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Abstract
Wild boar foraging impacts the crops, pastures, and meadows causing remarkable losses to agricultural income. Protected 
areas located in plains, such as the Ticino Valley Natural Park, are characterized by the coexistence of important natural 
habitats and intensive agricultural areas. In the Park, from 2010 to 2017, 49% of the complaints report an event of damage 
to maize and 43% to meadows. The total expense for reimbursements of the maize amounted to € 439,341.52, with dam-
ages concentrated in May, after sowing period and between August and September, during the milky stage of maize. For 
meadows reimbursements amounted to € 324,768.66, with damage events concentrated in February and March. To reduce 
damage to crops, the Park administration carried out lethal control of the wild boar population. From 2006 to 2017, the 
most used control method was culling from hunting hides. In our analysis, we did not find significant relationships between 
the number of shot boars and the damage amount. The factors that determine the decrease of damage probability to crops 
are mainly related to human disturbance and the characteristics of the fields. The predictive model of damage risk built 
comparing damaged and undamaged fields showed a good predictive ability. The population viability analyses showed that 
it is impossible to obtain a drastic reduction of population with the current harvest rate. By tripling it and focusing on the 
females and sub-adult a numerical reduction of 50% of the population would be achievable in 7 years and the probability of 
population survival would be halved in 3 years.
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Introduction

The range expansion and the growing number of ungulate 
populations in Europe are showing increasing problems 
of coexistence with man. The problems are complex and 

vary according to species involved and the human activi-
ties. Among those species, the wild boar has shown a pro-
gressive growth of populations in Europe and worldwide. 
In many countries, starting from the sixties of last century, 
the species has re-colonized its historical range, expanding 
even towards many peri-urban areas (Apollonio et al. 2010; 
Massei et al. 2015; Stillfried et al. 2017; Castillo-Contreras 
et al. 2018; Gonzalez-Crespo et al. 2018; Amendolia et al. 
2019). Forest expansion is one of the most important factors 
that favoured the expansion of the wild boar populations 
(Keuling et al. 2009; Servanty et al. 2011). Moreover, the 
releases carried out for hunting purposes emphasised the 
expansion of the species, thanks also to its high reproduc-
tive potential, the limited presence of natural predators in 
a considerable portion of its range, and its high ability to 
adapt to very different habitats (Brangi and Meriggi 2003; 
Bieber and Ruf 2005; Sales et al. 2017; Johann et al. 2020) 
where the species, when overabundant, could have different 
negative impacts.

Handling editor: Francesco Ferretti.

 *	 Fabrizio Cappa 
	 kfray89@gmail.com; f.cappa1@campus.unimib.it

	 Luciano Bani 
	 luciano.bani@unimib.it

	 Alberto Meriggi 
	 alberto.meriggi@unipv.it

1	 Department of Earth and Environmental Sciences, 
University of Pavia, Via Ferrata 1, 27100 Pavia, Italy

2	 Department of Environmental and Earth Sciences, University 
of Milano-Bicocca, Piazza della Scienza 1, 20126 Milan, 
Italy

http://orcid.org/0000-0002-3272-5386
http://crossmark.crossref.org/dialog/?doi=10.1007/s42991-021-00125-2&domain=pdf


	 F. Cappa et al.

1 3

Many studies shows that wild boar can have a strong 
influence on biodiversity. Negative impacts are generally 
related to trampling and feeding activities together with 
predation upon invertebrates, small vertebrates, and eggs 
of ground-nesting birds (Baubet et al. 2003; Amori et al. 
2016; Senserini and Santilli 2016; Oja et al. 2017; Mori 
et al. 2020). Moreover, depending on the intensity of root-
ing, wild boar can alter soil properties (Bueno et al. 2013; 
Palacio et al. 2013) and damage plant communities (Brunet 
et al. 2016; Sondej and Kwiatkowska-Falińska 2017).

In Italy, the Po Valley is generally an area where both pro-
tected natural environments and fragmented habitats are part 
of a human-dominated landscape, strongly used for agricul-
tural production, and the conflicts related to the presence of 
the wild boar are expressed at different levels.

Wild boar can be a problem for the preservation of health 
of reared pigs, since the species may transmit some patho-
gens such as the virus of the swine fever diseases, causing 
huge economic losses (FAO et al. 2019). Moreover, the wild 
boar may be a vehicle of zoonoses, representing a serious 
threat to human health too (Bueno et al. 2009; Meng et al. 
2009; Schley et al. 2008; Pisanu et al. 2012). Furthermore, 
road accidents are also a growing concern for human safety 
(Thurfjell et al. 2015). Nevertheless, the currently most com-
mon, widespread and increasing problems arise from the 
damage to agricultural productions. In France, for exam-
ples, compensation for crop damage caused by wild boars 
increased from 2.5 million Euros in 1973 to 21 million Euros 
in 2005 and 32.5 million Euros in 2008 (Guibert 2008; Mail-
lard et al. 2010). A similar trend, with a doubling of the 
amount of damage every 10 years, has been observed in 
several other European countries (Schley et al. 2008; Slo-
venia Forest Service 2014). At present, an annual cost of 
80,000,000 Euros is estimated for the whole Europe (Apol-
lonio 2010; Linnel et al. 2020).

In general, the extent of crop damages depends on the 
population density, the population structure, the food avail-
ability in forest areas, the development of margins between 
forest and cultivated areas, the distance from human settle-
ments, and on the stage of crop maturation (Schley et al. 
2008; Novosel et al. 2012; Frackowiak et al. 2013; Laznik 
and Trdan 2014).

Despite the strong impact of wild boar on farming, 
attempts to model and predict the occurrence of damage 
and its intensity have so far been limited. The feeding 
activity of wild boar in cultivated fields can be analyzed 
from the perspective of the general predictions of the 
optimal foraging theory, trying to identify which factors 
related to energy intake, energy expenditure and animal 
safety contribute to the choice of fields in to go to for 
food (Stephen and Krebs 1986; Krebs and Kalcenik 1991; 
Begon et al. 2006; Rubenstein and Alcock 2018). Through 
the analysis of the factors that influence the occurrence of 

damage, it is possible to formulate predictive risk models 
that allow to identify the most threatened areas and to act 
before the damage occurs with prevention tools (Ficetola 
et al. 2014; Lombardini et al. 2017; Cappa et al. 2019).

Moreover, numerical control is often assumed be effec-
tive for damage reduction but there is little evidence of 
this, and lethal control is ethically questionable and con-
troversial (Meriggi et al. 2016; Linnell et al. 2020; Vajas 
et al. 2020). In particular, the effectiveness of numerical 
control should be measured in terms of substantial damage 
and population reduction but often it is measured in the 
number of animals removed. In doing so, the true objec-
tive of numerical control is lost sight of (Sinclair et al. 
2006) especially when numerical control is carried out in 
wooded protected areas where wild boar is an important 
element of the ecosystem that should be preserved.

The main aims of our study were to identify the factors 
affecting the crop damage and to assess the effectiveness 
of lethal control to reduce it. The study was carried out in 
the Regional Park of the Ticino Valley (Piedmont region, 
North-western Italy), which together with the adjoining 
Lombard Park of the Ticino Valley, represents the largest 
protected area in Europe located in lowland environment. 
The research started from the observation that, despite the 
efforts made by the administration of the protected area to 
contain wild boar population and reduce damage to agri-
culture, the trend of damages is still increasing. Damages 
in the Park area from 2010 to 2017 were analysed to high-
light their trend, distribution and the most affected crops. 
Furthermore, the trend of wild boar killing was analysed to 
verify any relationship with the extent of damages. A pre-
dictive model of the risk of damage was then formulated 
by comparing the characteristics of the damaged fields 
with those of the undamaged ones. Finally, simulations 
of the population viability (PVA) were carried out under 
different culling rate scenarios.

To achieve our aims, we tried to answer the following 
questions: (a) are there crop types selected by the wild 
boar?, (b) does the current wild boar culling rate affect 
the overall amount of damages?, (c) is it possible to fore-
see the risk of damage based on the characteristics of 
the fields?, (d) does the current rate of culling affect the 
dynamics of the wild boar population?, and (e) does an 
increasing of culling on a particular age class and sex pro-
duce a significant reduction in the population?

Considering the dramatic increase in wild boar popula-
tions and their range in Europe, this study could find wide 
application in similar environmental contexts, because the 
problems facing large parks to reduce the damage caused 
by wildlife to crops are similar throughout Europe (Apol-
lonio 2010; Morelle and Lejeune 2015; Gren et al. 2020; 
Johann et al. 2020; Linnell et al. 2020).
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Materials and methods

Study area

Our study area corresponds to the Ticino Valley Natural 
Park (66.5 km2; 45° 34′ 1.2″ N, 8° 40′ 58.8″ E; located 
in the Novara Province (Piedmont Region, North-west-
ern Italy), South of Lake Maggiore and ranging from 96 
to 290 m a.s.l. (Fig. 1). The Park is characterized by a 
mixed natural and agricultural landscape. The climate 
is temperate, with cold winters and hot and sultry sum-
mers. The average yearly temperature was 11.8 °C (the 
monthly average of minimum temperature of the coldest 
month, January, was − 2.9 °C and the monthly average 
of maximum temperature of the hottest month, July, was 
28.3 °C). The average rainfall was 1000 mm, with two 
peaks in spring (April–May) and autumn (November) 
(SMAM 2008). Woods, with prevailing broad-leaved trees 
such as oak Quercus robur, hornbeam Carpinus betulus, 
elm Ulmus minor and locust-tree Robinia pseudoacacia 
cover 60% of the protected area surface. Agricultural areas 
cover 23 km2, of which 65% are meadows, 26% maize, 
4% rice fields, and 5% winter cereals and soybean. Agri-
culture characterises the floodplain which develops lon-
gitudinally and it is bordered on one side by the wooded 
areas along the river bank and on the opposite side by the 
woods that extends on the escarpment of the river terrace 
going to define a cultivation corridor interrupted trans-
versally by human infrastructures (railway, highway, main 
roads) (Fig. 1). These characteristics allow the wild boars 
to invade the crops being always close to refuge areas. 
A network of secondary roads for agricultural use, cycle 
paths and trekking paths spread through cultivated areas 
and wooded areas. Moreover, the presence of settlements 
is scarce and represented mainly by farmsteads scattered 
in the Park.

Data collection

We used the official data of damage claims from 2010 to 
2017 from the Wildlife Service of the Novara Province. 
The data included the following information: (a) date; 
(b) private data of the owner; (c) type of crop affected 
by the damage; (d) type of damage (trampling, rooting 
and feeding, wallowing); (e) amount of damage in Euros; 
(f) damaged surface (ha). We also collected the data on 
the numerical control on the population, for the period 
2006–2017. All data were geo-referenced with QGIS soft-
ware 3.4.5.

Damage analyses

We calculated the occurrence of damage claims consid-
ered as damage events and the compensation paid for 
each event, year, month and crop type. First, we compared 
the observed damage occurrence per crop type with the 
expected ones on the basis of the proportion of crop types, 
by the �2 Goodness-of-Fit test and Bonferroni’s Confi-
dence Interval Analysis (Manly et al. 2002); for this, we 
considered the occurrence of damages in the whole study 
period (2010–2017) and the average availability propor-
tions of the different crop types in the same period (Agri-
cultural Service, Province of Novara) assuming quite 
constant percentages of crop types in the years. Then, we 
analysed the damage trend (event number and compensa-
tion paid) by linear regression and curve fit analyses with 
the year as time variable, testing the fit of linear, quadratic, 
and cubic models by the determination coefficient (R2) 
and the Analysis of Variance (ANOVA). Moreover, we 
tested for the difference between the observed monthly 
distribution of damages and the expected one based on 
a hypothesis of evenness by the �2 Goodness-of-Fit test.

The predictive model of damage risk

To formulate the predictive model of damage risk, we com-
pared the characteristics of the damaged fields with those of 
undamaged ones following an use vs. unused design (Cum-
ming 2000; Boyce et al. 2002). We calculated for each field 
12 variables of which two (area and perimeter) related to the 
size of feeding patches and, consequently, to the amount of 
food, two other concerning the energy expenditure required 
to go to feeding patches from shelter areas (distance from 
the woods and from water bodies), five variables related to 
the anthropogenic disturbance (distances from buildings, 
railroads, main and secondary roads and cycle paths), one 
variable related to the position of the fields in respect to the 
flood plain (inside or outside the flood plain), and, finally, 
two variable descriptive of the field complexity (shape index 
and fractal dimension) (see Table 1). The distances from 
the woods were coded in three levels: adjacent to the woods 
(1), within 100 m from the woods (2) and over 100 m from 
woods (3). We calculated the distances using the “NNjoin” 
plugin, implemented in the QGIS 3.4.5 software. We cal-
culated the area (A) and the perimeter (P) of the fields with 
QGIS, respectively, with the functions “area” and “length”, 
while the fractal dimension (2 × (ln(P)∕(lnA))) and the shape 
index (P∕(2

√

�A)) of the fields have been calculated with 
Microsoft Office Excel. Moreover, we calculated the aver-
age number of culled wild boar from 2013 to 2017 in each 
municipality of the Park and used it as predictor in the risk 
model.
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Fig. 1   Study area with detail of forest (grey) and agricultural areas (black)
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We tested each variable by the Mann–Whitney U test 
to identify the field variables with significant differences 
between damaged and undamaged fields. Then, we used 
those significantly different as predictors to perform a Binary 
Logistic Regression Analysis (BLRA) with the response 
variable 0 (undamaged fields) and 1 (damaged fields) and 
to assess the damage probability in relation to the values 
of field variables (Saino and Meriggi 1990; Treves et al. 
2004; Dondina et al. 2015). Variables that showed signifi-
cant deviation from normality were transformed; in particu-
lar we used the log (x + 1) transformation for the variables 
heavily skewed (Legendre and Legendre 1998). We used the 
stepwise forward procedure and the Akaike Information Cri-
terion to select the best model (Akaike 1973; Anderson et al. 
2001; Burnham and Anderson 2002; Symonds and Mous-
salli 2011). The importance of predictor variables was meas-
ured by the significance of the regression coefficients and by 
the Exp (B). We verified the collinearity among variables by 
the Variance Inflation Factor (VIF), retaining VIF = 3 as a 
threshold value (Zuur et al. 2010). We evaluated the model 
performance subdividing the total cases in two randomly 
selected subsets of equal size. Each subset was then used 
to formulate a logistic model and to predict the probability 
of damage occurrence for the other subset. We then used 
the �2 test to verify for significant differences from random 
classifications and Spearman rank correlations between pre-
dicted probability classes (n = 10) and the frequency of true 
positive cases to evaluate the model performance (Boyce 
et al. 2002). We performed all statistical analyses with the 
software R (R Core Team 2017); a value of P = 0.05 was 
used as significance threshold.

Effects of population control on damages

We calculated the total number of wild boars removed by the 
operators in the study area, their distribution for each control 
technique (shooting from hides, drive hunting, captures with 
live traps), and their yearly distribution from 2006 to 2017 
from records by Park administration. Moreover, shot wild 
boars were classified by sex and age using the fur colour, 

body weight, and tooth eruption and erosion. We analysed 
the trend of wild boar culled for numerical control by lin-
ear regression with curve estimation, setting the number of 
individuals as the dependent variable and the time (year) as 
independent one. Moreover, we carried out correlation anal-
yses (Pearson’s correlation coefficient) between the number 
of removed wild boars and the number of damages (event 
number and refunds) of the same and of the following year to 
highlight a possible delayed effect of culling on the damage.

Population viability analysis

We carried out population viability analyses (PVA) to evi-
dence the effect of present culling rate on the size and sur-
vival probability of the wild boar population and to test the 
effectiveness of additional culling to reduce the population 
size in the Park (Galimberti et al. 2001; Chilvers 2012; Car-
roll et al. 2014; Meriggi et al. 2016). For PVA, we used 
the control data provided by the Park administration from 
2006 to 2016, assuming that control was not selective on 
sexes and age classes (Meriggi et al. 2016). In particular, 
we estimated the average values (± SD) of the following 
demographic parameters of the wild boar population: (a) 
age of first reproduction of females (the youngest female 
with foetuses in the study period), (b) maximum reproduc-
tion age of female (the oldest female with foetuses in the 
study period), (c) maximum litter size (maximum number 
of foetuses over the study period), (d) litter size distribu-
tion (considering all females with foetuses over the study 
period), (e) breeding success (% of females with foetuses 
in each year), (f) first-year mortality (%), (g) second-year 
mortality (%), (h) mortality after second year (%). Mortal-
ity was calculated for males and for females in each year by 
Life Table method. The absence of a monitoring plan of the 
wild boar in the study area determined the lack of data on 
the size and density of the population. Thus, we defined the 
starting population considering the number of animal shot 
in 2018 (410 animals, latest data available) and accounting 
for two different scenarios: S1) the shot wild boars were 30% 
of the total population present in the Park and S2) the wild 

Table 1   Results of Logistic 
Regression Analysis of 
damaged (n = 1026) vs. 
undamaged (n = 560) fields

Field variables B SE Z P Exp (B) VIF

Position out of flood plain − 0.6 0.13 − 4.86  < 0.0001 0.528 1.12
Shape index 0.5 0.06 8.31  < 0.0001 1.661 1.08
Distance from railways 0.3 0.08 4.07  < 0.0001 1.373 1.08
Distance from main roads 0.2 0.04 4.39  < 0.0001 1.184 1.14
Distance from woods (2) 0.4 0.14 2.98 0.003 1.516 1.09
Distance from woods (3) 0.6 0.17 3.59 0.0003 1.845
Distance from buildings 0.1 0.04 3.54 0.0004 1.147 1.03
Distance from secondary roads − 0.1 0.03 − 2.15 0.032 0.938 1.06
Intercept − 8.7 0.99 − 8.79  < 0.0001 0.0002
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boar population size was at the carrying capacity level. The 
carrying capacity was estimated from bibliographic data on 
post-birth densities in three different wooded areas in Italy: 
12 individuals per km2 (Massolo and Mazzoni Della Stella 
2006), 11.6 individuals per km2 (Cutini et al. 2013), and 
23.9 individuals per km2 (Maselli et al. 2014). The aver-
age density obtained was therefore 15.8 individuals per km2 
(SD = 6.93). Considering the number of animal shot during 
the study period, the carrying capacity obtained was too low 
to be realistic, therefore, we decided to double it. The carry-
ing capacity was, therefore, 2101 wild boars (SD = 426.26). 
Additional scenarios were then simulated for each popula-
tion level, doubling (S1a, S2a) and tripling (S1b, S2b) the 
harvest rate and concentrating it on the sub-adults and adult 
females. For each scenario, 100 iterations were carried out 
and the predictions of the population trend and its survival 
probability were made over 30 years. PVA was carried out 
with the software VORTEX 10.3.6.0 (Lacy et al. 2000).

Results

General description of crop damage

From 2010 to 2017, 560 damage events occurred in the 
study area. The most affected crops were meadows and 
maize (50 and 43% of events, respectively). The differences 
between observed and expected occurrence of events was 
globally significant ( �2 = 87.23, gl = 3, P < 0.0001); in par-
ticular, the observed proportions (OP) were significantly 
(P < 0.05) lower than the availability ones (AP) for mead-
ows (OP = 0.50; SE = 0.021; AP = 0.65) and for rice fields 
(OP = 0.02; SE = 0.006; AP = 0.04), and greater for maize 
(OP = 0.43; SE = 0.021; AP = 0.26), winter cereals and soy-
bean were used in proportion to the availability (OP = 0.05; 
SE = 0.009; AP = 0.05). The total refunds in the study period 
amounted to € 928.858 (35% for meadows and 47.3% for 
maize). The damages occurred mainly between February 
and March, in May, and between August and September 
( �2 = 122.88, gl = 11, P < 0.001). The damage to maize was 
concentrated in May and between August and September 
( �2 = 203.05, gl = 11, P < 0.001), while the damage to the 
meadows occurred mainly between February and March 
( �2 = 127.85, gl = 11, P < 0.001).

During the study period, there was no significant 
trend either for damage events (R2 = 0.141; SEE = 15.64; 
Beta = −  0.375; P = 0.360) or refunds (R2 = 0.003; 
SEE = 39,677.48; Beta = − 0.05; P = 0.902).

The predictive model of damage risk

Out of 1586 fields present in the study area, 1026 
were damaged by wild boars during the study period 

(2010–2017). All the measured field variables with excep-
tion of the distance from cycle paths and of the average 
number of shot wild boars showed significant differences 
between damaged and undamaged fields (Mann–Whitney 
U test, P ≤ 0.001 in all cases). Consequently, we used 11 
predictors for risk modelling.

Out of the 11 predictors, seven were included in the pre-
dictive model of damage risk (Table 1). The shape index 
and the distances from railways, main roads and buildings 
had positive effects on the risk probability, while the dis-
tance from secondary roads had a negative one. Moreo-
ver, the risk probability decreased for fields out of the 
flooded plain and increased for those at distances greater 
than 100 m from woods. The model correctly classified 
71.6% of the original cases, 32.5% of the undamaged fields 
and 92.9% of damaged ones. Classifications obtained 
with the models formulated with the two random subsets 
resulted significantly other than randomness (Subset 1: 
�
2 = 69.62, df = 1, P < 0.0001; Subset 2: �2 = 55.80, df = 1, 

P < 0.0001). The frequency of damaged fields resulted 
highly correlated with the predicted probability classes 
(Rho = 0.960, P < 0.0001) showing a good performance 
of the risk model.

Numerical control and relationships 
with the damages

The wild boars culled between 2006 and 2017 amounted 
to 2423. The years with the highest number of removed 
animals were 2013 and 2017 (450 and 472, respectively). 
The most used control method was shooting from hides, 
with 1990 individuals culled over the study period, while 
122 wild boars were shot by drive hunting, and 220 were 
trapped. The number of removed wild boars showed a 
positive and significant trend (β   ± SE = 26.199 ± 7.69; 
P = 0.007) according to a linear model which explained 
53.7% of the variance (R2 = 0.537; SEE = 92.04). No 
significant correlations resulted between the number of 
removed wild boars and the number of damage events or 
refunds in the study period (Table 2).

Table 2   Results of the correlation analysis between the number of 
wild boars removed each year and damage events and reimbursement 
amount

Damage variables r P

Damage events in the same year 0.446 0.192
Damage events in the following year 0.099 0.785
Refunds in the same year 0.481 0.227
Refunds in the following year − 0.590 0.123
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Population viability analysis

The simulation S1 showed that a population decrease, and 
a survival probability reduction are not achievable with the 
current removal rate. A slight difference resulted doubling 
the removal rate and concentrating it on the sub-adults and 

females (S1a simulation). The same result occurred for 
the simulation S2 and S2a. By tripling the removal rate 
on the same sex and age classes, a drastic reduction in the 
population (50% in 7 years) and a halving of survival prob-
ability in 3 (S1b) and 4 years (S2b) was obtained (Table 3) 
(Figs. 2 and 3).

Table 3   Demographic input 
values used for the population 
viability analyses

Variables Scenario 1 Scenario 2

Extinction Only one sex remaining
Lethal equivalent 6.29
Proportion of lethal genetic load 50%
Mating system Polygynous
Age of the first reproduction (females) 1 year
Age of the first reproduction (males) 2 years
Maximum reproduction age (years) F 6 years–M 8 years
Sex ratio at birth 1:1
Maximum litter size 8
Mean litter size (± SD) 4.7 (± 1.3)
Reproductive success % (± SD) 29 (± 13)
Mortality before year 1 (± SD) (age 0) F 0.34 (± 0.32)–M 0.3 (± 0.42)
Mortality year 1 to year 2(± SD) (age 1) F 0.56 (± 0.25)–M 0.39 (± 0.25)
Mortality year 2 to year 3(± SD) (age 2) M 0.58 (± 0.39)
Males in a breeding pool 100%
Starting population 1367 2101
Males and females of age 1 318–308 489–474
Carrying capacity (± SD) 2101 (± 426.26)

Fig. 2   Population size of Ticino Valley Natural Park wild boar popu-
lation based on Population Viability Analysis (PVA) simulations. 
On the left, the first simulation of the current harvesting rate on the 
population assuming that shot wild boars were 30% of the total popu-
lation present in the Park (S1) (r = 0.473, SD = 0.187, PEE = 0) in 
light grey, simulation of the doubled harvesting rate (S1a) (r = 0.414, 
SD = 0.212, PEE = 0.04) on sub-adults and females in grey and simu-
lation of the triplicate harvesting rate (S1b) (r = − 0.039, SD = 0.244, 

PEE = 1) on sub-adults and females in black. On the right, the sec-
ond simulation of the current harvesting rate assuming that the pop-
ulation size is at the carrying capacity (S2) (r = 0.471, SD = 0.188, 
PEE = 0) in light grey, simulation of the doubled harvesting rate (S2a) 
(r = 0.433, SD = 0.198, PEE = 0.01) on sub-adults and females in 
grey and simulation of the triplicate harvesting rate (S2b) (r = 0.236, 
SD = 0.310, PEE = 0.84) on sub-adults and females in black
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Discussion

Our results confirm that the wild boar selects specific 
types of crops. The maize is one of the most damaged 
crop by wild boar in many areas (e.g. Spain, Nores et al. 
1999; Herrero et al. 2006; China, Cai et al. 2008; Luxem-
bourg, Schley et al. 2008; Italy, Serrani 2012). Several 
studies indicate a wild boar preference for maize respect 
to winter cereals (Briedermann 1976; Herrero et al. 2006). 
The damage to maize fields, as confirmed by our results, is 
typically concentrated in the periods of sowing and milky 
ripening of the cob (Vasudeva et al. 2017; Boyce et al. 
2020) that occurs between July and September. In this 
period, usually characterized by the absence of natural 
caloric food such as acorns, the cobs are odorous and juicy 
and, therefore, very attractive for wild boar and easier to 
digest (Schley and Roper 2003; Calenge et al. 2004; Cai 
et al. 2008). In addition, maize crops provide good cover-
age from early summer to autumn compared to other crops 
(Geisser 2000). The meadows are the second most impor-
tant type of cultivation damaged in our study area, even 
if we have found a significant underutilization probably 
due in part to their great availability. The use of grassland 
by wild boar as a foraging habitat is common in several 
countries (Schley and Roper 2003; Schley et al. 2008; 
Thurfjell et al. 2009; Frackowiak et al. 2013; Lombardini 
et al. 2017). The damages can be linked both to rooting 
and trampling activities (Barrios-Garcia and Ballari 2012; 
Bueno et al. 2013), and our results confirm that the mead-
ows are particularly affected by wild boar in late winter 
and early spring (Brangi and Meriggi 2003; Schley et al. 
2008; Amici et al. 2012) because in this period, the earth-
worms and many insect larvae inhabit the upper layers of 

the soil, making them more accessible (Baubet et al. 2004; 
Frackowiak et al. 2013). The diet of the wild boar, with a 
high presence of corn and acorns, is rich in carbohydrates. 
Therefore, the proteins offered by invertebrates, mainly 
earthworm (Baubet et al. 2003, 2004; Bueno and Jiménez 
2014), inhabiting the meadows are important supplemen-
tary food sources (Massei et al. 1996; Schley and Roper 
2003; Ballari and Barrios-García 2014). 

The predictive model of damage risk showed how 
anthropic disturbance, the location of the field and its char-
acteristics affect the probability of damage. In particular, the 
risk of damage decreases in the fields near the main roads, 
the rail network and buildings. This condition is mainly due 
to the disturbance caused both by the vehicular traffic and 
by the tourist use of the park, because, despite the wild boar 
is able to colonize peri-urban environments (Cahill et al. 
2012), wooded habitats are preferred by the species (Merli 
and Meriggi 2006, Hebeisen et al. 2008; Amendolia et al. 
2019). Fields with complex shape, located within the flood-
plain are at greater risk of damage. In the floodplain, there 
are more natural habitats such as woods, reeds and marshes, 
which represent the shelter places of the wild boar in our 
study area. Consequently, the fields placed in this envi-
ronment represent easier to reach and safer feeding places 
(Lima and Dill 1990; Tolon et al. 2009; Thurfjell et al. 2013; 
Morelle and Lejeune 2015). Surprisingly, the fields adjacent 
to the woods have a lower probability of risk than those fur-
ther away. This could be caused by the control activity from 
hides which are mainly placed at the edge of the woods. In 
accord with the Optimal Foraging theory in our study area, 
wild boar seems to select the most profitable crops in the 
periods when they can offer high-quality food and in condi-
tions that can guarantee greater safety (Begon et al. 2006).

Fig. 3   Survival probability of the Ticino Valley Natural Park wild 
boar theoretical population based on Population Viability Analysis 
(PVA) simulations. On the left, simulation (S1) that represents the 
30% of the population in light grey, simulation of the doubled har-
vesting rate (S1a) on sub-adults and females in grey and simulation of 
the triplicate harvesting rate (S1b) on sub-adults and females in black. 

On the right, simulation of the current harvesting rate (S2) assuming 
that the population size is at the carrying capacity in light grey, simu-
lation of the doubled harvesting rate (S2a) on sub-adults and females 
in grey and simulation of the triplicate harvesting rate (S2b) on sub-
adults and females in black
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To reduce long-term impacts of wild boar, one of the 
most used method is the lethal control of populations, which 
has proven to be an effective method in different countries 
(Geisser and Reyer 2004; ELO 2012; Mazzoni della Stella 
et al. 2014; Giménez-Anaya et al. 2016). In the Ticino and 
Lake Maggiore Park, from 2006 to 2017, the control was not 
selective, the ratio between males and females removed was 
one. Moreover, the most used control method was shooting 
from hides. The correlation between the number of removed 
boar and the number of damages that occurred the following 
year was close to the significance threshold. This result sug-
gests a possible delayed effect of lethal population control, 
which should be considered in planning long-term popula-
tion control but, in general, the ineffectiveness of culling 
carried out in the study area is demonstrated by the absence 
of a damage reduction during the study period.

The present control seems not to be effective for wild 
boar, because unable to mitigate the population increase, 
even in situations of strong hunting pressure (Servanty et al. 
2011; Massei et al. 2015). The hunting acts differently from 
the natural mortality that tends to concentrate on individu-
als under 1 year old (Servanty et al. 2011; Keuling et al. 
2013; Bassi et al. in press). Furthermore, it alters the spatial 
behaviour of individuals, causing an increase in the size of 
the home range (Scillitani et al. 2010), and a greater use of 
"secondary" habitats, including cultivated ones (Stankowich 
2008; Thurfjell et al. 2013). Furthermore, the effectiveness 
of the culling plan may have been affected by the availability 
of natural food, in particular acorns for which no data are 
available. This parameter can have an important influence 
on the selection of secondary habitats, such as crops, by wild 
boar for feeding.

The absence of a population-monitoring plan in the study 
area led to the absence of information such as population 
density, which is essential for planning a numerical con-
trol strategy for wild boar. Furthermore, data regarding the 
mast production are lacking. Considering this background, 
the numerical control methods could be useless, if not self-
defeating, when not scientifically supported. For this pur-
pose, population viability analyses could be effectively used 
(Meriggi et al. 2016; Gürtler et al. 2017; Gonzalez-Crespo 
et al. 2018). Our PVA simulations showed that to obtain 
a drastic reduction in the size of the population, it would 
be necessary to carry on a massive culling plan focused on 
reproductive females and sub-adults. In this way, the repro-
ductive potential of the population can be reduced year by 
year without triggering a density-dependent compensation.

Several studies have shown that, in open populations, a 
high harvest rate could be useful to obtain a fast decrease in 
population size (Keuling et al. 2013; Bengsen et al. 2014; 
González-Crespo et al. 2018) and, in specific, applying a 
removal of 30–40% of post-birth population can be pos-
sible to stop population growth (Croft et al. 2020; Vetter 

et al. 2020), but applying massive culling could be costly 
and unrealistic in the long run. A recent study, which con-
cerned the wild boar populations of the Castelporziano State 
Reserve (Croft et al. 2020) in Italy also showed that in a 
closed population, it is necessary to have a high harvest rate, 
similar to what emerged from our simulations, to obtain a 
marked reduction of the population in a reasonable time. 
The authors also evaluated the effects of the simultaneous 
application of culling and fertility control methods which 
showed how integrating a realistic culling rate with fertility 
reduction allows to obtain significant results in a short time. 
Although fertility control alone was not sufficient to achieve 
the desired results, the application of a control strategy based 
on a balanced mix of culling and sterilization seems to be an 
important opportunity to reduce wild boar populations. In 
this way, it is possible to shorten the time needed to reduce 
the population to a sustainable level, limiting in the same 
time the stress caused to other species. This should be a 
priority when control activities are carried out in protected 
areas or where high levels of culling may not be socially 
acceptable. Unfortunately, these evidences are based on the 
study of a closed population, a condition that is certainly dif-
ficult to find in the usual territorial realities such as our study 
area where the population is open to immigration and emi-
gration. Furthermore, an effective fertility control campaign 
would require intensive trapping, marking and manipulation 
of individuals, which can result in an increase in the man-
agement costs of the species that could be not economically 
advantageous or sustainable.

Conclusions

Although it is an autochthonous species of a large part of 
the European continent, wild boar can have characteristics 
of invasive species because of several factors attributable 
to man. The abandonment of marginal agricultural areas, 
changes in agricultural practices, releases for hunting or 
reduction in harvesting pressure, lack of predators, and cli-
matic changes (Genov 1981; Sáaez-Royuela and Telleriia 
1986) have led to a significant increase in its populations 
which, in turn, have produced and they still produce eco-
logical as well as economic damages (Massei and Genov 
2004). Consequently, a management plan for wild boar 
is now necessary in all those situations where the species 
reaches population densities that are not compatible with 
the ecological but also the economic context. To properly 
plan the management, the biological traits that make wild 
boar a potentially invasive species must be considered, with 
particular reference to population growth rates and oppor-
tunistic characteristics of foraging behaviour (Pastick 2012; 
Sales et al. 2017).
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In landscapes where farming is particularly developed, 
also thanks to high-quality crops, an effective manage-
ment plan for the wild boar aimed to reduce the conflicts 
between the species and humans becomes an increasingly 
priority need. The basic knowledge for the plan comes from 
a monitoring program of wild boar populations and from 
an updated inventory of economic damages caused by the 
species.

Prevention methods (electric fences, sound and olfac-
tory bollards and dissuasive foraging) are commonly used 
to mitigate the impact of the wild boar on agriculture but 
they can be very expensive if adopted indiscriminately 
over large areas (Santilli and Stella 2006; Schlageter and 
Haag-Wackernagel 2012). To allow the implementation of 
targeted and effective prevention measures, it is desirable 
to formulate predictive models of risk that allow the identi-
fication of the fields most exposed to damages (Saito et al. 
2012; Ficetola et al. 2014; Meriggi et al. 2016). In most 
cases, the prevention methods, where and when adopted, 
are applied after the damages have already occurred, and 
without a cost–benefit analysis (Massei et al. 2011; Meriggi 
et al. 2016). The formulation of risk prediction models 
allows acting in advance by assigning a risk class to each 
field and therefore to identify the fields most at risk (Cappa 
et al. 2019), where it is possible to provide deterrent systems 
such as electrified fences or acoustic deterrents. This would 
improve the effectiveness of these tools and could partially 
reduce their economic impact on single farms.

The control activities aiming to produce a significant 
reduction in population size by means of culling should be 
concentrated on females older than or equal to 1 year, piglet 
and sub-adults (Bieber and Ruf 2005; Servanty et al. 2011; 
Gamelon et al. 2012; Meriggi et al. 2016). The culling of 
sub-adults is necessary, because they more easily use sec-
ondary habitats such as cultivated areas, and because they 
will enter in the reproductive pool in the following year 
(Keuling et al. 2008). Concerning the wild boar culling 
methods, those that ensure greater precision in the selection 
of individuals to be removed would be preferred. Although 
in some cases, collective culling methods have proven effec-
tive in reducing damage (Giménez-Anaya et al. 2016), we 
believe that collective hunting methods, although they may 
have good results, are not the correct way to manage the 
problem of damage within protected areas, because of the 
possible disturbance caused to other species, such as Capre-
olus capreolus.

The adoption of preventive methods aimed at the crops 
mostly at risk together with the targeted numerical control 
can be the solution that allows to reduce damage, while 
maintaining the presence of the wild boar.
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