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Abstract
Global warming is considered as a phenomenon having a negative effect on animals living in cold climate. However, herbivorous
species inhabiting cold zones may potentially benefit from increase of temperature as this influence duration of vegetation period
and increase food resources. In this study, we analyze the impact of climate factors on the long-term dynamics of an isolated and
unhunted population of the Tatra chamois Rupicapra rupicapra tatrica. The population growth rate, based on autumnal chamois
counting carried out from 1957 to 2016, were correlated with a set of climatic variables. We tested the hypothesis that high
temperatures in summer could have a positive impact on the population, since they influence vegetation growth, which ensure
food resources. On the other hand, heavy falls of snow and long-lasting and deep snow cover could adversely affect the
population by reducing population survival during the winter. The results of this study indicate that climatic variables best
explaining the autoregressed population growth rate (from the autumn of year t-1 to the autumn of year t) were the mean summer
temperature of year t-1: the population increase was greater following a warmer summer in year t-1 and, in lower extent, the total
precipitation during winter: the population decrease was greater following a winter with heavy snowfall. Duration and thickness
of snow cover have no negative effect on population growth rate. The results indicate that the population dynamic of the Tatra
chamois is determined in the long term by weather conditions, mainly by temperature, when kids are birthing and growing. The
results of this work highlight that climatic changes may be responsible for the population dynamic of high-mountain species.
Climate warming may lead to increase in duration of vegetation period in cold climatic zones, what may in turn have positive
effect on herbivorous species, which relay upon food resources limited by low temperatures within vegetation period.
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Introduction

During the last 100 years, the mean global temperature has
risen by about 0.6 °C and this has had a significant effect on
the phenology of plant flowering, the functioning of popula-
tions, and the migration of animals (Root et al. 2003; Karl and

Trenberth 2003). Current scenarios predict a further increase
in temperature, which may lead to the synergism of rapid
temperature rise and other stresses, in particular, habitat de-
struction. Species associated with high mountain environ-
ments and the Arctic region are most at risk in the context of
these forecast climate changes (Beniston et al. 1997; Lemoine
et al. 2007). The fauna ofmountains is associatedwith specific
vegetation zones, and the presence of these is determined by
climatic conditions. Ongoing global warming will presumably
cause the elevation of the upper limits of vegetation layers to
rise, in consequence leading to the disappearance of species
associated with specific zonal habitat conditions (Beniston
et al. 1997; Thomas et al. 2004).

The impact of climate changes on a global scale is preceded
by local or regional reactions of species to changes in weather
parameters (Stenseth et al. 2002). These local reactions of
animals and plants make it possible to predict global trends
(Walther et al. 2002), which often manifest themselves only

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s00484-018-1619-y) contains supplementary
material, which is available to authorized users.

* Michał Ciach
michal.ciach@ur.krakow.pl

1 Department of Forest Biodiversity, Institute of Forest Ecology and
Silviculture, Faculty of Forestry, University of Agriculture, al. 29
Listopada 46, 31-425 Kraków, Poland

2 Tatra National Park, ul. Kuźnice 1, 34-500 Zakopane, Poland

International Journal of Biometeorology (2018) 62:2173–2182
https://doi.org/10.1007/s00484-018-1619-y

http://crossmark.crossref.org/dialog/?doi=10.1007/s00484-018-1619-y&domain=pdf
http://orcid.org/0000-0002-5619-9747
https://doi.org/10.1007/s00484-018-1619-y
mailto:michal.ciach@ur.krakow.pl


after a considerable lapse of time and have a marked influence
on the survival of a population in the longer time perspective
(Gaillard et al. 1997; Post et al. 1997). Climate changes can
affect whole population, but surveys exploring the extensive
ranges of species are difficult to implement in view of popu-
lational differentiation, migrations, or the extremely diverse
kinds of pressure on environments. This is why the conse-
quences of the long-term impact of abiotic environmental fac-
tors on the dynamics of whole populations of species are still
poorly understood. This applies as well to the populations of
adapted to cold climate animals living in extreme environmen-
tal conditions such as those of high mountain regions.

Apart from impacting on habitats, climate can have a direct
influence on animals, altering their physiological, behavioral,
and ecological reactions. Temperature is the most significant
abiotic factor governing the life processes of organisms (Krebs
2009), affecting reproduction, survival, and growth rate
(Sæther 1997). At the same time, temperature fluctuations
alter the duration and thickness of snow and ice cover, which
has important consequences for the animal species relying on
its presence (Moline et al. 2008). Such a situation is especially
likely in Arctic or mountainous regions, which are particularly
sensitive to climatic changes, and where there is a high risk of
ecological endangerment in the form of progressive changes
to the natural habitats of cryophilic species (Parish and
Funnell 1999; Watson and Haeberli 2004). In polar regions,
even minimal changes in temperature can cause serious envi-
ronmental perturbations (Curran et al. 2003), and in the case of
highly specialized, stenotopic species like polar bears Ursus
maritimus or ringed seals Phoca hispida may lead to their
extinction (Stirling et al. 1999; Derocher et al. 2004;
Ferguson et al. 2005).

Alpine species, like Alpine chamois Rupicapra rupicapra
rupicapra or species inhabiting mountain environments, like
red deer Cervus elaphus, although adapted to cold climate,
depend on weather conditions, which is often manifested by
the population drop in the year following winter with extreme-
ly low temperatures and high precipitation (Willisch et al.
2013; Bonardi et al. 2017). However, reaction of populations
inhabiting mountainous regions on climate changes during
growing season is not well documented. As in the case of
Arctic species, changing climatic conditions can affect repro-
duction and mortality in a population, and a high temperature
can have a greater impact on cryophilic species than a low
one. However, global warming may have a particularly
strongly influence on vegetation phenology in cold climate
and lead to increase in duration of vegetation period
(Kullman 2004). In consequence, this may have a positive
effect on herbivorous species inhabiting cold climatic zones,
which heavily relay upon food resources limited by low tem-
peratures within vegetation period.

The objective of the present work was to determine the
long-term impact of weather factors on the dynamics of a

population of high-mountain animals adapted to cold climate
using the example of the isolated and unhunted population of
the Tatra chamois Rupicapra rupicapra tatrica. This popula-
tion is isolated from other regions of species occurrence and
does not undertake vertical migration but spends the entire
year in the open terrain above the tree line, an area that is
under strict national park protection (Jamrozy et al. 2007).
We tested the hypothesis that the year-to-year population
growth rate of the Tatra chamois is governed in the long term
by climatic conditions. We assumed that heavy falls of snow
and long-lasting and deep snow cover could adversely affect
the population. However, high temperatures in summer could
have a positive impact on the population, since they influence
vegetation growth, which ensure food resources during cham-
ois’ kids birthing and growing.

Methods

Study area

Lying in the central part of the western Carpathians, the Tatra
Mountains are the highest mountain massif between the Alps
and the Caucasus (the height difference is 1755 m, and the
tallest peak is Gerlach 2655 m amsl). Covering an area of
some 800 km2, the Tatras extend latitudinally over a distance
of nearly 60 km and are about 20-km wide. The Tatras are
built of granitoids, metamorphic, and limestone rocks. The
area has a distinctive post-glacial relief with an altitudinal
zonation of climate and vegetation (lower montane, upper
montane, subalpine, alpine, and sub-nival zones). The Tatras
are protected in their entirety in the form of national parks—
the Tatranský Národný Park (TANAP) in Slovakia (formed in
1949), which cover ca. 80% of the massif, and the Tatrzański
Park Narodowy (TPN) in Poland (formed in 1954). In addi-
tion, the Tatras have been declared a Man and Biosphere
Reserve and included in the Natura 2000 network of protected
areas in Europe. Due to strict conservation regime, hunting is
not allowed and poaching is not recorded (Jamrozy et al.
2007).

The natural environment of the Tatras is shaped largely by
the climate, the wide diversity of which is the upshot of
inflowing air masses of different geographical origin
(Limanówka et al. 2008). In the alpine zone of the massif,
the mean annual temperature is − 0.7 °C, and the coldest
month is February. There are, on average, 188 winter days,
when the mean daily temperature (Tmean) is < 0 °C, whereas a
thermal summer (when Tmean > 15 °C) does not occur at all.
The growing season (when Tmean > 5 °C) lasts for just under
100 days. Snow covers the ground for an average of 221 days
in the year, usually from December to April, but snow may
sometimes persist well intoMay and June, hindering access to
foraging areas and exacerbating the risk of triggering
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avalanches. The snow layer is no more than 50-cm-thick only
from mid-June to early September. Snow may occur sporadi-
cally in July and August: during these months, the mean daily
temperature is > 7.5 °C. The mean annual precipitation is
nearly 1800 mm. The thermal conditions prevailing in the
Tatras, expressed as air temperature, resemble those of the
Alps (Niedźwiedź 2006).

Tatra chamois data

For this analysis, we used the results of the annual chamois
counting carried out from 1957 to 2016 by TPN and TANAP,
obtained from the databases of both institutions. These
counting are done in November (exceptionally somewhat later
if the weather conditions so dictate). The counting methodol-
ogy is based on the one suggested back in 1932 by J. Müller
(Chudík 1969). The entire area of the Tatras inhabited by
chamois was divided into counting areas, each of which was
patrolled during 2 days by a team of at least two people.
Population of Tatra chamois does not show vertical movement
over the year and occupy open habitats located above the tree
line, exclusively (Jamrozy et al. 2007). The counting areas
were so distributed as to enable coverage of the entire terrain;
there were up to 30 in TPN and up to 60 in TANAP. Only
animals actually sighted were counted; tracks or other indirect
signs of the presence of chamois were ignored. The numbers
recorded by individual observers were checked by the coordi-
nators from both parks in order to prevent the multiple
counting of the same herds by different observers. The total
number of animals counted was taken to represent the overall
number of animals in the population. The fieldwork was car-
ried out by qualified personnel from both, Polish and
Slovakian Tatra national parks. For organizational reasons or
if the weather was too poor, counts were not undertaken in
1979, 1981, 1985, 1987, and 1997. For these years, the num-
bers of chamois were estimated by the national park authori-
ties based on the annual observations and records collected
throughout the year by the park rangers. Information on age
and sex composition was not collected annually and/or for all
study regions, making them unsuitable for analyses.

Counts of the whole population are used frequently in open
areas to assess population size (Morellet et al. 2007). In favor-
able conditions (rain- and fog-free weather and cloud-base
height above summits) and with a large number of observers
densely covering surveyed area, this used method assumes
over 90% of the total population to be counted (Chudík
1969). However, true detection probability of applied
counting methodology and, therefore, accuracy of method,
have not been tested at the time of its implementation and
throughout the entire monitoring period. Since the number
of animals in a given year could be underestimated when
reported based on counting, this result should be treated as a
minimum population size.

Climatic data

For the purposes of this paper, we used meteorological data
from unpublished reports kindly made available to us by the
Institute for Meteorology and Water Management (a state re-
search institute), characterizing the weather conditions prevail-
ing in the different months from 1956 to 2016. The database
contained information for each month on the mean air temper-
ature, total precipitation, maximum snow cover thickness, and
numbers of dayswith snow cover. These figures came from the
high-mountain weather observatory on the Kasprowy Wierch
(located at 1987 m amsl), which lies in the central part of the
Tatra massif, in the zone inhabited by chamois.

Data handling and analyses

The number of chamois (N) in a given year (t) was used to
present long-term population trend. Based on the number of
the chamois (N) in years t and t-1 population growth rate (λ)
was calculated (Sibly et al. 2003; Turchin 2003) with the fol-
lowing formula:

λ ¼ Nt=Nt−1

Following Ferreira et al. (2016), we modeled population
growth rate in a given year (λt) as a function of past population
sizes in current (t) and previous (t-1 … t-i) years. The linear
autoregressive model was:

λt = αt × Nt + αt-1 × Nt-1 + ... + αt-i × Nt-i + εt

where αt … αt-i are the slopes of the relationship between λt
and population size in a given year (t… t-i) and represent the
strength of density dependence, and εt represents the process
noise. The density dependent model set included a total of
seven models starting from the global model with population
sizes with time lags from 1 to 5 years (i = 5). Then, successive
models had their last time lag (1 year) removed progressively,
until null model (intercept only) was received. Competing
models were compared with the Akaike’s information criteri-
on (Burnham andAnderson 2002) corrected for small samples
(AICc). The resulting models were subsequently ranked in
order of increasing AICc. The differences between the models
with the lowest AICc were calculated (ΔAICc) for each of the
resulting models.

The best supporting model of population growth rate con-
tain two variables: the number of the chamois in years t and t-1
population (Table 1). The figure obtained, taken to be a de-
pendent variable, expressed the autoregressed population
change from the autumn of year t-1 to the autumn of year t.
Calculation of annual population growth rate based on the
counting results (see data source) could be biased by error in
estimation of population size in a given year, what may lead to
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increase of variance. Due to lack of detailed knowledge on
accuracy of applied counting method, we were not able to
improve counting results and have to rely on calculated pop-
ulation growth rates.

A set of 12 climatic variables (Table 2) was calculated
from the 48 meteorological variables (mean air temperature,
total precipitation, maximum snow cover thickness, and total
number of days with snow cover for each month). They
related to the current year (t), from which the autumnal pop-
ulation numbers were taken, and to the previous year (t-1).
The choice of variables characterized the weather conditions
in the various periods in the Tatra chamois’ life cycle and
was made on the basis of the species’ biological and ecolog-
ical features (Jamrozy et al. 2007). Mating period of Tatra
chamois took place from September to November (TEMP
IX-XIt-1; PRECIP IX-XIt-1), when males start to approach
the herds of females and display courtship behavior. This is
the period when chases and skirmishes between rival males
are regular occurrences. Halfway through this period, there
may be heavy falls of snow, giving rise to snow cover dura-
tion (SNOWDAYXt-1-IXt) and thickness, which may persist
until the spring or summer of the following year
(SNOWTHICK Xt-1-IXt). In March–April (TEMP III-IVt;
PRECIP III-IVt), females forage intensively: they are in the
final stages of their pregnancies and maintaining them re-
quires high levels of energy. The Tatra chamois give birth
to kids in May or early June. The growth of the kids and the
adaptation to their environment, involving their gradual
weaning from a diet of milk to a vegetarian one and acquir-
ing the skills for moving around in high-mountain areas, take
place from May to August (TEMP V-VIIIt; TEMP V-VIIIt-1;
PRECIP V-VIIIt; PRECIP V-VIIIt-1). Winter, with its persis-
tent total snow cover and lowest temperatures, covers the
period from December to February (TEMP XIIt-1-IIt;
PRECIP XIIt-1-IIt). The predictors within the TEMP or
PRECIP groups included in the model selection process

were assumed to be independent. However, to avoid
between-group co-linearity, the multicollinearity of the cli-
matic parameters was checked with Spearman’s correlation
(the correlation coefficient was < 0.5 for all variable pairs).

Akaike’s information criterion corrected for small sam-
ples (AICc) was used for model selection (Burnham and
Anderson 2002). The resulting models were subsequently
ranked in order of increasing AICc. Differences between
the models with the lowest AICc were calculated (ΔAICc)
for each of the resulting models. Model likelihoods were
normalized according to Akaike weights (w) to illustrate
the weight of evidence of each model. In order to illustrate
direction of variable effect of the most important climatic
variables explaining the population growth rate of the Tatra
chamois we used multivariate regression. Estimates (±SE)
and 95% confidence intervals (CI) were presented. A set of
all climatic variables was used as the starting model, then the
backward selection procedure was run until a model was
obtained in which all of the variables analyzed were
significant.

Population number (growth rate) in a given year may be
dependent on the population size (growth rate) in the previous
year(s). Therefore, numbers of Tatra chamois and population
growth rate were tested to detect autocorrelations using PAST
software (Hammer et al. 2001). A distance-weighted least
squares smoothing procedure was applied to illustrate long-
term population dynamic of Tatra chamois and long-term
trend of population growth rate (λ). In this smoothing proce-
dure, the influence of individual points decreases with the
horizontal distance from the respective points on the curve.
The statistical procedures were performed using Statistica
12.0 software (StatSoft 2014).

Results

Long-term population dynamics

Between 1957 and 1999, the population of the Tatra chamois
decreased from around 1100 animals in the early 1960s to 220
by the turn of the century (Fig. 1). From 2000 to 2016, how-
ever, the population increased rapidly, with numbers exceed-
ing the level prior to the decline. The number of Tatra chamois
in a given year was highly correlated with number of animals
in previous years (Supplementary data – Fig. 1). From the start
of Tatra chamois counts until the turn of the century, despite
high variation, the long-term trend of population growth rate
was stable (Fig. 2). Since 2000, however, population growth
rate have been increasing long-term. The population growth
rates of Tatra chamois in a given year was not correlated with
population growth rates in previous years (Supplementary da-
ta – Fig. 2).

Table 1 Autoregressive models for density dependent population
growth rate (λt) of Tatra chamois Rupicapra rupicapra tatrica in 1957–
2016: Nt = number of chamois in a year t, Nt-i = time lag = number of
chamois in a year t-i (i = 1 ... 5 years earlier). Number of parameters in the
model (K), Akaike’s information criterion for small samples (AICc),
difference between best supporting model (ΔAICc), and Akaike weight
(w) are provided for each competing model

Model K AICc ΔAICc w

λt =Nt +Nt-1 4 − 172.3 0.0 0.933

λt =Nt +Nt-1 +Nt-2 5 − 167.0 5.3 0.064

λt =Nt +Nt-1 +Nt-2 +Nt-3 6 − 160.8 11.5 0.003

λt =Nt +Nt-1 + Nt-2 +Nt-3 +Nt-4 7 − 154.9 17.5 0.000

λt =Nt +Nt-1 +Nt-2 +Nt-3 +Nt-4 +Nt-5 8 − 149.5 22.8 0.000

λt = 1 2 − 58.6 113.7 0.000

λt =Nt 3 − 58.3 114.0 0.000
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The impact of climatic variables

Based on the AICc, the model best explaining the population
growth rates (Table 3) covered the mean summer temperature
in the summer of year t-1 (TEMP V-VIIIt-1) and the total
precipitation in the winter of year t-1/t (PRECIP XIIt-1-IIt).
Next consecutive substantially supporting model (ΔAICc <
2) included additional climatic variable: the total precipitation
in the spring of year t (PRECIP III-IVt). Less substantially
supporting model (ΔAICc < 5) included the maximum thick-
ness of the snow cover persisting from the autumn of the
previous year to the time when the chamois were counted
(SNOWTHICK Xt-1-IXt) (Table 3). The variables best
explaining the population growth rates (variables with highest
probabilities of being included in the best approximating
models) were the mean temperature in the summer of year t-
1 (TEMP V-VIIIt-1) and the total precipitation in the winter of
year t-1/t (PRECIP XIIt-1-IIt): AICc weight 0.621 and 0.271,

respectively (Table 4). Multivariate regression revealed that
the mean temperature in the summer of year t-1 (TEMP V-
VIIIt-1) and the total precipitation in the winter of year t-1/t
(PRECIP XIIt-1-IIt) were significantly correlated with popula-
tion growth rate, which was larger after a warmer summer in
year t-1 and lower after a winter with heavy snowfall (Table 5,
Fig. 3).

Discussion

The results of this work indicate that changes in the numbers
of Tatra chamois are correlated with summer temperature and
point to a delayed population growth, which depend on the
climatic conditions of summer in the previous year. The ener-
gy requirements of females peak from late winter to mid-sum-
mer, when their metabolic rate can double during the first
months after giving birth (Oftedal 1985; Robbins 1993).

Table 2 Descriptive statistics of climatic variables in the Tatra Mountains (based on the data collected through the study period 1957–2016)

Variables Description Mean SD Min Max

TEMP IX-XIt-1 Mean temperature from September to November of year t-1 0.6 1.3 − 2.3 3.4

TEMP XIIt-1-IIt Mean temperature from December of year t-1 to February of year t − 7.6 1.5 − 11.8 − 4.3
TEMP III-IVt Mean temperature from March to April of year t − 4.4 1.4 − 8.4 − 1.1
TEMP V-VIIIt Mean temperature from May to August of year t 6.0 1.1 3.3 8.6

TEMP V-VIIIt-1 Mean temperature from May to August of year t-1 5.9 1.1 3.3 8.6

PRECIP IX-XIt-1 Total precipitation from September to November of year t-1 360.7 124.0 133.0 748.4

PRECIP XIIt-1-IIt Total precipitation from December of year t-1 to February of year t 350.6 103.6 140.3 642.6

PRECIP III-IVt Total precipitation from March to April of year t 251.1 86.8 109.7 453.5

PRECIP V-VIIIt Total precipitation from May to August of year t 797.2 206.3 415.7 1398.8

PRECIP V-VIIIt-1 Total precipitation from May to August of year t-1 792.7 207.3 415.7 1398.8

SNOWTHICK Xt-1-IXt Maximum thickness of snow cover from October of year t-1 to September of year t 197.6 64.0 85.0 355.0

SNOWDAY Xt-1-IXt Total number of days from October of year t-1 to September of year t with snow cover 219.3 18.3 186.0 276.0
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Fig. 1 Long-term population dynamics of the Tatra chamois Rupicapra
rupicapra tatrica in 1957–2016 (dots = total number of individuals in a
given year, line = population trend smoothedwith distance-weighted least
squares smoothing procedure)

Fig. 2 Long-term trend of population growth rate (λ) of the Tatra
chamois Rupicapra rupicapra tatrica in 1957–2016 (dots = values of
population growth rate in a given year, line = population growth rate
smoothed with distance-weighted least squares smoothing procedure)
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Therefore, in mountain ungulates, a short birth season is syn-
chronized with forage productivity (Côté and Festa-Bianchet
2001). Moreover, ungulate population growth depends heavi-
ly on adult female survival and recent studies revealed persis-
tent individual differences in female reproductive potential,
with a positive correlation of reproductive success over con-
secutive years (Hamel et al. 2010; Rughetti et al. 2017). Since
increase temperature of summer influence vegetation growth
and dynamic (Kullman 2004), we suppose that warm seasons
allow for effective rebuilt of body reserves of females after

pregnancy and increase their body condition and survival.
This may, in turn, influence maternal care, which directly af-
fect offspring survival translating directly into baby mass and
condition (Théoret-Gosselin et al. 2015). This lead to conclu-
sion that higher kids survival after a warm summer is a key
factor which is responsible for delayed population growth.
Since winter is the crucial period for offspring survival
(Willisch et al. 2013), good body condition of offspring
achieved after warm summer (due to maternal care and rich
summer food resources) will apparently increase their winter
survival what is manifested by the population number in the
following year.

In high mountain environments, as in the Arctic, the rate
of metabolism in ungulates is higher than in areas with a
milder climate (Hudson and Christopherson 1985; Hudson
and Haigh 2002). In the cold climate, where a large amount
and variety of plant food is available only during the short
growing season, the metabolic rate has to be faster so as to
guarantee the synthesis of tissues and to build up the body’s
reserves of fat (Lawler and White 2003). This allows herbi-
vores to reduce their daily digestible energy maintenance
requirements during extended periods of energetic restriction
(Strickland et al. 2005). Moreover, it has been observed that
Arctic ungulates tend to adapt their physiological and behav-
ioral mechanisms regarding their food requirements to the
nutritional value of the habitat, which is probably dictated
by the need to save energy (Parker et al. 1993; Hudson and
Haigh 2002). However, chamois may apparently benefit
from extended vegetation period, which reduce their need
for energy saving.

Table 3 Sets of candidate models explaining the population growth rate
(λ) of Tatra chamois Rupicapra rupicapra tatrica in 1957–2016 (for
variables, see Table 1 and BMethods^). Number of parameters in the

model (K), Akaike’s information criterion for small samples (AICc), the
difference between the given model and the most parsimonious model
(ΔAICc), and the Akaike weight (w) are reported for each model

Model K AICc ΔAICc w

TEMP V-VIIIt-1 + PRECIP XIIt-1-IIt 4 − 74.8 0.0 0.402

TEMP V-VIIIt-1 + PRECIP XIIt-1-IIt + PRECIP III-IVt 5 − 73.8 1.0 0.239

TEMP V-VIIIt-1 3 − 72.9 1.9 0.155

TEMP V-VIIIt-1 + PRECIP XIIt-1-IIt + PRECIP III-IVt + SNOWTHICK Xt-1-IXt 6 − 71.5 3.3 0.077

PRECIP XIIt-1-IIt 3 − 71.3 3.6 0.068

PRECIP III-IVt 3 − 67.5 7.3 0.010

SNOWTHICK Xt-1-IXt 3 − 67.4 7.4 0.010

NULL 2 − 67.2 7.6 0.009

TEMP V-VIIIt 3 − 66.7 8.1 0.007

TEMP III-IVt 3 − 65.6 9.2 0.004

PRECIP V-VIIIt-1 3 − 65.6 9.3 0.004

PRECIP V-VIIIt 3 − 65.4 9.4 0.004

PRECIP IX-XIt-1 3 − 65.0 9.8 0.003

TEMP IX-XIt-1 3 − 64.8 10.0 0.003

TEMP XIIt-1-IIt 3 − 64.7 10.1 0.003

SNOWDAY Xt-1-IXt 3 − 64.7 10.1 0.003

Table 4 AICcweights for climatic variables used in the model selection
procedure explaining the population growth rate (λ) of Tatra chamois
Rupicapra rupicapra tatrica in 1957–2016 (see Table 2). Values are the
probabilities that a given variable is in the best approximating models.
Variables ranked with decreasing AICc weights

Variable AICc weights

TEMP V-VIIIt-1 0.621

PRECIP XIIt-1-IIt 0.271

PRECIP III-IVt 0.031

SNOWTHICK Xt-1-IXt 0.020

TEMP V-VIIIt 0.007

TEMP III-IVt 0.004

PRECIP V-VIIIt-1 0.004

PRECIP V-VIIIt 0.004

PRECIP IX-XIt-1 0.003

TEMP IX-XIt-1 0.003

TEMP XIIt-1-IIt 0.003

SNOWDAY Xt-1-IXt 0.003
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Climate changes may have a negative effect on the condi-
tion of ungulates inhabiting the Arctic and high mountain
regions (Post et al. 2003; Pettorelli et al. 2007; Post and
Forchhammer 2008). Long-persisting snow cover is propi-
tious to the winter survival prospects of adults and to fetal
development in pregnant females (Post and Stenseth 1999;
Forchhammer et al. 2001; Patterson and Power 2002), where-
as changes in rainfall and temperature regimes could alter the
length of the growing season (Sabine et al. 2002; Pettorelli
et al. 2005). However, there are some concerns that is probable
that the growing season will be out of step with the period
when herbivores have their maximum food requirements

(Post and Forchhammer 2008), leading to physio-
phenological disjunction. The negative reaction to difficult
weather conditions occurs in spring (Portier et al. 1998), when
food availability is restricted; a delayed start to the growing
season affects the opportunities for foraging, what may in-
crease winter losses. Results of our work indicate the exis-
tence of negative relationship between population growth rate
of Tatra chamois and winter precipitation.

Extreme weather conditions can increase energy outlays,
depending on the age and sex structure of the population, and
can govern the population numbers (Coulson et al. 2000) and
sizes of herds (Fritz and Loison 2006). Precipitation was
shown to have a deleterious effect and can limits the popula-
tions of ungulate (Dailey and Hobbs 1989; Chovancová and
Gömöry 2000). The adverse effect of prolonged, cold winters
on chamois populations was demonstrated in the Alps, for
example (Willisch et al. 2013). The high altitude favored the
accumulation of snow from early autumn to late spring, and
the low temperatures helped to maintain the snow cover, mak-
ing it difficult for chamois to replenish energy resources dis-
sipated during the rut, in pregnancy, and before giving birth.
Our study indicate that, in the Tatra chamois, total precipita-
tion during winter have marginal but significant influence on
the population. Negative effect of snow conditions was earlier
pointed by Chovancová and Gömöry (2000). However, weak-
ly pronounced influence of weather conditions during winter
on chamois is probably because the snow cover is not so thick
in the Tatras (they are much lower than the Alps) and poten-
tially negative weather events are less extreme. Moreover,
variable weather conditions (precipitation, wind, temperature)

Table 5 Estimates (±SE) and 95% confidence limits (CL) of climatic variables correlated with the population growth rate (λ) of Tatra chamois
Rupicapra rupicapra tatrica in 1957–2016

Variable Starting model Final model

Effect
size

±SE Wald’s
stat

− 95%
CL

+ 95%
CL

p Effect
size

± SE Wald’s
stat

− 95%
CL

+ 95%
CL

p

Intercept − 0.4007 0.3604 1.24 − 1.1070 to 0.3056 0.266 − 0.0759 0.1107 0.47 − 0.2929 to 0.1411 0.493

TEMP IX-XIt-1 0.0111 0.0176 0.39 − 0.0235 to 0.0456 0.530

TEMP XIIt-1-IIt − 0.0097 0.0122 0.63 − 0.0337 to 0.0143 0.427

TEMP III-IVt 0.0064 0.0125 0.26 − 0.0181 to 0.0308 0.611

TEMP V-VIIIt 0.0115 0.0206 0.31 − 0.0288 to 0.0519 0.575

TEMP V-VIIIt-1 0.0261 0.0183 2.04 − 0.0097 to 0.0620 0.153 0.0348 0.0140 6.21 0.0074 to 0.0622 0.013

PRECIP IX-XIt-1 0.0000 0.0002 0.00 − 0.0003 to 0.0003 0.954

PRECIP XIIt-1-IIt − 0.0003 0.0002 3.15 − 0.0007 to 0.0000 0.076 − 0.0003 0.0002 4.29 − 0.0006 to 0.0000 0.038

PRECIP III-IVt − 0.0001 0.0002 0.15 − 0.0006 to 0.0004 0.698

PRECIP V-VIIIt 0.0000 0.0001 0.10 − 0.0001 to 0.0002 0.750

PRECIP V-VIIIt-1 0.0000 0.0001 0.10 − 0.0002 to 0.0002 0.746

SNOWTHICK
Xt-1-IXt

− 0.0002 0.0003 0.55 − 0.0008 to 0.0004 0.459

SNOWDAY
Xt-1-IXt

0.0015 0.0011 1.68 −0.0008 to 0.0037 0.195
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Fig. 3 Relationship between the population growth rate (λ) of the Tatra
chamois Rupicapra rupicapra tatrica and the mean temperature in the
summer of year t-1 (TEMP V-VIIIt-1) in 1957–2016
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can also affect the choice of habitat occupied by male and
female ungulates (Conradt et al. 2000), which may actively
look for places with milder climate or thinner snow cover
(e.g., places at former snow slides).

A significant factor limiting the expansion of the ungulate
population is inclement weather at the time the kids are being
born and in the first weeks of their lives. Heavy rains with
concomitant drops in temperature can have a deleterious effect
(Picton 1984). After a winter with thick snow, some ungulates
give birth to smaller and weaker young (Adams 2005), what
may have delayed negative effect on population abundance.
This cumulative effect of greater energy outlays while giving
birth only makes itself felt in later winters and may cause the
numbers of animals in a population to fall (Patterson and
Power 2002). Moreover, the thickness and hardness of the
snow cover may have a potentially significant effect on how
predators function. Among the Tatra predators, it is the
Eurasian lynx Lynx lynx that is of the greatest importance, as
it is the sole large predator in these mountains (the others are
the brown bearUrsus arctos and the wolf Canis lupus) whose
distribution range coincides with the Tatra chamois habitats
(Chovancová and Gömöry 2000). The chamois may be the
second-most important prey item in the lynx’s diet after the
roe deer Capreolus capreolus (Molinari-Jobin et al. 2002); in
the Tatras, the lynx is known to kill up to 20% of all Tatra
chamois found dead (Jamrozy et al. 2007).

The population of herbivores depends on the availability of
habitat and spatial and temporal distribution of food resources.
The general climate warming may lead to expansion of woody
plants, and the elevated tree line may reduce the potential
habitat area of alpine ungulates (Didion et al. 2011). At pres-
ent, potential chamois habitat in the Tatras covers an area of
270 km2 (Jamrozy et al. 2007). However, analyses of aerial
photographs taken between 1955 and 2004 do not indicate the
existence of significant changes in tree line in Tatras (Guzik
2008).

Our results have some limitations that should be taken into
account when interpreting the results. First, the climatic con-
ditions should be considered as one of the numerous factors,
which have influence on the population dynamic. Number of
individuals in a given population depend on intra- and inter-
specific relationships, and factors like predation, parasites,
diseases, food quality and abundance, and human disturbance
(Pęksa and Ciach 2018) have influence on reproduction and
survival. Results of this study might be also affected by the
accuracy of applied counting methodology. Due to weather
conditions, number and qualifications of observers detection
probability may not be constant in every year, what, in turn
may have impact on number of recorded animals and lead to
increase of variation.

In summary, this work has shown that the numbers of the
isolated and unhunted population of the Tatra chamois,
inhabiting a strictly protected national park area, is correlated

with the climatic variables of a high-mountain environment. It
indicates that the long-term dynamics of populations of her-
bivorous species living in a cold climate may benefit from
increase of summer temperature as this influence vegetation
growth and dynamic, which potentially increase food
resources.

Acknowledgements Information on the numbers of Tatra chamois was
gathered by employees of the Polish and Slovakian Tatra National Parks.
Carole Toïgo and an anonymous reviewer provided critical and valuable
comments on the earlier version of manuscript. This work is dedicated to
all the participants of the annual Tatra chamois counting.

Compliance with ethical standards

Conflict of interest The authors declare that they have no competing
interests.

Ethical statement The study was performed in accordance with the law
regulations in Poland.

Open Access This article is distributed under the terms of the Creative
Commons At t r ibut ion 4 .0 In te rna t ional License (h t tp : / /
creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a link
to the Creative Commons license, and indicate if changes were made.

References

Adams LG (2005) Effects of maternal characteristics and climatic varia-
tion on birth masses of Alaskan caribou. J Mammal 86:506–513

Beniston M, Diaz HF, Bradley RS (1997) Climatic change at high eleva-
tion sites: an overview. Clim Chang 36:233–251

Bonardi A, Corlatti L, Bragalanti N, Pedrotti L (2017) The role of weather
and density dependence on population dynamics of alpine-dwelling
red deer. Integr Zool 12:61–76

Burnham KP, Anderson DR (2002) Model selection and multi-model
inference: a practical information-theoretic approach. Springer
Verlag, New York

Chovancová B, Gömöry D (2000) Influence of some climatic factors and
predators on the population size of Tatra chamois in the Tatra
National Park. J Mt Ecol 5:173–183

Chudík I (1969) Ursachen der Verluste und der Einfluss der grossen
Raubtiere auf die Population des Schalenwildes im Tatra-
Nationalpark. Folia Venatoria 4:69–84

Conradt L, Clutton-Brock TH, Guinness FE (2000) Sex differences in
weather sensitivity can cause habitat segregation: red deer as an
example. Anim Behav 59:1049–1060

Côté SD, Festa-Bianchet M (2001) Birthdate, mass and survival in moun-
tain goat kids: effects of maternal characteristics and forage quality.
Oecologia 127:230–238

Coulson T, Milner-Gulland EJ, Clutton-Brock TH (2000) The relative
roles of density and climatic variation on population dynamics and
fecundity rates in three contrasting ungulate species. Proc R Soc B
Biol Sci 1454:1771–1779

Curran MAJ, Van Ommen TD, Morgan VL, Phillips KL, Palmer AS
(2003) Ice core evidence for Antarctic Sea ice decline since the
1950s. Science 302:1203–1206

2180 Int J Biometeorol (2018) 62:2173–2182



Dailey TV, Hobbs NT (1989) Travel in alpine terrain: energy expendi-
tures for locomotion by mountain goats and bighorn sheep. Can J
Zool 67:2368–2375

Derocher AE, Lunn NJ, Stirling I (2004) Polar bears in a warming cli-
mate. Integr Comp Biol 44:163–176

Didion M, Kupferschmid AD, Wolf A, Bugmann H (2011) Ungulate
herbivory modifies the effects of climate change on mountain for-
ests. Clim Chang 109:647–669

Ferguson SH, Stirling I,McLoughlin P (2005) Climate change and ringed
seal (Phoca hispida) recruitment in Western Hudson Bay. Mar
Mamm Sci 21:121–135

Ferreira MS, Vieira MV, Cerqueira R, Dickman CR (2016) Seasonal
dynamics with compensatory effects regulate populations of tropical
forest marsupials: a 16 year study. Oecologia 182:1095–1106

Forchhammer MC, Clutton-Brock TH, Lindström J, Albon SD (2001)
Climate and population density induce long-term cohort variation in
a northern ungulate. J Anim Ecol 70:721–729

Fritz H, Loison A (2006) Large herbivores across biomes. In: Danell K,
Bergström R, Duncan P, Pastor J (eds) Large herbivore ecology,
ecosystem dynamics and conservation. Cambridge University
Press, Cambridge, pp 19–49

Gaillard J-M, Boutin J-M, Delorme D, Van Laere G, Duncan P, Lebreton
J-D (1997) Early survival in roe deer: causes and consequences of
cohort variation in two contrasted populations. Oecologia 112:502–
513

Guzik M (2008) Analiza wpływu czynników naturalnych i
antropogenicznych na kształtowanie się zasięgu lasu i kosodrzewiny
w Tatrach. Praca doktorska. Katedra Botaniki Leśnej i Ochrony
Przyrody, Uniwersytet Rolniczy, Kraków

Hamel S, Côté SD, Festa-Bianchet M (2010) Maternal characteristics and
environment affect the costs of reproduction in female mountain
goats. Ecology 91:2034–2043

Hammer Ř, Harper DAT, Ryan PD (2001) PAST: paleontological statis-
tics software package for education and data analysis. Palaeontol
Electron 4(1):9

Hudson RJ, Christopherson RJ (1985) Maintenance metabolism. In:
Hudson RJ, White RG (eds) Bioenergetics of wild herbivores.
CRC Press, Inc., Boca Raton, pp 122–137

Hudson RJ, Haigh JC (2002) Physical and physiological adaptations. In:
Toweill DE, Thomas JW (eds) North American elk: ecology and
management. Smithsonian Institution Press, Washington, DC, pp
199–257

Jamrozy G, Pęksa Ł, Urbanik Z, Gąsienica-Byrcyn W (2007) The Tatra
chamois Rupicapra rupicapra tatrica. Tatra National Park,
Zakopane

Karl TR, Trenberth KE (2003) Modern global climate change. Science
302:1719–1723

Krebs CJ (2009) Ecology: the experimental analysis of distribution and
abundance, 6th edn. Benjamin Cummings, San Francisco

Kullman L (2004) Long-term geobotanical observations of climate
change impacts in the Scandes of west-Central Sweden. Nord J
Bot 24:445–467

Lawler JP, White RG (2003) Temporal responses in energy expenditure
and respiratory quotient following feeding in muskox: influence of
season on energy costs of eating and standing and an endogenous
heat increment. Can J Zool 81:1524–1538

Lemoine N, Bauer HG, PeintingerM, Böhning-GaeseK (2007) Effects of
climate and land-use change on species abundance in a central
European bird community. Conserv Biol 21:495–503

Limanówka D, Cebulak E, Cichocki J, Kilar P, Pyrc R (2008) Informator
klimatyczny. 70 lat Wysokogórskiego Obserwatorium
Meteorologicznego na Kasprowym Wierchu. IMGW, Kraków

Molinari-Jobin A, Molinari P, Breitenmoser-Wűrsten C, Breitenmoser U
(2002) Significance of Lynx lynx predation for roe deer Capreolus
capreolus and chamois Rupicapra rupicapra mortality in the Swiss
Jura Mountains. Wildl Biol 8:109–115

Moline MA, Karnovsky NJ, Brown Z, Divoky GJ, Frazer TK, Jacoby
CA, Torres JJ, Fraser WR (2008) High latitude changes in ice dy-
namics and their impact on polar marine ecosystems. Ann NYAcad
Sci 1134:267–319

Morellet N, Gaillard J-M, Hewison AJM, Ballon P, Boscardin Y, Duncan
P, Klein F, Maillard D (2007) Indicators of ecological change: new
tools for managing populations of large herbivores. J Appl Ecol 44:
634–643

Niedźwiedź T (2006) Zmienność temperatury powietrza w Tatrach w
porównaniu z Karpatami Południowymi i Alpami. In: Kotarba A,
Borowiec W (eds) Przyroda Tatrzańskiego Parku Narodowego a
człowiek. Tatrzański Park Narodowy, Zakopane, pp 9–17

Oftedal OT (1985) Pregnancy and lactation. In: Hudson RJ, White RG
(eds) Bioenergetics of wild herbivores. CRC Press, Inc, Boca Raton,
pp 216–238

Parish R, Funnell DC (1999) Climate change in mountain regions: some
possible consequences in the Moroccan High Atlas. Glob Environ
Chang 9:45–58

Parker KL, Gillingham MP, Hanley TA, Robbins CT (1993) Seasonal
patterns in body weight, body composition, and water transfer rates
of free-ranging and captive black-tailed deer (Odocoileus hemionus
sitkensis) in Alaska. Can J Zool 71:1397–1404

Patterson BR, Power VA (2002) Contributions of forage competition,
harvest, and climate fluctuation to changes in population growth of
northern white-tailed deer. Oecologia 13:62–71

Pęksa Ł, Ciach M (2018) Daytime activity budget of an alpine ungulate
(Tatra chamois Rupicapra rupicapra tatrica): influence of herd size,
sex, weather and human disturbance. Mamm Res 63:443–453

Pettorelli N, Weladji RB, Holand Ø, Mysterud A, Breie H, Stenseth NC
(2005) The relative role of winter conditions: linking climate and
landscape-scale plant phenology to alpine reindeer body mass. Biol
Lett 1:24–26

Pettorelli N, Pelletier F, von Hardenberg A, Festa-Bianchet M, Côté SD
(2007) Early onset of vegetation growth vs. rapid green-up: impacts
on juvenile mountain ungulates. Ecology 88:381–390

Picton HD (1984) Climate and the prediction of reproduction of three
ungulate species. J Appl Ecol 21:869–879

Portier C, Festa-Bianchet M, Gaillard JM, Jorgenson JT, Yoccoz NG
(1998) Effects of density and weather on survival of bighorn sheep
lambs (Ovis canadensis). J Zool 245:271–278

Post E, Forchhammer MC (2008) Climate change reduces reproductive
success of an Arctic herbivore through trophic mismatch. Philos
Trans R Soc B 363:2369–2375

Post E, Stenseth NC (1999) Climatic variability, plant phenology, and
northern ungulates. Ecology 80:1322–1339

Post E, Stenseth NC, Langvatn R, Fromentin J-M (1997) Global climate
change and phenotypic variation among red deer cohorts. Proc R
Soc B Biol Sci 264:1317–1324

Post E, Bøving PS, Pedersen C, MacArthur MA (2003) Synchrony be-
tween caribou calving and plant phenology in depredated and non-
depredated populations. Can J Zool 81:1709–1714

Robbins CT (1993) Wildlife feeding and nutrition, 2nd edn. Academic
Press, San Diego

Root TL, Price JT, Hall KR, Schneider SH, Rosenzweig C, Pounds JA
(2003) Fingerprints of global warming on wild animals and plants.
Nature 421:57–60

Rughetti M, Festa-Bianchet M, Côté SD, Hamel S (2017) Ecological and
evolutionary effects of selective harvest of non-lactating female un-
gulates. J Appl Ecol 54:1571–1580

Sabine DL,Morrison SF,Whitlaw HA, BallardWB, Forbes GJ, Bowman
J (2002) Migration behavior of white-tailed deer under varying win-
ter climate regimes in New Brunswick. J Wildl Manag 66:718–728

Sæther B-E (1997) Environmental stochasticity and population dynamics
of large herbivores: a search for mechanisms. Trends Ecol Evol 12:
143–149

Int J Biometeorol (2018) 62:2173–2182 2181



Sibly RM, Hone J, Clutton-Brock TH (eds) (2003) Wildlife population
growth rates. Cambridge University Press, Cambridge

StatSoft Inc (2014) Statistica (data analysis software system). Version
12.0. http://www.statsoft.com/

Stenseth N,Mysterud A, Ottersen G, Hurrell J, Chan K-S, LimaM (2002)
Ecological effects of climate fluctuations. Science 297:1292–1296

Stirling I, Lunn NJ, Iacozza J (1999) Long-term trends in the population
ecology of polar bears inWestern Hudson Bay in relation to climatic
change. Arctic 52:294–306

Strickland BK, Hewitt DG, DeYoung CA, Bingham RL (2005)
Digestible energy requirements for maintenance of body mass of
white-tailed deer in southern Texas. J Mammal 86:56–60

Théoret-Gosselin R, Hamel S, Côté SD (2015) The role of maternal
behavior and offspring development in the survival of mountain
goat kids. Oecologia 178:175–186

Thomas CD, Cameron A, Green RE, Bakkenes M, Beaumont LJ,
Collingham YC, Erasmus BFN, de Siqueira MF, Grainger A,

Hannah L, Hughes L, Huntley B, van Jaarsveld AS, Midgley GF,
Miles L, Ortega-Huerta MA, Townsend Peterson A, Phillips OL,
Williams SE (2004) Extinction risk from climate change. Nature
427:145–148

Turchin P (2003) Complex population dynamics: a theoretical/empirical
synthesis. Princeton Monographs in Population Biology, Princeton

Walther G-W, Post E, Convey P, Menzel A, Parmesan C, Beebee TJC,
Fromentin J-M, Hoegh-Guldberg O, Bairlein F (2002) Ecological
responses to recent climate change. Nature 416:389–395

Watson RT, Haeberli W (2004) Environmental threats, mitigation strate-
gies and high-mountain areas. Ambio 13:2–10

Willisch CS, Bieri K, Struch M, Franceschina R, Schnidrig-Petrig R,
Ingold P (2013) Climate effects on demographic parameters in an
unhunted population of alpine chamois (Rupicapra rupicapra). J
Mammal 94:173–182

2182 Int J Biometeorol (2018) 62:2173–2182

http://www.statsoft.com/

	Impact...
	Abstract
	Introduction
	Methods
	Study area
	Tatra chamois data
	Climatic data
	Data handling and analyses

	Results
	Long-term population dynamics
	The impact of climatic variables

	Discussion
	References


