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Galliformes.
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predicted to signiﬁcantly shrink.
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a b s t r a c t
Impacts of climate change are already evident in ecosystems worldwide. High-latitude and altitude regions are at
greatest risk because the effects of climate change are greater in these regions, and species from these areas have
limited ability to track their climate envelopes. The Caucasian snowcock (Tetraogallus caucasicus) and the Caucasian grouse (Lyrurus mlokosiewiczi) are both high-altitude specialists that are endemic to a restricted range in the
Caucasus mountains of Europe. Little research has been performed to determine the status of the populations or
the potential impacts of climate change. We investigated how climate and land use change may impact both species in future and determined whether their life history traits may increase their vulnerability using a combined
exposure and trait-based index. We compared several climate models, and in all instances, both species showed
drastic range contractions although the extent of the contraction varied with each model. Traits like habitat specialism, ground nesting and incubation period meant that both species may be considered “most vulnerable” in
the exposure and trait-based index. Given that both species already occur near the maximum elevations of the
Caucasus, and that they lack any dispersal capabilities due to the isolation from alternative mountainous areas,
research efforts need to be prioritized to improve our knowledge about their population status, to monitor future
trends and to begin developing species action plans that conserve these endemic and iconic species of Europe.
Both species are ﬂagship and umbrella species and may serve as indicator species, their protection may therefore
beneﬁt a whole range of other species inhabiting this vulnerable Alpine ecosystem. Especially the Caucasian
grouse has a high aesthetic value and is favoured by hunters in the region. The potential demise of this species
may therefore also be negative for local communities.
© 2018 Elsevier B.V. All rights reserved.
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1. Introduction
Climate change is expected to affect many species, be it in their
abundance, distribution, phenology or physiology (Sala et al., 2000;
Thomas et al., 2004; Urban, 2015). With ongoing climate change, climate niches are generally shifting to higher latitudes and altitudes
and are becoming dissimilar compared to previous conditions
(Williams et al., 2007). The survival of species is therefore dependent
on their capacity to adapt to new climates or to track their current
climatic niches (Parmesan et al., 1999; Walther et al., 2002). Species
that inhabit high-latitude regions and mountain ecosystems are predicted to be affected more by climate change than species inhabiting
many other ecosystems (ACIA, 2004, IPCC, 2013). Species occurring
in these ecosystems have adapted to climates that in future will either have severely reduced geographically or will no longer exist.
The rate of increase of temperatures in mountainous areas is for instance projected to be up to three times higher than the rate of increase recorded during the past century (Nogués-Bravo et al.,
2007). Studies predict that especially the species adapted to conditions at higher elevations will be threatened by changes in temperature and precipitation regimes (Engler et al., 2011) and mountainous
areas throughout the world are already affected by climate change
(Pounds et al., 1999; Engler et al., 2011).
Mountain ecosystems are frequently considered as biodiversity
hotspots (Orme et al., 2005) meaning that the negative effects of climatic change on these ecosystems may impact a disproportionate number of species. Furthermore, the number of endemic species generally
increases with increasing elevation (Kessler, 2002; Vetaas and
Grytnes, 2002; Fu et al., 2006), species endemic to high elevations
may therefore be at greater risk of extinction. Therefore, a relatively
large proportion of endemic species are predicted to go extinct in future
due to climate change (Malcolm et al., 2006; Thuiller et al., 2006). In addition to exposure to climate change, several natural history traits of,
amongst others, high elevation species, such as thermal tolerance, rarity, habitat specialism and ground nesting behaviour (Deutsch et al.,
2008; Foden et al., 2013; Hof et al., 2017), may also make them increasingly vulnerable to climate change.

The Caucasian grouse (Lyrurus mlokosiewiczi, henceforth referred to
as grouse) and the Caucasian snowcock (Tetraogallus caucasicus, henceforth referred to as snowcock) are two of the few endemic European
bird species. Both species are so-called ﬂagship and umbrella species
in the Caucasus, which means that their protection could beneﬁt other
species that share the same habitat and threats (Roberge and
Angelstam, 2004; Zazanashvili and Mallon, 2009). The grouse is currently assessed as Near Threatened on the IUCN red list of threatened
species (BirdLife International, 2016). Its distribution range comprises
around 321,000 km2 according to BirdLife International (2016), but considerably lower estimates (12,000 km2) have also been reported
(Gokhelashvili et al., 2003). The current population trend of grouse is
listed as decreasing due to hunting, overgrazing, wood cutting, and habitat fragmentation (Gokhelashvili et al., 2003; BirdLife International,
2016). The snowcock is currently assessed as Least Concern on the
IUCN red list of threatened species (BirdLife International, 2017). The
current population trend of snowcock is stable. However, its distribution range is smaller than that of the grouse according to BirdLife
International (2017), with a range of around 62,600 km2. Both species
are endemic to the Caucasus Mountains (see Fig. 1). The grouse inhabits
areas at or near the tree line and prefers open habitat (Gokhelashvili
et al., 2003; Gavashelishvili and Javakhishvili, 2010), and the snowcock
inhabits alpine slopes between the tree-line and the snow-line
(McGowan et al., 2018). Since both species inhabit mountainous regions, which may be strongly affected by climate change in future, and
both species have several traits that are associated with increased vulnerability to climate change, it is important to assess their vulnerability
to climate change. Some work has been done on the grouse; e.g. its potential distribution in Turkey has been modelled (Gottschalk et al.,
2007), and its nesting habitat and landscape requirements have been
studied (Gavashelishvili and Javakhishvili, 2010; Habibzadeh et al.,
2013). However, to date hardly any research has been done on the
snowcock, despite its endemicity (Murray et al., 2015). Both species
may well face range contraction and possibly even extinction in a future
warmer climate. Since both species are ﬂagship and umbrella species
and several other members of the Galliformes have been identiﬁed as
indicator species, the potential loss of these endemic species may

Fig. 1. a) The current range of the Caucasian grouse as deﬁned by the IUCN (BirdLife International, 2016) in dark grey and the geographical extent used to train the model displayed by the
lighter grey box, b) The current range of the Caucasian snowcock as deﬁned by the IUCN (BirdLife International, 2017) in dark grey and the geographical extent used to train the model
displayed by the lighter grey box.

A.R. Hof, A.M. Allen / Science of the Total Environment 651 (2019) 725–735

indicate that other species inhabiting this already vulnerable alpine ecosystem may also be in peril (Roberge and Angelstam, 2004; Braunisch
and Suchant, 2008; Patthey et al., 2008; Zazanashvili and Mallon,
2009). The aim of this study was therefore to assess the vulnerability
of both species to climate change.
2. Material and methods
We followed the vulnerability matrix for birds that consists of an
exposure-index and a trait-index developed by Hof et al. (2017) to assess 1) the species' extent of exposure to climate change by predicting
the impact of climate change on their current and future potential geographic distribution ranges and subsequently classifying their vulnerability on an exposure-based index, and 2) the species' adaptive
capacity and sensitivity to climate change by using a natural-history
trait-based vulnerability index.
2.1. Assessing the extent of exposure to climate change
The exposure-index is based on 1) the current size of the breeding
range in the study region in percentage of the study region (in which
b5% receives a score of 2, 5% b × b 20% receives a score of 1, and N20%
receives a score of 0), 2) the future size (scoring is the same), and
3) the amount of stable area, i.e. the percentage of the current breeding
range that remains suitable in future (in which b25% receives a score of
2, 25% b × b 50% receives a score of 1, and N50% receives a score of 0).
Since our study focuses on the entire ranges of both the grouse and
the snowcock, it was not necessary to compare the species' current
and future “breeding” ranges to a pre-deﬁned study region. Instead,
the proportional increase/decrease of the species' ranges from the current to 2070 were included in the exposure-index in which N0% increase
was scored with 0 points, 0% to 25% decrease was scored with 1 point
and N25% decrease with 2 points. The scoring for stable area however
remained the same as in Hof et al. (2017).
2.1.1. Species distribution modelling
We used the species distribution modelling algorithm MaxEnt
(Phillips et al., 2006) to predict the current and future geographic
range of the grouse and snowcock since it is one of the most frequently used species distribution modelling techniques in conservation biology (Rodríguez-Castañeda et al., 2012) and it performs
comparably with other methods like boosted regression trees (Elith
et al., 2006) and also outperforms many other algorithms (Elith
et al., 2006; Hijmans and Graham, 2006). The general approach of
MaxEnt is ﬁrst to identify variables that determine most of the variation in species presence and second to predict the relative suitability of the area for the species to occur, based on the predictor
variables entered in the model, throughout a deﬁned region in a speciﬁc time (Phillips et al., 2006). The distribution ranges of the species
as deﬁned by the IUCN (BirdLife International, 2016, 2017) were
used to generate occurrence data – assuming that the species occur
throughout the whole range. This is likely going to be an overestimation of the presence of the species but a necessary action due
to the limited availability of species occurrences. From these ranges
15,000 occurrences were randomly obtained to enter in the models,
using the R package ‘dismo’ (Hijmans et al., 2017).
The more ecological knowledge we have about a species, the better
we can predict its future range. Although predictor variables are often
limited to climatic variables, some non-climatic variables can be introduced in predictive models to improve predictions (Araújo and Luoto,
2007; Hof et al., 2012a; Hof, 2015). However, not all factors that are important in determining a species' range can be entered in species distribution models as predictor variables. Unfortunately, future predictions
of, for example, food availability are usually not available and can therefore not be used in the models. Predictions generated by species distribution models therefore show the potential niche of a species based on
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the input variables – e.g. the climatic niche if input variables are limited
to climatic variables – and not necessarily the realized niche of a species.
Due to such data limitations, we used the 19 bioclimatic variables that
are derived from current climatic data (from 1961 to 1990) available
at WorldClim (http://worldclim.org/bioclim; Hijmans et al., 2005) to
predict the current range of both species at a 30 arc sec scale. We also
entered land use data as predictor variables in the models. These data
were freely available from the land-use harmonization (LUH) project
(Hurtt et al., 2011, http://luh.umd.edu/links.shtml), at a 15 arc min
scale, which was transferred to the 30 arc sec scale to match the resolution to the bioclimatic variables. The LUH project has reconstructed land
use from 850 to 2015. The historical reconstruction was based on the
History Database of the Global Environment (HYDE; Klein Goldewijk
et al., 2017) and contains 14 classes of land-use. We averaged the
years 1961 to 1990, as this time-period was used for the bioclimatic variables, to obtain current land use variables. We also entered elevation as
a predictor variable in the models. It was not highly correlated (r b 0.80)
with the other variables. Since it has been found that models excluding
elevation generally perform better for mammals (Hof et al., 2012b), we
tested the performance of models including elevation and excluding elevation and found that in our case the models that included elevation as
a predictor variable performed better.
To assess the suitability of the region in the year 2050 and 2070, we
used the same bioclimatic variables derived from several climate projections from downscaled and calibrated global circulation models
available at http://www.worldclim.org/ based on the averages for the
time-periods 2041–2060 and 2061–2080 (Hijmans et al., 2005);
1) the Community Climate System Model version 4 (CCSM4) developed
by the University Corporation for Atmospheric Research, 2) the Norwegian Earth System Model (NorESM1-M), which is based on the CCSM4
but incorporates an isopycnic coordinate ocean model and chemistry–
aerosol–cloud–radiation interaction schemes (Bentsen et al., 2013),
3) the MIROC-ESM which is based on the global climate model MIROC
(Model for Interdisciplinary Research on Climate) that has been cooperatively developed by the University of Tokyo, NIES, and JAMSTEC
(Watanabe et al., 2011), 4) the Hadley Centre Global Environment
Model version 2 ES (HadGEM2-ES) developed by the Met Ofﬁce Hadley
Centre (Jones et al., 2011), and 5) the Institute of Numerical Mathematics Climate Model version 4 (INMCM4.0) developed at the Institute of
Numerical Mathematics of the Russian Academy of Sciences (Volodin
et al., 2010), all under the Representative Concentration Pathway
(RCP) 8.5. This RCP is characterized by high population growth, relatively slow income growth, modest rates of technological change and
energy intensity improvements, that lead to high energy demand and
greenhouse gas emissions since climate change policies are largely absent (Riahi et al., 2011). We chose this RCP since it is the worst-case scenario and if more climate change policies will not come into place, the
aim of the 2015 Paris Agreement of the United Nations Framework Convention on Climate Change (UNFCCC) to limit the increase in global average temperatures to well below 2 °C above pre-industrial levels by
2100, may not be reached (Huntingford and Mercado, 2016;
Wollenberg et al., 2016). We used the projected changes in land-use developed by the land-use harmonization (LUH) project (Hurtt et al.,
2011, http://luh.umd.edu/links.shtml). Different climate change scenarios have been used by the LUH project than by WorldClim. The LUH project developed multiple future scenarios according to the Scenario
Model Intercomparison Project (ScenarioMIP; O'Neill et al., 2016)
within CMIP6 (Coupled Model Intercomparison Project Phase 6;
Eyring et al., 2016) and provided by the Integrated Assessment Models
(IAM). Similar to the bioclimatic variables, we extracted future land use
under the RCP8.5 scenario which was coupled with the Shared Socioeconomic Pathway 5 (SSP5; Riahi et al., 2017). To replicate the procedure used for the bioclimatic variables, we averaged the time-periods
2041–2060 and 2061–2080 to obtain future land use for 2050 and
2070 respectively. We entered elevation as a static variable in the
models.
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Table 1
Predictor variables included in the models for the Caucasian grouse and the Caucasian
snowcock.
Predictor variable

Grouse

Snowcock

Annual precipitation
Isothermality
Maximum temperature of the warmest month
Mean diurnal range
Precipitation of the driest quarter
Precipitation of the warmest quarter
Precipitation of the wettest month
Precipitation of the wettest quarter
Temperature annual range
Temperature seasonality
Elevation
Managed pasture
Rangeland
Secondary mean biomass density

X
X
X
X
X
X
X

X
X
X
X

X
X
X
X
X

X
X
X
X
X
X
X
X

MaxEnt minimizes correlation between variables by giving more
weight to variables that exhibit high correlation with the occurrence
data (Elith et al., 2011). All included variables may be potentially meaningful, but several variables were highly correlated (r N 0.8). We therefore limited the predictor variables to those that were amongst the best
predictors according to jackknife analyses of variable importance, and
that were not highly correlated (Table 1). To further avoid under- and
over-ﬁtting, which has a negative effect on the predictive performance
of models (Phillips and Dudík, 2008), we tuned and evaluated the performance of the regularization multipliers 0, 1, 2, 3 and 4 and used the
multiplier that resulted in the best models (Merow et al., 2013;
Radosavljevic and Anderson, 2014) (see Section 2.1.1 for model
evaluation).
Model outcome can vary based on the geographical extent used to
train the model (Anderson and Raza, 2010), and based upon the order
with which variables are entered in the models, which is an automated
process carried out by MaxEnt (Elith et al., 2011). Both species are restricted to the Caucasus region. We however extended the geographical
extent of the study region by approximately 1000 km south of the
southernmost point of the current distribution range of the snowcock
as reported by the IUCN (Fig. 1). This was done to make sure that the
breadth of the climatic conditions used to generate the future predictions captured the full climatic niche of the species. Future environmental conditions may not be represented if the geographical extent is
restricted to a small region (Thuiller et al., 2004). Furthermore, it may
identify potential suitable areas where the species currently are not occurring, such as in the Northern regions of Iran and in Turkey. The
models were replicated 30 times, using cross-validation, for each climate scenario to capture model variations and to test whether the
total amount of suitable area signiﬁcantly increased or decreased,
using a Welch Two Sample paired t-test. MaxEnt uses a continuous
scale to predict the suitability of a region which we transformed into binary suitable/unsuitable area by applying a cut-off threshold that was
based upon the smallest difference between sensitivity and speciﬁcity
(Liu et al., 2005).
2.1.2. Model validation
The area under the curve (AUC) of a receiver operating characteristic
(ROC) plot was used to test the accuracy of the models (Phillips et al.,
2006), where an AUC score of 0.500 signiﬁes a random prediction,
N0.500 a better than random prediction and b0.500 a worse than random prediction. Furthermore, we selected 30% of the occurrence data
to set aside as calibration data by means of randomized partition to
compare the AUC of the calibration models with those of the training
models that consisted of the remaining 70% of the occurrence data.
After models were run, we evaluated model performance by using the
calibration dataset to calculate a cumulative binomial probability distribution for the models and obtained a p-value of test-signiﬁcance, based

upon recommendations (Peterson et al., 2011). The binomial was based
on the number of occurrences in the evaluation dataset that were correctly predicted by the model outcome out of the total number of occurrences in the evaluation dataset (Peterson et al., 2011).
2.2. Assessing the adaptive capacity and sensitivity to climate change
The traits-index of Hof et al. (2017) is based on the following traits:
migrating, diet breadth, habitat specialist, ground nesting, average
clutch size, number of incubation days, number of ﬂedging days, length
of the breeding season, typical number of broods, adult survival rates,
age at ﬁrst breeding, and maximum lifespan (for scoring see Hof et al.,
2017). We consulted the literature (Cramp et al., 1979; Gokhelashvili
et al., 2003) and sources on the internet (http://zverevedia.ru/, http://
www.ebirds.ru/, http://www.egir.ru) to obtain information for as
many of these traits as possible, but we were unable to ﬁnd information
with regard to adult survival rates and maximum lifespan. All statistical
analyses were conducted in R version 3.3.1 (R Development Core Team,
2016).
3. Results
3.1. Exposure to climate change
Model performance was fair with a mean AUC of 0.748 and 0.764 respectively and a cumulative binomial probability of 0.992 (p b 0.001)
and 0.998 (p b 0.001) for the grouse and the snowcock respectively.
The models predicted that both the grouse and the snowcock should,
at present, be able to have a larger distribution range than currently
outlined by the IUCN based on their climatic niches (Fig. 2a and b).
However, according to all climate change scenarios the potential geographic distribution range of both the grouse and the snowcock will
be signiﬁcantly smaller in future based on climatic variables alone
(Table 2). In other words, their climatic niches will shrink signiﬁcantly.
The extent of the loss was however dependent on which climate scenario will be closest to the true change in climatic conditions (Oneway ANOVA, grouse 2050: F4 = 3603, p b 0.001, grouse 2070: F4 =
6116, p b 0.001, snowcock 2050: F4 = 9022, p b 0.001, snowcock
2070: F4 = 97,123, p b 0.001). The INMCM4.0 scenario was most optimistic for both species; this scenario predicted a loss of ‘only’ 23% (±
0.46) for the grouse in 2050 and even less in 2070 (19% ±0.34), and
60% (±0.70) for the snowcock in 2050 and also less in 2070 (45% ±
0.48) (Table 2). In fact, most of their current range, as outlined by the
IUCN, is predicted to remain suitable up to at least 2070 (Figs. 3a, b
and 4a, b). Some additional areas may also become suitable. The
MIROC-ESM scenario on the other hand was most pessimistic for the
grouse with a predicted loss of 67% (±0.46) in 2070 (Table 2). Under
this climate scenario it is predicted that some of the southern parts of
the current range, as outlined by the IUCN, will not be suitable for the
species to occur any longer by 2050 (Fig. 3c) and most of the southern
parts of its current range will not be suitable any longer by 2070
(Fig. 3d). The HadGEM2-ES and MIROC-ESM scenarios were most pessimistic for the snowcock with both predicting a large loss of suitable area
in the region by 2050 and complete loss by 2070 (Table 2, Fig. 4c and d).
The amount of stable area, deﬁned as the percentage of the current
range that is still suitable in future, also depended on the climate change
scenario (One-way ANOVA, grouse 2050: F4 = 5117, p b 0.001, grouse
2070: F4 = 5935, p b 0.001, snowcock 2050: F4 = 9012, p b 0.001,
snowcock 2070: F4 = 102,182, p b 0.001). Under the INMCM4.0 scenario, the stable area was generally larger than under the other scenarios. Under the MIROC-ESM scenario, the amount of stable area was the
smallest for both the grouse and for the snowcock together with the
amount of stable area under the HadGEM2-ES scenario (Table 2).
The predictor variable ‘Temperature seasonality’ was most important in predicting the climate niche of the grouse, whilst the ‘Maximum
temperature of the warmest month’ was most important in predicting
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Fig. 2. Species distribution modelling results showing the predicted current ranges of the a) Caucasian grouse and b) Caucasian snowcock in light green and the ranges as deﬁned by the
IUCN outlined in bold. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

that of the snowcock (Fig. 5). The second most important predictor variable was for both species the ‘Temperature annual range’. The variable
temperature seasonality, calculated as the standard deviation of the
mean monthly temperatures in degrees' Celsius multiplied by 100,
showed that the grouse was predicted to occur in areas where the temperature seasonality was between approximately 600 and 900 (Fig. 6a).
The snowcock was predicted to occur in areas where the maximum
temperature of the warmest month was lower than 22 °C (Fig. 7a).
The variable ‘Temperature annual range’, which is calculated as the
maximum temperature of the warmest month minus the minimum
temperature of the coldest month in degrees' Celsius multiplied by
100 predicted a high probability of presence of the grouse between approximately 260 to 360 and of the snowcock between 280 and 330.
Changes in land use did not appear to affect the suitability of the area
to occur very much for the grouse nor for the snowcock. The only two
predictor variables related to land use change appearing in the model
for the grouse were ‘Managed pasture’ and ‘Secondary mean biomass

density’, neither of which were amongst the top predictors. In addition,
only two predictor variables related to land use change appeared in the
model for the snowcock: ‘Rangeland’ and ‘Secondary mean biomass
density’. Also in this model, these predictor variables were not amongst
the top predictor variables.

3.2. The vulnerability matrix
The scoring for the exposure-index was based on the average over
the different climate change scenarios for 2070, which means that the
decrease of the range of the grouse was on average 44% (±7%) and
the snowcock was on average 86% (±21%), thus both scoring 2 points
on the index (Table 3). The average percentage of stable area for the
grouse was 53% (±16%), and that of the snowcock 14% (±21%). The
grouse therefore scores 0 points and the snowcock scores 2 points on
the index (Table 3).

Table 2
A summary of the modelling results. Mean gain represents the percentage of area difference between the future and present range, with standard deviation in brackets. t signiﬁes the outcome of the Welch Two Sample paired t-tests between the current and future predicted mean percentage of the study region that is suitable (df = 29 for all) and the p-values.
Scenario

Year

Species

Mean gain (%)

t

p-value

Mean stable area (%)

CCSM4

2050

grouse
snowcock
grouse
snowcock
grouse
snowcock
grouse
snowcock
grouse
snowcock
grouse
snowcock
grouse
snowcock
grouse
snowcock
grouse
snowcock
grouse
snowcock

−25% (±0.60)
−75% (±0.62)
−41% (±1.59)
−92% (±0.34)
−36% (±0.52)
−91% (±0.35)
−57% (±1.94)
−100% (±0.04)
−23% (±0.46)
−60% (±0.70)
−19% (±0.34)
−45% (±0.48)
−35% (±0.67)
−90% (±0.98)
−67% (±0.46)
−100% (±0.00)
−36% (±0.48)
−90% (±1.01)
−36% (±1.24)
−95% (±0.67)

154.32
28.79
228.02
28.72
238.07
28.72
639.67
28.65
152.05
28.68
136.20
28.48
262.04
12.85
262.04
28.64
210.53
28.79
243.43
28.78

b0.001
b0.001
b0.001
b0.001
b0.001
b0.001
b0.001
b0.001
b0.001
b0.001
b0.001
b0.001
b0.001
b0.001
b0.001
b0.001
b0.001
b0.001
b0.001
b0.001

74% (±0.61)
25% (±0.64)
57% (±1.58)
8% (±0.34)
64% (±0.59)
9% (±0.35)
42% (±1.87)
0% (±0.04)
76% (±0.41)
40% (±0.68)
79% (±0.45)
54% (±0.42)
58% (±0.62)
10% (±0.98)
30% (±0.42)
0% (±0.00)
63% (±0.62)
10% (±1.01)
61% (±1.43)
5% (±0.67)

2070
HadGEM2-ES

2050
2070

INMCM4.0

2050
2070

MIROC-ESM

2050
2070

NorESM1-M

2050
2070
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Fig. 3. Species distribution modelling results showing the predicted area lost in future (light green), area gained in future (orange) and stable area (dark green) of the Caucasian grouse and
the range as deﬁned by the IUCN outlined in bold for the a) Future (2050) under the INMCM4.0 scenario, b) Future (2070) under the INMCM4.0 scenario, c) Future (2050) under the
MIROC-ESM scenario, d) Future (2070) under the MIROC-ESM scenario. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of
this article.)

Both species received similar scores on the natural history traitindex although information could not be found for some traits
(Table 3). Both species scored highly, i.e. at greater risk of extinction,
for being ground nesting and habitat specialists (Table 3). In addition,
both species have relatively long incubation periods and in general
only have a single brood (Table 3). In contrast, both species are largely
sedentary which scored less in the trait-index. The trait vulnerability
scores were 0.55 and 0.60 for the grouse and the snowcock respectively.
The combination of the climatic vulnerability score and the trait vulnerability score place both species on the edge of or in the “Most vulnerable” category (Fig. 8).
4. Discussion
Our study indicates that both the Caucasian grouse and the Caucasian snowcock are vulnerable to climate change due to the high scores
on the exposure-index (0.5 for the grouse and 1.0 for the snowcock).
The very high score on the exposure-index for the snowcock is because

its current potential geographic distribution range is predicted to decrease with on average 86%, and only on average 14% of its current predicted range remains suitable in future. It is predicted by two of the ﬁve
climate change scenarios used in this study, the HadGEM2-ES and the
MIROC-ESM, that there is no suitable area left by 2070 for the snowcock.
The geographic distribution range loss was predicted to be less severe
for the grouse (−44%), whilst a larger proportion of the range was predicted to remain stable (53%). Surprisingly, according to the INMCM4.0
scenario, the loss was greater in the year 2050 than in the year 2070 for
both the grouse and the snowcock. Reasons for this are unclear. Changing temperature and precipitation regimes appeared to be the most important cause of this loss in geographic range. Predictor variables related
to changes in land use did not appear in the top predictor variables for
neither the grouse nor the snowcock and hence a changing climate,
rather than associated changes in land-use, appear to be the principal
drivers of future range shifts for both species.
In addition, both species have several natural history traits that may
make them even more vulnerable to future climate change. They for
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Fig. 4. Species distribution modelling results showing the predicted area lost in future (light green), area gained in future (orange) and stable area (dark green) of the Caucasian snowcock
and the range as deﬁned by the IUCN outlined in bold for the a) Future (2050) under the INMCM4.0 scenario, b) Future (2070) under the INMCM4.0 scenario, c) Future (2050) under the
HadGEM2-ES scenario, d) Future (2070) under the HadGEM2-ES scenario. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of
this article.)

instance both exhibit ground nesting behaviour that may lead to increased predation pressure from potentially expanding distribution
ranges of mammalian and avian predators. Unfortunately, it is not
known if, and to what extent, predators of eggs and chicks are going
to be more abundant in the region in future or not. Both species also
have a relatively poor reproductive capacity based on the length of the
breeding season, and their reproductive capacity. These characteristics
mean that they scored 0.55 and 0.60 respectively on the traits-index.
Combining the exposure-index and the traits-index places the
snowcock ﬁrmly in the “Most vulnerable” category of the vulnerability
matrix developed by Hof et al. (2017) whilst the grouse was on the border between the “Most vulnerable” and the “Trait vulnerable”
categories.
A further factor that may make the species even more vulnerable
than shown by the vulnerability matrix is that our study predicted
that the current geographic distributions of both the grouse and the
snowcock should be larger than the distribution range currently deﬁned
by the IUCN. This signiﬁes that there are other factors not considered in

this study that limit their distribution. This is not unexpected since the
grouse is currently already assessed as Near Threatened on the IUCN
red list of threatened species, which is likely due to hunting,
overgrazing, wood cutting, and habitat fragmentation (Gokhelashvili
et al., 2003; BirdLife International, 2016). Such factors often cannot be
considered in species distribution modelling algorithms but may also
limit the current distribution range of species and further limit the predicted future ranges that we estimate in this study. The fact that our
models only performed fair, based on the AUC score, may further conﬁrm that certain important factors driving the distribution of both species are lacking in the models. That the analyses took place at a 30 arc
sec scale, the ﬁnest spatial scale currently available for future climate
scenario data provided by WorldClim, may also be a reason for the fair
performance.
Changing climatic conditions may have further indirect effects on
species as well (Bentz et al., 2010, Blaustein et al., 2010). Precipitation
falling as rain or snow in the higher elevations could have direct consequences on the habitats which both the snowcock and grouse rely upon.
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Fig. 5. The results of the jackknife test of variable importance for the models. Values shown are averages over 30 replicate runs. a) Caucasian grouse, b) Caucasian snowcock. The longer the
blue bar, the more important the predictor variable. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

High-latitude and altitude areas are characterized by a period of high
primary productivity in spring that is coupled with the melting snow
and warmer temperatures (Billings and Bliss, 1959). This period of
growth provides an important food source, especially for herbivores
which feed upon the new shoots of plants, like the grouse and the
snowcock (Cramp et al., 1979). Hence, not only may the future climatic
suitability reduce, but additional feedback mechanisms may affect the
species due to how the future changing climate also affects vegetation
dynamics. The snowcock appeared to be strongly affected by

temperature, with a sudden decline in suitability when the warmest
month was above 22 °C (Fig. 7) which may be related to local vegetation
dynamics, for example how temperature governs the altitude of the
treeline and associated biotopes which will likely change in a future
warmer climate (Körner and Paulsen, 2004; Nakhutsrishvili et al.,
2006). The lower levels of precipitation, and reduced seasonality, may
also result in behavioural changes such as the loss of altitudinal migrations performed by both species. Species that exhibit altitudinal migration behaviours likely do not face the same challenges as long-distance

Fig. 6. The contribution of the predictor variable ‘Temperature seasonality’ to model
predictive power of the Caucasian grouse.

Fig. 7. The contribution of the predictor variable ‘Maximum temperature of the warmest
month’ to model predictive power of the Caucasian snowcock.
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Table 3
The scores received in the vulnerability matrix. The ﬁnal score was estimated by summing each individual exposure or trait and dividing by the maximum possible score. Only traits for
which information could be found were included when estimating the ﬁnal score.
Index

Characteristic/trait

Grouse

Score

Snowcock

Score

Exposure

Percentage gain in range size in 2070 compared to current
Percentage stable area in 2070

−44% (±7)
53% (±16)

−86% (±21)
14% (±21)

Migrating
Diet breath
Habitat specialist
Ground nesting
Average clutch size
N incubation days
N ﬂedging days
Length breeding season
N broods
Adult survival rates
Age at ﬁrst breeding
Maximum lifespan

Sedentary
No preferred food item
Largely dependent on a singular biome
Yes
2–13 eggs (mean 6)
20–25 days
28–35 days
2 to 3 months
1 brood
NA
1–2
NA

2
0
0.50
0
0
2
2
1
1
1
1
2
NA
1
NA
0.55

2
2
1.00
0
0
2
2
1
2
1
1
2
NA
1
NA
0.60

Score
Traits

Score

migrants (Jenni and Kery, 2003), however it is uncertain how yearround browsing pressure may impact plant communities at high
elevations.
A potential decline of both the snowcock and the grouse may have
more far reaching effects on other species as well as on local communities.
First, negative impacts of climate change on prey species may have further consequences higher up the food chain. A species like the snowcock
is also an important prey item for several species that are already listed on
the IUCN red list of threatened species such as the leopard (Panthera
pardus) (Mallon et al., 2007) and the bearded vulture (Gypaetus barbatus)
(Gavashelishvili and McGrady, 2006; http://zverevedia.ru/katalog/k/
kavkazskii_ular), and also for species like the Caucasian lynx (Lynx lynx
dinniki) (Baziev, 1978) in http://www.egir.ru/bird/38.html), and the
golden eagle (Aquila chrysaetos). Second, the snowcock has a high aesthetic value in the region since it is said to be a symbol of incredible
heights (http://www.egir.ru/bird/38.html) and is also unique to this

Sedentary
No preferred food item
Largely dependent on a singular biome
Yes
5–8 eggs (mean 6)
28 days
28 days
2 to 3 months
1 brood
NA
1–2
NA

region being one of the few endemic bird species of Europe. Third, the
species is favoured by hunters (http://www.hunt-dogs.ru/kavkazskii_
ular/, http://zverevedia.ru/katalog/k/kavkazskii_ular). The hunting on
grouse is however sporadic and not seen as a large threat
(Gokhelashvili et al., 2003) but would need careful monitoring to ensure
that it does not expose the species to threats in the face of climate change.
5. Conclusion
Our study indicates that especially the Caucasian snowcock and to a
lesser extent the Caucasian grouse are highly vulnerable to future climate change due to a large decline of suitable areas in future. Both species also exhibit several traits, like habitat specialism, that may increase
these risks. Worryingly, there appears to be few ongoing research projects, for example little is known about the survival rates of both species
and also longevity. Current population estimates show wide conﬁdence
intervals (Gokhelashvili et al., 2003; BirdLife International, 2016, 2017)
and research projects are urgently needed in this region to improve our
understanding of the full magnitude of threats facing these species in future. Given the endemism of both the grouse and the snowcock, and the
limited ability to disperse to new areas or expand their ranges to higher
elevations, careful monitoring actions are needed to determine how the
grouse and snowcock respond to future climate change, and to potentially begin implementing management actions like habitat improvements, controlling grazing pressure and implementing hunting quotas.
An additional challenge, both in conserving the species and managing
hunting, is that the range of both the grouse and the snowcock is on
the frontier of several countries and hence requires transboundary collaborative conservation actions to ensure the future preservation of the
species (Zbicz, 2003).
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