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Entomologia e Malacologia) of the Espirito Santo State Health Secretariat, Serra, ES, Brazil, 3 Tropical

Medicine Unit, Department of Social Medicine, Federal University of Espı́rito Santo (Universidade Federal do

Espı́rito Santo), Vitória, ES, Brazil

¤a Current address: Departamento de Patologia, Universidade Federal do Espı́rito Santo, Vitória, ES, Brasil
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Abstract

Cutaneous leishmaniasis (CL) is caused by a protozoan of the genus Leishmania and is

transmitted by sand flies. The state of Espı́rito Santo (ES), an endemic area in southeast

Brazil, has shown a considerably high prevalence in recent decades. Environmental niche

modelling (ENM) is a useful tool for predicting potential disease risk. In this study, ENM was

applied to sand fly species and CL cases in ES to identify the principal vector and risk areas

of the disease. Sand flies were collected in 466 rural localities between 1997 and 2013

using active and passive capture. Insects were identified to the species level, and the locali-

ties were georeferenced. Twenty-one bioclimatic variables were selected from WorldClim.

Maxent was used to construct models projecting the potential distribution for five Lutzomyia

species and CL cases. ENMTools was used to overlap the species and the CL case mod-

els. The Kruskal–Wallis test was performed, adopting a 5% significance level. Approxi-

mately 250,000 specimens were captured, belonging to 43 species. The area under the

curve (AUC) was considered acceptable for all models. The slope was considered relevant

to the construction of the models for all the species identified. The overlay test identified

Lutzomyia intermedia as the main vector of CL in southeast Brazil. ENM tools enable an

analysis of the association among environmental variables, vector distributions and CL

cases, which can be used to support epidemiologic and entomological vigilance actions to

control the expansion of CL in vulnerable areas.
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Introduction

Cutaneous leishmaniasis (CL) is a disease caused by protozoans of the genus Leishmania Ross,
1903 and is transmitted by insects from the subfamily Phlebotominae [1–2]. Decades ago, CL
was exclusively presented as an enzootic disease of wild animals that occasionally affected
humans in forest habitats. The disease has been considered an emerging infectious disease, and
an increased prevalence has been observed,which is associated with deforestation, exploitation
of natural resources, agricultural expansion, and migration of populations [3].

Currently, the disease occurs in deforested rural and peri-urban areas in Brazil [4–6]. In
these regions, both adults and children are living with the disease, and domestic dogs have
been suggested to be an important source of infection [7–9].

CL is well distributed throughout Brazil, including the state of Espírito Santo (ES), located in
the southeast, where it is widely distributed and affects predominantly rural populations [10–
12]. Until the mid-1980s, the disease was predominant in western ES, where the geo-climatic
conditions presumably favoured the development of both the vector and the wild reservoirs of
the disease, which are grouped mainly in the Rodentia order (e.g., Akodon sp.) [12,13]. After the
mid-1980s, however, changes in the economic structure of the state caused changes in the popu-
lation density profile, which allowed the geographic expansion of CL towards the eastern ES,
most likely associated with domestic reservoirs such as dogs and horses [12–14]. In these areas,
the increased population density in the periphery of urban centres favoured the displacement of
domestic reservoirs through houses, increasing the incidence of CL [8,10].

Approximately 800 species of phlebotomine sand flies have been describedworldwide, and
approximately 60% of them occur in the Neotropics [1–2]. In Brazil, more than 260 species of
phlebotomine sand flies have been recorded. They are distributed in all geographical regions
[15], but the majority of them occur in the Amazon basin and in northeast Brazil.

In ES, approximately 59 species of sand flies have been recorded, among which, three spe-
cies likely have epidemiological importance in disease transmission: Lutzomyia intermedia
(Lutz & Neiva, 1912), Lutzomyia migonei (França, 1920), and Lutzomyia whitmani (Antunes
& Coutinho, 1939) [16,17–20]. Other common species, such as Lutzomyia choti (Floch and
Abonnenc, 1941) and Lutzomyia lenti (Mangabeira, 1938), seem to not be associated with the
disease occurrence in ES [5]. However, no consistent investigation has been conducted on the
role of these species in the disease transmission, its animal reservoirs, and the interactions
between vector species and environmental conditions [21].

The use of the environmental approach offered by landscape epidemiology allows us to
investigate the environmental aspects associated with the disease [22]. Recently, sophisticated
techniques, such as environmental niche modelling (ENM), have been used to better under-
stand the potential distribution of the species involved in the disease transmission, as well as to
predict areas of potential risk.

Accordingly, the present study aimed to use spatial modelling techniques to identify vector
species and their potential distribution and relationship with the occurrenceof CL in ES, south-
eastern Brazil.

Materials and Methods

Study area

The state of ES is located on the Atlantic coast of southeastern Brazil, between longitudes 17°
53'29''S 21°18'03''S and latitudes 39°41'18''W 41°52'45''W, with a geographical area of 46,096
km2 and different ecologic characteristics, according to geo-climatic zones (Fig 1) [23].

The annual average temperature of this area is 23°C, and the annual rainfall is above 1,400
mm. The elevation in some regions can reach 2,800 m above sea level [24]. This state forms the
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Fig 1. Geographical location of the state of Espı́rito Santo, southeastern Brazil, South America and the geo-climatic

zones. By definition, a hot zone has a minimum average temperature of 11.8–18.0˚C and a maximum of 30.7–34.0˚C. A mild

zone has a minimum average temperature of 9.4–11.8˚C and a maximum of 27.8–30.7˚C. A cold zone has a minimum

average temperature of 7.3–9.4˚C and a maximum of 25.3–27.8˚C. A steep slope zone has a slope above 8%, and a plain

relief occurs when the slope is below 8%. A wet zone has < 4 dry months per year, a wet/dry zone has 4–6 dry months, and a

dry zone has > 6 dry months [21]. Datum: SIRGAS 2000.

doi:10.1371/journal.pone.0164580.g001
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southern part of the Central Atlantic Forest Corridor, which is one of the main stretches of the
dense ombrophilous forest found in this biome, presenting a high degree of endemism and spe-
cies diversity [25].

Entomological and epidemiological data

The occurrence data of phlebotomine sand fly species were obtained from samples taken in
several rural areas of 78 municipalities of ES every year between 1997 and 2013. Each collection
occurredduring the first 3 hours after sunset through active and passive capture using a man-
ual Castro-type suction tube and Centers for Disease Control and Prevention CO2 trap (CDC)
and Shannon light traps installed in the areas surrounding homes. During active surveillance,
insects were collected from the internal and external walls of homes, home additions, animal
shelters, and tree trunks. Sampling was performed by well-trained technicians, regardless of
the occurrence of disease outbreak. The species identification and nomenclature were in accor-
dance with Young and Duncan [26].

The localities and epidemiological data of the CL cases in ES were extracted from the medi-
cal records of patients cared for at Hospital Universitário Cassiano Antônio de Moraes
(HUCAM) from 1978—when an effort began to initiate a careful and accurate identification of
infection, with characteristics being detailed—to 2013. HUCAM is a reference hospital used in
CL diagnosis and treatment for the municipalities of ES, centralizing every patient attendance,
which verifies that the sample is representative of CL occurrence in that region. The type of
information extracted from the medical records included geographical coordinates of the local-
ity where the patient was infected.

Environmental analysis

Environmental variables from the WorldClim database were used for the modelling, with an
accuracy to within approximately 1 km [24]. This database comprises 19 bioclimatic variables
derived from temperature and precipitation, as well as terrain elevation, and calculated the per-
cent slope that is a measure of terrain inclination relative to the horizontal plan.

These WorldClim variables (https://www.worldclim.org) include the annual mean tem-
perature (BIO1), mean diurnal range (BIO2), isothermality (BIO3), temperature seasonality
(BIO4—standard-deviation�100), maximum temperature of the warmest month (BIO5),
minimum temperature of the coldest month (BIO6), temperature annual range (BIO7),
mean temperature of the wettest quarter (BIO8), mean temperature of the driest quarter
(BIO9), mean temperature of the warmest quarter (BIO10), mean temperature of the coldest
quarter (BIO11), annual precipitation (BIO12), precipitation of the wettest month (BIO13),
precipitation of the driest month (BIO14), precipitation seasonality (BIO15—coefficient of
variation), precipitation of the wettest quarter (BIO16), precipitation of the driest quarter
(BIO17), precipitation of the warmest quarter (BIO18), and precipitation of the coldest quar-
ter (BIO19) [24].

The data for these bioclimatic variables were generated through interpolations of climate
information from 1950 to 2000, obtained from approximately 50,000 weather stations distrib-
uted around the world [24]. The elevation data were obtained from the Shuttle Radar Topogra-
phy Mission (SRTM) of the National Aeronautics and Space Administration (NASA). All
variables had a 30-arc second (~1 km at the Equator) spatial resolution [24].

Spatial procedures of this study were performed using the Geographic Information System
(GIS) ArcGIS ver. 10.1 (ESRI, Redlands, CA, USA) with GeocentricReference System for the
Americas (SIRGAS, 2000) data. All studied locations were georeferenced with a Global Posi-
tioning System (GPS).

Environmental Niche Modelling and Cutaneous Leishmaniasis

PLOS ONE | DOI:10.1371/journal.pone.0164580 October 26, 2016 4 / 16

https://www.worldclim.org


Environmental niche model of Phlebotominae species and CL

A maximum-entropy modelling approach using Maxent version 3.3.3k (https://www.cs.
princeton.edu/~schapire/maxent/) was used to build potential distribution models of the five
most common species, namely, L. intermedia, L. migonei, L. whitmani, L. choti, and L. lenti and
the distribution of CL cases. Maxent is an a-based model from presence-background data that
estimates a target probability distribution by finding the probability of distribution of maxi-
mum entropy. Maxent generates a “background” or “pseudo-absence” sample of the occur-
rence points. By default, 10,000 pseudo-absences are randomly selected from the entire
rectangular study area [27]. Recently, this method has been widely used in species conservation
studies. Similarly, these tools have been used in healthcare studies, presenting considerable
development over the last 10 years [28–38].

The occurrence data for the species were separated into two sets, as follows: one set for
the model calibration/training (75% of the occurrence localities) and the other set for the
model evaluation/test (25% of the occurrence localities). The percentage contribution of
each variable to the final model based on how much the variable contributed to the model
dependent upon the path selected for a particularmodel run was provided by Maxent; in this
heuristic approach, the contribution values are determined by the increase in gain in the
model provided by each variable [27,39,40]. The model training and test procedure were rep-
licated 10 times for each species, and the mean was calculated. The sampling technique used
was Bootstrap, in which the training data are selected by sampling with replacement from
the presence points, with the number of samples equalling the total number of presence
points [40].

ENMtools version 1.3.3 (http://enmtools.blogspot.com.br/) was used to evaluate which spe-
cies among those analysed in this study are more associated with the occurrence of the disease
by overlapping the distribution of the vectors with the distribution of the CL cases. ENMtools
overlaps the number of replicas generated by the Maxent software between individual species
and cases of the disease using Schoener’s D index calculation, which evaluates the similarity
between these models. Schoener’s D index was calculated with the construction of 10 replicates
for each evaluated model, and therefore, 100 values of this index were obtained by analysing
the overlap. The mean of this index was also compared to assess which species present a greater
degree of niche overlap within the area of CL occurrence in the state of ES [41].

Statistical analysis

The validation of the models was performed using the receiver operating characteristic (ROC)
curve, in which the true positive fractions are plotted against the false positive fractions. The
area under the curve (AUC) is used as a measure of accuracy of the model [39,42].

The AUC values range from 0.5 to 1.0. The classification system for the AUC provided
by Hosmer and Lemeshow was used in the current study. That system classifies the AUC val-
ues as follows: 0.5–0.6 = no discrimination, 0.6–0.7 = poor discrimination, 0.7–0.8 = accept-
able discrimination, 0.8–0.9 = excellent discrimination, and 0.9–1.0 = outstanding
discrimination [43].

The Kolmogorov-Smirnov test was performed to determine the normality for Schoener’s D
data and the variables’ percentage contribution distribution. The Kruskal-Wallis test with post-
hoc Dunn’s test was used to compare the medians of this indicator between species. The Krus-
kal-Wallis test followed by the Student-Newman-Keuls test was used to compare the percent-
age contribution of the five most important variables in the model construction. The
significance level adopted was 5%.
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Ethics statements

The study was approved by the Human Research Ethics Committee of the Health Sciences
Centre of the Federal University of Espirito Santo (UFES) (opinion no. 494.029 from 13
December 2013). Patient information was anonymized and de-identified prior to analysis. The
insects were collected on private lands with the permission of the landowners. No endangered
species or protected areas were involved.

Results

Descriptive analysis

In total, 249,783 specimens belonging to 43 species of phlebotomine sand flies were collected at
466 localities during the period between 1997 and 2013, covering all geo-climatic zones of the
state of ES (Fig 2, S1 Table) [23].

ENM of the main species of phlebotomine sand flies

For the construction of the environmental niche models of the main vectors of the disease, the
five species of phlebotomine sand flies most commonly reported in the state of ES were
selected: L. intermedia, L. migonei, L. choti, L. lenti, and L. whitmani, excluding L. longipalpis,
which is a vector of visceral leishmaniasis (Fig 3).

The AUCs were greater than 0.80, indicating excellent discrimination for L. migonei, L.
choti, L. lenti, and L. whitmani (Table 1). The model was also considered acceptable for L. inter-
media; however, the average AUC was lower than the averages of the other species (0.78).

According to the analysis of the variables using the percent contribution heuristic test, all
species showed high sensitivity to temperature, precipitation, elevation, and slope. Therefore,
slope was an important predictor and contributed 37.85%, 33.62%, 20.32%, 15.61%, and
11.28% for the species L. intermedia, L. whitmani, L. migonei, L. choti, and L. lenti, respectively
(S2 Table).

Regarding the other variables, L. intermedia and L. migonei showed similarities in the con-
struction of their models. Slope, BIO13, BIO12, BIO5, and elevation contributed 71.71% to the
construction of the model for L. intermedia, whereas slope, BIO13, BIO16, elevation, and
BIO12 contributed 59.31% to the construction of the model for L. migonei.

Lutzomyia lenti and L. whitmani also presented similarities. BIO15, slope, BIO13, BIO16,
and BIO11 contributed 69.27% to the construction of the model for L. lenti, whereas slope,
BIO4, BIO13, BIO15, and BIO5 contributed 79.36% to the construction of the model for L.
whitmani. Except for slope, L. choti did not present similarities with the other species. Slope,
BIO4, BIO18, elevation, and BIO17 contributed 66.05% to the construction of the model for
this species (Table 2).

ENM of CL occurrence area

In total, 1,472 autochthonous human cases of CL were reported between 1978 and 2013.
Among these cases, 1,264 (85.9%) presented cutaneous lesions, 49 (3.3%) presented mucocuta-
neous lesions, and 159 (10.8%) presented mucosal lesions. The model constructed in the cur-
rent study shows that this disease occurs in the south-central region of the state of ES and is
limited to areas below 1,119 metres; however, only 17 (4.76%) of 357 occurrence localities were
related in elevation above 850 metres (Fig 4).

The model was considered excellent, with an AUC of 0.817 ± 0.020. The variables BIO4,
BIO12, slope, BIO14, and BIO5 contributed 70.31% of the model construction (Table 3, S2
Table).
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Fig 2. Sampling localities of phlebotomine sand flies in rural locations in the state of Espı́rito Santo, southeastern

Brazil, during the period between 1997 and 2013. Datum: SIRGAS 2000.

doi:10.1371/journal.pone.0164580.g002
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Fig 3. Predicted ecological niche distribution of five most frequent Phlebotominae species in the

state of Espı́rito Santo, southeastern Brazil, during the period between 1997 and 2013. (A) Lutzomyia

choti, (B) Lutzomyia intermedia, (C) Lutzomyia lenti, (D) Lutzomyia migonei and (E) Lutzomyia whitmani.

The species occurrence probability is expressed with values ranging from 0 to 1. Datum: SIRGAS 2000.

doi:10.1371/journal.pone.0164580.g003

Environmental Niche Modelling and Cutaneous Leishmaniasis

PLOS ONE | DOI:10.1371/journal.pone.0164580 October 26, 2016 8 / 16



Overlap between the distribution of human CL cases and

Phlebotominae species

Values of Schoener'sD range from 0 (no overlap) to 1 (perfect overlap). This indicator was
compared between species to evaluate which one is most involved in disease transmission
(Table 4). The Kruskal-Wallis and Dunn tests (multiple comparisons) were used to define the
importance of each species. In the state of ES, the L. intermedia model showed significantly
higher overlap, indicating that it is more associated with the disease transmission than second-
ary vectors such as L. migonei and L. whitmani (p< 0.05), with no difference between the latter
two species (p> 0.05), followed by L. lenti and L. choti, most likely without epidemiological
importance in the transmission.

Discussion

This is the first study to build and associate environmental niche models using algorithms
between vector species and autochthonous CL cases in endemic areas of south-eastern Brazil.

Environmental modelling research focused on public health is under considerable develop-
ment in Brazil and worldwide. In Portugal, Spain, France, and Italy, studies have mapped the
environmental risk of visceral leishmaniasis, using the potential distribution of canine leishman-
iasis and their vectors [28,29,30]. In North America, the risk of leishmaniasis from the ENM of
vectors and reservoirs has been evaluated to explain the expansion of the disease in Mexico [31].
In Colombia, South America, future projections of the Leishmania infantum (Nicole, 1908) spa-
tial distribution have been studied [32]. Aparicio and Bitencourt modelled the risk areas for CL
in the municipality of Itapira, São Paulo [34]. Almeida et al. evaluated the potential distribution
of Lutzomyia longipalpis and cases of visceral leishmaniasis in Mato Grosso do Sul [35]. Nieto
and collaborators used the modelling to define environmental niches of visceral leishmaniasis in
Bahia [36]. Peterson and Shaw investigated niche models and effects of climate change in

Table 1. Number of occurrence localities of phlebotomine sand fly species collected in rural loca-

tions in the state of Espı́rito Santo. The mean value and standard deviation (sd) for the AUC are reported.

Variable Number of occurrences AUC mean (sd)

Lutzomyia intermedia 404 0.780 (0.025)

Lutzomyia migonei 255 0.837 (0.027)

Lutzomyia choti 24 0.824 (0.078)

Lutzomyia lenti 123 0.857 (0.033)

Lutzomyia whitmani 68 0.815 (0.053)

doi:10.1371/journal.pone.0164580.t001

Table 2. Environmental variable values of the sample sites of five phlebotomine species in the state of Espı́rito Santo, Brazil, 1997–2013. The

mean value and standard deviation (sd) for each variable are reported.

Species Environmental variables

Elevation (m) Slope (%) BIO4 (sd) BIO5 (˚C) BIO12 (mm) BIO13 (mm) BIO15 (cva)

Lutzomyia intermedia (mean ± sd) 333.10 (271.74) 6.57 (5.12) 16.62 (1.25) 30.92 (1.46) 1190.12 (65.61) 198.50 (12.18) 59.00 (6.39)

Lutzomyia migonei (mean ± sd) 346.15 (267.76) 6.67 (4.81) 16.55 (1.22) 30.91 (1.46) 1192.39 (62.79) 199.57 (11.31) 59.73 (6.14)

Lutzomyia whitmani (mean ± sd) 443.53 (310.76) 7.84 (4.96) 17.51 (1.04) 30.52 (1.65) 1217.40 (71.80) 206.38 (14.18) 59.93 (5.88)

Lutzomyia choti (mean ± sd) 252.67 (726.16) 5.62 (14.95) 16.03 (0.02) 30.93 (9.65) 1197.38 (15.59) 192.00 (54.78) 55.25 (7.17)

Lutzomyia lenti (mean ± sd) 265.58 (188.90) 5.95 (4.77) 16.05 (1.12) 31.42 (1.00) 1174.86 (43.97) 197.93 (8.97) 62.11 (4.06)

acv, coefficient of variation.

doi:10.1371/journal.pone.0164580.t002
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vectors of CL distribution in southeastern Brazil [37]. Almeida and Werneck evaluated predic-
tive areas of high risk for visceral leishmaniasis in the city of Teresina, Piauí [38].

The current study revealed that L. intermedia was the species most associated with the
occurrence of CL in the state of ES, followed by the secondary vectors L. migonei and L. whit-
mani. However, the species L. lenti and L. choti were not considered important vectors of the
disease in that region.

Lutzomyia intermedia has been indicated as the main vector of CL in the state of ES [9,10].
This species is abundant in endemic areas of southeastern Brazil, and specimens have been nat-
urally infected by Leishmania (Viannia) braziliensis Vianna, 1911 [5,11,44–46]. This species is

Fig 4. Predicted distribution of the ecological niche of the area of occurrence of autochthonous

human cases of cutaneous leishmaniasis in the state of Espı́rito Santo, Brazil, 1978–2013. Datum:

SIRGAS 2000.

doi:10.1371/journal.pone.0164580.g004
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more associated with domiciles and peridomiciles and is strongly attracted to domestic dogs
and horses [8–9,10,47]. Studies suggest that this species is adapted to habitats modified by
human activity and presents a high degree of anthropophily and endophily [45,47].

Lutzomyia migonei has been considered a secondary vector of CL in anthropic environ-
ments, with occurrence at altitudes above 750 m in ES [11]. This species has an affinity for
humans and domestic dogs. A study conducted in the municipality of Afonso Cláudio (mid-
western region of the state) revealed that L. migonei is the most common species found inside
the domicile [45,47–48].

Lutzomyia whitmani has also been considered a secondary vector of CL, with high density
in the endemic areas of the states of São Paulo, Minas Gerais, and ES [11,49–50]. This species
is more abundant in protected forest areas. Recent studies have identified this species in perido-
miciliary areas, especially in domestic animal shelters [9,11,45,47]. This species has been impli-
cated as being responsible for the link between the wild environment and areas surrounding
homes; however, it has a low propensity to invade households.

Rocha et al. [51] suggested that a greater genetic diversity of Leishmania braziliensis is
observed in areas of remaining forests due to the larger number of reservoirs and vector species,
mainly L. intermedia and L. whitmani. However, in peri-urban areas, L. intermedia is the only
vector, and domestic dogs are the reservoirs, a situation that reduces the diversity of the proto-
zoa in this area. This reinforces the idea that L. whitmani is a connecting vector between the
preserved and anthropic environments.

Lutzomyia lenti and L. choti have no association with the occurrence of CL. Despite its
occurrence in all regions of Brazil, with a wide distribution and abundance, L. lenti has not
been reported as an important vector in endemic areas of the state of ES. This species has been
found in the mid-western region of the country in areas surrounding houses in the state of
Mato Grosso do Sul and Goiás, mainly in domestic animal shelters [52–55]. A positive associa-
tion between this species and cases of CL was observed in the state of Goiás [53]. Lutzomyia
choti is a species with heterogeneous habitats and is present in both wild environments and

Table 4. Schoener’s D mean and standard deviation for the overlap between 10 replicas of the mod-

els of Phlebotominae species and 10 replicas of the cutaneous leishmaniasis model.

Phlebotominae species Schoener’s D*

Lutzomyia intermedia 0.725 (0.019)a

Lutzomyia migonei 0.688 (0.023)b

Lutzomyia whitmani 0.675 (0.044)b

Lutzomyia lenti 0.582 (0.050)c

Lutzomyia choti 0.561 (0.055)c

* Different letters indicate statistically significant differences between groups.

doi:10.1371/journal.pone.0164580.t004

Table 3. Mean and standard deviation of the most relevant environmental variables of the occurrence of cutaneous leishmaniasis in the state of

Espı́rito Santo, Brazil, 1978–2013.

Variable Elevation (m) Slope (%) BIO4 (sd) BIO5 (˚C) BIO12 (mm) BIO13 (mm) BIO15 (cva)

Mean (sd) 317.80 (281.81) 6.41 (5.15) 17.13 (0.91) 30.84 (1.37) 1188.53 (62.04) 197.36 (13.10) 54.47 (7.62)

Upper bound 1,119.00 30.85 20.05 33.50 1375.00 234.00 70.00

Lower bound 1.00 0.04 14.81 26.20 1026.00 166.00 38.00

acv, coefficient of variation.

doi:10.1371/journal.pone.0164580.t003
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areas surrounding houses. However, no records exist of natural infection in this species by L.
(V.) braziliensis. In addition, this species has not been observed in the main endemic areas of
the state of ES. Brandão-Filho et al. [56] suggested that this species may be associated with the
occurrence of CL cases in Pernambuco, northeast Brazil, due to its predominance in the Zona
da Mata area of the state.

Regarding the ecological niches constructed in this study, slope was a relevant variable in
the occurrence of all species of phlebotomine sand flies. Areas with steep slopes have dimples,
which allow a greater variability of water and organic matter accumulation, as well as a reduc-
tion in sunlight and wind exposure, thereby creating a greater diversity of habitats; this diver-
sity in habitats contributes to the maintenance of food and shelter conditions for these
insects [33].

Lutzomyia whitmani is limited to the western region of the state, which has lower precipita-
tion rates, higher elevations, steep slopes, and low temperatures. Lutzomyia intermedia is
found in warmer areas with lower slope gradients and lower elevations. In addition, this species
is less susceptible to temperature and rainfall variations. Lutzomyia migonei presents a distri-
bution between L. intermedia and L. whitmani and is concentrated in the mid-western region
of the state of ES.

Elevation appears to be inversely proportional to the abundance of phlebotomine sand flies
[9,11,51,57]. In the current study, L. intermedia was collected at 1,123 m above sea level but at
low density, suggesting the importance of vector density in the occurrence of disease cases in a
particular region.

The precipitation and maximum temperature of the warmest month were also relevant to
the construction of the models. Temperature and humidity have positive effects on the activity
and abundance of phlebotomine sand flies, which depends on the species [47,58]. In the neigh-
bouring state of Rio de Janeiro, L. whitmani was more abundant in colder and drier months
(June, July, and August), whereas L. intermedia was more abundant in the warmer months of
the year (December, January, and February). These data are in agreement with previous studies
performed by Souza et al. [47] and Costa et al. [49].

The variables of precipitation seasonality and temperature seasonality were considered
important in the occurrence of L. whitmani, with the latter being more tolerant to variations in
temperature and precipitation [18,49].

The temporal mismatch between the species distribution data (1997–2013), the cases data
(1978–2013), and climate data (1950–2000) did not significantly affect the modelling results
because during the last 50 years, there have been no important environmental changes in peri-
domiciles in endemic areas of CL in ES. Furthermore, the geographic expansion of the disease
occurred from the migration of rural populations to the outskirts of the cities in the 1980s, car-
rying infected dogs from the western area to east of ES, where vector species were already
adapted to the peridomicile [12,14].

A low sandfly frequency in some areas of the state did not influence the species environ-
mental modelling because this method can provide a measure of potential species occurrence
in areas not covered by biological surveys and consequently, has become an interesting tool for
healthy planning [27].

Maxent presented a strong performance compared with different methods because it per-
formed well and remained stable with respect to the prediction accuracy and the total area pre-
dicted, indicating that Maxent can compensate for small species occurrence data sets [59].

The results of the current study indicate that modelling and geoprocessing tools enable a
reliable analysis of the association between geo-climatic variables, geographic distribution of
vectors, and CL cases in the state of ES. The definition of areas at potential risk for CL trans-
mission allows us to make available relatively accurate information at the regional level that
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can guide entomological and epidemiological surveillance activities to control the geographic
expansion of this endemic disease in vulnerable locations.

Supporting Information

S1 Table. Specimens of phlebotomine sand flies belonging to the 10 most common species
collected in the state of Espírito Santo, southeasternBrazil, during the period between
1997 and 2013.
(DOCX)

S2 Table. Average percentage contribution for five most important environmental vari-
ables for each species and CL case.
(DOCX)

Acknowledgments

We thank the team from Tropical Medicine at the UFES and the team from the Nucleus of
Entomology and Malacology of the Espírito Santo State Health Secretariat (NEMES/SESA).
We are also especially grateful to the HUCAM for its support with the access to records.

Author Contributions

Conceptualization:VCM AF.

Data curation:VCM.

Formal analysis:VCM AF BF GRL CBS.

Funding acquisition:AF.

Investigation: VCM AF BF GRL CBS.

Methodology:VCM AF BF GRL CBS.

Project administration:VCM AF BF.

Resources:VCM AF BF GRL CBS.

Supervision:VCM AF BF.

Validation: VCM AF.

Visualization:VCM AF BF GRL CBS.

Writing – original draft:VCM.

Writing – review& editing:VCM AF BF GRL CBS.

References

1. Aguiar GM, Medeiros WM. Distribuição regional e habitats das espécies de flebotomı́neos do Brasil.
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Espı́rito Santo, Brasil. Cad Saúde Pública. 2008; 24: 2969–2978.

6. Vieira VP, Ferreira AL, Santos CB, Leite GR, Ferreira GEM, Falqueto A. Peridomiciliary Breeding

Sites of Phlebotomine Sand Flies (Diptera: Psychodidae) in an Endemic Area of American Cutaneous

Leishmaniasis in Southeastern Brazil. Am. J. Trop. Med. Hyg. 2012; 87: 1089–1093. doi: 10.4269/

ajtmh.2012.12-0470 PMID: 23091196

7. Sessa PA, Barros GC, Mattos EA, Carias VRD, Alencar JTA, Delmaestro D et al.... Distribuição Geo-
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Gerais, Brasil. Ambiência. 2008: 47–55.

40. Phillips, S.J. A brief tutorial on Maxent, versions: 3.3.1. 2016. Available: http://www.cs.princeton.edu/~

schapire/maxent/.

41. Warren DL, Glor RE, Turelli M. Environmental niche equivalency versus conservatism: quantitative

approaches to niche evolution. Evolution. 2008; 62: 2868–2883. doi: 10.1111/j.1558-5646.2008.

00482.x PMID: 18752605

42. Fielding AH, Bell JF. A review of methods for the assessment of prediction errors in conservation pres-

ence/absence models. Environ Conserv. 1997; 24: 38–49.

43. Hosmer DW, Lemeshow S. Applied Logistic Regression. New York: Wiley; 2000.

44. Rangel EF, Sousa NA, Wermelinger ED, Barbosa AF. Infecção natural de Lutzomyia intermedia Lutz
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