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Significance

In the European Alps, ongoing 
global change is causing 
contractions of the elevational 
range of native plants. In 
particular, red-listed plants are 
retracting their lower elevation 
limit much faster than common 
ones, posing further concerns on 
their conservation. These range 
contractions are the result of the 
erosion of rear margin 
populations in the hotter and 
more disturbed lowlands. While 
most native plants were not able 
to track climate warming at the 
leading edge of their distribution, 
aliens quickly expanded their 
range upslope probably due to a 
combination of temperature 
warming and disturbance. Our 
results call attention to an urgent 
biodiversity crisis in low-elevation 
areas of temperate mountains 
where rare native plants are 
being threatened, while alien 
plants are favored.

Author affiliations: aDepartment of Agronomy, Food,  
Natural Resources, Animals and Environment, University  
of Padova, 35020 Legnaro, Padova, Italy; and bFondazione 
Museo Civico di Rovereto, 38068 Rovereto, Trento, Italy

Author contributions: C.G. and L.M. designed research; 
A.B. and F.P. performed research; C.G. and L.M. analyzed 
data; and C.G. and L.M. wrote the paper.

The authors declare no competing interest.

This article is a PNAS Direct Submission. J.L. is a guest 
editor invited by the Editorial Board.

Copyright © 2023 the Author(s). Published by PNAS.  
This article is distributed under Creative Commons 
Attribution-NonCommercial-NoDerivatives License 4.0 
(CC BY-NC-ND).
1To whom correspondence may be addressed. Email: 
costanzageppert@gmail.com or lorenzo.marini@unipd.it.

This article contains supporting information online at 
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.​
2211531120/-/DCSupplemental.

Published March 13, 2023.

ECOLOGY

Red-listed plants are contracting their elevational range faster 
than common plants in the European Alps
Costanza Gepperta,1 , Alessio Bertollib, Filippo Prosserb , and Lorenzo Marinia,1

Edited by Jonathan Lenoir, Délégation Nord, Amiens, France; received July 5, 2022; accepted January 18, 2023 by Editorial Board Member Susan P. Harrison

Mountain ecosystems are exposed to multiple anthropogenic pressures that are reshaping 
the distribution of plant populations. Range dynamics of mountain plants exhibit large 
variability with species expanding, shifting, or shrinking their elevational range. Using 
a dataset of more than 1 million records of common and red-listed native and alien 
plants, we could reconstruct range dynamics of 1,479 species of the European Alps 
over the last 30 y. Red-listed species were not able to track climate warming at the 
leading edge of their distribution, and further experienced a strong erosion of rear mar-
gins, resulting in an overall rapid range contraction. Common natives also contracted 
their range, albeit less drastically, through faster upslope shift at the rear than at the 
leading edge. By contrast, aliens quickly expanded upslope by moving their leading 
edge at macroclimate change speed, while keeping their rear margins almost still. 
Most red-listed natives and the large majority of aliens were warm-adapted, but only 
aliens showed high competitive abilities to thrive under high-resource and disturbed 
environments. Rapid upward shifts of the rear edge of natives were probably driven by 
multiple environmental pressures including climate change as well as land-use change 
and intensification. The high environmental pressure that populations encounter in 
the lowlands might constrain the ability of expanding species to shift their range 
into more natural areas at higher elevations. As red-listed natives and aliens mostly 
co-occurred in the lowlands, where human pressures are at their highest, conservation 
should prioritize low-elevation areas of the European Alps.

alien invasion | climate change | range shift | rarity | land-use change

Mountain ecosystems are exposed to multiple anthropogenic pressures that are reshaping 
the distribution and abundance of plant populations (1, 2). A large body of research has 
focused on climate warming effects, showing that warm-adapted species have rapidly 
shifted their elevational range upward, whereas species inhabiting high elevations have 
often contracted their range and decreased their population size (3, 4). At the same time, 
current land use changes are expected to reduce habitat availability and connectivity, 
constraining plant ability to track climate change and threatening, in particular, rare 
and specialist species (2, 3, 5, 6). By contrast, a growing contingent of alien plants is 
spreading from the lowlands to higher elevations due to the combination of temperature 
warming and increased habitat disturbances (1, 3, 7–10). Hence, depending on their 
origin, competition ability and specialization, mountain plants are expected to exhibit 
large variability in their response to global change: expanding, shifting or shrinking their 
elevational range (11).

Despite a growing body of empirical research on plant redistribution dynamics, there 
has been no attempt to compare simultaneously range shifts of common native, rare native, 
and alien species along complete elevational gradients. This might be due to methodo-
logical constraints of the previous studies that have mainly captured regionally common 
species while rare species are often underrepresented due to their small population size 
(4). However, rare and/or declining plant species are expected to be disproportionately 
affected by global change, because they are more susceptible to a changing climate (12), 
as well as being more vulnerable to habitat change and anthropic disturbance (13). In 
addition, most previous research has focused on high-elevation areas and climate change 
effects, while disturbed low-elevation areas, where human pressures are at their highest, 
have often been disregarded (14–17). These limitations constrain our ability to evaluate 
the compounded effect of climate and land-use pressures on a large pool of plant species 
and, hence, to implement effective conservation measures.

Here, using a unique dataset consisting of over 1 million plant records sampled along 
a complete elevational gradient from the foothills to the snow line throughout NE Italy, 
we could reconstruct the range shift dynamics of 1,479 plant species of the European 
Alps. Our long-term, high-resolution dataset allowed us to consider a large number of 
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native species, including also rare native species, and alien species. 
First, we tested whether the elevational range of red-listed species 
shrank, through local extinction at the rear margin, faster than 
common natives. Species that are included in the International 
Union for Conservation of Nature (IUCN) Red Lists are mostly 
rare and/or declining species, with narrow ecological niches and 
small geographical ranges, and are expected to face the highest 
risk of extinction (13, 18–20). Considering the increasing spread 
of alien plants in temperate mountains and the associated potential 
risks, we also compared range shifts between natives and aliens, 
assuming that alien species will shift upward faster than natives 
(9). Second, we used data related to species ecological strategy and 
temperature preference, to gain indirect insights into the relative 
effects of climate warming and land use on range shift dynamics. 
Third, using a hot spot analysis of spatially explicit occurrence 
data, we could identify high-priority areas for implementing con-
servation and assess the potential risks posed by the co-occurrence 
of red-listed and alien species.

Results and Discussion

We found that over the last 30 y (1990 to 2019), common native 
species (i.e., native plant species not included in the IUCN Red 
list) have shifted upward at both the rear and the leading edge. 
However, they shifted faster at the rear than at the leading edge, 
causing an overall range contraction (Fig. 1). Upward shifts were 
highly consistent for most common species, showing a lower inter-
specific variability than expected (3, 4). The large majority of plant 
species moved their elevation range upward on average by 2.9 ± 
0.16 m y−1 (mean ± SEM) at the rear edge, and 2.2 m ± 0.17 y−1 
(mean ± SEM) at the leading edge according to climate change 
direction but slower than expected based on changes in tempera-
tures only. In the study area, mean temperatures increased by c. 
0.75 °C between 1981 and 2010 (21), and therefore, species 

should move upward with a speed of c. 4.0 m y−1. However, this 
speed would be expected under the simplest scenario where plants 
do not show physiological adaptations to warming, or lags in 
population dynamics, and where macroclimate change is the only 
driver of range shifts (4, 22). In particular, the complex topogra-
phy of mountain terrain may offer microclimatic refugia enabling 
species to cope with warming without the need of large-scale 
movements (23, 24). If this microclimate effect is taken into 
account, the velocity of range expansion needed to catch up the 
shifting isotherms should be smaller and perhaps more in line with 
our and previous findings (25, 26). Therefore, reported slower 
speeds likely indicate the existence of more complex mechanisms 
behind range shifts than only macroclimate warming (27).

Similarly to common natives, red-listed species also retracted 
their elevational range, with the rear edges moving upslope faster 
than the leading edges (Fig. 1). However, the magnitude of the 
range retraction signal was much higher compared to common 
species. The lack of change at the leading edge can be caused by 
several mechanisms including dispersal limitation (28), availability 
of local microclimate refugia (24) or lack of suitable habitats 
beyond the historical range (2, 29). In our study area, forests at 
mid-elevations are expanding at the expense of open seminatural 
areas, reducing suitable open habitats and likely preventing the 
upward movement of some species (3, 30). As red-listed plants 
often possess narrow ecological niches (13, 18, 19), finding the 
suitable environment along the elevational gradient might be more 
challenging than for more generalist species. Consistent with this 
hypothesis, amongst red-listed plants, specialists of wetlands and 
semi-natural dry grasslands were overrepresented in our species 
pool (SI Appendix, Fig. S1). Second, the observed strong erosion 
of rear margin populations might have been caused by several 
processes including exceeding temperatures (31), land-use changes 
in the more intensive lowlands (3), or competitive replacement by 
warm adapted species that are fostered by climate change (32, 33). 

A B

Fig. 1. Range shifts of common native, red-listed native and alien plant species. (A) Mean shift rate and CIs (95%) at the rear (red) and leading (blue) edge over 
the last 30 y (1990 to 2019). The mean and 95% CIs around the mean were computed using 1,000 permutations in the EzPlot() function in R. The horizontal dashed 
line shows the expected shift to track climate change based on the current rate of warming in the study area (c. 4 m y−1). (B) Graphical schematic representation 
of the historical (t0) and current (t1) density distributions for common native, red-listed native and alien species. The average range change percentage was −0.44, 
−5.69, and +12.02% for common natives, red-listed natives and aliens, respectively. N = 1,318 native common species, N = 108 native red-listed species, and  
N = 53 alien species, for which at least 30 records in the historical (1990 to 2004) and 30 records in the current period (2005 to 2019) were available.

http://www.pnas.org/lookup/doi/10.1073/pnas.2211531120#supplementary-materials
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All of these drivers are expected to disproportionately affect red-
listed species compared to common ones (12, 13), and this likely 
led to the faster disappearance of rear margin populations.

On the contrary, alien plants were the only group that expanded 
upward at the leading edge at the average speed of macroclimate 
warming, while keeping their rear edge almost still (Fig. 1). This 
suggests that, under current climate warming, alien species can 
still tolerate increasing temperatures at the rear margin, while they 
can effectively track temperature warming at the leading edge  
(9, 34). This is consistent with the directional ecological filtering 
hypothesis claiming that elevational distributions of alien species 
are a result of the sequential filtering of species with progressively 
broader climatic niches along a gradient of increasing temperature 
severity (34). As alien introductions often occur in the lowlands 
(35), species might require several years to extend their range up 
to their potential cold thermal limit (36, 37). In addition, the 
reported rapid expansion might have been accelerated by 
human-assisted dispersal associated with increasing soil disturbance 
events and the presence of roads, rails, and trails (9, 34, 38, 39). 
If we consider the potential availability of microclimate refugia, 
reported velocity of range shifts for alien plant species would 
potentially even exceed the actual velocity of isotherms’ shifts. This 
upward movement faster than the rate of microclimate change 
would suggest that alien distributions are not yet in equilibrium 
with the climate (9, 37).

To gain insights into the processes driving certain species to 
expand or contract their range, we compared ecological traits of 
common, red-listed native and alien species. First, we focused on 
climate change, deriving Landolt’s indicator values for temperature 
classifying species in cold- and warm-adapted species. Second, we 
applied the Grime’s Competitor-Stress tolerator-Ruderal (CSR) 
strategy classification that measures species association with dif-
ferent environments (22, 40, 41) (see Methods for details on the 
classification). Grime’s CSR strategies and temperature preferences 
differed between common, red-listed native and alien species 
(Cochran-Mantel-Haenszel M2 = 111.12, df = 4, P < 0.001) 
(Fig. 2). Common species were mostly associated with interme-
diate temperatures and were frequently C and CSR-strategist 
species. As expected, common species often exhibit a good com-
petitive ability well adapted to high-resources conditions (41). 
Red-listed species were more frequently warm-adapted species 
with competitor stress-tolerator CS/CSR and R strategy, while 
pure C- and S-strategies were rarer. The occurrence of R-strategy 

indicated that several red-listed species were poor competitor rud-
eral weeds associated with disturbed habitats. Finally, aliens were 
clearly associated with warm temperatures and mostly exhibited 
a C/CR-strategy. According to Grime’s classification, species with 
competitor strategies are able to thrive under high resource con-
ditions, such as fertilized soils, by outcompeting neighboring 
plants. Due to the combination of several traits such as high rel-
ative growth rate, short leaf-life, and high allocation to leaf con-
struction, alien species are able to monopolize and maximize 
resource acquisition and, therefore, show a strong competitive 
strategy (42). In addition, with a very few exceptions, all aliens 
were warm-adapted species, supporting the hypothesis of the 
directional ecological filtering to explain their rapid range expan-
sion toward higher elevations (34). At low elevations, red-listed 
and alien species showed the highest number of ruderal species, 
indicating that they were both associated with highly disturbed 
environments. Finally, the S-strategy, that measures the ability to 
thrive in environments poor in resources, was almost completely 
absent for aliens, indicating that they were not able to tolerate 
harsh environmental conditions such as shortage of light, water, 
or nutrients. These trait patterns establish a potential link between 
intensive land uses, alien success, and the outcompetition of red-
listed species (6, 43), suggesting that under highly productive 
conditions such as in areas heavily disturbed by human activities, 
competitive interactions might play a fundamental role in deter-
mining populations’ success or failure (32, 44). Observed trait 
patterns also support the hypothesis that the differences in range 
shifts observed between common and red-listed natives, and aliens 
are possibly due to multiple drivers including climate warming as 
well as habitat destruction, land-use changes, and intensification 
(45–49). As the distribution of traits strongly differed between 
the three plant groups, we could not directly test the effect of traits 
on range shift magnitude, i.e., the effect of species status was 
confounded with a group-specific trait syndrome.

To understand whether red-listed and alien species co-occur 
and potentially interact in the same geographical areas, we per-
formed a spatially explicit hot spot analysis. Populations of red-
listed and alien species were mostly clustered in the same 
geographical locations (Fig. 3) (Pearson’s correlation: r = 0.65;  
P < 0.001). Most of the hot spots were associated with highly 
urbanized, low-elevation areas, while intermediate and high ele-
vations were usually characterized by a low density of both red-
listed and alien species (Fig. 4). In particular, alien hot spots 
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Fig. 2. Two-way contingency table for thermal preference and Grime CSR strategy. Thermal preference is based on Landolt's ecological indicator value for 
temperature, varying between 1 (alpine-nival plants) and 5 (very warm-colline species). Cold thermal preference includes thermophilic indexes from 1 to 2, 
medium from 2.5 to 3.5, warm from 4 to 5. Grime CSR strategy C = competitor, R = ruderal, S = stress tolerator (40). Counts are reported for (A) common native 
species, in the picture as an example Trifolium repens (Thermophilic index = 3, Grime strategy csr), (B) red-listed native species, as an example Adonis aestivalis 
(Thermophilic index = 4.5, Grime strategy sr) and (C) alien species, as an example Sorghum halepense (Thermophilic index = 5, Grime strategy c). N = 1,668 species 
recorded in our dataset with defined thermophilic index and Grime CSR strategy.
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sharply disappeared above 1,000 m a.s.l., while red-listed species 
showed some hot spots above 2,500 m a.s.l. The latter consisted 
of hot spots of stress tolerator, endemic species adapted to the 
harsh conditions of Alpine calcareous mountains. Accordingly, 
the IUCN regional Red List described a decrease in the level of 
threat with increasing elevation (50). In our study area, elevation 
can be considered a good proxy for intensive land-uses. In par-
ticular, we found a negative correlation between elevation and 
agricultural land (Pearson’s correlation r = −0.60, P < 0.001), and 
urban areas (Pearson’s correlation r = −0.51, P < 0.001). We also 
found that the rate of soil loss (i.e., urbanization) in the last decade 
was higher in the hot spots than in the remaining areas (Mann–
Whitney test P < 0.001 for both hot spots of red-listed and alien 
species), indicating an ongoing intensifying use of low-elevation 
areas. The observed spatial overlap between red-listed species 
occurrence and alien invasions confirms that the drivers threaten-
ing native plants such as warming temperatures, intensive land 
uses, and soil disturbance appear to be similar to those promoting 
alien invasions. After identifying the hot spots, we overlaid the 
existing network of protected areas to verify the current degree of 
habitat protection (Fig. 4). Similarly to several mountain ranges 
across the globe (51), the large majority of protected areas was 
established at high elevations, while low-elevation areas lack of 
habitat protection. Mountain top extinctions have aroused wide 

interest over the last years. However, plants inhabiting the low-
lands showed stronger changes in community composition (52) 
and higher climate change inertia (53) than species found in harsh 
environments such as high elevations, that are usually more pro-
tected and less exposed to human disturbances (54, 55).

In conclusion, native plants are contracting their elevational 
range, with red-listed plants retracting from lower elevations at a 
much faster pace than common plants. This result raises additional 
concern for the fate of rare and declining plant species that are not 
able to track climate change. On the contrary, aliens are expanding 
upslope at climate change speed, still maintaining their rear edge 
populations. Asynchronous range shifts can have complex conse-
quences on species interactions and community dynamics, leading 
to biotic interactions between mixes of movers and stayers  
(56, 57). To predict novel community assemblages, it would be 
important to comprehend the role of microclimatic refugia in 
affecting species range shifts (58–60). For instance, colder northern 
slopes or aspects could serve as effective microclimatic refugia for 
cold-dwelling species at an early phase of climate warming (59). 
In accordance with recent studies (46, 47, 52), our results indicated 
that increased disturbance and eutrophication induced by intensive 
land-uses might be important drivers of range shifts besides tem-
perature warming. The high environmental pressures that species 
encounter in the lowlands might constrain the ability of expanding 
species to shift their range into more natural areas at higher eleva-
tions (27), causing a lowland biotic attrition similar to that observed 
in tropical regions (61). However, in several mountain ranges across 
the globe (51), the large majority of protected areas are usually 
established at high elevations because of the conflicts with eco-
nomic development. Even if in the future endemic high-altitude 
plants might be increasingly threatened by climate warming  
(14, 59), most of them do not appear to be at immediate risk and, 
therefore, we should prioritize the lowlands for implementing more 
urgent conservation measures. As plants usually exhibit large 
extinction debts, i.e., negative effects of invasions, climate change 
and landscape transformations could last for hundreds of years  
(8, 47, 62, 63), it is crucial to preserve relict populations of rare 
and declining plants in the lowlands and to implement mitigation 
measures outside the current network of protected areas to reduce 
plant extinctions in the future.

Materials and Methods

Study Area. Plants were sampled throughout the Trento Province, NE Italy 
(6,207 km 2, elevation range 66 to 3,769 m; SI Appendix, Fig. S2). The region 
hosts c. half of the total plant species pool of the European Alps including 
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Fig. 3. Digital elevation model, protected areas and hot spots of red-listed native and alien species. (A) Digital elevation model (25 × 25 m) for the study area 
(Province of Trento, NE Italy); and hot spot maps (2 × 2 km) for (B) red-listed native and (C) alien species occurrence. Colors show different values of the Getis-
Ord Gi statistic from low (light blue) to high values (red). Yellow to red cells represent statistically significant hot spots (P < 0.05). Data on protected areas come 
from regional land-use maps (Methods). Hot spots are based on 604 red-listed native species and 134 alien species.

Fig. 4. Probability density distribution of elevation for hot spots and protected 
areas. Elevational distribution of hot spots at the regional scale for red-listed 
native (red), alien (blue) species, protected areas (green) and the whole study 
area (shaded background). Probability distributions were estimated using 
default settings of the density() function in R. Data on protected areas come 
from regional land-use maps (Methods).
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species whose geographic ranges are Alpine, central and northern European 
and Mediterranean (64). Climate depends primarily on elevation: it is alpine at 
high elevations and continental in the lowlands. Maximum annual temperature 
between 1980 and 2010 was 17.5 °C, while minimum annual temperature was 
7.8 °C (at 200 m a.s.l.) during that the same period. Between 1981 and 2010, 
mean annual temperature increased by c. 0.75 °C (21). Therefore, species are 
expected to shift upward with a speed of c. 4.0 m y−1 based on macroclimate 
change only. The most recent global analyses on elevational range shifts have 
reported that terrestrial plant species moved their range upward at an aver-
age speed of 1.2 m y−1 (65), more precisely 2.3 m y−1 at the leading edge 
and 1.2 m y−1 at the rear edge (27). Mean annual precipitation over the past 
40 y was c. 1,050 mm. Annual precipitation slightly increased between 1981 
and 2010 (+2%), but precipitations decreased during winter time (−6%). The 
study area has experienced major land-use changes in recent decades. First, 
agricultural land increased, became more intensive and expanded upward from 
the lowlands to mid-elevations (up to c. 900 to 1,000 m) (66). Second, forests 
increased downward at the expense of open seminatural areas at mid-elevations 
(approximately between 600 and 1,500 m) due to land abandonment (30). 
Third, human settlements (urban, industrial, and roads) increased, especially 
in the lowlands (66).

Plant Data. Plant data were collected from 1990 to 2019 for a total of 1,052,149 
plant occurrence records over an elevation gradient spanning from 61 to 3,456 
m a.s.l. The sampling campaign was co-ordinated by Filippo Prosser and Alessio 
Bertolli and carried out by a group of botanists that systematically covered the 
whole study area. Each study site was visited only once. To aid a systematic sam-
pling of the area, the province was divided into 228 quadrants (c. 7 × 5 km) 
following the standard central European floristic cartography (Messtischblatt 1: 
25,000). The aim of the sampling was to map a detailed point-based distribution 
atlas of all the species occurring in the study area. The occurrence of each recorded 
population was localized with a global positioning system (GPS). Using the GPS 
co-ordinates, we derived the elevation (m a.s.l.) of each record from a high-res-
olution regional digital elevation model (DEM) (25 × 25 m). After excluding 
from the original data subspecies, hybrids, aggregates of species with difficult 
taxonomy, and casual species, we obtained records for a total of 2,245 species.
Ecological Characterization of Plant Species.
Plant status. We classified plant species in three groups according to their origin 
and conservation status: common natives (n = 1,507), red-listed natives (n = 604), 
and aliens (n = 134). Common species were all of the native species not included 
in the regional IUCN Red List (50). Red-listed natives included species listed in the 
regional IUCN Red List (50) as near-threatened (NT), vulnerable (VU), endangered 
(EN), or critically endangered (CR). Data-deficient species were removed from 
the analyses since they mostly included species with uncertain taxonomy. Alien 
species comprised established species introduced accidentally or deliberately by 
humans from a different continent in Europe after 1,500 AD (67, 68).
Habitat preference. We assigned each species (n = 2,245) to one habitat prefer-
ence category following the regional flora (50). Habitat categories were nonover-
lapping and consisted in: 1) alpine, that is cold-adapted species growing in alpine 
open areas above the tree-line; 2) semi-natural dry grassland, that is species 
specialized in open grasslands with shallow, well‐drained soils below the tree 
line; 3) forest, that is species occurring in shrubland, broadleaf or conifer forests; 
4) grassland, that is species growing in pastures, mown meadows, abandoned 
grasslands, grass margins, from low elevations to alpine habitats; 5) rocky, that is 
species specialized in rocky soils and cliffs; 6) ruderal, that is species growing in 
highly disturbed areas such as agricultural fields, road or field margins, railways, 
urban areas or quarries; and 7) wetland, that is species occurring in fens, mires, 
ponds and aquatic species.
Landolt’s indicator for temperature. For each species, we defined the temper-
ature preference using the ordinal scale (1 to 5) from Landolt et al. (69) (from 
alpine: 1 to very warm: 5). We excluded 64 species with nonassessed temperature 
preference.
Grime CSR strategy. Following (70), we classified species in seven categories 
according to Grime CSR classification (40): competitor (C); competitor ruderal 
(CR); competitor stress-tolerator (CS); competitor stress-tolerator ruderal (CSR); 
ruderal (R); stress-tolerator (S) and stress-tolerator ruderal (SR). Competitor spe-
cies are found in highly productive environments and are primarily composed 
of plants with high relative growth rate and high allocation to leaf construction. 

Stress-tolerator species are usually found under extreme environmental con-
ditions with low disturbance. Due to the low resources available, growth and 
reproduction are usually reduced. Ruderals usually inhabit habitats with intense 
disturbance regimes (i.e., tillage, mowing) and allocate their resources mainly to 
seed reproduction. Often, these ruderals are annuals or short-lived perennials. 
We excluded 564 species because we could not find information on their Grime 
CSR strategy, for a total of 1,681 species.

Range Shift. We computed rates of shift in the elevational distribution of 
species, i.e., changes at the rear (low-elevation) and leading (high-elevation) 
edge using density distribution of the elevation of each recorded occurrence 
(3, 71). To quantify the shift between the recent historical (hereafter “historical”) 
and current range, we split the data into two periods of 15 y (1990 to 2004 
and 2005 to 2019). For each species, with at least 30 records per period (1,318 
common native species, and 108 red-listed native, and 53 alien species), we 
estimated a density distribution of the elevation of occurrence for the first and 
second period, separately. The rear edge was calculated as the 10% quantile 
of the density distribution, and the leading edge as the 90% quantile of the 
density distribution. The shift was measured by subtracting historical (1990 
to 2004) from current (2005 to 2019) quantiles. We divided the total shift by 
15 y to obtain an annual shift rate. We also calculated rear and leading edges 
as the 5 and 95% quantiles of the density distribution respectively. Shift rates 
at rear and leading edges using 5 and 95% quantiles were highly correlated 
with those using 10 and 90% quantiles (Pearson’s correlation r = 0.93, P < 
0.001) and were therefore not presented. To account for potential nonrandom 
sampling effort across the study region (72), we checked the elevational dis-
tribution in each period for all records. Both elevational range and average 
elevation of the records were similar between the two periods (SI Appendix, 
Fig. S3). As no bias emerged, we used the raw data with no correction in the 
range shift estimation (3).

Hot Spot Analysis. To understand where the maximum density of red-listed 
native species was and whether alien invasions in the last 30 y occurred in the 
same locations, we ran a spatially explicit hot spot analysis based on occurrence 
data. We imposed over the study area a regular grid with a 2 × 2 km resolution. 
We chose this resolution because a smaller grid would have created a very 
patchy grid with too many empty cells. The total number of records of common 
species can be considered a good proxy for the sampling effort, therefore, 
in our analyses, we included only those cells where at least 100 records of 
common species were reported, for a total of 99% of the surveyed cells. As the 
occurrence of both red-listed and alien species depends also on the sampling 
effort, we corrected the occurrence data for red-listed and alien species with 
the total number of occurrence records of common native species per grid cell 
(73). The corrected count consisted in the number of observations per grid 
cell divided by the natural logarithm of the total number of common native 
species occurrence records for that grid cell. We used the natural logarithm of 
the number of records because a few cells had been oversampled compared 
to the others. Hot spots with no sampling effort correction yielded qualitatively 
similar results.

We performed hot spot analyses using the Getis‐Ord Gi* statistic (74), that 
detects hot spots while also computing their statistical significance by examining 
each grid cell within the context of the neighboring cells. We built a neighbor list 
for all grid cells using the Queen case contiguity (contiguity between each focal 
cell and the eight neighboring cells around it) and then used the neighbor list 
to calculate a row‐standardized spatial weights matrix. The matrix informs every 
grid cell relationship to all other cells in the neighborhood. We used the counts 
and the spatial weights matrix to calculate the Gi* for each grid cell. Gi* produces 
a z‐score for each grid cell, where high positive values are statistically significant 
and indicate the possibility of a local cluster of high species occurrence (i.e., a 
hot spot) that is unlikely to be due to random chance.

Finally, using the Zonal Statistics tool in QGis (75), for each grid cell used in 
the hot spot analyses we calculated several environmental metrics: mean ele-
vation based on the regional digital elevation model (25 × 25 m), rate of soil 
consumption between 2012 and 2019 based on the oldest and most recent 
available satellite-based maps at the regional scale (10 × 10 m) from Sentinel 1 
and 2 images (76) and area covered by urban elements and crops based on the 
regional land cover map (2003) (1:100,000) (77).

http://www.pnas.org/lookup/doi/10.1073/pnas.2211531120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2211531120#supplementary-materials
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Statistical Analyses.
Range shift. We tested whether common, red-listed native and alien species 
differed in their range shift. We used shift rate as response variable and edge type 
(rear vs. leading), plant status, and their interaction as fixed effects. A significant 
interaction between edge type and status would indicate that plants belonging 
to different status are moving at different speeds at the rear vs. leading edge 
of their distribution. We added species as random effect (random intercepts). 
Because residuals from standard linear mixed models exhibited strong devia-
tion from normality, the significance of the effects for all models was computed 
using a nonparametric permutation test with the ezPerm() function of the ez R 
package (78). The function ezPlot2() with bootstrapping (n = 1,000) was used 
to estimate 95% CIs around the mean and to visualize the effects. In addition, as 
several nonparametric tests are now available, we fitted the same model using 
the aovp() function with default settings in the lmPerm R package (SI Appendix, 
Table S1) (79). To additionally assess the robustness of the results, we performed 
a two-way between-/within-subjects ANOVA using bootstrap on trimmed means 
(80). We specified different amounts of trimming (5, 10, 20, 30%) and used the 
function bwtrim() in the R package WRS2 (81). Results computed by trimming 
means were highly consistent with nontrimmed models and are reported in the 
SI Appendix, Table S2.

In addition, we took into account the potential phylogenetic nonindepend-
ence of the data, by testing the presence of a phylogenetic signal in our range 
shift metrics at the leading and at the rear edge, separately. We used the func-
tions phyloSignal() and lipaMoran() from the R package phylosignal (82) and 
assumed that trait evolution conformed to a Brownian motion process. We used 
a tree extracted from the supertree of Daphne (83), including most of our tested 
species except for 245 species. We estimated five complementary metrics meas-
uring a phylogenetic signal: Abouheif’s Cmean index, Moran’s I index, Blomberg’s 
K, Blolmberg’s K *and Pagel’s λ. We found little support for a phylogenetic signal 
in our dataset (SI Appendix, Table S3 and Fig. S4). We did not fit a phylogenet-
ic-corrected model because the assumptions of normality were not met.

Ecological characterization. To evaluate the association between thermal prefer-
ence and Grime CSR strategy in each group of plants (i.e., common and red-listed 
natives and aliens), we first assigned each species to one category of thermal pref-
erence according to the thermophilic index, i.e., cold, medium, and warm adapted 
species. We considered cold adapted plants species showing a thermophilic index 
from 1 to 2, intermediate species with a thermophilic index from 2.5 to 3.5 and 
warm adapted plants species with a thermophilic index higher than 3.5. s, we 
tested the association between thermal preference and Grime CSR strategy for 
common native, red-listed native and alien species with the Cochran–Mantel–
Haenszel chi-squared test using the function mantelhaen.test() in R.

Hot spots. First, we tested for spatial congruence in the hot spots using Pearson’s 
correlation between red-listed and alien species Gi* statistics. Second, to visualize 
a potential spatial overlap in the elevational distribution of hot spots, we clipped 
the DEM (25 × 25 m) using the significant hot spots of red-listed native and 
alien species (i.e., cells with Gi*≥ 1.96) and estimated the probability density 
distribution of the elevation of the clipped rasters. Third, to visualize the degree of 
habitat protection, we clipped the DEM (25 × 25 m) using the existing protected 
areas and estimated the probability density distribution of the elevation. Finally, 
we tested for correlation between mean elevation of each grid cell and the cover 
of agricultural land, broadleaf forest, conifer forest, alpine grassland, managed 
grassland, urban area, and wetland (SI Appendix, Fig. S5). All statistical analyses 
were performed with R 3.6.2 (84) and data are available at (85).

Data, Materials, and Software Availability. Data and Code data have been 
deposited in Zenodo (10.5281/zenodo.7598185) (85).
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