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Neglected tropical diseases (NTDs) are a diverse group of diseases that continue to affect>1 billion people, with
these diseases disproportionately impacting vulnerable populations and territories. Climate change is having an
increasing impact on public health in tropical and subtropical areas and across the world and can affect disease
distribution and transmission in potentially diverse ways. Improving our understanding of how climate change
influences NTDs can help identify populations at risk to include in future public health interventions. Articles
were identified by searching electronic databases for reports of climate change and NTDs between 1 January
2010 and 1 March 2020. Climate change may influence the emergence and re-emergence of multiple NTDs,
particularly those that involve a vector or intermediate host for transmission. Although specific predictions are
conflicting depending on the geographic area, the type of NTD and associated vectors and hosts, it is anticipated
that multiple NTDs will have changes in their transmission period and geographic range and will likely encroach
on regions and populations that have been previously unaffected. There is a need for improved surveillance
and monitoring to identify areas of NTD incursion and emergence and include these in future public health
interventions.
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Introduction
Neglected tropical diseases (NTDs) are a diverse group of 20 dis-
eases that affect>1 billion people and disproportionately impact
vulnerable populations in low-resource settings in tropical and
subtropical areas of the world.1 At the same time, these com-
munities are often suffering the greatest consequences of global
change, particularly climate change.2,3
Many NTDs result from diverse types of interactions and often

complex cycles of transmission between humans and other ani-
mals, both vertebrates (e.g. dogs, livestock, snakes) and inver-
tebrates (e.g. mosquitos, flies, snails), that can be influenced
by changing environmental conditions (e.g. variations in tem-
perature, rainfall, humidity and extreme weather events).1,2
Climatic factors such as temperature and rainfall can influence
disease epidemiology,with temperature influencing vector repro-
duction, metabolism and survival, pathogen replication and vec-
tor and host distribution, while rainfall can determine the suitabil-
ity of habitats for vectors and hosts through increased breeding
sites.4–8 Meteorological events such as flooding and heat waves

can result in the destruction of suitable vector and host habitats
and increased mortality of vectors and hosts.5,9–12 Changing pre-
cipitation andwarming temperatures have improved habitat suit-
ability in previously temperate areas, allowing for autochthonous
transmission of dengue, chikungunya, leishmaniasis and schisto-
somiasis in parts of central Europe and the USA.4,13–15
Human populations are also being displaced in sub-Saharan

Africa, Southeast Asia and Central and South America. This is
due in part to armed conflicts and political upheaval, but also
to food and water insecurity caused by climate change (e.g.
severe droughts).3,13 Altogether, population displacement com-
binedwith limited resources andhealth infrastructurewill exacer-
bate current disease burdens, while changes to the epidemiology
and distribution of these diseasesmay put additional populations
at risk and undermine current disease control programmes.1–3
The recent World Health Organization (WHO) NTD roadmap

sets out global targets for NTD prevention, control, elimination
and eradication by 2030, and there is a need to identify cur-
rent and future trends to inform the planning and implementa-
tion of NTD programmes.16 Addressing climate change, among
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other risks such as epidemics, political instability, migration and
antimicrobial resistance, will require agile responses and con-
certed action frommultiple sectors to achieve the new 2030 NTD
targets.16 The aim of this systematic review is to synthesize the
literature on NTDs in the context of climate change and identify
correlations with climatic factors that influence trends in disease
transmission and distribution. This review also aims to identify
geographic areas and populations that are at risk of disease incur-
sion or re-emergence under future climate changes that may
not currently be included in disease control and surveillance pro-
grams. Identifying these areas and populations at risk due to
future climate change can help predict disease distribution and
allow targeted public health interventions.

Methods
A systematic review was performed on NTDs and climate change
following the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) guidelines.17 Only records including
the 20 WHO-listed NTDs were included in the analysis (https://
www.who.int/neglected_diseases/diseases/en/).

Search strategy
We searched electronic databases, including PubMed, Science
Direct, Web of Science and the System for Information on Grey
Literature in Europe (SIGLE), for reports on climate change and
NTDs. Search terms included ‘climate change’, ‘global warming’,
‘temperature’, ‘rainfall’, ‘humidity’ (a list of search terms can be
found in the supplementary data). The terms were searched in
titles and abstracts and Boolean logic operators ‘AND’ and ‘OR’
and wildcards (e.g. ‘climat*’) were used. No language restrictions
were set, although all search terms were in English. The search
criteria included records from 1 January 2010 to 1 March 2020.

Eligibility criteria
Only primary literature articles (not reviews, conference proceed-
ings and short communications) from peer-reviewed scientific
journals that addressed one or more WHO-listed NTD, one or
more climate change–related concept or process (i.e. ‘climate
change’, ‘climatic change’, ‘changing climate’, ‘future climate’,
‘global warming’ and ‘warming’) and explicitly discussed trends
or predictions of the distribution or transmission of NTDs associ-
atedwith climate changewere considered for analysis. The selec-
tion of articles was made by one of the authors (RT) by system-
atically screening all the titles and abstracts. This same person
then analysed the full text of the selected articles and systemat-
ically extracted data on the study itself (year of publication, geo-
graphical area of study), the NTD addressed (pathogen causing
the NTD, vector, reservoirs and hosts involved in the transmis-
sion), environmental factors associated with climate change that
affected the NTD distribution and transmission and specific pre-
dictions made. Records were managed using EndNote reference
manager version X7 (Clarivate, Philadelphia, PA, USA).

Results
The search strategy yielded a total of 27 787 publications for the
period between 1 January 2010 and 1 March 2020, with an addi-
tional 31 records identified through other sources. After screening
of titles and abstracts, 299 records were kept for full-text screen-
ing. A final set of 70 records met all inclusion criteria and are part
of this review. Figure 1 presents the PRISMA chart of the record
selection process and inclusion/exclusion criteria.
Eleven of the 20WHO-listedNTDswere represented in our final

literature selection: Chagas disease, dengue and chikungunya,
foodborne trematodiases (FBTs), human African trypanosomia-
sis, leishmaniasis, lymphatic filariasis (LF), onchocerciasis, rabies,
schistosomiasis, soil-transmitted helminthiases and snakebite
envenoming. Nine WHO-listed NTDs were not included in the
final analysis, as the records discussing these diseases did not
meet inclusion criteria. Dengue and chikungunya are reviewed
together, as they both areAedesmosquito-borneNTDs.We found
that temperature, precipitation, humidity, extreme weather pat-
terns (droughts, floods), rising sea levels and melting arctic
ice are the most commonly reported environmental factors
and processes affected by climate change. The extracted data
and descriptive characteristics of the records we analysed were
grouped by NTD and are summarised in Table 1.

Dengue and chikungunya
Current distribution and trends

Dengue and chikungunya were the NTDs most represented in
our review, with a total of 24 records from Africa, Australasia,
the Americas and Europe. Although primarily a disease of the
tropics and subtropics, the records in this review identified a
change in geographical distribution into more temperate areas
and increasing cases of dengue and chikungunya over the past
few decades.18–20
Populations of competent vectors have become established

throughout southern Europe, following the introduction of Aedes
albopictus into Europe via the importation of used tires.14
The chikungunya epidemic in northern Italy in 2007 and
autochthonous cases of dengue in France and Croatia in 2010
demonstrates the current suitability of these areas for disease
transmission.14,21,22 Four records discussed trends in the Ameri-
cas, noting an increase in spatial distribution and outbreak inten-
sity of dengue virus, with outbreaks in Florida, Texas and Hawaii,
and re-emergence of chikungunya in the Caribbean in 2013.23–26
One record discussed the local transmission of dengue in previ-
ously non-endemic areas of Nepal, with outbreaks following in
later years, as well as local transmission of chikungunya in 2013.5
Aedes vectors have since been found in high-altitude areas of
Nepal, which is thought to be influenced by the warming of
mountain areas.5 One record reported a shift in the seasonality of
cases, with reported cases of dengue in winter months in Dhaka,
Bangladesh.18,27

Pathogens, vectors and hosts

Twenty-three records discussed the effect of climate change on
dengue virus, with 11 of these records discussing the effect on
chikungunya virus as well. Only one record discussed the impact

148

https://www.who.int/neglecteddiseases/diseases/en/


Transactions of the Royal Society of Tropical Medicine and Hygiene

Figure 1. PRISMA flowchart for record selection.

of climate change on chikungunya virus without discussing
dengue virus.26 One record discussed the vector Aedes japoni-
cus, which is found in more temperate areas and is predicted to
decreasewithwarming temperatures.28 All other records focused
on one or both vectors, Aedes aegypti and A. albopictus.
A. aegyptiwas considered the primary vector for these viruses,

as it was a highly competent vector for both dengue and chikun-
gunya viruses and is closely associated with humans and urban
environments.29 A. aegypti was also identified as having a higher
thermal optimum for viral transmission, and one record sug-
gested an increase of 20–30% in the global abundance of A.
aegyptiwas possible by the end of the century.29,30 A. albopictus,
a secondary vector, is a moderately competent vector for both
viruses and is adapted to peridomestic environments.29 However,
this species has a potential as an epidemic vector due to its high
population density, rapid spread and ability to quickly adapt to
local environments.14,20,21,28 This species has been implicated in
several minor outbreaks in Europe and its desiccation-resistant

eggs and ability to overwinter in temperate climates increases
the risk of invasion in temperate areas.28,31

Impact from climate change

Temperature and rainfall were themost frequently discussed fac-
tors associatedwith climate change, with humidity and rising sea
levels also identified as factors that may impact vector distribu-
tion and disease transmission. Increased temperature resulted
in an increased vector development rate and increased vector
biting frequency; however, once the temperature exceeded the
thermotolerant range of the vector, this resulted in reduced vec-
tor growth and survival.5,20,24,25,32–34 Increased temperature also
resulted in faster viral amplification time.6,18,35
Similarly, increased rainfall had confounding effects, as it

could create new suitable breeding sites for vectors or result
in the elimination of vector habitats through flooding.5,6,22,23
Decreased rainfall could result in decreased breeding habitats,
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but conversely, water storage during droughts could result in an
increase in breeding sites and increased viral transmission.18,28,31
Rising sea levels associated with climate change could result

in the expansion of saline and brackish water bodies, increasing
the availability of breeding sites for salinity-tolerant vectors.22

Other factors impacting disease distribution and transmission

The increase in global travel and trade was identified as the key
factor in the introduction of vectors and viruses into new areas,
which then allowed establishment and spread.14,20 Population
growth andmovement, changing land use and rapid urbanisation
were also identified as risk factors for increasing cases or spread
of disease,with population growth being a key driver for increased
disease risk in endemic areas.5,21,30,35 A lack of adequate san-
itation and mosquito control measures were identified as fac-
tors that favoured disease transmission, while improved housing
quality, improved socio-economic conditions and vector control
programmes were identified as factors that had reduced dengue
incidence in developed nations.32,35

Predictions

Most records predicted an increase in disease risk, which was
defined by either increased virus transmission, increased vec-
torial capacity or increased geographic area that is suitable for
vector habitats. A latitudinal and altitudinal expansion is pre-
dicted under future climate change scenarios, with warming
temperatures making high altitudes more suitable for vector
habitats and rising sea levels increasing the risk along coastal
zones.5,6,20,21,22,27,29 The effect of changing seasonal patterns
and winter warming in some areas will extend the favourable
period for vectors and therefore result in a prolonged period suit-
able for disease transmission.21,23,25
In Europe, climatically suitable areas are anticipated to

increase in western and central Europe, but there will be a likely
decline of suitable areas in southern Europe.6,14,31,36 This will
be due in part to warming and increased rainfall over central
and northern areas and warming with possible drought condi-
tions in southern Europe.14,31 Warming temperatures in central
northwestern Europe and the Balkan countries may also result in
lengthened periods of vector activity and viral transmission.6,27,29
There may be a possible increase in chikungunya risk through

much of central America, with southerly expansion in South
America.29,37 One record predicted that Latin America would see
an increase of up to 7.5 million additional cases by the middle of
the century under a scenario of a temperature increase of 3.7°C.37
A possible increase of annual dengue incidence of up to 40% in
Mexico is predicted by 2080, which, if underreporting is taken into
consideration, could result in an extra 70 000–189 000 cases per
year.36,37 Climate suitability for vectors may be seen in higher-
altitude areas of central Mexico.35 Lowwinter temperatures in the
USA is thought to prevent permanent establishment of A. aegypti
currently, but warming temperatures may make virus transmis-
sion possible in more areas, and for longer periods of time.23
Coastal cities in eastern China and Japan may become more

suitable for vectors.26,27,35 Conflicting predictions were found for
Southeast Asia, with two records anticipating a reduction in cli-
mate suitability in Southeast Asia, while another suggested that

strong transmission suitability would bemaintained.26,29 Dengue
incidence in Dhaka, Bangladesh may increase by >40 times in
2100 compared with 2010 if ambient temperatures increase by
3.3°C and major dengue outbreaks may be seen in South Korea
as the climate becomes more subtropical.18,34
Large increases in suitability may be seen in southern Africa

due to increased rainfall and more favourable temperatures for
vectors, but areas of central East Africa that are predicted to
become drier and hotter may see a decrease in vectors and
cases.35 Coastal areas of East Africa may be increasingly at risk of
outbreaks, but conflicting results were found forWest Africa, with
one record suggesting an increase of risk due to climate suitability
and another suggesting decreased climate suitability.26,29,35 Cur-
rent areas of risk for dengue in Tanzania are in coastal areas and
around Lake Victoria, but this may shift towards the central and
northeastern parts and an increased risk may be seen in many
parts of the country by 2050.26,27,38

Chagas disease
Current distribution and trends

Nine records were included for Chagas disease, all of which were
focused on the Americas. They reported a wide distribution of
the disease from the northern parts of Chile and Argentina to
the southern parts of the USA, with autochthonous transmission
reported in Texas.39–41 It is estimated to affect 6–11 million peo-
ple in Latin America, although there is an increasing number of
cases diagnosed in Europe due to international human migra-
tion.7,41,44,46

Pathogens, vectors and hosts

Trypanosoma cruzi is transmitted via triatomine insects, and
27 species of triatomine insects were identified as competent
vectors in our review.7,39–46 Four records identified Rhodnius pro-
lixus as an epidemiologically important vector, with a broad
domiciliary distribution as well as a sylvatic distribution.7,39,44,45
Two of these records identified R. prolixus as the most important
vector in Colombia and two identified the pathogen as the most
important tropical vector in Venezuela.7,39,44,45 Triatoma infes-
tans was identified as an important temperate vector in three
records and identified by one of these as the main vector species
responsible for disease transmission in Chile.40,45,46

Impact from climate change

Temperature, rainfall and humidity were all identified as corre-
lating environmental factors, with temperature being the most
commonly described environmental factor affecting the ecology
of triatome insects. Higher temperatures promoted shorter
life cycles and a more rapid reproduction rate in vectors.7,41,42
Increased temperature also increased the vector feeding rate and
rate of house invasion, thereby increasing potential interactions
with humans and the risk of pathogen transmission.7,39,41,42,45
Conversely, increased temperature was also found to reduce
vector life span and enhance vector immune capacity against T.
cruzi.39,42 Climate change could increase the number of insects

158



Transactions of the Royal Society of Tropical Medicine and Hygiene

that can transmit disease as well as increase the likelihood of
vector infection by pathogens.7

Other factors impacting disease distribution and transmission

Although vector-borne transmission is one of the main routes
of transmission, there are multiple other means of Chagas
disease transmission.39,43,45 Oral transmission from contami-
nated food, vertical transmission from mother to offspring and
blood transfusion with infected blood products were all iden-
tified as routes of Chagas transmission.39 Changing land use
patterns, human migration and shifting of human settlements,
access to water and sanitation, housing quality and vector
control programmes were all factors that were identified that
could impact disease transmission.39,41,44,45 Distribution over-
lap of different vector species and adaptation of species to
new environments were also identified as possible confound-
ing factors to any predictions related to climate change, with
sylvatic species potentially adapting to urban and domestic
environments.39,41,44

Predictions

Both Chagas disease distribution and transmission risk are
expected to change with changing environmental conditions
associated with climate change, yet trends do not necessar-
ily go in the same direction and will vary geographically across
the Americas. Chile is predicted to have a slight reduction in
some areas and expansion to other areas.40,46 A possible north-
east shift of the disease was discussed for the USA, while an
increased number of people are anticipated to be at risk from
vector exposure in Mexico.41,43 Venezuela may see a decreas-
ing trend in Chagas disease cases, as vector distribution changes
result in fewer locations where humans are exposed to triatome
vectors.44,45

Leishmaniasis
Current distribution and trends

Seven records on leishmaniasis were included, representing
Africa, the Americas and Europe. The disease is endemic in
98 countries, with a complex life cycle, involving a protozoal par-
asite, phlebotomine sandfly vectors and a range of mammalian
reservoir species.47–50 Five of the included records discussed cuta-
neous leishmaniasis, the more common form of the disease,
with three of these records discussing both cutaneous and vis-
ceral leishmaniasis.47–51 One record discussed visceral leishma-
niasis only, and one record did not distinguish between dis-
ease forms.4,52 The emergence of new disease foci has been
observed in Brazil and cases of cutaneous leishmaniasis have
increased in Argentina.52 An altitudinal shift has been reported
for vectors of cutaneous leishmaniasis in Colombia and Peru.52
Autochthonous transmission has been observed in Mexico and
Texas in North America and also reported in central parts of
Europe that have previously been free of leishmaniasis.49,52 The
burden of cutaneous leishmaniasis is high in North Africa and the
Middle East and has been observed to be expanding beyond pre-
viously defined endemic regions.47

Pathogens, vectors and hosts

Eleven species of Leishmania were identified in our review. Leish-
mania braziliensis was identified by four records as one of the
main agents responsible for cutaneous leishmaniasis outbreaks
in the Americas, with Leishmania amazonensis and Leishmania
guyanensis also being noted as important agents.48–51 Leishma-
nia infantum (chagasi) was identified by three records as the
main agent of visceral leishmaniasis in this region.49,52 One record
identified Leishmania major as the dominant agent for cuta-
neous leishmaniasis in Algeria and Morocco, with three other
agents also identified (Leishmania infantum, Leishmania tropica
and Leishmania killicki).47
Twenty-one vectors were identified in our review, with five

records identifying Lutzomyia species as important vectors in the
Americas and two records identifying Phelbotomus species as
important vectors in North Africa and the Mediterranean.4,47–52
Three records identified Lutzomyia longipalpis as the main vec-
tor responsible for transmission of visceral leishmaniasis in the
Americas.49,51,52
Several peridomestic and sylvatic reservoirs were discussed,

covering a wide range of species, including domestic dogs, foxes,
jackals, horses and rodents.47,49–51 One record identified four
species of woodrat as important reservoir hosts in North Amer-
ica (Neotoma albigula, Neotoma floridana, Neotoma micropus,
Neotoma mexicana) and one record identified two species of
rodents as important reservoirs in North Africa (Psammonmys
obesus, Meriones shawi).47,49

Impact from climate change

All of the included records discussed the effect of temperature
and rainfall on vector life cycle and distribution,with three records
also discussing the effect of humidity.47,48,51 Increased temper-
atures shortened vector development time and increased vector
biting rate, resulting in increased vectorial capacity.4,47 Increased
temperature also reduced parasite incubation time within the
vector.4 Combined, these effects could result in continuous gen-
erations of vectors, increased risk of parasite transmission and
possible year-round transmission in high-risk areas.51 Increased
rainfall could increase breeding sites for both vectors and a vari-
ety of intermediate hosts, while areas with reduced rainfall could
see a reduction in suitable breeding sites for vectors and interme-
diate hosts.47,52
Disease incidence has been associated with El Nino–Southern

Oscillation patterns, with peaks of vector species associated with
periods of rain, but this appears to have different impacts on dif-
ferent scenarios of transmission.51

Other factors impacting disease distribution and transmission

Anthropogenic impacts on landscapes could potentially create or
destroy shelters of vectors, influencing disease transmission, with
greater abundances of some vectors associated with the edges
of deforestation and changes in land use influencing human con-
tact with reservoirs and vectors.48,50,51 Socio-economic factors
were also important determinants of disease risk, as this would
influence human risk behaviours and access to healthcare.50,51
Irrigation and water storage systems could provide suitable
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breeding sites for vectors.51 Conflict and political upheaval can
result in a breakdown of public health services, access to clean
water and sanitation and themigration of immunologically naïve
populations into regions where vectors may be present.49 Ani-
mal movement was highlighted as a significant driver of visceral
leishmaniasis, with the movement of infected dogs identified as
a key factor in the establishment of endemic urban foci of dis-
ease.4,49–52 Adequate preventivemeasures and expanded efforts
in vector and reservoir control are likely to mitigate increased
disease risk.49,52

Predictions

Both an increased and decreased risk for disease were discussed
under future climate scenarios, with different geographical dis-
tributions and transmission risks seen for different pathogen–
vector–host life cycles. An expansion from arid zones of Africa to
semi-arid zones is possible, resulting in the establishment of new
endemic foci of disease.47 While there may be a decrease in dis-
ease in North Africa and the Middle East, this is counteracted by
expansion to western and central Europe, resulting in a net gain
of geographical area suitable for disease transmission.4 The geo-
graphical distribution of cutaneous leishmaniasis in Latin America
may decrease under future climate change and land use scenar-
ios, although while some parts of the Amazon may become less
suitable for disease transmission, there may be increasingly suit-
able areas at the borders of the Amazon where population size
and density is much larger than current areas of disease foci.48,52
Vector distribution may shift to higher latitudes and altitudes,
resulting in possible vector and reservoir species ranges reaching
as far as southern Canada.49,52 This may result in the number of
exposed individuals more than doubling by 2080.49

FBTs
Current distribution and trends

Seven records were included for FBTs. Of these, three records dis-
cussed Fasciola infection risk in livestock in Europe, the UK and
New Zealand, one record discussed the risk of both human and
livestock Fasciola infection in Pakistan and one record discussed
the risk of human fascioliasis in Zimbabwe.11,53–56 A further two
records discussed opisthorchiasis in Thailand.57,58 Despite Latin
America having a known high burden of human fascioliasis, no
records met the criteria to be included in the final analysis.59

Pathogens, vectors and hosts

Five records discussed the impacts of climate change on Fasciola
hepatica transmission, with one of these records also identifying
Fasciola gigantica as a relevant parasite in Pakistan.56 Several snail
intermediate hosts of Fasciola species were identified, with Lym-
naea trunculata in the UK, Radix audricularia and Galba truncatula
in Pakistan, Lymnaea natalensis in Zimbabwe and Lymnaea (Aus-
tropeplea) tomentosa and Pseudosuccinea (Lymnea) columella
in New Zealand.11,53–56 Bithynia species were identified as the
snail intermediate host for Opisthorchis viverrine in Thailand, with
cyprinoid fish identified as the second intermediate host.57,58

Impact from climate change

Temperature and rainfall were identified as important climatic
factors in all the included records, with two records also identi-
fying humidity.11,56 Increased temperature resulted in faster par-
asite development time and increased survival over the winter
months, but they could also reduce egg viability in the environ-
ment.54,57,58 Increased rainfall could prevent parasite desiccation
and promote suitable habitat for intermediate hosts, but exces-
sive rainfall or flooding could destroy intermediate host habi-
tats.11,54,57 Areas with reduced rainfall and droughts may see a
reduction of habitable areas for intermediate hosts.11,54

Other factors impacting disease distribution and transmission

Changing farming behaviour and land suitability influenced the
risk of parasite and intermediate host exposure in livestock.53,54,56
The use of irrigation systems in agricultural areas was associ-
ated with Fasciola infection.56 The implementation of control
measures in livestock was identified as a mitigating factor for
human infection, while increasing anthelmintic resistance is likely
to exacerbate infection risk.53,56 Consumption of raw secondary
host fish species was associated with Opisthorchis infection in
humans.57,58

Predictions

Four records discussing Fasciola infection suggested an increased
risk in future climate scenarios, with increased prevalence and
possible year-round transmission to livestock and humans antic-
ipated in Punjab, Pakistan, and conditions becoming more
favourable for livestock fasciolosis throughout New Zealand, the
UK and central Europe.53–56 A decrease of human fascioliasis risk
may be seen in Zimbabwe, due to decreasing habitats suitable for
the intermediate snail host, with movement towards elimination
possible by the end of the century.11 Both records that discussed
opisthorchiasis predicted a decrease in disease in northeastern
Thailand under future climate change.57,58

Schistosomiasis
Current distribution and trends

Six records were included that focused primarily on the dis-
ease in Africa, with one record discussing schistosomiasis in
China.11,15,60–63 Although disease transmission is more common
in tropical and subtropical areas, there have been observed shifts
of disease transmission into temperate areas, including establish-
ment of Schistosoma haematobium in Corsica, France and dis-
ease transmission has been observed at altitudes above previ-
ously defined limits in Uganda.15,61

Pathogens, vectors and hosts

Five records discussed Schistosoma mansoni, the parasite
responsible for intestinal schistosomiasis, and its intermediate
snail host Biompharalia species.11,15,61–63 Three records discussed
S. haematobium, the parasite responsible for urinary schisto-
somiasis, and its intermediate host Bulnius species.11,15,60 One
record discussed Schistosoma japonicum and its intermediate
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host Oncomelania species, which are the main parasite and
intermediate host species found in Asia.15 Biomphalaria pfeifferia
was identified as the most widespread intermediate host in
sub-Saharan Africa, although there was significant overlap with
Bulnius globosus.15,61

Impact from climate change

Both increased and decreased disease risk were discussed
under future climate scenarios, with most records focussing
on the effect of temperature on the intermediate snail host.
Increased temperatures resulted in increased parasite repro-
duction and development rates, a decreased prepatent period
and increased parasite cercariae production by intermediate
hosts.60,61 Increased temperature also decreased mean gener-
ation time of intermediate hosts, allowing populations to recover
faster from snail control efforts.61 Past this species-specific ther-
motolerant threshold, an increased temperature could increase
mortality of both the parasite and intermediate host, with
this thermotolerant range varying between intermediate host
species.60

Other factors impacting disease distribution and transmission

Other abiotic factors had a significant impact on host distri-
bution and disease transmission. The type of water body (e.g.
lake or river), water velocity and soil conditions influence habitat
suitability for intermediate host species.63 Construction of water
development projects or irrigated areas provide suitable habi-
tats for snail hosts and increase the potential for human con-
tact with snails and parasites.63 Human migration could result
in the establishment of new disease foci, and poor sanitation
or access to safe water supplies could increase the risk of dis-
ease transmission.61 Mass treatment programmes and snail con-
trol efforts were identified as measures that reduced disease
transmission.62

Predictions

Areas with higher temperatures are likely to see reduced snail
populations and reduced disease as temperatures continue to
increase, but currently endemic areas with lower temperatures
may see high snail proliferation in the future.60,61 This will result
in a net contraction of some snail habitats in Africa, with a
geographical shift into cooler areas of southern and eastern
Africa.11,63 Northern and eastern Kenya, southern South Sudan
and eastern People’s Democratic Republic of Congo are likely
to have a decreased infection risk in future climate scenarios,
while much of eastern Africa will see an increase in infection
risk of up to 20% over the next 20–50 y.62 Some parts of Zim-
babwe are likely to become free of schistosomiasis as suitable
habitats for snail intermediate hosts become limited.11 Currently
endemic areas of Sichuan Province in China are likely to become
unsuitable for snail populations, but non-endemic areas between
Sichuan and Hunan/Hubei Provinces may see disease emergence
and increased transmission.15 Current risk areas for disease trans-
mission may extend into large parts of southern Europe as they
become habitable for snail intermediate hosts.15

Snakebite envenomation
Current distribution and trends

Five records were included in the final analysis, with one record
discussing snakebite envenomation in Sri Lanka, one in Mozam-
bique and the remaining records discussing envenomation in the
Americas.64–68 Although venomous snakes are found all over the
world, the highest burden of snakebite is found in rural areas
of developing tropical and subtropical countries, exacerbated by
inadequate healthcare access and antivenom availability.64

Impact from climate change

All records discussed temperature and rainfall as correlating fac-
tors for snakebite incidence, with one record discussing humidity
and one record discussing extreme weather events.64–68 Snakes
are ectothermic animals, dependent on external environmen-
tal factors.64 Increased environmental temperaturemay increase
foraging activity and result in increased contact with humans.64
Increased rainfall may increase the availability of herbivorous
snake prey and drought and reduced availability of food sources
may force snakes and snake prey into human habitats.65,66

Other factors impacting disease distribution and transmission

Snakebite incidence was associated with rural areas of devel-
oping countries, with fewer cases reported in urban areas with
higher incomes.65,68

Predictions

Both an increase and a decrease in suitable habitat and snakebite
incidence were discussed. A possible increase of snakebite inci-
dence of up to 31.3% is predicted in Sri Lanka with predicted
increases in humidity.65 A net expansion of suitable climate is
anticipated for some venomous snakes in the Americas, with a
northward displacement towards Canada and a southwards dis-
placement in Argentina and Chile.66,67 The predicted areas of
expansion are likely to include more populated provinces and
may correspond to an increase of 5.5–6.7 million people at risk.68
However, with liberal climate projections, some species may not
be able to adapt quickly enough and will face extinction.67 Cli-
mate change in Mozambique may contribute to driving north–
south migration of some venomous snake species from cur-
rently concentrated areas in the southern and central parts of the
country to potentially more populated areas.64 Conversely, other
species may see a range restriction and face an increased risk
of extinction.64 While increased contact with humans may con-
tribute to an increased risk of snakebite, it will also result in an
increase in snake fatalities, which may also drive several species
to extinction.64

Human African trypanosomiasis
Current distribution and trends

Four records were included, focussed solely on Africa.69–72 Tsetse
fly vectors are widely distributed across Africa, with an estimated
60 million people at risk in sub-Saharan Africa.69,71 Trypanoso-
miasis in animals can contribute to lost livestock productivity of
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20–40% in some areas.71,72 Shifting geographical distribution has
been observed in Kenya, with a net decrease in areas that have
relatively low human population densities and a net increase in
highland areas where population densities of both humans and
livestock are higher.71 Climate change has possibly contributed to
the steady decline of the vector Glossina pallidipes over the past
decade in the Zambezi Valley, Zimbabwe.70

Pathogens, vectors and hosts

Two species of the protozoa were identified in this review, with
Trypanosoma brucei gambiense found in western and central
Africa and Trypanosoma brucei rhodesiense found in eastern
and southern Africa.69,72 Tsetse fly vectors are required for both
parasite development and transmission. Three records focussed
on the vector Glossina morsitans morsitans, with one of these
records also identifying Glossina pallidipes and Glossina fuscipes
fuscipes as important vectors.69,71,72 The fourth record focused
on G. pallidipes only.70

Impact from climate change

All records identified temperature as an environmental fac-
tor that influenced vector distribution, and two records also
identified rainfall as an important environmental factor.69–72
Increased temperature decreased the pupal development period
and increased the vector feeding rate, thereby increasing disease
transmission risk.69,72 However, increased temperature past the
thermotolerant range of the vector could also increase the vector
mortality rate and decrease vector pupal larval production.69,70,72

Other factors impacting disease distribution and transmission

Changing distributions or interactions of human, livestock and
wildlife populations may result in altered transmission dynamics,
and factors such as civil unrest anddiscontinuation of control pro-
grammes have resulted in disease re-emergence in the past.71,72
The expansion of human settlements and agricultural land can
impact disease transmission through the removal of tsetse fly
habitats.71

Predictions

Both increases and decreases in future climate were discussed.
The Zambezi Valley, Zimbabwe was predicted to become too hot
to support vector populations, and possible extinction of some
tsetse species is anticipated with increasing temperatures in
Africa.69,70 In contrast, other areas are predicted to see an emer-
gence of new disease foci in higher altitudes such as the Kenyan
highlands.71,72 This area is a densely populated area as well as an
important agricultural area, and spread of the vector could result
in an increase in both human and livestock cases.71,72 Suitable
vector habitatsmay shift into eastern and southern Africa, result-
ing in a resurgence of disease.70,72 One record predicted that an
additional 46–77 million people may be at risk of infection by
2090.72

LF
Current distribution and trends

Four records were included for LF, two focussing on Africa, one on
Nepal and one modelled global distribution.12,73–75 The current
distribution of LF extends over a large area of Africa and South-
east Asia.73,74 The disease is considered eradicable or potentially
eradicable and there have been large-scale control programmes
implemented in the last couple of decades that have led to a sig-
nificant reduction in infection in endemic communities.12,73 One
record reported a recent increase of cases in higher-altitude areas
of Nepal, which may have been influenced by warming temper-
atures in mountain areas.74

Pathogens, vectors and hosts

Three records identified Wucheria bancrofti as the main agent
responsible for LF, with one of these records also identify-
ing Brugia malayi and Brugia timori.73–75 Two records identified
Anopheles species as the main vector for disease transmission in
Africa.12,74 Two records identified Culex quinquefasciatus as the
main vector for Asia, with one of these also identifying the species
as the major vector for disease transmission in Brazil and tropical
Africa.74,75

Impact from climate change

All records identified temperature as an environmental factor
that impacted vector life cycle and distribution of disease, with
three of these records discussing rainfall and one discussing
humidity.12,73–75 Increased temperature accelerates mosquito
development and results in increased vector abundance, which
could lead to the emergence of new disease foci.12,75 However,
increased temperature past the vector thermotolerant range
could decrease vector survival and reduce parasite transmis-
sion.12 Increased rainfall may provide increased suitable breeding
habitats for vectors, but excessive rainfall will eliminate habitats
through flooding.12,73

Other factors impacting disease transmission

Population growth was identified as a key driver of increased
disease risk in Africa, while vector control programmes target-
ing malaria across the African continent are likely to reduce LF
vectors.12,73 Accelerating global control activities will likely have
a significant impact on reducing disease numbers and was not
taken into account in any modelling of future disease risk.12,73

Predictions

Transmission areas in Africa are predicted to expand, with north-
ern and southern extremes of the continent becoming endemic
in the future.73 With both climate change and population growth
considered, the at-risk population in Africa, currently estimated
to be 543–804 million, could rise to a possible 1.65–1.86 billion
in future scenarios.12 However, these predictions do not take into
account accelerating global control activities.12,73 The overall dis-
tribution pattern of suitable vectors in Australia may be simi-
lar to that of the present day, although there may be higher
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suitability for the vector in southern Australia.75 Shifts of the dis-
ease to higher altitudes have already been seen in Nepal and sub-
tropical and temperate areas are anticipated to be at increased
risk in the future.74

Rabies
Three records were included discussing rabies transmission in
North America, all focused on the effects of climate change on
the distribution of wildlife reservoir hosts, including arctic and red
foxes and vampire bats.76–78 A possible expansion in vampire bat
habitat suitability was identified in the southern USA, but exten-
sive expansion was concluded to be unlikely.76 A shift of the pri-
mary rabies niche in the arctic is possible, with increased viral
transmission expected among red foxes as the arctic rabies niche
decreases.77,78

Onchocerciasis
Only one record for onchocerciasis in West Africa was included,
which identified temperature and rainfall as contributing climatic
factors to disease.79 Onchocerciasis occurs in sub-Saharan Africa,
Central and South America and Yemen and relies on Simulium
species of flies for vector transmission of the Onchocerca volvu-
lus parasite.79 The vector species cover a wide range of habi-
tats, including forests, highland zones and savannas.79 Increased
temperature could increase the vector development rate as well
as the development of O. volvulus larvae within the vector, but
past a thermotolerant point, increased temperature resulted in
increased vector mortality.79 The authors acknowledged in this
record that modelling and field data provided conflicting conclu-
sions, with field data suggesting a decrease in future vector pop-
ulation and modelling suggesting increased transmission rates
with increased future temperatures.79

Soil-transmitted helminthiases
One record was included for South Korea, identifying temper-
ature as a contributing factor to accelerating transmission of
Ascaris suum, with the parasite identified as a suitable model
for Ascaris lumbricoides.80 No modelling was included; however,
the author predicted an increase in transmission as the country
shifted towards a subtropical climate with global warming.80

Discussion
NTDs continue to affect >1 billion people, with a devastating
impact on vulnerable and impoverished communities.2,16 Suc-
cessful control programmes can be complicated by the changing
epidemiology and distribution of diseases influenced by globali-
sation, migration, political instability, changing land use and cli-
mate change.6,9,48,51,71 The recent WHO roadmap for NTDs sets
global targets to tackle these diseases from 2021 to 2030, how-
ever, it is important that vulnerable populations and/or territo-
ries and future trends be identified to inform planning and pro-
gramme implementation.16
While extensive literature is available on the impact of cli-

mate change on disease epidemiology, much of this literature

focuses on a single disease or a related group of diseases such as
arboviruses. In contrast, this review aims to provide a timely syn-
thesis of the available literature on the impact of climate change
on 11 of theWHO-listed NTDs and identify vulnerable geographic
regions and populations that may be at risk of disease incursion
or re-emergence.
The complexity of disease, vector and host epidemiology

betweendifferent NTDsmade it difficult to compare trends across
the entire group, however, predictions for vector-borne NTDs,
including dengue/chikungunya viruses, Chagas disease, leishma-
niasis, human African trypanosomiasis, LF and onchocerciasis,
anticipate similar impacts on vector and disease epidemiology
due to climate change. Temperature influenced the lifespan,
reproduction and feeding rate of vectors and rainfall influenced
the availability of suitable breeding habitats for vectors.
Similar trends were identified for vector-borne diseases and

schistosomiasis, with a shift in altitudinal and latitudinal distribu-
tion predicted.5,21,35,71,74 An increase in dengue cases at higher
altitudes in Mexico is anticipated in future climate scenarios;
Nepal has already observed cases of dengue, chikungunya and LF
at higher altitudes that had previously been disease free; human
African trypanosomiasis is predicted to shift into the population-
dense areas of the East African highlands and schistosomiasis has
been observed at higher altitudes in Uganda.5,21,61,71,72 Dengue
and chikungunya, Chagas disease and leishmaniasis are all pre-
dicted to have an expanded geographical range into more north-
ern areas of the USA, with dengue/chikungunya, leishmaniasis
and schistosomiasis also anticipated to shift north, away from
tropical and subtropical areas, into currently temperate areas of
central Europe.15,23,36,41,49
The included records highlight that climate change is only one

factor that will influence vector distribution and disease trans-
mission, as climate change exists in a complex matrix of globali-
sation, urbanisation, changing land use andmigration of humans
and animals.5,18,20,39,41,44,52,69 This has already been observed
with the introduction of competent dengue/chikungunya virus
vectors into Europe with the importation of goods, the outbreak
of schistosomiasis in Corsica likely following the movement of
infected humans from endemic areas and the autochthonous
transmission of leishmaniasis in central Europe driven in part by
the movement of domestic dogs.4,14,15 Similarly, while climate
changemay influence habitat suitability and geographic distribu-
tion for Chagas disease vectors, deforestation and changing land
use, housing quality and humanmigration will significantly influ-
ence human exposure to triatome vectors and the risk of disease
transmission.39,41,44
Several records also predicted impacts of climate change on

disease risk in animal hosts.53,54,56,71,72 The zoonotic diseases
fascioliasis and African trypanosomiasis have a dramatic impact
on livestock health and productivity.53,54,56,71,72 The primary ani-
mal reservoirs for African trypanosomiasis arewild ungulates and
domestic cattle and this disease was estimated to have reduced
livestock productivity by 20–40% in tsetse fly areas in Kenya, a
country where agriculture accounts for almost 25% of the gross
domestic product.71,72 The predicted shift of African trypanoso-
miasis to the East African highlands, where there is a strong
agricultural presence, may result in significant economic losses,
contribute to increased spillover to humans and exacerbate
issues of food insecurity and malnutrition in communities that
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are dependent on livestock.71,72 This highlights the need for cross-
sectoral, One Health interventions that integrate both human
and animal health to tackle changing trends in NTDs.71
Many of the predicted trends identified in this review focussed

on the changing disease risk in developed regions (i.e. North
America and central Europe), while the predicted impacts on
developing tropical and subtropical areas were less consistent.
This was observed with vector-borne diseases, but also rabies. All
included records on rabies focussed on wildlife reservoirs in the
Americas, while the heaviest burden of rabies is borne by African
and Asian countries, with most human cases being transmitted
by dogs.1,77 The available data in this analysis do not reflect the
regions and populations that are disproportionately burdened by
NTDs. Developed regions are more likely to have robust surveil-
lance systems, adequate healthcare access, improved sanita-
tion and hygiene and better socioeconomic conditions that will
likely mitigate the risk associated with vector or disease incur-
sion.20,32,49,51,52 In contrast, vulnerable populations and/or ter-
ritories are more likely to lack the surveillance and healthcare
infrastructure to prevent and respond to disease emergence and
re-emergence due to global change.20,35,41

Limitations
There were several significant limitations and gaps with this
review. First, predictive modelling of disease based solely on
climate change is inherently flawed, as it does not take into
account globalisation, changing land use, human migration and
conflict, urbanisation and population growth, which all con-
tribute to changing disease patterns.7,12,44,50,51,74,75 Global con-
trol activities including vector control, mass drug administration
and improved access towater and sanitationwill all act to reduce
the global burden of NTDs, but without including these, predicted
trends for disease distribution and transmission are unlikely to be
reliable.32,44,49
The included records on Chagas disease, leishmaniasis and

schistosomiasis highlighted the complexity of transmission that
exists between a wide range of pathogens, vectors, hosts and
reservoir species. Despite this, many climate-based models are
based on a narrow selection of vector and host species, which
does not reflect the wide range of possible species that differ
greatly in ecological requirements and biology, nor does it reflect
the possibility of pathogen/host switching.63 Similarly, models
focusing on effects of changing climate on species with a strict
thermotolerant range do not consider the possibility of adapta-
tion across successive generations, which will affect the param-
eters used in these models.7,60
It was also difficult to set parameters on what constitutes cli-

mate change impact. Temperature and rainfall are commonly
identified factors inmany records. However, less commonly iden-
tified factors include increasing intensity and duration of storms,
prolonged drought periods and indirect impacts from climate
change such as changing agriculture and production, food and
water scarcity, changing human behaviours and population dis-
placement. No terms relating to these indirect impacts from cli-
mate changewere included in the search strategy. As such, these
factors associatedwith climate changemayhave been underrep-
resented in our analysis.

Due to the scope and number of diseases included, strict
review parameters were used and only records that discussed
the correlation of climatic factors with disease transmission in
the wider context of climate change or global warming were
included. This resulted in a large volume of valuable data being
excluded that was still relevant to identifying indirect impacts
from climate change as well as seasonal trends and more
localised meteorological effects on disease. For example, tra-
choma has been associated with hotter, drier environments and
regions with lower precipitation, which may correlate to reduced
access to water for hygiene and sanitation.81,82 Higher tempera-
tures may also influence vector (Musca sorbens) activity and dis-
tribution, and climatic conditions that favour drying of faeces, the
vectors preferred breeding site, may have implications for larvae
development.81,82 These correlations with climatic factors sug-
gest that climate changemay influence disease transmission and
distribution, but with the limitations of the inclusion criteria, no
records were eligible for inclusion in the final analysis.
Similarly, soil-transmitted helminthiases transmission is influ-

enced by soil conditions and climatic factors. Warm and humid
conditions may improve soil suitability for egg and larval devel-
opment, while heavy rainfall may wash helminth eggs from the
soil.83 Yet only one record was included in the final analysis, pro-
viding minimal evidence for the impact that climate change may
have on disease epidemiology.
The global scope of this review and the limited number of

records from each region make it difficult to make inferences
about future trends at a regional or local level. While no lan-
guage restrictionswere set for the search criteria, all search terms
were in English and no regional journal databases were searched,
potentially resulting in the underrepresentation of regions such
as Latin America, an area with a significant burden of many of
the NTDs discussed in this review. For example, this region has a
known high burden of human fascioliasis, yet no records for this
disease in Latin America were included in the final analysis.59
The trends predicted in this review suggest that climate

changemay contribute to a shift in disease transmission and geo-
graphical distribution for several vectors and NTDs, reflecting the
trends of latitudinal and altitudinal shifts that have already been
observed in the past several decades. However, the gaps and lim-
itations of this reviewmake it difficult to make reliable future pre-
dictions. Possible changes in geographical distribution and trans-
mission may result in new disease foci and possible epidemics
in naïve populations, and it is important that at-risk populations
are identified and robust surveillance and control programmes
are implemented to reduce the potential for an increased disease
burden in these populations. However, while this review aimed to
identify these geographical areas and populations at risk of incur-
sion or re-emergence and discuss the impact on specific vulnera-
ble populations and/or territories, the identified gaps and limita-
tions meant that this was not well achieved.

Conclusion
Climate change may contribute to the emergence and re-
emergence of several NTDs, most notably those that involve a
vector or intermediate host for transmission. However, due to
the significant gaps and limitations of this review, it is difficult to
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predict future trends in disease transmission and distribution.
There is a need for robust surveillance and monitoring to iden-
tify areas of disease incursion and emergence and include these
in future public health interventions.
Collaboration between the health, veterinary and environ-

mental sectors, in a One Health approach, can enhance surveil-
lance capacity, increase the understanding of interactions
between climate change and the emergence of human and ani-
mal diseases and allow for the implementation of efficient and
targeted public health measures.84,85 Such approaches include
joint public health and veterinary operational plans to coordi-
nate rapid response to emerging zoonoses; integrated bite case
management, involving collaboration between health and veteri-
nary workers to inform risk assessments of dog bite patients and
improve timely rabies case detection and the control of urinary
schistosomiasis by incorporating education, preventivemeasures
and environmental management of fish and snail intermediate
host populations.85–87 Using climate forecasts to predict arbovi-
ral disease incidence has been shown to improve early warning
systems, inform public health preventive measures and optimise
resource allocation through targeted interventions.85,88,89
Understanding the complexities of pathogen–vector–host life

cycles and the influence of global factors including climate
change, globalisation, changing land use, population growth,
human migration and urbanisation is imperative for predicting
trends and identifying at risk populations. A One Health approach
should also be used to inform future research,with improved data
needed for many NTDs, their reservoirs and associated drivers of
disease emergence/re-emergence. Future modelling should bet-
ter reflect the complexity of NTD life cycles, supported by data
from local field-level research. Piloting of surveillance systems is
needed that aggregates data frommultiple sectors and engages
these sectors in the analysis and interpretation of results. Such
research will provide an evidence base to inform decision making
and develop policy frameworks to implement One Health surveil-
lance, detection and control programmes that will address the
existing burden of NTDs and potential future risk of NTD incursion
or re-emergence.
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