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Vector-borne diseases continue to increase worldwide. Dirofilariosis is one of the most common vector-borne
zoonotic diseases, mainly caused by Dirofilaria spp. (D. immitis and D. repens) and spread by culicid mosqui-
toes of different species. Greece is one of the countries in southern Europe where it is traditionally endemic, and
its distribution is not homogeneous. The aim of this study was to develop an environmental model for Greece that

Culex pipiens o 1ens . . s e . . . . I .
Projeclt)ili 0 reflects the suitability of the ecological niche for Dirofilaria spp. infection risk and its projection until 2080. For
Greece this purpose, we used the potential distribution of suitable habitats for Culex pipiens calculated using an

ecological niche model (ENM) and the potential number of generations of Dirofilaria spp. The ecological niche
model of Cx. pipiens in Greece showed good predictive power (AUC=0.897) with the parasite at a resolution of
1 km? The variables that contributed most to the model were mean annual temperature, rivers and human
footprint. The highest risk of infection was found in coastal areas and in riverside areas of the main river basins,
as well as in irrigated areas of the mainland and peninsular regions and in the whole territory of island areas, and
the lowest risk was found in areas of higher altitude. A positive relationship was found between the risk of
dirofilariosis and the location of infected dogs, with 86.65% located in very high and high risk areas. In 2080, the
percentage of territory gained by Cx. pipiens will increase by 261.52%. This model provides a high predictive
value, predicted presence, and risk of Dirofilaria spp. infection and can serve as a tool for the management and
control of this disease.

1. Introduction

Vector-borne diseases are a major detriment to both animal and
human populations worldwide and, at present, continue to increase,
with approximately 60% of infections concerning animals (Allen et al.,
2017; Cunningham et al., 2017; Plowright et al., 2017) due, among
other factors, to the alteration of peninsular and continental ecosystems,
as well as in coastal regions (Otranto et al., 2009; Hamel et al., 2013;
Mencke, 2013). This phenomenon has had a direct effect on the increase
of zoonotic diseases in Europe due to, among other factors, the presence
and/or importation of competent vectors to a given region, the inten-
sification of human activity, as well as environmental factors that have

favoured their establishment and conditioning (Rogers and Randolph,
2006; Beugnet & Marié, 2009; Medlock et al., 2015; Mendoza-Roldan
et al., 2020; Brianti et al., 2022; Morchén et al., 2022; Miterpakova
et al., 2023).

Dirofilariosis is one of the most common vector-borne zoonotic dis-
eases, mainly caused by different species of the genus Dirofilaria spp.,
specifically Dirofilaria immitis and Dirofilaria repens (ESDA, 2017). Its
definitive hosts are canids and felids, both domestic and wild, with the
main reservoir being the domestic dog (McCall et al., 2008; Genchi et al.,
2008; Venco et al., 2008). The genera Culex spp. and Aedes spp. in
Europe are the most important vectors for dirofilariosis occurring
throughout the continent (Morchon et al., 2012, 2022). Humans act as
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accidental hosts, coming into contact with the parasite more frequently
in places where microfilaraemic reservoirs exist, which can lead to
human dirofilariosis (Simon et al., 2022).

Animal and human dirofilariosis is a cosmopolitan disease wide-
spread throughout the world. In Europe, changes in its distribution
pattern have already been observed, with cases appearing in places
where they had never been described before or reappearing elsewhere,
directly related to climatic change (Capelli et al., 2018; Morchon et al.,
2022; Simon et al., 2022). Cases and epidemiological studies are not
only reported in the south of the continent, but also in central and
northern European countries, where the disease has spread (Capelli
et al., 2018; Morchon et al., 2022). The distribution of dirofilariosis is
directly related to the presence of vectors, as well as the presence of fresh
water, humidity, and temperature since the moulting period of larvae
within the vector is shortened when environmental temperature con-
ditions are favourable (Cancrini et al., 2007; Otranto et al., 2013).

Greece is one of the countries where the disease is traditionally
endemic and has continued to spread countrywide. Different studies
have reported a mean prevalence close to 9% for D. immitis in domestic
dogs (Diakou et al., 2016, 2019; Angelou et al., 2019; Genchi and
Kramer, 2020). In the northern part of the country, prevalence ranges
from 6.1% to 26.8%, with the highest prevalence in areas bordering
Bulgaria and the lowest near Albania. In central Greece, prevalence
ranges from 6.1% to 9.8%, and in the south, it is estimated at around
3.4%. Dogs living on islands close to Turkey have a prevalence of
0.8-1.9%, those in Crete 1.3%, and canines on islands close to Italy at
10.9%. However, the prevalence of D. repens in Greek dogs is typically
lower, estimated at 2% in northern Greece, 9.3% in the central part of
the country, and 0.6% in Attica, with zero positive animals in Crete
(Athanasiou et al., 2019). Infections in domestic cats are also note-
worthy, with a reported prevalence of 3% in the north of the country. On
the other hand, in humans there are several clinical cases where only D.
repens has been identified in both residents of and visitors to the country
(Capelli et al., 2018; Bozidis et al., 2021; Morchon et al., 2022; Florescu
et al., 2023).

Ecological niche modeling (ENM) has proven useful in predicting the
occurrence of different parasitoses both locally and globally, potentially
applicable as a control measure (Elith et al., 2006; Giannakopoulos
et al., 2016; Boorgula et al., 2020; Cunze et al., 2020; Hanafi-Bojd et al.,
2020; Rochat et al., 2020; Charrahy et al., 2022; Rodriguez-Escolar
etal., 2023; Morchon et al., 2023). These models are ecoinformatic-type
tools that must be based on biologically robust variables and host traits
to identify relevant associations with the parasite and the microscale in
order to predict the transmission risk for these diseases (Peterson, 2014).
Among the multiple modelling approaches, one of the most established
is the maximum entropy algorithm (Max-Ent), which works with pres-
ence data and  builds very statistically robust models
(Hernandez-Lambrano et al., 2017; Battini et al., 2019; Fleitas et al.,
2022; Rodriguez-Escolar et al., 2023).

In Greece, to the best of the authors’ knowledge, there are no specific
studies addressing the infection risk by Dirofilaria spp., but there have
been 2 studies carried out for Europe in which, by means of cartographic
information with spatial interpretation using Geographic Information
Systems (GIS) based mainly on temperature records, Greece is one of the
southern European countries with the highest risk of Dirofilaria spp.
infection at national level, as it has a high number of heartworm gen-
erations (Genchi et al., 2005, 2009). However, as it has been carried out
for the whole European continent, a detailed analysis has not been
carried out for Greece, taking into account the different orography and
climatology, focusing on environmental circumstances, the most abun-
dant vector species potentially transmitting the disease, as well as the
hosts.

Taking into account that dirofilariosis is an endemic disease in
Greece and that with ENMs it is possible to relate the presence of a
zoonosis to biotic variables, extrapolate it to other areas without vector
presence data and understand its dynamics over time with high
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resolution, it would be possible to use these ENMs as a tool to take
preventive control measures to avoid the entry and spread of a zoonosis.
For these reasons, the aim of this study was to develop an environmental
model for Greece that reflects the suitability of the ecological niche for
the risk of Dirofilaria spp. infection by incorporating the number of po-
tential generations of Dirofilaria spp. in the vector as a crucial variable,
as a novel contribution to substantially improves the predictive power of
existing studies.

2. Methods
2.1. Study area description

Greece (39° 0' 0" N 22° 0' 0" E) is located in southeastern Europe
between Europe, Asia, and Africa, sharing borders to the northwest with
Albania, to the north with North Macedonia and Bulgaria, and the
northeast with Turkey (Fig. 1A). The Aegean Sea bathes Greece’s more
than 13,676 km coastline to the east, the Ionian Sea to the west, and the
Mediterranean Sea to the south. The Greek territory comprises seven
archipelagos with some 1400 islands, approximately 17% inhabited,
and almost 80% of its relief is mountainous. Greece is divided into three
natural regions (Fig. 1B): mainland, peninsular, and island, the last of
which accounting for 25% of the total area. The mainland region is very
mountainous, with mountain ranges reaching heights of more than
2500 m and 2917 m at the highest point. The Corinthian isthmus con-
nects the peninsular region to the mainland in the south. To the north-
east is the Chalkidiki peninsula, which extends south-eastwards into
the Aegean Sea. The island region consists of the Ionian Islands, Thasos,
Lemnos, Samothrace, Euboea, Cyclades, Lesvos, Chios, Samos, the
Dodecanese, and the Sporades. Crete is the largest island (8331 km?),
lying to the south in the Mediterranean. Regarding Greece’s climate, it is
a typical Mediterranean climate with wet, mild winters and hot, dry
summers, with an alpine climate in the mountains, mainly in Western
Greece and parts of the Peloponnese with an average monthly temper-
ature not exceeding 10°C, and a temperate climate in the north with
cold, wet winters and hot, dry summers (Fig. 1C) (EU, 2023).

2.2. Culex pipiens habitat suitability modelling

2.2.1. Culex pipiens data collection

Georeferenced points of the mosquito species Cx. pipiens, the most
abundant specie reported in Greece as a transmitter of dirofilariosis in
Europe (Morchon et al., 2022) were obtained from distribution records
of the species from GBIF (GBIF.org), and data obtained by Spanoudis
et al. (2021), Fotakis et al. (2022) and Patsoula et al. (2020). All these
occurrence data was processed at a spatial resolution of 1 km? to avoid
possible biases in vector occurrence data collection. An essential implicit
assumption in this study is the spatial independence of the occurrence
data, as it has allowed for a rigorous representation of the species’
presence in the study area. However, this dataset may not fully represent
the climatic conditions where the vector may be found outside the study
area. Consequently, the results of the current study constitute a con-
servative representation of the total potential distribution of these
species.

2.2.2. Environmental and bioclimatic data

The human footprint (Socioeconomic Data and Applications Center,
2023), the presence of irrigated crops, the distribution of rivers and
bodies of water (Corine Land Cover, 2018), and the density of herba-
ceous plants and shrubs (EarthEnv, 202 3) were used as environmental
data for the model due to their effect on the distribution of Cx. pipiens.
The human footprint is a variable of global extent that shows the
accumulated human pressure on the environment. This pressure was
measured using eight variables: built environment, population density,
electric power infrastructure, cropland, grazing land, roads, railways,
and waterways (Socioeconomic Data and Applications Center, 2023).



L. Rodriguez-Escolar et al.

0 45 90 180 270 360
[

Veterinary Parasitology 328 (2024) 110172

Provinces of Greece

I Athos

I Attica

I central Greece

I central Macedonia
Crete

Il East Macedonia and Thrace

I oirus

B onian Islands

I North Aegean
Peloponnese

I south Aegean

B Thessaly

I West Greece

B West Macedonia

0 45 90 180 270 360
O —

BSh
BSk
Csa
Csb
Cfa
[ Cfb
N Dsb
I Dsc
W Dfa
I Dfb
N Dfc
ET

Fig. 1. Localisation, orography (A), provinces (B) and climates according to the Koppen Climate Classification System (C) of Greece. BSh: hot semi-arid climate; BSk:
cold semi-arid climate; Csa: hot-summer Mediterranean climate; Csb: warm-summer Mediterranean climate; Cfa: humid subtropical climate; Cfb: temperate oceanic
climate; Dsb: humid continental climate; Dsc: subarctic climate; Dfa: hot-summer humid continental climate; Dfb: humid continental climate; Dfc: subarctic climate;

ET: Tundra.

In addition, 19 bioclimatic variables related to temperature and
precipitation were obtained from World Clim (Worldclim, 2023) at a
spatial resolution of 1 km? between the years 1970-2000 (current data),
in addition to predictions for the 2040 s, 2060 s, and 2080 s (Fick &
Hijmans, 2017). The selection of bioclimatic variables was carried out
according to Rodriguez-Escolar et al. (2023). In fact, Seven of the 19
bioclimatic variables were selected thanks to the multicollinearity
analysis performed in R based on Pearson’s correlation coefficient. All
variables with a cross-correlation coefficient r > +0.75 were discarded
and, according to vector biology, mean annual temperature (°C) (BIO;),
isothermality (BIO3), seasonality of temperature (SD x 100) (BIOy),
mean temperature of the wettest quarter (°C) (BIOg), mean temperature
of the driest quarter (°C) (BIOy), annual precipitation (mm) (BIO;3), and
seasonality of precipitation (coefficient of variation) (BIO15) were
selected. ArcMap 10.8 was used to cut the variables to same extend,
resolution 1Km? and the same coordinate GCS_WGS_1984.

2.2.3. Modelling approaches

The Maxent program (American Museum of Natural History, 2023) is
an algorithm based on the principle of maximum entropy that serves to
calculate the habitat suitability of a species through the environmental
conditions in which it lives (Phillips et al., 2006). We used this program
to build a model expressing the habitat suitability and potential
geographic distribution of Cx. pipiens in Greece. To choose a model with
adequate complexity we use the R package Kuenm (Cobos et al. 2019),

which chooses the best Maxent models from a set of candidates with a
different combination of parameters. For this study, 131 models were
generated using a set of variables, 17 values of the regularisation
multiplier (0.1-1.0 in intervals of 0.1, 2-6 in intervals of 1, and 8 and
10), and the seven possible combinations of three feature classes (linear,
quadratic and product). Model performance was assessed in terms of
statistical significance (Partial ROC < 0.05), omission rates (OR = 5%)
and model complexity using the Akaike information criterion corrected
for small sample sizes (AICc). Significant models with an omission rate <
5% were selected. Then, from this set of models, those with an AICc delta
value <2 were selected as final candidate models. The candidate models
were constructed using the "kuenm_cal" function, and the evaluation and
selection of the best model was performed using the "kuenm_ceval"
function.

The final ENM (best-fit model) was generated using the previously
selected variables and parameters. Ten bootstrap replications with lo-
gistic outputs were performed. These final models were evaluated based
on the ROC_partial, OR, and AICc calculations using an independent
dataset. The creation of the final models was carried out using the
“Kuenm_mod” function.

2.3. Dirofilaria spp. generations

From the R-4.3.0 software, the number of generations per year of
Dirofilaria spp. was calculated using the method described by Genchi
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et al. (2005) and Rodriguez-Escolar et al. (2023). This model establishes
that to complete the extrinsic incubation (in the mosquito vectors) of
Dirofilaria L3, a total of 130 growing degree days (GDDs) in 30 consec-
utive days at most, which is the vector’s life expectancy is necessary.
Each day, some GDDs equivalent to the number of degrees where the
average temperature exceeds 14°C are obtained. To calculate the num-
ber of parasite generations in Greece from R software, daily mean
temperature data (Climatologies at High Resolution for the Earth’s Land
Surface Areas, 2023) from 1990 to 2016 were used (Karger et al. 2021),
with the most complete and recent data.

2.4. Dirofilaria spp. risk map and its validation

Using the ArcMap 10.8 raster calculator tool, we multiplied
(weighting approach) the final ENM of Cx. pipiens and Dirofilaria spp.
generations to obtain a risk map of dirofilariosis in Greece. The same
weight was assigned to the 2 layers (50%) to evaluate both the ecolog-
ical niche of Cx. pipiens as the number of generations of the parasite in
the vector, and thus obtain an integrative model (Morchon et al., 2023;
Rodriguez-Escolar et al., 2023). To validate the obtained risk map,
georeferenced points of D. immitis-infected dogs were collected from all
over the country (Diakou et al., 2016; Angelou et al., 2019) and super-
imposed on the map.

2.5. Forward projection and rank change analysis

To determine the potential impact of climate change on the occur-
rence and distribution of Dirofilaria spp. in Greece, we used the best
resulting Cx. pipiens model to project the bioclimatic variables used for
three future time scenarios: the 2040s (2021-2040), the 2060 s
(2041-2060), and the 2080 s (2061-2080), and three RCPs 8.5 scenarios
using the HadGEM3-GC21-LL model (Kuhlbrodt et al., 2018). This
model is one of the most widely used today to model climate behaviour
in the face of increasing greenhouse gas concentrations in Europe
(Andrews et al., 2020).

When projections were generated to establish the percentage change
in suitable habitats for Cx. pipiens in Greece, both the present NEM and
future projections were transformed into binary presence/absence maps
using the 10-percentile training presence logistic threshold of the
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current model as a threshold. With the R package biomod2, a range
change analysis was run to determine in which areas of the Greek ter-
ritory there was a change in vector distribution due to climate change
(Thuiller et al., 2009). This analysis calculates the percentage of cells
that lost or gained climate suitability for the 2040, 2060, and 2080
projections, compared to today.

3. Results
3.1. Habitat suitability model for Cx. pipiens

The ecological niche model of Cx. pipiens in Greece showed an area
under curve (AUC) value of 0.897. Fig. 2 corresponds to a map repre-
senting the habitat suitability for Cx. pipiens in the study area, with a
value of 0 as low suitability and 0.93 as high suitability. The degree of
contribution of each of these variables to the model is shown in Table 1,
where, of the 13 variables used, those with the highest percentage of
contribution were BIO; (Annual Mean Temperature), rivers, and human
footprint with 40%, 17.7%, and 10.2% respectively. The rest of the
variables had values of less than 6.2%. If we look at the map, the area of
Central Macedonia, Attica, the southern Aegean islands, and the island
of Crete have the highest habitat suitability for Cx. pipiens. All of them

Table 1
Analysis of the contribution of the 13 environmental and bioclimatic variables to
the ecological niche model for Cx. pipiens.

Variable Percent contribution
BIO; (Annual Mean Temperature) 40%
Rivers 17.7%
Human footprint 10.2%
Shrub density 6.2%
Water bodies 5.3%
Herbaceous density 4.6%
BIO;» (Annual Precipitation) 4%
BIO;5 (Precipitation Seasonality) 3.6%
Irrigated crops 2.5%
BIO3 (Isothermality) 2.3%
BIO,4 (Temperature Seasonality) 1.7%
BIOg (Mean Temperature of Wettest Quarter) 1.4%
BIOg (Mean Temperature of Driest Quarter) 0.5%

Suitable Habitat for Cx. pipiens
- High

Medium
Low

Fig. 2. Ecological niche model for Cx. pipiens in the geographical area of Greece, representing suitable habitat.
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are low mountainous territories exposed to the Aegean Sea. Areas with
low suitability are those at higher altitudes and located inland.

3.2. Number of Dirofilaria spp. generations

The map visually represents the number of Dirofilaria spp. genera-
tions calculated in the study area (Fig. 3). The highest number (>4.9) is
located on the island of Crete and the southern Aegean islands, as well as
coastal areas of Western Greece and southern Peloponnese, a conse-
quence of low altitude and exposure to the sea. Inland areas such as
Central Greece, Thessaly, and Central and Eastern Macedonia showed
values between 2 and 3 generations for the most part. The number of
generations decreases in mountainous areas of higher altitude, such as
the Pindus mountain range, which runs from North to South Greece, and
in the centre of the Peloponesian peninsula.

3.3. Potential transmission risk for Dirofilaria spp

Fig. 4 shows the potential risk for Dirofilaria spp. transmission in
Greece in the form of a map. The highest infection risk corresponds
mainly to the island of Crete (except for the mountainous areas), the
southern Aegean islands, Attica, Central Macedonia, and the country’s
west coast. Taking into account the territory of the country, we estab-
lished five ranges of values (very high, high, medium, low, and very
low), with 19.2% and 22.5% being very low and low risk areas,
respectively; 26.8% corresponds to a medium risk area, 22.7% to a high
risk area and 8.8% to a very high risk area. Places with high human
presence, irrigated crops and lower altitude have high or very high
transmission risk. Areas with more rugged terrain and higher altitudes in
the country’s interior have a mostly low risk.

In order to validate the transmission risk map and demonstrate its
predictive power, georeferenced points of presence for D. immitis-posi-
tive dogs were used and superimposed on the map. As a result, 43.75%
of infected dogs were located in very high risk areas, 42.9% in high risk
areas, 9% in medium risk areas, and 1.39% and 2.99% in low and very
low risk areas, respectively (Fig. 4).

0 45 90 180 270 360 ~
[ = ee— L]
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3.4. Future projection

The range change analysis for the future scenarios 2040, 2060, and
2080, according to the climate change scenario RCP 8.5, shows a sig-
nificant increase in the territory of suitable habitats for Cx. pipiens in all
three time periods (Fig. 5). None of the three scenarios predict a loss of
suitable territory for the vector. However, the percentage gain was
233.22% by 2040, 242.55% by 2060 and 261.52% by 2080. The in-
crease in these mosquito-suitable territories generally occurs throughout
the country.

4. Discussion

Different studies in Europe address the risk for Dirofilaria spp.
infection using GIS. Most of them are based on the recording of mean
annual temperatures, where an oceanic climate is assumed for the whole
of Western Europe, with sufficient humidity for the parasite to develop
and to obtain the number of generations of Dirofilaria spp. in the vector
(Genchi et al., 2005, 2009, 2011; Rinaldi et al., 2006; Medlock et al.,
2007; Mortarino et al., 2008; Kartashev et al., 2014; Sassnau et al., 2014;
Ciuca et al., 2016; Farkas et al., 2020). However, there are other studies
where, in addition to temperature records, mean annual rainfall records,
and the location of irrigation channels and rivers, GIS has also been
taken into account (Simon et al., 2014).

With the use of ecological niche modelling tools, it is possible to
generate zoonotic disease risk models taking into account a set of abiotic
variables in which a species can develop, predicting the most suitable
habitats for mosquito vector species of the disease with a high-
resolution, even in places where surveillance data are scarce (Omar
etal., 2021). One limitation of this type of model is the generation of the
database. The database may not represent the full range of climate
conditions in which the modelled species may be found due to, among
other factors, lack of studies, biased data, erroneous data, and extensive
screening making it necessary to make the model as representative and
optimal as possible. Therefore, the estimates made are a conservative
representation of the full distribution of the species (Johnson et al.,
2019).

In Europe, there are two previous studies developed in both penin-
sular and island territories where this tool time has been used to validate

- Generations of Dirofilaria spp.
) 4.94452

0.806732

Fig. 3. Prediction of the number of generations of Dirofilaria spp. in Greece.
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Risk of infection
— High

- Medium

Low

® Positive Dogs

Fig. 4. Map of the risk of Dirofilaria spp. infection in Greece with the geolocations of infected dogs, according to Diakou et al., 2016; Angelou et al., 2019.

the risk map generated for Dirofilaria spp. with the overlay of the geo-
location of infected animals, obtaining projections with a higher reso-
lution (1 kmz), significant and consistent (Rodriguez-Escolar et al.,
2023; Morchén et al., 2023).

The current study offers a quantitative proposal for potencial infec-
tion risk by Dirofilaria spp. for Greece, including the insular, peninsular,
and continental parts, based on ecological niche modelling tools, using
the potential distribution of suitable habitats for Cx. pipiens and taking
into account a large number of predictor variables. On the one hand, the
potential distribution of suitable habitats for Cx. pipiens has been used,
considering that this species is one of those responsible for disease
transmission in Western Europe and that it is the most abundant and
representative vector species in Greece (Morchon et al., 2022). The
number of variables has been increased concerning those used in other
studies where, in addition to temperature records, we have taken into
account those of humidity, rainfall, areas of naturally and/or artificially
stagnant freshwater, rivers, density of herbaceous plants, irrigated
agricultural areas, human footprint that includes, among other factors,
location of human populations, communications, agricultural activities,
exchange of goods and travel. On the other hand, one of the limitations
of the potential infection risk analysed is the database, which has not
taken into account other variables such as the density of other infected
domestic and wild animals, their movement, their prophylaxis and
whether they were subsequently treated, as these were not available
(Escobar, 2020).

The present results show that there is a risk for Dirofilaria spp.
infection in Greece. A robust, precise, and realistic relationship between
the potential infection risk and the presence of D. immitis infected dogs
has been observed, with most infected animals located in areas of high/
medium risk of infection.

In Greece, the average number of generations of D. immitis is among
the highest in Europe, along with southern Spain, France, Italy, Turkey,
coastal areas of the Adriatic Sea, and several islands in the Mediterra-
nean Sea (Genchi et al., 2005, 2009). This finding is in contrast to the
orography of the terrain with numerous areas with high altitude, which
is compensated by the location of rivers, standing water, and irrigated
crops in the continental zone and by the climatology in the peninsular
and insular zone, being the highest on the islands of Crete and Rhodes

and on other smaller islands close to them, considering their surface
area. The location of rivers and the human variable, in addition to
temperature, contributed most to the pattern, suggesting that areas with
a higher presence of Cx. pipiens correspond to those with a high con-
centration of irrigated areas and/or a high density of human and dog
populations infected with D. immitis. This is without considering its
presence in the wild population, for which there is limited data for
Greece, such as D. immitis infection in a brown bear (Papadopoulos et al.,
2017), golden jackal (Diakou et al., 2015) and most recently in a Eu-
ropean badger (Markakis et al., 2023). This last finding fits perfectly to
this prediction model because the infected badger was found on Crete,
an island with a very small canine seroprevalence but a prediction for
high infection risk (Markakis et al., 2023). There is also data from
countries adjacent to Greece such as Bulgaria, for which there is data on
wild animals infected by D. immitis (Stoyanova et al., 2019;
Panayotova-Pencheva et al., 2020; Rafailov et al., 2020), which may
increase the risk of infection (Capelli et al., 2008; Morchon et al., 2012,
2022). In areas where, at present, no infected animals have been re-
ported, this does not indicate that the risk is necessarily low. If the risk is
medium or high, this indicates that the conditions are in place for the
vector to act as a vector and develop, so the risk is increased compared to
areas where the vector is not present, although it may be present in the
future.

The results of the future projections under climate change scenarios
revealed a displacement of the current distribution area of Cx. pipiens
towards new territories, with the percentage gain being 233.22% by
2040, 242.55% by 2060, and 261.52% by 2080. This fact may imply a
significant increase in the infection risk, mainly in the continental and
peninsular regions, where, at present, the risk of infection is higher in
coastal areas than inland. This is in line with other studies where the
increased infection risk, mainly in cold and temperate areas, coincides
with the effect of climate change and rising temperatures, the changing
distribution of Cx. pipiens and other vector species, as well as the
transmission dynamics of certain vector-borne diseases (Semenza and
Menne, 2009; Hongoh et al., 2012; Kartashev et al., 2014; Johnson et al.,
2015; Hanafi-Bojd et al., 2020, Rodriguez Escolar et al., 2023). With the
possibility of predicting whether conditions may exist in the future for a
vector to be present in a given area, preventive measures could be taken
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Fig. 5. Suitable habitats for Cx. pipiens at present (A) and their projections for the future, 2040 (B), 2060 (C), and 2080 (D), in Greece under the climate change

scenario RCP 8.5.

in advance to avoid contact of potential hosts with the parasite so that
the disease does not develop in that area.

5. Conclusions

With this predictive model for Dirofilaria spp. infection in Greece, the
infection risk is high in coastal areas and areas bordering the main river
basins, as well as in irrigated areas in continental and peninsular regions
and the whole territory of island areas and low in areas with higher
altitudes. The incorporation of a suitable habitat for the Cx. pipiens
vector, considering temperature, the presence of rivers, the human
footprint (irrigated areas, urban areas, habitable areas), and the poten-
tial number of Dirofilaria spp. generations as variables within the model
have significantly improved the prediction models carried out in this
complex region where only temperature data was utilised and have
provided a novel bias with a clear increase in predictive power.

This model will allow both health and veterinary scientists to di-
agnose the disease in previously unsuspected/clean areas, take more
effective control measures, and further investigate the epidemiology of
dirofilariosis in animals and humans. Consequently, disease alerts will
be increased, considering each population’s specific situation. Further
studies should be carried out to investigate the infection risk at a local
level in order to take the necessary and optimal preventive measures to
interrupt the spread of dirofilariosis in southern Europe in the coming
years.
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