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Abstract

Background: The WHO has established a control strategy for Strongyloides stercoralis in school-aged children as well
as targets and to maintain control programs for Ascaris lumbricoides, Trichuris trichiura and hookworms. For an efficient
development of control programs, it is necessary to know the target countries around the world, as well as the areas
within each country where efforts should be focused. Therefore, maps that provide information on the areas at risk for
soil-transmitted helminth (STH) infections on a national and sub-national scale would allow for a better allocation of
resources.

Methods: We used the ecological niche models MaxEnt and Kuenm R library to estimate the global distribution of
S. stercoralis and hookworms. We used occurrence points of both species extracted from surveys of two literature
reviews and from the Global Atlas of Helminth Infection database, together with 14 raster maps of environmental
variables.

Results: We obtained two raster maps with the presence probability of S. stercoralis and hookworm infections at a
global level and then estimated the global population at risk to be 2.6 and 3.4 billion, respectively. The population at
risk was also estimated at the country level using estimations for areas as small as 25 km?. A relationship was found
between the probability of the presence of S. stercoralis and its prevalence, and a raster map was generated. Annual
precipitation, annual temperature, soil carbon content and land cover were the main associated environmental vari-
ables. The ecological niches of Strongyloides stercoralis and hookworms had an overlap of 68%.

Conclusions: Here we provide information that can be used for developing more efficient and integrated control
strategies for S. stercoralis and hookworm infections. This information can be annexed to the study of other risk factors
or even other diseases to assess the health status of a community.
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Background
Since 2001 the WHO has promoted preventive chemo-
therapy (PC) as a strategy to reduce the morbidity of
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a recent WHO report [2]. For an efficient development
of control programs, it is necessary to identify the target
countries in the world, as well as the areas within each
country where efforts should be focused. In this con-
text, maps that provide information on the areas at risk
for STH infections on a national and sub-national scale
would allow for a better allocation of resources. In the
last 20 years, a large number of epidemiological studies
have been carried out to measure the prevalence of STH
infections in different parts of the world [3, 4]. However,
precise geographic information on the global distribution
of STHs is incomplete for A. lumbricoides, T. trichiura
and hookworms, and almost non-existent for S. stercor-
alis. Therefore, a clear understanding of the spatial dis-
tribution and environmental variables associated with
disease epidemiology is required to successfully develop
prevention and control programs [5].

The distribution of each species is restricted by envi-
ronmental and biological factors. Thus, data-driving
techniques, such as ecological niche models (ENMs), are
used to estimate the potential distribution of the species
under study, measuring the area suitability for its occur-
rence and estimating dispersion patterns [6-8]. This
potential distribution is calculated using an algorithm
with environmental variables and geographic presence/
absence points as predictors. However, although data on
the presence of STHs in different parts of the world are
available, data on the absence of occurrence are scarce
and also compromised as such data are affected by the
low sensitivity of the diagnostic methods. Therefore, in
such cases, algorithms that use only presence data are
more suitable. The maximum entropy algorithm (Max-
Ent) is frequently used for this purpose due to its high
performance using only presence data [8, 9]. To estimate
the potential distribution of a species, MaxEnt calcu-
lates the probability densities to presence points, which
describe the relative likelihood of all environment vari-
ables in the model over the range of those points, and the
probability density of background points which charac-
terize the environment where a species has been found.
MaxEnt measures the ratio between these two probabil-
ity densities, which gives the relative environmental suit-
ability for the presence of a species for each point in the
study area [10, 11] and allows suitability to be transferred
between areas by extrapolation, clamp extrapolation or
no extrapolation [7, 12]. However, there are some limi-
tations to choosing the presence-only data strategy. The
low detectability of organisms and the sampling bias can
define areas as being absent of the species, thereby dis-
carding areas where the species can settle. Fortunately,
MaxEnt uses a background value (pseudo-absence) for
where the species has not been observed and thus this
area is not treated as a real absence [11].
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In this study, we focus on two species of STHs, hook-
worms and S. stercoralis. These species share biological
characteristics and are correlated in their distribution
and prevalence [3]. The main aims of this study were:
(i) determine, at a global level, the areas that have the
highest environmental suitability for S. stercoralis and
hookworms by modeling raster maps; (ii) determine the
population at risk of becoming infected with S. stercor-
alis or hookworm in all countries of the world, identify
potential areas where surveys have never been conducted
and show environmental suitability for S. stercoralis and
hookworms; (iii) compare the most suitable areas with
the reported prevalence data; (iv) determine the main
environmental variables associated with presence of S.
stercoralis and hookworm infections; and (v) determine
the degree of overlap between the ecological niches of S.
stercoralis and hookworms.

Methods
Occurrence data of S. stercoralis and hookworms
Only data from epidemiological surveys prior to the
intervention (with prevalence other than zero) were used
to model the environmental suitability of the species, in
order to identify the environmental suitability without
the pressure of massive deworming campaigns. Temporal
variations in prevalence were not considered because this
type of model seeks to model the environmental suitabil-
ity of the species, not its prevalence, and the only relevant
issue is whether the species is present or absent. The geo-
graphic presence points for the ecological niche mode-
ling of S. stercoralis and hookworms were extracted from
a systematic review that reported prevalence for both for
the period ranging from 2001 to 2018 (PROSPERO reg-
istration code: CRD42019131127) [3]. All surveys that
correctly reported the geographic location were incorpo-
rated into the present study, and those with ambiguous
geographic location were discarded. To reduce the space
autocorrelation, we retained unique locations within a
vicinity of 10 km? using the package ‘ecospat’ of R soft-
ware [13, 14]. Based on this information, for the calibra-
tion of the niche model of S. stercoralis and hookworms,
we used 104 and 156 presence points obtained from 69
and 70 papers, respectively, from the systematic review
(Additional file 1: Table S1; Additional file 2: Table S2).
For the final evaluation of the S. stercoralis niche
model, we used a literature review of the global preva-
lence of S. stercoralis [15]; the papers that were already
included in the systematic review and those that pre-
sented ambiguous geographic location were discarded.
On the other hand, for the final evaluation of the hook-
worm niche model, surveys from the Global Atlas of Hel-
minth Infection (GAHI) [16] were used. Pre-intervention
surveys from 2001 to 2015 were selected. Therefore, 56
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independent presence points obtained from the literature
review (from 41 papers) were used for the final evalua-
tion of the S. stercoralis models [15]; and 62 independ-
ent presence points obtained from GAHI were used for
the final evaluation of the hookworm models (Additional
file 1: Table S1; Additional file 2: Table S2).

Environmental variables

A total of 27 environmental variables were analyzed to
determine the ENM for both species. We used a set of 19
climatic variables from the WorldClime Project derived
from spatial interpolation of temperature and precipita-
tion [17-19], elevation [19], soil pH [20], maximum soil
moisture [20], aridity index [20], organic carbon of soil
(OC) [21], soil nitrogen [21], soil classes (118 unique
soil classes) [20, 22] and land cover (global land cover
by National Mapping Organizations, which is geospatial
information in raster format that classifies the status of
land cover of the whole globe into 20 categories [23]). All
variables were resampled to a spatial resolution of 25 km?
with an extension that covers most inhabited land sur-
face using the ‘dismo’ and ‘raster’ packages of the R soft-
ware package [24, 25]. Finally, of the 27 environmental
variables, 13 were discarded due to their high correlation
with and low biological importance for the target species.
The remaining 14 variables are were annual mean tem-
perature, annual mean diurnal range, isothermality, tem-
perature seasonality, annual temperature range, annual
precipitation, precipitation seasonality, soil nitrogen, soil
pH, soil moisture, soil OC, land cover, soil classes and
altitude.

Ecological Niche modeling

The MaxEnt algorithm V.3.4.0 [26] was used to model
ecological niches for both species using KuenmMood
software V.1.1.6 [12]. MaxEnt uses the environmental
and occurrence data to calculate habitat suitability, which
is the area where there are certain structural conditions
necessary for the survival or reproduction of the species
[12].

Modeling in MaxEnt requires determining the mobility
area of the species (M). M is the area where the species can
explore by dispersion [6]. However, the mobility of STHs is
linked to the human host; therefore, the geographic points
of the surveys were used to calculate an hypothetical M [27,
28]. The points were grouped into three areas (Americas,
Africa and Asia) and six sub-areas (South America, Central
America, west Africa, east Africa, west Asia, east Asia). A
convex-hull and its central point were calculated for each
of these areas. Then, the distance between the most mar-
ginal points and the central point was measured. All these
steps were performed using the QGIS V.3.16 software
package [29]. A nested analysis of variance (ANOVA) was
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performed to determine whether there was a difference
between the M calculated for the different areas and sub-
areas. For both species, the nested ANOVA revealed that
there were significant differences between the M calculated
for South America and the M calculated for the other sub-
continents (Additional file 3: Table S3). Therefore, an M
was used for South America and a different M was used for
the rest of the world. Finally, a buffer was calculated around
all of the points with the chosen M. However, the calcula-
tion of this M is arbitrary and depends on the availability
of survey data in a particular area. To reduce this limita-
tion, since the size of M is critical for the development of an
ENM, we constrained the size of M to 50% and 25% of the
real measure (100%) (Additional file 3: Table S3). Therefore,
the MaxEnt models were calibrated with three Ms for each
species (M at 100% [m100%], M at 50% [M50%] and M at
25% [M25%]). In addition, the raster maps of the different
variables were adjusted to the size of the different Ms, and
a correlation analysis was performed to rule out highly cor-
related variables.

To model each species, 1479 candidate models for each
M (4437 candidate models for each species) were created.
These models were performed by combining three sets of
environmental variables, 17 values of regularization mul-
tiplier (0.1-1.0 at intervals of 0.1, 2—6 at intervals of 1, 8
and 10), and all 29 possible combinations of five feature
classes (linear [l], quadratic [q], product [p], threshold [t],
and hinge [h]). Candidate model performance was evalu-
ated based on the significance the partial receiver operat-
ing characteristic (partial ROC), with 500 iterations and
50% of data for bootstrapping, omission rates (E=5%) and
model complexity (Akaike’s information criterion) [12]. Of
the models that met the evaluation criteria, the final model
was chosen on the basis of the mean area under the curve
(AUC) ratio obtained with independent presence points of
the calibration. The final model for each species was trans-
ferred to a global distribution. The individual response
curve from the result of the MaxEnt models was calculated.
To determine the type of model output (free extrapolation,
extrapolation or clamping), the behavior of the response
curve outside the area M was observed for the three vari-
ables with the greatest contribution to the final model
[30]. All models were created with logistic output, where
the final output is the probability of presence (PP), which
measures the probability that the species is present, condi-
tional on environmental conditions [31].

Comparison between the most suitable areas

and the reported prevalence

Non-parametric Kruskal-Wallis tests and Dunn’s multi-
ple comparisons test were performed to compare the PP
and different prevalence ranges.
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Ecological niche overlap

The degree of overlap between niches was calculated as
described previously [32]. Briefly, niche models based
on ellipsoids were used, and the degree of overlap was
calculated using the Jaccard index, which measures the
proportion of points at the intersection of the two ellip-
soids. In addition, we verified whether the two ellipsoids
presented the same overlapping as random data [32]. For
this purpose, the overlap between pairs of ellipsoids cre-
ated with points randomly sampled from the background
of each species was measured. This process was repeated
1000 times and the results compared with the observed
value of the overlap. In this context, the null hypothesis
is that the two ellipsoids fitted to the actual observations
overlap at least as much as the random data ellipsoids
[32].

Population at risk of infection with S. stercoralis

and hookworms

The population at risk was defined according to the
number of people found in areas that are suitable for the
development of S. stercoralis or hookworm infections.

A mesh of regular points was generated at 25-km
intervals (one point within each pixel of the ENM ras-
ter). To know the population and the country of each
point, a raster was used with all countries [33], and the
population every 1 km was updated to 2020 [34]. Data on
longitude, latitude, PP (for each species), country identi-
fication and population number were extracted for each
point. A comma separated value (CSV) database was
generated with this information, which includes over 9
million geographic points (Additional file 4: Total_data).

Low-risk areas were defined as those that presented
a PP higher than the third quartile of null prevalence
and lower than the median of non-null prevalence.
Inversely, high-risk areas were defined as those present-
ing a PP equal to or greater than the median of non-null
prevalence.

2

Results

Ecological niche modeling of S. stercoralis and hookworm
Of the 4437 candidate models for each species, six mod-
els met the evaluation criteria for S. stercoralis (two mod-
els with M100%, three models with M50% and only one
model with M25%), and three for hookworm (two mod-
els with M100%, and one with M50%) (Additional file 5:
Table S4; Additional file 6: Table S5). The best model for
S. stercoralis presented a mean AUC ratio of 1.32, where
only 5% of the independent points were found in areas
with a PP of < 0.05. In comparison, the best hookworm
model presented an AUC ratio of 1.59, where 1.6% of the
independent points fell in areas with a PP of < 0.05. In
both models, the extrapolation of the suitability areas
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was carried out through free extrapolation because
most of the involved variables were based on this behav-
ior. Raster maps of the best models for S. stercoralis and
hookworms are provided in Additional file 7: asc file S.
stercoralis_Niche_Raster_map, and Additional file 8: asc
file HKW_Niche_Raster_Map.

As expected, the most suitable areas for both species
were found in those countries within the tropics (Fig. 1).
In addition, from the response curves of each variable
provided by MaxEnt, it was determined that the four
most relevant variables in the two models were annual
precipitation, annual mean temperature, land cover
and soil pH (Table 1). However, the percentage of con-
tribution of these variables varied between the models.
Although annual temperature is the main variable for
both species, annual precipitation is more important
for hookworms and land cover is more important for S.
stercoralis. In addition, the optimal values of the vari-
ables are similar in both models with the exception of soil
OC. This latter variable has a greater contribution in the
S. stercoralis model; maximum PP is obtained at<50 g/
kg, and an increase in soil OC produces no increase or
decrease in the PP of S. stercoralis. However, in the hook-
worm model, maximum PP is reached as the soil OC
increases to levels > 25 g/kg.

Comparison between the probability of presence
and the reported prevalence
Strongyloides stercoralis presented differences in PP in
places with different prevalence (Fig. 2a). Those loca-
tions with a prevalence equal to zero presented a median
PP of 0.13 (interquartile range [IQR] 0.35-0.04), and
those with low prevalence (1-19%) and high prevalence
(>20%) presented a median PP of 0.52 (IQR 0.68—0.36)
and 0.64 (IQR 0.81-0.52), respectively. In contrast, for
hookworms,, those locations with different prevalence
did not report differences in their PP, but differences were
observed for locations with reported zero prevalence
(Fig. 2b). The locations with zero prevalence present a
median PP of 0.06 (IQR 0.07-0.05), while all those loca-
tions with non-zero prevalence present a median PP of
0.59 (IQR 0.70-0.41) (Fig. 2b). The scatter plot graphs of
the prevalence versus the probability of presence for the
two species are provided in Additional file 9: Figure S1.
Figure 2a suggests that there is a relationship between
the prevalence of S. stercoralis and the PP. Therefore, it is
possible to identify, using the PP ranges in Fig. 2a and the
PP of Fig. 1a, areas of null, low or high prevalence for S.
stercoralis (Fig. 3).

Level of overlap of S. stercoralis and hookworm niches
It was observed that S. stercoralis and hookworms share
more than half of the environmental conditions (Jaccard
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Fig. 1 Logistic ecological niche models raster maps for Strongyloides stercoralis and hookworms. a S. stercoralis, b hookworms

index=0.68), and based on the significance test, we
rejected the null hypothesis: that is to say, the ecological
niches are different (p <0.01; Fig. 4).

Population at risk of acquiring S. stercoralis or hookworm
infections

It was found that the world population at risk of S.
stercoralis infection is > 2.6 billion persons, while the
population at risk of hookworms infection is > 3.4 bil-
lion persons (Table 2). (The complete table with all the
countries by continent can be seen in Additional file 10:
Table S6). These include those who live in areas suit-
able for the development of S. stercoralis or hookworms.

Asia has the largest population at risk, with > 1.7 and 2.4
billion persons at risk for S. stercoralis and hookworm
infection, respectively, with 65% of countries at risk and
with countries like India, China, Bangladesh and Indo-
nesia having > 100 million people at risk. Africa hosts
more than 510 and 570 million persons at risk for S. ster-
coralis and hookworm infection, with 77% of the coun-
tries at risk and with 12 countries with > 10 million at
risk: Nigeria, Ethiopia, Democratic Republic of Congo,
Tanzania, Kenya, Uganda, Ghana, Ivory Coast, Madagas-
car, Mozambique, Benin and Cameroon. In third place
are the Americas, with > 368 and 375 million at risk for
S. stercoralis and hookworm infections, with 89% of the
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Table 1 Contribution of each environmental variable to the Strongyloides stercoralis hookworm niche model

Variable

Percent contribution of variable to model

Optimal range/main categories

S. stercoralis niche model

Annual precipitation 46.5 1000-1500 mm
Land cover 17.0 1. Urban
2. Paddy field
3. Cropland/other vegetation mosaic
Annual mean temperature 13.8 >26°C
Soil pH 10.5 53-6.5
Soil organic carbon 7.2 <50g/kg
Precipitation seasonality 5 50-100 mm
Hookworm niche model
Annual precipitation 32.2 1000-2000 mm
Annual mean temperature 26.6 26-30°C
Land cover 21.8 1. Mangrove
2.Urban
3. Cropland/other vegetation mosaic
Soil pH 106 5.5-6.5
Soil organic carbon 39 >25g/kg
Precipitation seasonality 1.9 60-120 mm
Isothermality 1.7 <400°C
Annual temperature range 12 <14°C
Annual mean diurnal range 0.1 <2°C
p<0.0001
a. p<0.0001 b.
p<0.0001
p=0.0009 P=0.0005
1.0 1.0 p<0.0001
) o
o T © 0.9
g 0.8- T $ 0.8
%’_ g 0.7
- 0.6+ 2 0.6
o O 0.5
>
Zoad J_ £ 0.4
% % 0.3
-g 0.2 -g 0.2
& & 0.1
0.0 e =T T 0.0 T 1 T T
0 0.1-19 >=20 0 0.1-19 20-49 >=50
S. stercoralis prevalence Hookworms prevalence
Fig. 2 Probability of presence in locations of null, low and high (> 20) prevalence. a S. stercoralis, b hookworms

countries at risk; Brazil is the country with the highest
number of people at risk. In contrast, Europe and Oce-
ania have the lowest population at risk, with > 10 and
8 million persons, respectively. However, those 8 mil-
lion people represent 27.8% of the entire population of
Oceania.

Discussion

In this study, we delimited the geographic areas in
the world suitable for the development of S. stercora-
lis and hookworms. This was achieved using predictive

modeling of the geographic distribution of species (Max-
Ent), based on the environmental conditions (14 environ-
mental variables) of the sites at which these species are
present. In this way, we provide high-resolution informa-
tion on a global scale across the world that includes over
9 million geographic points reporting the PP of S. ster-
coralis and hookworms, allowing risk areas with a sur-
face area of up to 25 km? to be identified. Based on this
information, together with the population at every point,
we estimate that in 2020 more than 2.6 billion people
were at risk of being infected with S. stercoralis and more
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Fig. 3 Global map of prevalence of S. stercoralis, estimated with the ecological niche model
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Fig. 4 Representation of the overlap of the ecological niches of S. stercoralis and hookworms. a Niche overlap. The blue ellipsoid represents the S.
stercoralis niche and the red ellipsoid represents the hookworm niche. Blue and red points represent occurrences for S. stercoralis and hookworms,
respectively. A Annual precipitation, B annual mean temperature, C soil pH. b Significance test. The continuous green line shows the overlapping of
the S. stercoralis and hookworm niches, and the green dotted line shows the overlapping of niches created with random data from the background

of each species. Abbreviations: CL, Confidence limit

than 3.4 billion people were at risk of being infected with
hookworms. This fine-grain analysis provides a more
accurate and up-to-date estimate compared to previous
reports for hookworms [35], and it is the first estimate
of the populations at risk for S. stercoralis infections on
a global scale. This information can be integrated with
information on water and sanitation services, location
of health centers, health indicators and even prevalence
zones of other diseases, as it has been suggested that
helminth infections may alter the response to other dis-
eases, such as malaria or acquired immunodeficiency
syndrome (AIDS) [36]. Such an integration of informa-
tion would allow: (i) more efficient and integrated control
strategies; (ii) the study of factors, such as drinking water,
sewage, vaccination, level of education, among others,
which could then be found with greater precision at the
local level; (iii) possible antagonistic or synergistic effects
with other diseases present in a given location; and (iv)

possible locations at high risk for the emergence of drug
resistance.

Currently, the main action undertaken for the control
of STHs is the deworming of SAC [1, 2]. Chemotherapy
is effective in the short term, but rapid reinfection after
chemotherapy is common [36]. In addition, S. stercora-
lis and hookworms have a higher prevalence in the adult
population [37-39]. Thus, mass deworming programs
focused on SAC may be insufficient to eradicate the
infection in high-risk areas for hookworms and S. sterc-
oralis, where the optimal conditions for the hatching of
hookworm eggs and the development of S. stercoralis lar-
vae are found. In addition, S. stercoralis can generate free-
living adult stages in soil, which, although they can only
give rise to a single generation of infective larvae, con-
tribute to amplification of the number of infective larvae
in the environment [40]. Therefore, raster maps that pre-
cisely describe risk areas for S. stercoralis and hookworm
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infection are essential to identify hot spots that need to
be reconsidered.

In this study we did not discard any geographic area
to predict the PP with the models. Therefore, risk areas
can be observed in highly developed countries, such as
the southern USA and Japan. In these countries, eco-
nomic development in the twentieth century has resulted
in improved sanitary/hygienic conditions, access to clean
water and the education of children and adults, which
together with control programs has contributed to the
elimination of helminth infections [41, 42]. However,
given that the environmental conditions are still opti-
mal for the development of STH infections, failed epi-
demiological surveillance can lead to a re-emergence of
these diseases. Conversely, the main countries at risk in
Asia, Africa and Latin America are at different stages in
their implementation of PC programs and, consequently,
with the progress achieved by these PC programs for
A. lumbricoides, T. trichiura and hookworms [2]. Some
countries that have>90% of their population at risk for
hookworm infection, such as Bangladesh, Belize, Cam-
bodia, Dominican Republic, Ghana, Haiti, Laos, Myan-
mar, Nicaragua and Togo, have reached a coverage of >
75% for a period of > 5 years [2]. These countries present
high-risk areas and have maintained chemotherapeutic
treatment for > 5 years. However, if programs directed
towards the improvement of water and sanitation facili-
ties are not implemented to sustain the effects of these
PC programs, these countries can be considred to be tar-
gets for evaluation of the effectiveness of these programs
by enhanced post-intervention surveys and monitoring
of drug resistance.

It has been shown that the ranges of temperature and
precipitation are the main conditioning factors for STH
[5, 35, 43]. Our results show that although the annual
precipitation ranges are the same for S. stercoralis and
hookworms, the annual temperature presented a more
restricted range for hookworms (26—30 °C). These results
are in agreement with those of studies demonstrat-
ing that the optimum temperature for the development
of hookworm larvae is 20-30 °C, while temperatures
exceeding 35-40 °C cause the death of the eggs [44,
45]. In addition, our study shows that hookworms had
a closer association with rural areas, which agrees with
the highest prevalence reported in these areas compared
to urban areas [35]. An interesting finding was the high
suitability of mangroves for hookworms. This is a worry-
ing observation given that mangroves in Asia are known
to be used to dispose of fecal matter and that a high fre-
quency of STH eggs, including hookworms, have already
been reported in mangroves [46]. In addition, the optimal
pH range range (5.5-6.5) for both species corresponds to
a moderately acidic soil, which is optimal for the hatching
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of hookworm eggs [45]. Also, moderately acidic soil
ensures adequate availability of nutrients for plants and
are expected in rural areas [47].

Previous studies have reported the relationship
between the risk for S. stercoralis and hookworm infec-
tion and soil OC content [43, 48, 49], but the relationship
between the development of these parasites and soil OC
content remains poorly understood. In studies carried
out in Cambodia, higher prevalences of S. stercoralis were
observed in areas with low soil OC content [48]; however,
this could be due the analyzed areas being rural areas
where deforestation produced a decrease in the organic
content of the soil. For hookworms, higher prevalences
were observed in areas of Indonesia with higher soil OC
content [49]. Our results suggest that hookworms are
more sensitive to high values of soil OC, since as OC con-
tent increases to levels > 25 g/kg, the PP increases. Stron-
gyloides stercoralis is sensitive to values of soil OC < 50 g/
kg. Differences in sensitivity to soil OC content between
S. stercoralis and hookworms may possibly be due to dif-
ferences in their life-cycles: in S. stercoralis, rhabditiform
larvae are released into the soil, where they feed in the
environment and then molt into filariform larvae or free-
living adults [40]; for hookworms, eggs are released into
the environment and hatch into rhabditiform larvae [50].

We have reported previously that there is an asso-
ciation between the prevalence of S. stercoralis and
hookworms [3]. In the present study, we observed that
although they share 68% of their ecological niches, their
niches are different (p <0.01). In addition, the relationship
between PP and prevalence is very different between the
two species. For S. stercoralis, definite limits of PP cor-
respond to different prevalences (Fig. 3a), which suggest
that environmental characteristics exert a strong pressure
on the development and spread of S. stercoralis infection.
Hookworms, however, were found to be very different,
and in the present study, a difference in PP was only pre-
sent when prevalence was zero. This result indicates that
when an approximate PP of 0.30 (Fig. 3b) is exceeded,
hookworms can develop in that location, but the preva-
lence cannot be predicted by environmental conditions
at the site. Similar results were found in a study con-
ducted in different schools in Timor Leste, where three
different statistical approaches (mixed logistic regres-
sion, recursive partitioning and Bayesian networks) were
used to evaluate the association between hookworms
and environmental variables, socioeconomic variables
and washing habits [51]. In that study, environmental
variables were the least relevant predictors of hookworm
outcomes [51]. Therefore, we conclude that hookworm
prevalence is influenced by variables other than environ-
mental factors. Socioeconomic variables, such as poverty,
overcrowding, type of floor in dwelling and household
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sanitation facilities have been reported to have a positive
association with the prevalence of hookworms [52, 53].
However, these same variables are risk factors for S. ster-
coralis; therefore, in addition to differences in exposure
to infection (due to household, socioeconomic, climatic,
environmental and occupational factors), the prevalence
of hookworms may be highly influenced by differences in
host susceptibility to infection and the ability of the host
to mount an effective immune response (due to genetic
and/or nutritional factors) [54]. Hookworm prevalence
may be largely influenced by: (i) the rate of exposure to
infectious stages; (ii) the rate of successful establishment
overcoming host immunity; and (iii) the mortality rate
of the adult parasites, and how these processes vary with
the age of the host [55, 56].

A limitation of this study is the relatively low number
of presence points, due to the fact that only a small per-
centage of epidemiological studies accurately report the
geographic location of the evaluated areas. In addition,
the need to use pre-intervention data produced an even
greater reduction in data. However, since > 4500 mod-
els were rigorously evaluated for each species, it was
possible to obtain models with high statistical signifi-
cance that are consistent with the biological behavior of
these species. Another limitation of the present study
is that data from epidemiological surveys were used;
these data orginate from studies of different designs
and the studies are biased to epidemiological areas with
a history of STH infections. This results the environ-
mental variables being measured in a limited number
of points of presence of the studied species. An addi-
tional limitation is that the two species of hookworms
were modeled as if they were a single species. Neca-
tor americanus is the most abundant and most widely
distributed hookworm worldwide, while Ancylostoma
duodenale is focally endemic. In addition, A. duodenale
is more resistant to environmental changes due to its
ability to undergo arrested development in host tissues
during periods of dryness or cold [54]. This raises the
possibility that N. americanus and A. duodenale have
different ecological niches.

Conclusion

In this study we created and make available raster maps
that indicate those areas throughout the world that are
suitable for the presence of S. stercoralis and hookworm
infections at a scale of 25 km? along with the human
population at each point and the country to which it
belongs. Our aim was to estimate the population at risk
for infection by each of these STH species, at the level of
a locality or village. The integration of the information
provided by this study with data on other variables (e.g.
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WASH, other disease prevalences, interventions) could
result in more efficient survey and control strategies.
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