphery of distributional range 
of each species (Supplementary Figures S3–S17). The percentage of range gain was low (< 10%) for C. morettiana, 
F. austrodolomitica, R. alpina, S. dolomiticum and S. facchinii. Differently, G. brentae and P. tyrolensis gained ca. 
20% of range, while N. buschmanniae gained ca. 40% in the rcp 4.5 scenario. Under the rcp 8.5 scenario, the range 
gain was generally lower, and C. morettiana, R. alpina and S. dolomiticum did not show any range gain. Under 
the rcp 8.5 scenario, S. facchinii was projected to balance out the range loss with a high range gain (28%), albeit 
the standard deviation of the result was very high (71.75%). These values resulted in a high percentage of range 
change for all species. Despite a general range reduction, we projected a high extinction risk (i.e. range change 
from − 80 to − 100%) only for R. alpina and F. austrodolomitica under the rcp 8.5 scenario, even if C. morettiana, 
P. tyrolensis and S. dolomiticum showed values between -70 and -80%.

The correlation among changes in climatic habitat suitability and elevation, topographic het-
erogeneity and climate change velocity. Elevation was correlated by 18% and 19% respectively with 
TCI and TRI and by 26% with the intermediate CCV, while by 49% with the realistic CCV. TCI and TRI showed 
a correlation of 65%. A low correlation was found for the topographic heterogeneity parameters with CCV, with 
a little increase in the realistic scenario (Table 3).

For each species, each category of habitat suitability (loss, gain and stability) resulted always significantly 
different among the different indexes (Tables S5–S6). Similar results were obtained by using randomization, in 
fact the number of times that p values were significant was very high with a minimum of 926 times. Nevertheless, 
the pairwise test detected the following exceptions that were not significant (Table S7): stable areas compared to 
and lost areas for TCI in F. austrodolomitica for rcp 8.5; stable areas compared to lost and gained areas for both 
TCI and TRI in N. buschmanniae; gained areas compared to lost and stable areas for TCI and TRI for rcp 4.5 
in R. alpina and S. facchinii. In the majority of the species (except for S. facchinii), climatically stable areas were 
expected to occur at high elevation. Also, together with C. morettiana and R. alpina, S. facchinii showed lower 
values of elevation for the areas of gain in the rcp 4.5 scenario, due to the low extension of gain areas (Table S4). 
In the rcp 8.5 scenario, the elevational trend was comparable but magnified for all species, compared to the rcp 
4.5 scenario for at least the loss/stable comparison, with losses and stability shifted at higher elevations (Figs. 2, 
3, Table S7).

Under the rcp 4.5 scenario, TCI had only few times high values in stable areas for six species, while N. 
buschmanniae and G. brenate had only few times higher values in lost areas (Fig. 2). The gained areas had 
low topographic complexity in all the species (except S. dolomiticum that had no gain areas). A similar 
response was detected under the rcp 8.5 scenario but differences were not significant in F. austrodolomitica 
and N. buschmanniae. On the contrary, G. brentae showed significantly lower TCI values in stable areas (Fig. 3, 

Table 2.  Percentage of range change (RC), range loss (RL) and range gain (RG) under two future emission 
scenarios (intermediate rcp 4.5 and realistic rcp 8.5) for the eight study species. Standard deviation values are 
given in brackets

Species

RCP 4.5 scenario RCP 8.5 scenario

RC (%) RL (%) RG (%) RC (%) RL (%) RG (%)

Campanula morettiana − 55.98 (17.8) − 56.29 (17.60) 0.31 (0.73) − 79.4 (19.53) − 79.72 (19.50) 0.32 (0.82)

Festuca austrodolomitica − 65.29 (13.10) − 67.88 (13.78) 2.56 (2.06) − 82.76 (15.55) − 85.59 (15.23) 2.83 (2.44)

Gentiana brentae − 33.67 (11.06) − 54.34 (21.58) 20.67 (20.05) − 53.11 (25.48) − 74.11 (25.27) 21.01 (21.22)

Nigritella buschmanniae − 39.71 (9.63) − 79.79 (16.16) 40.08 (18.59) − 49.57 (19.56) − 92.13 (10.94) 42.56 (25.67)

Primula tyrolensis − 41.46 (16.96) − 63.60 (14.37) 22.15 (6.10) − 72.43 (20.49) − 84.72 (13.76) 12.28 (8.23)

Rhizobotrya alpina − 58.88 (16.82) − 59.91 (16.54) 1.03 (1.37) − 81.72 (19.11) − 82.10 (18.66) 0.38 (0.73)

Saxifraga facchinii − 67.85 (21.29) − 75.52 (19.86) 7.67 (16.60) − 59.29 (71.35) − 87.59 (20.06) 28.29 (71.75)

Sempervivum dolomiticum − 50.81 (27.56) − 51.33 (27.38) 0.52 (1.02) − 71.25 (30.59) − 71.81 (29.57) 0.55 (1.34)

Table 3.  Correlation matrix among the tested variables for habitat suitability: elevation, topographic 
heterogeneity (as TCI, topographical intrinsic complexity, and TRI, terrain ruggedness) and climate change 
velocity for both rcp 4.5 (CCV_45) and rcp 8.5 (CCV_85).

Elevation TCI TRI CCV_45 CCV_85

Elevation 1 0.18 0.19 0.26 0.49

TCI 0.18 1 0.66 0.02 0.08

TRI 0.19 0.66 1 0.00 0.06

CCV_45 0.26 0.02 0.00 1 0.74

CCV_85 0.49 0.08 0.06 0.74 1
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Figure 2.  Boxplot for each category of habitat suitability (loss, stable, gain) for the intermediate rcp 4.5 scenario 
for (a) elevation (m a.s.l.), (b) climate change velocity (log10(m  yr−1)*100), (c) topographical ruggedness index 
(TRI) and (d) topographical complexity index (TCI) for each of the eight study species. After the pairwise 
Mann–Whitney tests all the categories showed significant differences, with the following non-significant 
exceptions for the rcp 4.5 scenario: gained areas compared to lost and stable areas for TCI and TRI in R. alpina 
and S. facchinii. 
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Figure 3.  Boxplot for each category of habitat suitability (loss, stable, gain) for the realistic rcp 8.5 scenario 
for (a) elevation (m a.s.l.), (b) climate change velocity (log10(m  yr−1)*100), (c) topographical ruggedness index 
(TRI) and d topographical complexity index (TCI) for each of the eight study species. After the pairwise Mann–
Whitney tests all the categories showed significant differences, with the following non-significant exceptions for 
the rcp 8.5 scenario: stable areas compared to lost areas for TCI in F. austrodolomitica; stable areas compared to 
lost and gained areas for both TCI and TRI in N. buschmanniae. 
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Supplementary Table S6). The trend of terrain ruggedness (TRI) was similar to that of TCI for four species (C. 
morettiana, F. austrodolomitica, N. buschmanniae, P. tyrolensis), while for G. brentae the TRI was only few higher 
in areas of loss compared to both stable and gained areas (Fig. 3, Supplementary Table S7). Moreover, R. alpina 
did not show significantly higher values in areas of gain. A similar pattern was detected under the rcp 8.5 scenario 
(Fig. 3, Supplementary Table S7).

Under the rcp 4.5 scenario, six out of eight species (C. morettiana, F. austrodolomitica, G. brentae, N. 
buschmanniae, P. tyrolensis and S. dolomiticum) had lower values of CCV in lost areas than in stable and gained 
areas. Differently, in R. alpina and S. facchinii the lowest values of CCV were recorded in gained areas. In particu-
lar, S. facchinii was the only species having the highest CCV in the lost areas. Similarly, under the rcp 8.5 scenario, 
significantly lower values of CCV were recorded in areas expected to be lost by S. facchinii. In N. buschmanniae, 
areas projected to be lost and stable had low but not significantly different values of CCV. Moreover, among the 
species projected to gain range, F. austrodolomitica, G. brentae and N. buschmanniae showed highest CCV in the 
areas of gain, while P. tyrolensis had lower values of CCV in areas projected to be gained.

Discussion
This work is the first study that used high resolution SDMs to predict the impact of future climate change in 
a center of endemism in the Alps (the Dolomites, Italy). Our fine resolution modeling approach is relevant to 
project the risks of biodiversity loss in mountain systems, where marked microclimatic variation can allow spe-
cies to persist locally. Further, it is well-suited for the assessment of species-specific climate change threats in 
particular regions. In line with previous findings in similar parts of the Alps and in other  continents8,9,14,67–69, 
our results suggest a likely extensive species-specific reduction of the distributional range of the endemics, lit-
tle balanced by gain of newly suitable areas. However, the peculiar and complex topography of the Dolomites, 
where the slope is sharpest at middle elevation, while the declivity decreases forming highlands near the top of 
the  mountains32,33, resulted in higher climate change velocity at high elevations and low climate change velocity 
in middle altitude slopes, where species are projected to lose their suitable habitats.

We projected a reduction in the ranges of high‐altitude endemics of the Dolomites, despite the range con-
traction strongly depended on the climatic rcp scenario. Despite the fact that all the species were predicted to 
be negatively affected by climate change, for the subalpine species occurring in the southernmost periphery of 
the Dolomites (i.e. P. tyrolensis), the range loss might be partially buffered by a certain amount of potential gain 
towards north and towards high altitude. Similarly, high range gain values were detected in the alpine species G. 
brentae and N. buschmanniae. Most of the alpine endemics analyzed here occupied only a small part of climati-
cally suitable areas suggesting that post-glacial range-shift limitations may have resulted in a lack of range filling, 
due to barrier effects and dispersal limitations, as previously detected for other alpine  plants70. Nevertheless, other 
factors such as competition, soil conditions and nutrients’ availability could have prevented the range  filling5,71. 
However, for these species, a large part of the study area was climatically suitable, and consequently the areas of 
gain were quantitatively small. Therefore, for these narrow endemic species, the few currently unsuitable areas 
that became suitable under future climate, were mainly proximal to the currently suitable areas. In contrast, areas 
currently suitable for G. brentae and N. buschmanniae occured principally in areas that were occupied extensively 
by the species. Therefore, considering the poor dispersal capability of endemic species, only P. tyrolensis may 
likely reach the new suitable areas. Differently, the other species that showed a range gain (i.e. G. brentae and N. 
buschmanniae), occuring almost only in the Brenta  group41,42, could hardly keep pace with climate shifts due 
to the high distance between the current occurrences and the new suitable areas. In line with the hypothesis of 
a taxon-specific response to climate change, previously detected in Mediterranean  mountains72, this species-
specific response suggested that endemics may respond differently to future climate change, as detected for their 
response to past climate changes in the  Alps17,73.

Furthermore, the current global change is predicted to be more extensive than the past  changes4. The lati-
tudinal and altitudinal shift, which we projected in some endemics, is in line with previous findings on plants 
both locally and  globally74,75. Nonetheless, latitudinal and altitudinal shifts to suitable areas may differently affect 
species  survival76,77. Indeed, the geographical distance between different climatic zones is shorter along altitudinal 
than along latitudinal  gradients78. Consequently, endemics, despite their poor dispersal  abilities79,80, may more 
likely keep pace with the upward shift than with the latitudinal one, since lower distances are required to follow 
the climate shift upward. The eight studied narrow endemic species of the Dolomites have a low dispersal ability 
(boleochory and blastochory) limited by both the absence of specialized diaspores for dispersal and by the short 
stem height (Table 1)26. Thus, within the time interval of the predicted future climate projections (75 years), all 
the studied species (except F. austrodolomitica) could probably move only a hundred meters away from their cur-
rent presence (i.e. dispersal distance of about one meter per year), which is very close to a no-dispersal scenario.

According to the general expectation of an upward range  shift35,81 and the local high‐elevation persistence 
 hypothesis16, the majority of endemic species of the Dolomites were projected to lose their range at lowest eleva-
tions and to gain (few) or maintain range at highest elevations under both scenarios. Nevertheless, high-altitude 
endemics like S. facchinii, which currently grows above 2600 m a.s.l., and N. buschmanniae, with a current range 
between 2100 to 2400 m a.s.l. only in the Brenta group, could undergo a “no-where to go” scenario only under 
the rcp 8.5  scenario82 (Figures S9–S15).

In the Dolomites, geomorphologically heterogeneous environments were only slightly more complex in areas 
climatically stable for endemics than in areas where climatic suitability will be lost. Previous  studies18,21,83 sug-
gested that local geomorphological heterogeneity may increase the availability of microclimatic refugia where 
alpine species may move or  persist15. Topographic heterogeneity may cause strong temperatures differences 
over short  distances15 and may decouple the local climate from the surrounding landscape buffering the effect 
of extreme temperatures and favoring survival of relict and endemic  species84. In endemic centers such as the 
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Dolomites, the rugged topography and resulting microclimatic diversity are thought to have locally buffered the 
endemics from extinction during past climate  change27,85. The lower topographic heterogeneity in stable areas 
detected for G. brentae and N. buschmanniae is likely explained by the fact that these species were expected to 
lose all climatically suitable areas within their distributional range and to maintain habitat suitability in the future 
in northernmost high-altitude flat areas, where topographic complexity was low. The difference in topographic 
complexity was significant but low between areas of range loss and stability, suggesting that the availability of 
microclimatic refugia is similar between these areas. Therefore, differences in microrefugia will play a secondary 
role in assuring endemics survival in the Dolomites.

In general, areas with a slow rate of climate change velocity were expected to provide important refugia for 
species survival under climate  change28,86. Contrary to this general expectation, however, we detected that the 
velocity of climate change was lower in areas where species were projected to lose their suitable habitat than in 
areas where species were projected to retain or gain suitable habitat. Climate change velocity was inversely related 
to slope, in fact, the spatial gradient of climatic change was greatest on steep slopes where consequently modest 
shifts in space are required to meet similar climatic  conditions25. Although counter-intuitive, the low climate 
change velocity at low altitudes may be explained by the peculiar topography of the Dolomites, where the slope 
is sharpest at middle elevation, while the declivity decreases forming highlands near the top of the  mountains87. 
The populations of alpine endemics growing at the lowest elevation limit of the species were expected to occur 
near the species’ warm climatic  boundaries67. Therefore, they were more prone to extinction risk due to global 
warming, regardless the low climate change velocity. By contrast, the highlands, where climate change velocity 
was high, will probably harbor climatic conditions that currently prevail at middle elevations, becoming suitable 
for endemics in future. In fact, the high elevation areas in the northern and central Dolomites showed the highest 
values of climate change velocity, making them a difficult terrain for the survival of existing species but possibly 
also new territory for species projected to occur in these areas under future climate.

Study limitations. Our results should be considered with particular attention to the main limitations of the 
approach we adopted. Apart from the use of a different set of GCMs that could provide different  results51 and the 
inclusion of missing occurrence records that could affect  SDMs88, we identified three further main limitations. 
First, range loss and gain were calculated on binary models’ predictions. A binary cutoff may reduce the predic-
tive ability of models, therefore, such results should not be used to draw inferences on single species but they 
are useful to infer trends at the level of geographic  areas88. Second, we modeled the species without any biotic 
interaction, which has been demonstrated to drive key ecological and evolutionary processes, mediating ecosys-
tem responses to climate  change89. Third, even if our spatial resolution (50 m) would account for microclimatic 
 variability90, small topographical structures under 10 m of resolution like small depressions and crevices could 
be hardly captured, but they could affect microclimates.

Conclusive remarks. Our results suggest that alpine narrow endemic plants will be at high risk under cli-
mate change in the  Alps9,14. Topographic and microclimatic conditions may still provide extended areas of refuge 
only if interventions aimed at reducing and/or offsetting emissions would keep climate change within the rcp 
4.5 scenario. Furthermore, the study of the relationship among multiple spatio-temporal predictors (e.g. CCV, 
TCI etc.) and the species range dynamics might be useful for regional climate-adapted management to avoid 
overlooking or overestimating the potential impact of climate change locally. The stable areas highlighted in this 
study are potential “refugia”, areas that should be conservation priorities with the goal of maintaining current 
patterns of biodiversity. In case of predicted high range loss, the identification of future suitable areas, together 
with the evaluation of the likelihood of dispersal, are important tools for future conservation  planning91,92, to 
maximize the conservation benefit in terms of range loss compensation for rare species at risk of local extinc-
tions.

Data availability
We report detailed references of occurrence data in the ‘Supporting information’ file (Table S1). Data on species 
occurrences as centroid for the 50 m × 50 m cell grid are available at the Figshare data repository https:// doi. 
org/ 10. 6084/ m9. figsh are. 18401 966 = data will be made publicly available once the manuscript is accepted for 
publication.

Received: 11 June 2021; Accepted: 11 January 2022

References
 1. IPCC. Shukla, P. et al. Climate Change and Land: an IPCC special report on climate change, desertification, land degradation, 

sustainable land management, food security, and greenhouse gas fluxes in terrestrial ecosystems. (2019).
 2. Bellard, C., Bertelsmeier, C., Leadley, P., Thuiller, W. & Courchamp, F. Impacts of climate change on the future of biodiversity. Ecol. 

Lett. 15, 365–377 (2012).
 3. Moritz, C. & Agudo, R. The future of species under climate change: resilience or decline?. Science (80-) 80(341), 504–508 (2013).
 4. Gobiet, A. et al. 21st century climate change in the European Alps—A review. Sci. Total Environ. 493, 1138–1151 (2014).
 5. Damschen, E. I., Harrison, S., Ackerly, D. D., Fernandez-Going, B. M. & Anacker, B. L. Endemic plant communities on special 

soils: early victims or hardy survivors of climate change?. J. Ecol. 100(5), 1122–1130 (2012).
 6. Essl, F. et al. Distribution patterns, range size and niche breadth of Austrian endemic plants. Biol. Conserv. 142, 2547–2558 (2009).
 7. Hülber, K. et al. Uncertainty in predicting range dynamics of endemic alpine plants under climate warming. Glob. Change Biol. 

22, 2608–2619 (2016).
 8. Wershow, S. T. & DeChaine, E. G. Retreat to refugia: Severe habitat contraction projected for endemic alpine plants of the Olympic 

Peninsula. Am. J. Bot. 105, 760–778 (2018).

https://doi.org/10.6084/m9.figshare.18401966
https://doi.org/10.6084/m9.figshare.18401966


10

Vol:.(1234567890)

Scientific Reports |         (2022) 12:1398  | https://doi.org/10.1038/s41598-022-05440-3

www.nature.com/scientificreports/

 9. Dagnino, D. et al. Climate change and the future of endemic flora in the South Western Alps: relationships between niche proper-
ties and extinction risk. Reg. Environ. Change 20, 1–12 (2020).

 10. Dirnböck, T., Essl, F. & Rabitsch, W. Disproportional risk for habitat loss of high-altitude endemic species under climate change. 
Glob. Chang. Biol. 17, 990–996 (2011).

 11. Parmesan, C. & Hanley, M. E. Plants and climate change: complexities and surprises. Ann. Bot. 116, 849–864 (2015).
 12. Pauli, H., Gottfried, M., Dirnböck, T., Dullinger, S. & Grabherr, G. Assessing the long-term dynamics of endemic plants at summit 

habitats. in Alpine biodiversity in Europe 195–207 (Springer, 2003).
 13. Parolo, G. & Rossi, G. Upward migration of vascular plants following a climate warming trend in the Alps. Basic Appl. Ecol. 9, 

100–107 (2008).
 14. Dullinger, S. et al. Extinction debt of high-mountain plants under twenty-first-century climate change. Nat. Clim. Change 2, 

619–622 (2012).
 15. Scherrer, D. & Körner, C. Topographically controlled thermal-habitat differentiation buffers alpine plant diversity against climate 

warming. J. Biogeogr. 38, 406–416 (2011).
 16. Randin, C. F. et al. Climate change and plant distribution: local models predict high-elevation persistence. Glob. Change Biol. 15, 

1557–1569 (2009).
 17. Patsiou, T. S., Conti, E., Zimmermann, N. E., Theodoridis, S. & Randin, C. F. Topo-climatic microrefugia explain the persistence 

of a rare endemic plant in the Alps during the last 21 millennia. Glob. Change Biol. 20, 2286–2300 (2014).
 18. Suggitt, A. J. et al. Extinction risk from climate change is reduced by microclimatic buffering. Nat. Clim. Change 8, 713–717 (2018).
 19. Körner, C. The alpine life zone. in Alpine Plant Life 9–20 (Springer, 2003).
 20. Badgley, C. et al. Biodiversity and topographic complexity: modern and geohistorical perspectives. Trends Ecol. Evol. 32, 211–226 

(2017).
 21. Graae, B. J. et al. Stay or go–how topographic complexity influences alpine plant population and community responses to climate 

change. Perspect. Plant Ecol. Evol. Syst. 30, 41–50 (2018).
 22. Dobrowski, S. Z. A climatic basis for microrefugia: the influence of terrain on climate. Glob. Change Biol. 17, 1022–1035 (2011).
 23. Keppel, G. et al. Refugia: identifying and understanding safe havens for biodiversity under climate change. Glob. Ecol. Biogeogr. 

21, 393–404 (2012).
 24. Hülber, K. et al. Habitat availability disproportionally amplifies climate change risks for lowland compared to alpine species. Glob. 

Ecol. Conserv. 23, e01113 (2020).
 25. Loarie, S. R. et al. The velocity of climate change. Nature 462, 1052–1055 (2009).
 26. Vittoz, P. & Engler, R. Seed dispersal distances: a typology based on dispersal modes and plant traits. Bot. Helv. 117, 109–124 

(2007).
 27. Sandel, B. et al. The influence of Late Quaternary climate-change velocity on species endemism. Science (80-) 80(334), 660–664 

(2011).
 28. Harrison, S. & Noss, R. Endemism hotspots are linked to stable climatic refugia. Ann. Bot. 119, 207–214 (2017).
 29. Pignatti, E. & Pignatti, S. Plant life of the Dolomites. (Springer, 2016).
 30. Pawlowski, B. Remarks on endemism in the flora of the Alps and the Carpathians. Vegetatio 21, 181–243 (1970).
 31. Schönswetter, P., Stehlik, I., Holderegger, R. & Tribsch, A. Molecular evidence for glacial refugia of mountain plants in the European 

Alps. Mol. Ecol. 14, 3547–3555 (2005).
 32. Carton, A. & Soldati, M. Geomorphological features of the Dolomites (Italy). (1993).
 33. Bosellini, A., Gianolla, P. & Stefani, M. Geology of the Dolomites. Episodes 26(3), 181–185 (2003).
 34. Gianolla, P., Panizza, M., Micheletti, C. & Viola, F. Nomination of the Dolomites for inscription on the World Natural Heritage 

list UNESCO, nomination document. Prov. di Belluno, Prov. Auton. di Bolzano—Bozen, Prov. di Pordenone, Prov. Auton. di Trento, 
Prov. di Udine (2008).

 35. Erschbamer, B. et al. Changes in plant species diversity revealed by long-term monitoring on mountain summits in the Dolomites 
(northern Italy). Preslia 83, 387–401 (2011).

 36. Unterluggauer, P., Mallaun, M. & Erschbamer, B. The higher the summit, the higher the diversity changes–results of a long-term 
monitoring project in the Dolomites. Gredleriana 16, 5–34 (2016).

 37. Guisan, A. & Zimmermann, N. E. Predictive habitat distribution models in ecology. Ecol. Modell. 135, 147–186 (2000).
 38. Pearson, R. G. Species’ distribution modeling for conservation educators and practitioners. Synth. Am. Museum Nat. Hist. 50, 

54–89 (2007).
 39. Trivedi, M. R., Berry, P. M., Morecroft, M. D. & Dawson, T. P. Spatial scale affects bioclimate model projections of climate change 

impacts on mountain plants. Glob. Change Biol. 14, 1089–1103 (2008).
 40. Lembrechts, J. J., Nijs, I. & Lenoir, J. Incorporating microclimate into species distribution models. Ecography (Cop.) 42, 1267–1279 

(2019).
 41. Perazza, G. & Lorenz, R. Le orchidee dell’Italia nordorientale. Atlante corologico e Guid. al riconoscimento. Ed. Osiride, Rovereto 

(2013).
 42. Prosser, F., Bertolli, A., Festi, F. & Perazza, G. Flora del Trentino. Fondazione Museo civico di Rovereto (2019)
 43. Bertolli A., Prosser F., Tomasi G., Argenti C., - Flora Dolomitica. 50 fiori da conoscere nel patrimonio Unesco. Edizioni Osiride, 

Rovereto, 68 pp. (2019)
 44. Guisan, A., Thuiller, W. & Zimmermann, N. E. Habitat suitability and distribution models: with applications in R (Cambridge 

University Press, Cambridge, 2017).
 45. Rossi G., Orsenigo S., Gargano D., Montagnani C., Peruzzi L., Fenu G., Abeli T., Alessandrini A., Astuti G., Bacchetta G., Bartolucci 

F., Bernardo L., Bovio M., Brullo S., Carta A., Castello M., Cogoni D., Conti F., Domina G., Foggi B., Gennai M., Gigante D., Iberite 
M., Lasen C., Magrini S., Nicolella G., Pinna M.S., Poggio L., Prosser F., Santangelo A., Selvaggi A., Stinca A., Tartaglini N., Troia 
A., Villani M.C., Wagensommer R.P., Wilhalm T., Blasi C.,. Lista Rossa della Flora Italiana. 2 Endemiti e altre specie minacciate. 
Ministero dell’Ambiente e della Tutela del Territorio e del Mare (2020)

 46. Rossi G., Montagnani C., Gargano D., Peruzzi L., Abeli T., Ravera S., Cogoni A., Fenu G., Magrini S., Gennai M., Foggi B., Wagen-
sommer R.P., Venturella G., Blasi C., Raimondo F.M., Orsenigo S. (Eds.), Lista Rossa della Flora Italiana. 1. Policy Species e altre 
specie minacciate. Comitato Italiano IUCN e Ministero dell’Ambiente e della Tutela del Territorio e del Mare (2013)

 47. Buffa G., Carpenè B., Casarotto N., Da Pozzo M., Filesi L., Lasen C., Marcucci R., Masin R., Prosser F., Tasinazzo S., Villani M., 
Zanatta K. Lista rossa regionale piante vascolari del Veneto. Regione Veneto (2016)

 48. Wilhalm, T. & Hilpold, A. Rote Liste der gefährdeten Gefäßpflanzen Südtirols (Naturmuseum Südtirols, Bozen, 2006).
 49. Karger, D. N. et al. Climatologies at high resolution for the earth’s land surface areas. Sci. data 4, 1–20 (2017).
 50. Schwalm, C. R., Glendon, S. & Duffy, P. B. RCP8 5 tracks cumulative  CO2 emissions. Proc. Natl. Acad. Sci. 117(33), 19656–19657 

(2020).
 51. Sanderson, B. M., Knutti, R. & Caldwell, P. A representative democracy to reduce interdependency in a multimodel ensemble. J. 

Clim. 28, 5171–5194 (2015).
 52. Kassambara A., & Mundt F. factoextra: Extract  and Visualize the Results of Multivariate Data Analyses. R package  version 1.0.7. 

https:// CRAN.R- proje ct. org/ packa ge= facto extra (2020).
 53. Lenoir, J., Hattab, T. & Pierre, G. Climatic microrefugia under anthropogenic climate change: implications for species redistribu-

tion. Ecography (Cop.) 40, 253–266 (2017).

https://CRAN.R-project.org/package=factoextra


11

Vol.:(0123456789)

Scientific Reports |         (2022) 12:1398  | https://doi.org/10.1038/s41598-022-05440-3

www.nature.com/scientificreports/

 54. Araújo, M. B. & New, M. Ensemble forecasting of species distributions. Trends Ecol. Evol. 22, 42–47 (2007).
 55. Thuiller, W. et al. Package ‘biomod2’. Species Distrib. Model. within an ensemble Forecast. Framew. (2016).
 56. Barbet-Massin, M., Jiguet, F., Albert, C. H. & Thuiller, W. Selecting pseudo-absences for species distribution models: how, where 

and how many?. Methods Ecol. Evol. 3, 327–338 (2012).
 57. Elith, J. et al. Novel methods improve prediction of species’ distributions from occurrence data. Ecography (Cop.) 29, 129–151 

(2006).
 58. Allouche, O., Tsoar, A. & Kadmon, R. Assessing the accuracy of species distribution models: prevalence, kappa and the true skill 

statistic (TSS). J. Appl. Ecol. 43, 1223–1232 (2006).
 59. Liu, C., Berry, P. M., Dawson, T. P. & Pearson, R. G. Selecting thresholds of occurrence in the prediction of species distributions. 

Ecography 28, 385–393 (2005).
 60. Cao, Y. et al. Using Maxent to model the historic distributions of stonefly species in Illinois streams: the effects of regularization 

and threshold selections. Ecol. Modell. 259, 30–39 (2013).
 61. R Core Team. R: A Language and Environment for Statistical Computing. (2020).
 62. Riley, S. J., DeGloria, S. D. & Elliot, R. Index that quantifies topographic heterogeneity. Intermt. J. Sci. 5, 23–27 (1999).
 63. Irl, S. D. H. et al. Climate vs topography–spatial patterns of plant species diversity and endemism on a high-elevation island. J. 

Ecol. 103, 1621–1633 (2015).
 64. Tarquini, S. & Nannipieri, L. The 10 m-resolution TINITALY DEM as a trans-disciplinary basis for the analysis of the Italian ter-

ritory: Current trends and new perspectives. Geomorphology 281, 108–115 (2017).
 65. Hamann, A., Roberts, D. R., Barber, Q. E., Carroll, C. & Nielsen, S. E. Velocity of climate change algorithms for guiding conserva-

tion and management. Glob. Chang. Biol. 21, 997–1004 (2015).
 66. Dexter, F. Wilcoxon-Mann-Whitney test used for data that are not normally distributed. Anesth. Anal. 117, 537–538 (2013)
 67. Geppert, C. et al. Consistent population declines but idiosyncratic range shifts in Alpine orchids under global change. Nat. Com-

mun. 11, 1–11 (2020).
 68. Erfanian, M. B., Sagharyan, M., Memariani, F. & Ejtehadi, H. Predicting range shifts of three endangered endemic plants of the 

Khorassan-Kopet Dagh floristic province under global change. Sci. Rep. 11, 1–13 (2021).
 69. Muñoz-Sáez, A., Choe, H., Boynton, R. M., Elsen, P. R. & Thorne, J. H. Climate exposure shows high risk and few climate refugia 

for Chilean native vegetation. Sci. Total Environ. 785, 147399 (2021).
 70. Dullinger, S. et al. Post-glacial migration lag restricts range filling of plants in the European Alps. Glob. Ecol. Biogeogr. 21, 829–840 

(2012).
 71. Sedlacek, J. F., Bossdorf, O., Cortés, A. J., Wheeler, J. A. & van Kleunen, M. What role do plant–soil interactions play in the habitat 

suitability and potential range expansion of the alpine dwarf shrub Salix herbacea?. Basic Appl. Ecol. 15(4), 305–315 (2014).
 72. Di Nuzzo, L. et al. Contrasting multitaxon responses to climate change in Mediterranean mountains. Sci. Rep. 11, 1–12 (2021).
 73. Zecca, G., Casazza, G., Piscopo, S., Minuto, L. & Grassi, F. Are the responses of plant species to Quaternary climatic changes idi-

osyncratic? A demographic perspective from the Western Alps. Plant Ecol. Divers. 10, 273–281 (2017).
 74. Dainese, M. et al. Human disturbance and upward expansion of plants in a warming climate. Nat. Clim. Chang. 7, 577–580 (2017).
 75. Boisvert-Marsh, L., Périé, C. & de Blois, S. Divergent responses to climate change and disturbance drive recruitment patterns 

underlying latitudinal shifts of tree species. J. Ecol. 107, 1956–1969 (2019).
 76. Malcolm, J. R., Liu, C., Neilson, R. P., Hansen, L. & Hannah, L. E. E. Global warming and extinctions of endemic species from 

biodiversity hotspots. Conserv. Biol. 20, 538–548 (2006).
 77. Casazza, G. et al. Climate change hastens the urgency of conservation for range-restricted plant species in the central-northern 

Mediterranean region. Biol. Conserv. 179, 129–138 (2014).
 78. Körner, C. The use of ‘altitude’in ecological research. Trends Ecol. Evol. 22, 569–574 (2007).
 79. Engler, R. et al. Predicting future distributions of mountain plants under climate change: does dispersal capacity matter?. Ecography 

(Cop.) 32, 34–45 (2009).
 80. Ozinga, W. A. et al. Dispersal failure contributes to plant losses in NW Europe. Ecol. Lett. 12, 66–74 (2009).
 81. Morueta-Holme, N. et al. Strong upslope shifts in Chimborazo’s vegetation over two centuries since Humboldt. Proc. Natl. Acad. 

Sci. 112, 12741–12745 (2015).
 82. Niskanen, A. K. J., Niittynen, P., Aalto, J., Väre, H. & Luoto, M. Lost at high latitudes: Arctic and endemic plants under threat as 

climate warms. Divers. Distrib. 25, 809–821 (2019).
 83. Trew, B. T. & Maclean, I. M. D. Vulnerability of global biodiversity hotspots to climate change. Glob. Ecol. Biogeogr. 30, 768–783 

(2021).
 84. Garcia, M. B. et al. Rocky habitats as microclimatic refuges for biodiversity. A close-up thermal approach. Environ. Exp. Bot. 170, 

103886 (2020).
 85. Tribsch, A. Areas of endemism of vascular plants in the Eastern Alps in relation to Pleistocene glaciation. J. Biogeogr. 31, 747–760 

(2004).
 86. Keppel, G. et al. The capacity of refugia for conservation planning under climate change. Front. Ecol. Environ. 13, 106–112 (2015).
 87. Panizza, M. The geomorphodiversity of the Dolomites (Italy): a key of geoheritage assessment. Geoheritage 1, 33–42 (2009).
 88. Santini, L., Benitez-López, A., Maiorano, L., Čengić, M. & Huijbregts, M. A. J. Assessing the reliability of species distribution 

projections in climate change research. Divers. Distrib. 27, 1035–1050 (2021).
 89. Blois, J. L., Zarnetske, P. L., Fitzpatrick, M. C. & Finnegan, S. Climate change and the past, present, and future of biotic interactions. 

Science (80-) 341, 499–504 (2013).
 90. Meineri, E. & Hylander, K. Fine-grain, large-domain climate models based on climate station and comprehensive topographic 

information improve microrefugia detection. Ecography (Cop.) 40, 1003–1013 (2017).
 91. Ferrarini, A. et al. Planning for assisted colonization of plants in a warming world. Sci. Rep. 6, 1–6 (2016).
 92. Casazza, G. et al. Combining conservation status and species distribution models for planning assisted colonisation under climate 

change. J. Ecol. 109, 2284–2295  (2021)

Acknowledgements
This work was supported by the Open Access Publishing Fund provided by the Free University of Bozen-
Bolzano. The computational results presented have been achieved using the Vienna Scientific Cluster (VSC). We 
thank also Cesare Lasen, Michele Da Pozzo (Parco naturale Dolomiti d’Ampezzo), Marcello Tomaselli (Università 
di Parma), Gianni Poloniato (Parco Nazionale Dolomiti Bellunesi), Fabrizio Martini (Universitá di Trieste), 
Michela Tomasella (Parco naturale Dolomiti Friulane) and Giorgio Perazza (Museo Civico di Rovereto) for 
the availability of species occurrence data; Piero Zannini (Alma Mater Studiorum—Università di Bologna) for 
useful advices on data analysis.



12

Vol:.(1234567890)

Scientific Reports |         (2022) 12:1398  | https://doi.org/10.1038/s41598-022-05440-3

www.nature.com/scientificreports/

Author contributions
F.R. and C.W. conceived the ideas; F.P., A.B., T.W., J.N., G.C. and F.R. collected the data; F.R., G.G and G.C. 
analysed the data with contribution from C.W.; all the authors contributed to the discussion of the results and 
to write the draft; F.R. created the maps; F.R., G.C. and C.W. lead the writing.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 022- 05440-3.

Correspondence and requests for materials should be addressed to F.R. or C.W.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2022

https://doi.org/10.1038/s41598-022-05440-3
https://doi.org/10.1038/s41598-022-05440-3
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Topography of the Dolomites modulates range dynamics of narrow endemic plants under climate change
	Methods
	Study area and selected species. 
	Environmental predictors. 
	Climate data downscaling. 
	Species distribution models. 
	Range analysis and maps. 
	Climatic habitat-suitability relationship with elevation, topographic heterogeneity and climate change velocity. 

	Results
	Overall patterns of change in habitat suitability. 
	The correlation among changes in climatic habitat suitability and elevation, topographic heterogeneity and climate change velocity. 

	Discussion
	Study limitations. 
	Conclusive remarks. 

	References
	Acknowledgements


