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Background: West Nile virus (WNV) is a vector-borne pathogen of global relevance and is currently the most 
widely distributed flavivirus causing encephalitis worldwide. Climate conditions have direct and indirect impacts 
on vector abundance and virus dynamics within the mosquito. The significance of environmental variables as 
drivers in WNV epidemiology is increasing under the current climate change scenario. In this study we used a 
machine learning algorithm to model WNV distributions in South America. 

Methods: Our model evaluated eight environmental variables for their contribution to the occurrence of WNV 
since its introduction in South America in 2004. 

Results: Our results showed that environmental variables can directly alter the occurrence of WNV, with lower 
precipitation and higher temperatures associated with increased virus incidence. High-risk areas may be mod- 
ified in the coming years, becoming more evident with high greenhouse gas emission levels. Countries such as 
Bolivia, Paraguay and several Brazilian areas, mainly in the northeast and midwest regions and the Pantanal 
biome, will be greatly affected, drastically changing the current WNV distribution. 

Conclusions: Understanding the linkages between climatological and ecological change as determinants of dis- 
ease emergence and redistribution will help optimize preventive strategies. Increased virus surveillance, inte- 
grated modelling and the use of geographically based data systems will provide more anticipatory measures by 
the scientific community. 
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causes West Nile fever, which is commonly asymptomatic or 
mild, but nearly 1 in 150 cases becomes neuroinvasive, induc- 
ing encephalitis or even death. 2 Although mosquito bites are 
responsible for almost all human infections, WNV transmission 
can also occur through organ transplantation, blood transfu- 
sion, intrauterine transmission and possible transmission through 
breastfeeding. 3 
Since its appearance on the American continent in 1999, 

WNV caused approximately 48 000 reported cases, with 24 000 
reported neuroinvasive cases, > 2300 deaths 2 and an estimated 
7 million total human infections in the USA alone. 4 At present, 
WNV is considered one of the most relevant viruses to cause 
zoonotic diseases in the US population. 2 WNV is also an impor- 
tant animal pathogen, as it results in a reported equine inci- 
dence of > 28 000 cases and mortality in > 300 bird species, 5 
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bbreviations 
PCC Intergovernmental Panel on Climate Change 
GCM global climate model 
GGE greenhouse gas emission 
MIROC-5 Model for Interdisciplinary Research On Climate 
PCA principal component analysis 
RCP Representative Concentration Pathway 
WNV West Nile virus 

ntroduction 

urrently, West Nile virus (WNV) is considered the most widely 
pread arbovirus on the planet. 1 It is the aetiologic agent that 
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causing substantial population declines among approximately 23
bird species. 6 For example, in the last 20 y the American crow
( Corvus brachyrhynchos ) population in North America declined
by 45% after the introduction of WNV. 6 The negative impact of
this virus has not been restricted to the USA, as > 5000 human
cases have been reported in Canada, and WNV is currently rec-
ognized as an emerging threat for America. 7 WNV recently also
became established in southeastern Europe, with a large out-
break in the summer of 2010 and recurrent outbreaks in 2011 and
2012. 8 
In its natural cycle, WNV is maintained in birds and

mosquitoes, although several wild vertebrates and domestic ani-
mals such as horses, cats and dogs can be natural reservoirs
for the virus. 9 Although WNV has been isolated in 65 differ-
ent mosquito species and 326 bird species, only a few Culex
mosquito species, including Culex pipiens , Culex quinquefasciatus
and Culex nigripalpus , drive the transmission of WNV in nature
and the subsequent spread to humans. 3 Migratory birds are
often naturally infected intermediate hosts for WNV and likely
carry the virus when they migrate. The virus they carry is most
likely spread by the bite of an infected mosquito. This confirms
the significance of migratory birds in WNV spread between two
areas. 10 
The development and expansion of WNV is extremely diver-

gent in each season, with periodic outbreak years combined with
low levels of viral transmission, and climate is one of the central
elements driving these trends. 11 For example, higher air temper-
atures influence vector population growth rates and its compe-
tence, accelerate virus replication in mosquitoes (extrinsic incu-
bation period), prolong the breeding season and increase the
viral transmission to birds. 10 Changes in climatic conditions have
been hypothesized to play a central role in increasing the num-
ber of WNV outbreaks reported worldwide in the last few decade.
Viral transmission occurs when competent vectors are abun-
dant and active. In addition, precipitation is another climatic fac-
tor that plays a crucial role in mosquito productivity and abun-
dance, 12 thus precipitation also impacts WNV distribution and
transmission. 
The recent Intergovernmental Panel on Climate Change (IPCC)

report 13 revealed an overall increase in warm days and heat
waves in South America, and several other regions with more
precipitation increases than decreases were observed, with het-
erogeneous spatial trends. To date, there are few studies about
the impact of climate change on WNV dissemination in South
America. Although large scale, the spread of this virus has not
been followed by noticeable bird mortality or disease in horses
or humans in Latin America and the Caribbean 14 ; the main con-
cern is the absence of data on the West Nile fever burden in
its hosts. Despite several studies and records in epidemiologi-
cal bulletins, 15 –18 to the best of our knowledge, no predictive
models for WNV have been developed in this context, espe-
cially for South America. In this study we analysed and showed
how WNV could increase its relevance by exploring future cli-
mate scenarios. We addressed these questions by searching
for evidence of virus circulation in human patients, mosquitoes,
equids and birds throughout South America during the last 15 y
and developing a predictive model considering environmental
variables that directly affect WNV transmission dynamics and

distribution. 
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Methods 
Data acquisition 
The approximate locations of WNV records (human cases, detec-
tion in any non-human host or infected mosquito) were defined
using locations described in the literature between 2004 (first
record in South America) and 2020 (Table 1 ). Data were col-
lected through the PubMed and Google Scholar databases. We
included all records of WNV in South American regions regis-
tered in epidemiological bulletins since the very first record (2004)
through 2020. The criterion for inclusion of a region in our anal-
ysis was the presence of one or more WNV case recorded. We
included here any human case, infected non-human host or
mosquito. 
The procedures followed in our study were based on Lorenz

et al. 19 To verify the ecological and climatic variables asso-
ciated with the presence of WNV, we explored the associa-
tions between the locations of the records and eight variables:
annual rainfall (mm), annual temperature (°C), elevation (m),
type of biome, seasonality of temperature, seasonality of pre-
cipitation, thermal amplitude and daytime temperature varia-
tion. Biome is a qualitative variable that represents a biologi-
cal unit or geographic space whose specific characteristics are
defined by macroclimate, phytophysiognomy, soil and elevation.
The corresponding values in our model were Amazonian rain-
forest, savannah, Caatinga, Atlantic rainforest, Pantanal (wet-
lands), prairies, Chaco, mangrove, desert, elevation fields, tem-
perate forests and veld. The seasonality of the temperature value
was calculated as the standard deviation (SD) of the average
monthly temperature. The thermal amplitude value was calcu-
lated by subtracting the minimum temperature during the cold-
est month from the maximum temperature during the hottest
month. The seasonality of the precipitation value was calcu-
lated as the coefficient of variation for the average monthly pre-
cipitation. The mean daytime temperature variation was cal-
culated by subtracting the mean minimum temperature from
the mean maximum temperature. These variables were selected
because they were assumed to have a possible effect on life
cycles and biological conditions of mosquitoes, humans and
non-human hosts or to be at least correlated with more prox-
imal causal factors. 20 All weather data were obtained from
the WorldClim – Global Climate Data database, 21 which con-
tains representative observational data for 1950–2000 that were
interpolated to a resolution of 30 arc seconds (approximately
1 km). 

Data analysis 
We performed principal component analysis (PCA) using XLSTAT
software version 2021.3.1 (Addinsoft, New York, NY, USA) to
preselect the environmental variables that were used in the
WNV modelling. After performing the PCA, we choose the four
most representative eigenvectors of the variables, which were
employed for Maxent analysis (version 3.3.3k; a machine learning
algorithm for modelling species distributions based on existing
data and environmental variables). 22 The principle of maximum
entropy was used in data selection, with the original variables

that reached maximum and minimum values within the ordered 
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Figure 1. PCA showing the most representative environmental variables 
for our WNV model. The first two components (F 1 and F 2 ) accounted for 
66.04% of the variation. We choose the four most representative eigen- 
vectors of the variables, which were employed for Maxent analysis. 

Table 2. Environmental variables used in the analysis and model 
selection. 

Eigenvectors 

Variables F 1 F 2 

Biome 0 .043 −0 .447 
Elevation 0 .003 −0 .335 
Annual rainfall −0 .287 −0 .492 
Daytime temperature variation 0 .454 0 .171 
Average annual temperature −0 .399 0 .366 
Precipitation seasonality −0 .078 0 .529 
Thermal amplitude 0 .523 0 .027 
Temperature seasonality 0 .520 −0 .050 

Variables included in the final model are indicated in bold. 
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anking of each principal component, as they describe the full 
ange of data variation. The Maxent model may be expressed as: 

p 
[
f j 
] = 

1 
N 

N ∑ 

i = 1 
f i ( x i ) , 

here x ∗= the geographical region of interest; x = { x 1 , . . . , x N } 
ith x ∈ x ∗; x → observed points at x*; f j = f 1 ′ , f 2 ′ , …, f m 

(environ-
ental variables); N = the number of observed records and p = the 
robability of WNV occurrence. The model was run 25 times, 
ith a difference of 10% of the localities for each run to estimate 
he parameters and their precision. Potential distribution maps 
ere generated by interpolating the occurrence points and the 
imilarity measures of the environmental variables in each pixel. 
Future climate data were integrated using the Model for 

nterdisciplinary Research on Climate (MIROC-5) 23 global climate 
odel (GCM). The spatial resolution of the GCM was the same as 
hat of the environmental layers (30 arc seconds, approximately 
 km). The comparison method was the same as for the Maxent 
odel, although the probability calculation for the GCMs incorpo- 
ated a comparison of the present and future environmental con- 
itions. To obtain future climate scenarios using GCMs, it is also 
ecessary to choose a condition for the evolution of greenhouse 
as emissions (GGEs) during the period when the future climate 
s projected. In our prediction, we used two different scenarios: 
ow emissions (Representative Concentration Pathway [RCP] 2.6) 
nd very high emissions (RCP 8.5), detailed in the Special Report 
n Emissions Scenarios by the IPCC. 13 In the first case, the global 
emperature tends to increase by 1.0°C and can reach a tempera- 
ure anomaly ranging from 0.4 to 1.6°C and 0.3 to 1.7°C for 2046–
065 and 2081–2100, respectively. In the second scenario, with 
igh GGEs, the global temperature tends to increase 2.0 to 3.7°C 
nd can reach a thermal anomaly ranging from 1.4 to 2.6°C and 
.6 to 4.8°C for 2046–2065 and 2081–2100, respectively. 

esults 
egarding PCA, the first two components (F 1 and F 2 ) accounted 
or 66.04% of the variation (Figure 1 ). According to this analy- 
is, it was possible to perceive that the most representative vari- 
bles of PCA were associated with precipitation (annual rainfall 
nd precipitation seasonality) and temperature (annual temper- 
ture average and thermal amplitude) (Table 2 ). 
After selecting the four most important variables, we con- 

tructed a Maxent model (Figure 2 B) to determine the areas 
here WNV will most likely be observed in South America. We 
bserved that there is a concentration of WNV in the northern 
egion of South America, including Venezuela and Colombia, 
astern Brazil and Paraguay, Bolivia and southern Argentina. The 
ontribution of each variable to the final model in Maxent was 
nnual rainfall 51.6%, annual temperature 36.3%, precipitation 
easonality 6.5% and thermal amplitude 5.5%. The average 
raining area under the curve (AUC) for the final model is 0.85 
nd the SD is 0.028, which was significantly better than the 
andom prediction (p = 0.001), indicating good performance of 
he model (Figure 3 ). The behaviour of each variable in the model 
s shown in Figure 3 . These curves show how each environmental 
ariable affects the Maxent prediction. The curves show how 
he logistic prediction changes as each environmental variable is 
aried, keeping all other environmental variables at their average 
ample value. In other words, the curves show the marginal 
ffect of changing exactly one variable, whereas the model may 
ake advantage of sets of variables changing together. 
Probability maps were generated using two different future 

limate projections (Figure 4 ). The results reveal progressively 
xpanding areas with an increased likelihood of WNV distribution, 
specially in areas with high GGE levels. Countries such as Bolivia 
nd Paraguay will be greatly affected, drastically changing their 
urrent WNV distribution. Several Brazilian areas will also increase 
he likelihood of presenting WNV, mainly in the northeast and 
idwest regions. It is worth highlighting the possible change in 
1047 
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Figure 2. Occurrence of WNV in South America during the last 15 y. (A) Records by host type. (B) Maxent model showing the probable current distri- 
bution and bird migration routes. The maps were built using QGis version 2.10.1. 
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the distribution of WNV on the Galapagos Islands in the follow-
ing years (Figure 5 ). 

Discussion 

Predicting at-risk locations for WNV is important for targeting vec-
tor control and public health resources. According to the reviewed
literature, there are several records of WNV distribution in South
America detected in different types of hosts, but our Maxent
model showed that the distribution area of this virus can be
significantly larger than observed. It is possible that there may
be a significantly larger number of infected mosquitoes, horses
and birds, but the lack of adequate testing and serological sur-
veys among populations may underestimate this number. The
incongruence between the actual cases and the reported cases
is mainly due to the similarity of the clinical symptoms among
many arboviruses, underestimating the occurrence of WNV in
South America. This issue is enhanced by the lack of correct
diagnostic techniques for identifying the virus. Considering that
several countries in South America have reported outbreaks of
dengue, Zika and chikungunya in recent decades, 24 it is possible
that other arboviruses with related symptoms have been con-
fused with WNV. Despite information regarding high circulation of
WNV in some areas, several cases remain undiagnosed, probably
due to mild and self-limited clinical manifestations. Commonly,
patients fully recover after a few days. Nevertheless, more serious
cases may remain undiagnosed, principally due to lack of health-
care facilities nearby, difficulties in sample transport and a lack of
laboratories qualified to perform diagnostic tests. 14 
WNV dissemination in South America possibly behaves dis-

tinctively from that reported in North America and Europe, and
1048 
some hypotheses relate this fact to the higher level of genetic
resistance in South America due to the large variety of circu-
lating flaviviruses. Perhaps WNV could circulate similar to other
flaviviruses, such as ilheus or Saint Louis, 15 which infect equids
but do not produce severe clinical symptoms that are applica-
ble to health surveillance. The main difference between WNV
and other viruses is that humans do not have enough viremia to
infec t mosquito vec tor species with WNV, which makes a great
difference in the epidemiology of WNV. South American coun-
tries appear to have provided a method of coexistence with WNV
in which the virus can circulate at a low level of pathogenicity
without causing major issues. 17 Since the introduction of WNV
in South America in 2004, only seven human cases have been
recorded in Brazil, with only one death reported. 25 Brazil is a trop-
ical country with one of the most diverse fauna populations in
the world. This could be a protective factor against an outbreak
because every small part of the ecosystem needs to be taken
into consideration in the complex WNV transmission network to
reduce viral activity. 26 
Our results confirm the associations between the increased

WNV incidence with higher temperatures and lower precipita-
tion. 15 Higher temperatures increase fecundity and blood meal
intake in Culex mosquitoes that transmit WNV and decrease
its time to development. 27 A large population of mosquitoes
combined with aggressive feeding behaviour in reservoir species
enhances the probability of detecting WNV in a specific region.
Precipitation quantity was inversely associated with WNV inci-
dence, confirming the result of a study conducted in Illinois. 24 
Immature forms of Culex are especially vulnerable to being
flushed out of the containers they occupy and are probably killed
by rainfall events. 28 Heavy rainfall might also dilute the nutri-
ents for larvae, thus decreasing their development rate. We found
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Figure 3. (A) Training omission rate and predicted area as a function of the cumulative threshold, averaged over the replicate runs. (B) Receiver 
operating characteristics curve for the same data, again averaged over the replicate runs. The average training area under the curve for the replicate 
runs is 0.85 and the SD is 0.028. (C) Behaviour of each selected variable in the Maxent model according to the logistic output (probability of presence 
of WNV). 
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hat approximately 1200 mm of annual rainfall was the opti- 
al value for maximizing the potential distribution of WNV in 
ur predicted conditions. A possible explanation is that drought 
vents cause proximity between birds and mosquitoes around 
esidual water sources, thereby accelerating the epizootic cycling 
nd dissemination of WNV within these populations. Also, dur- 
ng drought conditions, permanent water pools become rich in 
rganic materials that mosquitoes need to develop. These water 
reas might also be attractive for several avian species, thus 
avouring the bird–mosquito interaction. 26 Seasonality is when 
n event that occurs at a certain time of the year. The Culex 
osquito has a very fast population growth, as it is a species 
hat colonizes unstable habitats, with high fecundity and a short 
iological cycle, with records of > 10 generations per year. The 
1049 
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Figure 4. Predicted WNV range expansion in South America based on MIROC-5. The maps show the distribution under two climate change scenarios: 
RCP 2.6 (lower increase in GGEs) and RCP 8.5 (higher increase in GGEs). The maps were built using QGis version 2.10.1. 
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occurrence of sharp peaks in the frequency of mosquitoes, with
explosive development between generations, after the summer
rains means that there is an association between the seasonality
of precipitation (summer rains) and the occurrence of the vector
mosquito. 
According to the predictive MIROC-5 model, high-risk areas

for WNV may change over the next few decades. This scenario
can be more or less dramatic and depends on GGE levels. Coun-
tries such as Bolivia and Paraguay would be greatly affected,
drastically changing their current WNV distribution. Several
Brazilian areas also would increase the likelihood of presenting
WNV, mainly in the northeast and midwest regions, including
the Brazilian Pantanal biome. This is possibly associated with the
singular environmental and ecological aspects of Pantanal, such
as the prevalence of avian migration from North America. 29 This
area is also characterized by strong anthropogenic disturbances,
which includes the recent enlargement of farming and human
1050 
activities related to deforestation. These issues can alter the
natural cycle of WNV, increasing the risk of virus infection in
humans. 20 In contrast, looking at the current and future distri-
bution maps, the Andes Mountains may act as a physical barrier
against the dispersion of WNV in South America, which can be
related to the absence of bird migration paths in this area. 
With the expansion of the geographical range of WNV, it

is almost certain that more epidemics of meningoencephalitis
will be reported in the coming years. Cities with precarious eco-
nomic and infrastructure conditions and those that lack efficient
arbovirus surveillance measures and mosquito vector control
programs are especially susceptible. 30 WNV may have become
endemic in some regions, taking into account the abundant pop-
ulation of avian reservoirs and the huge diversity of mosquito
species in South America. Among the several species of Culex
reported in South America, C. quinquefasciatus is the most abun-
dant anthropophilic species. 31 Some studies indicate that the
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Figure 5. Current and predictive distribution of WNV on the Galapagos Islands through Maxent modelling. The maps were built using QGis version 
2.10.1. 

e
p
t
u
i
t
t
p
f
t
y
t
r

W
s
m
t
c
f
i
t
i  

t
d  

s
s

w
t
e
d
W
w
l
c
t
f
W
a
a
o
e
f
s
t

C
T
W
a
d
t

D
ow

nloaded from
 https://academ

ic.oup.com
/trstm

h/article/116/11/1043/6594351 by FAC
U

LD
AD

E FILO
SO

FIA C
IEN

C
IAS LETR

AS R
IBEIR

ÃO
 PR

ETO
 user on 06 January 2023
mergence and dissemination of Culex -transmitted diseases will 
ossibly intensify in the coming years due to the strong adap- 
ation of these mosquitoes to climate change and ineffective 
rban sanitary infrastructure. 30 The continuous evolution of WNV 
n North America and the potential effects of WNV dissemina- 
ion in South America on the economy and public health highlight 
he urgency of establishing WNV active surveillance and research 
rograms. It is necessary to minimize eventual risks to society 
rom the introduction of another dangerous arbovirus beyond 
hose already established, such as dengue, Zika, chikungunya and 
ellow fever. 25 It is also important to point out that contrary to 
he Zika, chikungunya and yellow fever viruses, humans are not 
eservoirs of WNV. 
This study has some limitations. It is worth mentioning that 
NV epidemiology is not as straightforward as other arboviruses, 
uch as dengue transmitted by Aedes aegypti . WNV is vectored by 
any different mosquito species and human infections are due 
o spillover events from bird populations. Humans and horses are 
onsidered accidental and terminal hosts, since viremia occurs 
or a short period of time and at levels that are insufficient to 
nfect mosquitoes, ending the transmission cycle. Another impor- 
ant factor that limits a more precise analysis of WNV distribution 
s that it is not known which are the true Culex species involved in
he transmission cycle. Climate conditions alone are not the main 
river of WNV, but they may serve as a proxy to estimate the most
uitable areas for the virus to circulate in the future. Regarding 
pecific limitations of this study, the projections presented here 
ere processed based on the assumption that all variables except 
emperature remained stable over time. For example, our mod- 
ls considered the human population size as stable. Second, the 
eforestation rate, which is an important factor in determining 
NV outbreaks, was not included. However, other factors that 
ere not part of our model, such as the quality of vector surveil- 
ance, clinical case detection and the development of some vac- 
ines, could change over time. In this study we did not consider 
he distribution areas of the mosquito vectors, which are essential 
or transmission but are significantly difficult to estimate. Finally, 
NV may circulate in asymptomatic or misdiagnosed patients, 
nd the difficulty in determining their exact distribution directly 
ffec ts the predic tive power of our model. Despite its limitations, 
ur study serves as an important initial step in predicting the 
mergence of WNV in South America, as current studies have 
ocused on only a few specific small regions. It also warns the 
urveillance healthcare systems that WNV may remain underes- 
imated before the outbreak occurs. 

onclusions 
his is the first spatiotemporal study in South America to predict 
NV distribution. Our findings show that the probable high-risk 
reas could be significantly larger than those in which WNV was 
etected. Environmental factors can precisely alter the distribu- 
ion of WNV, with higher temperatures and lower precipitation 
1051 
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associated with increased virus incidence. High-risk areas may
be modified in the coming years, being more pronounced with
high GGE levels. Countries such as Bolivia and Paraguay could
be greatly affected, drastically changing their current WNV dis-
tribution. Several Brazilian areas also could increase the likeli-
hood of presenting WNV, mainly in the northeast and midwest
regions and the Pantanal biome. The Galapagos Islands also may
increase their geographic range suitable for WNV occurrence. 
Although our approach is limited, we propose that future stud-

ies should be multidisciplinary and include other variables such
as mosquito distribution and components of the natural cycle of
WNV. Analysing the role of climate in the emergence of WNV will
require interdisciplinary cooperation among researchers and soci-
ety. Overall, this study provides useful indications regarding the
dynamics of WNV in the South American region. Considering the
avian reservoirs and Culex mosquitoes found in South America
and the potential availability of new animal reservoirs due to the
vast size of this region, the WNV can spread across countries once
it establishes its replication cycle in the environment, as observed
in the USA. 

Authors’ contributions: CL was responsible for conceptualization, data
acquisition, investigation and draft preparation. TSA was responsible for
conceptualization, methodology, investigation, software and reviewing
and editing the manuscript. FC-N was responsible for conceptualization,
visualization, supervision and reviewing and editing the manuscript. 

Acknowledgements: None. 

Funding: This work was supported by the São Paulo Research Foundation
(grant 2017/10297-1). 

Competing interests: None declared. 

Ethical approval: Not required. 

Data availability: The data that support the findings of this study are
openly available in the Google Scholar ( https://scholar.google.com/ ) and
PubMed ( https://pubmed.ncbi.nlm.nih.gov/ ) databases. 

References 
1 Costa EA, Bayeux JJM, Silva ASG, et al. Epidemiological surveillance
of West Nile virus in the world and Brazil. Braz J Vet Res Anim Sci.
2019;56(4):e164335. 

2 Centers for Disease Control. West Nile virus – statistics & maps
in 2018. Available from: https://www.cdc.gov/westnile/statsmaps/
index.html [accessed May 2020]. 

3 Hayes EB, Komar N, Nasci RS, et al. Epidemiology and trans-
mission dynamics of West Nile virus disease. Emerg Infect Dis.
2005;11(8):1167–73. 

4 Ronca SE, Murray KO, Nolan MS. Cumulative incidence of West Nile
virus infection, continental United States, 1999–2016. Emerg Infect
Dis. 2019;25(2):325–30. 

5 Komar N. West Nile virus: epidemiology and ecology in North America.
Adv Virus Res. 2003;61:185–234. 

6 George TL, Harrigan RJ, LaManna JA, et al. Persistent impacts of West
Nile virus on North American bird populations. Proc Natl Acad Sci USA.
2015;112(46):14290–4. 
1052 
7 Castro-Jorge LAD, Siconelli MJL, Ribeiro BDS, et al. West Nile virus
infections are here! Are we prepared to face another flavivirus epi-
demic? Rev Soc Bras Med Trop. 2019;52:e20190089. 

8 Paz S, Semenza JC. Environmental drivers of West Nile fever epidemi-
ology in Europe and western Asia—a review. Int J Environ Res Public
Health. 2013;10(8):3543–62. 

9 Osório HC, Zé-Zé L, Alves MJ. Host-feeding patterns of Culex pip-
iens and other potential mosquito vectors (Diptera: Culicidae) of
West Nile virus (Flaviviridae) collected in Portugal. J Med Entomol.
2012;49(3):717–21. 

10 Vilibic-Cavlek T, Savic V, Petrovic T, et al. Emerging trends in the epi-
demiology of West Nile and Usutu virus infections in southern Europe.
Front Vet Sci. 2019;6:437–41. 

11 Chung WM, Buseman CM, Joyner SN, et al. The 2012 West Nile
encephalitis epidemic in Dallas, Texas. JAMA. 2013;310(3):297–307. 

12 Poh KC, Chaves LF, Reyna-Nava M, et al. The influence of weather
and weather variability on mosquito abundance and infection with
West Nile virus in Harris County, Texas, USA. Sci Total Environ.
2019;675:260–72. 

13 Intergovernmental Panel on Climate Change. Climate change 2021:
the physical science basis. Cambridge: Cambridge University Press; in
press. 

14 Kramer LD, Styer LM, Ebel GD. A global perspective on the epi-
demiology of West Nile virus. Annu Rev Entomol. 2008;53(1):
61–81. 

15 Pauvolid-Corrêa A, Campos Z, Juliano R, et al. Serological evidence
of widespread circulation of West Nile virus and other flaviviruses in
equines of the Pantanal, Brazil. PLoS Negl Trop Dis. 2014;8(2):e2706. 

16 Ometto T, Durigon EL, De Araujo J, et al. West Nile virus surveillance,
Brazil, 2008–2010. Trans R Soc Trop Med Hyg. 2013;107(11):723–30. 

17 Siconelli MJL, Jorge DMDM, Castro-Jorge LAD, et al. Evidence for cur-
rent circulation of an ancient West Nile virus strain (NY99) in Brazil.
Rev Soc Bras Med Trop. 2021;3:54–7. 

18 López RH, Soto SU, Gallego-Gómez JC. Evolutionary relationships of
West Nile virus detected in mosquitoes from a migratory bird zone of
Colombian Caribbean. Virol J. 2015;12:80. 

19 Lorenz C, Azevedo TS, Virginio F, et al. Impact of environmental fac-
tors on neglected emerging arboviral diseases. PLoS Negl Trop Dis.
2017;11(9):e0005959. 

20 Angelou A, Kioutsioukis I, Stilianakis NI. A climate-dependent spatial
epidemiological model for the transmission risk of West Nile virus at
local scale. One Health. 2021;13:100330. 

21 WorldClim. Global Climate Data database. Historical climate data and
future climate data. Available from: https://www.worldclim.org/data/
worldclim21.html [accessed May 2020]. 

22 Elith J, Phillips SJ, Hastie T, et al. A statistical explanation of Maxent
for ecologists. Diver Distrib. 2011;17(1):43–57. 

23 Watanabe S, Hajima T, Sudo K, et al. MIROC-ESM 2010: model descrip-
tion and basic results of CMIP5-20c3m experiments. Geosci Model
Dev. 2011;4(4):845–72. 

24 World Health Organization. Health topics: disease outbreaks.
Available from: http://www.who.int/topics/disease _ outbreaks/en/
[accessed May 2020]. 

25 Ministério da Saúde do Brasil. Situação epidemiológic a da Febre
do Nilo Ocidental. Available from: https://www.gov.br/saude/pt-br/
assuntos/saude- de- a- a- z- 1/f/febre- do- nilo- ocidental [accessed
May 2020]. 

26 Ciota AT, Matacchiero AC, Kilpatrick AM, et al. The effect of tem-
perature on life history traits of Culex mosquitoes. J Med Entomol.
2014;51(1):55–62. 

https://scholar.google.com/
https://pubmed.ncbi.nlm.nih.gov/
https://www.cdc.gov/westnile/statsmaps/index.html
https://www.worldclim.org/data/worldclim21.html
http://www.who.int/topics/disease_outbreaks/en/
https://www.gov.br/saude/pt-br/assuntos/saude-de-a-a-z-1/f/febre-do-nilo-ocidental


Transactions of the Royal Society of Tropical Medicine and Hygiene 

3

3  

3

3

3  

3

3

3

4

4

4

4

4

4

D
ow

nloaded from
 https://academ

ic.oup.com
/trstm

h/article/116/11/1043/659435
27 Ruiz MO, Chaves LF, Hamer GL, et al. Local impact of temperature and 
precipitation on West Nile virus infection in Culex species mosquitoes 
in northeast Illinois, USA. Parasit Vectors. 2010;3:19. 

28 Myer MH, Johnston JM. Spatiotemporal Bayesian modeling of West 
Nile virus: identifying risk of infection in mosquitoes with local-scale 
predictors. Sci Total Environ. 2019;650:2818–29. 

29 Nunes AP, Silva PA, Tomas WM. Novos registros de aves para o Pan- 
tanal, Brasil. Rev Bras Ornitol. 2008;16(2):160–4. 

30 Campbell GL, Marfin AA, Lanciotti RS, et al. West Nile virus. Lancet 
Infect Dis. 2002;2(9):519–29. 

31 Consoli RA, Oliveira RLD. Principais mosquitos de importância sanitária 
no Brasil. Rio de Janeiro: Editora Fiocruz; 1994. 

2. Mattar S, Edwards E, Laguado J, et al. West Nile virus antibodies in 
Colombian horses. Mem I Oswaldo Cruz. 2005;10(3):176–80. 

3. Diaz LA, Komar N, Visintin A, et al. West Nile virus in birds, Argentina.
Emerg Infect Dis. 2008; 14(4):689–95. 

4. Góez-Rivillas Y, Taborda N, Díaz FJ, et al. Antibodies to West Nile virus 
in equines of Antioquia and Meta, Colombia, 2005-2008. Rev Colomb 
Cienc Pec. 2010;23(4):462–70. 

5. Morales MA, Barrandeguy M, Fabbri C, et al. West Nile virus isola- 
tion from equines in Argentina, 2006. Emerg Infect Dis. 2006; 12(10): 
1559–67. 

6. Mattar S, Komar N, Young G, et al. Seroconversion for West Nile and St.
Louis encephalitis viruses among sentinel horses in Colombia. Mem I 
Oswaldo Cruz. 2011;106(8):976–9. 
7. Velásquez G, Ulloa A, Montañez H, et al. Evidence of the pres- 
ence of West Nile Virus in mosquito pools in North East- 
ern Region of Venezuela. G Advan Res J Med Sci. 2013;2(1): 
20–5. 

8. Pauvolid-Corrêa A, Morales MA, Levis S, et al. Neutralising antibodies 
for West Nile virus in horses from Brazilian Pantanal. Mem I Oswaldo 
Cruz. 2011;106:467–74. 

9. Silva JR, Medeiros LCD, Reis VPD, et al. Serologic survey of West Nile 
virus in horses from Central-West, Northeast and Southeast Brazil. 
Mem I Oswaldo Cruz. 2013;108:921–3. 

0. Melandri V, Guimarães AE, Komar N, et al. Serological detection of 
West Nile virus in horses and chicken from Pantanal, Brazil. Mem I 
Oswaldo Cruz. 2012;107(8):1073–5. 

1. López RH, Soto SU, Gallego-Gómez JC. Evolutionary relationships of 
West Nile virus detected in mosquitoes from a migratory bird zone of 
Colombian Caribbean. Virol J. 2015;12(1):1–6. 

2. SESAPI. Secretaria de Saúde do Piauí. Available from: http://www. 
saude.pi.gov.br/noticias/2020- 04- 28/ [accessed May 2020]. 

3. Martins LC, Silva EVPD, Casseb LMN, et al. First isolation of West Nile 
virus in Brazil. Mem I Oswaldo Cruz. 2019;114(3):1–8. 

4. Silva ASG, Matos ACD, da Cunha MACR, et al. West Nile virus associ- 
ated with equid encephalitis in Brazil, 2018. Transbound Emerg Dis. 
2019;66(1):445–53. 

5. Bosch I, Herrera F, Navarro JC, et al. West Nile virus, Venezuela. Emerg 
Infect Dis. 2007; 13(4):651–9. 
1053 

1 by FAC
U

LD
AD

E FILO
SO

FIA C
IEN

C
IAS LETR

AS R
IBEIR

ÃO
 PR

ETO
 user on 06 January 2023

http://www.saude.pi.gov.br/noticias/2020-04-28/

	Abbreviations
	Introduction
	Methods
	Data acquisition
	Data analysis

	Results
	Discussion
	Conclusions
	References

