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ABSTRACT

Climate change may increase the risk of dengue and yellow fever transmission by urban and
sylvatic mosquito vectors. Previous research primarily focused on Aedes aegypti and Aedes
albopictus. However, dengue and yellow fever have a complex transmission cycle involving
sylvatic vectors. Our aim was to analyze how the distribution of areas favorable to both urban
and sylvatic vectors could be modified as a consequence of climate change. We projected, to
future scenarios, baseline distribution models already published for these vectors based on the
favorability function, and mapped the areas where mosquitoes’ favorability could increase,
decrease or remain stable in the near (2041-2060) and distant (2061-2080) future. Favorable
areas for the presence of dengue and yellow fever vectors show little differences in the future
compared to the baseline models, with changes being perceptible only at regional scales. The
model projections predict dengue vectors expanding in West and Central Africa and in South-
East Asia, reaching Borneo. Yellow fever vectors could spread in West and Central Africa and in
the Amazon. In some locations of Europe, the models suggest a reestablishment of Ae. aegypti,
while Ae. albopictus will continue to find new favorable areas. The results underline the need to
focus more on vectors Ae. vittatus, Ae. luteocephalus and Ae. africanus in West and Central sub-
Saharan Africa, especially Cameroon, Central Africa Republic, and northern Democratic Republic
of Congo; and underscore the importance of enhancing entomological monitoring in areas
where populations of often overlooked vectors may thrive as a result of climate changes.
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Introduction The incidence and distribution of these diseases are

The extent of occurrence of both dengue and yellow
fever, two of the most important arboviral diseases
affecting humans worldwide [1,2], has been changing
due to intensive agriculture, irrigation, deforestation,
population movements, rapid unplanned urbanization,
and phenomenal increases in international travel and
trade [3]. The mosquito species Aedes aegypti and Ae.
albopictus are considered to be main vectors of these
diseases, and so the shifting trend of both species’
ranges is of public health concern [4]. However, these
mosquitoes are not the only species transmitting den-
gue and yellow fever, as some sylvatic species are also
involved in viral spillover between non-human pri-
mates and humans [5].

Continued globalization of trade contributes to
increased risks related to the establishment of a range
of vectors [6]. Haines [7] and others in the 1980s sug-
gested that global warming could become a driving
factor for the future spread of mosquito-borne diseases.

often conditioned by the abundance and distribution
of their vectors [8,9]. Numerous modeling studies have
predicted range changes for Ae. aegypti and Ae. albopic-
tus in response to climate change [10-12]. Aedes mos-
quito vectors are currently expanding their distributions
to more temperate climates across all continents where
they now occur [13-15], also favored by the globaliza-
tion of trade through increased international travel and
shipping. Many ports and airports are easy entry points
for mosquito species such as Ae. aegypti and Ae. albo-
pictus. For example, Ae. albopictus was introduced in
Europe by the transport of tyres on ferries [16].
Predicting which might be the most favorable points
of entry in the future could be useful for surveillance
efforts. Recent research has suggested that, on average,
in the last 50 years of the 20™ century, the environmen-
tal conditions became around 1.5% more suitable for Ae.
aegypti per decade globally, which could increase to
3.2-4.4% per decade by 2050 [10]. Climate changes
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could even be forcing vectors to develop adaptation
mechanisms facilitating infection spread [17] (e.g. high
temperatures alter the activity of vectors and their biting
rate; floods alter the aquatic environment suitable for
breeding, increasing exposure to vector bites; droughts
increase the population of dipteran vectors [18]).
However, up to now, the effects of climate change on
sylvatic vectors have not been taken into account.

Areas prone to sylvatic arboviral transmission to
humans from non-human primates may be larger
than estimated [14,19]. Anthropogenic disturbance in
forests often allows the interaction of different mos-
quito communities with varying habitat preferences at
ecotonal forest edges [20]. So, any attempt to make
forecasting of dengue and yellow fever transmission
risk in geographic contexts involving tropical areas
should take both urban and sylvatic vectors into
account. These species include Ae. africanus, Ae. luteo-
cephalus, Ae. vittatus for dengue and yellow fever;
Sabethes chloropterus, Haemagogus leucocelaenus and
Hg. janthinomys for yellow fever and Ae. niveus for
dengue [21].

In this context, the objectives of this research are to
answer the following questions: (1) Which mosquito
species could be implicated in future increases in the
risk of transmission for dengue and yellow fever due to
climate change?, and (2) Where would these increases
most likely occur?

Methods
Baseline vector models

In order to analyze the effect of climate change on
dengue and yellow fever vector distributions, we
took into account the favorability models for these
species published for the period 2001-2017 [14,19],
henceforth referred to as the baseline models. These
models were based on the favorability concept, which
permits model combination through fuzzy logic opera-
tions [22]. This capacity allowed Aliaga-Samanez and
colleagues [14,19] to integrate information on vectors,
reservoir species and environmental variables in the
geographic analysis of disease transmission risk. Vector
favorability models represent the degree of environ-
mental favorability for vector species to occur on a grid
of 18,874 hexagons of 7,774-km? covering the whole
World. Favorability is defined as the degree to which
local conditions allow a higher or lower local probabil-
ity than expected by chance (see below, equation (1)).
This chance probability is defined as the total preva-
lence of the analyzed event [22]. Here, for each vector
species, the total prevalence is the number of hexa-
gons with presences divided by the number of hexa-
gons in the study area. The baseline models
considered Ae. aegypti and Ae. albopictus, and known
sylvatic vector species (Ae. africanus, Ae. luteocephalus,

Ae. niveus, Ae. vittatus, Sabethes chloropterus,
Haemagogus leucocelaenus and Hg. janthinomys) (see
Table S1).

Forecasting the future distribution of vectors

In order to make forecasts for each of these species
mentioned above, we recalculated favorability
values (F) using the same equation as defined in
the baseline models [14,19], replacing the values of
climate variables in each hexagon according to pre-
dictions by the Intergovernmental Panel on Climate
Change (IPCC) [23] (see below for details). Those
baseline models [14,19] are defined by the follow-
ing equation:

F =exp(y)/[(n1/n0) + exp(y)] (1)

where n1 and n0 are, respectively, the number of pre-
sences and absences considered as dependent vari-
ables for model training, and y is a linear
combination of predictor variables. The y equations
for every species can be seen in Tables S2 and S3.
Values for the non-climatic variables (i.e. Human
Concentration, Infrastructures, Livestock, Topography,
Agriculture, Ecosystem Types) forming part of the
model were assumed not to change in the future
period considered, thereby isolating the effect of
a changing climate (Table S4). To consider uncertain-
ties in our forecasts according to a range of variation in
climatic predictions, we used climatic variable values
from different climate change scenarios based on IPCC
reports [24]. We used different Representative
Concentration Pathways (RCPs) and atmosphere -
ocean General Circulation Models (GCMs) over two
time periods, namely to 2041-2060 (‘near future’) and
to 2061-2080 (‘distant future’). RPCs represent differ-
ent pathways of future emissions assuming different
levels of greenhouse gas emissions and socio-
economic development, leading to distinct climate
outcomes and impacts. We considered two emissions
scenarios: a stabilized emissions scenario RCP 4.5, and
a high emissions scenario RCP 8.5. According to
McSweeney et al. [25] and Sanderson et al. [26] we
selected five GCMs that provided predictions available
for the whole World and with the lowest detected
biases in the available GCMs with respect to actual
climate data (see Table S4) [25,26]: CESM1-CAM5,
CNRM-CM5, FIO-ESM, GFDL-CM3, MPI-ESM-LR. The
GCMs and RCP scenarios were taken from
Climatologies at High resolution for the Earth Land
Surface Areas (CHELSA) free high resolution climate
data [27-30]. The basal model for each vector species
was therefore projected to a total of 10 GCM-RCP
scenario combinations per future period. Finally,
a climate change forecast consensus was calculated
using average favorability values of the 10 projections
for a given period. For every disease and time period,



a projected model to the future was obtained by com-
bining the corresponding single-vector consensual
forecasts with each other using the fuzzy logic opera-
tor ‘fuzzy union’ [31], which is equivalent to assigning
the highest favorability value in each hexagonal unit.

Expected rates of change in favourability

We mapped the expected increment of favorability by
calculating the difference between forecasted favor-
ability values (i.e. for 2041-2060 or 2061-2080) and
those in the baseline model (2001-2017). In order to
quantify to what extent the current favorability (Fy) is
modified globally in the future forecasts (F), we calcu-
lated the fuzzy parameters (parameters defined in
terms of membership in fuzzy sets) of increment and
maintenance according to the equations [23,32]:

~ c(Fr) —c(Fo) _ c(FrnFo)
IiC(T)O andM—To)o,

where | represents the global rate of increment in
favorability, and M represents the global rate of main-
tenance of the original values. The factor c(F,) is the
cardinality of the F, model or model projection — where
favorability is treated as a fuzzy set [31] - that is, the
sum of all the hexagons’ favorability values (which, in
turn, are treated as degrees of membership in the fuzzy
set of hexagons favorable for the presence of vectors).
The intersection between future (Fy) and present (Fp)
favorability values, which is needed to calculate M, is
defined as followed:

Ft N Fo = Min(F¢, Fo)

Positive increment values (/) indicate a net increase in
favorability, that is, a gain of favorable areas; whereas
negative values mean a net loss of favorable areas. The
maintenance values (M) indicate the degree of overlap
between present and forecasted favorable areas.

Uncertainty in the forecasts

The local degree of uncertainty of forecasts resulting
from a consensus based on averages (see above), was
mapped by calculating the standard deviation, for
each spatial unit, of the 10 possible favorability values
projected for a given period (5 GCMs x 2 RCP scenar-
ios). This standard deviation was interpreted as
a measure of the reliability of forecasts in each hexa-
gonal unit.

Results

Ae. aegypti and Ae. albopictus models projected
into the future

Favorable areas for Ae. aegypti, according to the models
projected into the future for the periods 2041-2060 and
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2061-2080 show little differences compared to the 2001-
2017 baseline, with changes being perceptible only at
regional scales (Figures 1 and S1). The models suggest
that the areas currently favorable for the presence of Ae.
aegypti are expected to remain that way from now to
2080 (maintenance index value, M= 0.96). In the near
future (2041-2060), there could be a slight global net
loss of favorability (increment index value, 1=-0.03);
whereas a positive increase (I=0.075) is expected in the
distant future (2061-2080). This increase would affect
some regions of the Amazon basin and of Central Africa
where favorability values, currently being intermediate-
low, would turn into intermediate-high (Figures 1 and S1).
Extensive areas of the United States, Europe, and Australia
could experience a favorability increase of 0.01 to 0.03
(Fig. S1) although most parts of these regions would
remain unfavorable for the presence of Ae. aegypti
(Figure 1).

Expected changes for Ae. albopictus are much lower
(Figure 1). Favorable areas for this species are expected
to remain unchanged (M > 0.99 in both future periods),
while the global net gain in favorability could be slight,
and would take place in the near future (I1=0.019 for
the period 2041-2060; | = 0.020 for the period 2061-
2080) (Figure S1).

Sylvatic vector models projected into the future

Changes predicted for sylvatic vectors depend on
the mosquito species analyzed (Figure 1). In
America, favorable areas for Haemagogus janthi-
nomys and Hg. leucocelaenus show no change with
respect to the baseline (Figure S2). In contrast, high-
favorability areas for Sabethes chloropterus in
Central and South America seem to increase pro-
gressively north and southward (1=0.073 for the
period 2061-2080) (Figure S2). In Africa and Asia,
changes could be negligible in the near future,
whereas a little increase is expected in the distant
future. This would be a north and southward
increase in Central Africa for Ae. luteocephalus
(I = 0.2) and for Ae. africanus (0.12); and a south
and eastward increase in Asia for Ae. niveus (I=
0.09). Ae. vittatus, which has populations in
Europe, Africa and Asia, could experience a slight
favorability increase elsewhere in the more distant
future (1=0.06) (Figure 1 and Figure S2).

Combined vector models projected into the future

The models combining predictions for all the vectors of
dengue show that areas currently favorable to the
presence of these species will remain so in the near
(2041-2060) and the distant (2061-2080) futures (both
M >0.98). Despite favorability decreasing globally
slightly in the near future (I=-0.006), favorability
could increase locally by more than 7% in the north
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Figure 1. Vector model future projections for the periods 2041-2060 and 2061-2080. Models of mosquitoes Ae. aegypti and Ae.
albopictus, and of sylvatic species (Hg. janthinomys, Hg. leucocelaenus, Sa. chloropterus, Ae. luteocephalus, Ae. africanus, Ae. vittatus,
Ae. niveus) for the current time (2001-2017) and average model projections into the future for the periods 2041-2060 and 2061-
2080. Yellow triangles represent yellow fever vectors and red drops represent dengue vectors.

of West Africa and at the southern limits of the
Himalayas (Figure 2c and S3). However, this increase
would not produce a noteworthy enlargement of high-
favorability areas (compare Figures 2a and b). In the
more distant future, a 5% favorability increase is
expected (I=0.05), and so new areas could become
favorable for the presence of dengue vectors in large
areas of West and Central Africa and in South-East Asia,
reaching Borneo (Figure 2c and S3).

Combined predictions for yellow fever vectors
(Figure 3b) show a similar pattern to that of dengue.
Favorable areas are predicted to remain unchanged in
both future periods (M > 0.97). Global favorability values
could decrease slightly in the near future (I=-0.01), but
might increase in the distant future (I=0.03). This
increase is expected to affect principally the Amazon
basin and West and Central Africa (Figure 3c). The mod-
els indicate, instead, a regional favorability decrease of
more than 0.01 points in coastal areas of Chile and Peru.

According to the uncertainty analysis, variations
between scenario-model combinations in the near
future mostly occur in the areas where average favor-
ability is predicted to increase. In the more distant
future, there is more consistency between projections,
and high variations only occur in some areas of West
and Central Africa (Figures 2d and 3d). Some uncer-
tainty is also observed at the southern limits of the
Himalayas in predicted values regarding vectors trans-
mitting the yellow fever virus.

Discussion

This study is the first to analyze the effect of climate
change on the distribution of all mosquito species trans-
mitting dengue and yellow fever. Our projections for Ae.
albopictus and Ae. aegypti predict that climate change
could allow these species to expand into some previously
unoccupied temperate areas (Figure 1). In addition, our
projections have also detected species of sylvatic mos-
quitoes that may experience distribution changes, and
could thus contribute to increasing disease transmission
risk. This has implications for surveillance in the future.

Despite the insights gained from a macro-scale ana-
lysis (spatial resolution: 7,774 km?), there are limita-
tions to its ability to capture micro-scale
environmental conditions that may influence vector
distribution. It is important to recognize that the
results here cannot comprehensively address local-
level complexities but rather provide a biogeographic
overview. This could partially explain gaps between
our results and those of other authors that are men-
tioned below. It is also necessary to interpret with
caution the relevance of these models regarding
human health, as vectors alone do not allow us to
predict areas prone to disease transmission to humans.
For this, the effects of climate change on vectors
should be combined with that on other factors influen-
cing anthroponotic and zoonotic transmission (see
Aliaga-Samanez et al. [14,19]).
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Figure 2. Dengue vector model projections into the future for the periods 2041-2060 and 2061-2080. (a) Vector model for the
current time (2001-2017), (b) average model projections into the future for the periods 2041-2060 and 2061-2080, (c) areas
where favourability increases and decreases in the future relative to the present. Difference between the future projection and the
current model. I: increment rate; M: maintenance rate. Positive values of | indicate a net increase in favourability, that is, a gain in
favourable areas, whereas negative values of | mean a net loss of favourable areas. M indicates the degree to which the favourable
areas in the current model overlap with the favourable forecasted areas. (d) Uncertainty of the vector model in the period 2041-
2060 and 2061-2080. SD: standard deviation. Zoomed maps of a regional scale can be found in the Supplemental Material.

The favorability models on which our projections
have been based are diverse regarding the climatic
predictor variables involved. While some species
could be mostly affected by precipitation (e.g. Ae.
albopictus, Ae africanus), others could be mostly influ-
enced by temperature (e.g. Ae. luteocephalus) or by
both temperature and precipitation (e.g. Ae. aegypti)
(Table S2). Besides, there is substantial heterogeneity
between species in the fine-scale spatial patterns
derived from climate change. For example, currently,
Ae. aegypti has stable populations in all South
American countries, while Ae. albopictus has not yet
been detected in Peru, Ecuador, Chile, Bolivia and
Uruguay, yet is already present in neighboring coun-
tries. Aliaga-Samanez et al. [14] describe an increase in
favorable territories for both Aedes species, from the

Brazilian coast to the Amazon basin during the last 20
years. According to our model projections, the Amazon
basin could remain favorable for both species in the
two future periods analyzed. In particular, the Amazon
could become even more favorable for Ae. aegypti,
reaching intermediate-high values in Colombia, Peru
and Brazil (Figure 1). These results suggest that tem-
perature changes might have already favored the
recent spread of Aedes species in the area, despite
other studies predicting no new relevant variations in
distribution under climate change in South America
[33]. In North America, in contrast to Kraemer et al.
(2019) [34], who predict an expansion of Ae. aegypti
between 2020 and 2050 in the United States, our
projections are more conservative. We only predict
a relevant increase in favorability for this species in
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Figure 3. Yellow fever vector model future projections for the periods 2041-2060 and 2061-2080. (a) Vector model for the current
time (2001-2017), (b) average model projections into the future for the periods 2041-2060 and 2061-2080, (c) areas where
favourability increases and decreases in the future relative to the present. Difference between the future projection and the
current model. I: increment rate; M: maintenance rate. Positive values of | indicate a net increase in favourability, that is, a gain in
favourable areas, whereas negative values of | mean a net loss of favourable areas. M indicates the degree to which the favourable
areas in the current model overlap with the favourable forecasted areas. (d) Uncertainty of the vector model in the period 2041-
2060 and 2061-2080. SD: standard deviation. Zoomed maps of a regional scale can be found in the Supplemental Material.

the distant future, after 2060 (Fig. S1). Instead, both our
projections and Kraemer and collaborators suggest an
increase in favorability for Ae. albopictus starting in the
near future (Fig. S1).

In Asia, our models forecast an increase of favorabil-
ity for Ae. aegypti in territories to the east and south of
China (Figure 1), which is consistent with Liu et al.’s
[35] results. De Guilhem de Lataillade et al. [36]
observed that Ae. aegypti populations in Singapore,
Taiwan, Thailand and New Caledonia are competent
vectors for yellow fever transmission in that region of
Asia and the Pacific, and our models also predict
a slight increase in those countries, especially in
Thailand (Figure 1). Bonnin et al. [37] found that Ae.
aegypti and Ae. albopictus densities will increase in
Southeast Asia due to future temperature increases.

They also predict Ae. aegypti densities will increase
from 25% (with climate mitigation measures) to 46%
without, with smaller increases of 13% and 21% for Ae.
albopictus. On Reunion Island, our projections predict
a slight increase in favorability for Ae. albopictus in
both future time periods, agreeing with Lamy et al.
[38] who found that Ae. albopictus abundance will
increase in 2070-2100. Central Africa could also see
a spread of favorable areas for Ae. aegypti (Figure 1).
Gaythorpe et al. [39] report that Central Africa Republic
is one of the countries most likely to see an increase in
yellow fever transmission. Unfortunately, Africa lacks
uniform surveillance policies [40]. The results of this
work could therefore be used to highlight territories
where surveillance efforts should be focused. In
Europe, in the distant future, our projections predict



that Ae. aegypti could find favorable areas in Spain, the
Netherlands and Portugal and, more intensively, in
Italy, Turkey and Greece (Fig. S1). This agrees with
Kraemer et al.s [34] suggestion that, around 2080,
this species could become established in Italy and
Turkey. Ae. albopictus is already established in many
European countries and will surely continue to find
favorable areas in the future. Favorability is predicted
to increase after 2040 in central Europe, in countries
such as France, Germany, Belgium and United
Kingdom. Kraemer et al. [34] also forecasted Ae. albo-
pictus to spread widely across Europe, reaching large
parts of France and Germany.

Focusing on the response of sylvatic mosquitoes to
climate changes (Figures 1, 2 and 3), Ae. niveus and Ae.
vittatus should be subject to survey as dengue vectors in
Asia, where areas favorable to their presence could
spread in the hinterlands of India, in the south-east of
China, and in the South-Asian countries, especially in
Borneo. In west and central sub-Saharan Africa, according
to our results, attention should be paid to the three
sylvatic vectors of dengue and yellow fever, Ae. vittatus,
Ae. luteocephalus and Ae. africanus, especially in
Cameroon, Central Africa Republic and north of
Democratic Republic of Congo. However, the current
entomological capacity in Africa is primarily focused on
malaria vectors, and most countries lack routine surveil-
lance programs, trained personnel and control activities
focusing on Aedes and the viruses they transmit [41]. As
outbreaks of Aedes-borne arboviruses continue to
increase in Africa, it would be critical to establish a solid
public health entomology infrastructure for Aedes mos-
quitoes to contain and prevent further outbreaks [42].

Both in Africa and in Asia, the most relevant
changes are forecasted for the distant future
(2061-2080), but in South America, the increase in
favorability for the yellow fever vector Sabetes chlor-
opterus, forecasted for the jungle areas of Bolivia,
Peru and Brazil, could start in the near future. The
climatic conditions could become, however, less
favorable for this species in western Peru and
Bolivia. On the other hand, our models suggest no
change in favorable zones for Hg. janthinomys.
Sadeghieh et al. [43] suggest that many areas in
Brazil will become unsuitable for Haemagogus spp.
to survive and suboptimal for yellow fever virus
replication under climate change. We therefore sug-
gest that surveillance and prevention measures
planned by the Pan American Health Organization
(PAHO) for urban mosquitoes also include specifica-
tions and survey planning for Sa. chloropterus. In
Brazil, sylvatic yellow fever outbreaks that have
occurred since 2017 highlight the need to
strengthen surveillance for zoonotic yellow fever in
non-human primates [19,44].

Such variation has implications for how climate
change may influence establishment success in areas
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currently absent from urban mosquito species. For
example, taking into account that some of the most
important ports in Europe are located in Barcelona,
Rotterdam, Valencia, and Antwerp [45], these could
be important points for establishment of Ae. aegypti
in case of accidental entry. There is already evidence of
accidental arrivals of this mosquito species in northern
Europe. For instance, in 2010 national surveillance in
the Netherlands detected the presence of Ae. aegypti
in a shipment of tires from Miami [46,47], and in 2016,
Ae. aegypti was again detected in the Netherlands at
the Schiphol International airport [48]. Da Re et al. [49]
assessed the probability that Ae. aegypti, which cur-
rently occurs just on the east coast of the Black Sea,
Turkey, Bulgaria and Russia [50], spread through con-
tinental Europe. They selected five European ports
taking into account environmental conditions and
the economic importance of the harbors, and sug-
gested that the city most likely to be at risk of estab-
lishment was Barcelona, followed by Algeciras. Our
results concur. In Europe our model suggests that
Barcelona, Algeciras, Venice, Sardinia, Antwerp,
Naples and the west coast of Portugal are favorable
areas (0.2<F <0,5) for the presence of Ae. aegypti
(Figure 1). In addition, we detect areas with intermedi-
ate-high favorability values (0.5<F <0.8) in Valencia,
Rotterdam, Istanbul and Naples (Figure 1). For Ae.
albopictus, favorable conditions are predicted to
occur in the 7 countries where it is not yet established,
which will continue to be favorable through to 2080
(Figure 1).

For Ae. aegypti, re-introduction in Europe is possible
with many pathways and entry points. The question is
whether, once the introduction has happened, envir-
onmental conditions are suitable for the species to
establish successfully. Although Da Re et al. [49]
detected that the areas of Genoa, Venice and
Rotterdam are not suitable for establishment of Ae.
aegypti populations now, they suggested that climate
change could create conditions for a future invasion
because temperatures could reach values above the
threshold limiting population establishment [51]. Both
Campbell et al. [8] and Ryan et al. [11] concur that the
potential distribution of Ae. aegypti under future con-
ditions could increase in most of Europe, even reach-
ing the north of the continent as a consequence of
climate change. However, our model projections for
2060 and 2080 continue to predict the same favorable
areas that are currently suitable. According to our
models, the risk of Ae. aegypti new introduction in
Europe would remain concentrated principally in
urban areas. Most of the cities outlined by these mod-
els are equipped with large harbors and/or airports,
which could eventually favor the arrival of this species
more than climate changes.

Similarly, the introduction of Ae. aegypti in the
Canary Islands, northwest of Africa, has so far not
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lead to establishment. In early 2022, Ae. aegypti larvae
were detected in La Palma, one of the Canary Islands,
but extensive entomological surveillance work has not
detected any life-stage since [52]. Also in 2022, this
species was detected on another of the Canary
Islands, in Tenerife, but reinforced entomological sur-
veillance has not detected further occurrence there
[53]. The high level of regular communication with
nearby endemic regions such as Madeira Island
(Portugal) and, to a lesser extent, with the archipelago
of the Republic of Cape Verde, means that there is
a real risk of introduction of the vector to the
islands [53].

In South America, Ae. aegypti has been introduced
and established in new regions of Peru in recent years,
and also at new altitudes. This happened in Piura
(North of the country) and in Huanuco (Centre-East),
at 1,959 and 2,227 meters above sea level, respectively
[54]. In 2022, the number of dengue cases in Peru
exceeded that of the previous year [55]. Our models
predict an increase in favorability for Ae. aegypti in
different regions of Peru for both future periods
(Figure 1), which could increase the number of dengue
cases in the following years. In this scenario, the Pan
American Health Organization (PAHO) has established,
since 2019, a manual for indoor residual spraying in
urban areas for the control of Ae. aegypti in American
regions [44].

The situation for Ae. albopictus is different. The
establishment of Ae. albopictus in western South
America, in countries such as Peru, could further
favor the risk of dengue and yellow fever transmission,
in addition to favoring the link between the urban and
sylvatic cycle, since Ae. albopictus acts as a ‘bridge
vector’. Our models do not predict a change in the
favorable zones with respect to the baseline model,
predicting that it will continue to be favorable in both
future periods in southeastern Peru (Figure 1). Peru has
reinforced surveillance measures on the borders with
Brazil and Colombia, has developed a technical stan-
dard for entomological surveillance and control of Ae.
aegypti and surveillance of the entry of Ae. albopictus
into the national territory [56]. In Ecuador, this species
was reported for the first time in 2017 in Guayaquil,
and is currently expanding its distribution in the coun-
try [57,58]. Guayaquil is a coastal city and has the main
port in the country, responsible for more than 80% of
exports, and vulnerable to invasive species [58]. In
Australia, our models predict that Ae. albopictus will
find favorable areas in eastern Australia in the future
(Figure 1), agreeing with Laporta et al. [59]. However,
the Australian government has had a well-structured
control plan in place since 2005 which has resulted in
the successful suppression of Ae. albopictus popula-
tions at major transport hubs in the Torres Strait [60].
In Europe, this species has established stable popula-
tions since 1979, probably introduced via the Durres

Port (Albania) through the entry of goods from China
[61]. Ae. albopictus has now been introduced in 33
European countries and is established in 26. This spe-
cies might have caused dengue outbreaks already in
France, Italy and Croatia and autochthonous cases in
Spain [62,63]. In 2022, an increase in imported cases of
dengue from Cuba was detected in Europe due to
limited fumigation in Cuba [64], and, at the beginning
of 2023, autochthonous cases were detected for the
first time in Ibiza (Balearic Islands).

According to the WHO, funding is needed in south-
eastern Asia for strengthening surveillance, reporting
and vector management [65], as a response to the
increased burden of dengue experienced since 2011
[66], and although no autochthonous yellow fever
cases have been reported in the Asia-Pacific regions,
surveillance for imported cases is recommended. The
combination of repeated introductions of imported
cases, an immunologically naive local population in
an environment suitable for transmission, and climate
change that will continue to favor its presence in the
future could increase the risk of yellow fever occur-
rence in Asia.

Conclusions

Climate change could potentially modify and increase
the risk of zoonotic diseases through its effects on
vector distributions. Our study suggests that most of
the area favorable to the presence of these species
could remain the same, but increases in favorability
could occur particularly in Thailand, Peru, Colombia,
Brazil, China, India, Central African Republic, Spain,
Italy, Netherlands, and Portugal. Ae. aegypti, Ae. albo-
pictus, Ae. vittatus, Ae. luteocephalus, Ae. africanus, Ae.
niveus and Sa. chloropterus, according to our analysis,
will find new favorable areas or favorability will
increase in currently occupied areas. Our results sug-
gest the need to reinforce entomological surveillances
in areas in which populations of vectors that are
usually neglected could establish as climate changes.
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