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• Environmental and socioeconomic risk
factors for visceral (VL) and cutaneous
(CL) leishmaniasis were analyzed.

• Vegetation, socioeconomic factors and
climate affect the occurrence and inci-
dence of VL and CL.

• CL occurrence is driven by vegetation
cover and economic inequality while
VL occurrence by human development.

• Temperature increases both CL and VL
incidence.

• Influence of climate change may in-
crease the risk of leishmaniasis in tropi-
cal areas.
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Leishmaniasis is a vector-borne disease caused by the protozoan Leishmania spp. mainly affecting individuals of
low socioeconomic status. In tropical regions the transmission risk to humans depends not only on environmen-
tal factors, such as vegetation cover and climate, but also on the socioeconomic characteristics of human popula-
tions. However, the relative contribution of these factors to disease risk and incidence is not well understood. Yet
this information is critical for the development of epidemiological surveillance schemes and control practices.
Leishmaniasis cases have increased in São Paulo state, Brazil over recent years but the underlying risk factors
for transmission remain understudied. Here, we use generalized linear mixed models to quantify the association
between occurrence and incidence (number of cases) of cutaneous (CL) and visceral (VL) leishmaniasis from
1998 to 2015, and landscape (native vegetation cover), climate (seasonal and interannual variation in precipita-
tion and temperature) and socioeconomic factors (population, number of cattle heads, Human Development
Index - HDI, Gini inequality index and income per capita) across the 645 municipalities of São Paulo state,
Brazil. For CL, probability of occurrence was greater in municipalities with high native vegetation cover and eco-
nomic inequality and in years with greater average winter precipitation. For VL, probability of occurrence was
greater in years with highminimum spring precipitation andmaximum annual temperatures, and inmunicipal-
ities with larger HDI values and a greater number of cattle heads. The number of VL cases increased during years
with highmean fall precipitation and, for both CL and VL the number of caseswas greater in years of high annual
mean temperature. Understanding how these risk factors influence spatial and temporal variation in the risk and
incidence of leishmaniasis can contribute to thedevelopment of effective public health policies and interventions.
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1. Introduction

Over the past few decades tropical landscapes have been drastically
transformed, and over half of the potential forest areas have been
converted to agriculture, cattle pastures, and urban development
(DeFries and Rosenzweig, 2010; DeFries et al., 2010). Since landscape
characteristics influence the biology of disease vectors and their reser-
voirs (Rodríguez-Morales, 2013), these transformations can alter the
distribution and incidence of vector-borne diseases (Reisen, 2010).
Loss and fragmentation of natural habitats, for example, may concen-
trate animal populations in small areas, leading to disease outbreaks
or spillovers to adjacent habitats (Brearley et al., 2012). At the same
time, the expansion of human settlements near disease reservoirs natu-
ral habitats (e.g., forests) can increase frequency of contact between
humans and pathogens and consequently disease incidence (de Coster
et al., 2014). Since the effects of landscapemodification are likely to de-
pend on the ecology of the disease, predicting and managing disease
risk for human populations will require a clearer understanding of the
relationship between environmental conditions and disease risk
(Myers et al., 2014).

One neglected tropical disease affected by environmental character-
istics is leishmaniasis. This disease is caused by protozoans of the Leish-
mania genus. In the Americas, female phlebotomine sand flies, mainly of
the Lutzomyia genus, transmit the parasites to mammalian reservoirs
(World Health Organization, 2010). There are two main clinical forms:
visceral leishmaniasis (VL) is lethal without treatment, while cutaneous
leishmaniasis (CL) causes skin and mucosal ulcerative lesions but does
not cause mortality (Dantas-Torres et al., 2012). In the world, the esti-
mated annual number of cases ranges from 0.2 to 0.4 million cases of
VL and 0.7 to 1.2 million cases of CL, and is responsible for more than
30,000 deaths each year (World Health Organization Control Team
et al., 2012; Ruiz-Postigo et al., 2020).

Human landscape modifications in tropical regions have resulted in
increased contact between humans and Leishmania vectors (de Santana
Martins, 2015). The development and expansion of human populations
have led to the proliferation of the disease in settlements close to
forests, where conditions are suitable for the development of
phlebotomine sand flies (Casanova et al., 2013). Rural-urban migration
and expansion of human settlements in peri-urban areas have also in-
creased contact between vectors and both humans and domestic ani-
mals. The interconnection between human settlements contributes to
the life cycle and dispersion of leishmaniasis vector (Thomaz-Soccol
et al., 2018). As a result, sand flies have adapted the transmission cycle
to urban environments where rather than depend on reservoirs re-
stricted to areas with dense vegetation, they rely on domestic animals
(Vianna et al., 2016).

The transmission cycle of CL leishmaniasis in Neotropical regions, is
still maintained in areas with dense vegetation (i.e., forest or vegetation
surrounding rural and peri-urban areas) because the vector species of
the Leishmania responsible for the cutaneous form and their reservoirs
are more restricted to natural environments and depend on vegetation
(Kariyawasam et al., 2015). For VL, Leishmania infantum, the main para-
site is transmitted by a synanthropic vector, Lutzomyia longipalpis and
has the domestic dog (Canis familiaris) as the main reservoir, conse-
quently affecting urban and peri-urban human populations (Pace, 2014).

Climate is also an important determinant of the distribution of
vectors and pathogens. Temperature, precipitation and relative humid-
ity affect the reproduction, development, behavior and population dy-
namics of vector-borne diseases such as leishmaniasis (Carvalho et al.,
2016). How climate conditions influence leishmaniasis occurrence de-
pend on each vector species, which responds to different climate vari-
ables. In general, sand flies need warm temperatures and sustained
precipitation to maintain favorable humid conditions (Desjeux, 2001).
Too much precipitation can kill them while drought prevents larval de-
velopment (Ready, 2013). Neotropical sand flies are generally present
year around. Their abundance, however, depend on climate seasonality,
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especially in regions with defined wet-dry and hot-cold seasons be-
cause sand flies exhibit diapause in the first instars (i.e., larvae and
pupae) to survive until climate conditions for emergence are favorable
(Pinheiro et al., 2016). However, suitable temperature and precipitation
conditions vary for each sand fly species and according to its geograph-
ical distribution. Understanding the effects of climate factors on the ep-
idemiology of leishmaniasis is needed to predict disease risk under a
changing climate (World Health Organization, 2010).

Socioeconomic conditions also influence leishmaniasis risk (Alvar
et al., 2006). Poverty is usually associated not only with decreased ac-
cess to health services but also with housing and working conditions
that facilitate transmission (Houweling et al., 2016). Populations located
in rural and peri-urban areas in tropical regions often settle near vege-
tation areas, where the transmission cycle of leishmaniasis can be com-
pleted. In these areas, housing is constructed of low-quality materials,
like straw, mud, or bamboo, which can shelter sandflies and favor leish-
maniasis transmission (Argaw et al., 2013). Lack of sewage and garbage
collection services, leading to accumulation of waste can also attract po-
tential reservoirs (e.g., domestic mammals) and provide the humidity
necessary for vector breeding sites (Machado-Coelho et al., 1999). Agri-
culture and livestock husbandry can increase risk in rural regions be-
cause these activities expose human to sand flies bites and the
presence of cattle attract sand flies looking for blood meal (Chaves,
2011).

In this study we analyze the environmental and socioeconomic
factors associated with the incidence of leishmaniasis between 1998
and 2015 in the state of São Paulo, Brazil. Brazil has the largest number
of leishmaniasis cases in the Americas, with an estimated annual inci-
dence of 4200 to 6300 cases of visceral and 72,800 to 119,600 cases of
cutaneous leishmaniasis (World Health Organization Control Team
et al., 2012; Graepp-Fontoura et al., 2020). Although São Paulo accounts
~1% of cases (Da Saúde, 2012), understanding the dynamics of leish-
maniasis in the state is important because marked climate seasonality
coupled with the loss of natural vegetation, agricultural expansion,
and urbanization portend changes that are likely to occur in other
developing tropical regions within and outside Brazil (Klink and
Machado, 2005). We examine the influence of landscape, socioeco-
nomic, and climate factors on probability of occurrence and number of
cases of cutaneous and visceral leishmaniasis. We hypothesize that:

a. The occurrence and number of cases of CL, but not of VL, will be
higher in municipalities with high vegetation cover, since the vectors
and reservoirs of CL are dependent of natural vegetation.

b. The occurrence and number of cases of both clinical formswill in-
crease in municipalities with (a) low socioeconomic conditions and
with large at-risk populations or (b)warm temperatures and high
precipitation.

2. Material and methods

2.1. Study area

São Paulo state is located in the southeast region of Brazil, has an
area of ~248,210 km2, a population of ~45,5 million (21.8% of Brazil's
population) (IBGE https://cidades.ibge.gov.br/brasil/sp/panorama, Ac-
cess date: 30 April 2018), and is divided into 645 municipalities. The
state accounts for 33.5% of national GDP and 22% of the country's popu-
lation (http://www.imp.seade.gov.br, Access date: 20 March 2019). At
present, only 19.28% of the state is coveredwith remnants of native veg-
etation (BSDF, 2020), which include two biomes, the Cerrado and the
Atlantic forest. The Cerrado originally covered 34% of the state, but
only 11% of its area remains (MMA, 2015) while the Atlantic forest
covered ~65%, and is now reduced to 23.9% of the state and is highly
fragmented (Fundação SOS Mata Atlântica/INPE, 2019). Sugar cane,
Eucalyptus plantations and cattle pastures are thedominant agricultural
land uses, accounting for ~39% of the state's area (Farinaci and Batistella,
2012).

https://cidades.ibge.gov.br/brasil/sp/panorama
http://www.imp.seade.gov.br
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2.2. Data

2.2.1. Disease incidence
We obtained the number of CL and VL cases reported, according to

theplace of infection, between1998 and 2015 for the 645municipalities
from the Center for Epidemiological Surveillance of the State of São
Paulo (http://www.saude.sp.gov.br, Access date: 22 March 2017).
Leishmaniasis is a disease that requires mandatory notification in
Brazil and is reported and confirmed by laboratory analysis in each
hospital.

2.2.2. Landscape data
We calculated total native vegetation cover area by aggregating for-

est and Cerrado using data from the forest inventory maps of 2000 and
2010 obtained from the Forest Institute of the State of São Paulo (http://
www.iflorestal.sp.gov.br, Access date: 23 March 2017). These maps
were generated at a 1:50.000 scale, with a minimum mapped area of
2.5 ha, a resolution that allows the identification of small native vegeta-
tion areas but not differentiate between the types of vegetation
(i.e., primary, secondary forest, etc.). Every native vegetation fragment
larger than 2.5 ha was identified, mapped and the calculation of total
amount of native vegetation of each municipality. We used the 2000
map to analyze data cases from 1998 to 2006 and the 2010 map for
cases between 2007 and 2015 (Supplementary material 1), extracting
total native vegetation cover for each municipality.

2.2.3. Socioeconomic data
Since there are specific populations groups that are at risk for leish-

maniasis, we considered not only total population but also rural popula-
tion size and the number of agricultural workers in each population and
because both populations are exposed to vegetated areas and also have
low socioeconomic status. Municipality-level data for rural and urban
population sizes were obtained from the State System of Data Analysis
(SEADE http://www.imp.seade.gov.br, Access date: 24 March 2017).
The number of agricultural workers was available for 1996 and 2006
and was obtained from Brazilian Institute of Geography and Statistics
(IBGE http://www.ibge.gov.br, Access date: 24 March 2017). We used
the numbers of agricultural workers from 1999 to analyze disease
data from 1998 to 2001 and data from 2006 for disease data from
2002 until 2015. The number of cattle heads per year in eachmunicipal-
ity was obtained from the Institute of Agricultural Economics (http://
www.iea.agricultura.sp.gov.br, Access date: 24 March 2017).

We included three socioeconomic indicators of human wellbeing.
Incomeper capita is ametric of economicwellbeing; the Gini coefficient
captures income inequality and theHumanDevelopment Index (HDI) is
a composite of three elements: standard of living, life expectancy, and
literacy level. Municipality scale average income per capita data were
obtained from SEADE while data for the Gini index and HDI were ob-
tained from IBGE. We used HDI information available for 2000 to ana-
lyze disease data from 1998 to 2006, and data from 2010 for disease
data from 2007 to 2015. We used Gini information available for 2003
and average income per capita data for 2010 to analyze the entire
period.

2.2.4. Climate
Climate in the state of São Paulo varies by region. The north and

northeast are seasonal, with a wet and warm summer and a dry and
cold winter (average temperatures >20°; rainfall >1.200 mm/year)
(De Freitas, 2011). In contrast, rainfall in the south and coastal zones
is distributed more regularly throughout the year (average tempera-
tures >20°; rainfall ~2.000 mm/year), without a defined dry season
(De Freitas, 2011; Peel et al., 2007).

Monthly temperature and precipitation datawere obtained from the
International Research Institute for Climate and Society of Columbia
University (http://iridl.ldeo.columbia.edu, Access date: April 6 2017).
Temperature data were derived from the global monthly land surface
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air temperature data set (ts) at 0.5 °C of National Centers for Environ-
mental Prediction (NOAA NCEP) (Fan and van den Dool, 2008) and for
precipitation from Climate Hazards Group Infrared Precipitation with
Stations (CHIRPS) with a spatial resolution of 0.05° (Funk et al., 2014).
These data were extracted for each month of each year analyzed
(1998 to 2015) for each municipality. Because the state presents
marked rainfall and temperature seasonality that can influence the
abundance of leishmaniasis vectors and therefore, disease incidence,
we calculated mean, minimum andmaximum temperature and precip-
itation for each year and each season (spring, summer, Fall andwinter).
Because each vector responds to different climate variables, we also
evaluated the predictive value of several annual or seasonal precipita-
tion and temperature conditions on disease incidence. Details of range
of annual and seasonal climate values andmaps are provided in Supple-
mentary material 2.

2.3. Statistical analysis

Leishmaniasis cases vary across years in our study period (1998-
2015) and across municipalities (Supplementary material 3). To assess
the influence of the aforementioned landscape, climate, and socioeco-
nomic variables (Table 1) on CL and VL occurrence and incidence, we
fitted generalized linear mixed models. For probability of occurrence,
we assumed binomial errors and used a logistic regression model. The
distribution of the number of cases was markedly overdispersed, so
we used a negative binomial distribution. This two-part approach
allowed us to separately examine the factors influencing the probability
of occurrence of leishmaniasis from those related to the number of
cases. All the models included socio-economic, landscape and climate
factors as fixed covariates (Table 1) with year and municipality as ran-
dom effects. The random effects account for any variability among mu-
nicipalities and years that are not captured by the fixed covariates. All
continuous predictor variables were centered and standardized to facil-
itate model convergence (Gelman and Hill, 2007). To avoid collinearity,
we verified that the Pearson's correlation coefficient among all the var-
iables in themodels was r<0.4 and the VIF (variance inflation factor) of
the model was <5.

Model selection was performed using Akaike information criterion
(AIC) to select the best model within those one with the lowest AIC
for both occurrence and number of cases. We used results of the final
models to calculate odds-ratios (OR) occurrence and incidence rate
ratio (IRR) for number of cases. Model residuals (all four models) from
CL and VL cases and CL and VL occurrence were tested for spatial auto-
correlationby calculatingMoran's I from “spdep”R package (Bivand and
Wong, 2018). For this analysis, we used the spatial contiguity matrix
based on the Queen's case neighborhood relation and treated each
year, from 1998 to 2015, separately. This test is commonly used and ac-
cepted as a fair evaluation of spatial autocorrelation and dependence es-
pecially in disease studies (Fortin et al., 2016; Tsai, 2012). Only the
visceral leishmaniasis occurrence model showed spatial autocorrela-
tion, with an aggregated pattern of dispersion so for these data, we
fitted a generalized lineal mixed model with spatial autocorrelation
using the “spamm” package (Rousset and Ferdy, 2014). All analyses
were conducted in R statistical software packages ‘lme4’ for logistic re-
gression (Bates et al., 2014) and ‘glmmADMB’ for the negative binomial
model (Skaug et al., 2018). OR and IRR values were calculated using
‘sjPlot’ (Lüdecke, 2020).

3. Results

3.1. Spatiotemporal distribution of visceral and cutaneous leishmaniasis

Between 1998 and 2015, São Paulo had a total of 5583 cases (cumu-
lative incidence of 15.54 per 100,000 inhab.) of cutaneous leishmaniasis
and 2574 cases (cumulative incidence 7.08 per 100,000 inhab.) of vis-
ceral leishmaniasis. Themunicipalities of Itariri, Iporanga, Pedro Toledo,

http://www.saude.sp.gov.br
http://www.iflorestal.sp.gov.br
http://www.iflorestal.sp.gov.br
http://www.imp.seade.gov.br
http://www.ibge.gov.br
http://www.iea.agricultura.sp.gov.br
http://www.iea.agricultura.sp.gov.br
http://iridl.ldeo.columbia.edu


Table 1
Predictor variables. Variables considered in the mix models and their influence on the disease.

Type Predictor variable Influence on the disease Source

Landscape Total area of native vegetation Vegetation surrounding an area increases the incidence of
leishmaniasis.

http://www.iflorestal.
sp.gov.br

Socioeconomic Total population Population at risk http://www.imp.
seade.gov.br

Agricultural workers/ rural population/urban At risk population group exposed to disease http://www.ibge.gov.br
Human Development Index (HDI) Low HDI, high GINI, low income are predictors of poverty that

are associated with disease vulnerability
http://www.ibge.gov.br

Inequality index (GINI) http://www.ibge.gov.br
Income per capita http://www.imp.

seade.gov.br
Heads of cattle Cattle could serve as blood-meal source for sand flies http://www.iea.

agricultura.sp.gov.br
Climate Mean, maximum and minimum temperature and precipitation

by year and season at municipality scale
Seasonality of precipitation and temperature influence larval
development of sand fly vectors

http://iridl.ldeo.
columbia.edu

Fig. 1. Leishmaniasis cases and inter-annual mean temperature and total precipitation
variability in the state of São Paulo (1998–2015). Grey bars show number of cases of CL
(A) and VL (B). Precipitation and temperature were standardized by centering each
variable on its mean and divided by its standard deviation.
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Eldorado, Ribeira and Ubatuba had the greatest cumulative incidence of
CL (range from16.93 to 31.02 cases per 1000 inhab.) and themunicipal-
ities of Ouro Verde, Dracena, Flórida Paulista, Panorama and Nova
Guataporanga for VL (range from3.34 to 4.05 cases per 1000 inhab). Cu-
taneous leishmaniasis cases were distributed throughout the state but
were more common in the southeast part while cases of visceral leish-
maniasis were aggregated in the northwest region of the state (Supple-
mentary material 3).

Temporal variation in the number of cases was greater for CL than
for VL. The total annual number of CL cases over the study period ranged
from a low of 66 cases in 1998 to a maximum of 925 in 2003, peaking
between 2002 and 2004, and leveling off to an average number of 260
cases between 2005 and 2015 (Fig. 1A). For VL, the minimum number
of cases occurred in 2000 with only 16 cases recorded and then in-
creased steadily reaching a maximum of 294 cases in 2008 and then
leveling off to an average number of 169 cases per year and increasing
again in 2012 with 206 cases (Fig. 1B).

3.2. Predictors of cutaneous leishmaniasis

3.2.1. Occurrence model
Landscape, climate, and socioeconomic factors influenced the prob-

ability of CL occurrence in the state. Native vegetation cover (OR =
1.35, 95% CI = 1.2–1.52), Gini index (OR = 1.92, 95% CI = 1.68-2.19)
and average winter precipitation had positive effects on the CL occur-
rence (OR=1.23, 95%CI=1.09–1.39), whilemaximum spring temper-
ature had a negative association (OR= 0.68, 95% CI = 0.62 -0.74). This
means that municipalities with a high amount of native vegetation and
high winter precipitations and low spring temperatures are at greater
risk for CL occurrence (from 62 to 90%) during the study period
(Fig. 2.1 and Table 2, Supplementary material 4, S5 and S6).

3.2.2. Number of cases
Municipalities with higher average annual temperatures (IRR =

1.37, 95% CI = 1.26-1.50) and a larger number of agriculture workers
(IRR= 0.85, 95% CI= 0.77-0.93) had a greater number of CL cases. Mu-
nicipalitieswith high Fall precipitation (IRR=0.86, 95% CI=0.80-0.93)
andwith a high per capita income (IRR=0.36, 95% CI= 0.32-0.40) had
a lower number of cases during the study period. The Southeast of the
state had the higher probability of CL incidence (Fig. 2.2 and Table 2,
Supplementary material 4, S5 and S6).

3.3. Predictors of visceral leishmaniasis

3.3.1. Occurrence model
Probability of VL occurrence during the study period was higher in

municipalities with a large number of cattle (OR = 1.85, 95% CI =
1.26-2.71) and a high human development index (HDI) (OR = 2.64,
95% CI = 1.55-4.49). VL occurrence was also higher in municipalities
4
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Fig. 2.1. RiskMap of probability occurrence of cutaneous leishmaniasis (0-1) (A) and coefficient of variation (B) acrossmunicipalities. Black dots depict number of reported cases between
1998 and 2015.
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Fig. 2.2. Risk map of probability of number of cutaneous leishmaniasis cases (A) and coefficient of variation (B) across municipalities. Black dots depict number of reported cases between
1998 and 2015.
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with high maximum annual temperatures (OR = 1.74, 95% CI = 1.03-
2.94) and high minimum spring precipitation (OR = 1.67, 95% CI =
1.10-2.53). High minimum winter precipitation (OR = 0.46, 95% CI =
0.32-0.68) decrease the probability of VL occurrence (Fig. 3.1 and
Table 3, Supplementary material 4, S5 and S6).

3.3.2. Number of cases
Municipalities with average Fall precipitation (IRR= 1.20, 95% CI =

1.07-1.36) and mean annual temperature (IRR = 1.17, 95% CI =
1.06–1.31) led to a greater number of VL cases during the study period.
Municipalitieswithmore native vegetation cover (IRR=0.70, 95% CI=
0.62-0.79) and high Gini index values (IRR= 0.74, 95% CI = 0.66-0.83)
had a low number of cases, the northwest of the state had the higher
probability of VL incidence (Fig. 3.2 and Table 3, Supplementary mate-
rial 4, S5 and S6).

4. Discussion

Both clinical forms, cutaneous and visceral leishmaniasis have simi-
lar transmission cycles, but our results demonstrate that they differ in
their eco-epidemiology, corroborating other studies (de Marchi et al.,
2019; Karagiannis-Voules et al., 2013). Our results showed that areas
at high risk of VL in the state of São Paulo are at low risk for CL and
vice versa, suggesting that there is no transmission of the two forms in
the same locations. In São Paulo, spatio-temporal patterns in disease in-
cidence reflect landscape, socioeconomic and climatic characteristics. CL
occurrence can be predicted by vegetation cover, higher inequality
economy, and greater averagewinter precipitationwhile VL occurrence
by higher human development index, presence of cattle, and higher
maximum annual temperature and minimum spring precipitation.
Our results also demonstrate that the number of VL cases is lower in for-
est areas. Finally, years and municipalities with high mean annual tem-
perature had a greater number of cases of both CL and VL, suggesting
that temperature had a strong impact on the incidence of leishmaniasis
in São Paulo state.

4.1. Spatio-temporal variation of visceral and cutaneous leishmaniasis inci-
dence across the state of São Paulo

Urban development increased the incidence of CL and VL in São
Paulo state in the last decades (Klink andMachado, 2005). However, dif-
ferences in the drivers of interannual variability in the number of cases
reflect variation in the spatial distribution of the disease and in the
transmission cycles of the two forms. Cutaneous leishmaniasis has
been historically present in native forest areas of the state; however,
human activities have altered its epidemiology. CL incidence first
Table 2
Mean and standard deviation SE for parameters of the best model for cutaneous leishmaniasis

Model Predictor Estimate

Binomiale GINI 0.65079
Vegetation cover 0.30205
Total populationc 0.07395
Maximum spring temperature −0.38600
Mean winter precipitation 0.20789

Model Predictor Estimate

Negative binomialb,d,e Agricultural workersa −0.1649
Income per capita −1.0214
Mean annual temperature 0.3181
Mean fall precipitation −0.1491

a The number of agricultural workers in the municipality was included at population at risk
b Size of population was included in negative binomial model as an offset.
c No at risk population group significant, we remained with the size of the population altho
d Landscape variables were not significant in CL Negative Binomial model.
e AIC values for both models binomial of 8417.1 and Negative binomial of 7916.9.
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increased in the 1920 with the construction of the railroad system and
was later associated with forest clearing for highway construction
(Filho, 1981). Over the study period, CL incidence reflects patterns of
humandevelopment in rural and peri-urban environments close to veg-
etation. CL cases are reported in 70% of themunicipalities of the state of
São Paulo but the greatest numbers of cases are observed in municipal-
ities with high vegetation cover in the SE part of the state. The munici-
pality of Itariri has the highest cumulative incidence of CL followed by
Iporanga, Pedro Toledo, Eldorado, Ribeira and Ubatuba as were ob-
served in other studies (Forattini et al., 1976; Lopes et al., 2009). Vege-
tation cover in these municipalities ranges between 90 and 45% and
CL incidence in recent years has been high in densely populated peri-
urban areas with surrounding vegetation (Temponi et al., 2018).

On the other hand, VL incidence is highly aggregated in the NW part
of the state. Thedisease in this region is associatedwith the recent intro-
duction of the vector Lutzomyia longipalpis to urban areas, which was
first recorded in Araçatuba and Birigui in 1997 and was followed by an
increase in canine and human reported cases of VL. Vegetation cover
ranged between 1.4 and 3.8% in the five municipalities with highest cu-
mulative incidence of VL. These municipalities were classified by other
studies as intense to moderate transmission areas (Cardim et al.,
2016; de Paula, 2016) and are located in the west of the state, close to
Mato Grosso do Sul state, where studies suggest that the expansion of
the disease started after the construction of the Bolivia-Brazil pipeline
(Antonialli et al., 2007; Pasquali et al., 2019; Sevá et al., 2017) and the
Marechal – Rondon highway (Cardim et al., 2013; Oliveira, 2016) to
the northwest and east west of the state (Rancan et al., 2020) and also
from the western region of São Paulo to Paraná state (Naufal Spir
et al., 2017). However, to be able to determine what factors are leading
to this spread, it will be necessary to perform studies with high resolu-
tion location data.

The incidence of leishmaniasis can also be affected by climate condi-
tions since the sand flies depends on climate factors (Dias et al., 2007).
We observed that the number of CL cases peaked between 2002 and
2004, and for VL, between 2008 and 2012. Mean annual temperature
were particularly high in 2002, 2006, 2007 and 2012, and total annual
precipitation peaked in 2009 and 2011–2013 (Fig. 1). These anomalous
climate conditions are probably related to episodes of El Niño and La
Niña Southern Oscillation. El Niño leads to warmer condition which de-
creases the amount of rainfall and moisture supply while the opposite
conditions are present during La Niña (Miralles et al., 2013).

The results also reflect climate differences among municipalities in
the state (Supplementary material 2). Municipalities with high CL inci-
dence in the southeast of the state have high total annual precipitation
(range from 1264 to 2671 mm/month) relative to the rest of the state
but areas in thenorthwestwithhighVL incidence havewarmer temper-
atures range from 22 to 25 °C. This variability among municipalities
. OR odds-ratio and IRR incidence rate ratio; CI Confidence Interval with p-value.

SE OR 95% CI p-value

0.06720 1.92 1.68–2.19 <0.001
0.06083 1.35 1.20–1.52 <0.001
0.05708 1.08 0.96–1.20 0.195
0.04555 0.68 0.62–0.74 <0.001
0.06296 1.23 1.09–1.39 0.001

SE IRR 95% CI p-value

0.0476 0.85 0.77–0.93 0.001
0.0553 0.36 0.32–0.40 <0.001
0.0435 1.37 1.26–1.50 <0.001
0.0405 0.86 0.80–0.93 <0.001

because they work close to vegetation and places them at risk for the disease.

ugh it was not significant because they are the population exposed to leishmaniasis.



Fig. 3.1. Risk map of probability occurrence of visceral leishmaniasis (0-1) (A) and coefficient of variation (B) across municipalities. Black dots depict number of reported cases between
1999 and 2015.
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Fig. 3.2. Risk map of probability of number of visceral leishmaniasis cases (A) and coefficient of variation (B) across municipalities. Black dots depict number of reported cases between
1999 and 2015.
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Table 3
Mean and Standard deviation SE for parameters of the best model for visceral leishmaniasis. OR odds-ratio and IRR incidence rate ratio; CI Confidence Interval with p-value.

Model Predictor Estimate SE OR 95% CI P-value

Binomialc,d Total populationb −0.1271 4.8459 0.88 6.6-05 -1.17 + 04 0.979
Spatial analysis HDI 0.9710 0.2704 2.64 1.55–4.49 <0.001

Cattle 0.6155 0.1946 1.85 1.26–2.71 <0.001
Maximum annual temperature 0.5567 0.2667 1.74 1.03–2.94 0.018
Minimum winter precipitation −0.7663 0.1977 0.46 0.32–0.68 <0.001
Minimum spring precipitation 0.5127 0.2120 1.67 1.10–2.53 0.008

Model Predictor Estimate SE IRR 95% CI P-value

Negative binomiala,d GINI −0.2954 0.0576 0.74 0.66–0.83 <0.001
Vegetation cover −0.3549 0.0593 0.70 0.62–0.79 <0.001
Mean annual temperature 0.1609 0.0543 1.17 1.06–1.31 0.003
Mean fall precipitation 0.1848 0.0610 1.20 1.07–1.36 0.002

a Size of population was included in negative binomial model as an offset.
b No at risk population group significant, we remained with the size of the population although it was not significant because they are the population exposed to leishmaniasis.
c Landscape variables were not significant in VL Binomial model.
d AIC values for both models binomial of 1708.3 and Negative binomial of 2120.2.
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together with vegetation cover and socioeconomic conditions could
also contribute to variability in the incidence across the years.

4.2. Effects of socioeconomic and environmental factors on disease
incidence

4.2.1. Influence of landscape cover
Our results show that the municipalities with high amount of native

vegetation cover had greater CL occurrence, probably because both CL
vectors and mammal reservoirs involved in the CL cycle are forest-
dependent (Fernández, 2012). Additionally, the abundance of the sand
fly species involved in CL transmission (e.g., Lutzomyia intermedia, L.
neivai) is positively associated with the presence of dense vegetation
(i.e. Lutzomyia whitmani) (Quintana et al., 2012), likely because imma-
ture sand fly instars are dependent on the presence of leaf litter and
trees (Shimabukuro et al., 2010; Souza et al., 2014). The number of CL
cases, however, was not influenced by vegetation cover, probably be-
cause intermediate vectors, such as Lutzomyia whitmani,whichwas for-
merly found in forest environments, is now associated with peri-urban
transmission of CL. This vector can survive in areas with low vegetation
cover (Dos Santos et al., 2009).

Native vegetation cover was not a significant predictor of VL occur-
rence in our analyses, confirming results from a simulation study
(Karagiannis-Voules et al., 2013), but other regional studies have
found significant positive associations between VL and native vegeta-
tion cover (Almeida and Werneck, 2014). A lower number of cases
were observed in areas with high native vegetation cover. This finding
may reflect the fact that some synanthropic vectors such as L. longipalpis
prefer areas with low vegetation cover (e.g., urban areas) (Casaril et al.,
2014; de Araújo et al., 2013).

4.2.2. Influence of socioeconomic factors
Our results show that the probability of CL occurrence is greater in

municipalities with high economic inequality while the number of
cases decreases inmunicipalities with higher per capita income, corrob-
orating our predictions. This finding is consistent with the observation
that low socioeconomic status in peri-urban settlements lead to higher
exposure to CL vectors (Rodríguez-Morales et al., 2010).

The number of CL cases was lower inmunicipalities with fewer agri-
cultural workers, suggesting that CL transmission risk affects areas
distant from agricultural activities (Filho, 1981). The census of 2000
confirmed extensive migration of agricultural workers to urban areas
with more than 50% of population living in rural areas holding nonagri-
cultural jobs (Caiado anddos Santos, 2003). For VL, theprobability of oc-
currence cases increased with higher HDI. This social metric can
characterize municipalities with extensive urban areas, where the
transmission cycle of VL is present (Salomón et al., 2015). The number
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of VL cases also decreased in areas with high inequality index values
which are common in urban municipalities. Although other studies
relate VL cases with low income in urban environments (Almeida
and Werneck, 2014), municipalities of the NW of the state where
most VL cases occur, have high agro-livestock industrial develop-
ment and high HDI values. HDI values in these municipalities, how-
ever, high HDI values could mask the presence of populations with
low socioeconomic conditions which are vulnerable to leishmaniasis
(Bern et al., 2000). In addition, the presence of cattle close to human
settlements can promote the presence of sand flies, which construct
their breeding sites in cattle sheds (Afonso et al., 2012; Bern et al.,
2010; Queiroz et al., 2012).

4.2.3. Influence of climate factors
São Paulo exhibits marked climate seasonality in most of the state

with a hot rainy and a cool dry season. This climate variability across
the state and during years affects the occurrence of both clinical
forms. This may happen because vector proliferation, which is ex-
tremely linked to climate conditions, increase disease incidence
(Fonseca et al., 2021). However, temperature and precipitation condi-
tions favorable to sand flies vary for each species(Ebi and Hess, 2017).
In general, adverse climate conditions delay the emergence of new
adults and foster larval diapause, extending average developmental
times from eggs to adults from 40 days to 3–9 months (Nieto et al.,
2006) (Fig. 4).

In the state of São Paulo, high mean winter precipitation influences
the occurrence of CL. This may be explained because CL vectors
(i.e., Lutzomyia whitmani) achieve higher abundances in south western
and east states of Brazil during the dry season (de Souza et al., 2004;
Nascimento et al., 2013) and in periods of moderate precipitation
(Barata et al., 2011; Colla-Jacques et al., 2010). Above average precipita-
tion for this season may lead to an increase in the abundance of these
vectors, since thismay be a limiting factor for the survival of the species.
In our results, highmaximumspring temperatures (September, October
and November) were not favorable for CL occurrence, probably because
high temperatures affect Neotropical sand flies species involved in CL
transmission, which do not tolerate temperatures over 25 °C (Barata
et al., 2011).

For CL cases, associated with annual mean temperatures, warmer
temperatures are favorable for the development of both sand flies and
parasites within the vector (Hlavacova et al., 2013), increasing disease
risk. São Paulo had a CL peak of cases during 2002 and 2004, and at
this time total precipitation was also low due to warm ENSO conditions
(Kayano and Andreoli, 2006). Other studies also found associations
between CL cases and climate anomalies - ENSO and La Niña (cold
rainy ENSO conditions) (Acosta Cardona, 2015; Cabaniel et al., 2005;
Cardoso et al., 2019). Therefore, higher temperatures and low



Fig. 4.Climate predictor variables for cutaneous (A) and visceral (B) leishmaniasis for 1998-2015. Climate datawere standardized by centering each variable on itsmean and divided by its
standard deviation. Among variables with positive effect on disease risk, precipitation variables are in blue and temperature variables are in orange. Climate variables with negative
influence are in black. Grey bars show the number of cases of CL and VL. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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precipitation appear to be leading to a boost in CL cases in São Paulo,
probably because the main suspected vectors for this region - L.
whitmanii and L. intermedia - prefer warm conditions with moderate
precipitation and relative humidity, typical of the dry season of São
Paulo (Barata et al., 2011; Peterson and Shaw, 2003). In addition,
years of high mean Fall precipitation were associated with a decrease
in the number of CL cases. Thismayhappen because periods of high pre-
cipitation in this time of the year could increase soil water moisture and
reduce the survival of first instars by drowning, consequently reducing
the abundance of sandflies during the dry season (winter), and contrib-
uting to the decrease of CL cases (Colla-Jacques et al., 2010; Karagiannis-
Voules et al., 2013).

Both cases and occurrence were predicted by minimum spring pre-
cipitation. This may happen because this variable may influence the
abundance of Lutzomyia longipalpis (Belo et al., 2014). Spring relative
humidity directly affects the survival and development of eggs and
later sand fly instars in diapause (Pérez-Cutillas et al., 2015; Salomon,
2021). Since relative humidity is extremely linked and is dependent
on the amount of precipitation, we hypothesize that increases in this
variable can lead to increases in relative humidity and favor VL vector
occurrence and abundance. VL cases were also predicted by winter
and fall precipitation and annual temperatures.

An increase in the minimum values of precipitation in the winter
season can decrease the number of VL cases, because it can exceed the
11
soil moisture tolerance limits of the vector decreasing its survival rates
(Casanova et al., 2013). Temperatures in São Paulo state are in the favor-
able range for the development of the vector and parasite (Hlavacova
et al., 2013).In general, an increase inmean fall andmeanwinter precip-
itation together with hotter temperatures seems to have contributed to
the increase of VL cases (2006–2008 and 2011–2013) across our study
period. However, we need to point out that VL and CL can be diseases
with a diagnosis delay, and the date of infection is not always the
same as the date of diagnosis and registration in the system. In addition,
we are workingwith yearly scale disease data, whichmay not show the
clear relationships with monthly climate variables.

Our study has several limitations. The large spatial and temporal
scale of the analysis (i.e., municipality and year data), precludes a de-
tailed understanding of the short term effects of climate on disease as
well as fine-grained mechanisms of dispersal. A focus on the number
of cases and the presence/absence of the disease does not allow amech-
anistic understanding of some important aspects of the disease life
cycle. For example, we are not considering the distribution and abun-
dance of potential vectors. Nevertheless, our results demonstrate that
environmental and socio-economic factors are linkedwithCL andVL oc-
currence and incidence in tropical areas. Furthermore, epidemiological
surveillance in São Paulo is organized at larger scales and our results
can contribute to design preventive measures and identify high risk
municipalities.
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5. Conclusions

One of our main findings is that municipalities with high mean an-
nual temperature have a greater number of both VL and CL cases, an
issue of great concern given that climate change is expected to lead to
higher temperatures in tropical regions and can exacerbate leishmania-
sis risk in these areas. Our results also demonstrate that low socioeco-
nomic conditions of populations living in these areas exacerbate
disease occurrence. Currently, public health policies regarding the con-
trol of both clinical forms of leishmaniasis are focused on reducing con-
tact between human, domestic animals, and vectors. Our results can
inform these policies, through the choice of priority municipalities for
action and can also help in development of new policies. For example,
CL occurrence is more likely to occur in municipalities with high native
vegetation cover. Therefore, preventive measures as adequate protec-
tion against sand flies' bites measures (e.g., insect repellent, indoors
mosquito nets), should be implemented in these municipalities and
for people employed in forest-related activities. For VL, occurrence and
number of cases are both related to climatic conditions (e.g., spring pre-
cipitation and annual temperatures), suggesting an increase inmonitor-
ing activities should be focused in areas and years with anomalies in
climate conditions our risk maps can be used to identify priority areas
for surveillance activities and to inform future studies.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2021.148960.
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