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Abstract

Alpine grouses are particularly vulnerable to climate change due to their adaptation to extreme conditions and to their
relict distributions in the Alps where global warming has been particularly marked in the last half century. Grouses are
also currently threatened by habitat modification and human disturbance, and an assessment of the impact of
multiple stressors is needed to predict the fate of Alpine populations of these birds in the next decades. We estimated
the effect of climate change and human disturbance on a rock ptarmigan population living in the western Italian Alps
by combining an empirical population modelling approach and stochastic simulations of the population dynamics
under the a1B climate scenario and two different disturbance scenarios, represented by the development of a ski
resort, through 2050.The early appearance of snow-free ground in the previous spring had a favorable effect on the
rock ptarmigan population, probably through a higher reproductive success. On the contrary, delayed snowfall in
autumn had a negative effect possibly due to a mismatch in time to molt to white winter plumage which increases
predation risk. The regional climate model PROTHEUS does not foresee any significant change in snowmelt date in
the study area, while the start date of continuous snow cover is expected to be significantly delayed. The net effect in
the stochastic projections is a more or less pronounced (depending on the model used) decline in the studied
population. The addition of extra-mortality due to collision with ski-lift wires led the population to fatal consequences
in most projections. Should these results be confirmed by larger studies the conservation of Alpine populations would
deserve more attention. To counterbalance the effects of climate change, the reduction of all causes of death should
be pursued, through a strict preservation of the habitats in the present area of occurrence.
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Introduction

Wildlife species living in mountain habitats are particularly
vulnerable to environmental and climate change due to their
adaptation to extreme and very specific conditions [1]. Global
warming has been particularly marked in high-mountain areas
in the last half century [2], with changes in snow amounts [3],
climate-induced vegetational shifts [4], and subsequent
cascade effects on animal species. This process is doomed to
worsen if increases in temperature conform to recent climate
models.

Among homeotherms, birds are expected to respond rapidly
to climate change both spatially, owing to their mobility (with
distributional shifts as a result [5]), and temporally for the

relative short generation time. For example, it has been
estimated that, based on expected increasing temperatures
during the breeding season, the potential habitat of rock
ptarmigan Lagopus muta in Switzerland will decrease
drastically by between one-quarter and two-thirds by 2070 [6].
Similar contractions of suitable habitats due to climate change
are expected for other grouse species [7,8] Following a
population dynamics approach, Wang et al. [9] suggested that
future warming will accelerate the decline of white-tailed
ptarmigan Lagopus leucurus abundance in the Rocky Mountain
National Park, Colorado, USA.

Alpine grouses provide a good example of vulnerability to
climate change as they are arctic species that occur as isolated
glacial relict populations in the Alps. Rock ptarmigan is likely
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the grouse species which is most exposed to environmental
changes as its breeding territories are located at the highest
elevations above the timberline. The European Bird Directive
(Council Directive 2009/147/EC) lists the Alpine rock ptarmigan
L. muta helvetica in Annex 1, emphasising the need for special
conservation measures for the preservation of this sub-species
and its habitat. The Italian population of rock ptarmigan has
been estimated as 5,000-8,000 pairs [10] with a constant
decline of about 30% in the last decade, and it has been
recently classified as Vulnerable in the Red List of Italian birds
[11]. In contrast to sub-arctic and arctic populations, the
ecology of alpine populations is poorly known [12] due also to
the difficult environmental conditions one has to face to contact
the individuals.

The analysis of population density fluctuations is a key
instrument for estimating the effects of limiting factors on
population dynamics [13]. Population regulation by intrinsic
mechanisms can be recognized when the population growth
rate has a negative density dependence [14], although the
effects of measurement errors have to be taken into account as
they can spuriously amplify the effects of density dependence
[15,16]. A spurious detection of a negative relationship
between population growth rate and population size could then
lead to the overestimation of the ability of a population to
recover from decline through a feedback mechanism.
Accounting for uncertainty in population size is, thus, especially
important for the conservation of threatened species.

Extrinsic factors, such as environmental stressors, can also
be important determinants of population growth rate [17].
Climatic conditions can affect rock ptarmigan populations
especially during the breeding season which is recognized as a
key period for the population dynamics of this species. Peaks
in June temperature are followed by peaks in rock ptarmigan
populations in Scotland [18]. Novoa et al. [19] found a positive
correlation between an early appearance of snow-free ground
and reproductive success in the Pyrenees and also a negative
effect of rainfall after hatching. On the contrary, Revermann et
al. [6] found that suitable habitat for rock ptarmigans in
Switzerland is associated with cold and wet July conditions,
probably due to the inability of the species to dissipate body
heat in the summer. Other periods could also be critical for the
species, in particular those associated with autumn and spring
molts when the match with the appearance/disappearance of
snow cover is presumably crucial for the success of anti-
predator strategies.

Like other grouses, rock ptarmigans are also currently
threatened by habitat modification and human disturbance, in
particular by winter sports [20–22], but this aspect was never
taken into account in the expected distribution estimates and
projections of grouse populations (but see the simulations of
Moss [23] for the Scottish population of capercaillie Tetrao
urogallus, where the mortality of birds flying into forest fences
was also considered). Watson and Moss [24] found 144 rock
ptarmigans dead as a result of collisions with ski-lift wires in the
period 1971-1996 in two areas of the Cairngorms massif
(Scotland) and calculated a mean of 1.10 and 0.19 recorded
deaths per km of wire per year, but observations of collisions
revealed that the actual number of deaths was about five times

higher. Dead birds recovered under ski-lift wires are in fact only
a fraction of the actual victims of wire strike due to search bias,
scavenger activity [25], and to some individuals flying away
from the wire after the collision and dying far from it [26].
Bevanger and Brøseth [25] found a similar collision rate for
ptarmigans on power lines in Norway (on average 5.3 birds
km-1 per year). Surveys conducted in 252 French ski resorts
[27] confirmed the vulnerability of grouse species to wire-strike
mortality.

Both climate change and human disturbance can, thus, have
a significant impact on rock ptarmigan populations, and an
assessment of their contribution is needed if one wants to
predict the fate of these Alpine populations in the next
decades.

The aims of the present study are: 1) to detect the key
factors driving the fluctuations of a population of rock
ptarmigans living in the western Italian Alps without human
disturbance, and 2) to predict the response of this population to
expected climate change and to other possible disturbance
sources, such as the development of a ski area.

Methods

Study species
Rock ptarmigans are widely distributed in the arctic, sub-

arctic, and alpine environments of Europe, North America, and
Asia with a global population estimated to number over
8,000,000 individuals [28]. The alpine population, on the
southernmost edge of the distribution range, is relatively small
(about 40.000 pairs) and declining by suffering from detrimental
effects of human activities [29]. The Alpine rock ptarmigan is a
small grouse with an adult body mass of about 385–520 g [29],
which occurs in flocks in autumn and winter, and is territorial
when breeding [12]. The breeding season is between the
second half of May and June, and chicks hatch in the first half
of July [10] (mean number of young per hen in summer: 0.6-5
[28]). The pre-nuptial molt starts from the end of April and it is
complete in May or June, while the autumn molt starts from the
end of September until complete white plumage is attained
between November and December [10].

Study area
The study was conducted in the Alpe Veglia and Alpe

Devero Natural Park (46°19′N, 8°14′E) represented by large
mountain basins of glacial origins and surrounded by the
summits of the western Lepontine Alps (1600-3553 m asl). The
breeding habitat of the species is mainly located at elevations
ranging from 2100 m to 2700 m asl with the lower parts
dominated by scattered woods of larch Larix decidua and a rich
understory of bilberry (Vaccinium myrtillus, V. uliginosum) and
alpenrose Rhododendron ferrugineum, while the upper parts of
the habitat are characterized by meadows (Poaceae and
Cyperaceae), heaths with alpine azalea Loiseleuria
procumbens, and screes with sparse alpine vegetation (Silene
acaulis, Chrysanthemum alpinum, Myosotis alpestris,
Ranunculus glacialis, Aster alpinus etc.).

During the study period at 2200 m asl, average monthly
temperatures were -6.4°C in January and 10.1 in August, while
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mean annual precipitation was 1180 mm. At the same site, the
start date of continuous snow cover was between October 10th

and November 25th (median November 2nd), while the end date
was between May 13th and June 25th (median June 7th).

About 4 km from the census area, a small ski resort with a
total ski-lift length of less than 2 km was built in the ‘70s, is still
in operation, and is only marginally occupying the ptarmigan
habitat. Hunting is forbidden in the Park (since 1992), but it is
allowed in the neighbouring buffer zone and hunting districts
where no rock ptarmigans were shot during the study period
and the black grouse is the main quarry species.

Meteorological data
Daily temperature (minimum and maximum), precipitation,

and snow depth were collected by a meteorological station at
2200 m asl placed on the dam of the Lake Vannino about 6 km
away from the census area. Meteorological data can be
requested to Enel UBH Piemonte (but see Table S2 for the
aggregated quantities used in this study).

For subsequent analyses, we computed the daily mean
temperature (as the average between minimum and maximum
temperature), the start/end ordinal date of continuous snow
cover (start date: number of days from 1st September; end
date: number of days from 1st May), and the total number of
days with continuous snow cover in each winter. We then
averaged the mean temperature, precipitation, and snow depth
across 6 critical phases in the life cycle of the species: 1. spring
molt and breeding before egg-laying (April-May), 2. egg-laying
and brooding (June), 3. hatching and rearing (July), 4. autumn
molt (September-October), 5. first part of winter (November-
December), and 6. second part of winter (January-March).

Snow depth and mean temperature have a significant
negative correlation within each phase, except for the first
(r=-0.25, p=0.25) and second part of winter (r=-0.15, p=0.50).
Precipitation and mean temperature are negatively correlated
only in June (r=-0.47, p=0.03) and July (r=-0.51, p=0.01), and
snow depth and precipitation are correlated only in autumn
(r=0.68, p=0.009) and in the first part of winter (r=0.72,
p<0.001). In most cases, snow depth is significantly correlated
between contiguous phases (e.g. between April-May and June:
r=0.70, p=0.0002), and, in some cases, precipitation is
significantly correlated with the snow depth of the following
phase (e.g. in the first and second part of winter, respectively:
r=0.77, p<0.0001).

The number of days with snow cover on the ground is
significantly correlated with the start date of snow cover
(r=-0.82, p<0.0001), snowmelt date of the following spring
(r=0.73, p<0.001), snow depth (r=0.51, p=0.04) and mean
temperature in autumn (r=-0.56, p=0.02), snow depth in the
second part of winter (r=0.61, p=0.01) and in the following
spring (r=0.69, p=0.002). The start date of snow cover is
significantly correlated with snow depth (r=-0.58, p=0.01) and
mean temperature in autumn (r=0.47, p=0.05), and with snow
depth (r=-0.48, p=0.05) and precipitation in the first part of
winter (r=-0.59, p=0.01); snowmelt date is significantly
correlated with snow depth (r=0.81, p<0.0001) and mean
temperature in spring (r=-0.66, p=0.003), and snow depth in
June (r=0.81, p<0.0001). None of the climatic variables

(including start/end date and days of snow cover) were
significantly auto-correlated at lag 1 (that is, there is no
correlation between subsequent years).

Since the values of snow depth in the different phases are
always linearly correlated with the temperature or the duration
of the snow cover period, in the subsequent analyses we did
not include snow depth. To further reduce the number of
independent variables, we considered precipitation only in the
brooding (June) and hatching (July) periods, as these are likely
to affect the reproductive success [19].

Counts of calling cocks
For the census of rock ptarmigan cocks, we used the

sampling method suggested by Bossert [30] and Léonard [31]
based on the count of calling cocks in the period preceding
egg-laying by hens. The area potentially occupied by the study
population extends over 60 km2 and is too large to be surveyed
exhaustively. We, therefore, decided to focus on a smaller
sample area taking into account the suitability for the species,
the representativeness of the altitudinal range occupied by the
species in spring, and the accessibility by the operators. The
chosen site lies in the Devero Valley and has an area of 2.66
km2.

Censuses were conducted each year from 1996 to 2012
between the end of May and the first half of June (depending
on the snow cover and the accessibility of the area) when the
calling activities of rock ptarmigan cocks peak [32]. Counts
were only conducted during calm and dry weather conditions
from 7 vantage points at an average distance of about 500 m
(range: 360-688 m) from each other.

Observation points were placed in the sample area to obtain
a comprehensive covering (visual and acoustic) of the area
considering that territorial cocks can be heard up to 1 km away
[32]. Operators reached the assigned points at the latest half
an hour before dawn, they recorded the number and the time of
calls and marked the positions of calling cocks on a 1:25000
map. Finally, the data collected by neighbouring operators
were compared to avoid double counts.

The permission for field work in the park was issued by Ente
di Gestione delle Aree Protette dell’Ossola.

Data filtering
By dividing the total number of counted cocks in each year

by the monitored area, we estimated the number of calling
cocks per km2. As rock ptarmigan is a monogamous species,
each territorial male is generally paired with a single female
[33]. Thus, the number of breeding pairs can be estimated from
the observed spring cock density. However, since density
estimates were potentially affected by observation errors, we
used a state-space model (SSM) to filter the original raw data
and disentangle sampling error from environmental variability.
This was necessary to avoid biases in the detection of a
negative relationship between population growth rate and
population size [15,16].

SSMs, when used for analyzing time series of population
abundances, allow the joint estimation of the likelihood of the
amount of observation error along with the amount of process
noise. In particular, we adopted a linear SSM with a Kalman
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filter approach assuming a Gompertz density dependence,
which represents environmental stochasticity as a lognormal
stochastic process and includes lognormal observation errors
[34]. For parameter estimation, we used the PROC MIXED of
SAS 9.2 (SAS Institute Inc., Cary, NC) following the procedure
step by step described in the Appendix B of the paper by
Dennis et al. [34].

Estimate of climatic effects
To analyze population fluctuations, we estimated the annual

growth rate, Rt=ln(Nt/Nt−1), where Nt is the Kalman-filtered
population density on year t. The estimated annual growth rate
was then used as the dependent variable in a series of
generalized linear models (GLM) used to test a modified
version of the Gompertz population model [35]:

Rt=a+blnNt−1+∑
i=1

v

ciV i+ε Eq.1

where Vi is one of the meteorological variables described
before (related to the phases spanning from spring of the year
t-1 to spring of the year t) and ε is a Gaussian and temporally
uncorrelated random variable. We also tested models without
density dependence (that is, suppressing the second term on
the right hand side of Eq. 1), or with delayed density
dependence (that is, replacing the term Nt-1 with Nt-2 in Eq. 1).
We tested all linear combinations of variables with the limitation
of using a number of independent variables that did not exceed
a ratio of 1:5 to the number of available data points (that is, 3
variables at most) while avoiding models containing two
variables that were significantly cross-correlated in order to
reduce problems with parameter estimations [36].

The most appropriate models were selected using the
Aikake’s Information Criterion with finite sample correction
(AICc, [37]).

Population projections
To estimate future population trends, we forced the best-

performing models with the time series of meteorological
variables (temperature, precipitation, and snow depth from
which we derived the start date of a continuous snow cover,
snowmelt date, and the total number of days with snow cover)
generated by the PROTHEUS regional climate model [38,39]
for the A1B scenario in the period 2013-2050. The A1B is a
standard greenhouse gas emission scenario used for climate
projections in future decades and adopted in the IPPC AR4
report [40]. The A1B scenario makes the hypothesis of a
balance between fossil and non-fossil energy sources where
balanced is defined as not relying too heavily on one particular
energy source, and it works on the assumption that similar
improvement rates apply to all energy supplies and end-use
technologies. PROTHEUS is a state-of-the-art coupled ocean-
atmosphere regional climate model developed by ENEA and
ICTP for the Mediterranean region based on the RegCM3
atmospheric model and the MITgcm ocean model. The results
of the PROTHEUS scenario simulations can be freely
downloaded as indicated in the Appendix S1. The model
configuration has a uniform grid spacing of 30 km; for the

present study, we used the output of the model for the grid cell
including the study area.

Snow depth is provided in mm of snow water equivalent; for
simplicity we assumed a constant snow density within the year
and throughout the simulation period. To standardize the
model’s meteorological variables for subsequent analyses, all
PROTHEUS time series were scaled to have the mean and
variance of the observed Vannino series in the period
1991-2010.

When population density is very low, phenomena such as
inbreeding, Allee effect, and demographic stochasticity can
lead populations to extinction. To overcome these problems
that imply a dynamics which is not described by the population
model used here, we used a quasi-extinction threshold [41]: if
the population density drops below this threshold, it is
considered extinct or on the inevitable way to extinction. Given
the extension of the area potentially occupied by the
population, we chose a threshold of 0.1 ind/km2, corresponding
to 5-6 cocks in the study area.

Besides climate change, we simulated the effect of the
development of ski resorts (with 2 levels of development) as an
example of human disturbance. To this end, we inserted an
extra-mortality term in Eq. 1, called d:

Nt=Nt−1e
a+blnN t−1+∑i=1

v ciV i+ε − d
Nt−1
11.8 +0.02 Eq.2

There is little reason to believe that mortality caused by
collisions with wires should be compensatory [25]. A non-
natural source of mortality, as a matter of fact, is more likely to
be additive in low-density or declining populations [42].
Moreover, additivity is more likely if the supplementary mortality
overlaps with or follows periods of natural mortality [43]. Given
that natural mortality of rock ptarmigans in the Alps occurs
mainly between June and October [44], while wire-strike
mortality peaks in winter [24,25], it is reasonable to
approximate this human-induced source of mortality as an
additive contribution to natural mortality. Based on the death
data due to collision with ski-lift wires collected by Watson and
Moss [24] (for simplicity, we imagined a ratio of 1 km of wire
per 3 km2) and a correction factor equal to 5 for the search bias
as resulted by direct observations [24], d was put equal to 1.83
individuals per km2 for a highly developed area (i.e. with car
parks and other tourist facilities) and to 0.32 birds per km2 for a
less developed area. We related this mortality rate to the
average density recorded in one of the areas surveyed by
Watson and Moss [24] in the period 1967-1996 (area “E”: 11.8
[S.E. 0.97] birds/km2), as Bevanger and Brøseth [25] found the
collision rate to be linearly related to density. Hence, the
supplementary mortality due to wire strike resulted 0.16 Nt-1

and 0.03 Nt-1 for the highly and less developed ski resorts,
respectively. To avoid non-integer mortality rates at low
density, we added a minimum constant term of 1 dead bird per
year in the whole potential occupied area (1/50 km2).

The values indicated above are underestimates of the true
mortality levels caused by tourist infrastructure development
and by the subsequent increase in touristic influx. Such an
increase can affect rock ptarmigans both directly (by human
disturbance in winter and summer) and indirectly, due to the
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possible increase in the number of nest predators such as
carrion crow Corvus corone [24] and red fox Vulpes vulpes.
Collision with snow fences is another mortality source in ski
areas [24].

The results of the simulation of the joint effects of climate
and human disturbance was then compared with a simulation
of a population simply driven by density dependence and
human disturbance (without climatic effects) and carried out by
fitting a simple Gompertz population model (i.e., removing the
third term of the right hand side of Eq. 1) to the time series of
population densities.

All population projections have been performed with the R
statistical package, ver. 2.13.2 [45].

Results

Spring densities
Across the 16 years of this study, the density of rock

ptarmigan cocks varied from 2.63 calling cocks per km2 in 2012
to 7.52 cocks/km2 in 1997 (Figure 1 and Table S1) with a
significant decreasing trend (R2=0.76, p<0.0001) leading to the
average loss of 0.26 cocks/km2 per year. The population
growth rate time series, on the contrary, shows no trend
(R2=0.01, p=0.73).

The state space model yielded a series that was filtered by
measurement errors (Figure 1) with an estimated variance of
real population densities time-series (σ2) of 0.016 and a

variance of the observation error (τ2) of 0.023 (see 34 for
further information).

Factors affecting population fluctuations
The results of the GLMs are reported in Table 1, which lists

the best 10 models (in the AICc sense). All models reported
here are highly significant (p<0.01), and the explained variance
is between 69% and 83%.

Snowmelt date at time t-1 and the start date of snow cover in
the following autumn were the most significant effects
explaining 78% of the variance. Generally speaking, the early
appearance of snow-free ground in the previous spring had a
favorable effect on the rock ptarmigan population, while late
snowfalls in autumn had a negative effect (Figure 2). The same
result was obtained with the positive effect of the length of
snow cover period, which is negatively correlated with the start
date of snow cover. Other non significant climatic effects are
represented by the temperature and rainfall in July at time t-1
and the temperature in the second part of winter and in spring
at time t.

Delayed density dependence appears as a non-significant
effect in two models, including the second best model, while
direct density dependence is present in 6 out of the 15 models
and resulted in a significant effect in half of them.

Figure 1.  Time series of population densities.  Observed spring cock densities in the period 1996-2012 (dots and solid line) and
estimated breeding pairs densities from the fitted Gompertz state-space model (triangles and dotted line).
doi: 10.1371/journal.pone.0081598.g001

Climate and Human Pressures on Rock Ptarmigan

PLOS ONE | www.plosone.org 5 November 2013 | Volume 8 | Issue 11 | e81598



Rock ptarmigan response to climate change and
human disturbance

All the population projections performed using the models
described above and the meteorological variables produced by
the PROTHEUS regional model for the A1B scenario predicted
a more or less pronounced decline (Figure 3a). The best
performing population models (Table 1) include a negative
effect of a late snowmelt date and, above all, a negative effect
of the start date of continuous snow cover. The spring
snowmelt is expected to not change significantly in the coming
decades in the study area (the trend in snowmelt date, as
estimated from the snow depth output of the PROTHEUS
model, is -0.06 days/yr with p=0.56 for the period 1990-2050).
The start date of continuous snow cover is expected to be
significantly delayed (the trend in the start date of snow cover,
as estimated from the snow depth output of the PROTHEUS

model, is 0.26 days/yr with p=0.005 for the period 1990-2050).
As a consequence, simulations carried out with the model M1
(see Table 1) predicted the rock ptarmigan population to
continue declining with a similar trend as the current one and
become extinct with a 50% probability by 2033 and 95% by
2040. Simulations carried out with models M3, M4, and M5, not
shown here, produced similar results. Introducing a delayed
density dependence term (model M2, see Table 1) prevented
the population from extinction with only a slight decline
(average of the 50% percentile of each year in the period
2041-2050: 2.50 [S.E. 0.32] cocks/km2). Model M6 (including a
direct density dependence term) yielded intermediate results
between the models M1 and M2 by predicting a steady decline
and then a stabilization on low densities (average of the 50%
percentile in the period 2041-2050: 1.01 [S.E. 0.08] cocks/km2).

Table 1. Selection of the models for the growth rate of rock ptarmigans in the Veglia-Devero Natural Park.

Model Intercept lnNt-1 lnNt-2 SEt-1 SSt-1 SPt T(July)t-1 P(July)t-1 T(Jan-Mar)t T(Apr-May)t var. R2 AICc
M1 -0.07±0.04   -0.19±0.04 -0.18±0.04      2 0.78 -50.53
M2 0.34±0.24  -0.25±0.14 -0.19±0.04 -0.19±0.04      3 0.83 -50.20
M3 -0.07±0.04   -0.19±0.04 -0.18±0.04   0.05±0.03   3 0.82 -49.28
M4 -0.07±0.04   -0.19±0.04 -0.17±0.04  -0.05±0.04    3 0.81 -48.51
M5 -0.07±0.04   -0.20±0.04 -0.18±0.04    -0.03±0.04  3 0.79 -47.28
M6 0.08±0.26 -0.10±0.16  -0.18±0.04 -0.17±0.04      3 0.78 -46.98
M7 -0.07±0.04   -0.19±0.04 -0.18±0.04     -0.01±0.04 3 0.78 -46.51
M8 0.42±0.25 -0.30±0.15  -0.14±0.04  0.16±0.04     3 0.77 -46.34
M9 -0.07±0.04   -0.17±0.05  0.16±0.05     2 0.69 -45.79
M10 -0.08±0.04   -0.18±0.04  0.19±0.05    0.08±0.05 3 0.75 -45.02

Model ID, parameter estimates ± standard error for intercept and selected variables (lnNt-1: log-normal density at time t-1; lnNt-2: log-normal density at time t-2; SE: snow
cover end date; SS: snow cover start date; SP: length of snow cover period; T: mean temperature; P: precipitation), number of variables included in the model, coefficient of
determination (R2), and AICc are given for each model. Significant factors are in bold.
doi: 10.1371/journal.pone.0081598.t001

Figure 2.  Climatic effects on rock ptarmigan population dynamics.  Relationship between the population growth rate and
snowmelt date at time t-1 (a) (days from 1st May) and start date of a continuous snow cover at time t-1 (b) (days from 1st October).
doi: 10.1371/journal.pone.0081598.g002
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The addition of an extra-mortality term due to collision with
ski-lift wires, in the scenario with limited development of ski
areas (0.03 Nt-1 + 0.02 individuals/km2 per year), produced
results that were not very different from the simulation of a
population driven only by climate (and density dependence,
where present). Projections performed using model M1
predicted an anticipation of the extinction time by about 4-9
years compared to the undisturbed population, while models

including density dependence foresaw a further lowering of the
population densities (average of the 50% percentile in the
period 2041-2050: 2.16 [S.E. 0.29] cocks/km2 for model M2,
0.61 [S.E. 0.05] cocks/km2 for model M6).

The simulation of a disturbance caused by highly developed
ski areas (0.16 Nt-1 + 0.02 extra-deaths/km2 per year), on the
contrary, led to fatal consequences in almost all the projections
(Figure 3b). Using the model M1, the rock ptarmigan population

Figure 3.  Population projections of rock ptarmigans for the period 2013-2050.  (a) Projections performed using populations
models M1, M2, and M6 (see Table 1) or a simple Gompertz density dependence model (DD) and the meteorological variables
generated by the PROTHEUS model for the A1B scenario; (b) simulations of the joint effect of climate change and human
disturbance using the same models as before and an extra-mortality term due to wire collision in a highly developed ski resort (0.16
Nt-1 + 0.02 individuals/km2 per year). Thick line: estimated breeding pairs densities (cocks/km2); thin line: 50% percentile, shaded
area: 5–95% percentiles of the 1000 runs; the red line represents one random realization.
doi: 10.1371/journal.pone.0081598.g003
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is expected to become extinct within 10 years (with a
probability of 50% by 2022 and 95% by 2024). Projections
carried out with the model M2 predicted a probability of 1% for
extinction and an average of the 50% percentile during the
period 2041-2050 of 1.32 [S.E. 0.20] cocks/km2. Using the
model M6, we expect the population to become extinct with a
50% probability by 2038 and 95% by 2050.

Finally, projections carried out with a simple Gompertz
population model (without climatic effects) showed no trend in
the undisturbed population (average of the 50% percentile in
the period 2041-2050: 4.36 [S.E. 0.01] cocks/km2) and only a
slight decline in the population subjected to human disturbance
(average of the 50% percentile in the period 2041-2050: 3.96
[S.E. 0.02] cocks/km2 with a less developed ski area, 3.03 [S.E.
0.01] cocks/km2 with a highly developed ski area) (Figure 3).

Discussion

Spring cock densities of rock ptarmigans in the Veglia-
Devero Natural Parks are similar to those found in other Alpine
regions (1.5 to 6.7 territorial cocks per km2 in the Austrian Alps
[46]; 4-5 cocks/km2 in Switzerland [47]; between 1.1 and 4.8 in
Alto-Adige, Italy [48]), and they display a similar decline (on
average, about 30% in 10 years in Italy [11]). Understanding
the causes of this decrease is essential for predicting future
trends of this population, as well as populations living in a
similar environment, and to properly address conservation
measures.

Climate represented the main driver of growth rate in this
population. In particular, the snowmelt date during the spring of
the first of the two censuses from which the growth rate is
calculated, and the start date of snow cover in the autumn
between the two counts explain 78% of the variance. These
two variables are not cross-correlated and represent distinct
effects in two definite phases of the life cycle of the species.

The early appearance of snow-free ground during the spring
of the first census is associated with the early timing of
breeding and a higher reproductive success [19]. This effect
could be mediated by the early plant growth and hence the
foraging conditions of the hen before laying [49]. In this context,
rock ptarmigans should be favoured by global warming, as
snowmelt is expected to occur earlier in the next decades.
However, since the rock ptarmigan is a species adapted to the
harsh conditions of the arctic and high mountain areas, higher
temperatures in summer could be unfavourable to the
populations. Revermann et al. [6] found, in fact, that regions
with the lowest temperatures (below 10–12 C°) and receiving
higher amounts of precipitation in July represent more suitable
habitats for the Alpine rock ptarmigan. The temperature
constraint can be explained by the “heat dissipation theory” [50]
according to which endothermic animals are limited by the
ability to dissipate body heat rather than by the competition for
a limited energy supply. Hence, rock ptarmigans are favoured
by an early snowmelt but not by high summer temperatures
that may cause hyperthermia problems despite the higher
availability of food supply in warmer years. The negative effect
of high summer temperatures was also detected in our
analysis, albeit the signal was not statistically significant.

The starting date of continuous snow cover in the autumn
between the two censuses, on the contrary, affects the
mortality of both adults and first-winter birds. Starting from the
end of September, rock ptarmigans complete their molt (as a
supplemental post-nuptial molt) to an almost completely white
winter plumage [10]. This snow camouflage is necessary since
these birds live year-round in open areas where they are
particularly vulnerable to predation. The white plumage on the
bare ground, on the other hand, represents one of the most
conspicuous plumages known in birds and increases predation
risk [51]. Considering that predation from raptors, particularly
the golden eagle Aquila chrysaetos in Italian Alps, is the main
form of adult mortality [44,52,53], we can understand the
importance of the match between molt and the start of
snowfalls. In the French Alps, the female rock ptarmigan
survival rate is lowest in October [44], and autumn is the
season when willow grouses Lagopus lagopus in Sweden
suffer the higher mortality due to natural predation [54]. These
results point towards a higher vulnerability in this time of the
year that could be enhanced by late snowfalls. Winter molt, in
fact, is triggered by changes in the photoperiod [55] even
though temperature seems to also have some importance [56].
However, it can be difficult for rock ptarmigans to forecast such
a highly variable meteorological event exactly (start date of a
continuous snow cover spanned over 46 days in the study
period).

One should expect to observe the same vulnerability in
spring, during the transition from the white plumage to the
breeding one, but there are at least two reasons why this did
not occur. First, pre-nuptial molt is incomplete turning upper
parts to a greyish colour while wings and under parts remain
white [10]. This favors the camouflage during snowmelt and is
helped by the cryptic feeding behavior at the border zone
between snow and bare ground [57]. Secondly, eagles have a
high availability of prey in the spring (e.g. Alpine marmots
Marmota marmota, juvenile ungulates), thus, predation
pressure on ptarmigans is reduced during this season. In a
different situation in arctic North America with a predator
specialized on rock ptarmigan (gyrfalcon Falco rusticolus) and
the lack of alternative prey, spring is indeed the season with
the highest mortality due to predation [51].

It has to be noted that the population of golden eagle in the
western Italian Alps is increasing [58], as well as other potential
predators (other raptors, red fox) due to a decrease in human
persecution and an increase in the carrying capacity of the
mountain habitat for these species. However, unlike arctic
areas, none of the predators present in the area is specialized
on rock ptarmigan. Hence, we believe this occurrence could
have enhanced the effect of higher vulnerability in autumn,
rather than act as an important driver of grouse population
itself.

Besides climatic effects, social and trophic interactions that
cause density dependence represent another, yet less
important, driver of population fluctuations. Both direct and
delayed density dependence entered the best-performing
models mostly as non-significant factors. However, it can be
difficult to detect density dependence in a population that is
strongly affected by external factors [59], such as snow cover
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in this case. In addition, the limited extension of our study area
does not allow unambiguous identification of the form of
density dependence.

Despite the clarity of the outcomes provided by the empirical
population models considered in this study, generalization of
the results to the whole Alpine range should be made with
caution due to the complexity of habitat-population
relationships and the possible influence of site-dependent
factors.

Stochastic projections of population dynamics using the
output of the PROTHEUS regional climate model predicted a
worrying decline in the rock ptarmigan population under study.
While the advance of snowmelt date in spring should favor
breeding success, the prevailing effect on the population
growth rate seems to be a negative effect of the predicted
delays in the start date of a continuous snow cover in autumn.
Models without density dependence suggested a steady
decline that will inevitably lead to population extinction;
however, it is unlikely that some form of density dependence,
even though weak, will not operate on the population dynamics
of ptarmigans (a priori, density dependence can be expected in
real populations with long-term persistence [14]). Models with
density dependence, in fact, showed a clear decline of the
population which will, however, stabilize at very low densities.

Rock ptarmigans already live at the highest elevations in the
Alps, and it is difficult for them to move further uphill. One
possible adaptation to climate change could be a shift in the
timing of molt, to be achieved through an evolutionary change
in the physiological responses to photoperiod. However, the
response to this selection may be slow [60]. Moreover, a
genetic shift in thermal tolerance as an adaptation to global
warming has never been demonstrated in animals [61], and the
intolerance to high summer temperatures may, in the long run,
become a serious constraint to the survival of rock ptarmigans
in the area studied.

The effect of supplementary mortality due to the simulated
development of a ski resort raises further concerns for the
preservation of Alpine populations of rock ptarmigan. The study
population, already damaged by the changing duration of snow
cover, could not tolerate high levels of wire strike mortality
without incurring a severe decline or even local extinction in a
few decades. The projections provided by a simple Gompertz
population model revealed that a supplementary mortality
source, such as the presence of ski-lifts, in absence of climate
change is less harmful. Hence, it is the concomitant effects of
the two stressors that may have critical and fatal consequences
on the population.

As already mentioned, values used in the simulations are
underestimates of the true mortality levels caused by touristic
development; therefore, the results presented in this study
should be considered as conservative estimates of future
population levels. In principle, ski resorts should be distributed
in the whole study area to have lethal effects on the overall
population. However, in winter, birds can move in flocks across
larger areas than in spring and could, thus, die on wires that
are far from their territories [24]. In any case, it is clear that any
kind of human disturbance with similar mortality effects on
ptarmigans (e. g. construction of power lines, opening of roads,

illegal hunting) will result in a serious detriment to a population
that is already compromised by climate change. In addition to
this, we have to consider the predicted reduction in the suitable
habitat for rock ptarmigans in the Alps due to global warming
[6].

Outside protected areas, hunting is another source of
mortality for the species. Hunting bags during the last 16 years
in Piedmont underwent an even steeper decline than density
estimates resulting from censuses: in the Verbanio-Cusio-
Ossola Province (which includes the Veglia-Devero Park), shot
ptarmigans decreased from an average of 18.2 [S.E. 3.26] per
year in the period 1996-2000 to 5.67 [S.E. 1.57] specimens per
year in the period 2006-2010 (excluding the years 2007-2008,
when rock ptarmigan hunting was closed). During these years,
bag size reached the hunting quota only in 1998 (data from
VCO hunting district). Despite the fact that hunting takes place
before the effect of natural winter mortality (even though the
natural mortality of rock ptarmigans in the Alps seems to be
high in summer and autumn [44]) and quotas are determined
according to the results of spring censuses in each hunting
district, it has been shown that harvest is only weakly
compensatory in ptarmigans [62] and declining populations
could not tolerate an additional removal of individuals. In Italy,
rock ptarmigan hunting is allowed from October 1st to
November 30th, a period during which, in the last years,
ptarmigans are particularly vulnerable due to late snowfalls as
revealed by the present study.

Should the results of the present work be confirmed by larger
studies, the conservation of Alpine populations would deserve
more attention. To counterbalance the effects of climate
change, the reduction of all causes of death should be
pursued. Hence, conservation strategies should be addressed
for a strict preservation of the habitats in the present area of
occurrence, and a carefully planned or closing of hunting
activity is required to avoid local extinctions of this vulnerable
sub-species.

Supporting Information

Appendix S1.  Instructions for downloading the results of
the PROTHEUS scenario simulations.
(DOC)

Table S1.  Observed rock ptarmigan cocks for the spring
counts in the Devero Valley.
(DOC)

Table S2.  Meteorological variables entering the best
performing models.
(DOC)

Acknowledgements

We are grateful to the Park wardens and all the personnel of
Ente di gestione Delle Aree protette dell’Ossola and the
volunteers for their help in the censuses over all these years.
We also thank Enel UBH Piemonte for the meteorological data
of the Lake Vannino station and Sandro Calmanti and

Climate and Human Pressures on Rock Ptarmigan

PLOS ONE | www.plosone.org 9 November 2013 | Volume 8 | Issue 11 | e81598



Vincenzo Artale (ENEA UTMEA) for providing us with the
outputs of the PROTHEUS regional climate model.

Author Contributions

Conceived and designed the experiments: RB. Performed the
experiments: RB RV. Analyzed the data: SI AP. Wrote the
manuscript: SI AP.

References

1. Martin K (2001) Wildlife communities in alpine and sub-alpine habitats.
In: DH JohnsonTA O’Neil. Wildlife – Habitat Relationships in Oregon
and Washington. Oregon State University Press, Corvallis, OR. pp.
285-310.

2. Beniston M, Diaz HF, Bradley RS (1997) Climatic change at high
elevation sites: an overview. Clim Change 36: 233-251. doi:10.1023/A:
1005380714349.

3. Terzago S, Fratianni S, Cremonini R (2013) Winter precipitation in
Western Italian Alps (1926-2010): Trends and connections with the
North Atlantic/Arctic Oscillation. Meteorol Atmos Phys 119: 125-136.
doi:10.1007/s00703-012-0231-7.

4. Walther G-R, Beißner S, Pott R (2005) Climate change and high
mountain vegetation shifts. In: G BrollB Keplin. Mountain ecosystems
— studies in treeline ecology. Berlin: Springer. pp. 77-96.

5. Huntley B, Collingham YC, Green RE, Hilton GM, Rahbek C et al.
(2006) Potential impacts of climatic change upon geographical
distributions of birds. Ibis 148: 8-28. doi:10.1111/j.1474-919X.
2006.00523.x.

6. Revermann R, Schmid H, Zbinden N, Spaar R, Schröder B (2012)
Habitat at the mountain tops: how long can Rock Ptarmigan (Lagopus
muta helvetica) survive rapid climate change in the Swiss Alps? A
multi-scale approach. J Ornithol 153: 891-905. doi:10.1007/
s10336-012-0819-1.

7. Rodenhouse NL, Matthews SN, McFarland KP, Lambert JD, Iverson
LR et al. (2008) Potential effects of climate change on birds of the
Northeast. Mitig Adapt Strat Glob Change 13: 517-540. doi:10.1007/
s11027-007-9126-1.

8. Harrison PA, Vanhinsbergh DP, Fuller RJ, Berry PM (2003) Modelling
climate change impacts on the distribution of breeding birds in Britain
and Ireland. Nat Conserv 11: 31-42. doi:10.1078/1617-1381-00036.

9. Wang G, Thompson Hobbs N, Giesen KM, Galbraith H, Ojima DS et al.
(2002) Relationships between climate and population dynamics of
white-tailed ptarmigan Lagopus leucurus in Rocky Mountain National
Park, Colorado, USA. Clim Res 23: 81-87. doi:10.3354/cr023081.

10. Brichetti P, Fracasso G (2004) Ornitologia Italiana Vol. 2 – Tetraonidae
- Scolopacidae. Bologna: Alberto Perdisa Editore

11. Peronace V, Cecere JG, Gustin M, Rondinini C (2012) Lista Rossa
2011 degli Uccelli Nidificanti in Italia. Avocetta 36: 11-58.

12. Scherini GC, Tosi G, Wauters LA (2003) Social behaviour, reproductive
biology and breeding success of alpine rock ptarmigan Lagopus mutus
helveticus in northern Italy. Ardea 91: 11-23.

13. Ranta E, Kaitala V, Lundberg P (1998) Population variability in space
and time: the dynamics of synchronous populations. Oikos 83:
376-382. doi:10.2307/3546852.

14. Sinclair ARE (1996) Mammal populations: fluctuation, regulation, life
history theory and their implications for conservation. In: RB FloydAW
SheppardPJ De Barro. Frontiers of population ecology. Melbourne:
CSIRO Publishing. pp. 127-154.

15. Freckleton RP, Watkinson AR, Green RE, Sutherland WJ (2006)
Census error and the detection of density dependence. J Anim Ecol 75:
837-851. doi:10.1111/j.1365-2656.2006.01121.x. PubMed: 17009748.

16. Lebreton J-D, Gimenez O (2013) Detecting and estimating density
dependence in wildlife populations. J Wildl Manage 77: 12-23. doi:
10.1002/jwmg.425.

17. Krebs CJ (2002) Two complementary paradigms for analysing
population dynamics. Philos Trans R Soc Lond B Biol Sci 357:
1211-1219. doi:10.1098/rstb.2002.1122. PubMed: 12396513.

18. Watson A, Moss R, Rothery P (2000) Weather and synchrony in 10-
year population cycles of Rock ptarmigan and Red grouse in Scotland.
Ecology 81: 2126-2136. Available online at: doi:
10.1890/0012-9658(2000)081[2126:WASIYP]2.0.CO;2

19. Novoa C, Besnard A, Brenot JF, Ellison LN (2008) Effect of weather on
the reproductive rate of Rock Ptarmigan Lagopus muta in the eastern
Pyrenees. Ibis 150: 270-278.

20. Storch I (2007) Grouse: Status Survey and Conservation Action Plan.
Gland, Switzerland: IUCN, and Fordingbridge, UK: World Pheasant
Association. pp. 2006-2010.

21. Arlettaz R, Patthey P, Baltic M, Leu T, Schaub M et al. (2007)
Spreading free-riding snow sports represent a novel serious threat for
wildlife. Proc R Soc of London B 274: 1219-1224. doi:10.1098/rspb.
2006.0434. PubMed: 17341459. Available online at: doi:10.1098/rspb.
2006.0434 Available online at: PubMed: 17341459

22. Patthey P, Wirthner S, Signorell N, Arlettaz R (2008) Impact of outdoor
winter sports on the abundance of a key indicator species of alpine
ecosystems. J Appl Ecol 45: 1704-1711. doi:10.1111/j.
1365-2664.2008.01547.x.

23. Moss R (2001) Second extinction of capercaillie (Tetrao urogallus) in
Scotland? Biol Conserv 101: 255-257. doi:10.1016/
S0006-3207(01)00066-0.

24. Watson A, Moss R (2004) Impacts of ski-development on ptarmigan
(Lagopus mutus) at Cairn Gorm, Scotland. Biol Conserv 116: 267-275.
doi:10.1016/S0006-3207(03)00197-6.

25. Bevanger K, Brøseth H (2004) Impact of power lines on bird mortality in
a subalpine area. Anim Biodivers Conserv 27: 67-77.

26. Bech N, Beltran S, Boissier J, Allienne JF, Resseguier J et al. (2012)
Bird mortality related to collisions with ski–lift cables: do we estimate
just the tip of the iceberg? Anim Biodiv Conserv 35: 95-98.

27. Observatoire des Galliformes; de Montagne (2006) Percussion des
oiseaux dans les câbles aériens des domaines skiables. Zoom n°4,
Sevrier (in French.

28. Rich TD, Beardmore CJ, Berlanga H, Blancher PJ, Bradstreet MSW et
al. (2004) Partners in flight: North American landbird conservation plan.
Cornell Lab of Ornithology, Ithaca, NY.

29. Brenot J-F, Ellison L, Rotelli L, Novoa C, Calenge C et al. (2005)
Geographic variation in body mass of rock ptarmigan Lagopus mutus in
the Alps and the Pyrenees. Wildl Biol 11: 281-285. Available online at:
doi:10.2981/0909-6396(2005)11[281:GVIBMO]2.0.CO;2

30. Bossert A (1997) Bestandesaufnahmen am Alpenschneehuhns
Lagopus mutus helveticus im. Aletschgebiet, Wallis/Zentralalpen
Monticola 68: 150-154.

31. Léonard P (1995) Méthode de dénombrement des Lagopèdes alpins
mâles au chant et présentation des résultats. Bulletin Mensuel Office
National de la Chasse, 199, note technique n. 85

32. Bossert A (1977) Bestandesaufnahmen am Alpenschneehuhn
(Lagopus mutus) im Aletschgebiet. Ornithol Beob 74: 95-98.

33. Watson A, Moss R (2010) Grouse. HarperCollins Publishers.
34. Dennis B, Ponciano JM, Lele SR, Taper ML, Staples DF (2006)

Estimating density dependence, process noise, and observation error.
Ecol Monogr 76: 323-341. Available online at: doi:
10.1890/0012-9615(2006)76[323:EDDPNA]2.0.CO;2

35. Turchin P (2003) Complex population dynamics: a theoretical/empirical
synthesis. Princeton: Princeton University Press.

36. Zuur AF, Ieno EN, Smith GM (2007) Analysing ecological data. New
York: Springer.

37. Burnham KP, Anderson DR (2002) Model selection and multimodel
inference: a practical information-theoretic approach, 2nd ed. Springer.

38. Artale V, Calmanti S, Carillo A, Dell'Aquila A, Herrmann M et al. (2010)
An atmosphere-ocean regional climate model for the Mediterranean
area: assessment of a present climate simulation. Clim Dyn 35:
721-740. doi:10.1007/s00382-009-0691-8.

39. Dell’Aquila A, Calmanti S, Ruti PM, Struglia MV, Pisacane G et al.
(2011) Impacts of seasonal cycle fluctuations in an A1B scenario over
the Euro-Mediterranean. Clim Res 52: 135-157.

40. Nakicenovic N, Alcamo J, Davis G, de Vries B, Fenhann J et al. (2000)
IPCC Special Report on Emissions Scenarios. Cambridge University
Press. 599 pp. Available https://www.ipcc.ch/pdf/special-reports/spm/
sres-en.pdf.

41. De Leo GA, Focardi S, Gatto M, Cattadori IM (2004) The decline of the
grey partridge in Europe: comparing demographies in traditional and
modern agricultural landscapes. Ecol Modell 177: 313-335. doi:
10.1016/j.ecolmodel.2003.11.017.

42. Bartmann RM, White GC, Carpenter LH (1992) Compensatory mortality
in a Colorado mule deer population. Wildl Monogr 121: 3-39.

Climate and Human Pressures on Rock Ptarmigan

PLOS ONE | www.plosone.org 10 November 2013 | Volume 8 | Issue 11 | e81598

http://dx.doi.org/10.1023/A:1005380714349
http://dx.doi.org/10.1023/A:1005380714349
http://dx.doi.org/10.1007/s00703-012-0231-7
http://dx.doi.org/10.1111/j.1474-919X.2006.00523.x
http://dx.doi.org/10.1111/j.1474-919X.2006.00523.x
http://dx.doi.org/10.1007/s10336-012-0819-1
http://dx.doi.org/10.1007/s10336-012-0819-1
http://dx.doi.org/10.1007/s11027-007-9126-1
http://dx.doi.org/10.1007/s11027-007-9126-1
http://dx.doi.org/10.1078/1617-1381-00036
http://dx.doi.org/10.3354/cr023081
http://dx.doi.org/10.2307/3546852
http://dx.doi.org/10.1111/j.1365-2656.2006.01121.x
http://www.ncbi.nlm.nih.gov/pubmed/17009748
http://dx.doi.org/10.1002/jwmg.425
http://dx.doi.org/10.1098/rstb.2002.1122
http://www.ncbi.nlm.nih.gov/pubmed/12396513
http://tinyurl.com/krnxc5d
http://tinyurl.com/krnxc5d
http://dx.doi.org/10.1098/rspb.2006.0434
http://dx.doi.org/10.1098/rspb.2006.0434
http://www.ncbi.nlm.nih.gov/pubmed/17341459
http://dx.doi.org/10.1098/rspb.2006.0434
http://dx.doi.org/10.1098/rspb.2006.0434
http://www.ncbi.nlm.nih.gov/pubmed/17341459
http://dx.doi.org/10.1111/j.1365-2664.2008.01547.x
http://dx.doi.org/10.1111/j.1365-2664.2008.01547.x
http://dx.doi.org/10.1016/S0006-3207(01)00066-0
http://dx.doi.org/10.1016/S0006-3207(01)00066-0
http://dx.doi.org/10.1016/S0006-3207(03)00197-6
http://tinyurl.com/m6mb7fh
http://tinyurl.com/n5gaa4x
http://tinyurl.com/n5gaa4x
http://dx.doi.org/10.1007/s00382-009-0691-8
https://www.ipcc.ch/pdf/special-reports/spm/sres-en.pdf
https://www.ipcc.ch/pdf/special-reports/spm/sres-en.pdf
http://dx.doi.org/10.1016/j.ecolmodel.2003.11.017


43. Kokko H (2001) Optimal and suboptimal use of compensatory
responses to harvesting: timing of hunting as an example. Wildl Biol 7:
141-150.

44. Novoa C, Desmet J-F, Brenot J-F, Muffat-Joly B, Arvin-Bérod M et al.
(2011) Demographic traits of two Alpine populations of Rock
Ptarmigan. In: B SandercockK MartinG Segelbacher. Ecology,
Conservation, and Management of Grouse. Berkeley and Los Angeles:
University of California Press. pp. 267-280.

45. R Development Core Team (2011) R: A language and environment for
statistical computing. R Foundation for Statistical Computing, Vienna,
Austria. ISBN 3-900051-07-0. Available: http://www.R-project.org/.

46. Nopp-Mayr U, Zohmann M (2008) Spring densities and calling activities
of Rock Ptarmigan (Lagopus muta helvetica) in the Austrian Alps. J
Ornithol 149: 135-139. doi:10.1007/s10336-007-0231-4.

47. Bossert A (1995) Bestandsentwicklung und Habitatnutzung des
Alpenschneehuhns Lagopus mutus im Aletschgebiet (Schweizer
Alpen). Ornithol Beob 92: 307-314.

48. Ladurner E, Sascor R, Ploner R (2001) Distribuzione attuale e
potenziale della Pernice bianca Lagopus mutus helveticus in un’area
campione del Parco Naturale Gruppo di Tessa (Alto Adige). Avocetta
25: 221

49. Watson A, Moss R, Rae S (1998) Population dynamics of Scottish rock
ptarmigan cycles. Ecology 79: 1174-1192. Available online at: doi:
10.1890/0012-9658(1998)079[1174:PDOSRP]2.0.CO;2

50. Speakman JR, Król E (2010) Maximal heat dissipation capacity and
hyperthermia risk: neglected key factors in the ecology of endotherms.
J Anim Ecol 79: 726-746. PubMed: 20443992.

51. Montgomerie R, Lyon B, Holder K (2001) Dirty ptarmigan: behavioral
modification of conspicuous male plumage. Behav Ecol 12: 429-438.
doi:10.1093/beheco/12.4.429.

52. Watson A (1965) A Population Study of Ptarmigan (Lagopus mutus) in
Scotland. J Anim Ecol 34: 135-172. doi:10.2307/2373.

53. Cotter RC, Boag DA, Shank CC (1992) Raptor predation on Rock
Ptarmigan (Lagopus mutus) in the central Canadian arctic. J Raptor
Res 26: 146-151.

54. Smith A, Willebrand T (1999) Mortality causes and survival rates of
hunted and unhunted Willow Grouse. J Wildl Manage 63: 722-730. doi:
10.2307/3802662.

55. Höst P (1942) Effect of Light on the Moults and Sequences of Plumage
in the Willow Ptarmigan. Auk 59: 388-403. doi:10.2307/4079208.

56. Hewson R (1973) The moults of captive Scottish ptarmigan (Lagopus
mutus). J Zool 171: 177-187.

57. Steen JB, Erikstad KE, Høidal K (1992) Cryptic behaviour in moulting
hen Willow Ptarmigan Lagopus l. Lagopus during snow melt. Ornis
Scand 23: 101-104. doi:10.2307/3676433.

58. Fasce P, Fasce L, Villers A, Bergese F, Bretagnolle V (2011) Long-
term breeding demography and density dependence in an increasing
population of Golden Eagles Aquila chrysaetos. Ibis 153: 581-591. doi:
10.1111/j.1474-919X.2011.01125.x.

59. Post E (2005) Large-scale spatial gradients in herbivore population
dynamics. Ecology 89: 2320-2328.

60. Coppack T, Both C (2002) Predicting life-cycle adaption of migratory
birds to global climate change. Ardea 90: 369-378.

61. Bradshaw WE, Holzapfel CM (2008) Genetic response to rapid climate
change: it’s seasonal timing that matters. Mol Ecol 17: 157-166. doi:
10.1111/j.1365-294X.2007.03509.x. PubMed: 17850269.

62. Pedersen HC, Steen H, Kastdalen L, Brøseth H, Ims RA et al. (2004)
Weak compensation of harvest despite strong density-dependent
growth in willow ptarmigan. Proc Biol Sci 271: 381-385. doi:10.1098/
rspb.2003.2599. PubMed: 15101697.

Climate and Human Pressures on Rock Ptarmigan

PLOS ONE | www.plosone.org 11 November 2013 | Volume 8 | Issue 11 | e81598

http://www.r-project.org/
http://dx.doi.org/10.1007/s10336-007-0231-4
http://tinyurl.com/mtbqz4m
http://tinyurl.com/mtbqz4m
http://www.ncbi.nlm.nih.gov/pubmed/20443992
http://dx.doi.org/10.1093/beheco/12.4.429
http://dx.doi.org/10.2307/2373
http://dx.doi.org/10.2307/3802662
http://dx.doi.org/10.2307/4079208
http://dx.doi.org/10.2307/3676433
http://dx.doi.org/10.1111/j.1474-919X.2011.01125.x
http://dx.doi.org/10.1111/j.1365-294X.2007.03509.x
http://www.ncbi.nlm.nih.gov/pubmed/17850269
http://dx.doi.org/10.1098/rspb.2003.2599
http://dx.doi.org/10.1098/rspb.2003.2599
http://www.ncbi.nlm.nih.gov/pubmed/15101697

	Climate Change and Human Disturbance Can Lead to Local Extinction of Alpine Rock Ptarmigan: New Insight from the Western Italian Alps
	Introduction
	Methods
	Study species
	Study area
	Meteorological data
	Counts of calling cocks
	Data filtering
	Estimate of climatic effects
	Population projections

	Results
	Spring densities
	Factors affecting population fluctuations
	Rock ptarmigan response to climate change and human disturbance

	Discussion
	Supporting Information
	Acknowledgements
	Author Contributions
	References


