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The contingent impact of wind
farms on game mammal density
demonstrated in a large-scale
analysis of hunting bag data in
Poland
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Wind farms are still developing dynamically worldwide, with promising prospects for further growth.
Therefore, the assessment of their impact on animals has been carried out. So far, few studies have
been conducted on game mammals, and their results are divergent. Previous studies on the impact

of wind farms on game species were typically based on regional research covering one or, at most,
several wind farms. In this study, we aimed to verify the effect of wind farms on the density of game
mammals through a large-scale analysis at the country level, using lowland Poland as an example. The
study was based on hunting bag data from open-field hunting districts. It covered seven game species:
roe deer (Capreolus capreolus), wild boar (Sus scrofa), red fox (Vulpes vulpes), raccoon dog (Nyctereutes
procyonoides), European badger (Meles meles), European polecat (Mustela putorius), and European
hare (Lepus europaeus). We used Corine Land Cover to account for differences in land cover and the
area covered by wind farms in generalized linear mixed models. The study showed that in agricultural
landscapes, mainly herbivorous species of game mammals were related to land cover types. These
species tend to exhibit higher densities in agricultural areas containing more natural landscape
features. Conversely, mesocarnivores are primarily driven by the abundance of prey with little to no
observable effects from land cover types. Only roe deer and wild boar presented lower densities with
an increase in the area covered by wind farms (for roe deer: estimate: — 0.05, 95% Cl: — 0.1-0.0; for
wild boar: estimate: — 0.03, 95% Cl: — 0.11-0.05), while no effect was observed for mesocarnivores or
European hare. The underlying reasons for these relationships remain unclear and require more specific
studies. The uncertainty regarding the cause of the observed effects did not allow for a large-scale
assessment of the impact of further wind energy development on the studied game mammals.
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Wind farms are still developing dynamically worldwide, with promising prospects for further growth!'=>. This
technology is already common, and its effects are increasingly being verified for environmental, economic, and
political reasons*~’.

The impact of wind farms on animals, including birds, bats, and mammals, has been assessed'®!!. However,
the effects on game animals have been considered less significant!2. This is because these species, in addition
to their economic and trophy value, have more abundant populations and demonstrate high adaptability to
changing environments (e.g.'*!*). Nevertheless, theoretical and experimental studies have suggested a potential
negative impact of wind turbines on mammals. For example, Santos et al.!® simulated that a decrease in species
diversity may be connected to the presence of wind farms. According to Koschinski et al.!® and Madsen et al.'?,
a behavioral response of mammals to wind turbine noise should be expected. Subsequent studies confirmed the
impact of wind farms on selected mammal species, including game species, but the results of different studies

1Department of Animal Genetics and Conservation, Warsaw University of Life Sciences (SGGW), Ciszewskiego
8, 02-786 Warsaw, Poland. 2Department of Biomedicine and Environmental Research, The John Paul Il Catholic
University of Lublin, Konstantynéw 1J, 20-708 Lublin, Poland. 3Polish Hunting Association, Research Station,
Sokolnicza 12, 64-020 Czempin, Poland. *email: daniel_klich@sggw.edu.pl

Scientific Reports|  (2024) 14:25290 | https://doi.org/10.1038/s41598-024-76999-2 nature portfolio


http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-024-76999-2&domain=pdf&date_stamp=2024-11-22

www.nature.com/scientificreports/

were only sometimes consistent!®. For many years, there has been a lack of sufficiently intensive field studies to
confirm these hypotheses. This aspect seems important because game species are under regular hunting pressure,
which can produce a more robust response to human pressure than to natural threats'®, and an additional,
evolutionarily new environmental factor may become significant (e.g.2-22).

So far, few studies have been conducted on game mammals, and their results are contradictory. This also
applies to ungulate species. For example, wind farm development did not affect the home range and diet of
Rocky Mountain elk (Cervus elaphus)®*. Flydal et al.2* showed no significant effect of wind farms on the behavior
of semi-domesticated reindeer (Rangifer tarandus). According to Taylor et al.?>, wind energy infrastructure did
not influence the winter survival of pronghorn (Antilocapra americana), though it was suggested that larger
wind farms could affect survival. Milligan et al.?® also reported a lack of consistent adverse effects on pronghorn.
For reindeer, both avoidance and lack of influence of wind farms have been observed?”?8. However, wind farms
were found to reduce the use of movement corridors and grazing habitats, increasing the fragmentation of
reindeer calving ranges®. Skarin et al.** found that the operation phase of wind farms had a stronger adverse
impact on reindeer habitat selection than the construction phase. For roe deer (Capreolus capreolus), Lopucki et
al.’! showed a tendency to avoid wind farm interiors and direct proximity to turbines, and Klich et al.*? reported
an increase in stress levels in roe deer inhabiting larger wind farms. In forest habitats, however, no effect of wind
turbines on the presence of roe deer (Capreolus capreolus), wild boar (Sus scrofa), or water deer (Hydropotes
inermis) has been shown>?.

Contradictory study findings have also been obtained for other game mammals. In a study by Lopucki et al.!,
red foxes (Vulpes vulpes) showed lower track density in wind farm areas than control areas; still, no adverse effect
was observed regarding the proximity to individual turbines. The authors explained this effect by the probable
lower hunting efficiency of red foxes within the wind farm due to turbine noise (which blurs the sounds of their
prey) rather than avoidance of the infrastructure itself. Similarly, heavily poached golden jackals (Canis aureus)
in India exhibited significantly lower occupancy in wind farm areas®. American martens (Martes americana)
showed a decline in spatial use of wind farm areas®®, and Sirén speculated that there is a potential to reduce the
viability of local marten populations®.

In contrast, in forest habitats with wind farms, Kim et al.** showed no effect on badgers (Meles leucurus)
and raccoon dogs (Nyctereutes procyonoides) but reported a negative impact on martens (Martes flavigula). No
effect of wind turbines on occupancy was observed for black-naped hare (Lepus nigricollis)s in India*, but lower
track density was observed for European hare (Lepus europaeus) within wind farms and near turbines®. Rabin
et al.*” showed increased vigilance and anti-predator behavior in California ground squirrels (Otospermophilus
beecheyi) exposed to wind turbine noise.

All the previously mentioned studies on the impact of wind farms on game species were local and covered sites
from one to a few wind farms. However, large-scale studies need to consider the diversity of species’ responses
in various environmental and population contexts. According to Schéll and Nopp-Mayr!®, different response
types to wind farms within one species may be related to local, including demographic, differences. Large-scale
studies, although usually provide low-resolution information, would give a more general understanding of the
issue. Therefore, they can provide a basis for local studies and prevent the extrapolation of observations from a
single wind farm to a national or continental scale.

Given this context, we aimed to assess the impact of wind farms on the abundance of a small group of
common game mammals through a large-scale analysis at the country level, using the lowland Poland area as
an example. For this purpose, we utilized hunting bag data, commonly employed as a proxy in studies on game
species, to assess abundance and population dynamics**~*! and environmental impact studies*>-4. In this study,
we hypothesized that game mammals would exhibit lower abundance in areas with a higher density of wind
farms. We anticipated that these animals would be affected by a combination of environmental factors, like new
infrastructure, hunting, and other human pressures. Recognizing that habitat structure can influence animal
density, we included basic land cover types in our analysis.

Methods

The study was based on game management units - hunting districts, the smallest administrative units in Poland
for which detailed and publicly available data on game animals are provided. These districts are leased by hunting
clubs within the Polish Hunting Association. Each hunting club is required to prepare an annual hunting report,
which includes, among other information, the total annual harvest per species in each leased hunting district.
Each hunting club is required to assess the game numbers and report by 10 March each year. The assessment
of game numbers is verified by the forest district managers of the forest districts where the hunting district is
located. Various methods are used for the estimation of animal numbers. Still, the most common is the hunter
estimation method, which is based on year-round observations of animals and gives the most accurate results in
open areas®>* In addition, other methods are sometimes used, such as strip counting or winter tracking. In the
case of predators, spotlight count is also used. However, as Hugek et al.*’ showed, these methods give comparable
results. For this study, we obtained data on game mammals in Poland for the 2020/2021 hunting season from the
resources of the Research Station of the Polish Hunting Association in Czempin (https://czempin.pzlow.pl/). The
data on game animals included the number of animals harvested during the hunting season per 100 hectares of
the hunting district area (Table S1). The mean area of the analyzed hunting districts was 6,127 hectares.

The climate in Poland is temperate, determined by two — polar maritime (oceanic) and continental - air
masses. Average monthly temperatures range from - 4--1 °C in cold months to 17-19 °C in warm months. Frosty
days (Tmax < 0 °C) are registered from November through to March, though with the greatest number in January
(11-14 days in the month). Annual precipitation in central and northern Poland equals 500-700 mm, with an
increase to the south (780 mm in the belt of uplands and 1100 mm in the mountains)*®*°. Poland is a country
with a varied topography with the seacoast, lowlands, uplands, and mountains. Lowlands (regions of up to 300 m
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ASL) dominate in Poland, covering nearly 92% of the country*. In some parts of Poland, there are numerous
lake regions located mainly in northern Poland. The uplands, areas between 300 and 500 m ASL, constitute 5.6%
of Poland’s area. They are located in Poland’s southern and eastern parts, and their landscape is more diverse
than in the lowlands. The mountains are located in southern Poland, by the borders with the Czech Republic
and Slovakia, and reach altitudes from 500 to almost 2500 m ASL. They present a distinct type of landscape
and significant altitude differences®’. About 62% of the country’s total area is occupied by agricultural land
(including arable land - about 45%, meadows and pastures — 9% and others), mainly located in the lowlands®
Semi-natural and forest areas cover about 30% of Poland, and coniferous forests are the dominant forest type.
Higher land cover diversity is observed in eastern and southern Poland*->%.

The data were pre-processed to select species for analysis. We selected species adaptable to various
environments with a substantial harvest to ensure an adequate number of observations for analysis. These species
needed to be present and hunted throughout lowland Poland. Among ungulates, we chose species dwelling in
agricultural landscapes: roe deer (Capreolus capreolus) and wild boar (Sus scrofa). Moreover, we included the
following five species: red fox (Vulpes vulpes), raccoon dog (Nyctereutes procyonoides), European badger (Meles
meles), European polecat (Mustela putorius), and European hare (Lepus europaeus). We only considered hunting
districts where at least one specimen was harvested for each species. Instances with zero harvests were excluded
to prevent potential biases in the database, which could result from unreported numbers, species absence in
the hunting plan, or temporary hunting suspensions in specific districts. Additionally, to minimize landscape
variations that could influence harvesting levels due to local conditions, hunting districts in the Sudetes and
Carpathian Mountain ranges in southern Poland were excluded from the analysis (Fig. 1). The mountains occupy
low parts of Poland, and are characterized by a completely different landscape, climate conditions and land cover.

Next, we assigned basic land cover types for each hunting district based on Corine Land Cover (CLC 2018,
https://clc.gios.gov.pl/). We applied the vector CLC layer (polygons) to the boundaries of hunting districts (vector
layer-polygons) and calculated the percentage of forest class (CLC class 3.1) using QGIS 3.22. Based on the
forest class, we selected open-field hunting districts where the forest class was at most 40% of the district’s area.
This selection was made because onshore wind farms in Poland are typically located in agricultural landscapes.
Additionally, we calculated the percentage of four main land cover types in each hunting district using CLC
layer, where selected Corine Land Cover classes were added to create four main cover types (Fig. 2):

o SETTLEMENTS (including continuous urban fabric, discontinuous urban fabric, industrial areas, transport
units, and construction sites; CLC classes: 1.1, 1.2, and 1.3),

o CROPS (mainly arable land and permanent crops; CLC classes: 2.1 and 2.2),

o FORESTS (areas covered with natural woody vegetation, including forests and shrub vegetation; CLC classes:
3.1 and 3.2),

o WATER (including wetlands and water bodies; CLC classes: 4.1 and 5.1).

Next, we assessed the potential spatial impact of wind farms in Poland using the list of registered wind turbines
available in the Polish Aviation Obstacles database (https://caa-pl.maps.arcgis.com/apps/webappviewer/ind
ex.html?id=252d2be2e6104adcb9be8201660a05b3.pdf). We created a point layer based on the geographical
coordinates of operating wind turbines for 2021. For each turbine point, we generated a buffer with a radius of
700 m. These buffers were combined to create a vector layer (polygon) representing the extent of coverage for
each wind farm. Using this wind farm cover layer, we calculated the percentage of each hunting district’s area
that a wind farm covered. The selection of a 700-meter buffer was based on existing research indicating this
distance as the impact radius of wind turbines on animals®® (Fig. 3). For further analysis, we included all hunting
districts where wind farms were present (Fig. 1).

Finally, for the statistical analysis, we obtained 478 hunting districts for roe deer, 469 hunting districts
for wild boar, 483 hunting districts for red fox, 463 hunting districts for raccoon dog, 464 hunting districts
for European badger, 335 hunting districts for European polecat and 154 hunting districts for European hare
(Table 1). Harvest range (ind/100 ha) for each species was as follows: roe deer: 0.6-34, wild boar: 0.1-43.5, red
fox: 1.0-60.3, raccoon dog: 0.1-17.9, European badger: 0.1-5.6, European polecat: 0.1-11.2, and European hare:
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Fig. 1. Diagram showing the data elaboration and selection order.
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Fig. 2. Selected land cover types for analysis: SETTLEMENTS (CLC classes: 1.1, 1.2 and 1.3), CROPS (CLC
classes: 2.1 and 2.2), FORESTS (CLC classes: 3.1 and 3.2) and WATER (CLC classes: 4.1 and 5.1), source:
https://clc.gios.gov.pl/.

0.4-22.5. Depending on the species, hunting districts were covered in various percentages by selected cover
types. CROPS were the main cover type and constituted 37.1 to 99.2 or 99.4% of the hunting district area, but
higher minimal coverage was in the case of the European hares (55.3%). FORESTS constituted 0.0 to 39.5% for
European hare and 0.0 to 43.6% for all other species. SETTLEMENTS covered from 0.0 to 22.4% for European
polecat, 0.0 to 27.9 for raccoon dogs, European badgers, and European hare, and up to 50.3% for other species.
WATER covered 0.0 to 0.1% for European hare and 0.0 to 43.6% for all other analyzed species. Wind farm area
(with a 700 m buffer) covered from 0.0 to 36.3% of hunting districts for European hares and from 0.0 to 58.8%
of hunting districts for all other studied species (Table 1).

Statistical analysis

Before the final statistical analyses, we verified if the hunting bags were correlated with the density of animals
estimated for hunting districts. Therefore, we used Pearson’s correlation coeflicient for each analyzed species
separately. For all species, the correlation was moderate and significant; for roe deer: r=0.527, p <0.001, for
wild boar: r=0.591, p <0.001, for red fox: r=0.351, p <0.001, for raccoon dog: r=0.726, p < 0.001, for European
badger: r=0.518, p < 0.001, for European polecat: r=0.523, p <0.001 and for European hare: r=0.464, p <0.001
(Figure S1). We also analyzed the relation of hunting bags and animal density using a generalized linear mixed
model with gamma distribution and log link function. We included the ID of voivodeships (administrative
regions in Poland) as a random factor to account for variations in game mammal populations across different
regions. All relations were significant (Table S2).

Scientific Reports |

(2024) 14:25290 | https://doi.org/10.1038/s41598-024-76999-2 nature portfolio


https://clc.gios.gov.pl/
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

. ""'
T VPRI
& A - . v ek
<] " - e
- ‘. ’ g .
- % P .
s " -
. * “ ' e
e ’ * e .
. . N e P
A
> ..
. - o @ 5 ¥ e v .
" >, . g ® .- # ¢ . o 7
« . g - . . .. - =
. . ¥ .3 ., ) . . . .
4. - * o s . eL ] A o  * '.‘
- '. 'l. g . - i
s "l ' " % - . = =
B * I .
' ; AR R UX -
. v . . “ AN .. .
. - v """ » | J [ I
. »
. . s o[ e .
. e - - .
. -, . o .
- . b v’ . 3 5 ¥ R : .
- ) . . . 2 "o .
- r ., . - - ~
. . » e
- o .
® & 3 % . .
o 0. \ a % ¥ “
- . - R * i - .
.
’ . e
-
. ”

B \Wind farm area .

Fig. 3. Distribution of wind farm areas in Poland (wind farm areas were calculated with 700 ha buffers for

turbines).
Crops Forests | Water
Districts (n) | Settlements (%) | (%) (%) (%) Wind farm (%)*
Roe deer 478 0.0-50.3 37.1-99.4 | 0.0-43.6 | 0.0-27.3 | 0.0-58.6
Wild boar 469 0.0-50.3 37.1-99.4 | 0.0-43.6 | 0.0-27.3 | 0.0-58.6
Red fox 483 0.0-50.3 37.1-99.4 | 0.0-43.6 | 0.0-27.3 | 0.0-58.8
Racoon dog 463 0.0-27.9 37.1-99.2 | 0.0-43.6 | 0.0-27.3 | 0.0-58.8
European badger | 464 0.0-27.9 37.1-99.2 | 0.0-43.6 | 0.0-27.3 | 0.0-58.8
European polecat | 335 0.0-22.4 37.1-99.2 | 0.0-43.6 | 0.0-27.3 | 0.0-58.8
European hare 154 0.0-27.9 55.3-99.2 | 0.0-39.5 | 0.0-0.1 | 0.0-36.3

Table 1. Main features of the studied hunting grounds for each species (range given for percentages). (*0.0
represent percentage of wind farm cover lower than 0.05 but always higher than 0).
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To evaluate the impact of wind farms and land cover types on the abundance of game mammals, we
employed a generalized linear mixed model (GLMM) in Lme4 package in R (https://cran.r-project.org/web/p
ackages/lme4/index.html)*2. GLMMs are suitable for handling correlations among multiple observations from
unique sampling units. Therefore, we included the ID of voivodeships (administrative regions in Poland) as
a random factor to account for variations in game mammal populations across different regions. We used a
gamma distribution with a log link function, with model parameters estimated through maximum likelihood.
Seven models were constructed, each focusing on one of the seven studied species. The dependent variable in
each model was the number of harvested individuals of a given species per 100 hectares of hunting district
area. In all models, we incorporated five explanatory variables expressed as percentages of the hunting district
area: SETTLEMENTS, CROPS, FORESTS, WATER, and WIND FARM. Summarized data for all variables are
presented in Table 1, with detailed data provided in Table S1.

Model selection was based on the corrected Akaike information criterion (AICc)>?. The best-fit models were
identified by the lowest AICc score, and models with a AAICc < 2 were considered plausible following Burnham
and Anderson’s guidelines. We explored all possible combinations of explanatory variables and compared them
to a null (intercept-only) model. Final model parameters and 95% confidence intervals (95% CI) were estimated
using model averaging across all models with AAICc < 2, implemented with the ‘modavg’ package (https://cran
.r-project.org/web/packages/AICcmodavg/index.html)>*.

Results

The final AICc model set for roe deer included seven models with a AAICc<2 (Table S3). The top model
identified included FORESTS and WIND FARM. The hunting bag for roe deer increased with SETTLEMENTS
and WATER. Still, it decreased with CROPS, FORESTS, and WIND FARM (Fig. 4). The variable WIND FARM
appeared in the roe deer hunting bag as it was retained in all models, with an estimate of -0.05 and its 95% CI in
the range of -0.1-0.0. However, the models showed poor fit, as indicated by a AAICc of 2.71 between the null and
top models (Table S3). The direction of the effect for other variables was inconclusive, as their 95% CIs distinctly
overlapped 0.

Similarly, seven models were included in the AICc model set for wild boar, but the top model included
only SETTLEMENTS and FORESTS. The hunting bag for wild boar increased with CROPS and WATER but
decreased with other cover types and WIND FARM (Fig. 4). For all variables, the direction of the effect was
inconclusive, as their 95% CIs overlapped 0 (estimate: -0.03, 95%CI: -0.11-0.05). However, the negative effect
of SETTLEMENTS was most pronounced, as the overlap was minimal. Despite the notable AAICc of 16.25
between the top model and the null model, WIND FARM was included in the model ranked sixth (Table S3).

The AICc model set for red fox included six models with a AAICc<2 (Table S3), but the top model
included only CROPS. The hunting bag for red fox increased with FORESTS and WATER, and decreased with
SETTLEMENTS and CROPS. WIND FARM was not included in the final AICc model set (Table S3). However,
for all variables, the direction of the effect was inconclusive as the 95% CI overlapped 0. The negative effect of
CROPS appeared most pronounced, with the least overlap (Fig. 5). Similar to roe deer, the models for red fox
seemed poorly fitted, with a AAICc of 2.10 between the null model and the top model (Table S3).

The effects were inconclusive for raccoon dog and European badger as the null models fell within AAICc <2,
with the second-ranked model for raccoon dog and the highest-ranked model for European badger (Table S3).

The AICc model set for European polecat included seven models with a AAICc<2, but the top model
included CROPS and WATER (Table S3). The hunting bag for European polecat increased with SETTLEMENTS
and FORESTS, but decreased with CROPS and WATER (Fig. 5). WIND FARM was not included in the final

d ROE DEER ﬂ WILD BOAR
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Fig. 4. Parameter estimates of roe deer and wild boar response to land cover types and wind farm. Model
averaged estimates and confidence intervals are taken from top models within AAICc <2 (variables: see
methods). The best random model (with random intercept and random slope) for roe deer abundance included
FORESTS and WIND FARM and for wild boar SETTLEMENTS and FORESTS (Table S3).
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Fig. 5. Parameter estimates of red fox and European polecat response to land cover types and wind farm.
Model averaged estimates and confidence intervals are taken from top models within AAICc <2 (variables: see
methods). The best random model (with random intercept and random slope) for red fox abundance included
only CROPS, while for European polecat the best model included CROPS and WATER (Table S3).

1 EUROPEAN HARE

SETTLEMENTS

CROPS —e—

FORESTS —

WATER

WIND FARM

2 15 -1 -0.5 0 0.5 1 1.5 2

Fig. 6. Parameter estimates of European hare response to land cover types and wind farm. Model averaged
estimates and confidence intervals are taken from top models within AAICc <2 (variables: see methods). The
best random model (with random intercept and random slope) for European hare abundance included only
CROPS (Table S3).

AICc model set (Table S3). Similarly, for all variables, the direction of the effect was inconclusive as the 95% CI
overlapped 0. However, the negative impact of FORESTS was most pronounced, with the lowest overlap (Fig. 5).

The final AICc model set for European hare included only three models with a AAICc < 2, and the top model
included only CROPS (Table S3). The hunting bag for European hare increased with SETTLEMENTS and
FORESTS, but decreased with CROPS and WATER. WIND FARM was not included in the final AICc model set
(Table S3). For WATER, the direction of the effect was inconclusive as the 95% CI overlapped 0. However, the
effects were clear for SETTLEMENTS, CROPS, and FORESTS (Fig. 6).

Discussion

In our study, we utilized official hunting bag data from the Research Station of the Polish Hunting Association in
Czempin. Such data are commonly used in various studies on game species®®~*3. We carefully pre-processed the
data to minimize factors that could impact our findings’ reliability.

In our study, we observed several intriguing relationships that suggest significant directions for further
research into the interactions between game species and the contemporary environment under various human
pressures. It's important to note that the context of open-field hunting districts situated within agricultural
landscapes may not always align with general trends observed for the analyzed animal species. Most animal
species did not exhibit clear relationships concerning land cover types, which is consistent with previous
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findings indicating that species density is influenced by many factors (e.g.>>~®!), including local variables that

are challenging to capture. Therefore, we focus on discussing the most prominent relationships—those showing
clearer trends—while omitting others that likely reflect localized patterns and necessitate a more detailed
approach not pursued in this study.

Effects of land cover types

Roe deer did not exhibit specific relationships with land cover types in the agricultural landscape of open-field
hunting districts. However, the results indicated a more pronounced negative relationship with forests. Although
woodlands are crucial for roe deer as safe habitats during both daytime and the hunting season®>%, this species
shows higher abundance in agriculture-dominated landscapes®":*! and a minimal amount of forest is sufficient
for roe deer to thrive in human-dominated landscapes®.

Similarly, wild boar showed ambiguous relationships with land cover types. The most notable negative effect
was observed for settlements. This finding is unsurprising given that wild boar has been heavily hunted for years,
particularly due to African swine fever (ASF). Consequently, the population of this species has significantly
declined, leading to further ecological consequences®®~°. Wild boar tend to avoid areas where obtaining quality
food involves a high risk of being killed®®. Therefore, increased hunting pressure leads to an expectation that wild
boar will avoid settlements associated with human presence, even in agricultural landscapes.

Mesocarnivores exhibited even more ambiguous relationships compared to ungulates. No clear explanation
for their abundance could be determined for two of the four species (raccoon dog and European badger).
Mesocarnivores depend on prey abundance rather than specific habitat types (e.g.”%7%). Moreover, most of the
analyzed species, such as red fox, raccoon dog, and European badger, are found in various habitat types, including
those typical of agricultural landscapes in central Europe”>~7°. In the case of the European polecat, there was a
clear positive relationship with forests. The European polecat is strongly associated with forest habitats”””8.

The abundance of European hare showed a positive relationship with settlements and forests and a negative
relationship with crops. Previous studies have consistently demonstrated a negative impact of agricultural
development on European hares’®8!. While forests are not typically preferred habitats for this species®?, the
“FORESTS” class in our study also includes successional phases with uncultivated meadow areas, which can
support high densities of hares®>. On the other hand, hares tend to avoid settlements (e.g.3!). We observed a
similar effect with forests in the European hare, likely as a response to large-scale croplands.

Effects of wind farms

Our large-scale study revealed that wind farms had a slight negative impact on the abundance of roe deer and
wild boar, though these effects were weak. Previous studies have suggested potential impacts of wind farms on
roe deer®"?2, but not specifically on wild boar®. Interestingly, in South Korea, where the wild boar population
has also been affected by African Swine Fever®, study focused on forest habitats rather than agricultural
landscapes™. This suggests that in forested areas where wild boars have adequate shelter, their response to wind
farms may be less pronounced than in agricultural landscapes. In the study by Lopucki et al.’! in agricultural
landscape, although there were insufficient wild boar tracks for detailed analysis, more tracks of this species
were observed in control areas compared to within wind farms. The observed negative relationships of roe
deer and wild boar with wind farms could also be influenced by hunters’ preferences rather than actual lower
animal densities. Imperio et al.® noted that hunting bags may better reflect animal density when considering
hunting efforts. More hunters may result in more hunted individuals, higher hunting efficacy and more efficient
control®”88. However, we could not account for the hunting effort in our study. To our knowledge, no research
has assessed the impact of wind farms on hunting efforts or hunters’ preferences. Hunting effort is also difficult
to assess. In the aging societies of Europe, many hunters hunt sporadically due to their age®. For this reason,
in our assessment, not always the number of hunters but the number of hours spent in the hunting district
could indicate hunting effort. Unfortunately, such data was not available to us. However, it should be noted that
hunting bags were correlated with animal density, which may indicate that the results reflect wind farms” impact
on the density of roe deer and wild boar. This is confirmed by the results of other studies that showed avoidance
of areas with wind farms by ungulates*-31:34,

The absence of an apparent effect of wind farms on mesocarnivores can largely be attributed to these species’
reliance on prey abundance (e.g.”%-72). Previous research indicates that potential prey populations do not exhibit
reduced abundance on wind farms. Some studies suggest that insect abundance may even be higher on wind
farms than control areas, possibly due to the attractiveness of white turbine bases (e.g’*°!). While vibrational
noise from turbines can impact earthworms, the distance over which earthworm abundance is affected is
typically short®. A similar situation applies to small mammals; despite observations of increased stress in some
species on wind farms®?, a clear negative impact on small mammal abundance has yet to be demonstrated®**°.
Therefore, it is plausible that comparable prey abundance between wind farms and other areas results in similar
mesocarnivore abundance. Furthermore, other benefits could offset any potential adverse effects of noise or other
disturbances from operational turbines. For instance, mesocarnivores in wind farm areas might be attracted to
carrion beneath turbines or find enhanced access to prey due to modified landscape features (e.g.”*%7).

Our findings indicate that wind farms do not have a discernible impact on the European hare. Previous studies
have shown varied responses of this species to wind farms, with reduced habitat utilization observed in Poland?!,
but no demonstrable effect seen in India*. Unlike other game mammals studied here, the density of hares is
locally influenced by reintroduction efforts. The European hare is Poland’s most frequently reintroduced game
mammal species, with several thousand individuals released annually’®*°. Therefore, it becomes challenging to
isolate the impact of wind farms in a population artificially bolstered by reintroductions. Nevertheless, given the
high predation pressure attributed to the increased red fox population'®, it remains plausible that wind farms
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could potentially influence the European hare. However, this would necessitate a more nuanced investigation,
including an analysis of reintroduction efforts, which is beyond the scope of our current study.

Conclusions
The study has highlighted that different cover types notably influence herbivorous species of game mammals in
agricultural landscapes. These species generally thrive in farm areas with more natural landscape elements. For
wild boars, there is a distinct avoidance of places with higher human activity, likely due to intensified hunting
pressure. In contrast, mesocarnivores are primarily influenced by prey abundance with minimal observable
effects of specific land cover types. The European polecat, however, showed a clear preference for forested areas.
Interestingly, only roe deer and wild boar negatively correlated with wind farms, while no significant effect
was observed for European hares and mesocarnivores. The reasons underlying these relationships remain unclear
and warrant further specific studies. The uncertainty regarding the causation of these effects currently impedes
large-scale assessments of wind energy development on these studied game mammals. Wind farms represent a
relatively new landscape feature, and the effects observed may be transient as animals potentially adapt to their
presence. Conversely, greater coverage of wind farms across larger areas may lead to reduced densities of these
herbivores, although predicting the threshold of such impacts remains challenging.
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Received: 3 July 2024; Accepted: 18 October 2024
Published online: 25 October 2024

References
1. Beiter, P. et al. Expert perspectives on the wind plant of the future. Wind Energy 25(8), 1363-1378 (2022).
2. Bilgili, M. & Alphan, H. Global growth in offshore wind turbine technology. Clean. Technol. Environ. Policy 24(7), 2215-2227 (2022).
3. Bosnjakovi¢, M., Katini¢, M., Santa, R. & Mari¢, D. Wind turbine technology trends. Appl. Sci. 12(17), 8653 (2022).
4. Enevoldsen, P. Onshore wind energy in northern European forests: reviewing the risks. Renew. Sustain. Energy Rev. 60, 1251
1262 (2016).
5. Nazir, M. S., Ali, N, Bilal, M. & Igbal, H. M. Potential environmental impacts of wind energy development: a global perspective.
Curr. Opin. Environ. Sci. Health 13, 85-90 (2020).
6. Bessette, D. L. & Mills, S. B. Farmers vs. lakers: Agriculture, amenity, and community in predicting opposition to United States
wind energy development. Energy Res. Soc. Sci. 72, 101873 (2021).
7. Finserés, E., Anchustegui, I. H., Cheynet, E., Gebhardt, C. G. & Reuder, J. Gone with the wind? Wind farm-induced wakes and
regulatory gaps. Mar. Policy 159, 105897 (2024).
8. Liu, L. et al. Wind farms increase land surface temperature and reduce vegetation productivity in the Inner Mongolia Plateau.
Geogr. Sustain. 5(3), 319-328 (2024).
9. Szostek, C. L., Edwards-Jones, A., Beaumont, N. J. & Watson, S. C. Primary vs grey: a critical evaluation of literature sources used
to assess the impacts of offshore wind farms. Environ. Sci. Policy 154, 103693 (2024).
10. Helldin, J. O. et al. The Impacts of Wind Power on Terrestrial Mammals: A Synthesis (Naturvardsverket (2012).
11. Lovich, J. E. & Ennen, J. R. Assessing the state of knowledge of utility-scale wind energy development and operation on non-
volant terrestrial and marine wildlife. Appl. Energy 103, 52-560 (2013).
12. Menzel, C. & Hannover, K. P. Proof of habitat utilization of small game species by means of feces control with dropping markers
in areas with wind-driven power generators. Z. Jagdwiss 45(4), 223-229 (1999).
13. Jiménez Garcia, D., Martinez Pérez, J. E. & Peir6 Clavell, V. Relationship between game species and landscape structure in the SE
of Spain. Wildl. Biol. Pract. 2(2), 48-62 (2006).
14. Wightman, P. H. et al. Landscape characteristics and predation risk influence spatial variation in auditory courtship of an upland
game bird. Landsc. Ecol. 38(5), 1221-1236 (2023).
15. Santos, M. et al. Predicting the trends of vertebrate species richness as a response to wind farms installation in mountain
ecosystems of northwest Portugal. Ecol. Indic. 10(2), 192-205 (2010).
16. Koschinski, S. et al. Behavioural reactions of free-ranging porpoises and seals to the noise of a simulated 2 MW windpower
generator. Mar. Ecol. Prog. Ser. 265, 263-273 (2003).
17. Madsen, P. T., Wahlberg, M., Tougaard, J., Lucke, K. & Tyack, P. Wind turbine underwater noise and marine mammals:
implications of current knowledge and data needs. Mar. Ecol. Prog. Ser. 309, 279-295 (2006).
18. Scholl, E. M. & Nopp-Mayr, U. Impact of wind power plants on mammalian and avian wildlife species in shrub-and woodlands.
Biol. Conserv. 256, 109037 (2021).
19. Zbyryt, A. et al. Do wild ungulates experience higher stress with humans than with large carnivores? Behav. Ecol. 29(1), 19-30
(2017).
20. Gortézar, C., Acevedo, P, Ruiz-Fons, E & Vicente, ]. Disease risks and overabundance of game species. Eur. J. Wildl. Res. 52, 81-87
(2006).
21. Frey, J. K, Iglesias, J. & Herman, K. Eastern fox squirrel (Sciurus niger): new threat to pecan orchards in far west Texas. West. N
Am. Nat. 73(3), 382-385 (2013).
22. Mendes, C. P. et al. Landscape of human fear in neotropical rainforest mammals. Biol. Conserv. 241, 108257 (2020).
23. Walter, W. D., Leslie, D. M. & Jenks, J. A. Response of Rocky Mountain Elk (Cervus elaphus) to wind-power development. Am.
Midl. Nat. 156(2), 363-375 (2006).
24. Flydal, K., Eftestol, S., Reimers, E. & Colman, J. E. Effects of wind turbines on area use and behaviour of semi-domestic reindeer
in enclosures. Rangifer 24(2), 55-66 (2004).
25. Taylor, K. L., Beck, J. L. & Huzurbazar, S. V. Factors influencing winter mortality risk for pronghorn exposed to wind energy
development. Rangel. Ecol. Manag. 69(2), 108-116 (2016).
26. Milligan, M. C. et al. Variable effects of wind-energy development on seasonal habitat selection of pronghorn. Ecosphere 12(12),
€03850 (2021).
27. Skarin, A. & Alam, M. Reindeer habitat use in relation to two small wind farms, during preconstruction, construction, and
operation. Ecol. Evol. 7(11), 3870-3882 (2017).
28. Tsegaye, D. et al. Reindeer spatial use before, during and after construction of a wind farm. Appl. Anim. Behav. Sci. 195,103-111 (2017).
29. Skarin, A., Nellemann, C., Rénnegérd, L., Sandstrom, P. & Lundqvist, H. Wind farm construction impacts reindeer migration and
movement corridors. Landsc. Ecol. 30, 1527-1540 (2015).

Scientific Reports |

(2024) 14:25290 | https://doi.org/10.1038/s41598-024-76999-2 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

30.

31.

32.

33.

34.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

48.

49.

50.

51.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Skarin, A., Sandstrém, P. & Alam, M. Out of sight of wind turbines—Reindeer response to wind farms in operation. Ecol. Evol.
8(19), 9906-9919 (2018).

Lopucki, R, Klich, D. & Gielarek, S. Do terrestrial animals avoid areas close to turbines in functioning wind farms in agricultural
landscapes? Environ. Monit. Assess. 189, 1-11 (2017).

Klich, D., Eopucki, R., Scibior, A., Golebiowska, D. & Wojciechowska, M. Roe deer stress response to a wind farms: methodological
and practical implications. Ecol. Indic. 117, 106658 (2020).

Kim, S. H. et al. Occupancy model to unveil wildlife utilization at Yeongyang-gun wind farm management road, Korea. Glob Ecol.
Conserv. 48, €02692 (2023).

Kumara, H. N. et al. Responses of birds and mammals to long-established wind farms in India. Sci. Rep. 12(1), 1339 (2022).

. Sirén, A. P, Maynard, D. S., Kilborn, J. R. & Pekins, P. . Efficacy of remote telemetry data loggers for landscape-scale monitoring:

a case study of American martens. Wild Soc. Bull. 40(3), 570-582 (2016).

Sirén, A. P, Pekins, P. ], Kilborn, J. R, Kanter, J. J. & Sutherland, C. S. Potential influence of high-elevation wind farms on
Carnivore mobility. J. Wildl. Manag. 81(8), 1505-1512 (2017).

Rabin, L. A, Coss, R. G. & Owings, D. H. The effects of wind turbines on antipredator behavior in California ground squirrels
(Spermophilus beecheyi). Biol. Conserv. 131(3), 410-420 (2006).

Cattadori, I. M., Haydon, D. T., Thirgood, S. J. & Hudson, P. J. Are indirect measures of abundance a useful index of population
density? The case of red grouse harvesting. Oikos 100(3), 439-446 (2003).

Ferreira, C., Paupério, J. & Alves, P. C. The usefulness of field data and hunting statistics in the assessment of wild rabbit
(Oryctolagus cuniculus) conservation status in Portugal. Wildl. Res. 37(3), 223-229 (2010).

Hagen, R., Haydn, A. & Suchant, R. Estimating red deer (Cervus elaphus) population size in the Southern Black Forest: the role
of hunting in population control. Eur. J. Wildl. Res. 64, 1-8 (2018).

ENETWILD-Consortium. Wild Carnivore occurrence and models of hunting yield abundance at European scale: first models for
red fox and badger. EFSA Support. Publ. 20(2), 7894 (2023).

Rédel, H. G. & Dekker, J. J. Influence of weather factors on population dynamics of two lagomorph species based on hunting bag
records. Eur. J. Wildl. Res. 58, 923-932 (2012).

Panek, M. Habitat factors associated with the decline in brown hare abundance in Poland in the beginning of the 21st century.
Ecol. Indic. 85, 915-920 (20180).

Neumann, W., Widemo, E, Singh, N. J,, Seiler, A. & Cromsigt, J. P. Strength of correlation between wildlife collision data and
hunting bags varies among ungulate species and with management scale. Eur. J. Wildl. Res. 66, 1-13 (2020).

Morellet, N., Klein, E, Solberg, E. & Andersen, R. The census and management of populations of ungulates in Europe. In Ungulate
Management in Europe: Problems and Practices (eds. Putman, R., Apollonio M., Andersen, R.) 106-143 (2010).

Checko, E. Estimating forest ungulate populations: a review of methods. For. Res. Pap. 72(3), 253-265 (2011).

. Husek, J., Boudreau, M. R. & Panek, M. Hunter estimates of game density as a simple and efficient source of information for

population monitoring: a comparison to targeted survey methods. PLoS ONE 16(8), 0256580 (2021).

Blazejczyk, K. Climate and bioclimate of Poland. Natural and human environment of Poland. Geograph. Overv. 31-48 (2006).
Wilus, R. The natural history of Poland. In Poland. History, Culture and Society. Selected Readings (ed. Bielawska-Batorowicz, E.)
(Uniwersytet L.odzki, L6dz. Wydawnictwo Uniwersytetu Lodzkiego, 2015).

Bielecka, E. & Ciolkosz, A. Land cover structure in Poland and its changes in the last decade of 20th century. Roczniki Geomatyki
2(1), 81-88 (2004).

Luc, M. et al. From land cover diversity to landscape variety in Poland. Raster data analysis. In European IALE Conference 489-
492 (2009).

. Bates, D. et al. Package Tme4’. Convergence. http://dk.archive.ubuntu.com/pub/pub/cran/web/packages/Ime4/lme4.pdf (2015).
. Burnham, K. P. & Anderson, D. R. Model Selection and Multimodel Inference: A Practical Information-Theoretic Approach

(Springer, 2002).

. Mazerolle, M. J. & Mazerolle, M. M. J. Package AICcmodavg”. https://cran.uib.no/web/packages/ AICcmodavg/AICcmodavg (2020).
. Acevedo, P, Vicente, J., Alzaga, V. & Gortazar, C. Wild boar abundance and hunting effectiveness in Atlantic Spain: environmental

constraints. Galemys 21(2), 13-29 (2009).

Cusack, J. J. et al. Random versus game trail-based camera trap placement strategy for monitoring terrestrial mammal
communities. PLoS ONE 10(5), 0126373 (2015).

Heurich, M. et al. Country, cover or protection: what shapes the distribution of red deer and roe deer in the Bohemian Forest
ecosystem? PLoS ONE 10(3), e0120960 (2015).

Santilli, F. & Galardi, L. Effect of habitat structure and type of farming on European hare (Lepus europaeus) abundance. Hystrix
27(2), 120 (2016).

Zaman, M., Rakha, B. A., Bao, H., Vitekere, K. & Jiang, G. Effect of habitat factors and predator density on the spatial abundance
of cape hare (Lepus capensis) in the Karakorum range. Appl. Ecol. Environ. Res. 18(2), 2921-2934 (2020).

Saad, N., Hanane, S., El Hak Khemis, M. D. & Farhi, K. Landscape composition governs the abundance patterns of native and invasive
Columbidae species along an urban-rural gradient and contribute to their partitioning. Biol. Invas. 23(7), 2077-2091 (2021).
Benjamin, C. S. et al. Modelling the relative abundance of roe deer (Capreolus capreolus L.) along a climate and land-use gradient.
Animals 12(3), 222 (2022).

Mancinelli, S., Peters, W., Boitani, L., Hebblewhite, M. & Cagnacci, F. Roe deer summer habitat selection at multiple spatio-
temporal scales in an Alpine environment. Hystrix 26(2), 1-9 (2015).

Martin, J. et al. Temporal shifts in landscape connectivity for an ecosystem engineer, the roe deer, across a multiple-use landscape.
Landsc. Ecol. 33, 937-954 (2018).

Zini, V., Wiber, K. & Dolman, P. M. Habitat quality, configuration and context effects on roe deer fecundity across a forested
landscape mosaic. PLoS ONE 14(12), e0226666 (2019).

. Lovari, S., Serrao, G. & Mori, E. Woodland features determining home range size of roe deer. Behav. Process. 140, 115-120 (2017).
. Jori, E et al. Management of wild boar populations in the European Union before and during the ASF crisis. In Understanding and

Combatting African Swine Fever: A European Perspective 263-271 (Wageningen Academic, 2021).

. Klich, D. et al. Predation on livestock as an indicator of drastic prey decline? The indirect effects of an African swine fever

epidemic on predator-prey relations in Poland. Ecol. Indic. 133, 108419 (2021).

. Kopij, G. Population density of the wild boar (Sus scrofa) in south-western Poland in 1981-2020. Theriologia Ukr. 24, 171-183

(2022).

. Drimaj, J. et al. Intensive hunting pressure changes local distribution of wild boar. Hum. Wildl Interact. 15(1), 9 (2021).
. Frey, S. N. & Conover, M. R. Habitat use by meso-predators in a corridor environment. J. Wildl. Manag. 70(4), 1111-1118 (2006).
. Jankowiak, L., Antczak, M. & Tryjanowski, P. Habitat use, food and the importance of poultry in the diet of the red fox Vulpes

vulpes in extensive farmland in Poland. World Appl. Sci. ]. 4(6), 886-890 (2008).

. Moreno-Sosa, A. M., Yacelga, M., Craighead, K. A., Kramer-Schadt, S. & Abrams, J. F. Can prey occupancy act as a surrogate for

mesopredator occupancy? A case study of ocelot (Leopardus pardalis). Mamm. Biol. 102(1), 163-175 (2022).

. Panek, M. & Bresiniski, W. Red fox Vulpes vulpes density and habitat use in a rural area of western Poland in the end of 1990s,

compared with the turn of 1970s. Acta Theriol. 47, 433-442 (2002).

. Goldyn, B., Hromada, M., Surmacki, A. & Tryjanowski, P. Habitat use and diet of the red fox Vulpes vulpes in an agricultural

landscape in Poland. Z. Jagdwiss 49, 1-10 (2003).

Scientific Reports |

(2024) 14:25290

| https://doi.org/10.1038/s41598-024-76999-2 nature portfolio


http://dk.archive.ubuntu.com/pub/pub/cran/web/packages/lme4/lme4.pdf
https://cran.uib.no/web/packages/AICcmodavg/AICcmodavg
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

75. Keuling, O. et al. The German wildlife information system (WILD): population densities and den use of red foxes (Vulpes vulpes)
and badgers (Meles meles) during 2003-2007 in Germany. Eur. J. Wildl. Res. 57, 95-105 (2011).

76. Nieszala, A. & Klich, D. How far from the road should land cover be assessed? A case study on mesopredator mortality on roads.
Eur. J. Wildl. Res. 67, 1-9 (2021).

77. Jedrzejewski, W., Jedrzejewska, B. & Brzezinski, M. Winter habitat selection and feeding habits of the polecats (Mustela putorius)
in the Bialowieza National Park, Poland. Z. Sdugetierkd 58, 75-83 (1993).

78. Pyskovd, K. et al. Carnivore distribution across habitats in a central-European landscape: a camera trap study. ZooKeys 770, 227 (2018).

79. Schmidt, N. M., Asferg, T. & Forchhammer, M. C. Long-term patterns in European brown hare population dynamics in Denmark:
effects of agriculture, predation and climate. BMC Ecol. 4, 1-7 (2004).

80. Sliwinski, K., Ronnenberg, K., Jung, K., Strauf, E. & Siebert, U. Habitat requirements of the European brown hare (Lepus
europaeus Pallas 1778) in an intensively used agriculture region (Lower Saxony, Germany). BMC Ecol. 19, 1-11 (2019).

81. Gryz, J. & Krauze-Gryz, D. Why did brown hare Lepus europaeus disappear from some areas in Central Poland? Diversity 14(6),
465 (2022).

82. Panek, M. & Kamieniarz, R. Studies on the European hare. 54. Relationship between density of brown hare Lepus europaeus and
landscape structure in Poland in the years 1981-1995. Acta Theriol. 44(1), 67-75 (1999).

83. Hutchings, M. & Harris, S. The Current Status of the Brown Hare (Lepus europaeus) in Britian (Joint Nature Conservation
Committee, 1996).

84. Roedenbeck, I. A. & Voser, P. Effects of roads on spatial distribution, abundance and mortality of brown hare (Lepus europaeus)
in Switzerland. Eur. J. Wildl. Res. 54, 425-437 (2008).

85. Jo, Y. S. & Gortdzar, C. African swine fever in wild boar: assessing interventions in South Korea. Transbound. Emerg. Dis. 68(5),
2878-2889 (2021).

86. Imperio, S., Ferrante, M., Grignetti, A., Santini, G. & Focardi, S. Investigating population dynamics in ungulates: do hunting
statistics make up a good index of population abundance? Wildl. Biol. 16(2), 205-214 (2010).

87. Fernandez-de-Simon, J., Ferreres, J. & Gortazar, C. The number of hunters and wild boar group size drive wild boar control
efficacy in driven hunts. Eur. J. Wildl. Res. 69(2), 35 (2023).

88. Vajas, P. et al. Many, large and early: Hunting pressure on wild boar relates to simple metrics of hunting effort. Sci. Total Environ.
698, 134251 (2020).

89. Gdula, P. Bedzie mniej mysliwych. Wildmen. https://wildmen.pl/wiadomosci/bedzie-mniej-mysliwych/ (2021).

90. Crawford, M. S., Dority, D. E., Dillon, M. E. & Tronstad, L. M. Insects are attracted to white wind turbine bases: evidence from
turbine mimics. West. N Am. Nat. 83(2), 232-242 (2023).

91. DePaolo, S., Dillon, D. E., Tronstad, L. M., Abernethy, I. M. & Andersen, M. D. Baseline research for long-term effects of wind farms
on insects, plants, birds, and bats in Wyoming: Final Report. Report prepared for the Wyoming Bureau of Land Management by the
Department of Zoology and Physiology, and Wyoming Natural Diversity Database at the University of Wyoming (2016).

92. Velilla, E., Collinson, E., Bellato, L., Berg, M. P. & Halfwerk, W. Vibrational noise from wind energy-turbines negatively impacts
earthworm abundance. Oikos 130(6), 844-849 (2021).

93. Lopucki, R., Klich, D., Scibior, A., Golebiowska, D. & Perzanowski, K. Living in habitats affected by wind turbines may result in
an increase in corticosterone levels in ground dwelling animals. Ecol. Indic. 84, 165-171 (2018).

94. de Lucas, M., Janss, G. E & Ferrer, M. A bird and small mammal BACI and IG design studies in a wind farm in Malpica (Spain).
Biodivers. Conserv. 14, 3289-3303 (2005).

95. Lopucki, R. & Mrdz, I. An assessment of non-volant terrestrial vertebrates response to wind farms—a study of small mammals.
Environ. Monit. Assess. 188, 1-9 (2016).

96. Henrich, M., Tietze, D. T. & Wink, M. Scavenging of small bird carrion in southwestern Germany by beetles, birds and mammals.
J. Ornithol. 158, 287-295 (2017).

97. Goémez-Catasus, J. et al. Landscape features associated to wind farms increase mammalian predator abundance and ground-nest
predation. Biodivers. Conserv. 30, 2581-2604 (2021).

98. Kamieniarz, R. & Rzonca, Z. Metody Oraz Skala Introdukgji, reintrodukgji i wsiedlania zwierzyny w Polsce. Lowiectwo w
zréwnowazonej Gospodarce lesnej 91-103 (2015).

99. Flis, M. Rola gospodarki towieckiej w ochronie przyrody. Studia i Materialy Centrum Edukacji Przyrodniczo-Lesnej 55(1), 113-122
(2018).

100. Goszczynski, J., Misiorowska, M. & Juszko, S. Changes in the density and spatial distribution of red fox dens and cub numbers in
central Poland following rabies vaccination. Acta Theriol. 53, 121-127 (2008).
Acknowledgements

We thank dr hab. Marek Panek from Research Station of the Polish Hunting Association in Czempin for valuable
advice in preparing the article.

Author contributions

DK conceived the ideas and designed methodology; DK, JK, RL, ZK, GY, and MB collected the material and
data; DK and JK analysed the data; DK and JK prepared visualizations; DK, JK, and RL led the writing of the
manuscript. ZK, GY and MB reviewed the manuscript, DK received funds. All authors contributed critically to
the drafts and gave final approval for publication.

Funding
Funding for this research was provided by: Narodowe Centrum Nauki (2021/41/B/NZ9/04442).

Declarations

Competing interests

The

authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/1
0.1038/s41598-024-76999-2.

Correspondence and requests for materials should be addressed to D.K.

Reprints and permissions information is available at www.nature.com/reprints.

Scientific Reports |

(2024) 14:25290

| https://doi.org/10.1038/s41598-024-76999-2 nature portfolio


https://wildmen.pl/wiadomosci/bedzie-mniej-mysliwych/
https://doi.org/10.1038/s41598-024-76999-2
https://doi.org/10.1038/s41598-024-76999-2
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party material in this article are included in the article’s
Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy
of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports|  (2024) 14:25290 | https://doi.org/10.1038/s41598-024-76999-2 nature portfolio


http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/scientificreports

	﻿The contingent impact of wind farms on game mammal density demonstrated in a large-scale analysis of hunting bag data in Poland
	﻿Methods
	﻿Statistical analysis

	﻿Results
	﻿Discussion
	﻿Effects of land cover types
	﻿Effects of wind farms

	﻿Conclusions
	﻿References


