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Due to the spread of Aedes albopictus to many countries around the globe, which is an important mosquito vector
for the transmission of many viral pathogens and capable of hosting the Zika virus, it is important to determine the
potential suitable bioclimatic range in Ukraine. Bioclimatic modelling suggests that, under current climate conditions,
the vector species has varying chances in the near term to invade a number of regions in Ukraine, especially in the
south and west of the country: particularly, Crimea, the southern portion of the Odesa region, and Transcarpathian
one and, to a less extent, the Precarpathian region. Under the risk of invasion by the mosquito vector, are as well
coastal areas of the Black and Azov seas.
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The Asian tiger mosquito, Aedes (Stegomyia) albopictus (Skuse, 1895), is a mosquito native to
the tropical and subtropical areas of the Southeast Asia. However, in the past few decades, this
species has spread to many countries around the globe, largely through the international trade
in used tires [1]. Ae. albopictus is an important vector for the transmission of many viral patho-
gens, including the yellow fever virus, dengue fever, and Chikungunya fever [2], as well as sev-
eral filarial nematodes. Ae. albopictus is considered as a potential vector for the Zika transmis-
sion among the humans [3]. The spread of these diseases has become a major global health con-
cern, and it is predicted that a climate change will affect the mosquitoes’ distribution, which
will allow these insects to bring new pathogens to unaffected populations [4]. The predicted ex-
pansion of this species is considered to be driven primarily by environmental changes that create
new habitats, including changes in the climate, especially the temperature. Even under current
climate conditions and population densities, the species will continue to spread, filling unoccu-
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pied suitable habitats and posing a risk to human health in the majority of locations, where
the mosquitoes can survive and reproduce.

Ae. albopictus was first reported in Europe in 1979 in Albania. Then the spread has occurred
to a number of countries in Europe, including those neighboring Ukraine. Information collected
from the Black Sea region has already revealed the presence of Ae. albopictus in Bulgaria, Romania,
western and north-eastern Turkey, southern Russia and Georgia [5—7].

Exploring the climatic limiting factors may help to understand the key drivers of the sug-
gested range expansion of the species and may, at the same time, help establishing efficient mo-
nitoring programs including risk assessments of Ae. albopictus. Our objective was to predict
the possible geographic range of the mosquitoes based on the presence records and climatic va-
riables likely to be associated with the environmental suitability. Thus, findings of this study can
about inform enhanced surveillance efforts in Ukraine, where Ae. albopictus has not yet been
recorded, but where the environment appears to be favorable for its establishment.

The basic approach applied here is based on species distribution models (SDMs), often also
called ecological niche models (ENMs), where species’ presences or absences are correlated with
environmental variables prevailing in the respective locations in order to project the potential
distribution of a species under current and/or future climatic conditions. These projections can
be based on many different statistical and/or machine learning algorithms, all aiming at esti-
mating this species-environment-relationship best.

Materials and Methods. Occurrence data for this species are collected using the global
compendium of Ae. albopictus occurrence [8] are updated [5—7, etc.]. A total of 327 non-dupli-
cate records across Europe were considered. To reduce the sampling, bias and spatial auto-
correlation models were generated using all available occurrence points, and the spatial autocor-
relation was measured among model pseudo-residuals by calculating Moran’s I at multiple dis-
tance classes. Moran’s I is a widely used measure of spatial autocorrelation, ranging from 0 to 1,
with values >0.3 considered relatively large. A minimum distance is equal to 54 km, at which
Moran’s I < 0.3 was detected. Next, we used the spThin package in R [9] to subsample our data set
such that all occurrence records were separated by this minimum distance. Thinning resulted in
retaining 156 occurrence records. Five SDM methods were employed using the “sdm” package
within the statistical software R [10], including “random forests”, “boosted regression trees”, “bio-
clim”, “maxlike”, and “support vector machine”, and evaluated (using 30 % of the occurrence
data set) by a bootstrapping procedure. The performance of the models was evaluated using the
true skill statistic (TSS). The package also provides the ensemble forecasting that is relatively
robust against the uncertainty in individual models. In the present study, the predictive distri-
bution map of Ae. albopictus for the current climate resulted from the ensemble forecasting using
the weighted averaging based on the TSS statistic for individual models. Importantly, “sdm”
ranks the environmental layers used to train the SDM based on their relative importance in the
model formulation and also allows the construction of response curves to illustrate the effect of
selected variables on the predicted occurrence.

For modeling, we used a recently reconsidered (in terms of biological significance) set of
16 climatic and two topographic variables, the ENVIREM data set [ 11], many of which are likely
to have direct relevance to ecological or physiological processes determining the species distri-
butions. Predictor variables with a variance inflation factor (VIF) greater than 10 were excluded
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from the model fitting to avoid multicollinearity effects. Selected layers (Table 1) were clipped to
a bounding box, and a resolution of 5 arcmin was used.

Maps of habitat suitability in the ASCII format were processed and visualized in GIS
software.

Results and Discussion. Results of the performance of the employed models are presented
in Table 2. The most accurate technique was “random forests” (TSS = 0.81) and the least accurate
was “bioclim” (TSS = 0.43).

In terms of variable importance, embergerQ, minTempWarmest, and PETColdestQuarter
were the highest contributing variables in the formulation of the models, 20.6, 19.1, and 17.7 %,
respectively, and together accounted for 57.4 % of the total variation. Based on the response
curves, the predicted habitat suitability enhancing the mosquito occurrence rapidly increases
at higher values of the embergerQ, which characterizes the dryness of a climate in terms of the
mean maximum temperature of the warmest month, the mean minimum temperature of the cold-
est month, and the mean annual precipitation. Values of embergerQ are especially low, when
the climate is dry. Such a response is consistent with expectations, since the species needs small
aquatic habitats for egg deposition and breeding places. An annual precipitation of at least
500 mm has been proposed, which ensures the maintenance of breeding places [12]. Similarly,
the habitat suitability is enhanced by higher values of the minTempWarmest reflecting the spe-
cies’ adaptation to higher temperatures [13]. Finally, PETColdestQuarter, an ecologically impor-
tant aspect of the climate linked to the energy supply [14], reduces the habitat suitability at

Table 1. Environmental layers used for the model fitting

Variable abbreviation Brief description Units

aridityIndexThornthwaite | Thornthwaite aridity index: Index of the degree of water deficit

below water need —
continentality Average temperature of warmest month minus average temperature

of coldest month. °C
embergerQ Emberger’s pluviothermic quotient —
minTempWarmest Minimum temperature of the warmest month °C-10
monthCountByTemp10 Count of the number of months with mean temp greater than 10 °C | months
PETColdestQuarter Mean monthly PET* of coldest quarter mm,/month
PETDriestQuarter Mean monthly PET of driest quarter mm month
PETWarmestQuarter Mean monthly PET of warmest quarter mm,/month
PETWettestQuarter Mean monthly PET of wettest quarter mm/month
topowet SAGA-GIS topographic wetness index —

*Potential evapotranspiration.

Table 2. Performance of the employed models

SDM Random Boosted L . Support
methods forests regression trees Bioclim Maxlike vector machine
TSS 0.81 0.61 0.43 0.58 0.68
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Ensemble map for the predicted distribution of the Asian tiger mosquito, Aedes albopictus, in Ukraine. Red
color indicates areas of higher bioclimatic suitability, whereas blue indicates the opposite; the red line represents
the accepted threshold

low levels, emphasizing the importance of winter conditions for the establishment of the spe-
cies in a non-native range.

These results are consistent with facts concerning the geographical origin of Ae. Albopictus.
In this case, the winter season is a critical period for the survival of the species. However, there
are suggestions that this species may have adapted to indoor environments [ 15]. Refugia provided
by thermally buffered human-built structures are likely to be crucial for overwintering survival
during cold winters and may contribute to the northern geographic range expansion of this epi-
demiologically important vector in temperate climates. Therefore, Ae. albopictus could probably
appear in areas, where the predicted habitat suitability is below an optimum based exclusively on
the bioclimate. Under such circumstances, there is a need to consider different models to cope
with uncertainty and to apply thresholds close to a zero omission error. In our case, a threshold
value of 0.2 was arbitrarily considered to be the most relevant to identify suitable and unsuitable
areas for the vector. High-accuracy predictive distribution maps from the “random forests”,
“boosted regression trees”, “maxlike” and “support vector machine” models were combined to
form ensemble forecasting of the distribution of Ae. albopictus in Ukraine, as shown in Figure.

From the map, it can be seen that Ae. albopictus under current climate conditions has varying
chances in the near term to invade a number of regions in Ukraine in the south and west of the
country, particularly Crimea, the southern portion of Odesa region, Transcarpathian region and,
to a less, extent, the Precarpathian region. Under the risk of invasion by the vector are as well
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coastal areas along the Black and Azov seas, where seaside holiday resorts in the summer host
up to 10—12 and 7 million people a year, respectively.

Results of these predictions provide a theoretical reference framework for the prevention of

the spread of the Asian tiger mosquito in Ukraine and may help establishing the efficient moni-
toring programs including risk assessments of the vector and elucidating the consequences
for public health.
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BIOKJIIMATUYHE MOJIEJIIOBAHHS €BPOIENCHKOTO
MMOMMNPEHHA IHBASMBHOTO A3IMCHKOIO KOMAPA
AEDES (STEGOMYIA) ALBOPICTUS (SKUSE, 1895)

3 OCOBJVBUM ITOCUJIAHHAM HA YKPATHY

Yepes nommperHs y 6aratbox KpaiHax cBity komapis Buny Aedes albopictus, skuii € nepeHOCHUKOM HU3KU Bi-
PyCHUX 30y IHUKIB XBOPOO JIOAMHU, Y TOMY Yuci Bipycy 3ika, € HarajibHa oTpeba BU3HAYMTH HOro MOTeHIii-
Huii GiokyiMarnyHuii apeasn B Ykpaiui. Ha migcrasi pesysbraris GiOKIIMaTHYHOIO MOJAEIIOBAHHS MOKHA [PH-
MYCTUTH, IO 32 CYYaCHUX KIIMATHYHIX YMOB Tieil TePEHOCHUK Ma€ Pi3HUH MTaHC HARGIMKINM 4acOM MOTITHPHU-
THCS Yy HU3KY PErioHiB Ykpainu, oco0JMBO HA IBAHI Ta 3ax0ii Kpainu: 30Kpema, Kpum, HiBieHHY 4acTUHY
Opnechkoi obsacti Ta 3akapnarts i Menoio mipoio ITpukapmarrs. Iig 3arposolo iHBasii 3 60Ky 1IbOro BULY Ta-
KO3K 3HAXOJSThCs IpubepeskHi paiionu y3nosx YopHoro ta A30BCbKOI0 MOPIB.

Kmouoei croea: Aedes albopictus, 6ioxnimamuune modemosanis, Yepaina.
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BUOKJINMATUYECKOE MOJIEJINPOBAHUE EBPOIIEMICKOTO
PACITPOCTPAHEHUS MHBA3MBHOI'O ASMATCKOTO KOMAPA
AEDES (STEGOMYIA) ALBOPICTUS (SKUSE, 1895)
CO CIIEIIMAJIBHOM CCBLJIKOM HA YKPAUHY

W3-3a pacmipocTpaHeHHsT BO MHOTHX CTPaHaX MUpa KoMapoB Buza Aedes albopictus, KOTOPBIH SIBISETCS TTEPEHOC-
YUKOM Psijia BUPYCHBIX BO3OyANTENEH H0sIe3Hel YeJoBeKa, B TOM YKcjie BUpyca 3uKa, HeOOXOIMMO OTIPE/IETUTh
€ro NOTeHIMAIbHbIA OMOKIMMaTHYeCKuii apeas B YKpaute. Ha 0CHOBaHUU Pe3yJIbTaTOB OMOKJIMMATUYECKOTO
MOJICTTUPOBAHUS MOKHO MTPE/IIOJIOKUTD, YTO B COBDEMEHHBIX KITMMATUYECKUX YCAOBUIX 3TOT IEPEHOCUNK UMEET
pasHble IaHChl B OJinKaiiliiee BpeMsi paclipOCTPAHUTBCS B Psijl PETMOHOB YKpPauHbl, 0COOEHHO Ha I0re U 3araje
cTpaHbl: B yactHOCTH, KpbiM, 105kHYI0 yacTh Oecckoil obracTi 1 3akapiaThs, 1 B MeHbIel crernenn [Ipukap-
narbst. [Tog yrpo3oil MHBa3WMM CO CTOPOHBI HTOTO BUAA TAKKE HAXOAATCS NPUOPEKHBbIE paiionbl YepHOro n
A30BCKOTrO MOpeil.

Kmouesuvie croea: Aedes albopictus, buoxiumamuueckoe modeauposanue, Ykpauna.
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