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Abstract

Most European ungulate species are increasing in numbers and expanding their range. For the management and
monitoring of these species, 64% of European countries rely on indirect proxies of abundance (e.g., hunting bag
statistics). With increasing ungulate numbers, data on ungulate-vehicle collisions (UVC) may provide an important
and inexpensive, complementary data source. Currently, it is unclear how bag statistics compare with UVC. A direct
comparison of these two indices is important because both are used in ungulate management. We evaluated the
relationship between UVC and ungulate hunting bags across bioclimatic, regional, and local scales, using five time
lags (t5 to t,;) for the five most common wild ungulate species in Sweden. For all species, hunting bags and UVC
correlated positively, but correlation strength and time lags varied across scales and among species. The two indices
correlated most strongly at the local management scale. Correlation between both indices was strong for the smaller
deer species and wild boar, in particular, but much weaker for moose where we found the best fit using a 2-year time
lag. For the other species, indices from the same year correlated best. We argue that the reason for moose data
behaving differently is that, in Sweden, moose are formally managed using a 3-year time plan, while the other species
are not. Accordingly, moose hunting bags are influenced more strongly by density-independent processes than bags of
the other species. Consequently, the mismatch between the two indices may generate conflicting conclusions for
management depending on the method applied.
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Introduction

Europe is experiencing strong increases in the number of un-
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different management scales is essential for adaptive ungulate
management. Different monitoring methods have different
costs and benefits (Méansson et al. 2011; Putman et al. 2011;
Brazeal et al. 2017). Characteristics such as biology, move-
ments, and social behavior that may vary among species can
also affect the performance of different methods (Jarnemo
et al. 2017; Massei et al. 2018). While specific methods can
successfully monitor populations of established species (e.g.,
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Pfeffer et al. 2017). To monitor the ongoing changes in
Europe’s ungulate communities (Linnell et al. 2020), we
therefore need to find methods that are easily accessible, in-
expensive, and applicable to multiple species and from local
to national scales.

Today, in addition to direct observations, the majority of
European countries (64 %) uses hunting bag statistics as a
proxy for assessing relative changes in the distribution and
abundance of ungulates at national scales (Apollonio et al.
2010; Putman et al. 2011). Following the need of cross-
border management (Linnell et al. 2020), recent initiatives
develop abundance models using hunting statistics at the
European scale (ENETWILD-consortium et al. 2019).
Hunting bags, however, may not be reliable if the hunting
effort of a species is not related to its density and when this
relationship changes over time (Imperio et al. 2010;
Willebrand et al. 2011; Ferretti et al. 2016; Eriksen et al.
2018). This may be particularly true for expanding species
that occur at low densities or species that are not (yet) part
of the mainstream monitoring and ungulate management. For
those species, ungulate-vehicle collisions (UVC) data might
provide a useful complementary monitoring method. UVC are
increasing in many countries (Apollonio et al. 2010; Seiler
et al. 2016; Linnell et al. 2020), and accident data is typically
stored in national traffic safety databases or as hunter reports
(e.g., Germany: Hothorn et al. 2015; Spain: Rosell et al. 2013;
Sweden: Seiler et al. 2019). Yet, a growing number of coun-
tries also involve special reporting software and websites for a
more efficient and accurate registration of animal-vehicle ac-
cidents (Heigl et al. 2016; Bil etal. 2017; Waetjen and Shilling
2017). The timestamp and geographic coordinates of UVC
provide detailed information on where and when accidents
occur and thus animal distribution in time and space. While
countries collect this data for managing UVC (i.e., increasing
traffic safety), this data can serve as a standardized, low-cost
ungulate population monitoring method, similar to bag
statistics.

Previous work suggests that UVC closely correlate
with other proxies of population abundance (e.g., obser-
vations, hunting bags) for some species in certain sys-
tems (e.g., moose in Fennoscandia, Seiler 2004;
Rolandsen et al. 2011; Ueno et al. 2014; Niemi et al.
2017; roe deer in Germany (Capreolus capreolus),
Hothorn et al. 2012; and wild boar in France (Saint-
Andrieux et al. 2020)). However, these studies also high-
light that density-independent factors and not necessarily
ungulate densities drive the dynamics inherent in UVC
(Seiler and Helldin 2006; Hothorn et al. 2015). More
specifically, density-independent factors that influence
UVC dynamics include annual and seasonal variation in
ungulate activity patterns (see for roe deer, Hothorn et al.
2015, Neumann et al. 2019; for red deer, Mysterud 2004;
for moose, Neumann et al. 2012, 2019) and
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anthropogenic drivers such as road density and type, hu-
man density, wildlife fences, and landscape fragmenta-
tion (Gunson et al. 2009; Rolandsen et al. 2011; Saint-
Andrieux et al. 2020). As such, the spatiotemporal dis-
tribution of UVC may not relate linearly to ungulate
numbers, and this may vary among ungulate species
and environmental regions. Finally, most available stud-
ies have focused on national to county scale, or case
studies (e.g., Seiler et al. 2016), and on single ungulate
species. We lack studies that looked at UVC dynamics at
the relevant local scale of ungulate management and
studies that assessed UVC dynamics for multiple co-
occurring species simultaneously (although see Saint-
Andrieux et al. (2020), who compare UVC dynamics
among roe deer, red deer, and wild boar in France).

Although previous work suggests that changes in bag
statistics and UVC, respectively, may reflect changes in
population densities, we lack assessments of how these
two indices relate to each other for the diverse European
ungulate species (but see Saint-Andrieux et al. 2020).
Such a direct comparison is highly relevant, because dif-
ferent interest groups in ungulate management may use
either hunting bags or UVC to argue for given manage-
ment measures (Neumann et al., personal observations).
If these indices do not align and provide different proxies
for ungulate abundance, this may generate conflicts
among the different groups within ungulate management.
A better understanding of the relationship between these
two data sets for different ungulate species is thus vital.
Strong correlations across time and space would suggest
that both methods reveal similar trends in ungulate popu-
lation abundance, whereas a weak correlation would sug-
gest the opposite. Here, we deliberately use the term
trends, since even a strong correlation between the two
methods may not necessarily mean that the methods re-
flect absolute population density very well. Ungulate
management, however, rarely has access to data on abso-
lute density and heavily depends on indirect proxies such
as from bag statistics and UVC.

Here, we investigated three key questions: (1) Do hunt-
ing bags and UVC data correlate positively and significant-
ly for different co-occurring ungulate species across time
and space? (2) Does the strength of the correlation between
hunting bags and UVC differ across different spatial scales
that are relevant for management i.e., bioclimatic, regional
(county), and local (management) scale? and (3) Does the
strength of the correlation between hunting bags and UVC
differ among ungulate species? We investigated these
questions for five European ungulate species (i.e., moose,
roe deer, red deer, fallow deer (Dama dama), and wild
boar) using nationwide data from Sweden. We also tested
how relationships varied for different time lags (z_5 to #,)
between UVC data and hunting statistics.
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Materials and methods
Study area

Our study area encompasses the whole of Sweden, except
the island of Gotland, and thus covers 14 degrees of lati-
tude (55 to 69 N), and six different bioclimatic zones, from
the alpine to the nemoral zone (439,243 kmz; Fig. 1). The
distributions of the ungulate species (e.g., wild boar, and
fallow deer) as well as human activity show a distinct
change between the boreal and boreo-nemoral zone (Fig.
1, Appendix 1). The alpine to southern boreal zone have an
average of 125-225 days of snow cover and an average
vegetation growing period between 100 and 180 days
(SMHI), depending on latitude. Tundra vegetation charac-
terizes the alpine zone, while boreal forests dominated by

coniferous trees with smaller patches of deciduous forest
(mainly birch (Betula sp.) and aspen (Populus tremula))
characterize the boreal zone. Intensive forestry is the dom-
inant land use in the boreal zone. Densities of humans and
main roads are considerably lower in the alpine and boreal
zones compared with boreo-nemoral and nemoral zones (7
inhabitants per km? versus 72 inhabitants per km? in 2017;
www.scb.se; 98 m main road per km? versus 339 m per
km?; Fig. 1). Southern Sweden has a milder boreal climate
with 25—125 days of snow cover and a vegetation growing
period of 180-220 days. Main vegetation consists of a
mixture of coniferous and broad-leafed forest with decidu-
ous species, with species such as elm (Ulmus glabra), oak
(Quercus robur), maple (Acer platanoides), and beech
(Fagus sylvatica) becoming more common. Both forestry
and agriculture are the dominant land uses.
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While moose and roe deer occur throughout Sweden in
all bioclimatic zones and regions, the distribution of red
deer and particularly fallow deer and wild boar is uneven
and mostly limited to southern Sweden (Appendix 1).
Harvests of all ungulate species have strongly increased
since the 1940s, although moose and roe deer harvests
have been more or less stable during the last decades after
peaking and then decreasing in the 1980s and 1990s, re-
spectively (Bergstrom and Danell 2009; www.viltdata.se).
In addition to rising harvest numbers, the distribution of
red deer, fallow deer, wild boar, and to a lesser extent roe
deer has greatly expanded since the 1980s (Apollonio
et al. 2010). This process has been facilitated by local
release of new individuals and increased food availability
through altered land use (including supplementary feed-
ing). Moose are being managed in so-called moose man-
agement areas (MMA), which include several hunting
parishes where landowners and hunters jointly decide on
offtake based on the status of the population and levels of
damage to forestry. These management goals are set in 3-
year plans that have to be approved by the corresponding
County Administrative Board (CAB, www.lansstyrelsen.
se). MMA vary in size to broadly match moose biology
(particularly migration behavior) in a given area (mean
2,960 km?, minimum 225 km? maximum 30,173 km?).
Red deer, where abundant, are also managed using formal
management plans, but often at a smaller spatial scale
than moose (mean 175 km?, Swedish EPA 2015). The
other ungulate species are hunted without formal manage-
ment plans; thus, hunting is more opportunistic and ori-
ented toward local conditions and objectives, often in di-
alogue with the landowners. In Sweden, hunting rights
come with owning land.

Hunting is a major source of mortality in all five ungulate
species. Impact of large carnivores (wolf (Canis lupus), brown
bear (Ursus arctos), lynx (Lynx lynx), wolverine (Gulo gulo))
varies for the different ungulate species and across Sweden
(Swedish EPA 2018). Except for roe deer, carnivores mostly
affect the survival of calves and sub-adults where carnivores
and a given ungulate species co-occur (Swenson et al. 2007;
Andren and Liberg 2015; Wikenros et al. 2015; Sand et al.
2016; Swedish EPA 2018). Road traffic may account for up to
10-15% of known mortality for roe deer (Seiler et al. 2004,
Seiler and Helldin 2006). Hunters may adapt their harvest of
deer to the presence of competing predators, sometimes
overcompensating for the effects of predation (e.g. Wikenros
et al. 2015).

Data preparation and analyses
We carried out our analyses at three spatial scales for all five

species: bioclimatic mean 73,207 + 51,047 km? standard de-
viation (SD), regional (i.e., county, mean 22,146 + 25,172
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km? SD), and local hunting management area (i.e., the moose
management units or MMA, mean 2,960 km? + 4,474 km?
SD; Appendix 2). To test for time lags between hunting bags
and UVC data for a given species, we evaluated the two data
sets covering different periods. Hunting bag statistics covered
two hunting seasons (i.e., hunting year 2014/2015 and
2015/2016), which started on July 01 and ended June 30 in
the next year. Hunting times are restricted between August
and February for all species, except wild boar that can be
hunted year around (Appendix 3). We assigned the number
of UVC that fell into the same period to a given hunting
season.

Management may affect the relationship between hunting
bags and UVC data, which may not necessarily show the same
pattern in a given year but may have a lagged relationship
(e.g., moose, Rolandsen et al. 2011; Ueno et al. 2014; Niemi
etal. 2017). To test for the best temporal relationship for each
species, we linked the 2014/2015 and 2015/2016 hunting bags
of a given species to their UVC statistics from the years 2011
to 2017, generating a series of time lags (¢_3, £, t-1, fy, and £,
1> Appendix 4). We built one model for each time lag. This
allowed us to test for five time lags from 75 to £.;. We
corrected the number of UVC for traffic volume and road
length for each MMA by dividing the number of UVC by
the average year-round number of vehicles per day and kilo-
meters of state roads per MMA (Seiler 2005; NVDB 2014).
Traffic volume is recorded for state roads only. More than
80% of all UVC, however, are reported from state roads,
and only few are reported from municipality and private roads
(Jagerbrand et al. 2018). Hunting bags were collected as heads
shot in a given MMA. We calculated and analyzed hunting
bags and UVC, as number of animals per 1000 hectare (ha),
because this is the unit commonly applied within the ungulate
management in Sweden.

We did our analyses separately per species. To aggregate
the hunting bag statistics and the UVC data at a given spatial
scale, we counted the heads shot and the number of UVC of a
given species within a given spatial unit, divided it by the
unit’s area in ha, and multiplied it by 1000. In this way, we
determined the total number of heads shot and UVC per
1000 ha at the bioclimatic, the county, and the management
scale. We used the bioclimatic scale, because in Sweden, the
distribution of the different ungulate species strongly varies
among the bioclimatic zones (Appendices 1 and 2). More
specifically, the main distribution of wild boar covers the
nemoral and boreal-nemoral zone, whereas roe deer and
moose occur throughout the country. The distribution of red
deer and fallow deer is patchier than for the other three spe-
cies, and they mostly occur in the nemoral and boreal-nemoral
zone. The county scale was used because the county is the
overarching management scale for moose as ultimately each
CAB approves the moose plans of each MMA. Finally, we
used the MMA as the main local management scale for
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moose. Management plans for moose are made at this scale,
and moose bag statistics are also given at this scale. Bag sta-
tistics for the other ungulates, however, are provided at even a
lower scale (i.e., hunting parishes). For the local management
scale analysis, we thus need to aggregate bag statistics of all
species at the MMA scale. Therefore, we extrapolated the
hunting bags of roe deer, wild boar, fallow deer, and red deer
from the hunting parishes to the coarser scale of MMA using
the percentage share of a given parish within a given MMA.
We accessed hunting bag statistics by the County
Administrative Boards and the Swedish Association for
Hunting and Wildlife Management (www.viltdata.se, www.
algdata.se, www .jagareforbundet.se) and UVC data by the
National Council for Wildlife-Vehicle Collisions (www.
viltolycksradet.se).

For species that did not occur throughout the country (i.e.,
red deer, fallow deer, and wild boar), we logically did not have
hunting bags from all local management units (MMA).
Therefore, we only included MMA with hunting bags larger
than zero (red deer: 119/148; fallow deer: 99/148; wild boar:
116/148). To account for the hierarchical structure and unbal-
ance in the data, and the repeated measures, we applied linear
mixed models. Depending on the scale we tested, we applied
the minimum unit as random effect (e.g., county for the re-
gional scale analysis, and MMA for the locale-scale analysis).
We applied a nested design to account for the hierarchical
structure in the data (i.e., regional scale: county nested in
bioclimatic zone; local management scale: MMA nested in
county and bioclimatic zone). To meet the assumption of para-
metric statistics, we transformed our response variable (i.e.,
hunting bags per 1000 ha) when necessary using log-
transformation (roe deer), cube root (red deer), and Tukey’s
ladder of powers (fallow deer and wild boar; R package
rcompanion, Mangiafico 2019). All results presented are
back-transformed. We used model selection based on the
AlICc to rank the models and to obtain Akaike weights of
the model and averaged models considering those with
AAICc < 2 (R package MuMin; Barton 2019). For each mod-
el within this subset, we calculated the likelihood-ratio based
pseudo-R-squared value (R?) that represents the variance ex-
plained by the fixed factors (R package MuMin; Barton 2019).

We used the software ArcGIS 10.4.1 for all GIS analyses
(ESRI, Redlands, CA, USA). We carried out all statistical
analyses in the R environment for statistical computing (R
3.6.0). We used a statistical significance of p < 0.05.

Results

Bioclimatic scale

Nationally, 198,396 roe deer (31 % of all ungulates shot),
170,007 moose (27 %), 69,235 fallow deer (11 %), 15,939

red deer (2 %), and 187,107 wild boar (29 %) were harvested
during the hunting seasons 2014/2015 and 2015/2016. During
the period 2011-2017 (covering the hunting periods
2011/2012-2016/2017), the police registered 202,915 vehicle
collisions with roe deer (76% of all UVC), 30,827 with moose
(12%), 8809 with fallow deer (3%), 1828 red deer (1%), and
22,071 with wild boar (8%). On average and across species,
the number of UVC was 14 % of the total ungulate harvest,
with considerable variation among species.

For all ungulates, except moose, several alternative
models explain the relationship between hunting bags
and UVC equally well (Table 1). The bioclimatic scale
did not show any significant relationship between hunting
bags and UVC, except for moose and wild boar where the
most parsimonious models suggested a positive relation-
ship for #; in moose and three time lags (¢_3, 71, and #;) in
wild boar (Table 2).

Regional (county) scale

At the county scale, UVC data correlated positively to
hunting bags for all species, with more UVC where
more animals were shot (Table 2). The models explain
a high proportion of the variance (> 0.85, Table 1). In
contrast to the bioclimatic scale, we found distinct tem-
poral relationships for each species with one time lag
being the most relevant, except for roe deer and
fallow deer where the time lags 73 and ty explained
the relationship between bag statistics and UVC equally
well (Table 1).

Local (management) scale

The number of animals shot was positively related to the
number of UVC during the same year for all ungulate
species, except for moose where a time lag of two years
(t—») fit best (moose: F; 147 = 2.2, p = 0.03; roe deer:
F1’147 = 1.9, p = 0.049; red deer: F1’101 = 4.8, p <
0.0001; wild boar: Fy ;14 = 4.2, p = 0.0001; Fig. 2a).
For fallow deer, the number of animals shot was positive-
ly related to the number of UVC from the same year and
from 3 years back (t_3: Fj 9, = 3.8, p = 0.0004; #o: Fi 95 =
3.8, p = 0.0004). For all species, the fitted estimates differ
among management units (Fig. 2a). For fallow deer, the
fitted estimates of the two time lags showed similar pat-
terns among management units, but their size varied
largely between the two suggested time lags. This sug-
gests that the number of fallow deer shot increased more
rapidly with UVC from 3 years ago than with UVC of the
same year (Fig. 2b). For moose, we found the largest
estimates along the coast and in the inland in southern
Sweden, meaning that relatively more moose were shot
per UVC in these MMA (Fig. 2a). However, estimates
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Table1 AAICc and its Akaike weight (AICw) of linear mixed models testing the temporal relationship (time lags) between hunting bags per 1000 ha
and ungulate-vehicle collisions (UVC) per 1000 ha of five ungulate species on the bioclimatic, regional, and local scale

Species Time lags (years) of UVC in relation to hunting bags
t3 ts t to g

Bioclimatic*

Moose AAICc = 9.47 AAICc = 3.56 AAICc =2.97 AAICc = 0.00 AAICc = 4.42
AICw = 0.006 AICw =0.111 AICw = 0.150 AICw = 0.661 AICw = 0.072
R*=085 R* =091 R*=091 R2=0.93 R*=0.90

Roe deer’! AAICc = 0.00 AAICc = 0.51 AAICc=0.52 AAICc = 0.50 AAICc=0.25
AICw = 0.238 AICw =0.184 AICw =0.183 AICw =0.185 AICw =0.210
R*=10.99 R*=0.99 R2=0.99 R*=0.99 R*=10.99

Red deer® AAICc =0.07 AAICc = 0.00 AAICc = 0.03 AAICc =0.07 AAICc = 0.07
AICw =0.198 AICw =0.205 AICw = 0.202 AICw =0.198 AICw =0.198
R’=0.96 R’=0.96 R°R’=096 R’=0.96 R’=0.96

Fallow deer’ AAICc = 0.00 AAICc=0.14 AAICc=0.31 AAICc =0.26 AAICc =3.40
AICw = 0.260 AICw =0.243 AICw = 0.222 AICw =0.228 AICw = 0.047
R’=0.84 R’=0.83 R’=0.83 R’=0.83 R*=0.75

Wild boar’ AAICc = 0.00 AAICc = 3.59 AAICc = 0.50 AAICc = 1.49 AAICc = 3.89
AICw = 0.390 AICw = 0.065 AICw = 0.304 AICw =0.185 AICw = 0.056
R*=0.98 R*=0.97 R*=0.88 R*=0.97 R*=0.96

Regional®

Moose AAICc = 30.4 AAICc =21.8 AAICc = 25.0 AAICc = 24.1 AAICc = 0.00
AICw=0 AlCw=0 AICw=0 AICw=0 AICw=1
R>=0.85 R*=0.87 R*=0.86 R*=0.87 R*=091

Roe deer AAICc=1.70 AAICc =7.63 AAICc =6.78 AAICc =0.00 AAICc = 6.60
AICw = 0.281 AICw = 0.014 AICw = 0.022 AICw = 0.658 AICw = 0.024
R*=0.95 R*=0.94 R*=0.94 R*=0.95 R*=0.94

Red deer” AAICc = 0.00 AAICc = 8.04 AAICe =9.03 AAICc = 4.32 AAICc =10.1
AICw = 0.869 AICw = 0.016 AICw = 0.010 AICw = 0.100 AICw = 0.006
R*=0.87 R*=0.85 R*=0.85 R*=0.86 R*=0.85

Fallow deer’ AAICce =0.00 AAICc =5.67 AAICc =5.79 AAICc =1.63 AAICc = 8.52
AICw = 0.636 AICw = 0.037 AICw = 0.035 AICw = 0.282 AICw = 0.009
R*=085 R*=0.83 R*=0.83 R*=085 R*=0.82

Wild boar® AAICc = 8.14 AAICc =129 AAICc = 13.1 AAICc = 0.00 AAICc =137
AICw = 0.017 AICw = 0.002 AICw = 0.001 AICw = 0.979 AICw = 0.001
R*=092 R*=0091 R*=0091 R*=0.93 R*=0091

Local®

Moose AAICc = 4.60 AAICc = 0.00 AAICc = 3.94 AAICc = 4.48 AAICc =2.76
AICw = 0.063 AICw = 0.626 AICw = 0.087 AICw = 0.067 AICw = 0.157
R*=046 R>=047 R*=046 R*=046 R*=046

Roe deer! AAICc = 3.49 AAICc =3.09 AAICc =2.36 AAICc = 0.00 AAICc =3.17
AICw = 0.092 AICw =0.113 AICw = 0.161 AICw = 0.526 AICw = 0.092
R*=0091 R*=0091 R*=0091 R?*=091 R*=0091

Red deer AAICc = 421 AAICc =8.15 AAICc = 13.4 AAICc = 0.00 AAICc=11.8
AICw = 0.107 AICw = 0.015 AICw = 0.001 AICw = 0.875 AICw = 0.002
R*=0.78 R*=0.77 R?*=0.77 R2=0.78 R*=0.77

Fallow deer’ AAICc = 0.00 AAICc = 4.06 AAICc =2.02 AAICc =0.22 AAICc =9.77
AICw = 0.417 AICw = 0.055 AICw = 0.151 AICw =0.374 AICw = 0.003
R*=0.72 R*=0.72 R*=0.72 R2=0.72 R*=0.71

Wild boar® AAICc = 6.89 AAICc = 7.97 AAICc = 7.70 AAICc = 0.00 AAICc = 4.70
AICw = 0.027 AICw = 0.016 AICw = 0.018 AICw = 0.857 AICw = 0.082
R*=0.83 R*=0.83 R*=0.83 R>=0.83 R*=0.83

!'log-transformed, 2 cube-root transformed, * turkey-transformed. Assigned random effects: * vegetation zone, ° county nested in vegetation zone,
¢ management unit (MMA) nested in county and vegetation zone. Models were fitted with maximum likelihood. The likelihood-ratio based pseudo
R? indicates the fit of the model to the data and the proportion of the variance explained. Models with AAICc < 2 in bold
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Table2 Model-averaged estimates of hunting bags per 1000 ha in relation to ungulate-vehicle collisions per 1000 ha on different time lags (years) of

five ungulate species on bioclimatic and regional scale

Species Models Model-averaged coefficients

Full average

Conditional average

Estimate z
Bioclimatic'
Moose Intercept 0.59 1.9
to 7.82 44
Roe deer Intercept 1.7 1.9
3 3.2e-03 0.2
ty1 —3.1e-03 0.2
to —9.2e-04 0.04
to 2.7e-04 0.03
1 —2.1e-04 0.02
Red deer Intercept 1.2e-01 2.5
1o -1.6+01 0.3
1 —7.3e-01 0.3
t3 —8.7e+02 0.3
to —4.0e+00 0.3
1y —4.0e+00 0.3
Fallow deer Intercept 9.0e-02 1.7
t3 7.3e+04 0.4
to 9.4e+03 04
to 8.3e+02 0.4
t 8.3e+03 04
Wild boar Intercept 12 1.7
3 63.4 0.7
tq 16.9 0.6
to 0.26 0.5
Regional®
Moose Intercept 11.6 5.6
1y 2.99 6.2
Roe deer Intercept 6.72 34
to 1.6e-02 1.3
t3 3.0e-03 0.6
Red deer Intercept 4.9¢-01 3.6
t3 9.1 33
Fallow deer Intercept 4.9e-01 3.6
I3 7.2e-07 1.3
to 3.3e-11 0.6
Wild boar Intercept 7.1 4.5
to 9.8 45

P Estimate b4 P
0.11

0.007

0.06 1.7 1.9 0.006
0.8 1.3e-02 0.5 0.6
0.9 —1.4-02 04 0.7
0.1 —4.9e-03 0.1 0.9
0.1 1.5¢-03 0.08 0.1
0.1 —1.1e-03 0.04 0.1
0.01 1.2e-01 2.5 0.01
0.8 —1.9e+03 0.7 0.5
0.8 —8.9e+01 0.7 0.5
0.8 — 1.1e+05 0.7 0.5
0.8 —5.2e+02 0.7 0.5
0.8 —5.2e+02 0.7 0.5
0.08 9.0e-02 1.7 0.08
0.7 1.2e+08 0.4 0.2
0.7 2.3e+07 04 0.2
0.7 2.9¢+06 0.4 0.3
0.7 3.3e+07 0.4 0.3
0.09 1.2 1.7 0.09
0.4 771.9 2.2 0.03
0.5 445.4 2.1 0.03
0.7 30.9 2.0 0.04
0

0

0.0006 6.72 34 0.006
0.2 2.3e-02 3.0 0.003
0.6 1.0e-02 24 0.02
0.0009

0.003

0.0002 4.7¢-01 3.6 0.0003
0.2 8.3¢-06 2.9 0.004
0.5 8.8e-08 2.7 0.008
0.0002

0.0002

Assigned random effects: ' vegetation zone, ? county nested in vegetation zone. Linear mixed models fitted with maximum likelihood. Subsets of AAICc

< 2. Coefficients back-transformed

vary considerably among neighboring management units
(Fig. 2a). For roe deer, estimates are high in southern
Sweden with the highest in the southern-most units and
at the coast, suggesting a relative higher number of har-
vested roe deer in relation to those involved in collisions

(Fig. 2 A). For wild boar, we find high estimates through-
out southern Sweden with higher values in the eastern
half (Fig. 2a). For red deer, higher estimates are patchily
distributed with higher values around and south of
Stockholm and in the most southern unit (Fig. 2a).
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Moose, t, Roe deer, t,

RP=047

Coefficients Coefficients

Fallow deer, t5

R?=0.72

g Coefficients

no hunt
>0-0.5

oo

EEEEDO
(=]
N

Fig. 2 Average estimates given by the most parsimonious linear mixed
model to test the relationship between hunting bags per 1000 ha and
ungulate-vehicle collisions (UVC) per 1000 ha in a management area

The proportion of the explained variation varies among
species with the largest amount explained in roe deer (R* =
0.91) and the lowest in moose (R*> = 0.47; Table 1). This
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Red deer, t, Wild boar, t,

Coefficients Coefficients

O no hunt

O >0-05 a >005
8 051 @ 051
@ 115 @ 115
| 153 | 153
| 36 o 36

- 612 - 612
| 1226 o 1226

Fallow deer, tg

RZ=0.72

% Coefficients

no hunt
>0-0.5
0.5-1
1-1.5
1.5-3
3-6
6-12
12-28

EEEEEOOCO

by moose, roe deer, fallow deer, red deer, and wild boar (a), and fallow
deer (b) in Sweden. Darker colors indicate higher values

suggests a strong relationship between the number of roe deer
killed by vehicles and by hunters, but a poor one for moose.
The proportion of the explained variance is also relatively
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high for the other three ungulate species (R*: 0.72 (fallow
deer), 0.78 (red deer), 0.83 (wild boar); Table 1).

Discussion

Existing studies that link ungulate hunting bags to other
sources of monitoring data generally focused on one or two
species, and did not consider hunting bags from multiple co-
occurring species (but see Saint-Andrieux et al. 2020).
Moreover, only few studies evaluated the relationship on the
scale of the actual management unit (but see, Seiler 2004). We
tested the correlation between hunting bag statistics and UVC
data, both used for monitoring in ungulate management, for
the five main European sympatric ungulate species (i.e.,
moose, roe deer, red deer, fallow deer, and wild boar). For
all study species, our results highlight that UVC correlated
positively with hunting bags at the regional, county, and the
local management scale. For moose and wild boar, both indi-
ces also correlated positively at the largest, bioclimatic, scale.
The time lags, at which the two indices correlated best, varied
among ungulate species at the county scale. This means that
models have to be adjusted per species, if managers want to
use both indices for management decisions at this scale. On
the other hand, with the local management scale (i.c., the
moose management area or MMA), the indices correlated best
without time lags for all species, except moose. For fallow
deer, a time lag of 3 years explained the variation equally well.
Except for moose, the correlation between UVC and bag sta-
tistics at the local management scale was also rather strong (R
> 0.7).

For moose, we found a time lag of 2 years between UVC
and bag statistics to result in the best fit, being in line with
previous research (Rolandsen et al. 2011; Ueno et al. 2014;
Niemi et al. 2017). Yet, our results also highlight a low cor-
relation between collisions with moose and number of shot
moose (R? 0.47), indicating a poor relationship between these
two methods. Thus, other factors may affect each of these two
statistics (Seiler 2004; Rolandsen et al. 2011; Ueno et al.
2014). In contrast to previous research, we analyzed the rela-
tion between UVC and bag statistics at the actual scale of
moose management, the MMA. In Sweden, moose harvest
quotas are controlled by 3-year management plans, and these
plans therefore generally consider several long-term manage-
ment goals (e.g., percentage of adult males and calves in the
population, browsing damage), which are not necessarily cor-
related to moose density in a given year and the occurrence of
moose-vehicle collisions (www.naturvardsverket.se). This is
an important aspect to keep in mind, and it likely contributes
to explaining the 2-year time lag, but also to the poor correla-
tion between hunting bags and UVC that we observed. For all
other ungulate species, we found that UVC data per 1000 ha
correlated best with hunting bags during the same year on the

local management scale. Those species, except red deer in
areas with dense populations, are not formally managed, and
harvest quotas and management goals are thus not set in long-
term management plans in the same way as for moose.
Consequently, management is most strictly organized for
moose, followed by red deer, and then the other smaller un-
gulate species. Thus, due to the lack of a long-term manage-
ment plan, harvests of smaller ungulates are controlled less
strictly over time compared with moose. As a result, we sug-
gest that harvest quotas are more proportional to the density of
these species than for moose, because individual landowners
and hunters have more flexibility to adjust their harvest rates
to varying deer densities on a yearly basis and on their respec-
tive hunting ground. This may explain the more straightfor-
ward correlation between hunting bags and UVC data for the
smaller ungulates due to a more bottom-up, informal, man-
agement approach compared with the more formal manage-
ment approach in moose, which involves more stakeholders
and is in that sense more top-down.

During our study period, roe deer stand for 31 % of the
total ungulate harvest, whereas roe deer accounted for
76% of all UVC. In contrast, moose harvest and UVC
accounted for 27% and 12%, respectively, of the total.
Thus, we see a considerable variation among species in
their relationship between UVC and hunting bag statistics,
which may have implications for the applicability of ei-
ther method in a given species. Differences in the life
histories are crucial to consider while explaining the rela-
tionships between these kinds of data sets for the species
in consideration. The important life cycle events such as
calving, migration, and rut of these species occur at dif-
ferent times during the year, and the number of young
produced per reproductive event as well as sex ratio of
calves may be different (Gaillard et al. 2000). This may
reflect in their birth and death rates as well as population
dynamics and possibly influencing the relationships be-
tween such indices of density and abundance as well as
the time lag relationships. The hunting methods applied in
a given area may influence the relationship between bag
and UVC numbers of a given ungulate species. Hunting
disturbances (as targeted and non-targeted species) affect
animal movement activity and distribution temporally
(e.g., roe deer Grignolio et al. 2010, red deer Sunde
et al. 2009, moose Ericsson et al. 2015, wild boar
Thurfjell et al. 2013), which may result in more animals
crossing roads, possibly increasing the UVC-risk.
Different hunting methods affect animal response differ-
ently with driven hunts or hunting with hounds generally
having a stronger impact than stalking or still hunt (e.g.
roe deer Grignolio et al. 2011, wild boar Thurfjell et al.
2013). Yet, other factors than hunting disturbances may
influence animal movement and UVC-risk more strongly
(Neumann et al. 2012; Steiner et al. 2014; Neumann and
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Ericsson 2018; Saint-Andrieux et al. 2020), and most of
the wild boar in Sweden are shot over bait (Swedish
Government Official Report 2014).

Given their high contribution in total UVC, the reduction in
UVC numbers of particularly roe deer in a given management
unit may be of high interest, compared with other manage-
ment interests and other ungulate species. Collisions with
moose produce six times larger societal costs than the cost
of collisions with roe deer (Gren and Jagerbrand 2017). Yet,
UVC with roe deer occur 8§ times more often (Neumann et al.
2011), thereby also becoming a considerable socio-
economical cost (Apollonio et al. 2010; Gren et al. 2018). In
central Europe, UVC with roe deer correlate positively with
both browsing intensity and harvest numbers (Hothorn et al.
2012), suggesting that UVC data can represent densities and
distribution in roe deer. Compared with the other ungulates
species, we found that in roe deer, the number of UVC ex-
plained the highest percentage of the variance in hunting bags,
suggesting a good fit between the two data sets. Given its
biology (i.e., activity pattern, proximity to human
settlements; Torres Tinoco et al. 2011; Neumann et al.
2019), roe deer might be more exposed to traffic compared
with other ungulate species and in relation to their abundance
(Seiler 2004).

Management interests vary among species and stake-
holders (Linnell et al. 2020). For wild boar, next to recreation-
al hunting, damage on agricultural fields and UVC are the
driving management interests in many places (Apollonio
et al. 2010; Linnell et al. 2020). In management arcas with
well-established wild boar populations, the supply of wild
meat is an additional important reason for hunting wild boar.
Like roe deer, the number of UVC and hunting bags also
showed a strong fit (high R?) for wild boar. In Sweden, the
wild boar population is currently increasing quickly, which
may support the close relationship between UVC and hunting
bags. A similar pattern was observed in moose in the late
1970s prior to the peak-years in moose harvest (Lavsund
et al. 2003) and in roe deer during the population rise in the
mid-1980s (Apollonio et al. 2010). Hunting adult wild boar is
allowed between April and February, and yearlings can be
shot year-around, thus covering a considerably longer part of
the hunting year compared with all other ungulate species we
evaluated. In addition, there are no hunting quotas that restrict
the number of wild boar shot. Most collisions with wild boar
occurred between September and March (www.viltolycka.se).
Because hunting of wild boar is allowed during the entire year,
the timing of hunting and UVC overlap by necessity. Most of
the wild boar are shot over bait in Sweden, and only 13% are
shot during driven hunts (Swedish Government Official
Report 2014), which potentially may increase UVC through
increased movement. Given the lack of set hunting quotas,
landowners thus may adjust their harvest more directly in
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response to higher densities and where damage rates are
higher (e.g., more UVC).

Our results suggest a good correlation between red deer
UVC and the number of shot red deer, which was unexpected
since red deer are managed using formal management plans
similar to moose management (Swedish EPA 2015). We have
no definite answer to why the correlation for red deer is much
stronger than for moose, but one hypothesis we have is that
red deer quotas are treated more flexibly than moose quotas
and that it is more likely that hunters are allowed to shoot more
red deer after they have filled their quotas (Widemo, personal
experience). An underlying reason might be that the formal
red deer management was only initiated very recently, and red
deer hunters may thus still be adjusting to this new way of
management. In Sweden, red deer is closely connected to the
agriculture-forest landscape that also holds high densities of
roads and humans. Landscape composition affects both move-
ment patterns and frequency of vehicle UVC with red deer
(Allen et al. 2014; Hedlund and Hamre 2018; Saint-Andrieux
etal. 2020), possibly increasing the frequency of vehicle UVC
with red deer where regular movement across different habitat
types and many major roads with more traffic coincide.
Fallow deer are also closely connected to the agriculture-
forest landscape, but we found two time lags that explain the
correlation between UVC and hunting bags equally well, yet
with similar overarching spatial pattern. In contrast to red deer,
fallow deer had a heavily skewed ratio of harvested deer (11 %
of all ungulate harvested) to number of UVC (1 % of all
UVC). Fallow deer’s movement behavior is limited, which
maintains their heavily fragmented distribution across the
country (Apollonio et al. 2010), as well as it may explain the
observed low percentage of UVC compared with percentage
of harvested fallow deer. In summary, it is thus important to
realize the different approaches to manage a given ungulate
species, as this can influence the relation between hunting bag
size and the actual density of the species. This relation might
be indeed weaker for species such as moose, which are man-
aged for diverse reasons, than for the other species, which
would aid to explain the low correlation between hunting bags
and UVC data for moose.

It is important to note the possible limitation of UVC data
to reflect population distribution adequately in areas where
human population is low and/or the road network is sparse
due to lower likelihood of UVC in spite of the presence of
the ungulate species (Colino-Rabanal and Peris 2016).
Similarly, low ungulate population densities will result in few-
er UVC for an area of a given size, and the number of acci-
dents will affect the ability to use UVC as a relative abundance
proxy (Rolandsen et al. 2011; Ueno et al. 2014). Even though
hunting bags present a more active sampling of the popula-
tion, low population densities of course also affect their value
as a relative abundance proxy. For species with very high
UVC numbers, UVC data are likely more suitable for
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estimating population distribution and density at lower spatial
resolution compared with species with lower numbers of
UVC. Similarly, hunting bag data experience flaws. Even
though remote parts of Sweden, and areas in more populated
areas but with few roads, are visited for hunting, which may
generate a stronger correlation between ungulate abundance
and harvest compared with abundance and UVC data, we still
assume some deficits of hunting bags in less accessible areas
where hunting pressure might be lower. In summary, we ex-
pect the spatial correlations between hunting bag statistics and
UVC to be higher in areas where sampling of the population
by traffic and hunting occurs in a similar way, which likely is
in areas with more roads.

Areas may also differ in their capacity or willingness to
reduce ungulate populations in relation to number of UVC.
In many countries, the number of hunters is decreasing as well
as aging, whereas ungulate numbers increase, bearing risk that
the remaining hunter cohort has difficulties to control ungulate
numbers and thus to reduce damages caused by wildlife (Riley
et al. 2003; Massei et al. 2015; Gren et al. 2018). Lastly, in
order to consider UVC data as a proxy for relative ungulate
abundance and distribution, an important precondition is of
course that UVC are reported regularly and with a large na-
tional coverage. Misclassification or underreporting of UVC
can affect the data quality, particularly if it varies among spe-
cies and occurs in non-random manner (Snow et al. 2015;
Niemi et al. 2017). In Sweden, although reporting of UVC is
mandatory, 10-15% of incidences are not reported, and fur-
ther 5-10% may not be coded as UVC or provide insufficient
or erroneous information (Seiler and Jagerbrand 2016).
Hunting bag statistics may also be suffering from similar prob-
lems. Moose and red deer shot must be reported, but it is
voluntary to report the harvest of fallow deer, roe deer, and
wild boar. Thus, results from voluntary reports are extrapolat-
ed across hunting parishes to yield estimated total bag statis-
tics (SAHWM 2019). To improve applicability of UVC data
within wildlife management, we recommend future research
to study magnitude and pattern of missed UVC and to inves-
tigate non-linear effects of traffic volume, speed, and road
parameters (e.g., fencing, lighting, and guard rails) as well as
vehicle technology on UVC occurrence.

Management implications

Our results emphasize different patterns in the relationship
between UVC data and hunting bag statistics among the un-
gulate species studied. More specifically, we found a close
correlation between UVC and hunting bags for species where
management was least formal and done by individual hunters
or hunting teams (roe deer and wild boar) rather than the more
formal management by groups of stakeholders for moose and
to some extent red deer. For these latter two species, quotas are

set on a longer time frame and are the result of discussions by
stakeholders that may have varying goals (e.g., forestry that
aims at minimizing damage, and thus perhaps ungulate den-
sities, versus hunters that may want to maintain higher densi-
ties for future hunting success). As a result, harvest quota may
not necessarily correspond to actual current density but may
be compensatory responses with a lag in time (Ueno et al.
2014). As a consequence, particularly for moose as the most
formally managed species with a very poor correlation be-
tween the two indices, this can generate conflicting conclu-
sions for management depending on the method used. For the
least formally managed species, roe deer and wild boar, both
indices correlated strongly in this Swedish context and thus
likely lead to similar support for management decisions. To
test whether the type and intensity of management indeed
influences the relation between UVC and bag statistics in the
way we described, we need more studies in other European
countries where these indices are compared for multiple spe-
cies simultaneously.
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