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African swine fever (ASF) is a viral hemorrhagic disease afecting domestic and wild suids, with catastrophic socioeconomic
impact worldwide. In the European scenario, wild boar (Sus scrofa) actively contributes to the maintenance and spread of the
disease. In this study, we applied a multivariate clustering method to defne ecoregions in the western Palearctic realm based on
ecological and sanitary aspects of ASF in wild boar. Beforehand, we performed a principal components analysis for the eight
selected variables. An analysis of the countries was carried out in terms of the extent of ecoregions and ASF notifcations. After
clustering, we identifed nine eco-regions that showed important diferences based on the used eco-sanitary variables. Several
ecoregions stand out in the country and notifcation analysis for retaining the most ASF cases and being present in their
surrounding locations. Here, we developed a cartographical tool to understand patterns in the distribution and spread of ASF in
wild boar at the European level, as well as improve prevention, control, surveillance plans, and eradication strategies, especially
future vaccination programs once a safe and efective vaccine is available.

1. Introduction

African swine fever (ASF) is a viral hemorrhagic disease
afecting domestic pigs and wild boars. Its etiological agent is
the African swine fever virus (ASFV), a double-stranded
DNA virus that belongs to the Asfarviridae family [1]. Due to
the high lethality of some strains, the lack of an efective
vaccine and treatment, and the severe economic conse-
quences, it is a notifable disease to the World Organization
for Animal Health (WOAH funded as OIE). Since its in-
troduction in the Caucasus in 2007 [2], the continuing
spread of the disease has been unstoppable, reaching
a pandemic dimension. ASF is currently present on fve
continents [3], posing a major threat to the global swine
industry and highlighting the need for new epidemiological
tools to control and eradicate the disease [4].

Wild populations of suids are key inmany regions for the
maintenance and spread of the disease. In Europe, wild boars
are a wildlife reservoir of ASF that has spread in some re-
gions [5]. Tis implies a continued risk of spillover into
domestic pig holdings, particularly into open swine pro-
duction systems or with low biosecurity levels [6]. However,
it should be noted that the wild-domestic interface can be bi-
directional and pathogen transmission can exist from do-
mestic pigs to wild boars too [7]. Although limited in-
formation is available about wild boar ASF notifcations in
Asia, studies have confrmed the presence of ASFV in Asian
wild boar populations [8, 9].

Te development of certain epidemiological tools for
wild pigs can help with the implementation of control
measures in the feld, such as oral mass vaccination pro-
grams for free-ranging wild boars. Tese vaccination
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programs could be a promising strategy to control ASF
worldwide, as was the case for classical swine fever control
during the 2000s [10]. On that note, eco-sanitary regions are
defned as areas with similar biotic and abiotic feature in-
teractions, such as climate, orography, topography, geology,
or vegetation [11]. Until now, ecoregions have been com-
monly used as a tool for conservation [12], but they can also
have shown to be applicable to the management of veteri-
nary and ecological diseases, particularly those which have
been linked to climatic factors like vector-borne diseases or
diseases with wild reservoirs [13]. ASF in wild boar habitats
depends to a large extent on environmental factors such as
wild reservoir presence and the capacity of virus survival in
the environment [14], which are both extremely linked to
climate and the environment at the same time. Te fnal aim
of this study was to obtain and identify the eco-
regionalization in the Western Palearctic realm according
to variables related to ecological and sanitary aspects of ASF
distribution in wild boar to focus the control strategies and
surveillance of ASF. Moreover, this study can also be useful
to identify potential areas where vaccination strategies for
wild boar would be more efective.

2. Materials and Methods

2.1. Study Area. Te area of study focused on the Western
Palearctic realm with an extension of 34–72°N, 15.95°W, and
47°E. Tis is a wide and diverse area in terms of climatic,
vegetative, and orographic features. Among the most
prevalent climates in the region according to the
Köppen–Geiger classifcation system are subarctic, humid
continental, oceanic, Mediterranean, and desert
climates [15].

Te study area corresponds to agricultural and natural
landscapes with high-quality habitats for wild boar in terms
of food and shelter. Tis leads to a greater wild boar
abundance in the study area [16] except northern Europe,
which has a subarctic climate and lower densities of wild
boar. Tese areas are characterized by deep snow and severe
winters that that are difcult to access food resources, which
is one of the main causes of mortality in wild boar
populations [17].

2.2. Variable Selection. We selected eight variables related to
ecological and sanitary aspects of ASF distribution in wild
boar. We obtained the mean annual temperature from the
WorldClim dataset at 1 km2 [18]. Temperature facilitates
food supply and reduces juvenile mortality, having a positive
infuence on the presence of wild boar [19]. On the other
hand, temperature is one important factor related to the
persistence of ASF-positive carcasses in the environment.
Carcasses can remain infectious for several months, par-
ticularly at low temperatures [20].

Te vegetation structure as a percentage of coverage of
trees, herbaceous vegetation, and bare terrain at 1 km2

spatial resolution was calculated from the Vegetation
Continuous Fields [21], using the correspondent categories.
Wild boar distribution and behavior are strongly correlated

with land cover. Natural, agro-forest, and agricultural
landscapes provide wild boars with food and cover [16]. Te
elevation of the terrain (henceforth altitude) was also
considered a relevant ecological variable for the model and
retrieved from the Global Land Cover Facility [22] at 1 km2

spatial resolution. Altitude is highly correlated with vege-
tation, temperature, and, in some cases, wild boar presence.

Te normalized diference vegetation index (NDVI) is
a remote sensing index that indicates biomass vegetation and
phenology as well as soil moisture [23]. It was retrieved from
the MODIS product dataset [24], the Global Inventory
Monitoring and Modeling Studies (GIMMS), using the R
package “MODIStsp” [25]. Te Quality of Available Habitat
(QAH) for wild boar is a cartographic tool designed to
improve the species distribution based on the ecology and
behavior of the species. We applied here the categories of
QAH described in previous work [16], combined with the
NDVI to avoid the use of categorical variables in the pos-
terior principal component analysis. Moreover, we applied
NDVI with QAH to add temporal and spatial trends and
variations in vegetation distribution, productivity, dynam-
ics, degradation, fragmentation, and the ecological efects on
the population dynamics of animals. Tus, we obtained
a better measure of the impact of humans on the envi-
ronment and in the habitat of wild boar and their population
dynamics and distributions [26]. Te QAH categories were
reclassifed from zero to 100 prior to the multiplication with
the NDVI raster.

Other ASF-related variables were chosen for the analysis,
among which is the probability of wild boar presence, ob-
tained at 1 km2 spatial resolution [27]. Although the
probability of presence does not present a linear correlation
with abundance, it can serve as a proxy for the distribution of
wild boar in the area of study [28]. Finally, we used the mean
solar radiation that was calculated using an elevation model
[22] and its derivatives of elevation such as slope, orienta-
tion, and latitude and longitude maps. Solar radiation
variables were generated with the Geographic Resources
Analysis Support System [29] software v6.4.1 and imple-
mented in the module “r.sun” [30]; at 1 km2 resolution. Te
decay of carcasses would be negatively correlated with the
risk of transmission, and it is heavily infuenced by abiotic
conditions that play a major role in the degradation of the
virus, such as solar radiation: the carcasses exposed to the
sun decomposed faster [31, 32].

All rasters were aligned and adjusted to a fnal resolution
of 0.008333° (approximately 1 km2) and set to the extension
of the area of study prior to any subsequent analysis.

2.3. Statistical Analysis. Principal component analysis
(PCA) is a technique widely used in the machine learning
environment for dimensionality reduction of high di-
mensional data sets while maintaining most of the initial
variability in the data set. Tis technique transforms a set of
correlated variables into a set of uncorrelated ones, named
principal components (PCs), which are linear combinations
of the original variables [33]. Tese PCs, or eigenvectors, are
linked to eigenvalues, which could be interpreted as the

2 Transboundary and Emerging Diseases



“length” or “magnitude” of these PCs. For the procedure,
variable values were frst normalized to eliminate data
heterogeneity, and all data points of the rasters were used
[33]. We selected the number of PCs for further analysis
based on the percentage of the retained variance of the
original variables by the PCs. After that, the contribution of
every original variable to the PCs was obtained.

To defne the ecoregions, we used k-means clustering, an
unsupervised machine learning algorithm. Te algorithm
identifes groups or clusters of data points (i.e., raster pixels)
that contain high intraclass similarity and the highest
possible intercluster dissimilarity [34, 35]. k needs to be set
before performing the algorithm. Tus, the optimal number
of clusters (k) was selected using the gap statistics method
[36], with 104 random data points for the analysis. To defne
the clusters, we perform the k-means algorithm using 106
random data points. Afterward, we characterized each
cluster using the original variables.

Tis process was developed in R version 3.6.3 [37], using
the following packages: “raster” [38], “RStoolbox” [39],
“cluster” [40], “dplyr” [41], “reshape2” [42]. For visualiza-
tion purposes, we used the following packages: “ggplot2”
[43], “factoextra” [44], “gridExtra” [45], “corrplot” [46], and
“RColorBrewer” [47].

2.4. Descriptive Analysis of Ecoregions per Country and ASF
Notifcations. For each country, we estimated the distri-
bution percentage of the diferent ecoregions by dividing the
number of cells in each cluster by the total number of cells
per country. Tis way, we obtained a relative ecoclimatic
composition per country. For countries whose extension
exceeded the limits of the study (in the eastern and southern
borders), only the extent within the study area was included
in the calculations.

Records of ASF notifcations for wild boar were
superimposed on the ecoregion map. We retrieved the
geographical coordinates of ASF cases in wild boar from the
WAHIS [3], EMPRES-i [48], and ADIS databases [49] from
2007, when ASFV genotype II entered Europe, until May
2022. Since we used databases from diferent sources, we
removed duplicates before the analysis. Te predominant
transmission mode in wild boar in the EU has been due to
wild boar-to-wild boar transmission [5, 16], and we assumed
that such transmission could be infuenced by the type of
ecoclimatic region. We overlapped bufers of 0.045 decimal
degree radius (approximately 5 km) around each ASF case in
the EU to take into account not only the ecoregion in which
they are located but to evaluate the composition in terms of
ecoregion of the surrounding area. Tis can allow a more
specifc analysis that accounts for potential reporting bias in
terms of the geographical accuracy of the ASF cases and
excludes from the analysis nonafected areas within an af-
fected country. We performed a χ2 goodness-of-ft test to
evaluate if there was a diference between the observed ASF
cases in wild boar and the expected random cases based on
the surface area of each cluster within the bufer. Only
sufciently represented ecoregions were included in this
analysis.

In addition, using the ecoregion percentage within the
bufers of each country, we estimated the expected per-
centage of wild boar notifcations in each ecoregion based on
the surface area of each cluster per country. We then
compared the expected probability of cases for each ecor-
egion with the observed ASF data in wild boar. Of the af-
fected countries, only Greece was excluded from this analysis
because of the uncertainty due to the small sample size (only
one wild boar case was reported in the time period
considered).

3. Results

3.1. Cluster Defnition. Prior to the application of the
principal components analysis, we explored the correlation
between the eight selected variables (S1 and S2 Figures). Te
majority of the variables were not strongly correlated (>0.7),
except for the mean solar radiation and the mean temper-
ature. We selected the frst four principal components for
further analysis since they retained 89% of the variance of the
original variables.

Te contribution of each variable to the principal
components is shown in Table 1. PC1 represented treeless
areas with high mean solar radiation and mean temperature.
PC2 was related to the presence of wild boar, depicting areas
with a high-level presence and habitat quality for wild boar
and low grassland coverage. PC3 was characterized by
grasslands with low altitudes and a low presence of bare
areas. PC4 represented warmer regions with low altitudes.

Te optimal number of clusters was nine according to
the gap statistics technique (S3 Figure). Te nine selected
clusters represent diferent ecoregions based on bioclimatic
and ASF-related variables (Figure 1). It can be appreciated
the great infuence of the diferent variables in the defnition
of those ecoregions (Figure 2).

To facilitate the interpretation of this geospatial tool for
veterinary services, wildlife management authorities, mod-
elers and decision-makers, these nine ecoregions could be
visually grouped into four regions, according to the eco-
sanitary geographic areas for wild boar: north Western
Palearctic realm (4, 5, 8), centralWestern Palearctic realm (1,
6), south Western Palearctic realm (2, 3, 9), and the Western
Palearctic realm mountainous systems (7) (Figure 1). Areas
corresponding to ecoregion 1 are mainly characterized by
grasslands with low altitudes and low overall temperatures.
Ecoregion 6 represents areas with features that favor the
presence of wild boar with high tree coverage. Ecoregion 3 is
characterized by warmer regions with grassland and a rel-
atively higher probability of the presence of wild boar and
the quality of the habitat for this species. In contrast, areas
belonging to ecoregion 7 are characterized by high elevation
and high mean solar radiation when compared to the entire
study area. Tose areas had a relatively high probability of
the presence of wild boar alongside lower habitat suitability
in comparison. Ecoregion 4 areas are colder with the
presence of trees. For this cluster, the probability of the
presence of wild boar was low for the majority of point data
in contrast with the quality of the habitat which was above
the mean for the frst two quartiles. Te region defned by
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cluster 5 is less cold than the fourth; however, it is char-
acterized by abundant tree coverage and, in general, a higher
QAH. Ecoregion 8 generally corresponds to polar areas
where wild boar is not widely distributed. On the other hand,
cluster 2 was comprised of areas with a higher percentage of
bare soil than other clusters, higher temperatures than the
mean and little forest cover in general. Te region defned by
cluster 9 is characterized by bare areas with a low distri-
bution of wild boar based on the probability of presence and
QAH. Te majority of data points correspond with warmer
areas, although this cluster is also present in high latitudes
with colder weather (Figure 1). Te description provided
here corresponds to the characteristics of most of the data

points; however, as presented in Figure 2, there are outliers
that can deviate from the general description.

3.2. Descriptive Analysis of Ecoregions per Country and ASF
Notifcations. As could be expected from the extension of
the study area, there was a high degree of variability in the
distribution percentages of the diferent ecoregions of the
countries that were included (Figure 3). However, almost all
central Eurasian countries are mainly represented by
ecoregion 1, 6, and 3, with the exception of Estonia and
Latvia which are also highly represented by ecoregion 5.

For the analysis of ASF wild boar notifcations in EU
countries, we included 33,995 ASF cases. In the bufer areas

Table 1: Contribution of variables to each principal component (PC).

Variables
Principal components (PCs)

PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8
Mean temperature 0.79 0.19 0.26 0.48 0.04 0.17 0.01 0.13
Land cover: bare 0.6 −0.24 −0.63 0.24 −0.18 −0.28 −0.11 0
Land cover: herbaceous 0.2 −0.54 0.74 −0.28 −0.07 0 −0.15 0.01
Land cover: trees −0.57 0.73 −0.25 0.08 0.08 0.17 −0.17 0.01
Probability of presence of wild boar 0.45 0.68 0.21 −0.26 0.38 −0.29 0 0.01
QAH ∗ NDVI −0.09 0.75 0.38 0 −0.52 −0.12 0.02 0
Altitude 0.51 0.12 −0.46 −0.68 −0.15 0.16 0.01 0.07
Mean sun radiation 0.94 0.24 0.05 0.05 0 0.19 −0.01 −0.15

Clusters
1
2
3

4
5
6

7
8
9

Figure 1: Defned ecoregions with a spatial resolution of 0.0083 degrees. Map generated using ArcMap v10.8.1 (Esri®).
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more than 98% of the surface corresponded to ecoregions 1,
3, 5, and 6, and we found statistically signifcant diferences
in the distribution of cases in those ecoregions in

comparison with what would be expected if cases were
randomly distributed (Table 2). Ecoregion 6 concentrated
remarkably more cases than expected (51.5%), distantly

Mean temperature Land cover: Bare Land cover: Herbaceous Land cover: Trees

1 2 3 4 5 6 7 8 9

1 2 3 4 5 6 7 8 9

1 2 3 4 5 6 7 8 9

1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8 9

1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8 9

Probability of wild boar presence QAH*NDVI Altitude Mean solar radiation

-10

0

10

20

te
m

pe
ra

tu
re

 (°
C)

0

25

50

75

100

pe
rc

en
ta

ge
 (%

)
0

25

50

75

100

pe
rc

en
ta

ge
 (%

)

0

25

50

75

100

pe
rc

en
ta

ge
 (%

)

0.00

0.25

0.50

0.75

1.00

-100

-50

0

50

100

0

1000

2000

3000

4000

5000

m
et

er
s (

m
)

2000

3000

4000

5000

6000

7000

Figure 2: Boxplots representing the values of each ecoregion for the variables included in the analysis. Te horizontal dashed line indicates
the mean value for each variable.
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followed by ecoregion 3 (11.43%). In contrast, ecoregions 1
and 5 had fewer notifed cases than expected. In the analysis
of areas within bufers per country (Table 3), there was
a notable diference in the distribution of ASF notifcations
for each ecoregion. Cluster 6 contained more than half of the
total ASF reports, and for the majority of countries (with the
exception of the Czech Republic), the observed cases
exceeded the expected number of notifcations within the
0.045 decimal degrees (approximately 5 km) bufer (Table 3).
Te next ecoregion in terms of more notifcations is number
1, with 28% of the cases. In this case, this is the largest
ecoregion in the entire area of study; however, the number of
expected cases was greater than the actual number of cases
(Tables 2 and 3). Within the EU ASF-afected countries, only
the surrounding areas of notifcations of Italy had less than
13% coverage of ecoregion 1 (S4 Figure). Ecoregion 3 had
11.43% of the notifcations, which was a bit less than ex-
pected for some countries and moderately lower for others
(Table 3). Ecoregion 5 was predominant in Estonia with
44.3% of its surface covered by it. Most of the cases located in
this ecoregion correspond to Estonia and Latvia, with the
former being greater than expected (Table 2). Te rest of the
ecoregions accumulated less than 2% of the ASF notifca-
tions in wild boar.

4. Discussion

In this study, we have defned nine ecoregions for the
Western Palearctic realm based on their diferences in terms
of eco-climatic and host-related factors of ASF. Tis car-
tography tool will help to better understand the patterns of
distribution and spread of ASF in wild boars for wildlife
management and other epidemiological studies in Europe.
Furthermore, the tool proposed here may also prove useful
against other infectious diseases transmitted by wild boar
and to improve eforts at surveillance and control of wild
boar diseases in the feld.

Other studies defned bioclimatic regions or ecoregions
[15, 50], and others performed a similar methodological
approach as the one presented here to defne bioclimatic
regions for wild boar [51, 52]. In those last studies, the
authors presented four homogeneous regions (Asian or
northern, eastern, western, and southern), without any
heterogenic intragroups. Although their northern area
corresponds to our cold areas (ecoregions 4, 5, and 8), the
ecoregions we defned for the ASF do not coincide with
previous work developed for wild boar distribution [51, 52].
Furthermore, other studies developed a similar tool with
climatic and environmental variables related to vector-borne
disease at a lower geographical scale.Tis tool was conceived

as a generic tool for vector-borne diseases; thus, the host of
the pathogen was not included [13]. Unlike those studies, we
defned the ecoregions for the current most important
disease in swine due to its sanitary and economic conse-
quences: ASF [53]. Our study contains not only the prob-
ability of the presence of wild boars but also their habitat
suitability [16, 27]. Tis allows a more specifc tool that was
developed for the ASF context but has the potential appli-
cability for other diseases with a strong relationship between
domestic and wild suids, such as classical swine fever or
Aujeszky’s disease [10, 54].

On the other hand, this tool focused mainly on Western
Palearctic wild boar excluding domestic pigs since we did
not include the distribution of domestic pig farms or animal
density. Te stewardship of the disease is more challenging
in wild populations than in livestock holdings, where in-
terventions can be more easily implemented. Proposed
measures, namely, physical barriers, massive depopulation,
or carcass removal, can be insufcient in certain situations
and even considered unfeasible and economically chal-
lenging in certain scenarios [5]. For that reason, oral vac-
cination has become one of the most promising strategies in
terms of disease control in wild boar, given the un-
controllable extension of the disease, but in combination
with other measures [55, 56]. Te defnition of ecoregions at
a large geographical scale with fne resolution (Western
Palearctic realm) can help apply diferent vaccination
strategies and attend to diferent wild boar distributions and
ecological and sanitary conditions. Bait distribution in the
feld is essential for the efectiveness and efciency of the
vaccination strategy. In that sense, climatic and environ-
mental factors, some of which were taken into account in the
current study, can afect the organoleptic and functional
properties of the vaccine baits and bait consumption by
target species and determine the success of the vaccination
program [10, 57]. Moreover, the ecoregions could mark
diferences in seasonal wild boar behavior and population
dynamics due to meteorological and food availability [28].

Te ecoregions defned here (Figure 1) can also help
understand and study the natural and nonanthropogenic
spread of the disease in wild populations, although it was not
specifcally studied here. It is worth noting that in some EU
countries, such as Romania, Bulgaria, Slovakia, and Lith-
uania, there is a domestic pig cycle (with more than 5% of the
notifcations in domestic pigs [48]), whichmay be producing
spillover to wild boar, so the wild boar cycle may not be the
unique way of transmission in the latter population [5].
Some of the ecoregions depict areas where the landscape and
climatic conditions are more favorable for wild boar
abundance and movement (Figure 2). Tus, our tool can be

Table 2: Complementary results for the χ2 goodness of ft test for the ASF notifcations.

Cluster/Ecoregion Observed cases (n) Percentage of cases Expected random cases∗ Residuals
1 9524 28.02 13926.02 −37.3
3 3887 11.43 3809.12 1.26
5 2500 7.35 3170.34 −11.91
6 17506 51.5 12511.52 44.65
∗ASF expected cases if they were randomly distributed based on the size of the ecoregions. χ2 � 3528.6, df� 3, and p value <2.2−16.

6 Transboundary and Emerging Diseases



Ta
bl

e
3:
C
om

pa
ri
so
n
of
th
ed

if
er
en
ce

be
tw
ee
n
th
eo

bs
er
ve
d
A
SF

no
tif

ca
tio

ns
by

co
un

tr
y
an
d
th
en

um
be
ro

fe
xp
ec
te
d
ca
se
sc
al
cu
la
te
d
fr
om

th
ee

xp
ec
te
d
pr
ob

ab
ili
ty
in
sid

et
he

0.
04
5
de
ci
m
al

de
gr
ee

bu
fe
r,
w
hi
ch

is
ba
se
d
on

th
e
nu

m
be
r
of

ce
lls

pe
r
ea
ch

ec
or
eg
io
n.

Ec
or
eg
io
ns

Be
lg
iu
m

Bu
lg
ar
ia

C
ze
ch

Re
pu

bl
ic

Es
to
ni
a

G
er
m
an
y

H
un

ga
ry

It
al
y

La
tv
ia

Li
th
ua
ni
a

Po
la
nd

Ro
m
an
ia

Sl
ov
ak
ia

1
Ex

pe
ct
ed

pr
ob

ab
ili
ty

13
.3
4

17
.6
2

24
.5
2

20
.5
9

47
.4
8

56
.3
8

10
.2
4

24
.8
6

46
.2

58
.4
5

44
.4
4

34
.7
7

Pe
rc
en
ta
ge

of
ca
se
s

0.
9

11
.8
9

25
.7
4

16
.9
7

38
.3
3

21
.3

2.
42

19
.2
9

22
.5
8

41
.9
3

28
.7
7

30
.7
3

O
bs
er
ve
d
ca
se
s

4
87

96
44
4

35
8

10
42

19
91
1

81
5

46
36

97
7

13
4

2
Ex

pe
ct
ed

pr
ob

ab
ili
ty

0
3.
96

0
0

1.
04

0.
57

2.
5

0
0

0.
02

4.
24

0.
19

Pe
rc
en
ta
ge

of
ca
se
s

0
4.
37

0
0

2.
89

0.
02

1.
15

0
0

0
3.
3

0
O
bs
er
ve
d
ca
se
s

0
32

0
0

27
1

9
0

0
0

11
2

0

3
Ex

pe
ct
ed

pr
ob

ab
ili
ty

34
.7
5

43
.1
2

12
.6
1

0.
07

10
.5
7

17
.0
2

66
.2
7

1.
47

2.
01

6.
28

19
.1
5

16
Pe
rc
en
ta
ge

of
ca
se
s

11
.0
4

46
.3
1

12
.0
6

0.
11

11
.0
3

20
.7
3

60
.2

1.
52

3.
19

7.
8

21
.5
3

18
.8
1

O
bs
er
ve
d
ca
se
s

49
33
9

45
3

10
3

10
14

47
2

72
11
5

86
2

73
1

82

4
Ex

pe
ct
ed

pr
ob

ab
ili
ty

0
0

0
1.
92

0.
27

0.
01

0
0.
8

1.
01

0.
52

0
0.
07

Pe
rc
en
ta
ge

of
ca
se
s

0
0

0
1.
45

0.
43

0
0

0.
19

0.
42

0.
28

0
0

O
bs
er
ve
d
ca
se
s

0
0

0
38

4
0

0
9

15
31

0
0

5
Ex

pe
ct
ed

pr
ob

ab
ili
ty

0
0.
07

0.
73

38
.7

3.
07

0.
6

0
14
.9
1

8.
26

3.
85

0.
35

0.
45

Pe
rc
en
ta
ge

of
ca
se
s

0
0

3.
75

44
.8
4

1.
93

0.
29

0
12
.8
9

5.
96

4
0.
32

0.
92

O
bs
er
ve
d
ca
se
s

0
0

14
11
73

18
14

0
60
9

21
5

44
2

11
4

6
Ex

pe
ct
ed

pr
ob

ab
ili
ty

51
.9

33
.2
2

62
.1
2

30
36
.8
7

24
.9
7

16
.2
2

55
.7
4

41
.3
2

29
.1
9

31
.2
8

48
.0
5

Pe
rc
en
ta
ge

of
ca
se
s

88
.0
6

36
.0
7

58
.4
5

35
.7
8

44
.8
6

57
.6

35
.7
1

65
.3
2

67
.2
5

44
.2
8

45
.8
5

49
.5
4

O
bs
er
ve
d
ca
se
s

39
1

26
4

21
8

93
6

41
9

28
18

28
0

30
85

24
27

48
96

15
57

21
6

7
Ex

pe
ct
ed

pr
ob

ab
ili
ty

0
1.
26

0
0

0
0

0.
92

0
0

0
0.
2

0.
09

Pe
rc
en
ta
ge

of
ca
se
s

0
1.
09

0
0

0
0

0.
51

0
0

0
0.
15

0
O
bs
er
ve
d
ca
se
s

0
8

0
0

0
0

4
0

0
0

5
0

8
Ex

pe
ct
ed

pr
ob

ab
ili
ty

0
0

0
0.
61

0.
62

0.
06

0
0.
93

0.
95

1.
21

0.
02

0.
15

Pe
rc
en
ta
ge

of
ca
se
s

0
0

0
0.
84

0.
54

0.
06

0
0.
78

0.
61

1.
71

0.
09

0
O
bs
er
ve
d
ca
se
s

0
0

0
22

5
3

0
37

22
18
9

3
0

9
Ex

pe
ct
ed

pr
ob

ab
ili
ty

0
0.
03

0
0.
01

0.
01

0.
01

0
0

0
0

0.
03

0.
02

Pe
rc
en
ta
ge

of
ca
se
s

0
0.
27

0
0

0
0

0
0

0
0

0
0

O
bs
er
ve
d
ca
se
s

0
2

0
0

0
0

0
0

0
0

0
0

Transboundary and Emerging Diseases 7



combined with other procedures to estimate the speed of the
spread of the disease using disease spread models [58, 59]
and to predict how it could potentially spread based on
landscape connectivity [60]. For now, we can infer that areas
where the disease has not yet arrived but have favorable
ecoregions for ASF presence, are susceptible to concen-
trating a higher number of outbreaks there, in case there is
an introduction of the disease there in comparison with less
favorable ecoregions in the area. Tis information can help
authorities from free areas to design management and risk-
based surveillance measures, also in combination with other
tools. Te early detection of ASF, since neither commer-
cialized vaccine nor treatment is available, has been proven
crucial to its eradication in countries where a single in-
cursion afecting the wild boar population in one defned
area occurred [61]. Such was the case in Belgium and the
Czech Republic, which implemented good early detection
and control measures for eradicating the disease [62, 63].
Eradicating or minimizing the spread of the disease can be
greatly benefcial due to the devastating sanitary and so-
cioeconomic consequences of an ASF incursion [4, 53]. In
that sense, providing ecoregions where it is more likely to
fnd ASF in wild boar could improve the early detection of
the disease in free areas through the intensifcation of
surveillance eforts in those ecoregions.

In the analysis of ecoregions per country and ASF no-
tifcations, ecoregion 6, located in north-central Europe, had
signifcantly more ASF notifcations than the rest, with more
than 51.5%, as well as a consistent and overall high presence
in surrounding areas of notifcations (Table 3, S4 Figure),
showing its importance in the presence of the disease for the
actual epidemic situation in Europe. Despite ASF cases not
being notifed more than expected in the Czech Republic,
notifcations were clustered in a very small area, and in the
surroundings, ecoregion 6 was predominant. Furthermore,
ecoregion 3, located mainly in southern Europe and con-
taining around 11% of the ASF notifcations, is not well
represented in the overall analysis because it is more
prevalent in Mediterranean regions, where ASF has not yet
spread (Figure 1). However, in Italy, most cases fall into
ecoregion 3, although ecoregion 6 contains more notifca-
tions than expected based on its extent (Table 3). It is worth
noting that the Iberian Peninsula was afected by ASF from
1960 until 1995. Ecoregion 3 is predominant in this area and
also in the provinces where the majority of outbreaks in low-
biosecurity domestic pig holdings were notifed [49]. In
Spain, Ornithodoros erraticus ticks played a key role in ASF
maintenance in this now-identifed ecoregion 3 [64].
According to a study that evaluated the Ornithodoros genus
suitability [65], the Mediterranean region, represented here
mainly by ecoregion 3, was identifed as highly suitable for
Ornithodoros ticks. Terefore, there might be an association
between mainland ecoregion 3 and the possible distribution
of ticks that needs to be further investigated.

Ecoregion 1, located in north-central Europe, contained
around 28% of the ASF notifcations, signifcantly below the
expected amount due to the extension of the region (Ta-
ble 2). However, these herbaceous areas are highly repre-
sented in the vicinity of most EU ASF-infected zones (S4

Figure). Tus, this is a relevant ecoregion for ASF in wild
boar in comparison with the majority of other ecoregions,
but it might not be as important as ecoregions 6 and 3
(Table 2). Ecoregion 5 gathered 7.35% of the cases, mainly in
Estonia and Latvia. Although the probability of wild boar
presence is below the mean, the quality of habitat, along with
its land cover characteristics, explains the suitability of ASF
cases in wild boar in association with favorable ecoregions
(Figure 2, S4 Figure). Ecoregions 2, 4, 7, 8, and 9 contain less
than 2% of all ASF notifcations in total. Ecoregions be-
longing to the northwestern Palearctic realm correspond to
tundra and subpolar areas with lower, and in some cases
null, wild boar presence and, therefore, lower or null ASF
presence [66]. Ecoregions 2 and 9 represent areas with no
ASF presence in the Mediterranean Basin, and ecoregion 9
has lower wild boar suitability. Lastly, ecoregion 7 represents
mountainous areas and contains the most important
mountain ranges of the study area, mainly dispersed in
central-south Europe, from the western Iberian mountain
system to the east Anatolia and Caucasus mountains (Fig-
ure 1). Tis ecoregion is not represented as favorable in the
analysis of ecoregions per country and ASF notifcations.
However, these results raise an issue with the probability of
occurrence of wild boar in that ecoregion [27], which is one
of the highest (Figure 2).

Bosch et al. analyzed the distribution of wild boar oc-
currences in Eurasia at diferent altitudes and found that
most wild boar presences were located in areas with an
altitude range from 0meters to 1,200meters above sea level.
Only a marginal presence of wild boar in Eurasia was re-
ported at altitudes below 0meters and above 2,400meters in
particular periods of the year [28]. In a study conducted in
Bulgaria, the authors compared the presence of wild boar
with habitat suitability and found a high correlation between
them [67].Wild boar habitat quality suitability based on land
cover was identifed as an important factor associated with
ASF disease in these studies [16, 67], as well as the changes in
land use cover, as the most relevant factors in the risk of
appearance and transmission of emerging infectious diseases
at a global level [68, 69]. Given this evidence and the results
we obtained in the current work, the wild boar presence may
have been overestimated at higher altitudes in the prediction
we used [27]. Some abundance models cover the extension
of the study area; however, they are presented as categorical
data [27], which is challenging to implement in our
methodology, or are based exclusively on hunting data, with
the corresponding bias that comes with diferent hunting
pressure and data collection between countries [51]. To
obtain more robust results in models, a combination of
diferent tools (probability of presence, abundance, and
QAH), as done here, can give more robust results, reducing
and balancing the over- and subestimations for use in eco-
epidemiological studies.

Some improvements could be considered for future
studies. For instance, although a spatial resolution of 1 km2 is
appropriate for the extension of the study and is dependent
on the input variables [18, 27], a fner resolution could
improve the analysis of bait placement in the feld. We have
not directly considered the role of ticks, although some of
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the environmental variables that were included are im-
portant for the arthropod’s ecology [65]. On the other hand,
we also have not considered scavenging activities which were
considered not epidemiologically relevant and represent
a minor risk for spreading ASF [70]. To improve the model,
variables related to Ornithodoros spp. distribution and
scavengers could be analyzed for their inclusion in
the model.

5. Conclusion

To the best of our knowledge, this is the frst attempt to
classify the Western Palearctic realm territory in similar
ecoregions according to variables associated with ecological
and sanitary aspects of ASF distribution in wild boar. Te
spatial resolution of the model allows for decision-making at
both large and small scales, making it a general and versatile
tool.Te epidemiological results obtained here could be used
as a basis for other models to unravel the patterns of dis-
tribution and spread of the disease in wild populations in the
European scenario. Moreover, it could serve as a tool to
design and improve prevention, surveillance, and control
strategies, and particularly oral vaccination programs for
wild boar populations, considering changes in the seasonal
activity patterns, movement, and dietary behavior of wild
boars in diferent ecoregions at landscape level. Tis could
ultimately help with the control and eradication of ASF. Te
applicability of this tool could be also extended to other
diseases that afect wild boar, namely, Aujeszky’s disease,
classical swine fever, etc.
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[14] J. M. Sánchez-Vizcáıno, A. Laddomada, and M. L. Arias,
“African swine fever virus,” in Diseases of Swine, pp. 443–452,
World Organisation For Animal Health, Paris, France, 2019.

[15] M. C. Peel, B. L. Finlayson, and T. A. McMahon, “Updated
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