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Abstract

Global change has manifested itself as climate warming in Central Europe in recent dec-
ades. Average daily air temperatures increased by an average of 2 °C between 1982 and
2018. Air temperature changes have affected the timing of the vegetation periods (pheno-
phases) and have also influenced the behaviour of animals. We worked with data on wild-
life-vehicle crashes (WVC) recorded by the Czech Police in the period 1982-2019. Three
peaks can usually be observed (spring, summer, and autumn) in the WVC time series.
Eighty percent of these records involved roe deer (Capreolus capreolus). Such a high ratio
allowed us to assume that any significant changes detected in WVC will be predominantly
related to roe deer. We discovered that roe deer mortality on roads occurs earlier at present
in the spring than in the past. The spring peak has shifted almost a month to the beginning
of the year compared to the situation 38 years ago. The changes in the respective summer
and autumn peaks were not statistically significant. The results suggest the effect of climate
change on roe deer behaviour through increasing air temperatures and shifting vegetation
phenophases. Thus, an earlier onset of deer activity associated with territory delineation
and expected higher movement activity can be indirectly determined by the analysis of the
WVC time series. The observed shift in the spring WVC peak in the roe deer model reveals
a shift in ungulate behavioural patterns that is not evident from other biological data and
thus surprisingly offers a suitable study framework for determining the impacts of environ-
mental change on animals.
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1 Introduction

Climate change has manifested itself in most regions of Europe, among other ways, in the
form of the average annual air temperatures (Hansen et al. 2010; EEA 2012). This increase
in air temperature, observed since the 1980s, has affected vegetation, causing a shift in
phenological phases (Schroder et al. 2014). Climate warming is increasingly disrupting
natural phenological patterns, but the consequences of such disruptions for population
dynamics and species interactions are poorly understood (Miller-Rushing et al. 2010; For-
rest et al. 2016). The synchronisation of plant and animal life cycles with climate change is
a long-established fact. It is well known, for example, that plant and animal life phenology
is largely determined by the photoperiod and temperature. Together with the shifted phe-
nology in plants, a shift in the life cycles of animals, that are directly dependent on vegeta-
tion, can also be expected. These may be not only herbivorous species but also species that
depend on the vegetation in which they nest or forage. Climate warming poses two major
challenges: exposure to higher temperatures and disruption of synchrony between juvenile
rearing and resource emergence (Socolar et al. 2017). Rising temperatures, as a result of
climate change, have led to an overall shift in the spring phenology of many organisms in
the Northern Hemisphere (Menzel 2003; Schwartz 2006; Cleland et al. 2007; Roberts et al.
2015). The magnitude of this response could vary, however, among interacting species
(Parmesan and Yohe 2003; Root et al. 2003). Phenological inconsistencies may therefore
occur if a different magnitude of response disrupts previously synchronous trophic interac-
tions (Visser et al. 1998; Koh et al. 2004).

1.1 Climate change and the behaviour of ungulates

Changes in direct climate variables, i.e. winter severity and snow depth, can affect ungu-
lates via changes in plant phenology (Rickbeil et al. 2019), wildfire, invasive species, dis-
ease (Hoberg et al. 2008), and predation (Hebblewhite 2005). Moreover, changes in cli-
mate, vegetation, and food resources are accompanied by changes in circannual rhythms
(Kappeler 2012). Behavioural changes in ungulates, due to climate change, have been
already determined in several species, i.e. moose (Alces alces) where Jennewein et al.
(2020) found that the impacts of climate change in arctic-boreal regions increase landscape
heterogeneity through processes such as increased wildfire intensity and the annual area
burned, which may significantly alter the thermal environment available to an animal; rein-
deer (Rangifer tarandus)—Paoli et al. (2020) stated that the plastic response of reindeer
mating time to climatic variability demonstrated that environmental factors may have a sig-
nificant influence on reproductive outputs; wild boar (Sus scrofa)—Touzot et al. (2020)
in their study provided rare evidence that some species could greatly benefit from global
warming thanks to higher food availability, in this case oak mast seeding on wild boar pop-
ulation dynamics. The impacts of the changing climate have also been documented with
roe deer. The reason why climate change affects the roe deer phenophases is the availabil-
ity and quality of food. Both are important factors for the use of space for game (Aikens
et al. 2020, Jesmer et al. 2018; Bischof et al. 2012, Krop-Benesch 2013; Beck et al. 2006;
Cook et al. 2004; Hebblewhite et al. 2008; Montgomery et al. 2013). High-quality forage
enhances growth and the recruitment of migratory individuals (Bischof et al. 2012; Aikens
et al. 2017). Plard et al. (2014) provided, however, a rare quantification of the demographic
costs associated with the inability of roe deer to modify its phenology in response to the
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increasingly early onset of spring. Such a finding is in stark contrast to the pronounced
phenotypic responses to climate change that have been observed in many other mammals.

1.2 Roe deer and wild boar annual cycles

Roe deer and wild boar are the most common ungulate species in Czech Republic. Their
annual activity will be described below. Roe deer activity varies over the course of a year
and is related to several distinct periods which differ between sexes and age (fawns, year-
lings, and adults). Roe deer remain in winter groups over the first months of the year. The
first important phase of roe deer activity begins during the spring (Reimoser 2012) and
corresponds with the disintegration of winter groups and migration from winter to sum-
mer habitats (Stubbe 2008; Cagnacci et al. 2011; Steiner et al. 2014). The scattering of
young individuals across the landscape (Etter et al. 2002) and the establishing of territories
(Cagnacci et al. 2011; Reimoser 2012) is observed during the spring season. Males actively
defend their territories during this period which precedes the rut (Liberg et al. 1998;
Hoem et al. 2007; Johansson 2010). The second phase of high roe deer locomotory activity
occurs at the turn of August. It is related to rutting season and therefore the high activity
of males (Krop-Benesch 2013; Kdmmerle et al. 2017). The third distinguished period of
roe deer activity is observed at the turn of November and is related to clustering of animals
into winter groups (up to 60 individuals, Mrlik 1998) usually formed in the open landscape
and also mainly dependent on migration (Cagnacci et al. 2011).

Activity patterns of wild boar are biphasic or polyphasic, with high intraspecific vari-
ability during the season (Keuling et al. 2008); the main part of their activity is used for
foraging. Wild boar are diurnal with small-scaled movements when undisturbed; this is
assumed to be the natural behaviour (Briedermann 1971). They tend to become nocturnal
and wide ranging under hunting pressure (Briedermann 1971). This is an obvious case of
the behaviour of wild boar in the Czech Republic during the entire season. The rutting
season regularly occurs in late autumn and early winter; however, reproduction can occur
throughout the year (Kozdrowski and Dubiel 2004).

1.3 Central European ungulates and motor vehicle collisions

Concerning the fact that our research only focuses on the Central European landscape, we
will focus on WVC with roe deer and wild boar exclusively. Roe deer are the species most
frequently represented not only in Czech republic, but also in many wildlife-vehicle crash
databases across Europe, e.g. in Hungary, Slovenia, Norway, and Sweden (Bil et al. 2021).
The large amount of this crash data has allowed for the detailed spatial and temporal analy-
ses of roe deer—motor vehicle collisions. Concerning the temporal WVC data analyses,
some studies have demonstrated the strong impacts of circannual and ultradian rhythms
of roe deer on WVC daily and seasonal pattern (Groot-Bruiderink and Hazebroek 1996;
Steiner et al. 2014; Kusta et al. 2017; Ignatavicius and Valskys 2017).

The long-term statistics of wildlife-vehicle collisions indicate that during the year, two
or three main peaks in roe deer vehicle crashes can be observed in many European coun-
tries—spring, summer, and sometimes also an autumn peak (Steiner et al. 2014). These
peaks in the number of WVC reflect both the spatial and activity pattern of roe deer behav-
iour. As mentioned previously, the spring peak corresponds to the creation of territories
and is in all probability the result of the increased locomotory activity of roe deer (Cag-
nacci 2011; Stache et al. 2012). This fact of high activity of males during territory fights
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was demonstrated by Krop-Benesch et al. (2013) who measured locomotory activity for 11
collared roe deer (6 males and 5 females) in National Park Bavarian Forest, Germany. They
found that the highest number of “mean number of activity peaks per day” was detected in
May. Males manifest, during this phase, high spatial behaviour as determined in a study
from southern Sweden (Johansson 2010). This means that road crossing frequency can
also be higher when males are defending their territories. Dal Compare et al. (2007) on
their study from the eastern Italian Alps indicated that more males than females were killed
during the spring (April and May) peak. Such information further supports the idea that
this first peak reflects the higher male activity when defending their territories. A lack of
experience by young individuals in crossing roads is likely also responsible for the high
collision numbers during the spring (Madsen et al. 2002; Von Hoermann et al. 2020). The
summer peak reflects the highest male activity during rutting (Kdmmerle et al. 2017) and
the last autumn peak is related to land use change and the gathering of animals into winter
groups. The second highest number of WVC is that with wild boar, recently reaching up to
15% of all registered WVC (e.g. Bil et al. 2017). WVC with wild boar has a typical pattern,
completely different from that of roe deer, with only one pronounced maximum between
October and November (Bil et al. 2017; Bartonicka et al. 2018).

The aim of this work is to analyse a 38-year-long series of WVC in order to determine
the stability of the WVC temporal pattern over a year. We specifically focused on the tem-
poral stability of WVC peaks in order to determine their potential temporal shift which
would indicate changes in ungulate behaviour due to global warming.

2 Data and methods
2.1 Data
2.1.1 WVCdata

Data on WVC are available from two primary sources in the Czech Republic: police crash
records and carcass and crash records from Srazenazver.cz, an animal-vehicle crash report-
ing application (Bil et al. 2017). While police crash records only distinguish between a
crash with a forest or a domestic animal, data in Srazenazver.cz also contains information
on the species involved. We used this data to determine species proportions involved in
WVC. The information on species was only available as of 2010. During that period (i.e.
2010-2020), roe deer was a dominant species involved in recorded WVC in Czech Repub-
lic. Its share on all WVC records oscillated between 75 and 85%, followed by wild boar
(9-16%). WVC data also contained information about fallow deer (0.3-3.5%) and red deer
(0.2-2.3%) (Bil et al. 2017, 2021; Srazenazver.cz).

We also obtained hunting bag data from the unpublished reports of the Ministry of
Agriculture (https://eagri.cz/public/web/mze/lesy/statistika/myslivost/x2011-2020/). Hunt-
ing bags data represents the most reliable, but indirect, information on population size.

We worked with a police crash database which contains 190,723 WVC recorded
between 1982 and 2019 (Fig. 1). The overall rise in the number of WVC further reflects
the expected increase in the population size of ungulates. The apparent drop in 2009
was caused by two factors: a change in WVC recording when only records above a cer-
tain limit were being recorded and two out of 13 Czech regions ended WVC registration
in the police database.

@ Springer


https://eagri.cz/public/web/mze/lesy/statistika/myslivost/x2011-2020/

Climatic Change (2023) 176:84 Page50f18 84

Fig.1 The numbers of registered
WVC for the respective years
(1982-2019)
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2.1.2 Air temperature and DEM data

Daily maximum, minimum, and average air temperature data are publicly available data
for 175 meteorological stations covering the entire Czech Republic (https://www.chmi.cz/
historicka-data/pocasi/denni-data/Denni-data-dle-z.-123-1998-Sb.) We further used digi-
tal elevation model (DEM) from Copernicus Land Monitoring Service (https://www.eea.
europa.eu/data-and-maps/data/copernicus-land-monitoring-service-eu-dem.). DEM data
were used to filter out meteorological data recorded at stations located at higher altitudes
than the adjacent road network (e.g. from the highest part of the mountains).

2.1.3 Traffic volume data

The Road and Motorway Directorate of the Czech Republic maintains several hundred
automatic traffic monitoring sites across Czech Republic, mostly at motorways and first-
class roads. The data are provided in the form of hourly sums representing traffic volume.
The dataset is not publicly accessible but can be obtained for research purposes on request.
Four sites with the longest time series (as of 2007) have been selected to represent changes
in traffic volume. Two of them are at motorways (D1, 12" and 195" km) and the other two
at first-class roads (I/3, 23" km and 1/43, 15" km).

2.2 Methods
2.2.1 WVCdata analyses

Our aim was to determine possible temporal changes of WVC distribution over a year.
All the computations were performed with the R software (R Core Team 2019). First, a
general probability distribution over a year for the entire period was estimated with the use
of the kernel density estimation (KDE; Silverman 1986; R routine “density”). Since the
choice of a kernel function has only a minor effect on the resulting estimate (Bailey and
Gatrell 1995), we used a default Gaussian kernel. The bandwidth was determined by the
SJ method (Sheather and Jones 1991) which selects the optimal bandwidth using a pilot
estimation of derivatives. Periodic boundary correction was also employed to obtain a
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meaningful estimate in the boundary region, because the support of the probability density
function is a bounded interval. This means that the same data points were virtually added
before the first day and after the last day of the year.

Similarly, probability density functions for each particular year were estimated. In this
estimation, there was no need to use the periodic boundary correction (with the exceptions
of the years 1982 and 2019). Instead, data from three consecutive years were used to esti-
mate the probability density function in the middle year.

Estimated probability density functions were also used to calculate quantiles of WVC as
well as to determine local maxima of WVC occurrence. For both quantiles and local max-
ima, their trend over the period 1982-2019 was studied. In the first step, the Mann—Kendall
trend test (Mann 1945; R package “Kendall”; McLeod 2011) was applied to determine if
a monotone trend is present. Finally, a linear regression (Chambers 1992; R routine “Im”)
was used to evaluate the extent of the change if there was a statistically significant trend.
When simultaneously performing multiple statistical tests, we employed the Bonferroni
correction (Dunnett 1955). This means that the standard level of significance a=0.05 was
substituted by a/n, where n stands for the number of simultaneously performed statistical
tests.

2.2.2 Daily average air temperature data and GDD

To determine the minimum, maximum, and average daily air temperatures in the period
1982-2019, we categorised the area of Czech Republic according to altitude. The area of
each altitude category was calculated. Then, based on the area, we randomly selected the
proportionate number of meteorological stations, from which the air temperatures were
used. This time series was then used to determine the cumulative growing degree days
(GDD). GDD is a heuristic tool measuring heat accumulation. It is assumed that the rela-
tive growth of plants depends linearly on the cumulative GDD (Prentice et al. 1992; Ruml
et al. 2010). GDD for a particular day can be approximately calculated as

Toin + T,
GDD = max(% - Tbase,0>

where T, and T, are daily minimum and maximum temperatures, respectively, and 7},
is a base temperature. Cumulative GDD is calculated as a cumulative sum of GDD from

the beginning of the year.

2.2.3 Traffic volume data analyses

Since time series of daily traffic volume contain missing data, a simple data imputation was
performed prior to the analysis. Each missing value was substituted by a median of four
values of the daily traffic volume: 2 weeks before, 1 week before, 1 week after, and 2 weeks
after the particular day. If some of these values were also missing, they were excluded from
the calculations (at least two values were available to estimate each single imputed value).

Similarly as for the WVC, quantiles of daily traffic volume over a year were calculated
for each year within the period 2007-2019. The Mann—Kendall trend test was performed
to evaluate whether there was a statistically significant trend. The Bonferroni correction for
multiple comparisons was applied once again.
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3 Results

A typical WVC pattern over a year can be observed from the estimated probability
density function of WVC (Fig. 2). Apparently, there are three peaks (local maxima).
The probability density function of WVC over a year varies in the period 1982-2019
(Fig. 3). It therefore makes sense to determine whether there are any trends in this
variation.

First, we focused on the quantiles of the probability distribution of WVC. The rea-
son was that WVC peaks were not always distinctive in data (see Fig. 3). The temporal
change of quantiles was evaluated by the use of the Mann—Kendall test, which resulted
in a statistically significant trend for 30% and 40% quantiles (on a level of significance
accounting for 0.05/9 as 9 tests were performed simultaneously). Subsequently, linear
regression confirmed that these two trends are decreasing, linear, and statistically sig-
nificant (on the same level of significance). The extent of the decrease was 0.42 days per
year and 0.49 days per year for 30% and 40% quantiles, respectively (Fig. 4).

Second, we focused on the peaks of the probability distribution of WVC. Their tem-
poral changes were evaluated similarly as the temporal changes of quantiles (on the
level of significance accounting for 0.05/3 as 3 tests were performed simultaneously).
The Mann—-Kendall test arrived at a statistically significant result only for the first (i.e.
spring) peak. This result was confirmed by the use of the linear regression. The extent of
the decrease was 0.75 days per year (27.75 days in total from 1982 to 2019). This means
that the spring peak tends to occur 0.75 days earlier every year on average (Fig. 5).

Third, we examined the relationship between quantiles of WVC and the cumula-
tive GDD. Since only 30% and 40% quantiles of WVC shifted towards the beginning
of a year over the period in question, we were only interested in these two quantiles.
Cumulative GDD was calculated for them while selecting two options for the base
temperature: 5 °C and 10 °C. In neither case, was there a statistically significant trend
(Mann-Kendall trend test, p-values: 0.9399 and 0.9599 for the 30% quantile, and 0.3145
and 0.6151 for the 40% quantile; Figs. 6 and 7).

As the last step, we focused on the quantiles of the traffic volume over a year (Fig. 8).
In the period 2007-2019, no statistically significant trend was observed (Mann—Kendall
trend test).

Fig.2 Probability density func- 8
tion estimated by the use of the S
KDE method (Gaussian kernel -
with a bandwidth of 3.78 days 8 -
determined by the SJ method e
and with periodic boundary )
correction). Source: WVC data 2
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Fig.4 Temporal changes of
quantiles of WVC over the
period 1982-2019. The thick red
colour highlights a statistically
significant decreasing linear
trend (p-value <0.05/9, both
Mann—-Kendall test and linear
regression)

Fig.5 Temporal changes in the
spring, summer, and autumn
peaks on the number WVC in
the period 1982-2019. The red
colour highlights a statistically
significant decreasing linear
trend (p-value <0.05/3, both
Mann-Kendall test and linear
regression) for the spring peak

Fig.6 Temporal change of the
cumulative GDD over the period
1982-2019 at dates of reaching
the 30% quantile of WVC. The
results for base temperatures of
5°C and 10 °C are presented
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Fig.7 Temporal change of the 40%
cumulative GDD over the period
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Fig.8 Temporal change of quantiles of the traffic volume over a year at four selected sites (D1 motorway—
two sites and 1/3 and 1/43 first class roads)
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4 Discussion

We detected, on the basis of WVC data analysis, a temporal change of the first spring peak
of WVC which currently occurs almost a month earlier than at the beginning of the time
series under study (i.e. in 1982). We further determined that the cumulative GDD for the
quantiles around the spring peak (i.e. 30 and 40%) has not changed over the entire period.
This indicates that the spring peak of spring ungulate activity depends on temperature.

We further studied if changes in overall traffic would not be among the factors which
could influence the observed peak shift. No statistically significant change in the quan-
tiles of interest in traffic volume data for the four main roads and for a limited time
series (as of 2007) has been observed.

As mentioned earlier, roe deer were the most frequently killed on roads. The problem is,
however, that only data, related to species determination, are available as of 2010 onward.
We therefore cannot explicitly claim that the detected shift of the spring WVC peak is only
related to the roe deer as the ratio of the species was not available for older WVC records.
There are, however, two indirect clues which allow us to assume that the WVC data from
the beginning of the time series (here as of the 1980s) also represent roe deer as the most
common species. The first one is related to official hunting bag data (Table 1).

Data on hunting bags is the only relevant information about the relative number of game
animals in Czech Republic. It is evident that the ratio of roe deer was as high as 75% at the
beginning of the study period, whereas the second highest numbers were those with wild boar
and red deer (10%). The only important changes over the entire period were those related to
the decrease of roe deer and the increase of wild boar, becoming thus the dominant animal in
hunting bag statistics as of 2010 (45% vs. 38% for roe deer). We can assume that even when
such a high representation of wild boar in hunting bags in recent years is only reflected in 15%
share on WVC, this percentage can be expected to be even lower before 2010. Thus, only roe
deer would remain as the most dominant species involved in WVC for the entire time series.

The second fact, supporting our hypothesis that the spring WVC peak reflects roe
deer behaviour, is related to the time of this peak. While roe deer has its peak of loco-
motory activity and the related WVC peak during these spring months, WVC with wild
boar are predominantly concentrated in the autumn and winter months.

4.1 Phenophase shift

As mentioned earlier, some authors, e.g. Pokorny (2006) and Rodriguez-Morales et al.
(2013), have suggested that the prominent spring peak, which also occurs in WVC data in

Table 1 Hunting bags for selected years covering the WVC time series under study

1980 % 1990 % 2000 % 2010 % 2020 %

Roe deer 84,846 0.75 86,757 048 112,795 051 119,838 0.38 101,494 0.30
Wild boar 11,773 0.10 55,812 0.31 67,858 031 143,378 045 155561 0.46
Fallow deer 1877 0.02 5044 0.03 9413 0.04 14,113 0.04 30,333 0.09
Mouflon 2759 0.02 7580 0.04 7719 0.03 9050 0.03 10,480 0.03
Red deer 10,881 0.10 20,849 0.12 17,796 0.08 20,706 0.07 24471 0.07
Sika deer 981 0.01 3156 0.02 5859 0.03 11,019 0.03 17,310 0.05
113,117 179,198 221,440 318,104 339,649
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their countries (Slovenia and Spain), was related to pre-birth displacement of adult females,
dispersal of yearlings, and, in particular, territorial behaviour of adult males. Similar peaks
can also be seen across many European WVC data (Steiner et al. 2014).

The determined shift of the first WVC peak in this study thus indirectly indicates that
the roe deer activity related to territory determination begins earlier than almost 40 years
ago (Fig. 9). The main type of roe deer activity which moved to the beginning of year is
thus in all probability related to territory defence and fighting of males. The secondary
cause of this peak and consequently the influenced behaviour could be related to the dis-
persal of youngsters from last year (see Linnell et al. 1998).

4.2 Possible ecological impacts of the phenophase shift

Peak roe deer activity in March/April is related to the establishment of territories, while
the peak of activity is during May/June with active defence of territories and rutting (Rei-
moser 2012). Some studies support that males actively defend a territory months ahead of
the rutting (Liberg et al. 1998; Hoemet al. 2007; Johansson 2010). We consider rising air
temperatures and overall spring phenology advancement for roe deer as having resulted in
earlier active defence of territories, earlier increased spring locomotory activity (males and
females), and thus an observed shift in the spring peak of vehicle accidents.

The activity of roe deer in the summer is mainly influenced by seasonal spermatogen-
esis and testosterone production (Blottner et al. 1996), while the autumn peak of activity is
influenced by changes in landscape formation (Hewison et al. 1998; Cagnacci et al. 2011).
As far as we know, the peak of the roe deer rut is not affected by global warming. Our
results therefore suggest that climate change will lead to an increase in the period during
which males actively defend their territories.

Fig.9 Roe deer annual cycles

and the determined shift of the
season of fighting and defend-

ing of territories among males

by a month to the beginning of
the year

Season for establishing
social status among
roe deer males

Active fighting and
defending of
territories among males

@ Springer



Climatic Change (2023) 176:84 Page 130f 18 84

Climate change may also affect the timing of the dispersal of young animals across the
landscape. There is a close association between a fawn and mother until it is 1 year old,
and they disperse in late spring and early summer (Linnell et al. 1998; Van Moorter et al.
2008). There are no significant between-sex differences in dispersal rates (Linnell et al.
1998; Coulon et al. 2006). Due to global warming, there may be an earlier dispersion of
young individuals of both sexes. This factor may also be the secondary explanation for the
shift in the spring peak of vehicle accidents.

We can only speculate about the future character of the ecological impact of the
observed change to the roe deer population. Shortening the period for establishing social
hierarchy among males and, conversely, lengthening the period for defending territories
can lead to changes in the structure of populations. Such changes may lead to adjustments
in the management of the populations of this hunting important ungulate species. The neg-
ative impact of phenophase shift on roe deer has already been documented by Plard et al.
(2014). They found, in their study from France’s Champagne region, that grapevine flower-
ing and spring vegetation start 2 weeks earlier than 27 years before due to global warming.
This phenophase shift has a negative impact on roe deer as the average dates in which
fawns were born did not change over the course of the study. They therefore documented
the mismatch between the vegetation phase and the birth dates of the fawns. Decreased
fawn survival is probably caused by the fact that females are unable to utilise the nutrition
from the spring flush to provide their fawns with milk.

Recent climate change has significantly shifted the timing of major phenological events,
such as the widely reported spring shift and autumn shift, involving even major crops
(rice—Ye et al. 2019, Chen et al. 2021; corn—Hatfield and Dold 2018; cereals—Fu et al.
2014, Menzel et al. 2020) causing phenological mismatches across trophic levels includ-
ing plants and ungulates (Renner and Zohner 2018). Roe deer in agricultural landscapes
benefit significantly from higher metabolisable energy concentrations compared to forest
environments (Konig et al. 2020), making the importance of phenophase shifts for their
survival even more important.

4.3 The importance of WVC data for detection of climate change

This analysis indicated that the WVC data which is routinely gathered by the police, and
which does not have any other aim than informing on traffic safety issues, can also be uti-
lised for the determination of possible impacts of environmental factors on wildlife (spe-
cifically roe deer population). We therefore identified in this study the pronounced impact
of climate change on the behaviour of the most widespread and most abundant ungulate,
roe deer. This is also, to the best of our knowledge, the first work of this kind related to roe
deer where determination of behavioural change was carried out using WVC data. Similar
findings, i.e. the shift of the median dates of moose-vehicle collisions to the beginning of
the year, were previously reported by Niemi et al. (2013) from Finland. Our study thus
presents additional proof of the impact of climate change on ungulate behaviour in Europe.

The importance of this study also lies in the fact that usually no direct observation of
changes in long-term roe deer behaviour is possible for the scale of the entire country.
Although there are currently technologies, such as VHF or GPS collars (e.g. Kimmerle
et al. 2017), available for precise monitoring of wildlife behaviour, only several up to
tens of concurrently active collars are usually available (e.g. Bil et al. 2020). Moreover,
these techniques were not available several years ago and therefore state-wide data of
this kind is missing. The WVC data thus can be used as surrogate data representing
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roe deer seasonal activity and allowing for the determination of the eventual temporal
changes in roe deer behaviour.

WVCs often also occur as a result of other causes than natural seasonal behaviour and
related differences in ungulate locomotory activity. Taylor-Brown et al. (2019) and Plante
et al. (2020), for example, reported a disturbance to wildlife by free-ranging dogs, cyclists
in the field, or vehicles entering wildlife rest areas. In some groups of vertebrates, increased
movement of tourists has also been associated with the large numbers of WVC (Garriga
et al. 2012). Free-ranging dogs are a significant threat to wildlife (Taylor-Brown et al. 2019),
with the disturbed individuals attempting to escape quickly and crossing roads in reduced
vigilance. A similar situation can occur intentionally when wildlife is displaced and baited
as part of joint hunts. These causes of WVC do not, however, occur in such a prominent
temporal synchronicity as they are not directly related to the natural behaviour of roe deer.

5 Conclusion

Long-term climate warming in Central Europe can be demonstrated in the time series of air
temperatures. Compared to the 1980s, an increase in mean annual temperature of almost 2 °C
has been observed. This warming has further influenced the phenophases of plants and, con-
sequently, animals. We assume that the determined change in the spring WVC peak is, in all
probability, related to roe deer. Therefore, the roe deer activity, mainly related to active fighting
and defence of territory, has been affected by climate change. This activity, evident in the shift
in the spring peak of WVC, now begins almost a month earlier than 40 years ago. This work
has shown that the long time series of WVC data currently available in many countries can
also be used as surrogate data for assessing the effects of climate change on wildlife behaviour.
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