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Patterns of brown bear damages to
agro-livestock activities in North-
Eastern Italy across 15 years
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Natalia Bragalanti® & Stefano Bovolenta®?

Livestock predations along with damages to croplands and beehives, are some of the main drivers

of human-bear conflicts in shared landscapes. In the North-Eastern Italian Alps, the only brown bear
Ursus arctos breeding population persists in the Autonomous Province of Trento, reintroduced via the
LIFE Ursus program (1999-2004), while in Friuli Venezia Giulia (FVG) few dispersing males are detected
annually. Both areas report damages mainly to agro-livestock activities near human settlements. This
study aimed to: (i) describe bear-related damages to livestock (sum of preyed, injured, and missing
individuals), agriculture, beehives, and structures using 15 years of claims data; (ii) assess temporal
trends in damages near human settlements; and (iii) evaluate the spatial expansion of damages. We
analysed official compensation claims from 2009 to 2023 in the Autonomous Province of Trento and
FVG. Generalized Additive Models assessed proximity trends, while spatial expansion was analysed
using 5 x5 km grid-based hotspot analysis. Findings revealed that livestock and structural damages
occurred significantly closer to human settlements across years; but a significant spatial expansion

of damages was observed only in the Autonomous Province of Trento. Results highlight the need for
effective prevention to reduce conflicts and support human-bear coexistence.

Keywords Agriculture, Beehives, Livestock, Grazing practices, Human-bear conflict, Human-carnivore
coexistence

Where humans and large carnivores (henceforward, carnivores) share the same habitats, the real or perceived

threat posed by predators to human safety and economic security may lead to negative attitudes among local
communities towards these species'™. This, in turn, may jeopardize the long-term survival of carnivore
populations and the preservation of traditional human practices?, particularly in regions where such practices
represent the primary source of livelihood for local people®’. Extensive agro-livestock activities, particularly in
mountainous areas, provide essential ecosystem services to humans, including carbon sequestration, nutrient
recycling, food production, and biodiversity and landscape preservation®-!. Similarly, in certain contexts,
carnivores contribute to ecosystem services by offering public health benefits!!, controlling the presence
of invasive alien species'?, and regulating the abundance and distribution of species at lower trophic levels
through top-down ecological effects, thereby enhancing ecosystem stability!®. Given the ecological and cultural
significance of both carnivores and traditional human practices, fostering coexistence is a critical conservation
and management priority.

Ursids, felids, and canids are frequently involved in negative interactions with humans!4-1¢, However,
compared to conflicts involving felids and canids, human-bear conflicts (HBCs) have received less attention,
especially in Europe!. As a consequence of state-sponsored extermination campaigns and overhunting!’-'°, the
brown bear Ursus arctos (henceforward, bear) experienced a dramatic population decline in the past. Additionally,
increasing habitat loss and fragmentation due to human settlement expansion, road construction, and forest
exploitation have further reduced suitable wilderness habitats for bears. This, in turn, has brought the species
into closer contact with humans, leading to the emergence of HBCs?*-%%. In recent years, thanks to conservation
efforts, the bear has begun recolonising its former distribution range in many European countries?!. However, in
shared landscapes, conflicts with humans arise due to livestock predations, as well as damages to agriculture and
beehives?>2%, which, in turn, generate resentment among livestock farmers®>!4,
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In the North-Eastern Italian Alps (and more broadly across the entire Italian Alpine range) the only extant
and reproducing bear population is located in the Autonomous Province of Trento*>?”. This population was
re-established through a translocation program carried out between 1999 and 2004, supported by the European
Union via LIFE Nature funding (LIFE Ursus) in collaboration with the Autonomous Province of Trento and the
Institute for Environmental Protection and Research (ISPRA). The project aimed to prevent the extinction of
the few remaining bears and restore a minimum viable population of 40-60 individuals within a few decades.
To achieve this goal, between 1999 and 2002, ten bears (seven females and three males) were translocated from
Slovenia to the ‘Adamello Brenta’ Natural Park and surrounding areas, as the Slovenian population was genetically
similar to that of Trentino*»*”?%, Conservation efforts have been highly successful, and the current population
is estimated to range between 86 and 120 individuals®. Conversely, in the Friuli Venezia Giulia (henceforward,
FVG) Region, between one and seven bears (exclusively males dispersing from the Autonomous Province of
Trento and/or the Dinaric-Balkan-Pindos population) are genetically identified each year*3!. However, only
a few of these individuals have shown stationary behaviour and have been re-sampled over multiple years. In
this area, no reproductive events have been recorded after 1988. Therefore, the population cannot be considered
viable?”. As for the Veneto Region, a limited influx of individuals originating from Trentino and/or FVG has
been observed over the years, but no stable presence has been recorded to date.

At the European level, the bear is included in Annex II of the Bern Convention (1979), which classifies the
species among the “Strictly Protected Species” Conversely, under the ‘Habitat’ Directive (92/43/CEE), it is listed
in Annexes II and IV, which include species of Community Interest requiring, respectively, the designation
of Special Areas of Conservation and Strict Protection?’. In Italy, the species is protected under National Law
157/92, and the Interregional Action Plan for the Conservation of the Brown Bear in the Central-Eastern Alps
(PACOBACE) establishes criteria for assessing the hazard level posed by individual bears, based on which the
selective removal of problematic individuals may be considered?”. Since the inception of the LIFE Ursus project,
the Forest and Wildlife Service of the Autonomous Province of Trento has been actively engaged in implementing
prevention and mitigation measures to reduce bear-related impacts on human activities. Their efforts also
include emergency management (i.e., problematic individuals) and educational initiatives designed to promote
safe human-bear coexistence?®>233, After a fatal attack on a runner in 2023, the Autonomous Province of Trento
approved a draft law in 2024 establishing that the maximum number of problematic individuals (as defined
by PACOBACE) allowed for culling will be determined annually based on the species’ demographic growth.
This growth is continuously monitored across years through field-based activities (e.g., camera-trapping) and/
or genetic analyses. This decision will be based on technical and scientific assessments and will require approval
from ISPRA. The purpose of this draft law is to reduce the risk of negative interactions with humans and/or
human activities.

The presence of bears in the North-Eastern Italian Alps has been gaining increasing attention from
conservation, socio-economic, and political perspectives. Research aimed at identifying the main factors driving
HBCs is thus crucial to elaborate effective prevention and mitigation interventions. This study aimed to: (i)
characterize bear-related damages to human activities (i.e., livestock husbandry, agriculture, beekeeping) and
related structures using 15 years of official claims data, (ii) assess whether, over time, the frequency of bear
damages near human settlements has increased, and (iii) identify conflict hotspot and cold spot areas. Given
the continuous expansion of the bear range over the years, especially in the Autonomous Province of Trento, we
expected to observe a corresponding increase in bear-related damages in close proximity to urban areas over
time. Moreover, since the bear population is more established in the Autonomous Province of Trento than in the
FVG Region, we also expected to detect more conflict hotspot areas in the former than in the latter.

Results

Overall bear population trend

From 2009 to 2023, the bear population significantly increased (p <0.001), with an estimated proportional annual
increase of 10.9% (Fig. 1). However, no significant association was found between increasing bear population
and overall number of damages, except for structural damages (Fig. 1).

Overall bear damages to agro-livestock activities according to study area and seasonal
period

The trend of bear-related damages to agro-livestock activities (including livestock, agriculture, beehives) and
related structures along with the corresponding post-damage compensation payments (Euros - €) recorded in
the FVG Region and the Autonomous Province of Trento during the study period (2009-2023) is reported
in Fig. 2. As for post-damage compensation payments, the lack of data recorded for 2020 in the Autonomous
Province of Trento (Fig. 2) is likely attributable to factors such as unclaimed damage events or, more plausibly,
the COVID-19 outbreak. In fact, although some farmers may refrain from submitting compensation claims
due to the complex bureaucracy involved in the process?, it is likely that the significant reduction in movements
during the pandemic also played a role.

As for damages on livestock, the overall number of preyed, injured, and missing individuals divided by
seasons and livestock category was summarized in Table 1.

With regards to damages to crops, during spring and summer, #=463 bear damages to agricultural crops
were registered: n=451 (97.4%) on single crops, while n=12 (2.6%) simultaneously on more crops. Conversely,
during autumn and winter, n=141 bear damages to agricultural crops were registered: n=133 (94.3%) on
single crops, while n=8 (5.7%) simultaneously on more crops. The seasonal number of bear damages per crop
(damages involving multiple crops were separated by individual crop) is summarized in Table 2.

The G-test revealed a significant difference in terms of agricultural habitat use during spring/summer
(G=1486.5, p<0.001) and autumn/winter (G=320.7, p<0.001). Specifically, during spring and summer, bears

Scientific Reports |

(2026) 16:7212 | https://doi.org/10.1038/s41598-026-38371-4 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

a. b. [
20 Y 500 p=0.38 p=0.22
100
00 o 2
630 400 "EP 80
L] e
» ° £ 3
< © =
2 % 300 £ 80
=2 b1 £
3 60 [ ] - 3
a @ o
g @ < o %0
5 -8 & 2
S ® o0 200
L]
o ® 20
20
30 60 % 120 30 60 90 120
d. Bear population & Bear population
0
Tz = 2 % 2 & & 190
& & 5 8 8 8 8 8
= 1
B: intrinsic growth rate on the log scale (slope) p=0.15 BC p<0.001
A: inite rate of increase (A = ) )
A: the annual proportional increase (A =A—1) » 80 =
o5 o
C} oo E
8 © 1
g . 2 g 8100
S [ © =
=1 - il o g
5 por= e g
£ o o < 2
o« R2=0.94 3 =
s g @ & so
£ - B=0.104
::; a A=1.109
g £=0.109 %
H p<0.001 P
&3 2 - o 1 ~ P - 2 30 60 %0 120 30 80 % 120
{ g & & ] & & & Bear population Bear population

Fig. 1. Trend of bear population as function of years (2009-2023 - a), and trends of livestock damages (sum
of preyed, injured, and missing individuals) (b), agricultural damages (c), beehive damages (d) and structural
damages (e) as function of bear population. The grey area represents the confidence interval (95%). For details
about the models, see Table S.1-2.
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Fig. 2. Bear damages to livestock (sum of preyed, injured, and missing individuals), agriculture, beehives, and
structures as well as corresponding post-damage compensation payments (Euros - €) across the study areas
during the period 2009-2023. Abbreviations: FVG =Friuli Venezia Giulia.

showed selection for vineyards (D=0.97) and orchards (D=0.51), while underuse of croplands (D = -0.80)
(Fig. 3a). With regards to autumn and winter, bears showed selection for vineyards (D=0.98) and underuse of
croplands (D = -0.38). Conversely, orchards were used according to their availability (D=0.29) (Fig. 3b).

As for beehive damages, n=_874 (87.0%) damages were registered during spring and summer, while n=131
(13.0%) during autumn and winter. For what concerns structural damages, n=353 (66.4%) damages were
recorded during spring and summer, while n=179 (33.6%) during autumn and winter.

The number of damage events significantly increased (p <0.001; Table S.3) during the spring and summer
seasons across all categories. This effect was less pronounced for structural damages (Fig. 3a) and most
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Seasons Affected domestic category | n %
Camelid 2 0.1
Canid 1 0.03
Cattle 97 2.8
Spring/Summer Cervid > ol
Equine 110 3.1
Small-sized species 2,213 | 62.8
Sheep and goat 1,089 | 30.9
Swine 7 0.2
Total 3,524 | 100
Camelid 4 0.6
Canid 1 0.2
Cattle 13 2.0
Autumn/Winter Cervid 0 09
Equine 15 2.4
Small-sized species 368 | 58.0
Sheep and goat 234 |369
Swine 0 0.0
Total 635 100

Table 1. Livestock damages (sum of preyed, injured, and missing individuals) by bears divided by seasons and
affected domestic category. Small-sized species includes poultry, rabbits, and fish.

pronounced for beehive damages (Fig. 4a). During the spring and summer seasons, this increase was significantly
and positively related with the year (p <0.05; Fig. 4a), whereas no significant variation was observed during the
autumn and winter seasons (Fig. 4a). Notably, the number of livestock and structural damages significantly
increased (p <0.05; Fig. 4b) over the years, with a particularly sharp rise from 2018 onwards.

The number of livestock damages increased significantly during spring and summer (autumn/winter: 5-24;
spring/summer: 30-111; p<0.01), reflecting the trend of events. The number of damages during spring and
summer also showed a significant positive increase over the years (p <0.01; Fig. 5a). This increase was particularly
pronounced for the ‘sheep and goats’ category (autumn/winter range: 6-16; spring/summer range: 31-66) and
the ‘small-sized species’ category (autumn/winter range: 4-17; spring/summer range: 37-117), which also
accounted for the highest number of damages (sheep and goats range: 31-66; small-sized species range: 37-117;
p<0.001; Fig. 5a). Conversely, cattle and equids experienced the lowest and similar levels of damages (equids:
4-9; cattle: 5-15; Fig. 5a). Among the categories, only the ‘small-sized species’ category displayed a significant
increase in damages over the years, with a notable surge starting in 2018 (p <0.01; Fig. 5b).

The occurrence of bear damages within urban areas accounted for 4% of the total events (n=130 out of
3,180), with variations observed across damage categories and seasons. Structural damages were the most
frequent within urban areas (n=49, 38%), with a notable increase during spring and summer (n=41, 84%)
compared to autumn and winter (n=8, 16%). Damages on beehives and livestock occurred at similar frequencies
within urban areas with, respectively, n=34 (26%) and n=39 cases (30%), distributed across the two seasonal
periods, i.e., beehive damages: n=3 (8.8%) in autumn and winter, n=31 (91.2%) in spring and summer; livestock
damages: n=4 (10.3%) in autumn and winter, n=35 (89.7%) in spring and summer. Conversely, agricultural
damages showed the lowest occurrence within urban areas, with only n =8 cases (6%), and revealing a minimal
variation between seasons, i.e., spring/summer: n=6 (75%); autumn/winter: n=2 (25%).

The single categories of damages showed significant differences in terms of minimum distances from urban
areas (p<0.001 - Fig. 6a), where structural damages were the most distant ranging between 1.9 and 2.5 km,
followed by livestock with a range between 1.7 and 2.2 km, and agricultural damages with a range between
1.7 and 2.0 km. Conversely, beehive damages were the closest to urban areas ranging between 1.5 and 1.9 km
(Fig. 6a). Both livestock and structural damages showed significant variations across years, i.e., livestock: p < 0.001;
structural: p<0.01, where the latter significantly decreased from 2020 (Fig. 6b). No significant differences
(p=0.12) were instead detected between seasons and across years, although both livestock and beehive damage
distances from urban areas tended to decrease during autumn and winter (Fig. 6a).

Bear damages experienced a significant range of expansion, increasing from n=73 (31.3%) to n=141 (60.5%)
grid cells out of the #n=233 cells considered during the research period. This expansion varied yearly depending
on damaged category and seasons, reflecting trends in grid cell usage (Fig. 7). Among damaged categories,
structural damages involved the fewest grid cells per year and significantly differed from the other categories, i.e.,
agricultural damages range: 6-8; livestock damages range: 5-8; beechive damages range: 5-7; structural damages
range: 3-5 (p <0.001; Fig. 7a). The area of grid cells with almost one damage event was significantly larger during
spring and summer than during autumn and winter (range of cells with almost one damage event: autumn/
winter 5-7; spring/summer 27-33; p<0.001), with no significant differences observed across years. During
autumn and winter, the lowest numbers of used grid cells were consistent across type of damages, with both
livestock (range of cells with almost one damage event: autumn/winter 5-8; spring/summer 18-26) and beehive
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Seasons Crop category | Crop type | n %
Vineyard Grape 117 | 244
Apple 37 |77
Apricot 10 |21
Cherry 189 | 39.5
Chestnut | 0 0.0
Orchard Medlar 1 0.2
Nut 3 0.6
Spring/Summer Peach 15 | 3.1
Pear 9 19
Plum 54 | 11.3
Strawberry | 1 0.2
Chicory 0 0.0
Cropland Hay 16 |33
Maize 25 |52
Olive grove Olive 2 0.4
Total 479 | 100
Vineyard Grape 37 | 262
Apple 40 | 284
Apricot 0 0.0
Cherry 2 1.4
Chestnut 1 0.7
Orchard Medlar 1 0.7
Nut 1 0.7
Autumn/Winter Peach 1 0.7
Pear 5 3.5
Plum 1 0.7
Strawberry | 0 0.0
Chicory 1 0.7
Cropland Hay 20 | 142
Maize 31 |220
Olive grove Olive 0 0.0
Total 141 | 100

Table 2. Seasonal number of bear damages per crop, in the period 2009-2023. Crop category was defined
based on habitat re-classification obtained from the 2018 CLC shapefile.

damages (range of cells with almost one damage event: autumn/winter 5-7; spring/summer 27-33) showing the
highest differences (p <0.001; Fig. 7a). In contrast, agricultural (range of cells with almost one damage event:
autumn/winter 6-8; spring/summer 11-15) and structural damages (range of cells with almost one damage
event: autumn/winter 3-5; spring/summer 6-10) exhibited smaller absolute differences (Fig. 7a).

The hotspot analysis revealed a significant clustering based on type of damage and seasons in terms of total
events (Fig. 8; Table S.7). Hot areas were more prevalent during spring and summer compared to autumn and
winter (Table S.8), aligning with the observed increase in grid cell use during spring and summer (Fig. 8).
Notably, no common hot areas were identified across type of damage, indicating distinct spatial patterns for
each type of damage within the area. Hot areas were exclusively located in the Autonomous Province of Trento,
where corresponded to the 46% of its total cells (n=74 out of n=160), while areas in FVG were classified as
either insignificant or cold spot (Table S.9). The constant hot areas between the two seasonal periods per type
of damage accounted less than 10% of the total areas (range: 11-15 out of n=233 - Fig. 8). Specifically, the
percentage of observed constant hot areas were 6% for livestock damages (n=14-7 exclusively for the type of
damage - out of n=233), 4% for agricultural (n =11 - 1 exclusively for the type of damage - out of n=233), 7% for
beehive damages (n=15-4 exclusively for the type of damage - out of n=233), and 6% for structural damages
(n=13-7 exclusively for the type of damage - out of n =233 - Fig. 9). The hotspot analysis revealed that most hot
areas underwent classification changes between the two seasonal periods, with variation depending on the type
of damage (Fig. 9). Specifically, livestock damages changed classification in 17% and 21% of cases from spring/
summer to autumn/winter and vice versa (n=16 and 20 out of 233, respectively); agricultural damages in 9%
and 17% of cases (n=12 and 22); beehive damages in 11% and 15% (n=12 and 16); and structural damages in
6% and 20% (n=>5 and 21).
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Fig. 3. Agricultural habitat selection (Jacobs’ Selectivity Index - D) by bears during spring and summer (a) as
well as autumn and winter (b). Positive (>0.3) or negative (< -0.3) values (dashed blue lines) indicate selection
or underuse, respectively, towards a specific habitat.

Discussion

This study provides a long-term assessment of bear-related damages in the area, with particular attention to
the proximity of these events to urban infrastructures. By addressing this previously underexplored aspect,
the research offers valuable insights into the dynamics of human-bear interactions in the study site. The high
number of damages recorded near urban areas, combined with the ongoing expansion of the bear range, suggests
an increasing likelihood of human-bear encounters in the near future. Given the expanding bear range in the
North-Eastern Italian Alps, particularly within the Autonomous Province of Trento, the findings presented
here can support the development of effective prevention and intervention strategies to mitigate HBCs while
simultaneously safeguarding bear populations and protecting human activities in shared landscapes. Bear
incursions into urban environments pose significant challenges, potentially leading to adverse social and
conservation outcomes® 3¢, When residents experience fear due to such encounters, their perceptions of bears
may become increasingly negative®”*%. This shift in attitude can undermine educational campaigns designed to
inform the public about the ecological importance of bears and strategies for safe coexistence.

The consistently higher number of bear-related damages to livestock, agriculture, beehives, and structures,
as well as the corresponding post-damage compensation payments observed in the Autonomous Province of
Trento compared to the FVG Region, aligns with the differing bear population sizes in these areas. Bear damages
predominantly occurred during spring and summer, with a significant increase observed over the years. This
pattern is influenced by the presence of livestock in mountainous grasslands during the transhumant period (i.e.,
from May/June to September/October>*4?), the ripening stage of certain crop categories (e.g., maize, cherries,
plums, apples), as well as beekeeping activities concentrated during the warmest months?>2°. Additionally, bears
hibernate during the coldest seasons?!, in turn reducing or nullifying the risk of damages. Small-sized livestock
(i.e., poultry, rabbits, fish) and sheep and goats, were the most affected categories. According to the latest census
conducted by the National Institute of Statistics (ISTAT 2022)*2, poultry represents the most abundant livestock
in both the Autonomous Province of Trento and the FVG Region. In the Autonomous Province of Trento,
poultry density stands at 104.8 ind./km?, followed by cattle (7.6 ind./km?), sheep (7.6 ind./km?), and goats (1.7
ind./km?). Similarly, in the FVG Region, poultry density is 834.5 ind./km?, with cattle at 9.6 ind./km?, sheep at
2.9 ind./km?, and goats at 0.8 ind./km?. Poultry, rabbits, and fish are often confined within enclosures or fences,
which may also explain the high number of structural damages observed. Furthermore, although we were unable
to explore bear selection towards specific livestock categories due to the absence of detailed information for
each affected farm, it is well-documented that sheep and goats are frequently targeted by large predators™15:43:44,
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Fig. 4. Damage events of bear in relation to the type of damage (livestock damages, agricultural damages,
beehive damages, and structural damages) and seasons (autumn/winter and spring/summer - a) and trends
of damage events during the period 2009-2023 in relation of type of damage (b) The grey area represents the
confidence interval (95%). For details about the models, see Table S.3.

This susceptibility is attributed to their smaller size, poor defensive adaptations, and limited anti-predatory
behaviours. A previous study conducted in the Autonomous Province of Trento?> showed that sheep and goats
accounted for 93% of the overall livestock preyed upon by bears. Similarly, research conducted in Slovenia®®
revealed that sheep represented 97% of all registered bear predation events.

As for agricultural damages, the preference shown by bears for both orchards and vineyards, especially
during spring and summer, aligns with other studies conducted in Eastern Europe’®*’, which revealed that
fruits, due to their high caloric content, constitute an important part of the overall bear diet. Croplands, such
as maize, also represents a significant component of the bear diet, especially during summer*”. However, in our
case, the avoidance of croplands by bears compared to the overall available agricultural surfaces suggests that
they shift their attention to other profitable food resources, such as fruits.

The presence of hotspot conflict areas (particularly during spring and summer) exclusively in the Autonomous
Province of Trento is in line with our initial hypothesis, and reflects the differing abundance and range expansion
of the species in the two areas. Nevertheless, despite the increasing bear damages observed in the Autonomous
Province of Trento over the years, along with the associated rise in bear population and range expansion?,
our findings revealed no significant association between the growing bear population and damages to human
activities. This result suggests that bear-related damages may be linked to the presence of problematic individuals*?
rather than being driven by the overall bear population size. This contrasts with observations from a previous
study conducted in the same area?®, where a significant positive relationship between the number of damages
and bear abundance was reported. However, the authors also affirmed that most damages were attributed to
problematic individuals identified by DNA analyses, in turn highlighting the impact that problematic bears may
have on agro-livestock practices. Additionally, although we were unable to investigate this effect due to data
limitations, a further possible explanation may relate to the increasing adoption of prevention measures over the
years, especially in the Autonomous Province of Trento where the presence of species is consolidated?’. Further
research incorporating the genetics of damaging bears, as well as the implementation of prevention measures, is
needed to provide more detailed and comprehensive insights.

Our findings revealed that bear damages to croplands and beehives were the closest to urban areas, as especially
croplands are frequently intermixed or ubicated in the near proximity of urban infrastructures. Conversely,
damages to livestock and, especially, structures were more distant. However, model results indicated that, over
time, the distance of these damages from urban areas significantly decreased, thus matching with our initial
hypothesis. Although bears, like other carnivore species, typically avoid humans, they are capable of roaming
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Fig. 5. Livestock damages (sum of preyed, injured, and missing individuals) of bear in relation to the type
of damage (cattle, equid, sheep and goats and small-sized species) and seasonal periods (autumn/winter and
spring/summer - a); and trends of damage events during the period 2009-2023 in relation of type of damage
(b). The grey area represents the confidence interval (95%). For details about the models, see Table S.4.

into human-altered environments, thereby increasing the likelihood of negative interactions*. In North-Eastern
Italy, particularly in the Autonomous Province of Trento, the bear population has been expanding its range,
bringing bears into closer contact with humans®. Moreover, the abandonment of agro-livestock practices
in mountainous areas has led to a reduction in ecotonal habitats (i.e., grasslands intermixed with patches of
natural habitats), favouring forest expansion and bringing carnivores closer to human infrastructures*’. Beyond
damages to livestock and agriculture, the presence of carnivores near human settlements and infrastructures
is often perceived as problematic because these animals can also attack pets. Additionally, although attacks on
humans are rare, especially in Europe®, people may experience fear and perceive their presence as dangerous®”-.
Therefore, their close proximity to human settlements must be properly managed and monitored to reduce the
likelihood of risky situations for both bears and humans®®. In our research, the inclusion of yearly spatial data
on grasslands and beehive locations would have greatly improved our ability to describe the spatial distribution
of bear damages to livestock and beekeeping activities in relation to urban areas. However, given the long-time
span of our study, such information was not available on a yearly basis. Further studies incorporating these data
are therefore needed to provide more detailed insights.

Thelimited data on prevention measures did notallow us to assess their potential effect on reducing bear-related
damages. However, literature shows that proper prevention/mitigation is key to reducing HBCs>'. Electric fences
are the most effective tool, achieving an 80-100% reduction in damages to livestock, beehives, and crops when
correctly installed and maintained*°!-33, Nevertheless, their use may be impractical in harsh terrains, requiring
alternative measures such as livestock guardian dogs or human guarding. Predator removal (e.g., translocation,
captivity, direct killing) is also used in high-conflict areas or to manage problematic individuals®"**->¢. Under
the European Directive (Article 16.1, ‘Habitat’ Directive 92/43/CEE), removal may be considered when non-
lethal methods fail and the species’ conservation status is not at risk®. Yet public support for removal, especially
direct killing, is low!*%, and its long-term effectiveness is debated due to context- and species-dependent
outcomes®>*-36, Ineffectiveness often stems from non-selective removals, short translocation distances, and
rapid replacement by new individuals®'. Since not all problematic bears will necessarily remain problematic, and
human-derived food sources can promote such behaviours®’, securing anthropogenic food*® or using aversive
conditioning™*” may help reverse them. The presence and distribution of carnivores in human-inhabited areas
must be carefully managed to prevent fear-driven support for illegal killings®”*$, which can jeopardize long-
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Fig. 6. Minimum distance from the nearest urban area (km) of bear damage events in relation to the type of
damage (livestock damages, agricultural damages, beehive damages, and structural damages) and seasonal
periods (autumn/winter and spring/summer - a); and trends of damage events during the period 2009-2023
in relation of type of damage (b). The grey area represents the confidence interval (95%). For details about the
models, see Table S.5.

term conservation efforts. Effective non-lethal prevention measures should remain the primary strategy, though
targeted removal of problematic individuals may be necessary in severe cases to mitigate HBCs®!, especially
when animals repeatedly enter urban areas. In our study, data on prevention measures used by livestock owners
were either unavailable or inconsistently reported. Moreover, the effectiveness of such measures in reducing
carnivore damages has rarely been evaluated®%%2, and these data are often missing in large-scale studies®>%4,
This highlights the need for stronger collaboration between research bodies and environmental authorities
to ensure systematic, standardised data collection on prevention effectiveness. Achieving human-carnivore
coexistence requires balancing species conservation with human activities; thus, well-planned interventions are
essential to protect both bears and local livelihoods in mountainous regions.

Methods

Study areas and data collection

The study was conducted across two areas totalling 14,131 km?, i.e., Autonomous Province of Trento (6,207
km?), and FVG Region (7,924 km?- Fig. 10).

In the study areas, habitat composition varies with elevation. Canopy-covered (i.e., forests and shrublands)
and open habitats (i.e., meadows and grasslands/pastures) are prevalent in the Alpine and pre-Alpine zones,
whereas croplands and anthropogenic areas dominate the lowlands. Human density is different in the two study
areas, i.e., 87.8 inhab./km? in the Autonomous Province of Trento, and 150.7 inhab./km? in the FVG Region. As
for agriculture, the lowland area is characterised by both intensive and extensive cultivations (primarily maize),
along with orchards, vineyards, and olive groves. Livestock grazing occurs primarily in Alpine and pre-Alpine
grasslands during the spring and summer transhumance period (May/June to September/October®*>*?, when
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Fig. 7. Number of cells having damages of bear in relation to the type of damage (livestock damages,
agricultural damages, beehive damages, and structural damages) and seasonal periods (autumn/winter and
spring/summer - a); and trends of damage events during the period 2009-2023 in relation of type of damage
(b). The grey area represents the confidence interval (95%). For details about the models, see Table S.6.

livestock is moved to higher elevations to graze in open areas, increasing their risk of predation by bears (and
other large carnivores). The bear range of distribution across the North-Eastern Alpine arch is shown in Fig. S.1.

We analysed official claims data on bear-related damages collected from 2009 to 2023 by field operators
working for the Autonomous Province of Trento and the FVG Region. Damages attributed to bears were verified
through on-site inspections conducted by trained personnel, including wildlife technicians, members of the
Forestry Service, and veterinarians. The responsible predator was identified based on signs such as footprints,
scrapes, bite marks, and the distance between canine teeth (in the case of livestock predations). In specific
instances where the responsible predator could not be conclusively identified through field-collected evidence,
genetic analyses were performed for further verification. The database included the following information for
each municipality: (i) municipality ID, (ii) date of the damage, (iii) coordinates of the damage, (iv) type of damage
(livestock damage, agricultural damage, beehive damage, structural damage), (v) affected livestock species and
total number of preyed, injured, and/or missing individuals, (vi) type of crop damaged, and (vii) post-damage
compensation payments (Euros - €). The compensation system for carnivore damages varies by Region and/or
Province according to local legislation: (i) in the Autonomous Province of Trento, it is governed by Article 33 bis
of Provincial Law No. 24/1991; (ii) in the FVG Region, by Articles 11 and 39 of Regional Law No. 6/2008 and
Regional Decree No. 162/2020. Compensation claims must be filed within 24 h in the Autonomous Province
of Trento, and within 48 h in the FVG Region. Subsequently, an in-situ kill-site inspection is conducted by
trained personnel (veterinarians, wildlife technicians, and members of the Forestry Service) working for the
Autonomous Province of Trento or the FVG Region, with damages compensated at 100% of the verified amount.

Scientific Reports |

(2026) 16:7212 | https://doi.org/10.1038/s41598-026-38371-4 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Livestock damage events Agricultural damage events

B Hot
[] Insignificant
[ Cold

0 25 S0km
— A

Autumn/Winter

Spring/Summer

Autumn/Winter

Spring/Summer

Fig. 8. Hotspot analysis of total events for each type of damage (livestock damages, agricultural damages,
beehive damages and structural damages) and seasons (autumn/winter and spring/summer) in study area (red
cell: hot areas - Gi>0, p<0.05; white cell: insignificant areas - Gi~0 and p>0.1; blue areas: cold areas - Gi<0,
p<0.05). The map was realised through the Software QGIS (v. 3.34 - https://qgis.org)®°.
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Fig. 10. Location of the study areas (inset map) and related bear damages, i.e., livestock damages (sum of
preyed, injured, and missing individuals) (a), agricultural damages (b), beehive damages (c), and structural
damages (d). Abbreviation: FVG =Friuli Venezia Giulia. The map was realised through the Software QGIS (v.
3.34 - https://qgis.org)®.

Spatial and statistical analyses
We realised the spatial analyses using the Software QGIS (v. 3.34)%, while statistical analyses using the Software
R (v. 4.3)%. The level of significance was set at 0.05.

The trend of the bear population over the years within the Autonomous Province of Trento was analysed
using a Linear Regression Model (LM) implemented with the /m R function®. The response variable was first
log-linear transformed, and, following Fryxell et al. (2014)%, the 3 (slope - intrinsic growth rate on the log
scale) value was extracted to estimate A (finite rate of increase; A = e ) and A (the annual proportional increase;
A =X — 1). Cubs were included in the analysis, and a logarithmic transformation was applied to the data to
reduce interannual variability. Additionally, the total annual events per type of damage, i.e., livestock damages,
agricultural damages, beehive damages, and structural damages (e.g., fences, garbage cans, cisterns), were
analysed as function of the bear population.

The variation in bear damages to livestock, agriculture, beehives, and structures as well as the corresponding
post-damage compensation payments across years in the study areas, was analysed using different sets of
Generalized Additive Models (GAMs)®, using the gam R function implemented in the ‘mgcv’ R package®.
Specifically, bear damages were analysed in relation to the total number of events considering all type of damages,
and the total number of preyed, injured, missing individuals for the livestock damages only. The former model
was realised considering a negative binomial family distribution to account for overdispersion among data,
previously assessed using Pearson’s residual coefficient®”. The latter model was instead realised considering a
normal family distribution after logarithmic transformation of the data, adopted due to the different scale of
damages among the considered classes. With regards to the involved domestic species, swine, canids, camelids,
and cervids were excluded due to their marginal occurrence. All models implemented the w-way interaction
between seasons (“autumn-winter” - Reference Level (R.L.); “spring-summer”) and type of damage (“agricultural
damage” - R.L., “beehive damage”, “livestock damage”, “structural damage”) and the spline of the year within
each category of the two predictors. Seasonal periods, i.e., spring/summer and autumn/winter, were classified
as follows: autumn (September 21st - December 20th), winter (December 21st - March 20th), spring (March
21st - June 20th), summer (June 21st - September 20th). Model predictive performance (i.e., goodness-of-fit)
was evaluated using the gam_check R function. Since non-significant p-values were obtained, good predictive
performance could be inferred®®. Moreover, the temporal autocorrelation of each model was assessed using the
ACF plot using the acf_plot R function implemented in the ‘itsadug’ R package”®.

Starting with the 2018 Corine Land Cover (CLC) shapefile, we reclassified habitat classes using the case
function within the Expression Dialog of the attribute table. The reclassified data were then aggregated using the
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dissolve geoprocessing tool in QGIS, resulting in a new habitat classification: ‘broad-leaved forest) ‘cliffs, glaciers,
and coastal areas, ‘coniferous forest, ‘croplands, ‘grasslands, ‘mixed forests, ‘olive groves, ‘orchards), ‘shrublands,
‘urban areas, ‘vineyards, ‘water bodies, and ‘wetlands. A 1,000 m buffer was applied around each coordinate
corresponding to bear agricultural damages. Within these buffers, we extracted the associated habitat categories.
The seasonal bear selection of agricultural habitats, i.e., croplands, orchards, and vineyards (olive groves were
excluded from the analysis due to the low number of recorded damages - see Results), was then explored using
the Jacobs’ selectivity index”!:

D=(x-p(r+p-2xrxp)

where r is the proportion of bear damages in each agricultural habitat, and p is the proportion of agricultural
habitats available within the buffer areas.

This index ranges from + 1 (strong selection) to -1 (strong avoidance), with values of 0 indicating no selectivity.
Preference or underuse are considered only for values > 0.3 and < -0.3, respectively’?7>. Before applying the
index, we first assessed whether habitat use differed significantly from habitat availability by calculating observed
and expected frequencies based on habitat availability within the buffers. Since expected frequencies were < 5 in
more than 20% of the cases, we used the G-test implemented in the ‘DescTools’ R package®.

Starting from the classification of land use associated with each damage location, we first quantified the
presence of damages occurring within urban areas. For those damages located outside urban areas, we calculated
the minimum spheroidal distance to the boundary of the nearest urban area using the ST_DistanceSpheroid
function implemented in PostGIS. This minimum distance to urban areas was subsequently analysed using a
GAM, which included: (i) the two-way interaction between seasons and type of damage, (ii) a spline term for the
year at each level of the considered predictors, and (iii) the interaction between longitude and latitude, expressed
as a tensor product smooth. To investigate spatial variations in bear damages, the study area was subdivided into
a regular grid composed of cells with a resolution of 5 x 5 km. Within each grid, the total number of events was
counted for each combination of type of damage and seasons. Subsequently, the trend in terms of expansion of
damage was analysed using the count of cells with at least one damage event. This analysis employed a GAM,
modelling the two-way interaction between type of damage and seasonal periods, alongside the spline for the
year within each predictor level, using a negative binomial distribution. Subsequently, a hotspot analysis was
conducted, considering the total number of events for each combination of seasonal periods and type of damage.
The hotspot analysis assessed spatial clustering patterns or spatial autocorrelation for specific features, such as
the total damage caused by bears, following the methods outlined by Nelson & Boots”’. Spatial autocorrelation
was evaluated through the Getis-Ord statistic (Gi), which compares the spatial lag of a feature with the sum of its
values among neighbouring units’®. According to Getis’, spatial autocorrelation describes the degree to which a
feature in one spatial unit relates to the same feature in contiguous units, indicating whether values are clustered
(similar) or dispersed (dissimilar). The Gi value can thus be positive (spatial clustering) or negative (spatial
dispersion). A positive Gi value indicates high feature values within a unit and its neighbouring cells, while
a negative Gi value suggests low feature values. The magnitude of the Gi value reflects the strength of spatial
clustering®. For the purpose of the hotspot analysis, grid cells with isolated events (not contiguous with others
that showed no events or damages) were classified as “isolated” and excluded from the analysis. The analysis
employed the poly2nb function implemented in the ‘spdep’ R package®! to generate a neighbour matrix for each
grid cell. Using the local_g _perm function implemented in the ‘sfdep’ R package®?, the statistical significance
of spatial autocorrelation was evaluated with 999 permutations. Each grid cell was classified into one of four
categories based on the value and significance of the Gi: “Hot” (Gi > 0, p < 0.05), “Cold” (Gi < 0, p < 0.05),
“Insignificant” (Gi = 0 and p > 0.1), and “Isolated” (i.e., not contiguous with others).

Data availability

The data presented in this study were shared by the Autonomous Province of Trento and the Friuli Venezia Gi-
ulia Region. Data are available on reasonable request from the corresponding author only in the case of previous
consent obtained from the Autonomous Province of Trento and the Friuli Venezia Giulia Region. Data are not
publicly available due to privacy reasons.

Received: 26 June 2025; Accepted: 29 January 2026
Published online: 04 February 2026

References

1. Dressel, S., Sandstrom, C. & Ericsson, G. A meta-analysis of studies on attitudes toward bears and wolves across Europe 1976—
2012. Conserv. Biol. 29 (2), 565-574. https://doi.org/10.1111/cobi.12420 (2015).

2. Franchini, M., Corazzin, M., Bovolenta, S. & Filacorda, S. The return of large carnivores and extensive farming systems: a review
of stakeholders’ perception at an EU level. Animals 11, 1735. https://doi.org/10.3390/ani11061735 (2021).

3. Franchini, M. et al. Insights into large carnivore predations and extensive farming practices in the Italian alps: current issues and
future perspectives. Ital. . Anim. Sci. 24 (1), 2600-2620. https://doi.org/10.1080/1828051X.2025.2591442 (2025).

4. Treves, A. & Karanth, K. U. Human-carnivore conflict and perspectives on carnivore management worldwide. Conserv. Biol. 17,
1491-1499. https://doi.org/10.1111/j.1523-1739.2003.00059.x (2003).

5. Guerisoli, M. M. et al. Characterization of puma-livestock conflicts in rangelands of central Argentina. R Soc. Open. Sci. 4, 170852.
https://doi.org/10.1098/rs0s.170852 (2017).

6. Augugliaro, C., Christe, P, Janchivlamdan, C., Baymanday, H. & Zimmermann, E. Patterns of human interaction with snow
Leopard and co-predators in the Mongolian Western altai: current issues and perspectives. Global Ecol. Conserv. 24, e01378.
https://doi.org/10.1016/j.gecco.2020.e01378 (2020).

7. Soofi, M. et al. Quantifying the relationship between prey density, livestock and illegal killing of leopards. J. Appl. Ecol. 59, 1536—
1547. https://doi.org/10.1111/1365-2664.14163 (2022).

Scientific Reports |

(2026) 16:7212 | https://doi.org/10.1038/s41598-026-38371-4 nature portfolio


https://doi.org/10.1111/cobi.12420
https://doi.org/10.3390/ani11061735
https://doi.org/10.1080/1828051X.2025.2591442
https://doi.org/10.1111/j.1523-1739.2003.00059.x
https://doi.org/10.1098/rsos.170852
https://doi.org/10.1016/j.gecco.2020.e01378
https://doi.org/10.1111/1365-2664.14163
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

. Battaglini, L., Bovolenta, S., Gusmeroli, E, Salvador, S. & Sturaro, E. Environmental sustainability of alpine livestock farms. Ital. J.

Anim. Sci. 13, 3155. https://doi.org/10.4081/ijas.2014.3155 (2014).

. Salvador, S., Corazzin, M., Romanzin, A. & Bovolenta, S. Greenhouse gas balance of mountain dairy farms as affected by grassland

carbon sequestration. J. Environ. Manag. 196, 644-650. https://doi.org/10.1016/j.jenvman.2017.03.052 (2017).

Pachoud, C. et al. Tourists and local stakeholders’ perception of ecosystem services provided by summer farms in the Eastern
Italian alps. Sustainability 12, 1095. https://doi.org/10.3390/su12031095 (2020).

Braczkowski, A. R. et al. Leopards provide public health benefits in Mumbai, India. Front. Ecol. Environ. 16 (3), 176-182. https://d
oi.org/10.1002/fee.1776 (2018).

Travain, T. et al. A morphological and molecular approach confirms Italian Wolf canis lupus italicus predation on alien invasive
species in the Po plain and supports its role in providing ecosystem services. J. Vertebr Biol. 74, 25003 https://doi.org/10.25225/jv
b.25003 (2024).

Ripple, W. J. et al. Status and ecological effects of the world’s largest carnivores. Science 343, 1241484. https://doi.org/10.1126/scie
nce.1241484 (2014).

Emre Can, O., D'Cruze, N., Garshelis, D. L., Beecham, J. & Macdonald, D. W. Resolving human-bear conflict: a global survey of
countries, experts, and key factors. Conserv. Lett. 7 (6), 501-513. https://doi.org/10.1111/conl.12117 (2014).

Franchini, M. & Guerisoli, M. M. Interference competition driven by co-occurrence with Tigers Panthera Tigris May increase
livestock predation by leopards Panthera pardus: a first step meta-analysis. Mamm. Rev. 53 (4), 271-286. https://doi.org/10.1111/
mam.12323 (2023).

Franchini, M. et al. Environmental factors influencing the odds of livestock predations by wolves in North-Eastern Italy across 10
years: a network analysis approach. Ital. J. Anim. Sci. 24 (1), 842-858. https://doi.org/10.1080/1828051X.2025.2477752 (2025).
Clark, J. D., Huber, D. & Servheen, C. Bear reintroductions: lessons and challenges. Ursus 13, 335-345 (2002). https://www.jstor.o
rg/stable/3873214

Uotila, A., Kouki, J., Kontkanen, H. & Pulkkinen, P. Assessing the naturalness of boreal forests in Eastern Fennoscandia. Ecol.
Manage. 161, 257-277. https://doi.org/10.1016/S0378-1127(01)00496-0 (2002).

Waller, J. S. & Servheen, C. Effects of transportation infrastructure on Grizzly bears in Northwestern Montana. J. Wildl. Manag. 69,
985-1000 (2005).

Gibeau, M. L., Clevenger, A. P, Herrero, S. & Wierzchowski, J. Grizzly bear response to human development and activities in the
bow river Watershed, Alberta, Canada. Biol. Conserv. 103, 227-236. https://doi.org/10.1016/S0006-3207(01)00131-8 (2002).
Kaczensky, P. et al. The impact of high speed, high volume traffic axes on brown bears in Slovenia. Biol. Conserv. 111, 191-204.
https://doi.org/10.1016/S0006-3207(02)00273-2 (2003).

Nielsen, S. E. et al. Modelling the Spatial distribution of human-caused Grizzly bear mortalities in the central Rockies ecosystem
of Canada. Biol. Conserv. 120, 101-113. https://doi.org/10.1016/j.biocon.2004.02.020 (2004).

Nielsen, S. E., Boyce, M. S. & Stenhouse, G. B. Grizzly bears and forestry. I. Selection of clear cuts by Grizzly bears in west-central
Alberta, Canada. Ecol. Manage. 199, 51-65. https://doi.org/10.1016/j.foreco.2004.04.014 (2004).

Kaczensky, P. et al. Large Carnivore Distribution Maps and Population Updates 2017-2022/23. Report To the European
Commission Under Contract N° 09.0201/2023/907799/SER/ENV.D.3 Support for Coexistence with Large Carnivores, B.4 Update
of the Distribution Maps (IUCN/SSC Large Carnivore Initiative for Europe (LCIE) and Istituto di Ecologia Applicata (IEA) (2024).
Tosi, G. et al. Brown bear reintroduction in the Southern alps: to what extent are expectations being met? J. Nat. Conserv. 26, 9-19.
https://doi.org/10.1016/j.jnc.2015.03.007 (2015).

Naves, J. et al. Patterns of brown bear damages on apiaries and management recommendations in the Cantabrian Mountains,
Spain. PLoS ONE. 13 (11), €0206733. https://doi.org/10.1371/journal.pone.0206733 (2018).

AA.VV. Interregional action plan for the conservation of the brown bear in the Central-Eastern alps (PACOBACE) (in Italian).
Quaderni Di Conservazione Della Natura, 32, Ministero Del’Ambiente E Della Tutela Del Territorio E Del Mare - Istituto Superiore
per la Protezione e Ricerca Ambientale (ISPRA) (2010).

Preatoni, D. et al. Conservation of brown bear in the alps: space use and settlement behavior of reintroduced bears. Acta Oecol. 28,
189-197. https://doi.org/10.1016/j.actao.2005.04.002 (2005).

Groff, C. et al. Large Carnivores Report 2023 (in Italian) In Servizio Faunistico della Provincia Autonoma di Trento (2024).
Franchini, M. et al. Assessing the impact of bears, wolves and jackals on extensive livestock practices in North—Eastern Italy. In XXT
Congresso Italiano di Teriologia, Gran Paradiso National Park, Cogne, Italy (2022).

Sartor, P. et al. Livestock management systems affecting the likelihood of predation by large carnivores in the North-Eastern Italian
alps. EAAP Mountain Livestock Research Conference, Adaptation of mountain livestock farming to global change and other topics,
Clermont-Ferrand, France. https://doi.org/10.13140/RG.2.2.35803.58400 (2024).

Groff, C. et al. Large Carnivores Report 2022 (in Italian). Servizio Faunistico della Provincia Autonoma di Trento (2023).

. Groff, C. et al. Large Carnivores Report 2021 (in Italian). Servizio Faunistico della Provincia Autonoma di Trento (2022).

Lewis, D. L. et al. Foraging ecology of black bears in urban environments: guidance for human-bear conflict mitigation. Ecosphere
6 (8), 141. https://doi.org/10.1890/ES15-00137.1 (2015).

Sato, Y. The future of urban brown bear management in Sapporo, Hokkaido, japan: a review. Mammal Study 42 (1), 17-30. https:/
/doi.org/10.3106/041.042.0102 (2024).

Bombieri, G. et al. Patterns of wild carnivore attacks on humans in urban areas. Sci. Rep. 8, 17728. https://doi.org/10.1038/s4159
8-018-36034-7 (2018).

Pohja-Mykrd, M. Community power over conservation regimes: techniques for neutralizing the illegal killing of large carnivores
in Finland. Crime. Law Soc. Change. 67, 439-460. https://doi.org/10.1007/s10611-016-9666-y (2017).

Pohja-Mykrd, M. Felony or act of justice? Illegal killing of large carnivores as Defiance of authorities. J. Rural Stud. 44, 46-54.
https://doi.org/10.1016/j.jrurstud.2016.01.003 (2016).

Orland, B. Alpine milk: dairy farming as a pre-modern strategy of land use. Environ. Hist. 10, 327-364. https://doi.org/10.3197/0
967340041794286 (2004).

Faccioni, G., Sturaro, E., Calderola, S. & Ramanzin, M. Wolf (Canis lupus) predation on dairy cattle in Eastern Italian alps.
Poljoprivreda 21 (1), 138-141. https://doi.org/10.18047/poljo.21.1.sup.32 (2015).

Friebe, A., Swenson, J. E. & Zedrosser, A. Hibernation ecology of brown bears in Sweden. In Bear and Human: Facets of a Multi-
layered Relationship from pPast to Recent Times, with Emphasis on Northern Europe (ed. Grimm, O.) 109-120 (2023). https://doi.o
rg/10.1484/M.TANE-EB.5.134328.

ISTAT. 7th General Agricultural Census - Final results (in Italian). Rome (2022). https://storymaps.arcgis.com/collections/678ba
9f76cf3417cb66dc3d5fe603eb0.

Lovari, S., Ventimiglia, M. & Minder, I. Food habits of two Leopard species, competition, climate change and upper treeline: A way
to the decrease of an endangered species? Ethol. Ecol. Evol. 25 (4), 305-318. https://doi.org/10.1080/03949370.2013.806362 (2013).
Janeiro-Otero, A., Newsome, T. M., Van Eaden, L. M., Ripple, W. ]J. & Dormann, C. E Grey Wolf (Canis lupus) predation on
livestock in relation to prey availability. Biol. Conserv. 243, 108433. https://doi.org/10.1016/j.biocon.2020.108433 (2020).

Kav¢i¢, 1., Adami¢, M., Kaczensky, P,, Krofel, M. & Jerina, K. Supplemental feeding with carrion is not reducing brown bear
depredations on sheep in Slovenia. Ursus 24, 111-119. https://doi.org/10.2192/URSUS-D-12-00031R1.1 (2013).

Stofik, J., Mergani¢, J., Mergani¢ové, K. & Saniga, M. Seasonal changes in food composition of the brown bear (Ursus arctos) from
the edge of its occurrence-Eastern Carpathians (Slovakia). Folia Zool. 62, 222-231. https://doi.org/10.25225/f0z0.v62.i3.a8.2013
(2013).

Scientific Reports |

(2026) 16:7212

| https://doi.org/10.1038/s41598-026-38371-4 nature portfolio


https://doi.org/10.4081/ijas.2014.3155
https://doi.org/10.1016/j.jenvman.2017.03.052
https://doi.org/10.3390/su12031095
https://doi.org/10.1002/fee.1776
https://doi.org/10.1002/fee.1776
https://doi.org/10.25225/jvb.25003
https://doi.org/10.25225/jvb.25003
https://doi.org/10.1126/science.1241484
https://doi.org/10.1126/science.1241484
https://doi.org/10.1111/conl.12117
https://doi.org/10.1111/mam.12323
https://doi.org/10.1111/mam.12323
https://doi.org/10.1080/1828051X.2025.2477752
https://www.jstor.org/stable/3873214
https://www.jstor.org/stable/3873214
https://doi.org/10.1016/S0378-1127(01)00496-0
https://doi.org/10.1016/S0006-3207(01)00131-8
https://doi.org/10.1016/S0006-3207(02)00273-2
https://doi.org/10.1016/j.biocon.2004.02.020
https://doi.org/10.1016/j.foreco.2004.04.014
https://doi.org/10.1016/j.jnc.2015.03.007
https://doi.org/10.1371/journal.pone.0206733
https://doi.org/10.1016/j.actao.2005.04.002
https://doi.org/10.13140/RG.2.2.35803.58400
https://doi.org/10.1890/ES15-00137.1
https://doi.org/10.3106/041.042.0102
https://doi.org/10.3106/041.042.0102
https://doi.org/10.1038/s41598-018-36034-7
https://doi.org/10.1038/s41598-018-36034-7
https://doi.org/10.1007/s10611-016-9666-y
https://doi.org/10.1016/j.jrurstud.2016.01.003
https://doi.org/10.3197/0967340041794286
https://doi.org/10.3197/0967340041794286
https://doi.org/10.18047/poljo.21.1.sup.32
https://doi.org/10.1484/M.TANE-EB.5.134328
https://doi.org/10.1484/M.TANE-EB.5.134328
https://storymaps.arcgis.com/collections/678ba9f76cf3417cb66dc3d5fe603eb0
https://storymaps.arcgis.com/collections/678ba9f76cf3417cb66dc3d5fe603eb0
https://doi.org/10.1080/03949370.2013.806362
https://doi.org/10.1016/j.biocon.2020.108433
https://doi.org/10.2192/URSUS-D-12-00031R1.1
https://doi.org/10.25225/fozo.v62.i3.a8.2013
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

47. Skuban, M., Findo, S. & Kajba, M. Human impacts on bear feeding habits and habitat selection in the Polana Mountains, Slovakia.
Eur. J. Wildl. Res. 62 (3), 353-364. https://doi.org/10.1007/s10344-016-1009-x (2016).

48. Morehouse, A. T., Graves, T. A., Mikle, N. & Boyce, M. S. Nature vs. Nurture: evidence for social learning of conflict behaviour in
Grizzly bears. PLoS ONE. 11 (11), e0165425. https://doi.org/10.1371/journal.pone.0165425 (2016).

49. Chapron, G. et al. Recovery of large carnivores in europe’s modern human-dominated landscapes. Science 346 (6216), 1517-1519.
https://doi.org/10.1126/science.125755 (2014).

50. Penteriani, V. et al. Human behaviour can trigger large carnivore attacks in developed countries. Sci. Rep. 6, 20552. https://doi.org
/10.1038/srep20552 (2016).

51. Khorozyan, I. & Waltert, M. Variation and conservation implications of the effectiveness of anti-bear interventions. Sci. Rep. 10,
15341. https://doi.org/10.1038/s41598-020-72343-6 (2020).

52. Otto, T. E. & Roloff, G. J. Black bear exclusion fences to protect mobile apiaries. Hum-Wildl Interact. 9, 78-86. https://doi.org/10.2
6077/dn8a-3941 (2015).

53. Di Vittorio, M., Costrini, P, Rocco, M., Bragalanti, N. & Borsetta, M. Assessing the efficacy of electric fences to prevent bear
damage in Italy. Carnivore Damage Prevent News. 12, 31-37 (2016).

54. Treves, A., Krofel, M. & McManus, J. Predator control should not be a shot in the dark. Front. Ecol. Environ. 14 (7), 1-9 (2016).

55. Eklund, A., Lopez-Bao, J., Tourani, M., Chapron, G. & Frank, J. Limited evidence on the effectiveness of interventions to reduce
livestock predation by large carnivores. Sci. Rep. 7, 2097. https://doi.org/10.1038/s41598-017-02323-w (2017).

56. van Eeden, L. M. et al. Carnivore conservation needs evidence-based livestock protection. PLoS Biol. 16 (9), €2005577. https://doi
.org/10.1371/journal.pbio.2005577 (2018).

57. Baruch-Mordo, S. et al. Stochasticity in natural forage production affects use of urban areas by black bears: implications to
management of human-bear conflicts. PLoS ONE. 9 (1), e85122. https://doi.org/10.1371/journal.pone.0085122 (2014).

58. Wilson, S. M. et al. Natural landscape features, human-related attractants, and conflict hotspots: a Spatial analysis of human-
grizzly bear conflicts. Ursus 16 (1), 117-129. https://doi.org/10.2192/1537-6176(2005)016[0117:NLFHAA]2.0.CO;2 (2005).

59. Leigh, J. & Chamberlain, M. J. Effects of aversive conditioning on behaviour of nuisance Louisiana black bears. Hum. -Wildl
Conflicts. 2 (2), 175-182. https://doi.org/10.26077/frgt-yq55 (2008).

60. Mazur, R. L. Does aversive conditioning reduce human-black bear conflict? J. Wildl. Manage. 74 (1), 48-54. https://doi.org/10.219
3/2008-163 (2010).

61. Anderson, C.R,, Ternent, M. A. & Moody, D. S. Grizzly bear-cattle interactions on two grazing allotments in Northwest Wyoming.
Ursus 13, 247-256 (2002). https://www.jstor.org/stable/3873205

62. Khorozyan, I. & Waltert, M. How long do anti-predator interventions remain effective? Patterns, thresholds and uncertainty. R Soc.
Open. sci. 6, 190826. https://doi.org/10.1098/rs0s.190826 (2019).

63. Olivera, T., Treves, A., Lopez-Bao, J. V. & Krofel, M. The contribution of the LIFE program to mitigating damages caused by large
carnivores in Europe. Glob Ecol. Conserv. 31, e01815. https://doi.org/10.1016/j.gecco.2021.e01815 (2021).

64. Singer, L. et al. The Spatial distribution and temporal trends of livestock damages caused by wolves in Europe. Biol. Conserv. 282,
110039. https://doi.org/10.1016/j.biocon.2023.110039 (2023).

65. QGIS Development Team. QGIS Geographic Information System. Open Source Geospatial Foundation Project, Version 3.34
(2023, accessed 8 Jan 2025). https://qgis.org.

66. R Core Team. R: A Language and Environment for Statistical Computing (R Foundation for Statistical Computing, 2024). https://w
ww.R-project.org.

67. Zuur, A.F, Ieno, E. N, Walker, N. ], Saveliev, A. A. & Smith, G. M. Mixed Effects Models and Extensions in Ecology with R (Springer,
2009).

68. Fryxell, J. M., Sinclair, A. R. & Caughley, G. Wildlife Ecology, Conservation, and Management (Wiley, 2014).

69. Wood, S. Generalized Additive Models: an Introduction with R (Chapman & Hall/CRC, Taylor & Francis Inc, 2017).

70. Van Rij, J., Wieling, M., Baayen, R. H. & van Rijn, D. itsadug: interpreting time series and autocorrelated data using GAMM:s
(2015). https://doi.org/10.32614/ CRAN.package.itsadug.

71. Jacobs, J. Quantitative measurement of food selection: a modification of the forage ratio and ivlev’s electivity index. Oecologia 14,
413-417. https://doi.org/10.1007/BF00384581 (1974).

72. Laurenzi, A., Bodino, N. & Mori, E. Much ado about nothing: assessing the impact of a problematic rodent on agriculture and
native trees. Mamm. Res. 61, 65-72. https://doi.org/10.1007/s13364-015-0248-7 (2016).

73. Lovari, S., Corsini, M. T., Guazzini, B., Romeo, G. & Mori, E. Suburban ecology of the crested Porcupine in a heavily poached area:
a global approach. Eur. J. Wildl. Res. 63, 10. https://doi.org/10.1007/s10344-016-1075-0 (2017).

74. Franchini, M. et al. Get out from my field! The role of agricultural crops in shaping the habitat selection by and suitability for the
crested Porcupine in central Italy. Mamm. Res. 69, 411-421. https://doi.org/10.1007/s13364-024-00744-3 (2024).

75. Rasphone, A. et al. Diet and prey selection of clouded leopards and Tigers in Laos. Ecol. Evol. 12 (7), €9067. https://doi.org/10.100
2/ece3.9067 (2022).

76. Signorell, A. et al. Package ‘DescTools. CRAN Repository (2025). https://doi.org/10.32614/ CRAN.package.DescTools.

77. Nelson, T. A. & Boots, B. Detecting Spatial hot spots in landscape ecology. Ecography 31 (5), 556-566 (2008).

78. Getis, A. & Ord. J. K. The analysis of Spatial association by use of distance statistics. Geogr. Anal. 24, 3 (1992).

79. Getis, A. Spatial autocorrelation. In Handbook of Applied Spatial Analysis: Software tools, Methods and Applications 255-278
(Springer, 2009).

80. Bivand, R. et al. Package ‘spdep. Spatial dependence: Weighting schemes, statistics, R package version, 1-1 (2017).

81. Parry, J. & Locke, D. Package ‘sfdep. CRAN Repository (2024). https://cran.r-project.org/web/packages/sfdep/stdep.pdf.

82. Bivand, R. et al. Package ‘spdep. CRAN Repository (2025).https://doi.org/10.32614/CRAN.package.spdep.

Acknowledgements

We would like to express our gratitude to all the staff working for the Autonomous Province of Trento and the
Friuli Venezia Giulia Region. A special thanks goes to Drs. Giulia Bombieri, Dario Colombi, Luca Cristofoli,
Umberto Fattori, Claudio Groff, Giuliana Nadalin, and Luca Pedrotti for sharing the datasets and/or providing
valuable suggestions.

Author contributions

Marcello Franchini: Conceptualization, Data curation, Formal analysis, Methodology, Software, Writing — orig-
inal draft, Writing - review & editing. Salvatore Raniolo: Conceptualization, Data curation, Formal analysis,
Methodology, Software, Writing — original draft, Writing - review & editing. Mirco Corazzin: Conceptualiza-
tion, Methodology, Visualization, Validation, Supervision, Writing — review & editing. Paolo Zanghellini: Inves-
tigation, Data curation, Visualization, Validation, Writing — review & editing. Natalia Bragalanti: Investigation,
Data curation, Visualization, Validation, Writing - review & editing. Stefano Bovolenta: Conceptualization,
Methodology, Visualization, Validation, Supervision, Writing — review & editing, Project administration.

Scientific Reports | (2026) 16:7212 | https://doi.org/10.1038/s41598-026-38371-4 nature portfolio


https://doi.org/10.1007/s10344-016-1009-x
https://doi.org/10.1371/journal.pone.0165425
https://doi.org/10.1126/science.125755
https://doi.org/10.1038/srep20552
https://doi.org/10.1038/srep20552
https://doi.org/10.1038/s41598-020-72343-6
https://doi.org/10.26077/dn8a-3941
https://doi.org/10.26077/dn8a-3941
https://doi.org/10.1038/s41598-017-02323-w
https://doi.org/10.1371/journal.pbio.2005577
https://doi.org/10.1371/journal.pbio.2005577
https://doi.org/10.1371/journal.pone.0085122
https://doi.org/10.2192/1537-6176(2005)016[0117:NLFHAA]2.0.CO;2
https://doi.org/10.26077/frgt-yq55
https://doi.org/10.2193/2008-163
https://doi.org/10.2193/2008-163
https://www.jstor.org/stable/3873205
https://doi.org/10.1098/rsos.190826
https://doi.org/10.1016/j.gecco.2021.e01815
https://doi.org/10.1016/j.biocon.2023.110039
https://qgis.org
https://www.R-project.org
https://www.R-project.org
https://doi.org/10.32614/CRAN.package.itsadug
https://doi.org/10.1007/BF00384581
https://doi.org/10.1007/s13364-015-0248-7
https://doi.org/10.1007/s10344-016-1075-0
https://doi.org/10.1007/s13364-024-00744-3
https://doi.org/10.1002/ece3.9067
https://doi.org/10.1002/ece3.9067
https://doi.org/10.32614/CRAN.package.DescTools
https://cran.r-project.org/web/packages/sfdep/sfdep.pdf
https://doi.org/10.32614/CRAN.package.spdep
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Funding

No funds were received for the realization of this research.

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/s41598-026-38371-4.

Correspondence and requests for materials should be addressed to S.R.
Reprints and permissions information is available at www.nature.com/reprints.

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-NonCommercial-NoDerivatives
4.0 International License, which permits any non-commercial use, sharing, 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 you modified the licensed material. You do not have
permission under this licence to share adapted material derived from this article or parts of it. 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://creativecommo
ns.org/licenses/by-nc-nd/4.0/.

© The Author(s) 2026

Scientific Reports |

(2026) 16:7212 | https://doi.org/10.1038/s41598-026-38371-4 nature portfolio


https://doi.org/10.1038/s41598-026-38371-4
https://doi.org/10.1038/s41598-026-38371-4
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.nature.com/scientificreports

	﻿Patterns of brown bear damages to agro-livestock activities in North-Eastern Italy across 15 years
	﻿Results
	﻿Overall bear population trend
	﻿Overall bear damages to agro-livestock activities according to study area and seasonal period

	﻿Discussion
	﻿Methods
	﻿Study areas and data collection
	﻿Spatial and statistical analyses

	﻿References


