
Abstract
The tick Ixodes ricinus is widely distributed across Europe

and is responsible for the transmission of several pathogens to
humans and animals. In this study, we used a knowledge-based
method to map variations in habitat suitability for I. ricinus ticks
throughout continental France and Corsica. The multi-criteria
decision analysis (MCDA) integrated four major biotic and abiotic
factors known to influence tick populations: climate, land cover,
altitude and the density of wild ungulates. For each factor, habitat
suitability index (HSI) values were attributed to different locations
based on knowledge regarding its impact on tick populations. For
the MCDA, two methods of factor combination were tested, addi-
tive and multiplicative, both which were evaluated at the spatial
scales of departments and local municipalities. The resulting habi-
tat suitability maps (resolution=100x100 m) revealed that condi-
tions are suitable for I. ricinus over most of France and Corsica.
Particularly suitable habitats were located in central, north-eastern
and south-western France, while less-suitable habitats were found
in the Mediterranean and mountainous regions. To validate the
approach, the HSI scores were compared to field data of I. ricinus
nymph abundance. Regardless of scale, the correlation between
abundance indicator and HSI score was stronger for the additive
than for the multiplicative approach. Overall, this study demon-
strates the value of MCDA for estimating habitat suitability maps
for I. ricinus abundance, which could be especially useful in high-
lighting areas of the tick’s distribution where preventive measures
should be prioritised. 

Introduction
Ixodes ricinus, the most abundant and widely distributed tick

species in Europe (Alfredsson et al., 2017; Semenza and Suk,
2018), is responsible for the transmission of several pathogens of
medical importance, including the parasite Babesia divergens, the
bacteria Borrelia burgdorferi s.l. and Anaplasma phagocy-
tophilum and the virus responsible for tick-borne encephalitis
(TBE) (Bonnet et al., 2016).The bacteria of the B. burgdorferi
species complex are of particular importance because they are
responsible for human Lyme disease (borreliosis). The annual
incidence of this disease in France was estimated in 2020 to be
between 52,990 and 67,076 cases per year (Réseau sentinelles,
2021). Considering the number of human Lyme infections in
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Europe and the importance of I. ricinus for transmission, there is a
need for accurate assessments of the risk of exposure to and trans-
mission of the pathogen. Thus, it is first necessary to have knowl-
edge of the distribution of I. ricinus and of the areas suitable for its
development.

I. ricinus is an exophilic and ubiquitous species whose life
cycle consists of three life stages: larva, nymph, and adult
(Agoulon et al., 2016; Bonnet et al., 2016). I. ricinus development
and questing depend on both biotic and abiotic conditions
(Uusitalo et al., 2020). The wide variety of climatic conditions
found in France (Joly et al., 2010; Mücher et al., 2010), particular-
ly with respect to humidity and temperature, are suitable for these
ticks across the majority of the territory (Beugnet et al., 2009;
Wongnak et al., 2022b). An exception is in the area around the
Mediterranean basin, where the hot and dry climate is generally
considered unsuitable for the species (Gilot et al., 1996; Estrada-
Peña and Venzal, 2007) because of its vulnerability to desiccation
at all life stages (Lees, 1946; Wongnak et al., 2022a). I. ricinus can
be encountered in many types of vegetation, but the species is
more widespread in forests and wooded areas because these envi-
ronments offer conditions that favour its development (Swart et al.,
2014; Boehnke et al., 2015; Vanwambeke et al., 2016; Hönig et al.,
2019). In continental France and neighbouring countries, tick
abundance is generally higher in the presence of deciduous trees
such as oaks than in the presence of coniferous ones (Tack et al.,
2012; Boehnke et al., 2015; Vourc’h et al., 2016). The species has
also been detected in suburban forests and public parks visited by
humans and domestic animals, as well as in private gardens
(Maetzel et al., 2005; Paul et al., 2016b; Vourc’h et al., 2016).
Although altitude does not have a direct effect on I. ricinus’ devel-
opment, it influences both climate and vegetation type. High den-
sities of this tick species have been reported up to an altitude of
1000 metres above sea level (asl) (Daniel et al., 2016b;
Taragel’ova et al., 2016; De Pelsmaeker et al., 2021). However,
many studies have shown that tick densities decrease with increas-
ing altitude, with a sharper decrease above 1000 m asl (Materna et
al., 2008; Danielova et al., 2010; Ragagli et al., 2016; Taragel’ova
et al., 2016; Sandor et al., 2017). Since 2003, expansions in the
distribution of ticks have been observed up to 1100 m asl in the
Czech Republic and Switzerland (Daniel et al., 2003; Cadenas et
al., 2007), up to 1250 m asl in Slovakia and the Czech Republic
(Materna et al., 2008; Taragel’ova et al., 2016), and up to 1800 m
asl in the French Pyrenees (Akl et al., 2019). The development and
local abundance of I. ricinus ticks are linked with the wide variety
of vertebrate hosts on which they engorge. In particular, the density
of wild ungulates has been found to affect the local densities of I.
ricinus and the risk of tick-borne disease transmission (Gilbert et
al., 2012; Radolf et al., 2012; Vourc’h et al., 2016; Fabri et al.,
2021). Roe deer, specifically, play an important role in the devel-
opmental cycle of ticks, with multiple studies demonstrating a sig-
nificant correlation between roe deer population density and tick
abundance (Medlock et al., 2013; Chen et al., 2015; Hofmeester et
al., 2017; Mysterud et al., 2021). Several other hosts may also
affect tick development and abundance: rodents (Perez et al., 2016;
Martello et al., 2019), birds (Klitgaard et al., 2019), lizards
(Rizzoli et al., 2014) and local densities of chipmunks (Vourc’h et
al., 2016) can all play a role in sustaining populations of larvae and
nymphs. 

Even though the major factors affecting the I. ricinus life cycle
are well identified, their combined effect on the distribution of this
tick in France has been poorly described. Mapping the distribution

or abundance of ticks remains a challenging task. Although previ-
ous surveys have confirmed its presence in several regions of
France, in other areas it is not always clear if a lack of abundance
data reflects the fact that surveys have not yet been conducted or,
alternatively, that surveys were done but failed to detect this
species. Furthermore, there is a general paucity of data on varia-
tions in abundance from one place to another at national, regional,
or local scales. Large-scale sampling studies are often not feasible-
because of the time, money and human resources needed. Efforts
have been made to estimate the distribution or abundance of I. rici-
nus: i) at the European scale (Estrada-Peña et al., 2006; Beugnet et
al., 2009; Medlock et al., 2013; Cat et al., 2017; Li et al., 2019);
ii) at the national scale in the Netherlands (Swart et al., 2014),
Ireland (Rousseau et al., 2017) and Germany (Brugger et al.,
2016); and iii) at the regional or local scale in Germany (Boehnke
et al., 2015; Zubriková et al., 2020), the Czech Republic (Daniel et
al., 2016a) and Slovakia (Taragel’ova et al., 2016). In France, there
is a real need for mapping the variations of I. ricinus’ abundance at
different scales. Information at the national and regional scale is
needed to highlight regions where preventive measures, such as
publicity campaigns should be prioritised. Data at the local scale
can be used for the design of local action plans aimed at limiting
the conditions for tick development and communicating the risks
to the general public. 

One method that has been used in various applications to
assess the environmental suitability of an area is multi-criteria
decision analysis (MCDA), associated with a geographic informa-
tion systems (GIS)-based approach (Estoque and Murayama,
2010; Chen et al., 2015). By combining the major factors that
influence a problem, it generates information that can help deci-
sion-making or identifying suitable locations (Hongoh et al.,
2011). It has the advantage of being easily adaptable to different
situations and scales. The usefulness of this method has recently
been confirmed for predicting habitat suitability for ticks, includ-
ing Ornithodoros (Vial et al., 2018) and I. ricinus in the Czech
Republic, Ireland and regions around the Czech/German border
(Hönig et al., 2011; Rousseau et al., 2017; Svec et al., 2019), but
it has not yet been used for this purpose in France.

The objective of this study was to map the abundance of I. rici-
nus in continental France and Corsica using an MCDA approach
that combines the main factors known to influence the survival and
development of the tick species: climate, land cover, altitude and
the density of wild ungulate hosts. For each level of these factors,
habitat suitability indices (HSI) were were attributed and the val-
uescombined to obtain HSI scores using MCDA methods based on
additive or multiplicative approaches. The analysis was carried out
at two spatial scales, the scale of local municipalities and that of
larger departments that would reflect differences in the resolution
of datasets available for roe deer and wild boar. 

Materials and methods

The multi-criteria decision analysis method
The method used in this study was adapted from previously

published MCDA procedures (Malczewski, 2000; Pfeiffer et al.,
2008; Hongoh et al., 2011). The steps were: i) identification of
georeferenced factors influencing the abundance of I. ricinus ticks
with HSI values attributed for the levels of each factor; ii) stan-
dardisation of the spatial layers to achieve equal pixel size and res-
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olution and normalisation to a scale of 0 to 1; iii) calculation of the
HSI score by combining the HSI values of the factors with additive
and multiplicative approaches attributing weights to each factor in
the additive method (Ishizaka and Nemery, 2013); iv) mapping the
habitat suitability for I. ricinus ticks in continental France and
Corsica based on HSI scores; and v) validation of the HSI scores
through comparison with field data on I. ricinus nymph abun-
dance.

Factors and data selection
We identified the main factors influencing the development

and abundance of I. ricinus from the literature: climate, land cover,
altitude and ungulate densities. These variables were chosen both
for their strong influence on tick development as well as the avail-
ability and reliability of data in France. Climate zone data were
obtained from the European Landscape Classification scheme
(LANMAP3) (Mücher et al., 2010) at 1000-m spatial resolution
extracted from the Environmental Classification of Europe (EnC),

which is based on the statistical clustering of climatic and topo-
graphic variables (Metzger et al., 2005). The EnC classification
distinguishes 13 climate zones in Europe based on five main cli-
matic variables - temperature, precipitation, percentage of sun-
shine, vapour pressure and the daily temperature range - as well as
oceanity, latitude and altitude. In the EnC, altitude was used only
to distinguish the Mediterranean mountainous zone (areas above
1000 m asl) from the northern and southern Mediterranean zones,
and this does not interfere with the altitude factor used elsewhere.

Land use data were provided by the CORINE Land Cover
2018 dataset (European Environment Agency, CLC2018) at 100-m
spatial resolution (Table 1). Altitude data were obtained from the
digital elevation model (BD ALTI®, Version 2.0; https://geoser-
vices.ign.fr/bdalti) at 250-m resolution created by ‘Institut
National de l’Information Géographique et Forestière’ (IGN-F,
http://www.ign.fr/). Estimates of wild ungulate densities were
obtained from the ‘Office Français de la Biodiversité’ (OFB) and
the ‘Fédération Nationale des Chasseurs’ (FNC) (Saint-Andrieux
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Table 1. Habitat suitability index for I. ricinus ticks based on type of land cover.

Nomenclature (CLC2018)                                                                                                                                                                           HSILand

-   Continuous urban fabric (111), industrial or commercial units (121), port areas (123), mineral extraction sites (131),                                                           0
    construction sites (133), rice fields (213)
-   Sclerophyllous vegetation (323), beaches, dunes, sands (331), bare rocks (332), burnt areas (334), glaciers and 
    perpetual snow (335), salt marshes (421), salines (422), intertidal flats (423)
-   Water courses (511), water bodies (512), coastal lagoons (521), estuaries (522), sea and ocean (523)                                                                                          
-   Road and rail networks and associated land (122), airports (124), dump sites (132), green urban areas (141), sport and leisure facilities (142)           0.25
-   Vineyards (221), olive groves (223), annual crops associated with permanent crops (241)
-   Sparsely vegetated areas (333)                                                                                                                                                                                                                             
-   Discontinuous urban fabric (112)                                                                                                                                                                                                                      0.5
-   Non-irrigated arable land (211), permanently irrigated land (212), complex cultivation patterns (242)
-   Coniferous forest (312)
-   Inland marshes (411), peat bogs (412)                                                                                                                                                                                                               
-   Fruit trees and berry plantations (222), pastures (231), land principally occupied by agriculture, with significant areas of natural vegetation (243)      0.75
-   Natural grasslands (321), moors and heath land (322), transitional woodland-shrub (324)                                                                                                                 
-   Agro-forestry areas (244)                                                                                                                                                                                                                                      1
-   Broad-leaved forest (311), mixed forest (313)                                                                                                                                                                                                 
CLC2018, third level of the CORINE land cover classification; HSILand, habitat suitability index for land features, an indicator that varies from 0 (weak habitat suitability) to 1 (very high habitat suitability).

Table 2. Wild ungulate data used in the models.

Type of ungulate                                                      Year of data collection        Geographical unit (km²)         Proxy for the animal number

Red deer (Cervus elaphus)                                                                             2010                                        Distribution area*                                         Hunting bag°
Sika deer (Cervus Nippon)                                                                             2013                                           Spatial domain#                                             Hunting bag
Fallow deer (Dama dama)                                                                             2013                                            Spatial domain                                             Hunting bag
Alpine ibex (Capra ibex)                                                                                 2010                                         Distribution area                          Estimated minimum number§

Corsican mouflon (Ovis gmelini musimon var. corsicana)                    2010                                         Distribution area                           Estimated minimum number
Mediterranean mouflon (Ovis gmelini musimon x Ovis sp)                  2010                                         Distribution area                           Estimated minimum number
Pyrenean chamois (Rupicapra pyrenaica)                                                 2010                                         Distribution area                           Estimated minimum number
Alpine chamois (Rupicapra rupicapra)                                                       2010                                         Distribution area                           Estimated minimum number
Wild boar (Sus scrofa)^                                                                           2010 to 2014                      Department or municipalities$                             Killed animals
Roe deer (Capreolus capreolus L.)^                                                  2002-2007-2012                    Department or municipalities$                               Hunting bag
*The entire zone where a species is present as determined by expert opinion; °the number of animals killed by a legal hunter; #a georeferenced hunting unit in which there is hunting activity and where wildlife pop-
ulations are monitored; the population data are based on the number of animals killed; §as estimated by expert opinion (National Federation of Hunters, Office Français de la Biodiversité); ^animals present throughout
the whole country; numbers tracked by each department (regional administrative unit of France). Species numbers for each department and municipality were calculated as the mean of five years (from 2010 to 2014)
for wild boar and as the mean of three years (2002, 2007 and 2012) for roe deer; $data available for all French departments, but not for all French municipalities (see Figure 4).
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and Barboiron, 2014) (Table 2). The dataset for each ungulate
species differed slightly depending on whether the animal is hunt-
ed or protected, the geographical location(s) in which it is found
and the areas in which it is monitored (hunting area or conservation
area). The national data for wild boar and roe deer were available
from the OFB at two spatial levels: the French administrative
departments (n=96) and the French administrative municipalities
(n=34,970 in 2019). Numbers of other wild ungulates were given
in locally georeferenced areas; absence of a geographical area indi-
cates the absence of the species in that area.

Habitat suitability indices attribution for each factor
For climate and land cover, HSI values were attributed based

on a literature review (Beugnet et al., 2009; Hönig et al., 2011;
Estrada-Peña et al., 2013; Swart et al., 2014; Zeimes et al., 2014).
HSI values for each factor were all in the same format and on a
comparable scale of 0 to 1.

In France, 9 of the 13 zones of the environmental classification
of Europe are present: Nemoral, Alpine South, Continental,
Atlantic Central, Pannonian, Lusitanian, Mediterranean moun-
tains, Mediterranean North and Mediterranean South. Among
them, only one climate (Mediterranean South) was considered as
weakly suitable for ticks. Because of its generally higher tempera-
tures and lower relative humidity, it was assigned a value of 0,
while a value of 1 (high suitability) was assigned to the other eight
climate types (Table 3).

As shown in Table 1, land cover classes were also assigned
HSI values ranging from 0 to 1, i.e. the least to the most suitable
for I. ricinus. We attributed high suitability indices to forest areas,
broad-leaved and mixed forest and to some agricultural areas as
indicated by Beugnet et al. (2009), Swart et al. (2014) and the
European Centre for Disease Prevention (ECDC, 2019).
Intermediate or low habitat suitability indices were attributed to
urban areas (discontinuous urban fabric, green urban areas, sport
and leisure facilities), agricultural areas (fruit trees, vineyards,
arable land) and wetlands (marshes and peat bogs), which com-
prise all areas in which ticks have been found (Swart et al., 2014;
Hansford et al., 2017; Lejal et al., 2019; Mathews-Martin et al.,
2020). A value of zero was assigned to areas with no vegetation. 

As high densities of I. ricinus have been reported up to an altitude
of 1000 m asl, the associated HSI was set to 1 for sites below this alti-
tude. From 1000 to 2000 m asl, were given sharply decreasing HSI
values using a continuous function described by Derringer and Suich
(1980) (Table 4). Above 2000 m asl, the HSI was set to zero.

Ungulate density was approximated as the number of animals
counted over a given area, because it is not possible to know with
absolute certainty the number of wild animals present in an area
(Aubry and Guillemain, 2019). For all counting areas, the proxy
values were converted into a range from 0 to 1 to obtain the HSI
indices (Table 2). HSI values from 0 to 1 were given by separating
the 10 ungulate species into three groups for further analysis: i) roe
deer; ii) wild boar; and iii) a group composed of red deer, sika deer,
fallow deer, alpine ibex, Corsican and Mediterranean mouflons
including Alpine and Pyrenean chamois. The eight ungulates in this
last group had noticeably lower densities than roe deer and wild
boar. Furthermore, they were not distributed throughout the whole
territory and were instead present only in isolated regions of vary-
ing surface area; for example, Pyrenean chamois are only found in
the Pyrenees, while Alpine chamois are located in the Alps. 

I. ricinus habitat suitability mapping

Generating standardised map layers and the global constraint map
All data were imported into the ArcGIS Pro geographic infor-

mation system version 2.8.2 (ESRI Inc. Redlands, CA, USA) and
converted to rasters at a resolution of 100 m to enable map combi-
nation. A constraint layer was created for the following three fac-
tors: climate; land cover; and altitude. Factors considered unsuit-
able for I. ricinus (e.g., Mediterranean South climate, continuous
urban fabric, lakes and rivers and altitudes above 2000 m asl) were
attributed a zero value for each pixel (HSI=0). A value of 1 was
attributed for all other suitable variables. No constraint layer was
prepared for the proxy of wild ungulates as we did not want to
make assumptions about the absence of ticks based on the absence
of ungulates. The global binary constraint map resulted from the
multiplication of the three constraint layers for climate, land cover
and altitude. It was given an HSI = 0 if any one of the three factors
had this value; HSI was equal to 1 in all other areas. All HSI map
layers were multiplied by the global binary constraint map (Figure
1) and standardised so that the minimum and maximum values of
the score were 0 and 1, respectively (Malczewski, 2000). 

Combinations of standardised map layers 
Two combination approaches were tested (Figure 1). The HSI

values of the four factors were either: i) added using the weighted
linear combination (WLC) method (Malczewski, 2000; Pfeiffer et
al., 2008); or ii) all multiplied together (Ishizaka and Nemery,
2013). Both approaches were applied at two geographic scales,
departmental and municipal, using the different datasets for roe
deer and wild boar. The resulting global HSI was named the HSI
score.

In the additive approach, the four raster layers (climate;land
cover;altitude;and wild ungulate density) were combined with
equal weight (Equation 1) to give the same importance to each

                   Article

Table 3. Suitability levels of I. ricinus ticks based on climate in the
different zones of France.

Climate zone                                                          HSIClim

Nemoral                                                                                             1
Alpine South                                                                                     1                                
Continental                                                                                       1                                
Atlantic Central                                                                                1                                
Pannonian                                                                                          1                                
Lusitanian                                                                                          1                                
Mediterranean Mountains                                                            1                                
Mediterranean North                                                                     1                                
Mediterranean South                                                                     0
HSIClim, habitat suitability index for climate zones (Metzger et al., 2005), an indicator that varies from 0
(weak suitability) to 1 (very high suitability).

Table 4. Habitat suitability index for I. ricinus ticks based on altitude.

Altitude range                                             HSIAlt

≤1000 m                                                                              1
1000-2000 m asl*                                  [(2000 – ALT) / (2000 – 1000)7*
>2000 m asl                                                                       0
HSIAlt, habitat suitability index for altitudes, an indicator that varies from 0 (weak suitability) to 1 (very
high suitability); asl, above sea level; ALT, altitude (m). *Desirability function (Derringer and Suich, 1980).
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layer. The sum of the weights was equal to 1:

HSIadd = ¼ HSIClim + ¼ HSILand + ¼ HSIAlt + ¼ HSIUng            (1)

where HSIadd is the HSI score calculated with the additive method;
HSIClim the HSI associated with climate; HSIAlt the HSI associated
with altitude; and HSIUng the HSI associated with wild ungulate
density.

HSIUng = 1/3 HSIDeer + 1/3 HSIBoar + 1/3 HSI8Ung                     (2)

In a similar way, Equation 2 gives the weights for the animals
where the HSIDeer is the HSI associated with roe deer; HSIBoar the
HSI associated with wild boar; and HSI8Ung the HSI associated with
the eight other wild ungulates. HSI8Ung is calculated as the mean
HSI of these eight species, i.e. the sum of the HSI values of the
ungulate species present divided by the number of ungulate species
present at a given pixel.

In the multiplicative approach, the four raster layers were mul-
tiplied according to Equation 3:

HSImx = HSIClim • HSILand • HSIAlt • HSIUng_m                             (3)

with HSIUng_m = 1/3 HSIDeer + 1/3 HSIBoar + 1/3 HSI8Ung          (4)

where HSImx is the HSI score derived from the multiplicative
method and HSIUng_m the HSI associated with wild ungulate densi-
ty. The last layer in Equation 4 (HSIUng_m) differed from that used
in the additive method by the zero values being replaced by the
minimum value above zero, defined as the first HSIUng > 0.

Based on the wild boar and roe deer datasets available for the
two administrative levels - departmental and municipal - four maps
representing HSI scores were calculated: additive approach using

the departmental or municipal datasets and

multiplicative approach with each dataset . 
The resulting habitat suitability maps had a resolution of 100x100
m. The threshold values of the classes for the four HSI scores were
obtained using the Jenks natural breaks classification method. 

Comparison of habitat suitability index for I. ricinus to
field data

To validate the estimates of habitat suitability for I. ricinus, the
HSI scores were compared to field data on nymph abundance gen-
erated using the dragging method (Vassallo et al., 2000). To ensure
that all data were comparable, we obtained abundance data from
several projects conducted in France by the Epidemiology of
Animal and Zoonotic Diseases (EPIA) Joint Research Unit (Table
5, Figure 2); all surveys were carried out from April to June with

                                                                                                                                Article

Figure 1. Schematic presentation of the methodology used to calculate the combined habitat suitability index (HSI) score for tick pres-
ence. WLC, weighted linear combination and indicates the use of addition; X indicates the use of multiplication; Text in grey boxes indi-
cates raw data; text in white boxes indicates data converted into HSI; Std, standardisation; (x), multiplication by binary constraint map.

Table 5. Datasets of estimated abundance of I. ricinus ticks from the field in France.

Project acronym     Site sites*       Collection year(s)           Tick sampling method°                          Area                              Reference

CCEID                                   S1- S11                         2014-2020                             Dragging once a month                                    France                            Wongnak et al. (2020)
TELETIQ                              H1-H12                              2018                        Dragging one sampling per month           Auvergne-Rhône-Alpes                 Bord et al. (2019)
                                              H14-H16                                                                              (April to June)                                                  
OSCAR                                   O1-O2                         2012-2015                                    Dragging spring                    North-western, South-western        Lebert et al. (2020)
*Shown in Figure 2; °observation units of all projects corresponded to 10 m2 surface area. S1, La Tour De Salvagny (two locations S1a and S1b); S2, Saint-GenèsChampanelle; S3, Restinclière; S4, Etiolles; S5, Carquefou;
S6, Gardouch (within deer park); S7, Gardouch (outside deer park); S8, Velaine-en-Haye; S9 to S11, Les Bordes; H1, Coustansouze; H2, Marcenat; H3, Noailly; H4, Quincie-en-Beaujolais; H5, Volvic; H6, Sermentizon; H7,
Panissières; H8, La Tour de Salvagny; H9, Montboudif; H10, Saint-Germain L’Herm; H11, Chambles; H12, Pelussin; H14, Saint-Georges; H15, Cayres; H16, Champclause; LTER, long term ecological research: O1, LTER
«Zone atelier Pyrénées Garonne» site (two locations O1a and O1b); O2, LTER «Zone Armorique» site (two locations O2a and O2b).
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the same sampling method. For all selected survey locations, the
observation unit was defined as an area of 10m² and the observed
abundance was the number of nymphs collected using the drag
sampling method. From the field data, six abundance indicators
were calculated: i) the mean; and ii) the median number of nymphs
collected per observed unit in each site (n=31 sites) plus (iii to vi),
i.e. the proportions of observation units in which no nymphs were

collected (p_zero); 1-10 (p_1_10); 11-50 nymphs (p_11_50); and
>50 nymphs (p_>50). For each site location, the corresponding
HSI score values were extracted from the four models.

To assess the relationship between HSI scores and abundance
indicators, Spearman’s rank correlation, rho, was used (R Core
Team, 2017). This is a nonparametric measure that avoids the
assumption that variables have a normal distribution. Spearman’s

                   Article

Figure 2. Locations of sampling sites during the field surveys of I. ricinus populations used for comparison to habitat suitability index
scores. =CC-EID project; =TELETIQ project; =OSCAR project (site descriptions in Table 5). Background map sources: BD
ALTI®, GEOFLA® (IGN-F). Region codes and names: 11: Île-de-France (Île-de-France); 24: Centre-Loire Valley (Centre-Val de Loire);
27: Burgundy-Franche-Comté (Bourgogne-Franche-Comté); 28: Normandy (Normandie); 32: Hauts-de-France (Hauts-de-France); 44:
Grand Est (Grand Est); 52: Pays de la Loire (Pays de la Loire); 53: Brittany (Bretagne); 75: New Aquitaine (Nouvelle-Aquitaine); 76:
Occitania (Occitanie); 84: Auvergne-Rhône-Alpes (Auvergne-Rhône-Alpes); 93: Provence-Alpes-Côte d’Azur (Provence-Alpes-Côte
d’Azur); 94: Corsica (Corse).
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rho can have any value between –1 and +1. A value of 0 indicates
no relationship and values of +1 or –1 indicate a one-to-one rela-
tionship between the variables (‘perfect correlation’). Because
Spearman’s rho is based on ranked values rather than original mea-
surements, calculations were adjusted to take into account any ties
in the rankings as done by Ramsey (1989).

Results

I. ricinus habitat suitability mapping in France
Using two MCDA methods, additive and multiplicative and

datasets for two different administrative levels, departmental and
municipal, four maps were obtained depicting habitat suitability
for I. ricinus ticks in France (Figure 3; Figure S1-S3). At the
municipal level, some HIS scores could not be calculated due to
missing data. For roe deer, data were missing from municipalities
in the Haut-Rhin and Bas-Rhin departments in the Northeast, part
of the Pyrenees-Orientales department in the South and some
municipalities scattered throughout France. No roe deer are present
in Corsica. Data on wild boar were not available from municipali-
ties in the Haut-Rhin and Charente Maritime (western coast)

departments and Corsica and some municipalities scattered
throughout France. Instead, data at the department level were
available for the entire area under study. All maps present variabil-
ity in HSI scores for I. ricinus in France, from low to very high val-
ues. With the additive approach, lower HSI scores were obtained
in the southern part of the Rhône valley and the highest-elevation
areas (Alps and Pyrenees). With the multiplicative approach, more
habitat areas with lower suitability were observed, such as
Bretagne, Pays de la Loire and part of Nouvelle Aquitaine and
Hauts-de-France.

Comparisons 
Using Spearman’s rank correlation method, the six abundance

indicators were compared to all four sets of HSI scores (additive or
multiplicative approach, departmental or municipal level; Table 6).
The abundance indicators that demonstrated the best correlation
with HSI scores (i.e. higher absolute value of rho) were the propor-
tion of observation units with zero nymphs, the median number of
nymphs per observation unit, and the average number of nymphs
per observation unit. The indicator p_>50 showed no significant
correlations with HSI scores, but there were only a few observation
units in which more than 50 nymphs were collected.

As shown in Table 6, higher correlations were obtained
between estimated HSI scores and abundance field data when HSI

                                                                                                                                Article
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Figure 3. Map of habitat suitability score (HSI) for I. ricinus ticks in continental France and Corsica. Results based on the additive
approach with municipal-level data for wild boar and roe deer ( see Table 6) Pixel resolution of 100x100 m. Threshold values
obtained using Jenks natural breaks classification. 
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scores was calculated at the municipal level rather than the depart-
mental level. At both levels, however, higher correlations were
obtained with the additive rather than the multiplicative approach.
In the model based on the additive approach with municipal-level
ungulate data, significant correlations were confirmed between
estimated HSI scores and all abundance indicators except for tick
abundance above 50 ticks per 10 m2. The best abundance indica-
tors for this model were the median number of collected nymphs
(Figure 4) and the proportion of observed units without nymphs
(Figure 5). Consequently, we considered this combination - addi-
tive approach with ungulate data at the municipal level - to be the
best for the habitat suitability map (Figure 3).

Figure 3 shows the presence of highly to very highly suitable
habitats for I. ricinus (orange and red classes, respectively) in most
locations in France, with the exception of the southern part of the
Rhône valley and the highest-elevation areas of the Alps and
Pyrenees (dark green class). Bretagne, Pays de la Loire and part of
the Centre-Val de Loire region are characterised by intermediate
suitability (light green class).

Discussion
The risk for a human or animal to be bitten by a tick is deter-

mined by the combination of the presence of ticks (i.e. the hazard)
and the exposure to tick bites. In this study, we aimed to estimate
the hazard component of the overall risk by using a knowledge-
based method to produce a habitat suitability map of I. ricinus
ticks. The resulting map represents the variability in habitat suit-

ability for I. ricinus in continental France and Corsica from the
least to the most suitable habitat. We used the MCDA method since
it was found it an interesting alternative to data-driven statistical
methods in cases where detailed field data are not always avail-
able. Here, it made it possible to investigate the potential risk of
encountering I. ricinus throughout continental France and Corsica,
even though tick surveillance sampling has only been carried out
in relatively few locations. With the MCDA method, we compared
two approaches of factor combination, additive and multiplicative,
for the generation of an HSI score (Ishizaka and Nemery, 2013).
Both approaches have been previously used to map I. ricinus habi-
tats (Beugnet et al., 2009; Hönig et al., 2011; Rousseau et al.,
2017; Svec et al., 2019). Recently, Vial et al. (2018) used both
approaches for Ornithodoros ticks and observed similar trends as
those reported here. In our study, regardless of the geographic res-
olution of the dataset (departmental or municipal scale), the corre-
lation between abundance indicators and HSI scores was stronger
with the additive approach than with the multiplicative one. Of the
two additive models, the HSI scores calculated at the departmental
level were always higher than those calculated at the municipal
level, an overestimation that was due to the representation and
accuracy of the deer and boar data. When calculated at the depart-
ment scale, abundance data for roe deer and wild boar cannot accu-
rately represent the variability within the departmental territory,
while data at the municipal level can. 

To validate the HSI scores, we compared these values to
nymph abundance data collected primarily in forested sites charac-
terised by highly or very highly suitable habitats for I. ricinus. One
of the main objectives of our research group is to collect ticks in

                   Article

Table 6. Spearman’s rank correlation between habitat suitability index scores calculated with the four MCDA models and abundance
indicators for nymphs from the 31 sites.

Nymph abundance indicator       Observation units (no.)           HSI score                  rho                   P-value          Level of significance

Median number of nymphs                                           7700                                      add_mun                          0.66                            0.000                                   ***
                                                                                                                                            mx_mun                          0.59                            0.001                                   ***
                                                                                                                                            add_dpt                           0.56                            0.001                                   ***
                                                                                                                                             mx_dpt                           0.54                            0.002                                    **
Mean number of nymphs                                               7700                                      add_mun                          0.58                            0.001                                   ***
                                                                                                                                            mx_mun                          0.56                            0.001                                   ***
                                                                                                                                            add_dpt                           0.47                            0.005                                    **
                                                                                                                                             mx_dpt                           0.43                            0.011                                      *
p_zero                                                                                2895                                      add_mun                         -0.67                           0.000                                   ***
                                                                                                                                            mx_mun                          -0.60                           0.000                                   ***
                                                                                                                                            add_dpt                          -0.59                           0.001                                   ***
                                                                                                                                             mx_dpt                           -0.56                           0.001                                   ***
p_1_10                                                                               4210                                      add_mun                          0.46                            0.007                                    **
                                                                                                                                            mx_mun                          0.41                            0.016                                      *
                                                                                                                                            add_dpt                           0.42                            0.013                                      *
                                                                                                                                             mx_dpt                           0.44                            0.010                                    **
p_11_50                                                                              575                                       add_mun                          0.45                            0.008                                    **
                                                                                                                                            mx_mun                          0.46                            0.007                                    **
                                                                                                                                            add_dpt                           0.36                            0.029                                      *
                                                                                                                                             mx_dpt                           0.32                            0.051                                     ns
p_>50                                                                                   20                                        add_mun                          0.16                             0.21                                      ns
                                                                                                                                            mx_mun                          0.13                            0.247                                     ns
                                                                                                                                            add_dpt                           0.08                            0.341                                     ns
                                                                                                                                             mx_dpt                           0.03                            0.444                                     ns
HSI, habitat suitability index;  p, proportions of observation units; p_zero, no nymphs collected; p_1_10, 1-10 nymphs collected; p_11_50, 11-50 nymphs collected; p_>50, more than 50 nymphs collected; add, MCDA
additive approach; mx, MCDA multiplicative approach; dpt, departmental-level dataset for roe deer and wild boar; mun, municipal-level dataset for roe deer and wild boar; ***very high significance (P≤0.001); **high
significance (P≤0.01); *clear significance (P≤0.05); ns, not significant (P>0.05).
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Figure 4. Correlation between median habitat suitability index (HSI) scores and the median number of nymphs collected per observation
unit for each site. The HSI scores were calculated with the additive approach and municipal-level ungulate data ( ). For names of
the collection sites see Table 5.

Figure 5. Correlation between median habitat suitability index (HSI) scores and the proportion of observation units with zero nymph
collected per site (p_zero). The HSI scores were calculated with the additive approach and municipal-level ungulate data ( ). For
names of the collection sites see Table 5.
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order to estimate the prevalence of Borrelia infection in the ticks.
Forest sites are preferentially chosen for this work because the
density of I. ricinus ticks is generally higher, whether in rural
(Boyard et al., 2011; Asghar et al., 2016) or urban areas (Paul et
al., 2016b; Mathews-Martin et al., 2020). In this study, only three
of the forested sites used for validation were determined to be less
suitable because they were located in the Mediterranean South cli-
mate zone or were at a high altitude. Future field studies with a
larger set of observations would be invaluable for further valida-
tion of the habitat suitability map. In particular, future sampling
campaigns should focus on areas with low and medium HSI values
to assess and confirm the limits of the tick’s distribution. Until this
can be accomplished, it is important to interpret the global habitat
suitability maps with caution, in particular for areas of low suit-
ability. These putative low-abundance areas should be further
monitored, with the needs of different stakeholders in mind.
Overall though, the relevance of the HSI score as an indicator of
low tick risk was validated by our analysis of the correlation with
field data. In particular, a strong negative correlation was observed
between HSI scores and the proportion of observation units in
which no ticks were sampled. That is, the higher the HSI score, the
smaller the proportion of observation units where no ticks were
sampled, and conversely, the smaller the HSI score, the higher the
proportion of observation units where no ticks were sampled.
Given this finding, low HSI scores could be used as an indicator of
lower abundance in any areas not yet studied. 

Although we were able to increase the accuracy of HSI scores
by using data from the municipal rather than the departmental
level, there are ways to refine the analysis potentially further. For
example, it might be possible to improve HSI scores by calculating
weights for each factor using the analytical hierarchy process
(Estoque, 2012; Paul et al., 2016a). It might also help to attribute
more nuanced index values to the HSI for climate, or to consider
other factors that contribute to I. ricinus habitat suitability. Indeed,
the population densities of rodents and birds play a well-recog-
nised role in the life cycle of ticks and as reservoirs of B. burgdor-
feri s.l. (Perez et al., 2016; Klitgaard et al., 2019; Martello et al.,
2019). These factors were not included in the current analysis
because of the lack of reliable data at the departmental and munic-
ipal levels, but also because they are highly variable among local
areas of tick habitat due to changes in rodent and bird populations,
weather, food availability and leaf litter (Beugnet et al., 2009;
Medlock et al., 2013; Vourc’h et al., 2016; Goldstein et al., 2018).
Such small-scale changes can have strong consequences for local
tick abundance (Boyard et al., 2008). 

The habitat suitability map that was calculated with municipal-
scale data for wild boar and roe deer showed that conditions were
favourable for tick development over most of France: a higher
degree of hazard was estimated for central, north-eastern, and
south-western France, and a lower degree of hazard in
Mediterranean and mountainous regions. The map generated here
was largely consistent with previously published maps of Europe
based on models or field observations (Beugnet et al., 2009;
Estrada-Peña et al., 2013; Estrada-Peña et al., 2016; ECDC, 2019;
Li et al., 2019) and in many locations our map delivered more-
accurate results. For example, the ECDC tick map of Europe,
which examined France at the departmental scale, indicate that I.
ricinus is present throughout France (ECDC, 2019) even though it
is known to be largely absent in the Mediterranean area. Other
prior maps indicate that I. ricinus is absent from Bretagne and
Hauts-de-France (Li et al., 2019) or Occitania (Estrada-Peña et al.,

2016), which are all regions in which this species has been
observed. Our map provides indications on the suitability of local
habitats for I. ricinus but does not account for seasonal variations
in tick activity (Perez et al., 2012; Wongnak et al., 2022b). The
information contained in the map could help in the management of
prevention methods and public health messaging, in particular in
identifying regions where public awareness campaigns aimed at
prevention should be given priority. To limit the risk of pathogen
transmission, it is crucial to reduce human exposure to ticks
through a variety of preventive measures, including the publication
of recommendations regarding tick bites. To improve the efficacy
of such campaigns, efforts should also be made to improve knowl-
edge and human comprehension of the risk (Aenishaenslin et al.,
2015; Bord et al., 2022). 

Previous studies have shown that tick control can be performed
by agencies tasked with forest or landscape management, care of
urban greenspaces, control of invasive species, or wild animal
management (Stafford, 2004; Gilbert et al., 2012; Millins et al.,
2017; Tsao et al., 2021). On an individual level, each person can
manage his or her own efforts to prevent tick bites, but this kind of
behaviour is non-standard and not systematically adopted across a
population (Hook et al., 2015; Butler et al., 2016; Aenishaenslin et
al., 2017) because people do not know where and when ticks are
present. Maps such as ours could be a straightforward way to help
non-tick-specialists identify the risk. The maps could also help pri-
mary health care providers such as retail pharmacists to raise
awareness of the tick risk. Indeed, pharmacists are frequently the
first source of medical information in the event of a tick bite; a sur-
vey in the Auvergne-Rhône-Alpes region has shown that pharma-
cists have solid knowledge about preventive measures for tick
bites and Lyme disease, but weaker knowledge about tick biology,
e.g., hosts, suitable habitats, favourable conditions for tick activity
(Bord et al., 2022). Furthermore, this map could serve as a tool for
the French Health Ministry’s efforts to implement a national plan
for the control of Lyme disease and other tick-borne diseases
(Ministère des Solidarités et de la Santé, 2016). In the future, it can
be adjusted to account for different scenarios, such as global
warming and the evolution of animal populations. Indeed, the
strength of our approach is that it is easily adapted to support
changing discourse on tick-bite prevention depending on specific
conditions (environment, season, setting, human activities related
to this problem) and can be used as an effective communication
tool for alerting citizens facing a potential hazard. This is all the
more important because the hazard represented by I. ricinus varies
according to the season (Vollack et al., 2017), climatic factors
(Alkishe et al., 2017; Boehnke et al., 2017; Cayol et al., 2017;
Furness and Furness, 2018) and the presence of hosts (Qviller et
al., 2016).

The maps generated in this study represent the presence of the
hazard and can be used, through combination with maps of the
presence of human populations, to estimate the overall risks posed
by ticks. Humans can be exposed to tick bites during high-risk out-
door professional activities - e.g., foresters, veterinarians, and
farmers (Thorin et al., 2008; De Keukeleire et al., 2016;
Wierzbicka et al., 2016) - through leisure activities, or simply
because they live in an environment that supports a large popula-
tion of ticks. People participating in recreational activities have
been bitten by ticks in forests, parks and gardens, even in urban
and suburban areas (Rizzoli et al., 2014; De Keukeleire et al.,
2015; Hall et al., 2017). The Citique project
(https://www.citique.fr/), which logged information on tick bites
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based on citizen participation, showed that the distribution of tick
bites was very uneven throughout France as a whole. Such data
could be used in the future to validate maps of tick bite risk. 

Conclusions
This study provides further evidence of the usefulness of the

MCDA method for estimating habitat suitability maps for I. rici-
nus. MCDA is a low-cost approach and does not require extensive
data from field surveys, relying instead on existing proxy data and
knowledge. Here it was applied at departmental and municipal lev-
els at a national scale, but the same method could be used to pro-
duce maps for smaller geographical areas, e.g., urban and peri-
urban areas and national parks. A similar approach could also be
used to model the distribution of other tick species of medical
importance (including Dermacentor, Rhipicephalus and
Hyalomma) and possible future local extinctions or expansions
that occur as a result of global climate change. Indeed, in the con-
text of accelerating global change and possible introductions of
new species, efforts should be made to implement and support
surveillance networks and tools with the aim of increasing and
improving knowledge on the distribution of ticks and tick-borne
pathogens in France. 
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