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Abstract
Global climate change has led to range shifts in plants and animals, thus threaten-
ing biodiversity. Latitudinal shifts have been shown to be more pronounced than el-
evational shifts, implying that northern range edge margins may be more capable to 
keeping pace with warming than upper elevational limits. Additionally, global climate 
change is expected to disadvantage habitat specialists. In the Alps, climatic variation 
along the elevation gradient allows the coexistence of habitat specialists and general-
ists. Alpine species are anticipated to adapt their elevational ranges to the change of 
various climate variables caused by global climate change. Regional differences might 
buffer elevational shifts. Furthermore, distinct climate variables might differently af-
fect the shifts of habitat specialists and generalists. To study the effect of climate 
change on Alpine species, we analysed hunting bag, climate and biogeographical data 
of two grouse species (Tetrao tetrix and Lagopus muta) and two hare species (Lepus tim-
idus varronis and L. europaeus) in Grisons, Switzerland, over a period of 30 years. Our 
results based on 84,630 harvested specimens were as follows: (1) only three out of 
seven climate variables changed significantly within the study period. (2) The grouse 
species significantly shifted towards higher elevations, whereas the hare species only 
shifted in their minimum/maximum elevations. (3) Hunting elevation of habitat gener-
alists increased more than in habitat specialists. (4) The elevational shifts were mostly 
related to the number of frost days. (5) Hunting elevation increased especially in the 
southern biogeographical region. To conclude, all four taxa respond to climate change 
but habitat generalists more rapidly than habitat specialists. The range shift to higher 
elevations due to global climate change will lead to a reduction in habitat availability 
for snow- adapted species. Climate change is thus a serious threat to alpine biodiver-
sity. Regions rich in alpine habitats will have an increased responsibility to conserve 
these species.
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1  |  INTRODUC TION

The impacts of global climate change on the future of biodiver-
sity are likely tremendous (Bellard et al., 2012). Species respond 
to climate change through phenotypic plasticity or evolutionary 
responses. For instance, during the recent rapid climate change, 
plant and animal species shifted their geographical ranges both 
latitudinally and altitudinally (Chen et al., 2011; Gottfried et al., 
2012; Harsch et al., 2009; Johnson et al., 2010; Lenoir et al., 2008; 
Lu et al., 2021; Parmesan & Yohe, 2003; Pauli et al., 2012; Post 
et al., 2009; Thomas et al., 2004). On average, species moved 
away from the Equator at a median rate of 6.0– 16.9 km decade−1. 
In parallel, species shifted towards higher elevations at a rate of 
6.1– 11.0 m decade−1 (Chen et al., 2011). Despite the statistical link 
between range shifts and warming (Chen et al., 2011), and although 
distances needed to track climate effects are much shorter for al-
titudinal than for latitudinal shifts (Loarie et al., 2009), there is a 
lag in demonstrated elevational responses to increasing tempera-
tures. This implies that species in montane habitats respond less 
to climate change than other species, and may therefore be more 
vulnerable to extinction. The lag in elevational response might be 
because suitable conditions cannot be reached easily in montane 
habitats (as peaks are isolated), or because mountainous terrain is 
characterized by topographic and microclimatic complexity which 
masks the effect of climate change (Chen et al., 2011). In line with 
this, it has been suggested that the apparent lag in previous re-
search may be due to unbalanced representation of taxa and their 
habitats (Reif & Flousek, 2012). For example, taxa included in meta- 
analyses (Chen et al., 2011; Parmesan & Yohe, 2003) were primar-
ily plants and arthropods with limited ability to respond to climate 
change due to vegetative reproduction (e.g. grasses and herbs), 
long generation times (e.g. trees) or narrow ecological niches (e.g. 
tree- dependent insects). In mountain ungulate species character-
ized by a high mobility, pronounced effects of climate change, that 
is, range shifts towards higher elevations, have been demonstrated 
(Büntgen et al., 2017). But how are less mobile medium- sized spe-
cies, which inhabit open or semi- open montane and alpine areas, 
and are not dependent on nest holes or burrows but can choose 
their home range according to the availability of food and shelter, 
responding to climate warming? We expect to find noticeable ef-
fects of climate change in medium- sized mammal and bird species 
in terms of range shifts towards higher elevations as well.

Among medium- sized species living in the Alps, there are spe-
cies that are adapted to cold conditions and, thus, specialized in al-
pine habitats, whereas others are more generalist regarding their 
habitat requirements. One adaptation of specialists to cold and 
snowy conditions is a colour change to white during winter which 
exhibit both the Alpine mountain hare (Lepus timidus varronis) and 
the rock ptarmigan (Lagopus muta), whereas generalists such as 
the European hare (L. europaeus) and the black grouse (Tetrao te-
trix) do not show this adaptive trait. European hares evolved in 
steppe habitats and now occur in diverse open or semi- open hab-
itats, from arable land to salt marshes (Hackländer & Schai- Braun, 

2018). The black grouse is found in open or semi- open landscapes 
both in lowland areas and above the tree line (Balzari & Gygax, 
2019). With increasing temperatures, habitats at higher elevations 
will become increasingly available to them although the available 
surface area of specific habitats, that is, timberline ecotone will 
be decreasing as well. The European hare has already been shown 
to inhabit high elevations in the Alps (Schenker et al., 2020), also 
during winter. Hence, generalists seem to expand their range to 
include higher elevation sites due to climate warming in the Alps. 
Whether the expected elevational shifts to higher elevations in 
the Alps are differing in their velocity between specialists and 
generalists is yet unknown but might be decisive for the outcome 
of competition between congeneric species such as the two lago-
morph species with high potential for niche overlap (Gidoin et al., 
2015).

Recent patterns of anthropogenic global climate change and 
their underlying drivers are well established (IPCC, 2014, 2021). 
However, it is unclear which of numerous climate variables might 
have an effect on Alpine species’ elevational shifts. In the first 
step, climate variables have to be identified that are changing 
markedly in the habitat and within the time period studied in 
order to be potentially responsible for the elevational shifts of 
Alpine species. In the second step, the impact of the changing 
climate variables on the Alpine species’ elevational shifts has to 
be investigated.

Local climate may mitigate the impact of climate warming 
(Feldmeier et al., 2020). Especially, a heterogeneous mountain to-
pography may provide microclimatic conditions that can buffer mac-
roclimatic warming as has been shown for the Alpine salamander 
(Salamandra atra) and the common lizard (Zootoca vivipara; Feldmeier 
et al., 2020). The canton of Grisons is biogeographically particularly 
rich encompassing three of the six existing biogeographical regions 
in Switzerland (Gonseth et al., 2001). As each locality has been bio-
geographically classified based on patterns of distribution of flora 
and fauna, Alpine species might respond to climate warming dif-
ferently based on the biogeographical regions they are inhabiting. 
Elevational shifts might therefore vary due to the biogeographical 
regions in Grisons.

The goal of this study was to investigate the elevational shift 
of four species (two habitat specialists and two generalists, two 
bird species and two mammal species) living in the Alps over three 
decades. Our hypotheses were as follows: (1) several climate vari-
ables measured during the last three decades (our study period) 
demonstrate climate warming in Grisons; (2) elevational ranges of 
two hare and grouse species increased within the last three de-
cades in the Alps; (3) elevational shifts are differing in their ve-
locity in habitat specialists and generalists inhabiting the Alps; (4) 
elevational range shifts within the last three decades in two hare 
and grouse species in the Alps are affected by particular climate 
variables as well as (5) biogeographical regions in Grisons. To test 
these hypotheses, we analysed hunting bag, climate and biogeo-
graphical data of four species living in the Alps in Grisons over a 
period of 30 years.
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2  |  METHODS

2.1  |  Data collection

To test our hypothesis, we focus on four species which fulfil these 
criteria and occur in the Swiss canton Grisons, a central Alpine re-
gion with elevations from 260 to 4049 m a.s.l.: two lagomorphs, the 
mountain hare and the European hare as well as two tetraonids, the 
rock ptarmigan and the black grouse. Here, mountain hares inhabit 
open and semi- open alpine habitats mainly above the tree line, that 
is, from 800 to 3100 m a.s.l.; European hares inhabit alpine valleys 
at lower elevations up to 2800 m a.s.l. (Averianov et al., 2003). Rock 
ptarmigan inhabit rocky, treeless alpine regions between 1900 and 
2600 m a.s.l.; black grouse inhabit semi- open habitats and richly 
structured habitats with open spaces, preferably in a small range 
along the timberline between 1500 and 2200 m a.s.l. (Balzari & 
Gygax, 2019). Climate change has been pronounced in Grisons: 
since 1961 temperatures have increased significantly in winter (0.3– 
0.4°C decade−1) as well as in summer (0.4– 0.5 decade−1), and the 
annual number of frost days has decreased significantly by up to 
10 decade−1. The 0°C isotherm has moved upwards at a rate of 30– 
70 m decade−1, that is, shifted approximately 150– 200 m per 1°C 
(MeteoSchweiz, 2012).

Since their introduction in the year 1991, hunting regulations are 
used as a major tool for wildlife management decisions in Grisons. 
Important areas were placed under hunting protection and per-
sonal quotas per hunter were reduced. For all four studied species, 
monitoring and control instruments are available to monitor both 
the population status and exploitation by hunting. Game sanctu-
aries (areas with a hunting ban) for all four species exist on more 
than 900 km2. In winter, game refuges of an equivalent area exist in 
order to prevent disturbance of these species, especially by winter 
tourism. Information on the elevational ranges of the four species 
in fall were collected from licensed hunters. In Grisons, hares are 
harvested from 1 October to 20 November each year and tetraonids 
from 16 October to 30 November. Licence holders are allowed to 
hunt anywhere within the canton except in the game sanctuaries; 
motor vehicle use is restricted. Hence, hunters start climbing up the 
hill from the place where the use of a motor vehicle is prohibited 
(village, pass summit) and hunt the game they have a permit for. Each 
harvested animal must be registered in a shooting list immediately 
after shooting, together with all data on date, time, place and eleva-
tion. Overharvesting is also prevented by issuing a quota based on 
population estimates prior to the hunting period.

We assumed that if our hypotheses were correct, hunters would 
have to follow their shifting quarry towards higher elevations so 
that sites at which animals were harvested would shift in elevation 
over time. To test the hypotheses, we analysed the elevation (m 
a.s.l.) at which hunters harvested game from a dataset of obligate 
hunters reports on their bag during a period of 30 years (1991– 
2020). Using hunting bag data as proxy for hare abundance has its 
limitations as the relationship is rarely straightforward (Langbein 
et al., 1999). However, the utility of long- term time- series of (hare) 

hunting game bags for ecological and climate change studies has 
been shown already (Reid et al., 2021). Elevations were determined 
either from contours on maps (1:25,000) or with the help of a GPS 
receiver or a hunting app (JagdGR, www.jagdgr.ch, dynamicstudio 
GmbH, Poschiavo) to the nearest 50 m depending on the hunter's 
equipment; information was verified by official game wardens. 
Because the elevation is an important steering tool for regulating 
hunting pressure in the hunting regulations in Grisons since 1991, 
the hunters are very familiar with the elevation conditions in their 
hunting district. Mean annual ambient temperature (5 cm above 
grass, °C), annual snow depth (cm), annual fresh snow depth (cm), 
annual number of frost days (minimum temperature <0°C) and an-
nual number of days with snow reliability (snow depth ≥30 cm) for 
the canton of Grisons were calculated by averaging data from four 
weather stations in Grisons above 1200 m a.s.l. (Davos 46°49′N, 
9°51′E, Samedan 46°32′N, 9°53′E, Scuol 46°48′N, 10°17′E, San 
Bernardino 46°28′N, 9°11′E; data provided by meteoswiss, for 
the data used to calculate the climate variables see Supplemental 
Materials S1, S2 and S3). Furthermore, mean ambient tempera-
ture (°C) and number of frost days for the months October and 
November (hunting period) were determined. The canton of 
Grisons encompasses three of the six existing biogeographical re-
gions in Switzerland (Gonseth et al., 2001). The biogeographical 
classification of Switzerland employs a purely statistical approach, 
based on patterns of distribution of flora and fauna, and adapted 
to communal boundaries (Gonseth et al., 2001). As within a rela-
tively small region such contrasting regions that differ in flora and 
fauna can be found, the canton of Grisons provides a good case 
study to investigate the responses of alpine species to global cli-
mate change. The Office for Hunting and Fishing of Grisons (Amt 
für Jagd und Fischerei Graubünden) has elaborated a slightly differ-
ent assignment of the same three biogeographical regions for each 
hunting district (a smaller resolution as the communal borders) 
based on the specific weather conditions created by the structure 
of the mountains and the dominant exposition of the hunting dis-
trict to the Atlantic, insubric and continental weather conditions 
(Just, 2013; for a map of the classification of the biogeographical 
regions in Grisons by the Office for Hunting and Fishing of Grisons, 
see Supplemental Material S4, for the hunting bag data including 
hunting districts and biogeographical regions, see Supplemental 
Material S5), which we use for our data analysis. Note that the dif-
ferent hunting districts do not differ in hunting management.

2.2  |  Data analysis

All analyses were computed with the software R 4.1.0 (R 
Development Core Team, 2019). We analysed the hunting bag and 
climate data by fitting linear regression models. All models analys-
ing time series of original data (several thousand per year) included 
an autoregressive (AR1) error structure to explicitly account for 
temporal autocorrelation. All corrections for autocorrelation were 
successful, as checked with the R package ‘itsadug’ (van Rij et al., 

http://www.jagdgr.ch
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2020). To compute linear regressions, we used the linear, paramet-
ric part of bam models (R package mgcv, Wood, 2004), because 
bam allows for AR1 error structures within years (while function 
lme::gls ran out of memory). When spline functions are not used, 
as was the case here, function bam returns coefficients, t-  and p- 
values that are identical to other ordinary least squares functions, 
such as lm.

To examine the effect of climate variables and biogeograph-
ical region on the hunting elevation, we detrended the time se-
ries by differencing subsequent years. As some climatic variables 
were only available as means per year, we used yearly averages 
of hunting elevations, and detrending was based on these means. 
Yearly means were not significantly autocorrelated. Using this 
approach, we asked whether extreme shifts in hunting elevation 
were caused by extreme changes in climate, compared with the 
previous year. Note that in this case, the estimation of the hunt-
ing elevation was still based on a sample size of several thousand 
per year.

First, climate change in the study area was measured by 
examining every climate variable as response variable for the 
predictor variable year (corrected for autocorrelation). Second, 
the response variable hunting elevation (original values) was ex-
amined by fitting the predictor variable year for each species 
separately, again correcting for autocorrelation. Additionally, 
the response variables minimum (≤15th percentile) and maxi-
mum (≥85th percentile) hunting elevation were investigated for 
the predictor variable year. Third, the effects of climate on the 
annual means of the hunting elevations were examined by fit-
ting a linear regression model on detrended data for each species 
separately. The full models for the response variables hunting 
elevation included the different climate variables as predictor 
variables and their two- way interaction terms. Multicollinearity 
between the predictor variables was checked by calculating 
the variance inflation factor (VIF) with R package ‘car’ (Fox & 
Weisberg, 2019) for all predictor variables in each model. There 
was no VIF > 5.2. The full models were used to choose the mod-
els that described best the data based on delta AIC using the R 
package ‘MuMln’ (Bartoń, 2013).

Following Zuur et al. (2009), we subsequently determined 
whether predictors significantly contributed to the variance 
explained by the best model. p- values and estimates (β) were 
extracted from the best model. Fourth, the response variable 
hunting elevation (original values) was examined by fitting a lin-
ear regression model for the predictor variable biogeographical 
region (factor with levels northern, central and southern) for 
each species separately to examine the effect of the biogeo-
graphical region in Grisons on the hunting elevation. Post- hoc 
tests were computed for the biogeographical region using the 
Tukey's all- pair comparisons method in the R package ‘mult-
comp’ (Hothorn et al., 2008). Fifth, the response variable hunt-
ing elevation (original values, corrected for autocorrelation) 
was examined as a function for the predictor variable year and 
biogeographical region for each species. Sixth, the effects of 

climate on the annual means of the hunting elevations in the 
different biogeographical regions were examined by fitting a 
linear regression model on detrended data for each species sep-
arately. The full models for the response variables hunting ele-
vation included the two- way interaction between the different 
climate variables and the biogeographical region as predictor 
variables. Multicollinearity between the predictor variables was 
again checked calculating VIF for all predictor variables in each 
model. There was no VIF > 5.2. p- values and estimates (β) were 
extracted from the full model. We visually checked the nor-
mality of the model residuals by means of a normal probability 
plot and histograms. Homogeneity of variances and goodness- 
of- fit were examined by plotting residuals versus fitted values 
(Faraway, 2006).

3  |  RESULTS

3.1  |  Climate warming in the canton of Grisons

Mean annual ambient temperature measured at all four weather 
stations increased significantly (Davos: +0.3°C decade−1, R2 = .27, 
p < .001, n = 29; Samedan: +0.8°C decade−1, R2 = .66, p < .001, 
n = 30; San Bernardino: +0.5°C decade−1, R2 = .39, p < .001, 
n = 29; Scuol: +0.5°C decade−1, R2 = .35, p < .001, n = 28), 
whereas annual number of frost days decreased significantly 
during the study period except for the weather station Scuol 
(Davos: −9.2 days decade−1, R2 = .12, p = .017, n = 30; Samedan: 
−15.2 days decade−1, R2 = .59, p < .001, n = 30; San Bernardino: 
−13.2 days decade−1, R2 = .26, p = .008, n = 30; Scuol: p > .10; 
Figure 1). Mean ambient temperature in October and November 
measured at all four weather stations increased significantly as 
well (Davos: +0.6°C decade−1, R2 = .19, p = .010, n = 29; Samedan: 
+0.8°C decade−1, R2 = .34, p < .001, n = 30; San Bernardino: 
+0.6°C decade−1, R2 = .21, p = .005, n = 29; Scuol: +0.5°C dec-
ade−1, R2 = .11, p = .036, n = 29). The number of frost days in 
October and November, snow depth, fresh snow depth and annual 
number of days with snow reliability did not significantly correlate 
with years during the study period (p > .10).

3.2  |  Elevational shift in harvesting elevation

In total, we obtained the elevation at which 84,630 specimens were 
harvested (black grouse: n = 4551; rock ptarmigan: n = 11,963; 
European hare: n = 39,285; Alpine mountain hare: n = 28,831). 
For the two grouse species, we found a significant shift towards 
higher elevations within the study period, whereas no significant 
shift was noticeable in the European hare (p > .05) and the Alpine 
mountain hare (p > .10; Figure 2). The shift in black grouse harvest-
ing sites of 53 m decade−1 was more pronounced (R2 = .05, p < .001) 
than in the rock ptarmigan with a shift of 33 m decade−1 (R2 = .02, 
p < .001). The minimum hunting elevation of all four species 
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increased significantly (rock ptarmigan: 57 m −1, R2 = .11, p < .001, 
n = 2217; black grouse: 61 m decade−1, R2 = .13, p < .001, n = 862; 
Alpine mountain hare: 28 m decade−1, R2 = .02, p < .001, n = 5070; 
European hare: 31 m decade−1, R2 = .02, p < .001, n = 6429). The 
correlation between year and maximum hunting elevation differed 
between species, especially in the two hare species (rock ptarmigan: 
17 m −1, R2 = .03, p = .015, n = 2138; black grouse: 36 m decade−1, 
R2 = .10, p < .001, n = 779; Alpine mountain hare: not significant, 
p > .10, n = 4546; European hare: −16 m decade−1, R2 = −.005, 
p = .037, n = 6611).

3.3  |  Effect of climate warming on elevational 
shifts of harvesting sites

Detrended climate variables had a significant effect in both grouse 
species and in the Alpine mountain hare (Figure 3; for an over-
view of all model coefficients, see Supplemental Material S6). The 
hunting elevation of the rock ptarmigan was positively affected 
by the annual fresh snow depth (β = 0.386, R2 = .37, p = .005; 
Figure 3a) but negatively affected by the number of frost days in 
October and November (β = −9.013, R2 = .37, p = .006; Figure 3b). 
The hunting elevation of the Alpine mountain hare was negatively 
influenced by the mean annual ambient temperature (β = −14.513, 
R2 = .40, p = .007; Figure 3c) and positively influenced by the num-
ber of frost days in October and November (β = 3.669, R2 = .40, 
p = .004; Figure 3d). The hunting elevation of the black grouse was 
positively influenced by the annual fresh snow depth (β = 0.159, 
R2 = .35, p = .006, Figure 3e) and the interaction of annual number 
of frost days and annual snow depth (β = 0.137, R2 = .35, p = .003; 
Figure 3f). No climate variable was significantly affecting the 
hunting elevation of the European hare (number of frost days in 
October and November: p > .05, Figure 3g, all other climate vari-
ables: p > .10).

3.4  |  Effect of biogeographical region on 
elevational shifts of harvesting sites

The biogeographical region influenced significantly the harvesting el-
evation of all four species (for an overview of post- hoc test results, 
see Supplemental Material S7). Harvesting elevation increased in all 
four species from the northern to the central to the southern region in 
Grisons (Figure 4). Hunting elevation of the Alpine mountain hare in-
creased significantly in the northern and southern biogeographical re-
gion (Figure 5a– c, for an overview of the model coefficient [parameter 
estimates β and p- values], see Supplemental Material S8), whereas no 
significant annual effect in the European hare was noticeable (p > .10). 
Hunting elevation in the two grouse species increased significantly in 
all biogeographical regions of Grisons (Figure 5d– f) except in the rock 
ptarmigan in the northern biogeographical region. In both bird species, 
the increase was highest in the southern biogeographical region.

3.5  |  Regional differences in the effect of climate 
warming on elevational shifts of harvesting sites

There were several significant interactions between climatic effects 
and geographical regions (Figure 6, for an overview of all model co-
efficients, see Supplemental Material S9). The hunting elevation of 
the rock ptarmigan was positively influenced by the mean ambient 
temperature in October and November and the annual fresh snow 
depth, with both effects more marked in the central and southern re-
gions (Figure 6a,b). Hunting elevation of black grouse was positively 
affected by the number of frost days in October and November, the 
mean ambient temperature in October and November and the an-
nual fresh snow depth, and all effects were most pronounced in the 
northern region (Figure 6c,d,e). In both hare species, we found no 
significant regional differences in the effect of climate warming on 
elevational shifts of harvesting sites (p > .05).

F I G U R E  1  (a) Mean annual ambient temperature (°C) and (b) annual number of frost days (minimum temperature <0°C) for four weather 
stations in Grisons above 1200 m a.s.l. during the 30 study years (1991– 2020). The lines represent the regression lines (statistically 
significant) with the blue area displaying the confidence intervals. Model corrected for autocorrelated errors [Colour figure can be viewed at 
wileyonlinelibrary.com]

https://onlinelibrary.wiley.com/
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4  |  DISCUSSION

4.1  |  Climate change in the mountains of 
Switzerland

Of the seven climate variables measured above 1200 m a.s.l., 
three variables (mean annual ambient temperature, mean ambi-
ent temperature in October and November and annual number 
of frost days) significantly changed within the 30 study years 
in the canton of Grisons. Accordingly, only these three climate 
variables showed climate warming in the Alpine environment of 
Grisons within the three decades of our study period. We were 

especially interested in climate variables describing snow occur-
rence as our study species included two alpine habitat specialists 
with coat colour change. None of the snow- related climate vari-
ables changed within the three- decade time period. Nevertheless, 
snow- related climate variables in the Alps have previously been 
shown to be affected by climate warming but over longer time pe-
riods (>50 years; Marty & Blanchet, 2012; Nicolet et al., 2016). We 
suppose that our study period was not long enough to uncover the 
effect of climate change on annual snow depth, annual fresh snow 
depth and annual number of days with snow reliability in the Alps 
of Grisons. However, snow quality might be as important as snow 
quantity for species adapted to cold and snowy conditions.

F I G U R E  2  Harvesting elevation (m a.s.l.), minimum (≤15th percentile, m a.s.l.) and maximum hunting elevation (≥85th percentile, m a.s.l.) of 
the (a) rock ptarmigan (n = 11,963, nmin = 2217, nmax = 2138), (b) Alpine mountain hare (n = 28,831, nmin = 5070, nmax = 4546), (c) black grouse 
(n = 4551, nmin = 862, nmax = 779) and (d) European hare (n = 39,285, nmin = 6429, nmax =6611) collected over a 30- year period (1991– 2020) 
during the yearly hunting period in autumn in Grisons. The symbols represent the mean. The lines represent the regression lines (statistically 
significant) with the red/blue area displaying the confidence intervals. Modelled on original data, corrected for autocorrelated errors
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4.2  |  Elevational shift in harvesting elevation

Contrary to our hypothesis, only the two grouse species clearly 
shifted their ranges towards higher elevations during the study pe-
riod. Both shift rates exceed expected figures (Chen et al., 2011: 
median rate of 6.1– 11.0 m decade−1) by factors of 3 (rock ptarmi-
gan) and 5 (black grouse). If focussing on the minimum hunting ele-
vation, the shift uphill was detectable in all four species, and in the 
two grouse species it was even more pronounced than the mean 
range shift. Minimum hunting elevation shifts increased more rap-
idly in tetraonids than in hares. Notably, the black grouse's large 
shift of minimum elevation cannot be attributed to a shift in the 
tree line, as effects of climate change on the tree line have not yet 
been detected in cultivated montane landscapes with artificially 
lowered tree lines, such as Grisons (Körner, 2003). If anything, 
Alpine forests have become thicker due to recent changes in for-
estry practices (Körner, 2003) which disadvantage this tetraonid. 
On the other hand, tetraonid species such as black grouse and rock 
ptarmigan use snow burrows to survive harsh winter conditions 
(Höhn, 2004; Klaus, 1990). To create burrows, they need dry pow-
der snow (Klaus, 1990) which becomes scarce at lower altitudes 
due to global climate change. Hence, black grouse may find more 

suitable habitats at higher elevations as a consequence of increas-
ing temperatures. In addition to that, rock ptarmigans have an 
even more limited range due to their adaptations (e.g. white winter 
plumage, which reduces predation risk in winter above the snow 
line, but increases it below the snow line). This bird species had the 
second highest shift rate and is likely to experience declines in hab-
itat availability and increasing habitat fragmentation as warming 
continues. The effect of the time course on the maximum hunting 
elevation varied greatly between tetraonids and hares. Maximum 
hunting elevation in the Alpine mountain hare did not significantly 
change, whereas maximum hunting elevation in the European hare 
even decreased. This might probably be explained by the fact that 
hunters found game in the ‘traditional’ hunting areas and had not 
much reason to climb the mountains further up for hunting. In the 
tetraonids, the maximum hunting elevation increased consider-
ably but the shift was less than in the overall hunting elevation. 
Altogether, the linear trend in the maximum hunting elevation was 
less clear as there was a larger variation between the years than 
in the minimum hunting elevation. An explanation might be that 
hunters adjusted their climbing activity to snow occurrence which 
was highly variable between the years. To sum up the results, 
tetraonids seem to respond more distinctively to climate warming 

F I G U R E  3  Relationships between different climate variables and the hunting elevation (m a.s.l.) of the four species collected over a 30- 
year period (1991– 2020) during the yearly hunting period in autumn in Grisons. Both hunting elevation and climate variables were detrended 
by yearly differencing. Effect of differences in (a) annual fresh snow depth (cm) and (b) number of frost days in October and November 
on relative elevation of rock ptarmigan, (c) mean annual ambient temperature (°C), (d) number of frost days in October and November on 
elevation in Alpine mountain hare, (e) annual fresh snow depth (cm), (f) the interaction of annual number of frost days and annual snow depth 
(cm) on elevation in black grouse and (g) number of frost days in October and November on elevation in European hare. The lines represent 
the regression lines (statistically significant) with the red/blue area showing the confidence intervals. Modelled on annual means of the data 
[Colour figure can be viewed at wileyonlinelibrary.com]
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than lagomorphs. Note that the R2- values of the models were con-
sistently low because there was a high variance of hunting eleva-
tion per year.

4.3  |  Differences of elevational shifts in habitat 
specialists and generalists

In the tetraonids, hunting elevation of the habitat generalist (black 
grouse) increased more than in the habitat specialist (rock ptarmigan) 
during the three decades. The difference in shift to higher elevations 
was pronounced as the habitat generalist's ascent was almost twice 
faster than the habitat specialist's ascension. In all four species, the 
velocity of elevational shift was still higher at the trailing edge of 
habitat generalists’ (black grouse, European hare) in comparison to 
habitat specialists’ (rock ptarmigan, Alpine mountain hare) when ex-
amining the minimum hunting elevation. For both habitat generalist 
and specialist, the habitat requirements at the trailing edge may not 
be satisfied anymore due to climate warming and a rapid shift uphill is 
in progress. While the rapid shift uphill on the trailing edge can be al-
most maintained at the same velocity on the whole population range 
in the grouse species generalist, the rapid shift uphill on the trailing 
edge in the grouse species specialist is heavily slowed down over the 
whole population range. This implies that competition between the 
two grouse species for suitable habitat might increase with ongoing 
climate warming. Although the mean elevation of both hare species 
did not significantly change within the study period, the minimum 
hunting elevation shifted uphill and more rapidly in the European 
hare than in the Alpine mountain hare. This is an indication that the 
European hare might displace the Alpine mountain hare from its tra-
ditional range in the Alps due to global climate change. Our results 
are in line with several models and projections under global climate 

change illustrating the scenario that European hares have the poten-
tial to expand into mountain hare territory and that, after a time of 
sympatry due to range expansion by the European hare, the moun-
tain hare disappears from optimal European hare habitat (Bisi et al., 
2015; Caravaggi et al., 2017; La Morgia & Venturino, 2017; Leach, 
Kelly, et al., 2015, Leach, Montgomery, et al., 2015; Leach et al., 
2017). As well as spatial displacement, introgressive hybridization 
poses a threat to the Alpine mountain hare by reducing its genetic 
integrity. Hybridization has been confirmed in hares from Grisons 
(Zachos et al., 2010). Based on our results, we predict that the rate 
of hybridization in the Alps will increase in the future. Our findings 
support the postulation that especially at high elevations, where the 
effects of climate warming are pronounced, climate warming leads 
to changes in species’ ranges (Chen et al., 2011). Within the order 
Lagomorpha, it has been shown that closely related species of simi-
lar size occurring at high elevations are likely to exhibit competitive 
interactions (Leach, Montgomery, et al., 2015), and that habitat gen-
eralists are less likely to be threatened by extinction than habitat 
specialists (Verde Arregoitia et al., 2015). This suggests that inter-
acting species at high elevations, such as the European hare and the 
Alpine mountain hare, are likely to be highly susceptible to future 
environmental change. Our results covering only the last three dec-
ades indicate that the two lagomorph species already change their 
spatial distribution in the Alps.

4.4  |  Effect of climate variables on elevational 
shifts of harvesting sites

We detrended our data when analysing time series to assess 
whether there are not only trends over time but also a causal rela-
tionship between climate and elevation. In both tetraonids, annual 

F I G U R E  4  Hunting elevation (m a.s.l., medians with 25th/75th and 10th/90th percentiles) of the two (a) hare species and (b) grouse 
species in northern, central and southern biogeographical regions in Grisons collected over a 30- year period (1991– 2020). White: Alpine 
mountain hare (n = 28,831) and rock ptarmigan (n = 11,963), grey: European hare (n = 39,285) and black grouse (n = 4551). Different letters 
indicate significant differences among groups (post- hoc: p < .001). Modelled on original data
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fresh snow depth and number of frost days had an effect on el-
evational shifts in harvesting site. However, only the effect of the 
annual number of frost days on the elevational shifts of the black 
grouse was caused by climate warming as the other climate variables 
did not change significantly within the study years. Nevertheless, an 
increase in annual snow depth in both grouse species increased the 
hunting elevation. The use of snow burrows by both tetraonid spe-
cies to survive harsh winter conditions (Höhn, 2004; Klaus, 1990) 
may explain this correlation. As snow- related climate variables in the 
Alps have been shown to be affected by climate warming but over 
longer time periods, our results give indications that global climate 
change will have an impact on the two grouse species’ elevational 
range in the future. In the Alpine mountain hare, the number of frost 

days at the period of the hunt and the mean annual ambient tem-
perature were influencing the hunting elevation. Only the effect of 
the mean annual ambient temperature on the hunting elevations 
of the Alpine mountain hare was caused by climate warming as the 
number of frost days in October and November did not change sig-
nificantly within the study years. Unexpectedly, the rock ptarmigan 
and the Alpine mountain hare showed a decrease in relative hunting 
elevations when number of frost days in October and November or 
mean annual ambient temperature increased. The rock ptarmigan's 
decrease was not caused by climate warming and might be explained 
by feeding habits of this grouse species. As the rock ptarmigan feeds 
on different plant parts (Höhn, 2004), in autumns characterized by 
a high number of frost days better and more food might be available 

F I G U R E  5  Hunting elevation (m a.s.l.) at which the two (a, b, c) hare species and (d, e, f) grouse species were harvested in (a, d) northern, 
(b, e) central and (c, f) southern biogeographical regions in Grisons collected over a 30- year period (1991– 2020) during the yearly hunting 
period in autumn. Open rectangles: Alpine mountain hare (n = 28,831), filled rectangles: European hare (n = 39,285), open circles: rock 
ptarmigan (n = 11,963), filled circles: black grouse (n = 4551). The symbols represent the mean. The lines represent the regression lines 
(statistically significant) with the blue/red area showing the confidence intervals. Modelled on original data, corrected for autocorrelated 
errors [Colour figure can be viewed at wileyonlinelibrary.com]
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at lower elevations. However, the decrease of the Alpine mountain 
hare elevation was related to climate change as mean annual ambient 
temperature changed significantly within the study years. Not only 
changes this result the view on how snow- adapted species react to 
climate change completely but also enhances the unpredictability of 
the future for snow- adapted species under global climate change. 
European hares were not affected significantly by any climate vari-
able. It seems as if this generalist species copes very well with differ-
ent climate conditions within its elevation range.

4.5  |  Effect of biogeographical region on 
elevational shifts of harvesting sites

Hunting elevation of all four species in the Alps increased from 
the northern to the central to the southern biogeographical region 
of Grisons. This corresponds well to the main climatic difference 
that winters become milder from northern to southern Grisons 
(MeteoSchweiz, 2012). Alpine mountain hares showed a significant 

shift to higher elevations in the northern and southern biogeo-
graphical region. The shift rates did not differ between these two 
biogeographical regions. In comparison, no significant elevational 
shift in the European hare was recorded in the three biogeographi-
cal regions. In tetraonids, the shift uphill was especially steep in the 
southern biogeographical region of Grisons. Moreover, while the 
black grouse ascended significantly in the northern biogeographical 
region of Grisons, for the rock ptarmigan no significant increment 
was recorded. Our results display that the different ecological re-
quirements of the involved species result in a highly variable and, 
consequently, unpredictable outcome how species respond to re-
cent warming.

4.6  |  Regional differences in the effect of climate 
warming on elevational shifts of harvesting sites

In the black grouse, the elevational shifts of harvesting sites were 
influenced by climatic variables in the northern region only. In rock 

F I G U R E  6  Relationships between different climate variables and the hunting elevation (m a.s.l.) of the four species collected over a 
30- year period (1991– 2020) during the yearly hunting period in autumn in Grisons in the different biogeographical regions. Both hunting 
elevation and climate variables were detrended by yearly differencing. Effect of yearly differences of (a) mean ambient temperature 
in October and November (°C) and (b) annual fresh snow depth (cm) on relative elevation in rock ptarmigan, (c) number of frost days in 
October and November, (d) mean ambient temperature in October and November (°C) and (e) annual fresh snow depth (cm) on elevation in 
black grouse. The lines represent the regression lines with the red, blue and green areas showing the confidence intervals for the regions, 
respectively. Modelled on annual means of the data [Colour figure can be viewed at wileyonlinelibrary.com]
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ptarmigans, the elevational shifts were influenced by climatic vari-
ables in the central and southern region. Both species were affected 
by either mean annual ambient temperature or mean ambient tem-
perature in October and November which both showed significant 
changes during the last decades in Grisons. Our findings show that 
the response of these two species to recent climate warming is not 
only affected by complex interactions between biogeographical re-
gion and climate variable, but also differ with respect to their slope 
(positive or negative). This underlies that the outcome of how spe-
cies respond to recent warming can be difficult to predict locally. 
The hunting elevation of both hare species was not influenced by 
any interaction between climate variables and biogeographical re-
gion during the last three decades.

4.7  |  Wildlife management in the canton of Grisons

Grisons has a mean elevation of 2027 m a.s.l. (Meier & Schmid, 2007) 
and is the political unit in the Alps with the highest mean elevation. 
Around 50% of the canton’s surface lies above the timberline in the 
alpine and nival zone. In this respect, Grisons is highly different from 
the neighbouring cantons and countries. Even a major rise in the tim-
berline will change the extent of the extensive alpine habitats only 
slightly in most regions of Grisons. Therefore, this canton has buffer 
capacities against the negative effects of climate warming on Alpine 
species adapted to cold and snowy conditions like hardly any other 
region. It might be possible that this is also the reason that within 
the three decades covered by our study in both hare species less 
elevational range shift was recorded as we initially had expected. 
Nevertheless, it is important in Grisons also to document the con-
sequences of climate warming and take these changes into account 
in the wildlife management of these four hunted species. Due to the 
monitoring of the four species, the game sanctuaries, and the game 
refuges in winter, it is not surprising that the conservation status of 
all four species in Grisons differs from that in other alpine regions. 
All four species in Grisons have high population densities that ben-
efit from the large occurrence of alpine habitats, from cautious wild-
life management and from the large interest by the public.

4.8  |  Importance of wildlife monitoring and 
management under global climate change

We used a large, long- term dataset to demonstrate that, for birds 
and mammal species adapted to cold conditions, the rate of range 
shift in the wake of climate warming is smaller than for congeneric 
generalist species. Hence, all four taxa respond to climate change 
but habitat generalists more rapidly than habitat specialists. The 
available surface area decreases as animal species shift uphill. Thus, 
habitat specialists may lose habitat availability more rapidly than 
habitat generalists. As warming continues in future, the elevation of 
the tree line will increase slowly (Körner, 2003; Lu et al., 2021). The 
elevation of the snow line will increase rapidly (Beniston et al., 2003), 

resulting in reduced winter habitat and increased habitat fragmenta-
tion for alpine species, especially in the lower Alps. Climate change 
is thus demonstrated to form a serious threat especially to alpine 
biodiversity. Consequently, regions rich in subalpine and alpine habi-
tats will have an increased responsibility to conserve these species, 
for example, by implementing wildlife monitoring and sustainable 
hunting strategies like in Grisons. As Alpine mammals and birds are 
appropriate flagship species, our results make a strong contribution 
to the urgent call to disseminate information on the detrimental con-
sequences of climate change.
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