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A B S T R A C T

Objectives: The objective of this study was to map the global risk of the major arboviral diseases

transmitted by Aedes aegypti and Aedes albopictus by identifying areas where the diseases are reported,

either through active transmission or travel-related outbreaks, as well as areas where the diseases are not

currently reported but are nonetheless suitable for the vector.

Methods: Data relating to five arboviral diseases (Zika, dengue fever, chikungunya, yellow fever, and Rift

Valley fever (RVF)) were extracted from some of the largest contemporary databases and paired with data

on the known distribution of their vectors, A. aegypti and A. albopictus. The disease occurrence data for the

selected diseases were compiled from literature dating as far back as 1952 to as recent as 2017. The

resulting datasets were aggregated at the country level, except in the case of the USA, where state-level

data were used. Spatial analysis was used to process the data and to develop risk maps.

Results: Out of the 250 countries/territories considered, 215 (86%) are potentially suitable for the survival

and establishment of A. aegypti and/or A. albopictus. A. albopictus has suitability foci in 197 countries/

territories, while there are 188 that are suitable for A. aegypti. There is considerable variation in the

suitability range among countries/territories, but many of the tropical regions of the world provide high

suitability over extensive areas. Globally, 146 (58.4%) countries/territories reported at least one arboviral

disease, while 123 (49.2%) reported more than one of the above diseases. The overall numbers of

countries/territories reporting autochthonous vector-borne occurrences of Zika, dengue, chikungunya,

yellow fever, and RVF, were 85, 111, 106, 43, and 39, respectively.

Conclusions: With 215 countries/territories potentially suitable for the most important arboviral disease

vectors and more than half of these reporting cases, arboviral diseases are indeed a global public health

threat. The increasing proportion of reports that include multiple arboviral diseases highlights the

expanding range of their common transmission vectors. The shared features of these arboviral diseases

should motivate efforts to combine interventions against these diseases.

© 2017 The Authors. Published by Elsevier Ltd on behalf of International Society for Infectious Diseases.

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).

Introduction

Every year more than one billion people are infected with and

more than one million people die from vector-borne diseases, of

which mosquito-borne diseases make up a significant proportion

(World Health Organization (WHO), 2014). Aedes aegypti and Aedes

albopictus have received a great deal of attention worldwide, since

both species are efficient vectors for human arboviral diseases such

as Zika (Thangamani et al., 2016; Marchette et al., 1969; Gardner

et al., 2016; Marcondes and de FF de Ximenes,2016), dengue

(Jansen and Beebe, 2010; Rosen et al., 1983), chikungunya (Paupy

et al., 2010; Burt et al., 2012), and yellow fever (Aitken et al., 1979).

A. aegypti is also a vector for zoonotic diseases such as Rift Valley* Corresponding author.
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fever (RVF) (Mweya et al., 2013), which is considered to be one of

the more serious emerging zoonotic diseases (Pepin et al., 2010).

The arboviral diseases mentioned above are increasingly

becoming a global health concern due to their rapid geographical

spread and high disease burden. Especially over the past 30 years,

the distribution and public health impact of these arboviruses

have increased dramatically (Carlson et al., 2016; Hafiz et al.,

2016; Bhatt et al., 2013; Charrel et al., 2014; Messina et al., 2016;

Jentes et al., 2011; Nanyingi et al.,2015), due to the widespread

distribution of their vectors paired with increases in trade and

travel (Kraemer et al., 2016). A considerable number of studies

have mapped the global or regional distribution of A. aegypti and

A. albopictus, determined their ecological requirements, and

described their habitats (Khormi and Kumar, 2014; Brady et al.,

2013; Cianci et al., 2015; Rao et al., 1973; David et al., 2016; Brady

et al., 2014; Li et al.,2014). Recently, Kraemer et al. (2015a) mapped

the global distribution of A. aegypti and A. albopictus and found

that the habitat suitability range for these species is at its widest

ever, occurring in all continents including North America and

Europe.

Studies have shown strong associations between disease

occurrence and the distribution of vectors transmitting them

(Carlson et al., 2016; Messina et al., 2016). A considerable number

of studies have used these associations to develop risk maps for

arboviral diseases (Carlson et al., 2016; Bhatt et al., 2013; Charrel

et al., 2014; Messina et al., 2016; Jentes et al., 2011; Rogers et al.,

2006; Clements et al., 2007; Brady et al.,2012). Risk maps support

decision-making by helping to target disease interventions

geographically. Combining interventions known to be effective

against multiple diseases transmitted by the same vector offers the

most cost-effective and sustainable strategy for the reduction of

disease burden.

In this context, the habitat suitability of A. aegypti and A.

albopictus was combined with the occurrence of five diseases,

namely Zika, dengue, yellow fever, chikungunya, and RVF, by

compiling a comprehensive disease occurrence dataset from the

published literature and reports from different organizations

(such as WHO, CDC, ECDC, ...). The diseases focused on were

chosen based on (1) their widespread occurrence, (2) emergence

and re-emergence issues, and (3) the availability of data and

literature. As a result, Zika, dengue, yellow fever, and chikungu-

nya, the major human arboviral diseases, and RVF, a major

emerging zoonotic arboviral disease, were selected. The objec-

tive of this study was to map the global risk by identifying areas

where the diseases are reported, either through active transmis-

sion or travel-related outbreaks, as well as areas where the

diseases are not currently reported but are nonetheless suitable

for the vector.

Materials and methods

Vector occurrence data

The global occurrences of A. aegypti and A. albopictus have been

compiled and published by Kraemer et al. (2015a,b). These

previous publications contain data on the known global occur-

rences of A. aegypti and A. albopictus between 1960 and 2014. The

dataset contains 19 930 spatially unique occurrence records for A.

aegypti and 22137 for A. albopictus. We used outputs from species

distribution models (SDM) developed and applied by Kraemer

et al. (2015a) in GeoTiff raster format for use in the present study.

Kraemer and colleagues developed probabilistic global environ-

mental suitability maps for both A. aegypti and A. albopictus using

boosted regression trees (BRT) modelling and environmental

covariates at a spatial resolution of 5 km. Details regarding the

modelling approach, the environmental covariates used, and the

predictive performance of these models can be found in the

original publication (Kraemer et al., 2015a).

Disease occurrence data

A thorough review was performed based on the global

occurrence of diseases transmitted by A. aegypti and/or A.

albopictus. The data sources used in this study for each of the

five diseases are shown in the Supplementary Material (Annex 1).

In addition to the sources indicated in Supplementary Material

Annex 1, occurrence records for Zika compiled by Carlson et al.

(2016) and those for dengue compiled by Messina et al. (2014)

were used. The disease occurrence data for the selected diseases

were compiled from literature dating as far back as 1952 to as

recent as 2017. In the present study the occurrences of the diseases

under consideration were defined and classified as follows. Zika,

dengue, chikungunya, and yellow fever occurrences were classified

into four categories: (1) no known disease occurrence and no risk

of the disease, (2) no known disease occurrence but at risk

(countries/territories having a suitability range for A. aegypti and/

or A. albopictus), (3) autochthonous vector-borne transmission, and

(4) travel-related occurrence. Five categories of occurrence were

developed for RVF: (1) no known previous occurrence, (2)

countries/territories at risk (countries/territories having a suit-

ability range for A. aegypti and/or A. albopictus), (3) endemic or

previously known serious outbreaks, (4) periodic occurrence of

cases or serological evidence, and (5) travel-related occurrence.

Geoprocessing and risk mapping

Country-level disease occurrence records extracted from the

various sources noted were gathered into one dataset

Table 1

Number of countries/territories suitable for the vectors and number of countries/territories affected by the diseases, by region.

Region Number of countries/

territories

Number of countries/territories suitable

for

Number of countries/territories affected by

Aedes

aegypti

Aedes

albopictus

Either

vector

Zika Dengue

fever

Yellow

fever

Chikungunya

fever

RVF

Africa 58 56 56 57 14 36 30 26 36

Americasa 56 52 44 52 48 46 13 46 0

Asia 52 45 43 49 11 15 0 20 3

Europe 56 12 32 32 0 3 0 3 0

Oceaniab 28 23 22 25 12 11 0 11 0

Overall number of countries/

territories

250 188 197 215 85 111 43 106 39

RVF, Rift Valley fever.
a Includes Central America, North America, the Caribbean, and South America.
b Includes Australia and the Pacific islands.
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(Supplementary Material Annexes 2 and 3). To assess the number

of countries/territories at risk, the habitat suitability models of A.

aegypti and A. albopictus were compared with disease occurrence.

In order to do so, a global suitability map was created based on the

following four classes: areas suitable for both A. aegypti and A.

albopictus, areas suitable for A. aegypti, areas suitable for A.

albopictus, and areas suitable for neither A. aegypti nor A.

albopictus. As the suitability maps developed by Kraemer et al.

(2015a) featured suitability values ranging from 0 (not suitable) to

1 (highly suitable), all areas where the suitability was higher than

0.5 were considered suitable (Liu et al., 2005). In a first step, the

entire country was counted as suitable if any part of that country

showed suitability for a vector at a probability greater than 0.5. In a

second step, the proportion of suitable areas versus the entire

surface area of the country was computed. This proportion is

referred to as ‘the suitability range’ in the remainder of this article.

The following classifications were used to map the global risk of

the selected diseases: (1) countries having no known previous

diseases occurrence, (2) countries having known previous

autochthonous vector-borne transmission, (3) countries having

previous known travel-related occurrence, (4) countries having no

risk of transmission (countries/territories having no suitability

range for either of the vectors), (5) countries at risk (countries/

territories having at most 50% suitability range), and (6) countries

at high risk (countries/territories having at least 50% suitability

range). The risk maps were developed at the country level, except

for the USA, where disease reporting was available at the state

level. The geoprocessing and risk mapping were performed using

QGIS version 2.18.0 (QGIS Development Team, 2009).

Results

Habitat suitability for Aedes aegypti and Aedes albopictus

The habitat suitability model indicated that of the 250

countries/territories considered, 215 (86%) are potentially suitable

for the existence and development of A. aegypti and/or A. albopictus

(Table 1 and Supplementary Material Annex 2). The suitability of A.

albopictus was found to be most widespread, presenting suitability

foci in 197 countries/territories, compared with A. aegypti, which

demonstrated suitability foci in 188 countries/territories. As

shown in Figure 1, highly suitable areas for both A. aegypti and

A. albopictus were identified in the southern USA, Caribbean, South

America, Sub-Saharan Africa, Indian subcontinent, Southeast Asia,

and some Pacific countries. Patchy foci of suitable areas were found

in countries of Southern Europe and North Africa along the

Mediterranean coast. Moreover, considerable suitable foci were

identified in Israel, the Palestinian Authority, and areas along the

Euphrates and Tigris rivers. The coastal parts of northern Australia

also show considerable suitability. While for A. aegypti, suitable

ranges were found to be concentrated in the tropical and sub-

tropical parts of the world, the ranges for A. albopictus were found

to extend into the temperate part of the world as well, especially in

Southern Europe and the central USA.

The tropical and sub-tropical parts of the world manifested high

suitability ranges for A. aegypti and/or A. albopictus, with

percentages varying considerably among countries. Countries of

Sub-Saharan Africa, the Caribbean, and Oceania were found to

present a large suitability range, while most European, North

American, and Northern Asian countries were seen to manifest a

limited or no suitability range. Within Europe, a wide suitability

range was found in Italy, Greece, and Croatia. Countries such as

Brazil, Colombia, and Venezuela in South America, as well as others

in the Indian subcontinent, also presented considerably wider

suitability (Figure 2 and Supplementary Material Annex 2).

Arboviral disease occurrences

The occurrence of at least one of the arboviral diseases

considered was reported from 146 (58.4%) countries/territories,

of which 123 (49.2%) reported multiple diseases. The overall

number of countries/territories reporting autochthonous vector-

Figure 1. Global predicted habitat suitability of Aedes aegypti and Aedes albopictus.
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borne occurrences was 85 for Zika, 111 for dengue, 106 for

chikungunya, 43 for yellow fever, and 39 for RVF. Most of these

countries are located in tropical and sub-tropical parts of the globe

(Table 1 and Figure 3).

Zika fever

The disease has been reported from 85 countries/territories,

although 215 countries/territories are potentially suitable for the

vectors involved (Table 1). Analysis in regional blocks showed

Figure 2. Country-level suitability range for Aedes aegypti and/or Aedes albopictus: suitability ranges from 0 (white) to 100% (deep red). The percentage suitability was

computed based on all grid cells that manifested suitability levels higher than 0.5.

Figure 3. Global country-level occurrences of the selected arboviral diseases. The map depicts the occurrences of selected arboviral diseases from no occurrence, shown in

white, to the occurrence of all of the selected arboviral diseases, shown in red.

28 S. Leta et al. / International Journal of Infectious Diseases 67 (2018) 25–35



that autochthonous vector-borne transmissions of Zika cases

have been reported from all regions except Europe. In contrast to

the wide vector suitability of almost all Sub-Saharan African

countries and the specific foci of suitability present in North

African countries, the disease has so far been reported from only

14 African countries. In the case of the Americas, with the

exception of the northern part of the USA and Canada, almost all

areas were found to be potentially suitable for the vector, and

cases of the disease have been reported from most of the

countries in this region. In Asia, suitable areas were found in the

Middle East along the Euphrates and Tigris rivers, but there has

been no report of autochthonous vector-borne transmission of

the disease from this sub-region. The Indian subcontinent and

most of the countries of Southeast Asia were identified as suitable

for the vectors, and the disease has been reported from some of

these countries. Southern China and Myanmar are suitable for the

vector, but no cases of the disease have been reported from these

countries to date. Most of the Pacific (Oceania) countries are

suitable for the vector and a considerable number of cases and

even serious outbreaks of the disease have been reported from

this region (Table 1 and Figure 4). Travel-associated cases of Zika

have been reported from eight European countries (Supplemen-

tary Material Annex 2) and 48 states of the USA (Supplementary

Material Annex 3).

Dengue fever

Dengue fever was found to be the most widely distributed

disease among the five arboviral diseases considered in this

study. Autochthonous vector-borne transmission of the disease

has been reported from 111 countries/territories and all regional

blocks. Three European countries, namely Croatia, France, and

Portugal, have reported autochthonous vector-borne transmis-

sion of dengue. All Sub-Saharan African countries were found to

be suitable for the vectors, and the disease is widespread in

Africa, reported so far from 36 countries/territories. The disease

has also been reported from some North African countries,

namely Egypt, Mali, and Sudan. Furthermore, cases of the

disease have been reported from most countries in the

Americas, including the USA. In the Americas, autochthonous

vector-borne transmission of the disease has been reported

from 46 countries/territories of the 52 that were found to be

suitable for the vector. Cases of the disease have also been

reported from a considerable number of countries/territories in

Asia and Oceania (Table 1 and Figure 5). Travel-associated cases

of dengue have been reported from 16 European countries

(Supplementary Material Annex 2) and 40 states of the USA

(Supplementary Material Annex 3).

Yellow fever

Autochthonous vector-borne transmission of yellow fever has

been reported from two regions (Africa and the Americas), while

travel-associated cases have been reported from Europe and Asia.

Autochthonous vector-borne transmission of the disease has never

been reported from Europe, Asia, or Oceania, although Southern

European countries and most of Oceania were identified as suitable

for the vector(s). Yellow fever is principally a problem in African

countries; the disease has been reported from 30 African countries.

Countries of Southern Africa were found to be suitable for the

vector, but cases of the disease have not been reported from this

region. With regard to the Americas, disease cases have been

reported from 13 countries of South America. No autochthonous

vector-borne transmission of the disease has been reported from

countries of North America. In Asia, China has reported travel-

associated cases, although most of the southern and south-eastern

Asian countries/territories were found to be suitable for the vector

(s) (Table 1 and Figure 6).

Figure 4. Global Zika fever occurrence. The global distribution of Zika fever corresponds well with the global Zika risk. Discrepancies are apparent in Sub-Saharan Africa,

where there is a high risk of Zika fever but few occurrence reports. It is emphasized that displaying occurrences at the country level overstates the distribution of the virus,

especially in countries such as Argentina and Chile.
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Figure 5. Global dengue fever occurrence. The global distribution of dengue fever corresponds well with the global dengue risk. The distribution of dengue fever extends to

the temperate part of the world, with some European countries reporting its occurrence. It is emphasized that displaying occurrences at the country level overstates the

distribution of the virus, especially in China, Argentina, and Chile.

Figure 6. Global yellow fever occurrence. There are discrepancies between the global yellow fever risk and yellow fever occurrence. The discrepancies are apparent in the

southern USA, Mexico, Caribbean countries, Southern Africa, Southern Europe, the Indian subcontinent, and Southeast Asian countries, as well as Oceania. It is emphasized

that displaying occurrences at the country level overstates the distribution of the virus in Argentina.
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Chikungunya fever

Chikungunya fever is the second most widely distributed

arboviral disease after dengue fever. In total, 106 countries/

territories have reported autochthonous vector-borne transmis-

sion of the disease (Table 1). The disease has been reported from all

regions. Three European countries (France, Italy, and Spain) have

reported autochthonous vector-borne transmission of the disease.

All countries of Sub-Saharan Africa have been found to be suitable

for the vector and the disease has already established autochtho-

nous vector-borne transmission in 26 countries/territories. The

Horn of Africa (Djibouti, Eritrea, Ethiopia, and Somalia) and

countries of south-western Africa were identified as suitable for

the disease, but there have been no reports of the disease from this

region. The disease is widespread in most of the Americas: of the

52 countries/territories found suitable for the vectors, 46 have

reported autochthonous vector-borne transmission of the disease.

Of the American countries/territories at risk, Cuba, Chile, and

Uruguay are the only countries that have not reported the disease

and the other three are relatively small territories. Gulf countries

(Yemen and Saudi Arabia), India, China, and most Southeast Asian

countries have reported cases of the disease. Most of the Pacific/

Oceania countries have also reported the disease. Although there

are suitable areas in coastal Australia and Japan, no reports of the

disease have been made so far from those countries (Table 1 and

Figure 7).

Rift Valley fever (RVF)

Unlike other arboviral diseases, cases of RVF have been reported

only from countries of Africa and Asia. Specifically, RVF is

widespread in Africa, with 36 African countries having reported

cases of the disease (Table 1 and Figure 8). Iraq, Saudi Arabia, and

Yemen are the only countries that have reported cases of RVF

outside of Africa (Supplementary Material Annex 2). Despite the

extensive suitability ranges for the potential vector of RVF, A.

aegypti, in the Americas, Pacific/Oceania, and Southeast Asian

countries, no reports of RVF have been made from these regions.

Discussion

Arboviruses present an ongoing challenge to public health,

international travel, trade, and food safety and security (Gubler,

2002). In the past decades, arboviral diseases have emerged or re-

emerged, with Zika, dengue, yellow fever, chikungunya, and RVF

topping the list (Marcondes and de FF de Ximenes, 2016; Burt et al.,

2012; Carlson et al., 2016; Bhatt et al., 2013; Charrel et al., 2014;

Messina et al., 2016; Jentes et al., 2011; Nanyingi et al., 2015; Rogers

et al.,2006). The epidemiology and host–vector dynamics of

arboviral diseases are complex. The dynamics of arboviruses are

manifest in their transmission and prevalence in mosquitoes,

humans, and other reservoirs, in addition to the vectorial capacity

of these mosquitoes. A cross-reference of the habitat suitability

model of A. aegypti and A. albopictus (the two most likely globally

cosmopolitan arboviral vectors) with five important diseases that

they transmit was performed in this study.

Zika, dengue, and yellow fever are arboviral diseases caused by

closely related viruses in the genus Flavivirus (Demir and Kilic,

2016). Since its first detection in humans in Uganda and Tanzania

in 1952 and subsequently in Nigeria in 1954, Zika virus has

travelled throughout Africa and tropical Asia causing minor

outbreaks (Mlacker et al., 2016; Dick et al.,1952). The epidemiology

of Zika appears to have changed significantly since 2007, after the

first large Zika outbreak on the Pacific Island of Yap in the

Federated States of Micronesia (Duffy et al., 2009; Hayes, 2009).

Previously, Zika virus was only known to cause mild sporadic

infections in humans, but the 2015 outbreak in Brazil was

associated with severe symptoms such as neurological complica-

tions (Lover, 2016; Millichap, 2016; Johansson et al., 2016). In this

respect, the World Health Organization (WHO) declared Zika to be

Figure 7. Global chikungunya fever occurrence. The global distribution of chikungunya fever corresponds well with the global chikungunya risk, with minor discrepancies in

countries of Sub-Saharan Africa. The distribution of chikungunya fever extends to the temperate part of the world, with some European countries reporting its occurrence. It is

emphasized that displaying occurrences at the country level overstates the distribution of the virus in Argentina.
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a global public health emergency in February 2016 (WHO, 2016a),

and since then, Zika virus has received a great deal of media

attention and has become a topic of public concern for researchers

and policy-makers. Since 2007, outbreaks of Zika virus infection

have occurred in Africa, Southeast Asia, and the Pacific Islands, and

outbreaks have been ongoing in the Americas, the Caribbean,

Oceania/Pacific Islands, and Africa. The burden Zika poses on public

health is serious; in the months prior to submitting this study

(September 2016 to August 2017), over 70 countries reported

confirmed autochthonous vector-borne transmission of Zika virus

infection (ECDC, 2017).

Despite the presence of suitable habitats, vectors, and

circulating pathogens, no large-scale outbreak of Zika has been

observed in Africa since 2007. The reasons why Zika virus

continues to escape its transmission cycle in this ‘suitable’ part

of the world remain open for investigation. A partial explanation

may be the complex interaction between the vectors and

pathogens. For example, recent studies have illustrated that

infection of A. aegypti by Wolbachia restricts infection and

transmission of Zika virus (Caragata et al., 2016; Dutra et al.,

2016). In areas such as Sub-Saharan Africa, where A. aegypti and A.

albopictus co-exist, competition could also alter the epidemiology

of Zika and other arboviral diseases. Previous studies have explored

the likely competition between these two vectors and have

discussed scenarios that result in stable coexistence or competitive

displacement (Juliano et al., 2004; Murrell and Juliano, 2008). Alto

and Lounibos (2013) stated that, “competition can enhance

susceptibility of infection to arboviruses”; however, the net effect

of this type of interaction on vector competence is yet to be fully

investigated.

The present study indicated the global burden of dengue to be

extensive. According to the WHO, the incidence of dengue has

increased 30-fold over the last five decades, with up to 100 million

infections now estimated to occur globally each year; this places

almost half of the world’s population at risk (WHO, 2017a).

Previous estimates by Brady et al. (2012) and Bhatt et al. (2013) put

this figure even higher. According to Brady et al. (2012), 3.97 billion

people in 128 countries are at risk of contracting dengue, while

Bhatt et al. (2013) indicated that 390 million dengue infections

occur every year, of which only 24% manifest clinically. Given the

widespread occurrence of the competent vectors (Kraemer et al.,

2015a), it seems unlikely that these values are overestimated. The

fact that many countries report only laboratory-confirmed cases,

which represent only a small proportion of the burden, could

explain the discrepancy between these dengue burden estimates

and the dengue burden notified to the WHO. The establishment of

autochthonous vector-borne transmission in three European

countries (Croatia, France, and Portugal) indicates the likely future

spread of dengue virus. Being supported by the wider suitability

range of A. albopictus, as well as travel-associated dengue cases, the

virus could potentially establish at least limited autochthonous

vector-borne transmission in other temperate regions, with

countries of southern Europe bordering the Mediterranean Sea

appearing to have an especially elevated risk.

Yellow fever is a re-emerging haemorrhagic viral disease with a

high case fatality rate. It is an old disease, having caused major

epidemics in the past centuries. Yellow fever was effectively

controlled in the mid-1900s through vaccination and vector control.

Over the past two decades, however, there has been a resurgence of

yellow fever in Africa and Latin America (Gubler, 2004). Since 2000,

outbreaks of yellow fever have been reported from four Latin

American countries and 19 African countries. A travel-related

outbreak of yellow fever occurred in China, with workers returning

from Angola being the likely source of the 2016 outbreak. The recent

(December 2015 to October 2016) outbreak in Angola resulted in

4347 suspected cases and 377 deaths (WHO, 2016c).

The resurgence of yellow fever has not been as dramatic as

dengue or Zika. The presence of an effective, safe, and economic

Figure 8. Global Rift Valley fever (RVF) occurrence. There are discrepancies between the global RVF risk and RVF occurrence. The discrepancies are apparent in all regional

blocks except Africa.
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vaccine for yellow fever is thought to have significantly limited the

distribution and burden of this disease (Monath and Vasconcelos,

2015). The disease poses a significant hazard to unvaccinated

travellers to Africa and Latin America and unprotected individuals

in these areas. The recent expansion in the distribution of A. aegypti

and A. albopictus and a rise in air travel, have increased the risk of

the introduction and spread of yellow fever to North and Central

America, the Caribbean, Southern Europe, and many Asian

countries (Monath and Vasconcelos, 2015; Ortiz-Martínez et al.,

2017). The USA has suitable conditions in areas such as the south of

Florida and Texas, where A. albopictus is present and has been

linked to the transmission of dengue, chikungunya, and Zika. The

ongoing yellow fever outbreak in Brazil could serve as a source of

infection for the USA and other yellow fever-free countries in the

region. Due to the presence of competent vectors and the presence

of imported cases of yellow fever (Supplementary Material Annex

2), it appears likely that yellow fever may establish autochthonous

vector-borne transmission in southern European countries.

Chikungunya is the second most widespread arboviral disease

in the group, after dengue, and has been reported from 106

countries/territories. Chikungunya is endemic throughout Africa,

and over the past decade it has also spread throughout the

countries of the Indian Ocean, Asia, South Pacific, Southern Europe,

Caribbean, and Central America. The rapid emergence of the virus

has been linked to the geographical expansion of its vectors, A.

aegypti and A. albopictus (Horwood and Buchy, 2015). Human

infections in Africa have been at relatively low levels for a number

of years, but in 1999 and 2000 there was a large outbreak in the

Democratic Republic of the Congo, and in 2007 there was an

outbreak in Gabon (WHO, 2017b). In 2005, a major outbreak of

chikungunya occurred on some of the islands in the Indian Ocean.

Since 2005, India, Indonesia, the Maldives, Myanmar, and Thailand

have reported large numbers of cases. In 2007, transmission was

reported for the first time in Europe from north-eastern Italy. In

October 2014, France confirmed four cases of locally acquired

chikungunya infection in Montpellier, France (WHO, 2017b;

Grandadam et al.,2011). Due to the presence of the competent

vector, A. albopictus, in countries of Southern Europe, the disease

could establish autochthonous vector-borne transmission in

countries such as Portugal, Greece, Croatia, Montenegro, Albania,

and Slovenia. The first documented outbreak of chikungunya with

autochthonous vector-borne transmission in the Americas was

reported in 2013. Since 2013, more than one million chikungunya

cases have been recorded from the Caribbean islands and Latin

American countries, with Colombia, Brazil, and Bolivia having the

largest burden.

RVF virus belongs to the genus Phlebovirus of the family

Bunyaviridae (Pepin et al., 2010) and causes a severe zoonotic

disease in animals and humans (Clements et al., 2007). RVF was first

reported in the 1930s from Kenya and there have since been several

epizootics in South Africa, West Africa, Madagascar, North Africa

(Egypt), and most recently (2006–2007) East Africa (mainly Kenya,

Tanzania,and Somalia). The disease is believedto be endemic inmost

African countries. In 2000, an outbreak of RVF in animals was

reported on the western Saudi Arabia–Yemen border (Centers for

Disease Control and Prevention (CDC), 2000). This outbreak was the

first time that cases of RVF had been reported outside of Africa. RVF is

a serious zoonotic disease that can result in human deaths;

Mohamed et al. (2010) recorded a human fatality rate of 28% during

the 2007 outbreak inTanzania,while Al-Hazmi et al. (2003) recorded

a fatality rate of 34% in humans during the 2000 RVF outbreak in

Saudi Arabia. Since 2000, severe outbreaks of RVF have occurred in

Niger, Mauritania, South Africa, Madagascar, Sudan, Kenya, Somalia,

Tanzania, Yemen, and Saudi Arabia (WHO, 2016b).

RVF has a high potential to spread to other parts of the world via

the transportation of infected livestock, humans, or mosquitoes, or

by an act of bioterrorism. For example, trade in infected animals

was responsible for the outbreaks that occurred in Egypt, Yemen,

and Saudi Arabia (WHO, 2016b). Due to the presence of suitable

habitats for the competent vector along the Euphrates and Tigris

rivers, the present study infers a considerable probability of RVF

introduction into countries of East and Southeast Asia and Oceania.

Furthermore, due to the presence of the competent vector in the

Mediterranean basin (Moutailler et al., 2008), European countries

along the Mediterranean Sea have a significant risk of RVF virus

introduction.

The establishment of arboviral disease is governed by complex

interactions among vector, pathogen, and environment. The

presence of a competent vector and pathogen, together with a

suitable habitat, are required for sustained autochthonous vector-

borne transmission of these arboviral diseases. Thus, suitability for

the competent arboviral vectors only does not necessarily imply

the future presence of these arboviral diseases in all of the 215

countries/territories identified. However, supported by interna-

tional travel and trade, the global spread of these arboviral diseases

and their vectors will likely expand over time. It is important to

note that the susceptibility of mosquitoes to viral pathogens varies

spatially, with climatic variables such as temperature and relative

humidity having an influence on vector competence (Kilpatrick

et al., 2008). For example, Jupille et al. (2016) indicated that A.

albopictus and A. aegypti from Europe were not particularly

susceptible to the Zika virus (Asian genotype). Thus, the probability

that Zika will establish autochthonous vector-borne transmission

in the temperate parts of the world is minimal. Over and above

vector competence, temperature is also known to affect mosquito

physiology, development, survival, reproduction, and biting rate,

which will affect the epidemiology of vector-borne diseases. The

complexity of interactions among mosquito vectors, arboviral

pathogens, and environmental drivers has been discussed by

Shragai et al. (2017), as well as by Alto and Lounibos (2013).

It is fully acknowledged that the present study is not without

limitations. A number of other vectors in the genus Aedes as well as

the genera Anopheles and Culex are known to transmit a variety of

arboviral diseases. These vectors were not included in this study in

order to maintain a focus on the most likely globally cosmopolitan

arboviral vectors. However, some species not considered in this

study could be important in regional patterns of arboviral

transmission and establishment. In addition, there are consider-

able differences in disease reporting and vector surveillance

capacity among different countries, with robust disease reporting

and vector surveillance being more widely practiced in developed

countries compared to countries with developing economies. If it

were not for this limited capacity for disease reporting and vector

surveillance in the global south, the burden and distribution of

these arboviral diseases may well have been higher than

documented here, as many cases of arboviral disease may go

undetected. In addition, with the exception of the USA, risk maps

are illustrated at the country level. This tends to mask the high

degree of heterogeneity within countries with a wide geographical

range; for example, northern China, southern Argentina, and

southern Chile would be at low to no risk for these arboviruses.

In conclusion, this study reaffirms the importance of arboviral

diseases and the need to combine interventions against them.

These arboviral diseases have common vectors, and the high

percentage of countries reporting multiple arboviral diseases

reinforces their common transmission features. Thus, it is

important to combine interventions against these diseases to

achieve cost-effective control and prevention.
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