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Abstract. Mathematical modelling is quite a recent tool in epidemiology. Geographical information system (GIS) com-
bined with remote sensing (data collection and analysis) provide valuable models, but the integration of climatologic
models in parasitology and epidemiology is less common. The aim of our model, called “FleaTickRisk”, was to use
meteorological data and forecasts to monitor the activity and density of some arthropods. Our parasitological model
uses the Weather Research and Forecasting (WRF) meteorological model integrating biological parameters. The WRF
model provides a temperature and humidity picture four times a day (at 6:00, 12:00, 18:00 and 24:00 hours). Its geo-
graphical resolution is 27 x 27 km over Europe (area between longitudes 10.5° W and 30° E and latitudes 37.75° N
and 62° N). The model also provides weekly forecasts. Past data were compared and revalidated using current mete-
orological data generated by ground stations and weather satellites. The WRF model also includes geographical infor-
mation stemming from United States Geophysical Survey biotope maps with a 30 spatial resolution (approximately
900 x 900 m). WRF takes into account specific climatic conditions due to valleys, altitudes, lakes and wind specificities.
The biological parameters of Ixodes ricinus, Dermacentor reticulatus, Rhipicephalus sanguineus and Ctenocephalides
felis felis were transformed into a matrix of activity. This activity matrix is expressed as a percentage, ranging from 0 to
100, for each interval of temperature x humidity. The activity of these arthropods is defined by their ability to infest
hosts, take blood meals and reproduce. For each arthropod, the matrix was calculated using existing data collected under
optimal temperature and humidity conditions, as well as the timing of the life cycle. The mathematical model integrat-
ing both the WRF model (meteorological data + geographical data) and the biological matrix provides two indexes: an
activity index (ranging from 0 to 100), calculated for the previous week and predictive for the coming week, and a cumu-
lative index (ranging from 0 to 1000) which takes into account the past 12 weeks. The indexes are calculated twice a
day for each geographical point all over Europe and are corrected based on three types of defined biotopes: urban and
sub-urban areas, rural areas, and wilderness and forests. To clarify the presentation, indexes are calculated within inter-
vals and are presented as colour maps grouping index isoclines. We hypothesised that the populations of tick and flea
hosts are not lacking and therefore do not affect the numbers of arthropods. However, microclimates and biotopes have
a major impact, especially on tick populations, and the results provided by the model must therefore be adjusted to local
conditions by specialists, such as local veterinarians. Where fleas are concerned, the model takes into account their out-
door activity and ignores their indoor life cycle. The accuracy of the data was verified throughout 2007 and 2008, using
sentinel veterinary clinics and tick samples, as well as comparisons with published surveys. The maps constructed with
the model are available to veterinary practitioners on www.FleaTickRisk.com.
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erinarians and owners. Over the past decade, far
from dropping, the number of infestations has
grown and more importantly, changes have been
seen in the transmitted diseases (Shaw et al., 2001).
Numerous reasons have been suggested to explain
such changes: (i) increasing travels of carnivores
from one region of Europe to another, which may
explain the imports of ectoparasites and diseases
(Shaw et al., 2003); (ii) lifestyle changes for people
and their pets: development of residential areas with
gardens, development of parkland, return to nature,
trekking, jogging, etc; (iii) wildlife preservation with
an increase in the populations of tick hosts (cervids,
foxes, wild boars, rodents); and (iv) weather changes
mainly characterised by shorter winters (Lindgren
and Gustafson, 2001; Marhrenholz, 2008).

In Europe, predicting the risk of infestation by par-
asites, fleas and ticks, may help improve the imple-
mentation of control measures (frequency of treat-
ments), but may also lead clinicians to consider vec-
tor-borne diseases sooner. Clearly, spatio-temporal
modelling is becoming an increasingly important tool
for the study and follow-up of arthropod vectors, dis-
eases, or any factor which may have an impact on
health (Rizzoli et al., 2007; Marechal et al., 2008).
Veterinary medicine will use more and more model-
based epidemiological tools (Rinaldi et al., 2006). In
parasitology, studies have already been performed on
canine cardiopulmonary dirofilariosis (Mortarino et
al., 2008), various species of mosquitoes or midges,
West Nile fever and Bluetongue. Mathematical mod-
els of the dynamics of fleas and certain species of ticks
have been created, based on their life cycles and
parameters likely to be involved (Beugnet et al., 1998,
2004). Several teams have studied the distribution
and risk of infestation by ticks, demonstrating the
advantages of combining spatial data and climatic
data (Estrada-Pefia and Venzal, 2007; Estrada-Pefa,
2008; Estrada-Pefia et al., 2008). The difficulty is to
have access in real time to reliable meteorological
forecasts (ground temperature and humidity) over an
extended geographical area. The collaboration
between researchers in meteorology, biomathematics
and parasitology helped us develop a bio-meteoro-

logical model to evaluate the activity and probability
of density of certain species of ticks and of the cat flea
(Beugnet et al., 2008). This tool will be made avail-
able to veterinarians through an Internet site
(www.fleatickrisk.com), to help them improve their
advice to animal owners. The high-resolution
Weather Research and Forecasting (WRF) model,
which provides temperature and humidity readings
combined with the plant cover and level of urbaniza-
tion, is used to predict the average activity of certain
arthropod vectors, by integrating into matrices bio-
logical activity data (moulting, egg laying, host find-
ing) of the three main tick species in Europe (Ixodes
ricinus, Dermacentor reticulatus and Rhipicephalus
sanguineus) and of the cat flea (Ctenocephalides felis
felis). This model thus provides two bio-climatic
indexes: (i) an index of weekly activity, forecasting
the coming week and describing the previous week,
ranging from 0 to 100; and (ii) an index of cumulat-
ed activity over 12 weeks (thus providing an idea of
density), ranging from 0 to 1,000.

The forecasting bio-climatic model focuses on a
geographical area of 27 by 27 km, to which is then
applied a 1 km? geographical filter, to help make
adjustments based on three predefined biotopes.

It is important to note that this model is not a
geographical information system (GIS) biotope
model but a meteorological model. It does neither
indicate a suitability index to predict the ability nor
different tick species to be present. It indicates the
rate of activity (“turn-over”) in biotopes that are
suitable for the concerned tick. Knowing the local
biotopes and the importance of micro-biotope for
ticks, an interpretation is necessary. It is neither a
climatic model looking at the changes that might
appear in the geographical distribution of tick
species.

Materials and methods
WREF climatic model

The WRF model is considered as the successor of
the fifth generation meso-scale model (MMS)
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(Michakales et al., 2001; Skamarock et al., 2008).
The WRF model resulted from a collaboration
between several US institutions, mainly the National
Center for Atmospheric Research (NCAR), the
National Oceanic and Atmospheric Administration,
the National Centers for Environmental Prediction
(NCEP), the Forecast Systems Laboratory (FSL), the
Air Force Weather Agency (AFWA), the Naval
Research Laboratory, the University of Oklahoma
and the Federal Aviation Administration (FAA).
Two development paths were used, based on two
different dynamic integration concepts, the
Advanced Research WRF (ARW) developed and
maintained by the NCAR Mesoscale and
Microscale Meteorology Division, and the
Nonhydrostatic Mesoscale Model (NMM) devel-
oped by NCEP (Anthes and Warner, 1978; Wicker
and Skamarock, 2002). WRF is a limited-area
mesoscale meteorological model. It provides mete-
orological forecasts with resolutions ranging from a
few meters to several thousand kilometres over a

pre-determined geographical zone. Therefore, it
needs to be run by forecasts obtained using a model
with a finer resolution and a domain incorporating
its own (mostly an atmospheric general circulation
model). In addition, WRF is able to function with
embedded domains (geographical zones) whose hor-
izontal resolution increases from a parent domain to
the child domain it encompasses.

For the purposes of our project, the model functions
without embedding, as its sole domain is Europe,
located between longitudes 10.5° W and 30° E and
latitudes 37.75° N and 62° N, with a horizontal reso-
lution of approximately 27 km (Fig. 1). The vertical
resolution includes 25 levels unevenly distributed
between the ground and the altitude where atmos-
pheric pressure is 100 hPa. The levels, corresponding
to the vertical coordinates, follow the terrain to start
with, then flatten out as altitude increases.

WREF is run every 6 hours with the data of the US
Global Forecast System (GFS), with resolutions of
1° x 1° (~100 km at average latitudes).

WRF Domain Wizard: "Europe_EspGreDan_27km'"

Frajection Optians fegrees)

Fig. 1. Geographical coverage of the “FleaTickRisk” bio-meteorological model.
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The model’s integration time step for this project
is variable due to the activation of the “adaptative
time step” option. This option is designed to use the
maximum time step meeting the Courant-
Friedrichs-Levy (CFL) numerical stability criteria
and thus reduce computation time.

The temperature at 2 m, the mixing ratio at 2 m and
the vegetation type field (United States Geophysical
Survey) are used to calculate the relative humidity at
2 m and to create maps. The vegetation type field is
constant, unlike the temperature and mixing ratio
fields, which are based on the WRF forecasts for the
daily values run at 12:00 and 18:00 GMT.

The relative humidity at 2 m is based on the tem-
perature and on the mixing ratio, using Rankine’s
equation (Laprise, 1992):
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where P, is the saturating vapour pressure in atmos-
pheres and T, is the temperature at 2 m. Given that:
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where P, is the water vapour pressure, p, the
atmospheric pressure and g, the mixing ratio at 2 m
are used to calculate the relative humidity as follows:

RH = q>% Py

13.7 2120

(g, +0.622) x e T

Biological matrices

The parasitic activity of the arthropods deemed as
present in the geographical area is estimated based
on their response to the temperature and relative
humidity conditions. The prerequisite was to define
the meaning of activity.

Where ticks are concerned, activity is meant as
their biological capacity to complete their life cycle,
i.e. infest hosts (detection and infestation), feed
from the host’s blood, then moult into the next stage
and wait for a new host to come along. The litera-
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ture provides minimum, maximum and optimum
temperatures, all dependent on the level of humidi-
ty, for each tick species (FAO, 1984; Estrada-Pefia et
al., 2004; Pérez-Eid, 2007). Several authors gave an
indication of the rate of evolution of several tick
species taking into account an average of tempera-
ture and humidity during a certain amount of days.
The authors took data from the last models devel-
oped by Estrada-Pefia et al. (2006, 2007) for the
three main tick species (reviewed in Gray et al.,
2009). We also used specific in vitro studies: Zahler
and Gothe (1995) on D. reticulatus; Jacobs et al.
(2004) and Silveira et al. (2009) on R. sanguineus.

We completed matrices based on those existing
data (Tables 1, 2 and 3). The percentage of activity
is scored on a scale from 0 to 100, where 0 does not
necessarily signify death or absence, but rather a
diapause. We have considered only three species:
L. ricinus, D. reticulatus and R. sanguineus.

The matrix gives an “activity index” which corre-
sponds to a period of 7 days with a specific average
of temperature and relative humidity.

I. ricinus, known as the “forest tick” or “wood
tick”, is a three-stage polytropic, exophilic and
hygrophilic tick. Larvae and nymphs feed on micro-
mammals (rodents, lagomorphs or even birds),
whereas adults prefer wild herbivores and omni-
vores (deer, wild boar) but are able to infest all
mammals. This tick, originating from central
Europe, prefers shaded, humid and fresh areas.

D. reticulatus is also a three-stage polytropic,
exophilic and hygrophilic tick, but it prefers more
open areas compared to I. ricinus. Larvae and nymphs
infest all types of mammals, whereas adults show a
tropism for dogs and horses. This tick of European
origin has a preference for humid areas, such as river-
banks, the sides of paths, parkland and wasteland.

R. sanguineus is a three-stage monotropic,
endophilic and xerophilic tick of African origin. All
the stages show a tropism for dogs, although other
mammals may be infested. It prefers houses (ken-
nels, walls, log cabins), heat and dry conditions.

The cat flea (C. felis felis) is an almost permanent
parasite in its adult form. Its activity is defined as
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Table 1. Matrix of activity percentage for Ixodes ricinus. Activity index linked after a period of a 7-day average tempera-
ture/humidity.

Temperature <5°C 5-10°C 10 - 15°C 15 - 20°C 20 - 25°C 25-30°C 30-35°C  >35°C
Relative humidity

<40% 0 0 0
40 - 50% 0 0 0
50 -60% 0 10 20 10 0 0
60 - 70% 0 10 30 40 40 10 0 0
70 - 80% 0 40 80 80 60 20 0 0
80 - 90% 0 60 100 100 70 50 0 0
>90% 0 80 100 100 80 50 0 0

Based on: FAO, 1984; Pérez-Eid, 2007; Grays et al., 2009.

Table 2. Matrix of activity percentage for Dermacentor reticulatus. Activity index linked after a period of a 7-day average tem-
perature/humidity.

Temperature <5°C 5-10°C 10 - 15°C 15 -20°C 20 -25°C 25 -30°C 30-35°C  >35°C
Relative humidity

<40% 0 0 0 0 0
40 - 50% 0 10 10 0 0
50-60% 0 10 20 20 10 0 0
60 - 70% 0 10 30 40 40 20 0 0
70 - 80% 0 10 40 70 50 40 10 0
80 - 90% 0 20 60 100 100 60 20 0
>90% 0 20 60 100 100 70 20 0

Based on: FAO, 1984; Zahler and Gothe, 1995a,b; Pérez-Eid, 2007.

Table 3. Matrix of activity percentage for Rhipicephalus sanguineus in outdoor environment. Activity index linked after a period of a
7-day average temperature/humidity.

Temperature <10°C 10 - 15°C 15 -20°C 20 - 24°C 24 - 30°C 30 -35°C 35-40°C  >40°C
Relative humidity

<20% 0 0 0 0 0 0 0
20 - 40% 0 10 10 30 30 20 0
40 - 50% 0 10 30 60 80 30 0
50 -60% 0 10 30 100 100 40 10 0
60 - 70% 0 10 30 100 100 60 10 0
70 - 80% 0 10 30 100 100 60 20 0
80 - 90% 0 10 30 100 100 80 30 0
>90% 0 10 30 100 100 80 50 0

Based on FAO, 1984; Jacobs et al., 2004; Pérez-Fid, 2007; Silveira et al., 2009.
Note: Rhipicephalus sanguineus is called “endophile” tick, which means living close to dogs and their environment, but this is often
an outdoor tick, find on kennel walls, stone walls, dog walking zone, dog parks and bushes.
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the ability to evolve from the egg to the pupal stage
containing a new preemerged flea. As with ticks,
data in the literature and population dynamics stud-
ies were used to create an activity matrix (Table 4)
(Kramer and Mencke, 2001; Beugnet et al., 2004).
Unlike the dog flea (Ctenocephalides canis) origi-
nating from Europe, C. felis is a felid flea originat-
ing from Africa. It is not very specific and can infest
cats as well as dogs or other mammals. It loves heat.

Data inserted in the matrix are not fixed, and fig-
ures in the matrices will surely be modified based on
validation surveys, laboratory studies or new publi-
cations. It is known that tick from the same species,
for example I. ricinus, have several genotypic popu-
lations, which show different geographical distribu-
tion and various optimal conditions for their devel-
opment. It was not possible to take this variability
into account on a first approach, therefore the
L. ricinus matrix is a middle way.

The tables, based on published parasitology data,
are double entry abacuses:

Activity = f (temperature, relative humidity)
Index calculation
To build maps, we used both the biological activ-

ity tables and the meteorological fields generated by
the WRF model. The meteorological data are
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extracted from a downscaling of GFS forecasts for
Europe using the WRF model. The resolution of
GFS forecasts is 1° x 1° (~100 km at average lati-
tudes). The horizontal resolution of forecasts down-
scaled by the WRF model is 27 km.

The duration of exposure has an impact as a pro-
longed period of heat and humidity stimulates the
cycle of the parasites and makes them more active.
The maps of weeks W and W-1 show the weekly
activity, whereas the 12-week map (W-12) shows the
cumulative effect. As the activity of the parasites is
reduced at night, we use meteorological data corre-
sponding to WRF outputs at 12:00 and 18:00 GMT.

The activity of the parasites also depends on the
type of terrain. Three categories are used to weight the
value of gross activity: (i) urban and periurban, (ii)
forests and “wild” areas, and (iii) fields and parkland.
For each cell on the WRF grid (horizontal resolution
=27 km), we calculate the percentage of each of these
three categories based on the USGS (United States
Geophysical Survey) maps with a resolution of 1 km?2,
so that the sum of all three percentages totals 100:

%forests + %fields + Y%urbans = 100%

These percentages per category are used to calcu-
late an overall weighting coefficient, dependent on
the type of parasite (the development of each para-
site varies in each of these three categories) (Table 5).

Table 4. Matrix of activity percentage for Ctenocephalides felis felis fleas in an outdoor environment. Activity index linked

after a period of a 7-day average temperature/humidity.

Temperature <10°C 10 - 15°C 15 -20°C 20 - 25°C 25-30°C 30 - 35°C >35°C
Relative humidity

<40% 0 0 0 0 0
40 - 50% 0 0 10 10 0
50-60% 0 0 10 20 20 10 0
60 - 70% 0 0 30 40 40 20 0
70 - 80% 0 0 30 100 80 30 0
80 - 90% 0 0 40 100 100 50 10
>90% 0 0 40 100 100 60 10

Note: the model shows the capacity of fleas to multiply and live outdoors. It does not take into account their indoor environment (hous-
es and flats). Consequently, the absence of activity in winter is applicable only to gardens, bushes, and unheated outbuildings, whereas
the lifecycles of fleas never stops in heated environments (even though it slows down at the usual temperature settings of 19 - 22°C).
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Table 5. Moderator coefficients.

3 types have been defined:

(i)  Urban and periurban areas (medium to large towns)

(i) Fields and rural areas (including villages and residen-
tial areas with gardens)

(iii) Forests and other untended areas (including wood-
lands along river banks)

Fleas
No weighting: x 1 everywhere (towns/fields/forests)

Ixodes
e Urban: x 0.1
e Fields: x 0.5
e Forests: x 1

Dermacentor
e Urban: x 0.33 (due to the presence of parklands and
public gardens where Dermacentor can be found)
e Fields: x 1
e Forests: x 0.7

Rhipicephalus
e Urban: x 1 (and suburban areas)
e Fields: x 1 (including countryside, villages)
e Forests: x 0.33

The purpose of those coefficients is not to calculate a suit-
ability index but just to moderate the meteorological index
based on coverage of the 27 km2.

Example: calculation of the weight of vegetation for
Ixodes; urban: 0.333, field: 0.8, forest: 1.0.

For a geographical cell including 5% town, 80%
field, and 15% forest, the weighting coefficient is:

weight_coefficient = 0.333 x 0.05 + 0.8 x 0.8 + 1.0
x 0.15 = 0.80665

The coefficient is applied for each arthropod
species and each pixel of 27 km2. It is just a moder-
ator used for the meteorological activity index but it
is not at all a suitability index. As already explained
the activity index is given for ticks in a suitable
biotope. Those biotopes are not seen on the maps.
The authors are pursuing complementary research
on this topic which could be added in the future to
the weather model.
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As the meteorological data are WRF outputs
which are only forecasts, later corrected by real
data, there are no true observations for the previous
week. Therefore, we use all the forecasts at 1 day
from the previous week to build a “pseudo-observa-
tion”. The forecast at 1 day being of excellent qual-
ity, the error attached to this approximation is very
small. In practice, the quality of the forecast data at
D+1 is superior in terms of homogeneity, availabili-
ty, precision and geographical distribution than the
majority of the observation data in Europe.

To calculate the biological activity of the previous
week (W-1), we use the following equation:

W - 1 = Average, -1 abacus (T, RH,) x Weight, ...z
where h is the hours of week W-1 used for the cal-
culation (h = 12:00 and 18:00 GMT).

For the coming week (W), the calculation is simi-
lar, except that it is based on the forecast for
Monday morning.

W = Average, -1 abacus (T, RH,) x Weight,,o./uion

The calculation of the cumulated activity is slightly
more complex as it takes into account the exponen-
tial nature of the growth, associated with the devel-
opment and multiplication of the parasites over a
long period. The weekly contributions are multiplied.

If Wi is the estimated activity for Week i, the fol-
lowing equation is used for the cumulated activity:

W, =Kxlog (W, x W, x Wy x W, x Wsx W, x

W7xW8xW9mexW”xW”
2 3 4 S 6 7

X

)

Factor K is used to maintain the logarithmic scale
in a window ranging from 0 to 1,000.

Each week, we obtain three indexes centred on
each 27 km? cell covering the extension area. This
gross result is very difficult to interpret, hence the
decision to create maps representing levels of
indexes.
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Creation of maps

From January 2007 to September 2008, we
worked solely on France to validate the model. Since
October 1st, 2008, we have been calculating each
week (on Monday mornings) the activity maps of
four parasites, i.e. fleas, Rhipicephalus, Ixodes and
Dermacentor, for the whole geographical area. For
each parasite, three types of maps were created:

(i) activity during the previous week (week W-1);

(ii) expected activity for the coming week (week W);
and

(iii) cumulated activity over the previous 12 weeks
(W-12).

These 12 maps were created for the geographical
area lying between longitudes 10.5° W and 30° E
and latitudes 37.75° N and 62° N, with a horizon-
tal resolution of 27 km (Fig. 1). For visualisation
purposes, each of the 12 maps created for Europe is
subdivided into 40 maps using the geographical res-
olution of a country or a region, according to the list
given in Table 6.

To improve clarity, the activity indexes are grouped
within an interval to which we have given a colour.

The intervals chosen for the weekly activity (W
and W-1) are: [0;15]; [15;40]; [40;65] and [65;100].
The intervals chosen for the cumulated activity (W-
12) are: [0;200]; [200;400]; [400;600]; [600;800]
and [800;1000].

The maps are generated based on isoclines of the
indexes per pixels using specific mapping software.

For the weekly activity, colours range from yel-
low, light orange, dark orange to red, signalling an
increasing parasitic activity. Therefore, the risk of
infestation is maximum for a dog or a cat in an area
where ticks are present as the latter have been “acti-
vated” by the climate. The cumulated activity over
12 weeks is expressed as a weighted geometric aver-
age, whose weight decreases as of week -7. This
value is used to determine whether the given para-
site has had a favourable climate; a fair climate, i.e.
sometimes good sometimes bad; or an unfavourable
climate over a prolonged period. Obviously, if the
parasites have had a favourable climate for at least
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Table 6. Sub-divisions in the maps of the FleaTickRisk model.

Europe

Austria

Balkans
Balkans_North
Balkans_South

Bulgaria

Czech Rep

Denmark

France
France_North_FEast
France_North_West
France_South_FEast
France_South_West

Germany
Germany_North_East
Germany_North_West
Germany_South_East
Germany_South_West

Greece

Hungary

Ireland

Italy

Italy_North
Italy_South

Latvia_Lithuania_Estonia
Netherlands_Belgium
NorthLands (Scandinavia)

Poland
Poland_FEast
Poland_West
Romania
Scandinavia
Slovakia
Slovenia
Spain
Spain_North
Spain_South
Switzerland
UK
UK _North
UK_South

3 months, their numbers will be high. Therefore,
this index reflects the density of the parasite popu-
lations. To help the reading, a colour-coded scale is
used, ranging from green, to beige, light brown,
brown and dark brown (from the less favourable to
the most favourable).

We compared the results provided by the maps for
the years 2007-2008 with the geographical distribu-
tion and prevalence of tick species and fleas provid-
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ed by epidemiological surveys, first in France for
ticks (Beugnet et al., 2003; Clément-Sailhac, 2003;
Savary, 2003; Halos et al., 2005; Vayssier-Taussat et
al., 2005; Marotel, 2006), then in the UK, Germany,
Spain, Italy and Hungary for fleas (Bond et al.,
2003; Beck et al., 2006; Rinaldi et al., 2007; Gracia
et al., 2008; Farkas et al., 2009). The activity areas
for the species examined matched the published geo-
graphical distribution maps.

Results and Discussion

It is essential to interpret the data generated by the
FleaTickRisk model. The robustness and reliability
of the climatic WRF model are recognised world-
wide and are used by numerous scientists and
researchers in climatology and oceanography. The
interpretation of the results must be based on the
parasitology data. The biological matrices were cre-
ated using published data, but they could be
changed and/or refined according to more recent
results, particularly field validation surveys resulting
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from on-going tick collections in France, Belgium,
Hungary, Germany and the UK. Using statistical
series combining tick counts and series of the index-
es provided by the model in several biotopes all over
Europe, we will be able to adapt and improve the
model continuously.

A 1-year survey was conducted in France from
mid-2008 to mid-2009 in collaboration with the
veterinary services from the French Army. Fifteen
sites were selected for tick collections. The method-
ology was rigorously followed and ticks were col-
lected in nine out of the 15 sites (Fig. 6). The ticks
were collected by flagging every 2 weeks using the
same methodology (flags of 1 m2, distance of 500 m
in length) which is described for Ixodes ticks. The
ticks were counted and identified.

L. ricinus ticks were abundant only in five sites
whereas other tick species were also found: R. san-
guineus, D. reticulatus and D. marginatus,
Haemaphysalis punctata and Ixodes hexagonus.

Even by trying to be as rigorous as possible, it is
known that tick collection is highly variable, with
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Fig. 6. French locations of the 2008-2009 tick survey (green arrows).
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highly aggregative distribution of the ticks. We took
only into account the adults and nymphs. The count-
ing is also variable depending on the timing (collects
were done between 10:00 and 16:00 hours) and the
daily weather (especially under raining conditions).

Despite this very high variability, we compared
the activity (Al) and cumulative (CI) indexes and the
tick counts for I. ricinus (Tables 7, 8 and 9). The
indexes were calculated using the GPS location of
the collections.

When the indexes were very low, always below 10
for the AI and 100 for the CI, there were no Ixodes
found (locations in South of France) or very few
(less than 22) in the case of the South-West site
(Bordeaux), located in a pine forest (Table 9).

For the North-West sites (Brest and Rennes) with
an Oceanic climate, the indexes appeared too low
compared to the tick counts. The climate is quite
stable in those areas with strong humidity and never
very low or high temperatures.

For the Central and Eastern locations, the graph-
ics are showing a good fit between tick counts and
indexes. We did non parametric Spearman’s rank
correlation rho tests which showed a significant cor-
relation between the indexes and the tick counts
(Table 10). A difference in the timing of the cumu-
lative index decrease and the tick count decrease
was seen. It is directly related to the mode of calcu-
lation of the cumulative index, which takes into
the past (which  were still
favourable). This mode of calculation induces a
delay which will have to be corrected.

Those comparisons between the indexes and the
tick collections will be done also with the collections
that are ongoing in other countries (Belgium, The
Netherlands and UK). In a subsequent step, we will
adapt and modify the biological matrix in order to
improve the correlations and to verify that they are
accurate for all geographical locations.

We probably have to put in place a specific
methodology, including tick counts on animals, for
Dermacentor and Rhipicephalus.

The analysis of the biotope is not precise in this
essentially meteorological model. Only three levels

account weeks
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Table 7. Comparison between the 1-year tick collections
throughout France and the Al for Ixodes ricinus ticks. Day 0
is the 15th of March. The index number is seen on the left.
The dots corresponding to the tick numbers are calculated as
follows: 15*log (nymph + adult tick number).
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Index number
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] 100 200 300
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1] 100 200 300
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Table 8. Comparison between the 1-year tick collections throughout France and the CI for Ixodes ricinus ticks. Day 0 is the
15th of March. The index number is seen on the left. The dots corresponding to the tick numbers are calculated as follows:

2.5*log (nymph + adult tick number).
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have been defined. We are working to improve this
aspect by integrating a fine, multilayered carto-
graphic analysis of the biotopes favourable to the
ectoparasites (Koch et al., 2007). At this time, the
model gives only the ability for one tick species to
do its life cycle where the biotope is adapted. This
condition needs to be known by local people, for
example the veterinarian practitioners knowing the
“tick zones” in their area.

Given the abundance of wildlife (rodents, deer,
wild boars, foxes), domestic animals (ruminants,
horses) and cats and dogs in Europe, we decided
that host populations are not a limiting factor for
the tick and flea populations. This notion will have
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to be improved in the future, along with a precise
analysis of the biotopes, especially for R. sanguineus
and D. reticulatus.

For the time being, the FleaTickRisk model is
mainly bio-meteorological, taking into account
mostly the temperature and humidity. The wind as
such has not been integrated as we are only con-
sidering arthropods living on the ground, and not
flying diptera such as mosquitoes, Phlebotomus or
Culicoides. The activity associated with climatic
conditions is a criteria for the risk of infestation,
assuming the parasite is present. If there is a risk of
infestation, there is therefore a risk of transmission
of vector-borne diseases by the given arthropod.
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Table 9. AI for Ixodes ticks in South West. Day 0 is the 15t
of March. The index number is seen on the left.
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Table 10. Non parametric Spearman’s rank correlation (rho)
between tick counts and indexes.

Location Index rho P-value
Suippes Activity 0.482 0.017
Cumulative 0.294 0.160
Poitiers Activity 0.450 0.036
Cumulative 0.431 0.045
Lyon Activity 0.427 0.033
Cumulative 0.397 0.049

Within the same geographical area, the three maps
must be observed and compared.

The Al of the previous week is a criteria for the
risk of infestation and transmission of pathogens,
mainly Babesia, Ebrlichia, Anaplasma, Rickettsia,
or even tick-borne encephalitis virus, present in
Europe (Azad et al., 1997; Klimes et al., 2001;
Bermann et al., 2002; Leschnick et al., 2002; Bown
et al., 2003; Rolain et al., 2003; Shaw et al., 2004;
Parola et al., 2005; Bourdoiseau, 2006; Kowalski
et al.,, 2006; Oteo et al., 2006). This map will
therefore provide veterinarians with epidemiologi-
cal facts, which may lead them to suspect certain
diseases.

The risk of infestation is evaluated using the map
forecasting the activity for the coming week. This
map provides indications regarding any host animal
present in the area examined, or expected to arrive
in the area (e.g. pets travelling with their owners on
holiday). However, this risk must be amended by the
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map of cumulated activity over 12 weeks. There are
several possible cases.

Case #1: the expected level of activity is
unfavourable on the weekly map, and also low on
the map of cumulated activity: the risk is probably
low. This situation is typical of the winter season.

Case #2: the expected level of activity is
favourable on the weekly map, but it is low on the
map of cumulated activity: the parasites are active
but their numbers are likely to be low as the climat-
ic conditions were poor during the previous weeks.
This situation is typical of the end of winter and
beginning of spring.

Case #3: the expected level of activity is
favourable on the weekly map, as well as on the
map of cumulated activity: the parasites are active
and their numbers are likely to be high as climatic
conditions have been good for several weeks. This
situation is typical of summer.

Case #4: the expected level of activity is
unfavourable on the weekly map, but it is good on
the map of cumulated activity: the parasites are not
very active, but their numbers are likely to be high
as climatic conditions have been good for several
weeks. This situation is typical of autumn.

Besides these general trends, variations are seen
depending on the parasites, as the reactive side of
the model depends on the biological requirements of
the arthropod. Therefore, Ixodes and Dermacentor
are active in Northern Europe, including in winter,
whereas Rhipicephalus is more active in summer
and in the South.

When climatic conditions are unfavourable (too
cold, too hot or too dry), parasite populations drop
in numbers but not all parasites are destroyed, as
the majority of ticks enter diapause. For fleas, there
is always a reservoir of cocoons in houses, which
will boost the numbers as soon as conditions
become favourable again.

The data supplied by the model must be consid-
ered as an epidemiological tool available to veteri-
narians and to other healthcare professionals to
improve the advice given to animal owners. The
model is an example of imaging used as a predictive
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Fig. 2. Examples of weekly and cumulated activity maps during the spring of 2008 for Ixodes and Dermacentor.
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Fig. 3. Examples of weekly and cumulated activity maps during the summer of 2008 for Rhipicephalus.
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Fig. 4. Examples of weekly and cumulated activity maps during the autumn of 2008 for Ctenocephalides.
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Fig. 5. Examples of weekly and cumulated activity maps during the winter of 2008 for Ixodes and Dermacentor.
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tool, in this instance meteorology, for epidemiologi-
cal purposes (Martin et al., 2007).

The model may also be used on a given geograph-
ical area, up to 50 years back or over a future peri-
od, based on forecast climatic changes, to demon-
strate the impact of the climate on the geographical
distribution of a particular species. For example, it
is possible to examine the climatic limit of the local-
isation and the activity of R. sanguineus over a pro-
longed period, and to demonstrate that this species
may, from now on, establish itself in the Northern
half of France, in Belgium or in Germany (on-going
study).
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