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Abstract. Our study intended to explore the potential distionshif ofPhlebotomusariasi, P. neglectus,
P. perfiliewi, P. perniciosusndP. tobbi,and some other sandfly speciBspapatasi, P. sergenandP.
similis. We used climate envelope modeling (CEM) methodetermine the ecological requirements of
the species and to model the potential distribuf@mthree periods (1961-1990, 2011-2040, and 2041-
2070). We found that by the end of the 2060’s tbatlfern UK, Germany, entire France and also the
western part of Poland can be colonized by sargfflscies, mostly b¥y. ariasi and P. pernicosusP.
ariasishowe the greatest potential northward expansiom #9°N to 59°N. For all of the studied sand
fly species the entire Mediterranean Basin, thek&alPeninsula, the Carpathian Basin, and northern
coastline of the Black Sea are potentially suitablee length of the predicted active period ofvhetors

will increase with one or two months.
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Introduction

In the subtropical and tropical areas of the Woadtshmaniasis is one of the most
important human vector-borne diseases with mora tha million infected people
(Naderer et al., 2006). Twloeishmaniaspecies can threaten the population of the EU:
Leishmaniainfantum and Leishmaniatropibath endemic to the old Continent (Ready,
2010). L. infantum is one of the causative agents of zoonotic viscenad
cutanleishmaniasis in both humans and the reseavimnals (Ready, 2010). L. tropica
cause anthroponotic cutaneous leishmaniasis. Memlzér genus Phlebotomus
(sandflies) are the primary vectors of the protozparasite genukeishmaniain the
Old World. Sandflies are typical Mediterranean faluelements (Aspock et al., 2008)
and are members of the order Diptera. The geograbdistibution of leishmaniasis is
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limited by the distribution of the differenPhlebotomusspecies.P. ariasi, P.
perniciosus, P. tobbi, P. perfilieand P. neglectugre vectors ofL. infantum
P.papatasiis the vector of.. donovanj L. killicki, L. tropica L. arabicaandL. major,

P. sergentcan transmit.. tropicaandL. major; P. similiias the ability also to transmit
the L. tropica (Minter, 1989; Killick-Kendrick, 1990; WHO, 1984;éger et al., 2000).
Our aim was to use climate envelope model (CEMpredict the future potential
distribution of &hlebotomusspeciesbased on the REMO regional climate moded. T
studied species are as followa: ariasiTonn. (syn.Larroussius g, P. neglectusonn.
(syn. Larroussius ), P. papatasscop, P. perfiliewi Parrot (syn.Larroussius p, P.
perniciosudlewst. (synlLarroussius p, P. sergentiParrot (synParaPhlebotomus k.
P. similiPerfiliev (syn.ParaPhlebotomus %.P. tobbiAdler, Theodor et Lourie (syn.
Larroussius 1.

Review of literature
Climate change and Phlebotomus vectors

The vector-borne diseases are sensitive to clinsaticlitions (Rogers and Randolph,
2006). Climate change can cause a shift in geogralphpread of insect populations
(Ladanyi and Horvath, 2010) by modifying the clilmatonditions and affecting the
reproduction and the length of annual activity etctor species. These changes can
increase their population in the recent inhabiteshst and by moderating the climate in
the temperate areas of Europe can facilitate tlyggation of these arthropod vectors to
North (De la Roque et al., 2008).Higher temperawan induce earlier flight of adult
insects, eg. Lepidoptera species (Kocsis and Hefna?gp11).The human factors,
travelling, livestock are also important determitsaof the abundance (Ready, 2010).
Rioux et al. (1985) found that the raising of tenapere significantly increased the
overall proportion of infected sandflies.Heat, hdityi, and sufficient organic matter are
the main effectors of the larval development ofdsdly species (Naucke, 2002;
Lindgren and Naucke, 2006), while the increasing {&els are usually unfavourably
affecting the development of the insect larvae @f®cand Hufnagel, 2011).The
differences in the environmental requirements betwPhlebotomusspecies are
noticeable in their different habitats: in Frariteariasi mostly live in the wet and mild
climate of mountain forests, whil@®. perniciosusoccupy the warm and drier
Mediterranean coastal plains (Chamailléet al., 2Q&shmaniasis is an emerging
disease in Europe and one of the first signs ofest@blishment in a new area of
leishmaniasis is that the parasite makes new atltocbus foci in the dog populations
(Kohler et al., 2002; Mencke, 2011; Maroli et 4988; Maroli et al., 2008; Bongiorno,
2003; Ferroglio et al., 2005).Modelings of climadigitability have shown, that we have
to expect the presence of sandflies and leishman@a<entral Europe by the end of
21% century (Ready, 2008; Fischer et al., 2010; Fiseheal., 2011a).In Hungary in
2007 and 2008 autochthonols infantunCanL cases were observed in Tolnacounty
(Tanczos et al., 2012). The presenc® ofeglectusandP. perfiliewiin Hungary is also
verified (Farkas et al., 2011).

Climate Envelope Modeling

We aimed to investigate the impact of climate cleaog the distribution of selected
species with Climate Envelope Modeling (CEM) (Hiymaand Graham, 2006), which
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method is about predicting species responses meatdi change involves drawing an
envelope around the domain of climate variablesrevlaespecies is recently found and
then identifying regions predicted to fall withihat domain under scenarios for the
future (Ibé&fiez et al., 2006). In contrast to medtanmodels, CEM (also known as
niche-based modeling, correlative modeling) treefind statistical correlations between
distribution of species and climate (Guisan and rdemmann, 2000; Elith and
Leathwick, 2009), and models the future temporatespondence based on the present
spatial correspondence between the variables (®id@89). It postulates that (present
and future) distribution is dependent on mostly ttenate (Czucz, 2010) which is
slightly questionable (Skov and Svenning, 2004).

M aterials and methods
Distribution data

Our model was run on the distribution of the eiBhtebotomusspecies separately.
We focused on the European distribution of sansifigcies. It is known, however, that
Phlebotomusspecies inhabit some North African territories,tsach asP. sergenti
(Depaquit et al., 2002; Lewis, 1982), aRd ariasi P. papatasi P. perfiliewi P.
perniciosus and P. tobbi (Lewis, 1982). Since the model studied the climate
requirements only of the EuropeBhlebotomugopulations, it was able to project the
shift of this part only.

The distribution in 2012 of th@hlebotomusspecies was obtained by VBORNET
(2012). The regions entitled as ‘indigenous’ aretéantly present’ were utilized with
the same weight (presence-absence maps were Qredtex distribution data were
based on the NUTS3 (Nomenclature of Units for Teral Statistics) regions, which
are the third level public administration terriesi of the European Union. After a
georeferencing process with 3rd order polynomatgformation, the digitization of the
bitmap-format distribution maps were realized wilib assistance of the digital NUTS3
polygon borders (GISCO, 2012).

Climatic data

The climate data were obtained from the not biasected regional climate model
(RCM) REMO. The horizontal resolution of the grsl 25 km. The model REMO is
based on the ECHAMS5 global climate model (Roeclateal., 2003; Roeckner et al.,
2004) and the IPCC SRES A1B scenario. The referpaged of REMO is 1961-1990,
the two future periods of modeling are 2011-2040 2841-2070. Although the entire
European Continent is within the domain of REMO, wsed only a part (25724 of the
32300 points) of the grid shown ig. 1. For the distribution modeling, we used 3 x 12
climatic variables: monthly mean temperature (Tmead@), monthly minimum
temperature (Tmin, °C), and monthly precipitatién ihm).

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 11(2):8B-208.
http://www.ecology.uni-corvinus.hel ISSN 1589 1623 (Prin® ISSN1785 0037 (Online)
© 2013, ALOKI Kit., Budapest, Hungary



Trajer et al.: The effect of climate change onpgbtential distribution of the European Phlebotorspiscies
-192 -

Figure 1. The domain of climate model REMO and its part usdte study

-

Softwares

We used ESRI ArcGIS 10 software for the preparatimanagement and editing of
spatial and climatic data, modeling and presentntoeel results. The management of
climatic data and preparation of the expressions nfmdeling were assisted by
Microsoft Excel 2010 program. PAST statistic anatyzoftware (Hammer et al., 2001)
was used for creating histogram (probability dgngitnction) and the cumulative
distribution function of the climatic parametersttqng the percentile values of the
parameters, and creating some statistical anaysiee model results.

Modd calibration

For calibrating our climate envelope model a urdastribution of the eight studied
Phlebotomusspecies was created, and the model for this agtggedistribution was
run iteratively to investigate the optimal amouhpercentiles to left from the climatic
values. Cumulative distribution functions were o#ted by PAST for the 3 x 12
climatic parameters. During the iterative modeling O to 19 + 19 percentiles were left
from the lower and higher values of a certain tgpelimate parameters (e.g. minimum
temperatures), while the other 2 x 12 climatic paaters were fixed at the extreme
values (0-0 percentiles were left). In the meanevitilo types of error values were
calculated: 1) internal — the ratio of the currehstribution segment's area not
determined by the model, 2) external — the ratiaref outside the current distribution,
determined wrongly by the model. The error functigrere accumulated, with the same
weights divided between the two function, and tlenp of minimum value was
searched.

It was found that the precipitation parameter dgente different error functions than
the temperatures, therefore we ran another iteraticstudy the difference between the
lower and higher part of the precipitation perdestiWe fixed the two extremes of the
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minimum and mean temperatures, and left iterativelgre percentiles from the
minimum of precipitation values while the maximurasafixed, and vice versa.

The accumulated error functionfig. 2) showed that leaving percentiles from
precipitation and from the minimum of precipitatioasults in graphs having the
minimum point at the origin. Therefore, leaving gaartiles from the minimum of
precipitation values gives worse model than withpetcentile leaving. According to
the result of iterations, 5-5 percentiles are tth feom the two extremes of mean
temperature, 2-2 from the two extremes of minimwemgerature, and 0 from the
minimum and 8 from the maximum of precipitation.thdlugh Cohen’s kappa
measurement (Cohen, 1960) is another way of maalddration, final Cohen’s kappa
value of our model was calculated (0.54). For fertlerror-based model calibration
methods see Fielding and Bell (1997).This resuls waed during the modeling of
Phlebotomuspecies. Thus the model results are highly conpansith each other, but
the models are not really sensitive to the charistie of certain distributions.
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Figure 2. Accumulated errors of modeling while leaving petites from the minimum and
maximum of mean temperature (Tmean), minimum textyser(Tmin), precipitation (P); from
the minimum of precipitation (Pmin) and from theximaum of precipitation (Pmax)

Modeling method

Before we ran our model on the distributionRiflebotomusspp., the climatic data
were refined by Inverse Distance Weighted interfpmiamethod. Then the modeling
steps were as follows in case of certain spec)eselqueried the grid points within the
distribution (a few thousand x 36 data) with Arc{2$ the percentile points of the 36
climatic parameters (101 x 36 data) were calculdtgdPAST; 3) we selected the
appropriate percentiles of the climatic parametaeentioned above (2 x 36 data); 4)
modeling phrases (3 strings) were created by stiumgtions of Excel for the three
modeling periods, 5) the areas were selected wdlktiee climatic values of the certain
period were between the extremes selected in stdhi8 last step was achieved by
Raster Calculator function of ArcGIS. Similar appeh was made by Bede-Fazekas
(2012).
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Length of the active period

The length of the period of activity is one of tim@st important determinants of the
transmission of a parasites to humans, and therefbthe prevalence. According to
previous studies about temperature thresholds @f tctivity [P. neglectus:13 °C
mean temperature (Lindgren and Naucke, 2008);papatasi: 16 °C minimum
temperature (Colacicco-Mayhugh et al., 20B)perniciosus15 °C mean temperature
(Casimiro et al., 2006)] we counted the number wfable months in the reference
period and the future periods in some locationkth#d selected locations are within the
current distribution of the certain species.

Comparison of the model results

The ten model results for the reference period dbase the distribution ofL.
infantum(LEI), thePhlebotomuspecies (PAR, PNE, PPA, PPF, PPN, PSE, PSI, PTO),
and the union distribution of the last ones (PUNntioned hereinafter as a stand-alone
species) were compared by statistical methods. ifipet data of the analysis were
formatted as a matrix where the rows were bounsptxies, and the columns meant
types of presence-absence. The positive valudwicdlumns expressed the number of
grid points of a certain type of presence-absenaase of the species can be found on
that location, zero values were displayed in cdsthe species absent from that point.
The analyses, primarily, are to display the resamt#s and differences of the model
results but secondarily they can inform about #lations of the current distributions,
the environmental demands, and the ecologicalaontas of the species.

Firstly Cluster Analysis was applied using pairedup algorithm (Unweighted Pair
Group Method with Arithmetic Mean, UPGMA; Sokal amdichenel, 1958) and
Euclidean similarity measure. After the clusteringon-metric Multidimensional
Scaling (NMDS; Shepard, 1962, Kruskal, 1964) plaswcreated with Euclidean
similarity measure. Finally, PCA (Pearson, 1901 tdimg, 1933) biplot (Gabriel,
1971) was created. PCA finds hypothetical varialggsnponents) accounting for the
variance in the multivariate data as much as pltesgibavis, 1986; Harper, 1999). The
components are the linear combination of the ivaniables.

Results
Recent and projected distributions
Result maps

The model results are shownkiyg. 3. The climatic thresholds used in the modeling are
enumerated idppendix Table .1
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Phlebotomus similis Phlebotomus tobbi

Figure 3. Current distribution (dark green), modeled potehtiestribution in the reference
period (light green), and predicted potential dilsttion in the period of 2011-2040 (orange)
and 2041-2070 (yellow) of the eight studied Phlebuts species
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P. ariasi

The currently observed northern limit Bf ariasis distribution is near the 49°N
latitude, but the area is mainly restricted to 8Spand Southern France. Our model
shows that the possible range is much wider, itlrea the 53°N latitude in Germany
and in the UK. While the northern segment of theeptial distribution expands to the
German-Polish border (15°E), the southern segmamiams almost the entire Balkan
Peninsula and the Carpathian Basin, and in additiamcludes, the whole Apennine
Peninsula without Sicily. Beside the UK, Hungarydahurkey, the major expansion
from the potential current distribution can be aled in Germany (2011-2040), and in
Poland, Bohemia, Slovakia, Romania, Moldova andauia (2041-2070)P. ariasiis
expected to reach the northernmost territories @stothe studied species: Denmark,
Sweden, and Norway (59°30’N) are able to be aftestahe far future period.

P. perniciosus

Although the present distribution Bf perniciosuss very similar to that ofP. ariasi
moreover, the distribution d?. ariasiis slightly smaller,P. perniciosusseems to be
less tolerant to the combination of cold summerslawest winter temperatures then
ariasi, since the modeled potential distribution of tbarfer one is remarkably smaller,
mainly in West Europe. Similarities can be seethanprojected suitable areas of these
species for both the near and far future periodidver Germany, Poland, and Bohemia
are not as highly affected as in casé€ofriasi In contrast, in Southeastern Europe the
modeled potential distributions both for the refee period and for the future periods
have very similar shape in case of the two speckexording to the result$.
perniciosuswill, as currently, still favor the low-altitudereas. Major expansion is
expected in the UK, Germany, Hungary, Romania, lbkrand Turkey.

P. sergenti and P. similis

P. sergentiandP. similisare typical Mediterranean sandflies, the diffeeenctheir
current distribution is thatP. similis is restricted to the Eastern Mediterranean.
According to our model, their suitable areas amghlyi overlapped in the reference
period and in the future periods too. However, tiedeled distributions dP. sergenti
are, in all of the periods, slightly larger. By 20 besides the mainly affected countries
(Spain, Italy, Macedonia, Greece and Turkey), Ratu Albania, Romania, and
Ukraine is expected to offer suitable climatic citiods for these two species.

P. neglectus, P. papatasi, P. perfiliewi and P .biob

The current distribution, and therefore the enwinental demand and the modeled
distributions of these four species are similag thstribution ofP neglectusand P.
perfiliewi is almost the same. The latter ones are, in cendifd. papatasiabsent from
Spain, whileP. tobbiis definitely restricted to the East Mediterraneocording to the
modeled potential distribution in the referencequirall of these sand fly species could
inhabit the Carpathian Basin, the Rumanian Lowlahe, Balkans, Turkey and the
Iberian and Apennine Peninsula. Most of Bll papatashas occupied its potential area.
Great northward expansion is not expected in chfigese four species, only in France,
Hungary and Ukraine.
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The aggregated distribution of Phlebotomus species

In the case of certain species the mean latituldas limits their northward future
expansion are as follows: 56°NP- ariasi 54°N —P. perniciosus48°N —P. neglectus,
P. papatasi, P. perfiliewandP. tobbj 46°N —L. infantum, and 44°N P. sergentiand
P. similis. After examining the variou®hlebotomusspecies we evaluate the model
result based on the aggregated distribution of th@mng. 4). According to the
differences between the aggregated current disivibbwf thePhlebotomuspecies and
the modeled potential distribution of this groupe tPo River Valley, Serbia, Hungary,
the northern Rumanian Lowland, and the coastlinehef Black Sea seem to be
unsaturated with sand flies recently, while in thestern European areas the resident
sand flies almost completely fill their potentialbpitable areas. The future northern
expansion is expected in Britain, Germany, PolaBdhemia, Slovakia, Hungary,
Romania, Moldova and Southern Ukraine (from 47°M36N). The major expansion in
the next 30 years can be seen in Germany, howevénis country and in Poland
expansion in the far future period is not predictedhe period of 2041-2070 the major
expansion is modeled in the UK and north to theBBea.

B

0 200 400 800 1200 1600 km
[ e S— )

Figure 4. Current distribution (dark green), modeled potehtistribution in the reference
period (light green), and predicted potential dilstition in the period of 2011-2040 (orange)
and 2041-2070 (yellow) of the aggregation of thel&d Phlebotomus species
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A model validation was applied by comparing, foe teference period, 1) the model
result based on the aggregated distribution, antie?)inion of the model result based
on separate distribution&if) 5). The area of the aggregated model results isthlig
larger, but the difference can be seen mainly mitéeies that were predicted as
expansion of the aggregated species in the nearefyeriod (UK, France, Germany,
Moldova and Ukraine). An opposite type of overlappis to be observed in Poland,
Southern Slovakia, and Northern Hungary. We arbaethe model was highly verified
by this comparison.

v

0 200 400 800 1200 1600 km
[ e—

Figure 5. The model result based on the aggregated distobuti the eight Phlebotomus
species (red contour) and the aggregated modeltsebased on the individual distributions
(green region). The model was run on the refergrareod (1961-1990)

Length of the active period

Our model resulted prolongation of the potentiadigtive period. In case dbP.
neglectushe number of months is 8, 8 and 9 in Athen, Ggeand 5, 6, and 6 in Pécs,
Hungary in the period of 1961-1990, 2011-2040, 2R@10, respectively. In case Bf
papatasithe number of months is 4, 4 and 6 in Athen, Ggeand 2, 3 and 4 in Szeged,
Hungary in the studied three periods. In casB.gferniciosughe number of months is
7, 8 and 8 in Malaga, Spain in the studied thre@gs, but no prolongation was found
in Hungary in monthly resolution.

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 11(2):8B-208.
http://www.ecology.uni-corvinus.hel ISSN 1589 1623 (Prin® ISSN1785 0037 (Online)
© 2013, ALOKI Kit., Budapest, Hungary



Trajer et al.: The effect of climate change onpgbtential distribution of the European Phlebotorspiscies
- 199 -

Discussion
Evaluation of the model

Opinions differ if climate is by itself sufficiemr even the most important factor for
explaining species distributions (Dormann, 2007gcéyding to Kennewick et al.
(2010) the most important limit of the distributiohsandflies is the winter average and
minimum temperatures and the cold and rainy sumnidoge, that absolute climatic
values and extremes rather than averages may exphkilimits of distribution better
(Kovacs-Lang et al., 2008).

The modeled potential area in the reference peribdthere isn't a major
geographical barrier between the inhabited anditippulated areas, is greater than the
observed one. This difference is clearly visiblghia case oP. ariasiin France, in the
case of thd®. neglectusP. papatasiP. perfiliewiandP. tobbiin the Carpathian Basin
and in the Southwestern countries of the BalkanirRata. A model likely
overestimates the possible habitat of a specidslebving percentiles of the limiting
climate values can slightly reduce the overestiomtiThe modeled and observed
distributions are similar in case &f. papatasi, P. sergentgnd P-perniciosusin the
western Mediterranean Basin, dddsimilisn the eastern Mediterranean Basin.

The goodness of our model was somewhat validatatidiythe Atlas Mountain was
displayed by the model in case of nearly all of sppecies. Nonetheless, the fact that
current distribution data of Africa were not coresield by the model can cause problems
in observation of the shift in the southern areaBwope (trailing edge). The modeled
retraction in Southwest Spain, coastal parts oftiSdtaly and Greece, and Southwest
Turkey is thought to be the blunder of the modéle Fignificant retraction in the Atlas
Mountain can, however, be real result.

About modeling vectorial diseases see Peterson6j2@knetic algorithm, such as
GARP program, was used for modeling the distributad leishmaniasis (Nieto et al.,
2006), sandflies (Peterson and Shaw, 2003, Petesah, 2004), and other species
(Gomez-Mendoza, 2007). There are programs for CitMh as MaxEnt (Phillips et al.,
2006), BioClim (Busby, 1986; Nix, 1986), and Dom&@arpenter et al., 1993). From
among them MaxEnt was used for studying sandftid$darth America (Gonzalez et al.,
2010), Europe (Chamaillé et. al., 2010), MiddletE&wlacicco-Mayhugh et al., 2010),
but still for studying Asian tiger mosquito (Med]e3010) and other insects (Strange et
al., 2011; Bidinger et al., 2012).

Comparison of the model results

The first statistical method we used for comparihg model results was Cluster
Analysis. The cophenetic correlation coefficienoK& and Rohlf, 1962) value of the
result was 0.958Hig. 6).
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Figure 6. The result of the Cluster Analysis based on thegee-absence data with bootstrap

values. Paired group method with Euclidean similameasure was used. Abbreviations: LEI —

L. infantum, PAR — P. ariasi, PNE — P. neglecttBAR- P. papatasi, PPF — P. perfiliewi, PPN

— P. perniciosus, PSE — P. sergenti, PSI — P. EpTO — P. tobbi, PUN — union distribution
of Phlebotomus

According to the analysi$. ariasiis the sister group of the major complex of the
other nine species with bootstrap value 73 (thetehing was repeated 100 times). The
most obvious group was formed By similisandP. sergentwith bootstrap value 83. It
should be mentioned, that only these two speciesngnthe studied ones belong to
subgenud$araphlebotomusiccording to the conventional, but not proven €AJt2010)
division of the genera (Lewis, 1982). The compléxttee union distribution andp.
pernciosusis, however, not so strong (bootstrap: 45), neithe place olL. infantum
(bootstrap: 43).

The NMDS result is related to the aforementionesilts. The Shepard plot shows
good linearity, and the stress is only 0.01785 ciindicates that there was a very little
information loss during the dimension reductiottanms of the paired distances.

The Cluster Analysis put. infantumnext to the group d?. sergenandP. similisin
the tree, which result is highly verified by the IW@. In contrast, there is no evidence,
that species of subgenus Paraphlebotomus are seaftdr. infantum rather they are
bound to parasite L. tropica (Ready, 2000; Kamletvail., 2000; Depaquitet al., 2002).

The distance df. infantumand the aggregatdthlebotomuspecies is the greatest in
the major complex. This may be the consequent & fthsion, because the
unionedsandfly species contains the whole spectfiuthe environmental tolerance of
the eight species, and the present endemic areas iofantum are located in the
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relatively warm, southern part of Europe incorpimiathe distribution oP. sergenind
P. similis

The cluster oP. perfiliewi, P. tobbi, P. neglectuandP. papatasiwvas proved by the
NMDS. Since the NMDS is good statistical methodotdinate the distances of the
species, it is obvious that the larger distancenfRy ariasi can be seen in case of the
cluster of the four species mentioned above andltreter ofP. sergenand P. similis.
P. perniciosusand the cluster of four species are situated #agast to the origin. The
nearer the place is to the origin, the less sunredriifference has from the others.

H PPN
T T T T T T
-2 200 300 400 500 600
: ------------------------ [ R R R R DR PR
: 150
E = PAR
e g Y DR P SR SN SOt PSR URSRS SUPRUPRPPPRE
Vi
PSE
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Figure 7. The biplot result of the principal component ana\{®CA). Abbreviations: LEI — L.

infantum, PAR — P. ariasi, PNE — P. neglectus, PHA papatasi, PPF — P. perfiliewi, PPN —

P. perniciosus, PSE — P. sergenti, PSI — P. sinifliBO — P. tobbi, PUN — union distribution of
Phlebotomus

The result of the PCA can be seenFag. 7. The six major distinguishing variables
were displayed in a mapig. 8). The results are confirmed, since the planedtest by
the first and second components are responsibléhéi72.08 % of the variance, and
only the first four components can explain morentB8o of the variance.

The result of PCA proved the former statistical @asions. According to the biplot
and the map displaying the six major variablesait be stated that 1) the clusterLof
infantum P. sergenti and P. similis is segregated from the others mainly by the
common absences of the three species; 2) the adgdedistribution is in the direction
of the vector sum of variable as it was expectgdh8 variables C and D are reliable
for the presence of the aggregated distribution famdthe absence of cluster &f
infantum These variables are bound mainly to the nortMediterranean territories of
Europe. They are adjacent to each other and incNmithern Spain, Central Italy,
Southern Hungary, Serbia, Albania, Macedonia, aadtdétn Bulgaria; 4) the large
distance ofP. papatass cluster andP. ariasi is explained by variables A and B
(absence oP. ariasi presence of the cluster of four), and variablgiesence oP.
ariasi, absence of the cluster of four); 5) variablesndl 8 can be seen in the southern
Mediterranean territories of Europe and in the emspart of North Africa, including
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Southern Spain, Southern ltaly, Greece, WesterrkelnirNorthern Morocco, and
Northern Algeria.

0 200 400 800 1200 1600 km

Figure 8. The area of the major distinguishing variableshd# biplot PCA. A- orange, B-
yellow, C-green, D-blue, E-purple, F-pink

Note, that the difference of the modeled and cdirdestributions is mainly caused by
the European input maps of our research. The jpahdifference is that variable B is
displayed at Central Turkey, while the focal powaitvariable A is western than of
variable B; 6) variable E is the most reliable tffar the presence dP. perniciosus
and is neighbor of variable F in the map. They banfound mainly in the Atlantic
climate (Southern Britain, France, Germany) andWestern Hungary, Slovenia,
Croatia and Bosnia and Herzegovina.

Comparison of our resultsto the literature

The length and the average temperature of the vemason are important factors
(Oshaghi et al., 2009). Our model finds, in coritthe results of Fischer et al. (2011a),
that the Benelux States may not be suitabléfdebotomuspecies, because they don't
favor the short, relatively cold and rainy summ@ennewick et al., 2010). Fischer et
al. (2011a) expected no migration from southeasiesction, which is strengthened by
our results. We found that to the end of the 20@0&s expansion oP. ariasi andP.
perniciosusto Central Europe is most likely among the studipdcies. The range of
suitable areas differs between the two speciesgiwisi consistent with Fischer et al.
(2011b). In contrast of Fischer et al. (2011b) wenid that to the end of the 2060’s
Central and Western Europe will be only suitableFoariasiandP. perniciosusand
not for P. perfiliewiandP. neglectus
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The long-distance transport and travelling can plasgry important role (Walther et
al., 2009), as can be shown in the case of theamtigvorkers and pets (Neghina et al.,
2009). Therefore the modeled discrete potentidtibdigions may be inhabited by the
vectors without assuming continuous migration reute

Conclusion

Each of the selected eight sandfly species shoesitiorial expansion according to
the REMO model, but the size of their potentialiabited area increase can be very
different in various species. Our results are iaai with the literature in the sense
that the Central European climate will become naor@ more suitable especially fBr
ariasi andP. perniciosusthe species whose distribution focuses on théhs@stern
territories most of all. In the case of the CarpathBasin six from the studied eight
species are projected to potentially present tettteof the 2060’s.
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Appendix
Table 1. The climatic extrema of the eight Phlebotomus gsetheir aggregation and the L.

infantum used in the modeling. Abbreviations: LEL hfantum, PAR — P. ariasi, PNE — P.
neglectus, PPA — P. papatasi, PPF — P. perfilid®®N — P. perniciosus, PSE — P. sergenti,
PSI — P. similis, PTO — P. tobbi, PUN — union dimition of Phlebotomus

month 1 2 3 4 5 6 7 8 9 10 [ 11 | 12
PUN | min(Tmean), °C | -12] -08 29 6,3 10|11 14,4 16,162 | 138| 89| 42| -0,3
PUN | max(Tmean),°C| 103 10,8 126 149 188 241 537281 | 24,4| 192 147 115
PUN | min(Tmin), °C 84| -78/ -35 03 35 7 91 8867 3 | -06| -64
PUN | max(Tmin), °C 9,3 9| 104 121 151 194 23 23@13| 171| 133 103
PUN | min(P), mm 18| 18| 15| 12 6 0 0 0 0 6 1 18
PUN | max(P), mm 180 126 141 13p 11 78 B 12 78 12371 | 138
PAR | min(Tmean),°C | -06| 03 24 5, of 129 131 714,124| 81| 34| 12
PAR | max(Tmean),°C| 9,5| 10,1 11)s 13,8 17 224 25861 | 226| 17,6 13| 104
PAR | min(Tmin), °C 88| -79| 6| -184 21 57 76 7759 | 28| -2 -5
PAR | max(Tmin), °C 81| 83| 95 108 136 182 209172 19,3| 153| 113 92
PAR | min(P), mm 21| 21| 27| 21| 15 6 0 3 15 27 o 21
PAR | max(P), mm 183| 141 159 156 138 9% §7 84 b3 15086 | 156
PNE | min(Tmean),°C | -24 -17 271 68 108 1533 18382 | 146 9 43| -15
PNE | max(Tmean),°C| 10| 10,1 12)3 15,1 194 24,6 28891 | 25 | 19,7| 152 11,1
PNE | min(Tmin), °C 8| -82| -3| o8 39 75 104 10373 | 31| -01| -68
PNE | max(Tmin), °C 87| 83 98 121 155 199 238462 219| 173| 133 98
PNE | min(P), mm 24| 24| 21| 15 6 0 0 0 3 g 15 24
PNE | max(P), mm 207 144 138 120 78 sS4 45 45 72 11489 1 171
PPA | min(Tmean),°c | -05 03 38 75 116 16 18,7 ,818153| 99| 53| 03
PPA | max(Tmean),°C| 10,7 111 13 155 193 246 28891 | 253| 20| 153 117
PPA | min(Tmin), °C 6| -56| -15 17 47 86 113 31, 82 | 4 1| -42
PPA | max(Tmin), °C 96| 94| 108 1209 159 202 28246 | 21,9| 17,8 142 108
PPA | min(P), mm 18| 18| 15| 12 6 0 0 0 q 4 1 18
PPA | max(P), mm 177 129 129 114 8l 57 45 42 66 10862 L 138
PPF | min(Tmean),°C| -2 -1, 2 58 10 145 17,4 916,136| 84| 37| -09
PPF | max(Tmean),°C| 105 104 124 134 196 24,8 ,8 28291 | 253| 20,2 157 11,6
PPF | min(Tmin), °C 10| -81 -47 -05 31 6 87 28 62| 27| -16| -64
PPF | max(Tmin), °C 93| 88 102 12/8 16 205 24 24821 | 175| 141 104
PPF | min(P), mm 18| 21| 15| 12 6 0 0 q q q 1 18
PPF | max(P), mm 216 147 144 132 90 66 51 57 DO 14116 P 171
PPN | min(Tmean),°Cc| 05 14 34 62 98 141 1p1 915136| 88| 42| 21
PPN | max(Tmean),°C| 10,7 11p 129 148 184 23,6 926274 | 242| 19| 144 116
PPN | min(Tmin), °C 94| 8| -471 -08 28 61 8B g 95 27| -19| -61
PPN | max(Tmin), °C 94| 9| 104 117 144 147 223 128208]| 164| 12,7/ 103
PPN | min(P), mm 18| 18| 24| 18 12 3 0 3 g 18 24 21
PPN | max(P), mm 171 117 144 135 117 g4 78 81 Bl 12971 | 126
PSE | min(Tmean),°c| -04 o1 39 77 114 163 10294 | 157| 101 53| -01
PSE | max(Tmean),°C| 10,8 11)3 132 187 194 24,9 8 28294 | 259| 202 153 117
PSE | min(Tmin), °C 72| -64 -18 141 4% 8p 114141 87| 4 | 08| -61
PSE | max(Tmin), °C 94| 92 105 12/8 158 20,2 2B939| 21,9| 175 134 105
PSE | min(P), mm 18| 18| 15| 12 6 0 0 g q q 12 18
PSE | max(P), mm 183 123 141 114 76 42 27 b4 W5 |93 5 (13135
PSI | min(Tmean),°C | -0,1 0,3 4 78 119 148 202 ,320157| 101| 57| 04
PSI | max(Tmean),°C| 10| 9,8 117 147 10 244 283 ,928243| 191| 149 112
PSI | min(Tmin), °C 4| -42| -08 22 53 94 127 &2 91| 45| 13| -3
PSI | max(Tmin), °C 8,5 8 96 118 14)8 193 231 628,208 | 163| 129 96
PSI | min(P), mm 24| 27| 21| 15 6 0 0 0 3 g 15 24
PSI | max(P), mm 180 129 114 94 60 3 27 24 36 B9 12950
PTO | min(Tmean),°C | -2,71 -1§ 28 65 106 131 18381 | 143| 89| 42| -19
PTO | max(Tmean),°C| 10,2 102 12|8 162 20 253 29297 | 26,3| 209| 159 113
PTO | min(Tmin), °C -8 8| -28 08 4 7.4 106 105 47, 32 0| -67
PTO | max(Tmin), °C 9 85| 102 13 165 20,8 24,3 25232 17,8| 14,1 103
PTO | min(P), mm 18| 21| 15| 12 6 0 0 0 q g 1 18
PTO | max(P), mm 216/ 150 141 120 78 6 H1 51 59 11492 1 174
LEl | min(Tmean),°C | 1,9| 27| 48 74 118 165 194961 161| 11| 61| 3,3
LEl | max(Tmean),°C | 11,1 11,3 120 13 188 238 27 7,22 238| 19,1 149 122
LEl | min(Tmin), °C 2| -16| 02| 21| 49 91 11 12 49| 53 2 | -04
LEl | max(Tmin), °C 95| 92| 108 121 148 191 23323 | 203| 16,9 136 10,7
LEl | min(P), mm 18| 18| 21| 15 6 0 0 0 3 9 18 21
LEl | max(P), mm 183| 111] 147 120 84 48 30 3 72 120711 123
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