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ARTICLE INFO ABSTRACT

Keywords: Millions of wild animals are killed annually on roads worldwide. During spring 2020, the volume of road traffic

W%ldlffe've}‘ide COlli?ions was reduced globally as a consequence of the COVID-19 pandemic. We gathered data on wildlife-vehicle colli-

¥V11;1f1i1fi1crash reporting systems sions (WVC) from Czechia, Estonia, Finland, Hungary, Israel, Norway, Slovenia, Spain, Sweden, and for Scotland
raific rlow

and England within the United Kingdom. In all studied countries WVC statistics tend to be dominated by large
mammals (various deer species and wild boar), while information on smaller mammals as well as birds are less
well recorded. The expected number of WVC for 2020 was predicted on the basis of 2015-2019 WVC time series
representing expected WVC numbers under normal traffic conditions. Then, the forecasted and reported WVC
data were compared.

The results indicate varying levels of WVC decrease between countries during the COVID-19 related traffic
flow reduction (CRTR). While no significant change was determined in Sweden, where the state-wide response to
COVID-19 was the least intensive, a decrease as marked as 37.4% was identified in Estonia. The greatest WVC
decrease, more than 40%, was determined during the first weeks of CRTR for Estonia, Spain, Israel, and Czechia.

Measures taken during spring 2020 allowed the survival of large numbers of wild animals which would have
been killed under normal traffic conditions. The significant effects of even just a few weeks of reduced traffic,
help to highlight the negative impacts of roads on wildlife mortality and the need to boost global efforts of
wildlife conservation, including systematic gathering of roadkill data.

Ungulates
Mesocarnivores
COVID-19 lockdown

1. Introduction recorded annually in nineteen European countries (Linnell et al., 2020),
with estimates for Europe as a whole exceeding 1 million per year

It has been estimated that some 194 million birds and 29 million (Langbein et al., 2011). Collisions with ungulates and other large
mammals are killed annually on European roads (Grilo et al., 2020). For mammals represent a major source of direct anthropogenic non-hunting
ungulates alone, over half a million wildlife-vehicle collisions (WVC) are wildlife mortality (Forman and Alexander, 1998) and socioeconomic
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costs associated with human injury, death and vehicle damage (Bisso-
nette et al., 2008; Niemi et al., 2017). It is also an animal-welfare issue as
a high proportion of animals are injured but not killed in the collision
itself, are not always found and put to death, and therefore live on with
injuries or die from the injuries sometime after the accident (Putman
et al., 2011).

In most cases, it is large animals such as ungulates which are re-
ported, and for which databases exist with the number of accidents. Roe
deer (Capreolus capreolus) is the most frequently reported road-killed
large mammal in almost all European countries; Czechia (Bil et al.,
2017), Sweden (Jagerbrand et al., 2018; Seiler et al., 2019), Norway
(Solberg et al., 2009), Hungary (Faragoé and Laszlo, 2017), Slovenia
(Pokorny, 2006; Oslis, 2020), Estonia (Kruuse et al., 2017) and Germany
(Hothorn et al., 2012). Other species that dominate the accident statis-
tics in parts of Europe are wild boar (Sus scrofa), red deer (Cervus ela-
phus), moose (Alces alces), and fallow deer (Dama dama) (Langbein et al.,
2011; Linnell et al., 2020).

Concealed by the high total numbers of WVC, especially with un-
gulates, is the traffic mortality in species with small population den-
sities. Considering only mammals, roadkill is a major factor which
threatens almost all large carnivores (i.e., brown bear (Ursus arctos),
gray wolf (Canis lupus), Eurasian lynx (Lynx lynx), Iberian lynx (Lynx
pardinus), and wolverine (Gulo gulo), in the European human-dominated
landscapes (Chapron et al., 2014; Garrote et al., 2018). Roads still pre-
sent the main threat to Iberian lynx, one of the most endangered car-
nivores on the planet. Also, in case of European mink (Mustela lutreola),
listed as Critically Endangered (CR), roadkills presented the most com-
mon human-induced cause of mortality in 1990-2008 when 91% of
individuals were killed by moving vehicles (Palazon et al., 2012). Data
for other species groups such as lagomorphs, medium-sized carnivores
(mesocarnivores) and avian wildlife are very scarce and often more
unprecise and underreported (Bil et al., 2017). Rough estimates, how-
ever, suggest that in total several million individuals of these species are
killed in traffic each year (Grilo et al., 2020).

The frequency of WVC may be influenced by many factors that vary
in space and time related to traffic and other road characteristics,
weather, land use and structure, vegetation, animal activity patterns and
population density (Langbein et al., 2011). Traffic volume is identified
as one important factor (Pagany, 2020), but interannual changes in
traffic volume are usually small, and over time there may be parallel
increasing trends in both animal and car numbers that make it difficult
to estimate the unique effect of varying traffic volume (Hothorn et al.,
2015).

A unique situation occurred in the first half of 2020 when road traffic
in many places decreased sharply as a result of both travel restrictions
and reduced traffic demand in relation to the COVID-19 pandemic. This
period of unusually reduced human mobility has been called ‘Anthro-
pause’, and - although created under tragic circumstances — can provide
a unique opportunity to gain insights into how (changes in) human ac-
tivity affect wildlife (Bates et al., 2020; Corlett et al., 2020; Rutz et al.,
2020).

This traffic decline provided a possibility to explore how this
impacted WVC in different countries. In this study, we compared weekly
reported number of WVC during the first 16 weeks following the COVID-
19 lockdown in March 2020 with predicted values based on 2015-2019
time series. We investigated whether COVID-19-related traffic reduction
(CRTR) resulted in significant WVC reductions in selected European
countries and Israel. We also discuss to what extent the results seem to
reflect the strictness of lockdown measures implemented in different
countries.

2. Materials and methods
2.1. Study areas and data

We used WVC data from 11 countries: Czechia (CZE), Spain (ESP),
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Estonia (EST), Finland (FIN), United Kingdom (England and Scotland,
ENG, SCO), Hungary (HUN), Israel (ISR), Norway (NOR), Slovenia
(SVN) and Sweden (SWE). Altogether, we worked with 645,496 carcass
data recorded between 1/2015 — 6/2020 (Table 1). For the purposes of
this paper, we consider WVC either as all the reported collisions with
wildlife (i.e., police records in some countries) or as WVC with a fatal
outcome for the animal. As in some countries, e.g., in Slovenia, hunters
are obliged and motivated to register and prove all roadkill of large
mammals, such datasets may be even more comprehensive and reliable
than official police records. The origin of the WVC data used in this study
was (i) police crash data (CZE, ESP, HUN and SWE), (ii) carcass removal
data (SCO) and (iii) data provided by hunters, rangers or wildlife
managers (ENG, EST, FIN, ISR, NOR and SVN). Details about the WVC
data sources are provided in Appendix A.

The CRTR period roughly delimits the spring peaks of WVC, which is
quite evident in data from several countries (Fig. 1).

2.2. Description of CRTR

We set the beginning of CRTR as the 11th week of 2020 for all
countries except ENG, SCO and SWE (12th week). During these weeks,
European countries and Israel announced and implemented lockdown
measures that also affected transportation and travel. The end of June
was considered as the final week of CRTR in spring 2020, but in certain
countries the official state of emergency only lasted one month (e.g.,
CZE). Road travel and especially private travel across national borders,
however, then gradually increased and could therefore also affect the
number of WVC after completion of the most intensive CRTR period
(Fig. 2). Detail on traffic flow data for each country can be found in
Appendix A.

2.3. Statistical analysis

We worked with weekly sums of WVC. First, we used available WVC
data for 2015-2019 in order to build a seasonal ARIMA model (i.e.,
autoregressive integrated moving average model; Hyndman and Atha-
nasopoulos, 2018). We then used this model to predict expected weekly
sums of WVC in 2020. Consequently, actual recorded 2020 data (influ-
enced by CRTR) were compared on a weekly basis with the forecasted
data (Fig. 3).

Only data on WVC records were used directly in these analyses.
Traffic intensity data were of varying quality, in some cases not repre-
senting entire countries, and therefore served merely as a demonstration
of the traffic flow reduction.

Computations were performed in R Software with the library “fore-
cast” (Hyndman et al., 2020) and routines “auto.arima” for an automatic
selection of the model and “Arima” for further adjustments of the model.
The initial family of fitted models stems from the default setting of
routine “auto.arima”, it was ARIMA(2,1,2)(1,1,1)[52] using the nota-
tion from Hyndman and Athanasopoulos (2018). Akaike information
criterion with correction for small sample sizes (AICc) was chosen for
model selection. Ljung-Box test was applied to assess the quality (per-
formance) of the resulting fitted models. It is a statistical test of whether
any of a group of autocorrelations in a time series are different from
zero, and is applied to the residuals of a fitted ARIMA model; the null
hypothesis states that the residuals from the ARIMA model have no
autocorrelation (for more details, see Appendix B).

In order to measure the reduction of WVC in a given period, a rate
ratio (RR) was calculated. It compares the observed number of WVC (O)
to the expected number of WVC (E) in a given period. RR was computed
as the ratio of incidence rates. Since periods at risk are the same, RR
reduces into a simple fraction: RR = O/E. We are interested in testing a
null hypothesis “RR = 1” against an alternative “RR # 1”. The rate ratio
test was applied (R Software, package “rateratio.test”). A rate ratio of 1.0
indicates equal rates, a rate ratio significantly greater than 1.0 indicates
that a higher risk was observed than expected, and vice versa. Instead of
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Table 1
The number of reported WVC in each country during the period (2015/2017-2020). The most frequently represented species in the respective WVC databases are
underlined.
WVC CZE* ENG ESP EST FIN® HUN® ISR NOR scoP SVN SWE
All 66,439 3779 97,688 23,951 26,259 11,520 8334 39,375 3324 31,237 333,590
Roe deer (C. capreolus) 635 38,923 19,161 10,727 7733 28,808 25,008 247,040
Red deer (C. elaphus) 98 6347 1895 4890 587 2105
Fallow deer (D. dama) 2290 44 43 29 45 19,592
Moose (A. alces) 3114 3490 5677 32,199
Wild boar (S. scrofa) 383 52,374 1162 612 630 32,654
White-tailed deer (O. virginianus) 11,867
Non-specified ungulates 373 132 44
Red fox (V. vulpes) 178 1158 4923
Golden jackal (C. aureus) 2645
Other species 1676 523 3919

2 Roe deer and wild boar numbers were estimated as being 80% and 10%, according to the 2014-2016 dataset in which species determination was available, and

Srazenazver.cz.

b Breakdown of SCO data by species are estimated as 75% roe deer, 20% red deer with remainder fallow and sika based on smaller regional sub-samples for which the
species was accurately registered in the period 2015-2019. SCO data is only from the national strategic highways network, not from any more minor roads.

¢ Data from 1/2017 onward.

Relative number of WVCs per week in average [%]

Fig. 1. An average weekly distribution of WVC (in %) aggregated over period
2015-2019 (2017-2019 for FIN and HUN) for the respective weeks. Vertical
lines indicate the period of CRTR (11th — 26th week).
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Fig. 2. Relative decrease (%) in traffic flow during the CRTR period for 11
countries in relation to the same week of 2019 (CZE, ESP, EST, FIN, HUN, NOR,
SVN, SWE) or the 10th week of 2020 when records for 2019 were not available
(ENG, SCO) or the 9th week (ISR; national holidays in the 10th). For a
description of data see Appendix A. Data for week 16 in NOR were not available
(we used linear interpolation of the neighbouring values, see the dashed part of
the respective curve).

reporting RR, we report percentage reduction in WVC (= 100*(RR - 1))
as this shows more directly the effect on the number of WVC (see Fig. 4
and Table 2).

RR was calculated for periods of XM week to Y week, where X = 11
(CZE, ESP, EST, FIN, HUN, ISR, NOR, SVN) or X = 12 (ENG, SCO, SWE;
their CRTR period was one week shorter), and Y varies from X to 26. This
seemingly increases the number of statistical tests. However, consid-
ering a particular country, if in period X — Y week the null hypothesis
is rejected, then it is very likely to also be rejected in following xho(y +
1) week. The correlated test statistics decrease the compound type I
error in comparison with independent test statistics.

Since we are statistically evaluating eleven countries, it would be an
option to apply some correction of the significance level (e. g. Bonferroni
correction). However, such a correction would lead to inflating the type
II error. Furthermore, the focus lies more in the effect sizes than in the p-
values. In addition, the largest effect sizes within the time series are the
least likely to be non-significant. Therefore, we only highlighted the
maximum reduction of WVC per country and the situation in the entire
CRTR period (Table 2). Other results serve to show how the percentage
change in WVC varied over time (Fig. 4). Thus, we did not adjust the
significance level.

3. Results

The observed number of WVC was significantly lower than predicted
in seven of eleven countries throughout the CRTR period, varying from a
reduction of 8.8% (NOR) to 37.4% (EST) (Table 2). In absolute numbers
17,461 WVC were recorded during CRTR in these countries, while
21,530 WVC would be expected under normal conditions, which cor-
responds to a total reduction of 18.9%. In four countries (SWE, ISR, SCO
and ENG) we found no statistically significant difference between the
observed and predicted number of WVC throughout the CRTR period
(Table 2).

In all countries except SCO, we found a decrease in WVC during
periods of one or more weeks throughout the whole CRTR period. The
highest percentage reduction of more than 40% was found in EST, ESP,
ISR and CZE during the first part of CRTR, while in the other countries it
varied from about 17% to 33% (Fig. 4, Table 2).

4. Discussion

Compared to the expected numbers under normal conditions we
showed that WVC was reduced with approximately 19% in 7 of 11
countries throughout the whole CRTR period but exceeded well above
20% and reached more than 40% in some countries during the first
weeks of the lockdown. In all countries except one, we found a decrease
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WVC forecast
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Fig. 3. A flow chart indicating the procedure of WVC difference estimation.
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Fig. 4. An estimate of WVC reduction (%) during CRTR (11th-26th week in
2020) in relation to expected WVC. WVC reduction was calculated for periods
of X™ week to Y week, where X = 11 (CZE, ESP, EST, FIN, HUN, ISR, NOR,
SVN) or X = 12 (ENG, SCO, SWE; their CRTR period is one week shorter), and Y
varies from X to 26. The dots represent statistically significant values. Detailed
figures for each country can be found in Appendix C.

Table 2
Estimates of WVC change (%) during CRTR. Bold values are statistically sig-
nificant on the standard level of significance (5%).

Country  The highest statistically significant Decrease in the entire CRTR

decrease period

Average wvC Period wvC WvC Period

wvC change [week] change change [week]

change per [%] * [%]

week
CZE —107 —41.0 11-12 —936 -17.3 11-26
ENG -3 —30.4 12-20 -17 —-12.1 12-26
ESP —149 —42.9 11-15 —1231 —21.2 11-26
EST -85 —45.9 11-11 —858 —37.4 11-26
FIN —26 —14.5 11-25 —394 —13.8 11-26
HUN —18 —24.6 11-20 —263 —23.2 11-26
ISR -10 —42.2 11-12 24 6.8 11-26
NOR -33 —25.2 11-11 -173 —8.8 11-26
SCO - - - 9 3.1 12-26
SVN -37 —32.7 11-13 —214 —11.7 11-26
SWE —148 —16.7 12-13 50 0.3 12-26

Note: For each country, a statistically significant result with the largest effect
size was selected from Fig. 4 (see the first part of the Table, i.e. columns 2, 3 and
4). This Table highlights the most important results visualized in Fig. 4. * the
second number of this interval corresponds to a week with the highest WVC
decrease (compare with Fig. 4).

in WVC during periods of one or more weeks throughout the whole
CRTR period.

4.1. The relationship between WVC and traffic volume

Our results are in line with previous studies demonstrating a positive
but not necessarily always linear relationship between the number of
WVC and traffic volume (e.g., Mysterud, 2004; Seiler, 2005; Rolandsen
et al., 2011; Nelli et al., 2018; Bil et al., 2020a). The highest percentage
reduction in WVC were recorded during the first weeks of the CRTR
(Fig. 4 and Table 2). Differences among countries are likely a conse-
quence of both different lengths and the degree in the lockdown before
restrictions were relaxed. In Spain, which was probably among the
countries with the largest reductions in traffic, we also found one of the
most significant reductions in WVC. In countries where traffic intensity
seemed to return faster to the normal levels (e.g., SVN, NOR, FIN; see
Fig. 2), however, we found a lower overall decline in WVC. This supports
that the CRTR was the main reason for reduced WVC in Europe in spring
2020.

We did not include changes in traffic volume in the statistical ana-
lyses as the available data were incomplete, and in many cases only
represented selected roads in each country. The traffic volume data was
only included to serve as examples of change in traffic volume
throughout the COVID-19 lockdown in the respective countries during
CRTR (Appendix A). The weekly development in the traffic volume
indices in each country showed a quite similar development during the
CRTR period, with the largest reduction in the beginning and then a
gradual increase towards the normal level (Fig. 2). The weekly devel-
opment of WVC did not vary as consistently over time in all countries
(Fig. 4). This different pattern in several countries between the decrease
in traffic and WVC may reflect that the indices for traffic volume in
several countries do not fully reflect the actual decrease in traffic on
roads with the most WVC. The relationship between WVC and traffic
volume can, however, also be non-linear (Seiler and Helldin, 2006;
Rolandsen et al., 2011; Jacobson et al., 2016). That means that small or
even moderate reductions in traffic volume need not necessarily cause a
decrease in WVC.

The overlap between seasonal peaks in WVC (Fig. 1) and weekly
reductions in traffic during CRTR may also have affected the decrease in
WVC, for example, WVC peak in May in both ENG (Langbein, 2011) and
SCO (Langbein, 2019), while the greatest decline in 2020 traffic
occurred before week 16 (mid-May) in all countries included in the
present study. By week 20, traffic had already returned again to over
75% of levels prior to CRTR. This may be an explanation as to why high
traffic decline in SCO did not manifest itself in fewer WVC.

4.2. Study limitations

We acknowledge that our study has limitations. First, we did not
include other confounding factors that vary temporally. For example,
weather conditions and interannual variability in seasonal food avail-
ability may affect WVC over shorter time scales (weeks, months). In
Finland, variation in moose population size and traffic volume explained
only about 60% of the annual variation in the number of moose-vehicle
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collisions (Niemi et al., 2017), and Rolandsen et al. (2011) found a
doubling in the number of moose-vehicle collisions in Norway between
years of minimum and maximum snow depth after controlling for moose
population size, traffic volume and temperature. This indicates that
WVC numbers in north-European countries (particularly NOR and SWE)
can be heavily influenced by snow cover. Moreover, variation in tem-
perature and climate indices has been shown to be associated with a
varying number of WVC (Mysterud, 2004; Rolandsen et al., 2011).

Second, our results rely on the assumption that the systems of WVC
reporting in each of the countries included were sufficiently stable and
remained homogenous over the whole study period 2015-2020,
including the CRTR period. Therefore, we only worked with data not
collected by citizen-science approaches, where data are often collected
by volunteers that only report when they are on their regular routes to/
from work (e.g., Bil et al., 2020b), and are thus largely affected by
COVID-19 lockdown measures.

Last, underreporting is a common issue in WVC data analyses (e.g.,
Bil and Andrasik, 2020), and hence while available WVC statistics can
often provide a good index of annual and seasonal changes in wildlife
roadkill, they can only provide minimum estimates of absolute numbers.
Across Europe, reliable data on WVC are available only for large
mammals, mainly ungulates. In this study, however, the primary aim
was to focus on ratios (i.e., the decrease of WVC in the CRTR period in
comparison with predictions based on data from previous years),
presuming that WVC recording remained more or less the same in 2020
as in past years. Therefore, our results should not be affected by
underreporting. However, due to an unknown proportion of WVC that is
not reported in each country, we cannot determine the absolute changes
in WVC. Our results only provide estimates on the percentage reduction
in WVC, and a minimum number of animals likely to have survived as a
result of CRTR.

4.3. The importance and the effect of CRTR to wildlife conservation

As presented above, at least 4069 fewer large wild mammals were
killed by cars during CRTR than would be expected during that period in
a normal year. This number presents, however, only a small proportion
of all wild animals that have survived as a direct result of these unique
traffic conditions and thus benefited from CRTR. Apart from studied
taxa, for which reliable data are available (primarily ungulates, and to a
lesser extent also mesocarnivores), there are also many other species
which could not be included in our study. It is evident that any quan-
tification of the comprehensive impacts of vehicular transport to wildlife
strongly relies on reliable roadkill data.

This situation of WVC worldwide is alarming, but relevant and
comprehensive data are still missing in many countries. This is why this
study was only performed in eleven countries where relevant data could
be accessed quickly, with information available generally dominated by
WVC with large and relatively abundant mammalian species. However,
WVC reporting systems, usually with high volunteer (i.e., citizen-
scientists) participation, are increasingly being introduced in many
countries (Bil et al., 2020b; Schwartz et al., 2020; Shilling et al., 2020,
2021), which may assist in a better understanding of trends in WVC even
if not total numbers in the future.

Traffic calming, due to CRTR, resulted in reduced traffic-induced
mortality in wild animals. This is also likely to lead to increased sur-
vival and possibly larger wildlife populations. Therefore, local and
temporarily limited traffic flow reduction, particularly in areas where
the focus is on conservation of endangered species, may be an option to
mitigate wildlife roadkills (van Langevelde and Jaarsma, 2009).

5. Conclusions
We demonstrate a marked reduction in WVC in countries across

Europe and Israel during COVID-19 lockdown in spring 2020, which is
primarily believed to be due to a reduction in road traffic. Similar results
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are shown in a study from the United States (Shilling et al., 2021). These
studies show the negative effect of road traffic on wildlife, and how
wildlife benefited from travel restrictions and reduced traffic demand in
relation to the COVID-19 pandemic. The reduced number of WVC most
likely led to the survival of many wild animals which would, in all
probability, have been killed by cars under normal traffic conditions.
Future efforts to mitigate WVC are beneficial both from a wildlife con-
servation and human safety perspective. WVC data of sufficient quality,
from several different species and countries, would provide a better
basis to achieve this.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.biocon.2021.109076.
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