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Abstract: Invasive alien species are a growing threat to natural systems, the economy, and human
health. Active surveillance and responses that readily suppress newly established colonies are
effective actions to mitigate the noxious consequences of biological invasions. Aedes (Hulecoeteomyia)
koreicus (Edwards), a mosquito species native to East Asia, has spread to parts of Europe and Central
Asia since 2008. In the last decade, Ae. koreicus has been shown to be a competent vector for
chikungunya virus and Dirofilaria immitis. However, information about the current and potential
distribution of Ae. koreicus is limited. Therefore, to understand the changes in their global distribution
and to contribute to the monitoring and control of Ae. koreicus, in this study, the MaxEnt model
was used to predict and analyze the current suitable distribution area of Ae. koreicus in the world to
provide effective information.

Keywords: invasive mosquito; Aedes koreicus; MaxEnt; potential distribution

1. Introduction

Aedes (Hulecoeteomyia) koreicus (Edwards), a new invasive mosquito species in Europe,
appears to have a daytime habit of feeding on human blood [1,2] and is a vector of many
diseases. Experimental transmission of Japanese encephalitis virus (JEV) by Ae. koreicus
was reported as early as 1967 [3]. It has been experimentally proven that Ae. koreicus is
most likely a competent vector of dog Dirofilaria immitis and is of potential relevance in
the natural cycle of the parasite [4]. In addition, some studies showed that experimentally
infected Ae. koreicus specimens were able to transmit Zika virus and chikungunya virus
under laboratory conditions [5,6]; the mosquitoes were capable of transmitting CHIKV
at a higher temperature (27 ◦C ± 5 ◦C), with no transmission at 24 ◦C ± 5 ◦C; and the
infection rate at the higher temperature (68.2%) was four times higher than that at the lower
temperature (17.6%) [5]. Regarding the Zika virus, the vector competence was relatively
low (4.7%) and temperature dependent; in particular, ZIKV transmission occurred only at a
higher temperature [5,6].

Some studies have shown that at the end of the annual season, when the day becomes
shorter, Ae. koreicus females are able to lay desiccated and cold-resistant eggs that can
survive during the winter and hatch in the spring similar to other females of Aedes species,
and Ae. koreicus can survive in cold and dry environments, which allows this species
to avoid competition with other mosquito species and has considerable advantages in
breeding and transmission [7,8]. Most studies suggest that Ae. koreicus originated in North
Korea, China, Japan, and Russia [8–10], and since 2008, when the species was first reported
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in Belgium [11], it has been found in several European countries. The first discovery of
Ae. koreicus in Italy was in 2011 [12]. Then, in mid-2015, a mosquito specimen collected
in southern Germany was identified as Ae. koreicus [13]. In 2016, the first occurrence
reports of Ae. koreicus were published in Hungary [14], the first reported Ae. koreicus in
Slovenia was in 2013 [15], and the first reported Ae. koreicus in Austria and Kazakhstan
was in 2018 [16,17]. In 2021, the first record of Ae. koreicus in the Czech Republic and the
Netherlands was reported [18,19]. In the above countries, Ae. koreicus has established stable
populations except in Switzerland, Slovenia, and the Netherlands. Several studies indicate
that Ae. koreicus is well adapted to urban settlements, where a variety of artificial containers
can be found as breeding sites in gardens and urban areas, and similar to other species of
the genus Aedes, the female Ae. koreicus lays eggs in artificial containers, so the introduction
of Ae. koreicus could be due to the trade of small containers, ornamental plants, or used tires
and has spread throughout Europe through international trade [8,20,21]. Ae. koreicus has
now invaded Europe from Asia and settled in areas partially occupied by other mosquito
species after Ae. albopictus, Aedes aegypti, and Ae. japonicus [8].

Although there is very little published evidence on its vector status, Ae. koreicus is
recognized as a potential vector of arboviruses due to its known role as a vector of CHIKV,
ZIKV, and D. immitis under laboratory conditions. According to the WHO, a total of
89 countries and territories have reported evidence of mosquito-transmitted Zika virus
infection, with the first local mosquito-transmitted ZIKV disease cases reported in Europe
in 2019 and ZIKV outbreak activity detected in India in 2021 (https://www.who.int/
news-room/fact-sheets/detail/zika-virus, accessed on 29 September 2023). Chikungunya
was first identified in the United Republic of Tanzania in 1952 and subsequently in other
countries, such as Africa and Asia, and has now been identified in over 110 countries in
Asia, Africa, Europe, and the Americas (https://www.who.int/news-room/fact-sheets/
detail/chikungunya, accessed on 29 September 2023). Meanwhile, the global expansion
of exotic mosquito species has intensified with the development of international trade
and increased movement of people; coupled with climate warming and urbanization, this
trend will further increase in the future [22–25]. The invasion of Ae. koromikos not only has
an impact on the biodiversity of the invaded areas but also poses a potential risk to local
public health safety. For this reason, the possible involvement of a new mosquito species
as a vector is crucial to set up the necessary preventive measures to contain the spread of
infections. Understanding its distribution is important for the formulation of an Ae. koreicus
control strategy in invaded areas.

Species distribution models (SDMs) are models that correlate information on species
distribution samples with information on corresponding environmental variables to derive
the relationship between species distribution and environmental variables and apply this
relationship to the area under study to estimate the distribution of target species [26].
MaxEnt is a commonly used species distribution model.

The maximum entropy model (MaxEnt) is based on the maximum entropy theory,
which treats species and their growing environment as a system, determines the stable
relationship between species and the environment by calculating the state parameters
when the system has maximum entropy, and estimates the distribution of species [27].
Several scholars [28–30] have demonstrated that the MaxEnt model is a successful tool
for analyzing the potential distribution areas of species, and some have also used species
distribution models to predict the potential distribution areas of mosquitoes.

The prediction of the potential habitat of Ae. aegypti used MaxEnt ecological niche
modeling in Tanzania [31], showing that the potential distribution of Ae. Aegypti will shift
toward the central and northeastern parts with intensification in areas around all major
lakes in the future. The MaxEnt model was also applied to predict the potential global
distribution of Ae. albopictus and Ae. aegypti by Kamal [32] et al., showing that under
the 2050 and 2070 climate scenarios, Ae. albopictus would expand in the northern United
States, parts of southern Canada, and eastern Europe, and Ae. aegypti would expand to
southeastern Australia. The predicted potential distribution of Ae. albopictus in China by
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Liu et al. [33] using the MaxEnt model showed that the potential distribution area of Ae.
albopictus in China will expand westward due to future climate change under the SSP126
climate scenario. The distribution potential of the two species was different. The above
examples show that the MaxEnt model can predict the potential distribution of species
under variable climatic conditions by combining species occurrence data with natural
environmental data and that its results are theoretically more accurate and reliable.

Current research on the monitoring and distribution of Ae. koreicus mosquitoes mainly
focuses on a particular country or region, and there are very few studies on predicting
the global distribution of Ae. koreicus mosquitoes, showing a gap in the understanding of
changes in their global distribution. In addition, Ae. koreicus is recognized as a potential
vector of arboviruses due to its proven role as a vector of the viruses CHIKV and ZIKV,
which are important threats to humans. As the species continues to spread, new threats to
public health will emerge, and analyzing the likelihood of further incursions by Ae. koreicus
is therefore particularly important. In this study, we chose to use the MaxEnt model to
predict and analyze the current suitable global distribution area of Ae. koreicus to provide
effective information for Ae. koreicus monitoring and control.

2. Materials and Methods
2.1. Mosquito Occurrence Data

The Ae. koreicus occurrence data were collected from two sources. First, a com-
prehensive and systematic literature retrieval was performed. We used the keyword
“Ae. koreicus” searched in PubMed and CNKI (China National Knowledge Infrastructure)
(Supplementary Table S1). The second source was the Global Biodiversity Information
Facility (GBIF) database (https://www.gbif.org/occurrence/search?taxon_key=165215
0&occurrence_status=present, accessed on 26 August 2023), which contains global occur-
rence records of many species, and we used “Ae. koreicus” as the keyword to include only
species names “Ae. koreicus” or “Hulecoeteomyia koreica” distribution points and eliminated
duplicates with those found in PubMed and CNKI. A total of 410 distribution records
were integrated and entered into the corresponding Excel sheet in the model input file
format (Supplementary Table S2), with column 1 set to the species name, column 2 set to
the longitude of the species distribution, and column 3 set to the latitude of the species
distribution (both longitude and latitude were written in decimal format), and saved in a
csv format for later use. The sampling location can be seen in Figure 1.
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2.2. Climate Data

The 19 climate factors, topographic elevation data, and climate data for 2021–2040
and 2041–2060 under the SSP (shared socioeconomic pathway) 126 climate scenarios used
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in the model projections were downloaded from WorldClim (https://www.worldclim.
org/, accessed on 26 August 2023), with both current and future variables having a high
resolution of 2.5 arcmin (approx. 5 km × 5 km). The 19 climate factors included the annual
mean temperature, maximum temperature of the warmest month, minimum temperature
of the coldest month, and annual precipitation (Table 1). These data were closely related to
the distribution of species and were necessary for prediction. The environmental data were
converted by GIS software to ASCII data recognizable by the model.

Table 1. Relevant environmental variables used for modeling.

Bioclimate Description

Bio01 Annual mean temperature
Bio02 Mean diurnal range (mean of monthly (max temp–min temp))
Bio03 Isothermality (Bio2/Bio7) (×100)
Bio04 Temperature seasonality (standard deviation ×100)
Bio05 Max temperature of warmest month
Bio06 Min temperature of coldest month
Bio07 Temperature annual range (Bio5–Bio6)
Bio08 Mean temperature of wettest quarter
Bio09 Mean temperature of driest quarter
Bio10 Mean temperature of warmest quarter
Bio11 Mean temperature of coldest quarter
Bio12 Annual precipitation
Bio13 Precipitation of wettest month
Bio14 Precipitation of driest month
Bio15 Precipitation seasonality (coefficient of variation)
Bio16 Precipitation of wettest quarter
Bio17 Precipitation of driest Quarter
Bio18 Precipitation of warmest quarter
Bio19 Precipitation of coldest quarter
Elev Elevation

The species distribution points and environment were imported into maxent.jar soft-
ware and run once to obtain the contribution rate of each environmental factor, to reduce
the autocorrelation between variables and avoid overfitting the model predictions. The
species distribution and climate data were imported into ArcMap 10.4.1 software, and
the climate information of the Ae. koreicus distribution points was extracted using the
“sampling” function and imported into SPSS 24.0 software for correlation analysis. Among
the two environmental factors, the one with a higher contribution in the MaxEnt modeling
process was selected from the two environmental factors with a correlation coefficient
r > 0.9 [34]. Finally, we selected Bio01, Bio02, Bio03, Bio05, Bio06, Bio07, Bio08, Bio12,
Bio13, Bio14, Bio15, Bio19, and elevation as environmental variables for the Ae. koreicus
distribution model.

2.3. Ecological Niche Model

Maximum entropy theory originates from statistical mechanics and is a general method
for making predictions or inferences from incomplete information. The idea behind the
MaxEnt model is to estimate the target probability distribution by finding the probability
distribution of maximum entropy under certain constraints. The model software used for
modeling in this paper was MaxEnt 3.4.1.

2.4. Model Construction
2.4.1. Model Construction under Current Climate Conditions

(1) Import species distribution data and environmental variable data into maxent.jar
software, and set the following parameters: the proportion of training data is 75%, the
output format is selected as ASC raster format, the number of model repetitions is set to 1,
and other parameters are set to the software defaults.

https://www.worldclim.org/
https://www.worldclim.org/
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(2) Open the GIS software, import the results of model in ArcMap10.4.1 to overlay
the prediction map and define the projection, and open the Spatial Analyst tool inside the
Arc toolbox to perform the reclassification process. The classification method is the natural
breaks (Jenks) method, and the distribution area is divided into four levels: unsuitable
region, lowly suitable region, moderately suitable region and highly suitable region. Finally,
the map is created.

2.4.2. Model Construction under the SSP1-2.6 Climate Scenario

(1) Import the species distribution data and current and future environmental variable
data into maxent.jar software and set the parameters: the proportion of training data is
75%, the output format is selected as ASC raster format, the number of model repetition
runs is set to 1, and other parameters are set to the software default.

(2) Open the GIS software, input the results of the model in ArcMap10.4.1 and define
the projection, and open the Spatial Analyst tool inside the Arc toolbox to perform the
reclassification process. The classification method is the natural breaks (Jenks) method, and
the distribution area is divided into four levels: unsuitable, marginally suitable, moderately
suitable, and highly suitable. Finally, the map is created.

2.4.3. Model Evaluation

To test the predictive ability of MaxEnt in this study, the receiver operating characteris-
tic (ROC) curve was used. The AUC (area under the ROC curve) value is the area enclosed
by the ROC curve and the horizontal coordinate; it indicates the accuracy of the model, and
the value ranges from 0 to 1. A more accurate model is indicated by a higher AUC value.

3. Results
3.1. Global Predicted Suitable Areas under the Current Climatic Conditions for Ae. koreicus

According to the prediction results, the global area of Ae. koreicus was 5,453,100 km2,
of which 7,146,900 km2 was highly suitable (Table 2), mainly in China, Japan, North
Korea, South Korea, and some areas of Europe (Figure 1). The low-suitability area covered
3,529,200 km2 and was primarily located in the United States of America in North America,
France, Germany, Poland, the Czech Republic, and Ukraine in Europe and China, Russia,
South Korea, North Korea, and Japan in Asia. The lowly suitable area was 7,890,800 km2

and was mainly found in Canada and the United States in North America, Norway, Sweden,
and Finland in Europe and China, Mongolia, Russia, and Japan in Asia, and some parts of
Laos, India, and Pakistan were also included in the lowly suitable area.

Table 2. Global predicted suitable areas under the current climatic conditions for Ae. koreicus.

Level 104 km %

Unsuitable 13,615.60 91.38
Marginally suitable 789.08 5.30
Moderately suitable 352.92 2.37

Highly suitable 142.40 0.96

3.2. Model Evaluation

The AUC value of the MaxEnt model was 0.985 (Figure 2), which showed that the
prediction accuracy was good, indicating that the present study based on the MaxEnt
model to predict the potential distribution of Ae. koreicus in the world has high credibility.
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3.3. Global Predicted Suitable Areas the SSP1-2.6 Climate Scenario for Ae. koreicus

According to the predictions of the MaxEnt model (Figure 3, Table 3), the total global
area suitable for Ae. koreicus will increase by 3,434,200 km2 in 2021–2040 under the SSP1-2.6
climate scenario compared with the current prediction, and the global total suitable area
for Ae. koreicus will increase by 5,069,800 km2 in 2041–2060 compared with the current
prediction.

3.4. Filtering for Environmental Factors

The contribution of each environmental factor to the MaxEnt modeling is shown in
Table 4, in which Bio01 (mean annual temperature), Bio13 (precipitation in the wettest
month), Bio03 (isothermality), and Bio06 (minimum temperature in the coldest month) have
made a major contribution to the spread of Ae. koreicus. The analysis of the contribution
values of the environmental variables to the MaxEnt model was also performed by the
jackknife method, and the results of both the regularized training gain and the test gain
indicated that the most important environmental factor was Bio1, followed by Bio6 and Bio3
(Figure 4). The response curves of the three environmental factors are shown in Figures 5–7.
The Bio1 response curve indicates that the probability of the presence of Ae. koreicus in North
Korea was highest when the mean annual air temperature was approximately 5 ◦C. The
Bio3 response curve indicates that the probability of the presence of Ae. koreicus in North
Korea showed a trend of increase followed by a decrease with increasing isothermality.
The Bio3 response curve indicates that the probability of the presence of Ae. koreicus in
North Korea showed an increasing trend followed by a decreasing trend with increasing
isothermality, and the probability of the presence of the mosquito was highest when the
isothermality was approximately 32. The Bio6 response curve shows that the probability
of distribution of Ae. koreicus in North Korea showed a trend of increasing and then
decreasing, and the highest probability was found when the minimum temperature of the
coldest month increased to 0 ◦C and then began to decrease.
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Table 3. Global predicted suitable areas the SSP1-2.6 climate scenario for Ae. koreicus.

Level 2021–2040 (104 km2) 2041–2060 (104 km2)

Unsuitable 133,369.00 13,108.62
Lowly suitable 1002.71 1233.59

Moderately suitable 373.39 394.24
Highly suitable 154.91 163.55
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Table 4. Percent contribution of the environmental variables on the distribution in the MaxEnt model.

Environmental Variables Percent Contribution

Bio01 24.3
Bio13 23.9
Bio03 14.8
Bio06 13.5
Bio19 7.5
Bio08 7.1
Bio14 5.9
Bio02 2.1
Bio15 0.5
Elev 0.2

Bio05 0.1
Bio12 0
Bio07 0
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4. Discussion

The predicted results of this study showed that under the SSP126 climate scenario, the
highly suitable area of Ae. koreicus in the European region showed a tendency to expand
toward the north in the future. These characteristics suggest Ae. koreicus might continue to
expand across the continent. A few months after the first discovery of the species in Italy in
2011, until 2012, Ae. koreicus was found in 37 municipalities (39.4%) and was detected in
40.2% of places and in 37.3% of larval habitats monitored, in a range of altitudes from 173
to 1250 miles above sea level in northeastern Italy [35]. The results clearly showed that Ae.
koreicus is well established in northeastern Italy and confirmed the invasive potential of this
mosquito. Then in the summer of 2013, for the first time, Ae. koreicus was found in the Swiss
Italian border region of Ticino–Lombardy and southern European Russia [36,37]. Two years
later, a mosquito specimen collected in mid2015 in southern Germany was identified as
Ae. koreicus. Subsequently, the first occurrence reports of Ae. koreicus were published in
Hungary (2016) [14], Austria (2018) [38], and the Netherlands (2022) [19]. The distribution
area of Ae. koreicus is indeed widening, under the influence of global warming and heavier
international trade and travel in Europe.
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The most important environmental factor for the distribution of Ae. koreicus was Bio1,
followed by Bio6 and Bio3, all three of which are temperature variables. Mosquitoes are
small-bodied poikilotherms, meaning that the ambient temperature is the main abiotic
factor limiting their development, reproduction, ecological niche, and, therefore, geograph-
ical distribution [24,39]. Experimental evidence suggests that Ae. koreicus can survive
at temperatures ranging from 10 ◦C to 28 ◦C [40]. The prediction results also showed
that the highly suitable areas for Ae. koreicus are mainly in northern Italy and southern
Germany near the Alps in Europe, the Yangtze and Yellow River basins in China, and the
area surrounding Mount Fuji in Japan. In 2011, Ae. koreicus was found in a small village
of Belluno Province in northern Italy, and this is the first report in Italy of the introduc-
tion of the exotic mosquito Ae. koreicus. Then, in 2015, the first record of Ae. koreicus in
southern Germany was reported. These areas for the establishment of Ae. koreicus were
characterized by mid-high annual average temperatures, between 10 ◦C and 15 ◦C [40].
Ae. koreicus can overwinter in the form of diapause eggs and can better adapt to urban
environments [41–43]. The temperature was reported to play a major role in determining
the habitat suitability for Ae. koreicus [41]. These results are consistent with the trends in
the response curves of temperature-related environmental factors derived in this study,
which increased and then decreased. In addition, Ae. koreicus is able to lay diapause eggs
that survive the winter and hatch in the spring, allowing adult Ae. koreicus to persist from
late summer into autumn [38,44]. For these reasons, it can be better adapted to lower
temperatures, which facilitates its invasive colonization of hilly and alpine foothills [8].
Although the biology and ecology of Ae. koreicus are poorly known, the results of our study
on the potential distribution of Ae. koreicus may suggest that the distribution of this species
seems to be more dependent on temperature changes.

“Shared socioeconomic pathways” (SSPs) are a group of new emissions scenarios
driven by different socioeconomic assumptions. Many of the new SSP scenarios were used
for CMIP6, providing scientists with a wider choice to model the potential future. SSP1-2.6,
SSP2-4.5, SSP3-7.0, and SSP5-8.5 are different scenarios showing the annual carbon dioxide
emissions up to 2100 under this scenario [45]. Under the SSP1-2.6 climate scenario, the
global mean annual land precipitation is predicted to change in the range of 0.0–6.6 percent,
and the global mean surface air temperature (GSAT) is predicted to increase in the range of
0.5 ◦C–1.5 ◦C in the period 2081–2100 compared with 1995–2014 [46]. Some scholars have
proposed [47] that the global average surface temperature (GMST) is increasing at a rate of
0.2 ± 0.1 ◦C per decade. The GMST is estimated to be 1.5 ◦C higher in the 2030–2050 period
than it was during the pre-industrial period (the reference period is 1850–1900). Warmer
seasons, which are more likely to occur in the future because of climate change, might
extend the breeding time and therefore increase the abundance of Ae. koreicus in the world.
As we can see in the prediction results under the SSP1-2.6 scenario, the global total suitable
area for Ae. koreicus will increase in 2021–2040 and 2041–2060, and the highly suitable area
will remain distributed in northern Italy and southern Germany near the Alps in Europe,
the Yangtze and Yellow River basins in China, and the area around Mount Fuji in Japan.

Although no case of Ae. koreicus-transmitted disease has been reported, Ae. koreicus
is recognized as a potential vector of arboviruses due to its proven role as a vector of
CHIKV, ZIKV, and D. immitis. Moreover, the cold-tolerant biology of Ae. koreicus gives it
an advantage in terms of spreading and establishing its population. Between 2007 and
2012, many autochthonous cases of dengue and chikungunya were reported in Europe [48].
CHIKV was first isolated in the 1950s from patients in Tanzania, and then the virus began
to spread widely over the last decade [49]. In 2013, approximately 2.4 million cases of
dengue fever were reported in the Caribbean and Central and South America, and 773
travel-associated cases were reported in the United States of America, with 48 cases of local
transmission reported in the continental United States [50]. Some scholars have suggested
that there is great potential for CHIKV to spread quickly in North America, much like West
Nile virus did more than a decade ago [49,51]. The results of our predictions show that
northeastern North America is a marginally and moderately suitable area for Ae. koreicus,
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which highlights the potential risks of invasion of Ae. koreicus into North America. As a
defined vector of CHIKV, it is impossible to completely ignore the role it may play in the
future spread of the virus. Furthermore, the predicted results in this study showed that
given the risks associated with the presence of Ae. koreicus, we cannot ignore the need to
monitor and control this species.

In addition, the Ae. koreicus population has been found to be resistant to etofenprox
and permethrin with possible resistance to deltamethrin but was susceptible to chlorpyrifos
in a recent study [52]. A study on microbiological analyzes on Ae. koreicus in the field
discovered that both Wolbachia and Asaia bacteria were detected in Ae. koreicus collected in
northeastern Italy, as Asaia and Wolbachia are considered new tools for symbiotic control,
which, given the increasing development of resistance in Aedes mosquitoes, also supports
their use for innovative control strategies against invasive Ae. koreicus [53].

The rapid spread of Ae. koreicus in some places (e.g., Italy) may have originated from
one or a few initial infections, suggesting that its further spread may be under control if
certain control measures are taken. Research on changes in the distribution of Ae. koreicus
is lacking, and studying changes in its distribution can provide effective information for its
monitoring and control. Based on the results of this study, it is possible to reduce the risk of
spread and public health risks by implementing effective control measures in areas where
Ae. koreicus populations are already established and by initiating regular surveillance in
risk areas where Ae. koreicus may spread.

5. Conclusions

This study provides, to our knowledge, the first experimental data on the global
distribution of the invasive mosquito Ae. koreicus. According to this study, the areas
suitable for Ae. koreicus survival are currently distributed mainly in in China, Japan, North
Korea, South Korea, and some areas of Europe, and most of the highly suitable areas
are distributed in China. Northeastern North America is the marginally and moderately
suitable area for Ae. koreicus. Under the SSP1-2.6 climate scenario, the total global suitable
area for Ae. koreicus will increase in the next forty years. Therefore, the species might
further spread in the absence of control measures. For this reason, investigations on the
main modes and routes of dispersal of this invasive species and an increase in monitoring
efforts should be prioritized.
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15. Kalan, K.; Šušnjar, J.; Ivović, V.; Buzan, E. First record of Aedes koreicus (Diptera, Culicidae) in Slovenia. Parasitol. Res. 2017, 116,
2355–2358. [CrossRef]

16. Fuehrer, H.P.; Schoener, E.; Weiler, S.; Barogh, B.S.; Zittra, C.; Walder, G. Monitoring of alien mosquitoes in Western Austria (Tyrol,
Austria, 2018). PLoS Negl. Trop. Dis. 2020, 14, e0008433. [CrossRef] [PubMed]

17. Andreeva, Y.V.; Khrabrova, N.V.; Alekseeva, S.S.; Abylkassymova, G.M.; Simakova, A.V.; Sibataev, A.K. First record of the
invasive mosquito species Aedes koreicus (Diptera, Culicidae) in the Republic of Kazakhstan. Parasite 2021, 28, 52. [CrossRef]

18. Vojtíšek, J.; Šebesta, O.; Šikutová, S.; Kampen, H.; Rudolf, I. First record of the invasive mosquito species Aedes koreicus (Diptera:
Culicidae) in the Czech Republic. Parasitol. Res. 2022, 121, 3701–3704. [CrossRef]

19. Teekema, S.; Stroo, A.; Uiterwijk, M.; Vossenberg, B.; Jacobs, F.; Ibáñez-Justicia, A. First finding of Aedes koreicus (Diptera:
Culicidae) in the Netherlands. J. Eur. Mosq. Control Assoc. 2022, 40, 3–9. [CrossRef]

20. Ibañez-Justicia, A.; Smitz, N.; den Hartog, W.; van de Vossenberg, B.; De Wolf, K.; Deblauwe, I.; Van Bortel, W.; Jacobs, F.; Vaux,
A.G.C.; Medlock, J.M.; et al. Detection of Exotic Mosquito Species (Diptera: Culicidae) at International Airports in Europe. Int. J.
Environ. Res. Public Health 2020, 17, 3450. [CrossRef]

21. Kampen, H.; Schuhbauer, A.; Walther, D. Emerging mosquito species in Germany—A synopsis after 6 years of mosquito
monitoring (2011–2016). Parasitol. Res. 2017, 116, 3253–3263. [CrossRef]

22. Medlock, J.M.; Hansford, K.M.; Versteirt, V.; Cull, B.; Kampen, H.; Fontenille, D.; Hendrickx, G.; Zeller, H.; Van Bortel, W.;
Schaffner, F. An entomological review of invasive mosquitoes in Europe. Bull. Entomol. Res. 2015, 105, 637–663. [CrossRef]
[PubMed]

23. Wieser, A.; Reuss, F.; Niamir, A.; Müller, R.; O Hara, R.B.; Pfenninger, M. Modelling seasonal dynamics, population stability, and
pest control in Aedes japonicus japonicus (Diptera: Culicidae). Parasites Vectors 2019, 12, 142. [CrossRef]

24. Reuss, F.; Wieser, A.; Niamir, A.; Bálint, M.; Kuch, U.; Pfenninger, M.; Müller, R. Thermal experiments with the Asian bush
mosquito (Aedes japonicus japonicus) (Diptera: Culicidae) and implications for its distribution in Germany. Parasites Vectors 2018,
11, 81. [CrossRef] [PubMed]

25. Kraemer, M.U.G.; Reiner, R.C., Jr.; Brady, O.J.; Messina, J.P.; Gilbert, M.; Pigott, D.M.; Yi, D.; Johnson, K.; Earl, L.; Marczak, L.B.;
et al. Past and future spread of the arbovirus vectors Aedes aegypti and Aedes albopictus. Nat. Microbiol. 2019, 4, 854–863. [CrossRef]
[PubMed]

26. Xu, Z.L.; Peng, H.H.; Peng, S.Z. The development and evaluation of species distribution models. Acta Ecol. Sin. 2015, 35, 557–567.

https://doi.org/10.3390/insects11120848
https://www.ncbi.nlm.nih.gov/pubmed/33260438
https://www.ncbi.nlm.nih.gov/pubmed/14153409
https://doi.org/10.1186/s13071-015-0800-y
https://www.ncbi.nlm.nih.gov/pubmed/25884876
https://doi.org/10.1038/s41426-018-0195-x
https://doi.org/10.1080/20477724.2018.1464780
https://doi.org/10.1093/jme/tjx093
https://doi.org/10.3389/fmicb.2022.931994
https://doi.org/10.11646/zootaxa.3191.1.2
https://doi.org/10.1186/s13071-015-1208-4
https://www.ncbi.nlm.nih.gov/pubmed/26626019
https://doi.org/10.1186/s13071-021-05077-7
https://www.ncbi.nlm.nih.gov/pubmed/34772448
https://doi.org/10.1007/s00436-016-5229-5
https://www.ncbi.nlm.nih.gov/pubmed/27511369
https://doi.org/10.1007/s00436-017-5532-9
https://doi.org/10.1371/journal.pntd.0008433
https://www.ncbi.nlm.nih.gov/pubmed/32574163
https://doi.org/10.1051/parasite/2021050
https://doi.org/10.1007/s00436-022-07658-6
https://doi.org/10.52004/JEMCA2021.0005
https://doi.org/10.3390/ijerph17103450
https://doi.org/10.1007/s00436-017-5619-3
https://doi.org/10.1017/S0007485315000103
https://www.ncbi.nlm.nih.gov/pubmed/25804287
https://doi.org/10.1186/s13071-019-3366-2
https://doi.org/10.1186/s13071-018-2659-1
https://www.ncbi.nlm.nih.gov/pubmed/29402295
https://doi.org/10.1038/s41564-019-0376-y
https://www.ncbi.nlm.nih.gov/pubmed/30833735


Trop. Med. Infect. Dis. 2023, 8, 471 13 of 14

27. Phillips, S.J.; Anderson, R.P.; Schapire, R.E. Maximum entropy modeling of species geographic distributions. Ecol. Model. 2006,
190, 231–259. [CrossRef]

28. Kusia, E.S.; Borgemeister, C.; Khamis, F.M.; Copeland, R.S.; Tanga, C.M.; Ombura, F.L.; Subramanian, S. Diversity, Host Plants
and Potential Distribution of Edible Saturniid Caterpillars in Kenya. Insects 2021, 12, 600. [CrossRef]

29. Hu, W.; Wang, Y.; Zhang, D.; Yu, W.; Chen, G.; Xie, T.; Liu, Z.; Ma, Z.; Du, J.; Chao, B.; et al. Mapping the potential of mangrove
forest restoration based on species distribution models: A case study in China. Sci. Total Environ. 2020, 748, 142321. [CrossRef]

30. Wang, G.; Zhang, D.; Khan, J.; Guo, J.; Feng, Q.; Sun, Y.; Li, B.; Wu, Y.; Wu, Z.; Zheng, X. Predicting the Impact of Climate
Change on the Distribution of a Neglected Arboviruses Vector (Armigeres subalbatus) in China. Trop. Med. Infect. Dis. 2022, 7, 431.
[CrossRef]

31. Mweya, C.N.; Kimera, S.I.; Stanley, G.; Misinzo, G.; Mboera, L.E.G. Climate Change Influences Potential Distribution of Infected
Aedes aegypti Co-Occurrence with Dengue Epidemics Risk Areas in Tanzania. PLoS ONE 2016, 11, e0162649. [CrossRef]

32. Kamal, M.; Kenawy, M.A.; Rady, M.H.; Khaled, A.S.; Samy, A.M. Mapping the global potential distributions of two arboviral
vectors Aedes aegypti and Ae. albopictus under changing climate. PLoS ONE 2018, 13, e0210122. [CrossRef] [PubMed]

33. Liu, Q.; Zhang, H.D.; Xing, D.; Jia, N.; Du, Y.T.; Xie, J.W.; Wang, M.; Li, C.X.; Zhao, T.; Jiang, Y.T.; et al. The predicted potential
distribution of Aedes albopictus in China under the shared socioeconomic pathway (SSP)1-2.6. Acta Trop. 2023, 248, 107001.
[CrossRef] [PubMed]

34. Merow, C.; Smith, M.J.; Silander, J.A. A practical guide to MaxEnt for modeling species’ distributions: What it does, and why
inputs and settings matter. Ecography 2013, 36, 1058–1069. [CrossRef]

35. Montarsi, F.; Martini, S.; Dal Pont, M.; Delai, N.; Ferro Milone, N.; Mazzucato, M.; Soppelsa, F.; Cazzola, L.; Cazzin, S.; Ravagnan,
S.; et al. Distribution and habitat characterization of the recently introduced invasive mosquito Aedes koreicus [Hulecoeteomyia
koreica], a new potential vector and pest in north-eastern Italy. Parasit Vectors 2013, 6, 292. [CrossRef]

36. Suter, T.; Flacio, E.; Fariña, B.F.; Engeler, L.; Tonolla, M.; Müller, P. First report of the invasive mosquito species Aedes koreicus in
the Swiss-Italian border region. Parasit Vectors 2015, 8, 402. [CrossRef]

37. Bezzhonova, O.V.; Bezzhonova, O.V.; Patraman, I.V.; Ganushkina, L.A.; Vyshemirskiı̆, O.I.; Sergiev, V.P. The first finding of
invasive species Aedes (Finlaya) koreicus (Edwards, 1917) in European Russia. Meditsinskaia Parazitol. Parazit. Bolezn. 2014, 1, 16–19.

38. Negri, A.; Arnoldi, I.; Brilli, M.; Bandi, C.; Gabrieli, P.; Epis, S. Evidence for the spread of the alien species Aedes koreicus in the
Lombardy region, Italy. Parasit Vectors 2021, 14, 534. [CrossRef]

39. Spanoudis, C.G.; Andreadis, S.S.; Tsaknis, N.K.; Petrou, A.P.; Gkeka, C.D.; Savopoulou-Soultani, M. Effect of Temperature on
Biological Parameters of the West Nile Virus Vector Culex pipiens form ‘molestus’ (Diptera: Culicidae) in Greece: Constant vs.
Fluctuating Temperatures. J. Med. Entomol. 2019, 56, 641–650. [CrossRef]

40. Arnoldi, I.; Negri, A.; Soresinetti, L.; Brambilla, M.; Carraretto, D.; Montarsi, F.; Roberto, P.; Mosca, A.; Rubolini, D.; Bandi, C.;
et al. Assessing the distribution of invasive Asian mosquitoes in Northern Italy and modelling the potential spread of Aedes
koreicus in Europe. Acta Trop. 2022, 232, 106536. [CrossRef]

41. Marcantonio, M.; Metz, M.; Baldacchino, F.; Arnoldi, D.; Montarsi, F.; Capelli, G.; Carlin, S.; Neteler, M.; Rizzoli, A. First
assessment of potential distribution and dispersal capacity of the emerging invasive mosquito Aedes koreicus in Northeast Italy.
Parasit Vectors 2016, 9, 63. [CrossRef]

42. Kurucz, K.; Zeghbib, S.; Arnoldi, D.; Marini, G.; Manica, M.; Michelutti, A.; Montarsi, F.; Deblauwe, I.; Van Bortel, W.; Smitz, N.;
et al. Aedes koreicus, a vector on the rise: Pan-European genetic patterns, mitochondrial and draft genome sequencing. PLoS ONE
2022, 17, e0269880. [CrossRef]

43. Marini, G.; Arnoldi, D.; Baldacchino, F.; Capelli, G.; Guzzetta, G.; Merler, S.; Montarsi, F.; Rizzoli, A.; Rosà, R. First report of the
influence of temperature on the bionomics and population dynamics of Aedes koreicus, a new invasive alien species in Europe.
Parasit Vectors 2019, 12, 524. [CrossRef] [PubMed]

44. Marini, G.; Arnoldi, D.; Inama, E.; Rizzoli, A. Diapause characterization in the invasive alien mosquito species Aedes koreicus: A
laboratory experiment. Parasit Vectors 2022, 15, 315. [CrossRef] [PubMed]

45. Hausfather, Z.; Marvel, K.; Schmidt, G.A.; Nielsen-Gammon, J.W.; Zelinka, M. Climate simulations: Recognize the ‘hot model’
problem. Nature 2022, 605, 26–29. [CrossRef] [PubMed]

46. IPCC. Climate Change 2021: The Physical Science Basis. Chapter 4: Future Global Climate: Scenario-Based Projections and
Near-Term Information. Available online: https://www.ipcc.ch/report/ar6/wg1/chapter/chapter-4/ (accessed on 26 August
2023).

47. Hoegh-Guldberg, O.; Jacob, D.; Taylor, M.; Guillén Bolaños, T.; Bindi, M.; Brown, S.; Camilloni, I.A.; Diedhiou, A.; Djalante,
R.; Ebi, K.; et al. The human imperative of stabilizing global climate change at 1.5 ◦C. Science 2019, 365, eaaw6974. [CrossRef]
[PubMed]

48. Baldacchino, F.; Caputo, B.; Chandre, F.; Drago, A.; della Torre, A.; Montarsi, F.; Rizzoli, A. Control methods against invasive
Aedes mosquitoes in Europe: A review. Pest Manag. Sci. 2015, 71, 1471–1485. [CrossRef]

49. Miner, J.J.; Aw-Yeang, H.X.; Fox, J.M.; Taffner, S.; Malkova, O.N.; Oh, S.T.; Kim, A.H.J.; Diamond, M.S.; Lenschow, D.J.; Yokoyama,
W.M. Chikungunya viral arthritis in the United States: A mimic of seronegative rheumatoid arthritis. Arthritis Rheumatol. 2015,
67, 1214–1220. [CrossRef]

50. Kuehn, B.M. Chikungunya virus transmission found in the United States: US health authorities brace for wider spread. JAMA
2014, 312, 776–777. [CrossRef]

https://doi.org/10.1016/j.ecolmodel.2005.03.026
https://doi.org/10.3390/insects12070600
https://doi.org/10.1016/j.scitotenv.2020.142321
https://doi.org/10.3390/tropicalmed7120431
https://doi.org/10.1371/journal.pone.0162649
https://doi.org/10.1371/journal.pone.0210122
https://www.ncbi.nlm.nih.gov/pubmed/30596764
https://doi.org/10.1016/j.actatropica.2023.107001
https://www.ncbi.nlm.nih.gov/pubmed/37634685
https://doi.org/10.1111/j.1600-0587.2013.07872.x
https://doi.org/10.1186/1756-3305-6-292
https://doi.org/10.1186/s13071-015-1010-3
https://doi.org/10.1186/s13071-021-05031-7
https://doi.org/10.1093/jme/tjy224
https://doi.org/10.1016/j.actatropica.2022.106536
https://doi.org/10.1186/s13071-016-1340-9
https://doi.org/10.1371/journal.pone.0269880
https://doi.org/10.1186/s13071-019-3772-5
https://www.ncbi.nlm.nih.gov/pubmed/31694685
https://doi.org/10.1186/s13071-022-05376-7
https://www.ncbi.nlm.nih.gov/pubmed/36068549
https://doi.org/10.1038/d41586-022-01192-2
https://www.ncbi.nlm.nih.gov/pubmed/35508771
https://www.ipcc.ch/report/ar6/wg1/chapter/chapter-4/
https://doi.org/10.1126/science.aaw6974
https://www.ncbi.nlm.nih.gov/pubmed/31604209
https://doi.org/10.1002/ps.4044
https://doi.org/10.1002/art.39027
https://doi.org/10.1001/jama.2014.9916


Trop. Med. Infect. Dis. 2023, 8, 471 14 of 14

51. Gubler, D.J. The continuing spread of West Nile virus in the western hemisphere. Clin. Infect. Dis. 2007, 45, 1039–1046. [CrossRef]
52. Stoops, C.A.; Kim, M.S.; Mahabir, S.; Chong, S.T.; Cinkovich, S.S.; Carder, J.B. CDC Bottle Bioassays for Detection of Insecticide

Resistance in Culex pipiens, Aedes albopictus, and Aedes koreicus Collected on US Army Garrisons, Republic of Korea. J. Am. Mosq.
Control Assoc. 2017, 39, 208–211. [CrossRef]

53. Damiani, C.; Cappelli, A.; Comandatore, F.; Montarsi, F.; Serrao, A.; Michelutti, A.; Bertola, M.; Mancini, M.V.; Ricci, I.; Bandi, C.;
et al. Wolbachia in Aedes koreicus: Rare Detections and Possible Implications. Insects 2022, 13, 216. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1086/521911
https://doi.org/10.2987/23-7119
https://doi.org/10.3390/insects13020216
https://www.ncbi.nlm.nih.gov/pubmed/35206789

	Introduction 
	Materials and Methods 
	Mosquito Occurrence Data 
	Climate Data 
	Ecological Niche Model 
	Model Construction 
	Model Construction under Current Climate Conditions 
	Model Construction under the SSP1-2.6 Climate Scenario 
	Model Evaluation 


	Results 
	Global Predicted Suitable Areas under the Current Climatic Conditions for Ae. koreicus 
	Model Evaluation 
	Global Predicted Suitable Areas the SSP1-2.6 Climate Scenario for Ae. koreicus 
	Filtering for Environmental Factors 

	Discussion 
	Conclusions 
	References

