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SUMMARY

This longitudinal study explored whether aspects of subsistence agriculture were associated with presence and intensity of
Ascaris and hookworm in preschool children in rural Panama. Questionnaires were used to collect data on household socio-
demographics, child exposure to agriculture and household agricultural practices. Stool samples were collected from chil-
dren (6 months–5 years) at 3 time points, with albendazole administered after each to clear infections, resulting in 1 base-
line and 2 reinfection measures. A novel Agricultural Activity Index (AAI) was developed using principal components
analysis to measure the intensity of household agricultural practices. Zero-inflated negative binomial regression models
revealed baseline hookworm egg counts were higher if children went to the agricultural plot and if the plot was smaller.
Baseline and reinfection Ascaris egg counts were higher if children went to the plot and households had higher AAI,
and higher at baseline if the plot was smaller. Caregiver time in the plot was negatively associated with baseline Ascaris
egg counts, but positively associated with baseline hookworm and Ascaris reinfection egg counts. Children who spent
more time playing around the home were less likely to be infected with Ascaris at baseline. We conclude that preschool
child exposure to subsistence agriculture increased Ascaris and hookworm intensity.

Key words: soil-transmitted helminths, Ascaris, hookworm, subsistence agriculture, Agricultural Activity Index,
VERASAN, agricultural plot size, caregiver work.

INTRODUCTION

Thehookworms,Necator americanus andAncylostoma
duodenale, and the human roundworm, Ascaris lum-
bricoides, infect an estimated 439 and 819 million
people worldwide, respectively (Pullan et al. 2014),
primarily in areas with high levels of poverty
(Holland et al. 1988; Hotez et al. 2009; Walker et al.
2011; Gazzinelli et al. 2012). Many children in
endemic areas begin to acquire infections during
their first year of life (Yu and Shen, 1990; Crompton
andNesheim, 2002; Keiser et al. 2011), and preschool
children are especially vulnerable to impacts of even
low numbers of worms (Chan, 1997; Hall et al.
2008). Within endemic areas, hookworm and Ascaris
infection dynamics are characterized by chronic
ongoing reinfection as a result of environmental con-
tamination with parasite eggs and larvae (Hall et al.
2008). Characteristics of the yard environment
including vegetation cover, which protects Ascaris
eggs and hookworm larvae from ultraviolet radiation
and desiccation (Gaasenbeek and Borgsteede, 1998;

Maikai et al. 2008) and child behaviours including
open defecation in the yard and playing with soil,
have been positively associated with higher intensity
of Ascaris and hookworm in preschool children
(Krause et al. 2015). Futhermore, Cairncross et al.
(1996) noted that Ascaris tends to be an infection of
the ‘domestic domain’ defined as space occupied by
and under control of the household, whereas hook-
worm transmission tends to take place in the ‘public
domain’ defined as public spaces (e.g. work and recre-
ation). However, transmission dynamics in preschool
children due to agriculture-related infection risks
away from the home environment are not well
understood.
Subsistence farming populations in rural areas of

developing countries are some of the most vulner-
able to poverty-related infections such as hookworm
and Ascaris (Hotez et al. 2009). Within these com-
munities, intensification of crop production is often
used as a key strategy in poverty reduction and
economic development (Pichon and Uquillas,
1997; Rose, 2008; Byerlee, 2009). There is evidence
that more intensified production of staples, cash
crops, and fruits and vegetables can lead to higher
household income, food security and better child
growth (Mueller et al. 2001; Faber et al. 2002;
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Low et al. 2007; Orozco et al. 2007). However, agri-
cultural workers and neighbours within proximity of
agricultural land contaminated with untreated waste
water have been shown to be at higher risk of hook-
worm infection (Ensink et al. 2005; Matthys et al.
2007; Mihrshahi et al. 2009). Thus farming families
may be at increased risk of soil-transmitted nema-
tode infection due to frequent exposure to contami-
nated soil or irrigation water (Udonsi and Atata,
1987; Ensink et al. 2005; Kirwan et al. 2009), and
these risks may extend to preschool children of care-
givers whose heavy agricultural workloads and lack
of other supervision options necessitate that their
young children accompany them to agricultural
areas (Jones et al. 2012).
The literature on impacts of agricultural interven-

tions has not considered the possibility that inten-
sified subsistence agriculture may increase the
risk of transmission of hookworm and Ascaris to
preschool children who accompany their caregiver
to the household agricultural plot. The lack of con-
sideration of heightened risk of nematode transmis-
sion with intensified agriculture is problematic
because these nematodes impair child growth and
development (Drake et al. 2000; Hall et al. 2008).
Therefore any agriculture-associated increase in in-
fection may diminish the benefits of agricultural
interventions on child nutritional status and growth.
In central Panama, an agricultural intervention

has been underway in extremely poor, rural subsist-
ence farming communities in the province of
Veraguas where hookworm and Ascaris are endemic.
The intervention, VERASAN (Proyecto para el
Mejoramiento del Consumo y la Disponibilidad de
Alimentos en Comunidades de la Provincia de
Veraguas, ‘Project for the improvement of consump-
tion and availability of food in communities in the
province of Veraguas’) began in 8 communities in
2007 and was extended to 15 communities by the
time of this study. VERASAN was coordinated by
the Panama Ministry of Health, with support from
Japan’s International Cooperation Agency and in col-
laboration with the PanamaMinistries of Agricultural
Development and Education. A team of nutritionists,
agronomists, public health educators and community
support staff worked in the communities to improve
household food security through the use of demon-
stration gardens where participants learned new agri-
cultural methods.
This study follows our previous work on infection

risks in the home environment, which demonstrated
that proximity of the latrine from the home, child
defecation in the yard and playing with soil were
associated with higher eggs per gram feces (epg) of
Ascaris and hookworm in preschool children
(Krause et al. 2015). Using households involved in
the VERASAN agricultural program, the main ob-
jective of this study was to explore the influence of
agriculture-related factors away from the home

environment, on egg counts of soil-transmitted
nematodes in preschool children. Specifically, our
goal was to determine whether egg counts at baseline
and after reinfection in the growing and harvest agri-
cultural seasons were associated with the diversity
and intensity of subsistence agricultural practices
as quantified by a novel Agricultural Activity
Index (AAI), with involvement of the primary care-
giver in agriculture, and with presence of the pre-
school child at the agricultural plot. Three of the
yard factors (child plays with soil, hours/day child
plays outdoors, number of dogs) that were previous-
ly associated with transmission in these children
(Krause et al. 2015) were also included in the ana-
lyses. Given that some prevalence were very low, we
were able to explore factors influencing only Ascaris
and hookworm egg counts at baseline and only
Ascaris reinfection egg counts during the harvest.

METHODS

Study area and population

The study was conducted in the 15 subsistence
farming communities involved in the VERASAN
agricultural program. Households grew rice, maize,
cassava, plantains, a variety of local tubers and vege-
tables including cucumbers, tomatoes, squash and
peppers, and had a per capita earned income of
$4.63 month−1.
In this region in 2012, average temperature was

27·6 °C, average relative humidity was 76·8%, and
average daily rainfall was 6·1 mm, totalling 2238·3
mm over the year with 138 days of rain (INEC,
2014). The normal rainy season is from April to
early December, and in 2012 the rainiest month
was June (347·8 mm) (INEC, 2014).

Study design

The longitudinal, observational studywas conducted
over one agricultural cycle from February to October
2012 on a cohort of preschool children. Egg counts of
Ascaris, Trichuris, and hookworm were determined
from fecal samples collected from all preschool chil-
dren during land preparation (February–March)
(‘baseline’) after which children were dewormed
with albendazole. After the first 3·5 months’ reinfec-
tion period, a second fecal sample was collected
during the growing season (June–July) (‘reinfection
1’) and children were again dewormed. Following
the second 3·5 months reinfection period during
harvest (September–October) (‘reinfection 2’), a
third fecal sample was collected, and infected chil-
dren were dewormed a final time. Questionnaires
were used to obtain information on household
socio-demographic variables and crop production ac-
tivities that might have been related to transmission
of Ascaris, Trichuris, or hookworm.

1044Rachel J. Krause and others

https://doi.org/10.1017/S0031182016000366 Published online by Cambridge University Press

https://doi.org/10.1017/S0031182016000366


Participant recruitment and ethics

Inclusion criteria for households were: (1) participa-
tion of at least one household member in the
VERASAN program, and (2) at least one child
between 6 months and 5 years at the beginning of
the study. All preschool children in the household
were enrolled in the study, and a single index child
was chosen randomly after the data collection for in-
clusion in multivariate analyses of factors influen-
cing infection and reinfection egg counts.
The study was approved by the Internal Review

Board of the Faculty of Medicine of McGill
University in Canada and the National Research
Bioethics Committee of the Gorgas Commemorative
Institute for the Study of Health in Panama.
Permission from the national and regional directors
of theMinistry of Health was obtained before visiting
the study communities when the proposed research
project was explained, questions were answered and
verbal permission to conduct the study was obtained
from the community. At the time of formal recruit-
ment of households into the study, the research was
again explained, any remaining questions were
answered and signed consent was obtained from the
responsible adult present, on behalf of the participat-
ing household and preschool children.

Questionnaires on household socio-demographics and
agriculture

Household questionnaires administered to the primary
caregiver provided information about household
socio-demographic variables (sex and age of the
child, number of children ⩽12 years, age and educa-
tion level of primary caregiver) that are commonly
reported to influence soil-transmitted nematode
infection in preschool children (Asaolu et al. 2002;
Ulukanligil and Seyrek, 2004; Hall et al. 2008;
Ugbomoiko et al. 2009; Pullan et al. 2010; Siwila
et al. 2010; Cundill et al. 2011; Menzies et al. 2014).
In addition, the asset-based household wealth index
(HWI) previously constructed for this study popula-
tion (Krause et al. 2015) was used as an indicator
of long-term wealth (Filmer and Pritchett, 2001;
Vyas and Kumaranayake, 2006) based on whether
or not the household owned a shovel, hoe, axe,
pickaxe, stove, horse, or cell phone, whether water
was piped to the yard, and whether the home had a
latrine, adobe walls, and concrete or dirt floors.
Respondents were asked whether the primary care-
giver participated in agricultural activities related to
crop production, whether preschool children went
to the agricultural plot and whether preschool chil-
dren were present during the clearing of land, plant-
ing, weeding, irrigating, applying fertilizer, applying
pesticides and harvesting.
Questionnaires administered to adults involved

in crop production were used to obtain information

on the size of the household agricultural plot,
whether the household irrigated the plot, and
whether the household used specific methods that
were common in the region and/or taught through
the VERASAN program: 12 related to seed selec-
tion, collection and growing; 11 related to soil con-
servation and planting; 14 related to use of
fertilizers; and 10 related to use of pesticides.

Development of AAI

For each household, an ‘Agricultural Activity Index’
was developed using principal components analysis
(PCA) to capture the diversity of crop-related
methods used by the household. As the methods
being introduced by VERASAN were known to in-
tensify subsistence-level household agriculture
(R. J. Krause and others, unpublished data), we
developed the AAI as a proxy for intensity of agri-
cultural practices. Of the total of 48 crop production
methods considered, the AAI was constructed using
17 methods: the four that required purchase of mate-
rials (synthetic fertilizer, herbicide, fungicide and
insecticide) and the 13 that contributed most to the
variability in principal component 1 (PC1) (seed
recycling for vegetables, staking vines, transplanting
vegetables, selecting vegetable seeds, selecting tuber
seeds, raising seedlings, mulching, using a living
crop barrier, using a stone crop barrier, planting in
a bed, preparing soil for planting, direct planting,
applying animal manure and applying synthetic fer-
tilizer). This resulted in a variable-to-observation
ratio of 1:10. PC1 explained 29·4% of the total vari-
ation seen. The final AAI for each household was
calculated by adding the relative weights from
PC1 for each of the 17 selected crop production
methods (Table 1) after which households were
divided into three AAI categories based on the
lowest 40%, middle 40% and highest 20% of values
for the AAI.

Egg counts of soil-transmitted nematodes and
anthelmintic treatment

Fecal samples from all preschool children were col-
lected by caregivers the afternoon before or the
morning of the visit by the research team, at which
time children ⩾12 months were treated with a
liquid formulation of albendazole according to age-
specific dosages: 200 mg to children 12–23 months;
400 mg to children ⩾24 months (WHO, 2007).
Fecal samples were immediately refrigerated upon
reception, and analysed the same day in a hospital
laboratory in Santiago by trained laboratory techni-
cians. Ascaris, Trichuris and hookworm eggs were
identified and counted using the FLOTAC flotation
technique (Utzinger et al. 2008) based on a standard
volume of feces (1 g). In the few cases where fecal
samples were <1 g, the number of eggs was adjusted
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to the number per gram. Given the relatively low
efficacy of single dose albendazole against hookworm
and Trichuris (Adegnika et al. 2014), children who
were infected with these nematodes were retreated
within 10 days with three consecutive doses to in-
crease the likelihood that treatment successfully
eliminated all infections (WHO, 2002). Children
who failed to provide fecal samples after the first re-
infection period were treated with albendazole.
Children <12 months who were infected at baseline
(February–March) could not be treated and there-
fore were not included in infection measures
during reinfection 1 (June–July). None of the chil-
dren <12 months during reinfection 1 (June–July)
were infected, and therefore the exclusion of these
young children from albendazole treatment did not
interfere with assessment of their subsequent re-
infection measured in reinfection 2 (September–
October).

Statistical analysis

SAS version 9.3 (SAS Institute Inc., Cary, NC,
USA) was used to perform all statistical tests.
Infection and reinfection dynamics were described
for all children: prevalence, and proportion of chil-
dren falling into categories of light, moderate and

heavy intensity infections, according to WHO stan-
dards, which defines light, moderate and heavy
infections with hookworm as 1–1999, 2000–3999
and ⩾4000 epg, respectively, and with Ascaris as 1–
4999, 5000–49 999, and ⩾50 000 epg, respectively
(WHO, 2002). Mean epg of infected children at
baseline and following reinfections were presented
in box and whisker plots, showing 25th, 50th and
75th percentiles, range and extreme values. Within
nematode species, reinfection prevalences were com-
pared using non-parametric Fisher’s exact tests and
reinfection epgs of all children and infected children
only were compared with non-parametric analysis of
variance (Kruskal–Wallis). For households with two
or more preschool children, a single index child was
randomly selected for inclusion in descriptions of
child exposures to agriculture, and in multivariate
analyses of infection. For all statistical tests, signifi-
cance was set at P < 0·05. Standard error or 95%
confidence intervals were reported.
One-way comparisons of household socio-demo-

graphic and agricultural characteristics by AAI cat-
egory (lowest 40%, middle 40% and highest 20%)
were conducted using parametric or non-parametric
analysis of variance or chi-square (χ2) tests, as applic-
able.Post hocTukeyHSDtestswere applied to deter-
mine pair-wise differences between AAI categories.
The recommended approach of zero-inflated nega-

tive binomial (ZINB) regression models (Strunz
et al. 2014) was used to examine the relationships of
household agricultural practices and exposures (irri-
gation, use of animal manure, size of agriculture plot,
AAI, time caregiver worked in the plot, child went to
the plot), with egg counts ofAscaris and hookworm at
baseline, and Ascaris at reinfection 2, while control-
ling for socio-demographic variables (child age and
sex, caregiver age and education, HWI and number
of children ⩽12 year in the household). Counts of
zero are included within the negative binomial com-
ponent on themodel, and excess zero counts over and
above those explained by the negative binomial dis-
persion are included in the logistic (zero inflation)
component of the model. All agricultural variables
of interest (listed above) were included in the initial
model, and socio-demographic variables (listed
above) were also included if they were associated
with infection prevalence or intensity at P < 0·20 in
parametric or nonparametric univariate analysis of
variance, linear regression, or contingency tables. A
backwards stepwise selection procedure was then
applied. Following this, three yard infection risk
variables identified in Krause et al. 2015 (e.g. ‘child
plays with soil,’ ‘child plays outdoors,’ number of
dogs) were added and a further backward stepwise
selection process was used to generate the final
model. Physical measures of the yard were taken
only for a subset of the households (Krause et al.
2015), and were therefore not considered in this
study. Variables were retained in the models with

Table 1. Summary of household socio-demo-
graphic variables and agricultural context of house-
holds and index children. Mean ± S.E. or per cent
(95% CI)

Household characteristics Mean ± S.E., range

Socio-demographic, n 238
Child female (%) 50·2% (43·6–56·8)
Child male (%) 49·8% (43·3–56·3)
Child age (months) 38·9 ± 1·2
Caregiver age (year) 33·1 ± 0·6
Caregiver education (year) 5·0 ± 0·2
Children in household (#) 3·0 ± 0·1
Household Wealth Index 0·78 ± 0·05

Agricultural context, n 164–211
Area farmed (ha) 0·92 ± 0·05
Agriculture methods used (#) 10·3 ± 0·6
Agriculture Activity Index 1·5 ± 0·1
Used animal manure (%) 15·5% (10·9–21·2)
Used irrigation (%) 54·1% (46·3–61·7)
Caregiver worked in plot (%) 58·8% (51·8–65·5)
Time in plot (h/week) 11·1 ± 1·0
Child went to plot (%) 27·7% (21·1–35·0)
Child was present during
Clearing the land (%) 15·7% (10·6–22·0)
Planting (%) 22·7% (16·7–29·7)
Weeding (%) 19·8% (14·1–26·5)
Applying fertilizer (%) 6·4% (3·2–11·2)
Applying pesticide (%) 1·2% (0·1–4·1)
Irrigating (%) 6·4% (3·2–11·2)
Harvesting (%) 18·6% (13·1–25·2)

Range of sample sizes given for Agricultural Context
variables.
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P< 0·15, but considered significant at P< 0·05. The
overall fits of final ZINBmodels were compared with
equivalent negative binomial models using Vuong
tests, which showed, in all cases, that it was appropri-
ate to use ZINBmodels. Collinearity of variables was
tested using linear regression models of log-trans-
formed egg counts (log(egg count + 1)) for Ascaris
at baseline and at reinfection 2 and hookworm
at baseline, on datasets including all children.
Variables were considered non-collinear if variance
inflation factors were <10 or if tolerances were
>0·10. Prevalences of hookworm at reinfections 1
and 2 and Ascaris at reinfection 1 were too low to
allow for construction of models.

RESULTS

At baseline, 208 households with 268 preschool chil-
dren were enrolled. Of these, the 27 households
(13%) lost to follow-up did not differ in socio-demo-
graphic variables, agricultural activities or infection
variables. An additional 19 households with 30 pre-
school children joined the study after the first re-
infection period.

Agricultural exposure and activities

Descriptive data are displayed in Table 1. A total of
58·8% of caregivers regularly worked in the agricul-
ture plot, for an average of 11·1 h week−1. Among
index preschool children (average age 38·9 ± 1·2
months), 27·7% had accompanied family members
to the household agriculture plot during the previous
year: 16–23% had been present during planting,
weeding, or harvesting, whereas only 6·4% had been
present during irrigation and application of fertilizers
and only 1·2% during use of pesticides. Households
farmed on average 0·92 ± 0·05 ha of land (0·5–5 ha)
and used 9·9 ± 0·6 different methods for crop
production.

Seed selection, collection and growing. Seed selec-
tion and intercropping were used for vegetables
(66·3 and 19·5%, respectively) and tubers (51·5 and
18·3%, respectively). In addition, 50·9% of house-
holds transplanted vegetables and 22·5% recycled
vegetable seeds. Stakes were used for vines (40·2%)
and tubers were treated before planting (12·4%).
Fruit trees were transplanted by 11·8% of house-
holds, 7·1% collected seeds from trees, 5·9% had a
tree nursery and 3·6% used tree grafting.

Soil conservation and planting techniques. Half the
households (54·1%) irrigated their agricultural plot
with water from nearby streams. A variety of soil
conservation techniques were used, including
direct planting (58·0%), soil preparation (54·4%),
mulching (40·8%), planting in a bed (25·6%) and
use of a stone crop barrier (23·1%) or a living crop

barrier (19·5%). In addition, 13·6% pre-germinated
seeds in a sack, 8·9% used a wooden frame around
bedding plants, 3·6% used land terracing and 1·8%
used an A Level to reduce run-off.

Fertilizers. Synthetic fertilizers were used by
11·8% of households. A variety of homemade fertili-
zers were used on the agricultural plot: 28·4% of
households made and 27·2% applied bocashi (a fer-
mented organic fertilizer composed of green material
from nitrogen-fixing plants, dried corn husks or
bean shells, ash, animal manure and molasses);
19·5% composted and 18·3% used compost; 13·6%
collected and 18·9% used unprocessed animal
manure for fertilizer from chickens, pigs, cattle and
horses as available; 1·2% made and 1·8% used vermi-
culture; and 1·8% made and 1·8% used green
manure.

Pesticides. One quarter of households (25·4%)
controlled insect pests and 13·6% controlled fungal
infections. Synthetic insecticides were prepared by
21·3% of households and 14·8% applied them to
their agricultural plot. Synthetic herbicides and
fungicides were used by 9·5 and 7·7% of households,
respectively. Households commonly used the pyr-
ethroid insecticide, cypermethrin and the herbicide,
glyphosate. In addition 4·7% of households prepared
organic insect repellents made either with pepper
extract or garlic extract and 4·1% used organic
insect repellants.

AAI. The average number of crop production
methods used per household was 9·9 ± 0·6 and
the AAI derived from the PCA ranged from 0 to
4·1 units (mean 1·5 ± 0·1). Households in the lowest
40%, medium 40% and highest 20% of AAI used
3·9 ± 0·3, 10·5 ± 0·4 and 20·6 ± 1·2 of the possible
48 crop production methods, respectively (Table 2).
Low AAI households were unlikely to recycle
seeds (2·9%), use living crop barriers (2·9%) or
stone crop barriers (7·4%), or plant in raised beds
(2·9%). None of the households in the lowest AAI
category used synthetic fertilizers or fungicides. In
contrast, nearly all households in the highest AAI
category transplanted vegetables (94·3%), used seed
selection methods for vegetables (97·1%) and
tubers (94·3%), and raised seedlings (97·1%); 31·4%
used synthetic fertilizers and 25·7% used synthetic
fungicides. Comparison among AAI categories
revealed that HWI was higher for households with
medium AAI (HWI of 0·91 ± 0·08) and high AAI
(HWI of 0·98 ± 0·14) compared with those with
low AAI (HWI of 0·64 ± 0·08; P= 0·029) but other
variables related to agriculture (size of plot,
whether the caregiver or index preschool child
went to the agricultural plot, time the caregiver
spent at the plot) did not differ among AAI categor-
ies (data not shown).
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Nematode infection dynamics

At baseline, 38·6% of all preschool children (n = 281)
were infected with at least one soil-transmitted
nematode, and 5·3% of children were co-infected
with Ascaris and hookworm. Trichuris infections
were rare (only two children at baseline and only
one at reinfection 2). As a result, Trichuris was not
considered in subsequent analyses.

Hookworm. Hookworm prevalence at baseline
was 25·3%. Distributions of epg of infected children
at baseline, reinfection 1 and reinfection 2 are shown
in Fig. 1A. The majority of infections were of light
intensity, only two children had moderate intensity
infections, and only one had a heavy intensity infec-
tion. The youngest infected child was 9 months of
age. Hookworm reinfection prevalence was very
low both at reinfection 1 (1·7%) and at reinfection
2 (3·1%), as was median epg of infected children
and neither reinfection prevalence (P= 0·74) nor
epg (χ2 = 0·37, P = 0·54) differed between the two re-
infection periods. As a result, multivariate analyses
were restricted to hookworm at baseline.
Several variables emerged within the negative bi-

nomial component of the ZINB model for hook-
worm egg counts at baseline (Table 3). Among
socio-demographic variables, hookworm egg counts
were higher in females than males, in children with

a caregiver with more years of education, and in
households with lower HWI. Among the agricul-
ture-related variables, hookworm egg count was
higher if the agricultural plot was smaller, if the care-
giver spent more time working in the plot, and if the
child went to the plot. Neither the AAI nor use of
animal manure or irrigation nor any of the home
yard environment characteristics or child play beha-
viours emerged in the negative binomial component,
and no significant explanatory variables emerged in
the zero inflation components (Table 3).

Ascaris. Prevalence of Ascaris was 15·7% at base-
line; light intensity infections were most common
but 2·8% of children had moderate intensity infec-
tions. Distributions of epg of infected children at
baseline, reinfection 1 and reinfection 2 are shown
in Fig. 1B. The youngest child infected with
Ascaris was 8 months of age. Prevalence was lower
at reinfection 1 (2·8%) than at reinfection 2 (9·2%)
(χ2 = 6·31, P= 0·012), as was epg of all children
(F1,374 = 7·28, P= 0·007), although when only
infected children were included there was no signifi-
cant difference between epg of the different reinfec-
tion measures (χ2 = 1·26, P= 0·26). At reinfection 2,
one child had a heavy intensity infection.
At baseline, several variables emerged in the nega-

tive binomial component of the ZINB model.
Ascaris egg count was higher in older children, and

Table 2. Number of crop production methods, composition of the Agricultural Activity Index (AAI) in-
cluding weighting coefficients from the first principal component (PC1), and agricultural activity profiles (%)
of households categorized as low (the 40% lowest), medium (the 40% middle) and high (the 20% highest) AAI

Agricultural method PC 1 coefficient Lowest 40% AAI Middle 40% AAI Highest 20% AAI

N 68 69 35
Crop production methods used (#) 3·9 ± 0·3c 10·5 ± 0·4b 20·6 ± 1·2a

Average AAI ± S.E. 0·48 ± 0·05 1·71 ± 0·04 2·96 ± 0·06
Seed selection, collection and growing

Seed recycling – vegetables 0·276 2·9% 14·5% 77·1%
Stakes for vines 0·278 8·8% 46·4% 88·6%
Transplant vegetables 0·300 8·8% 71·0% 94·3%
Seed selection – vegetables 0·265 33·8% 79·7% 97·1%
Seed selection – tubers 0·264 20·6% 59·4% 94·3%
Raise seedlings 0·238 36·8% 79·7% 97·1%

Soil conservation and planting techniques
Mulching 0·284 8·8% 46·4% 94·3%
Living crop barrier 0·213 2·9% 15·9% 57·1%
Stone crop barrier 0·209 7·4% 18·8% 60·0%
Plant in a bed 0·252 2·9% 26·1% 71·4%
Soil preparation for planting 0·295 14·7% 73·9% 94·3%
Direct planting 0·221 32·4% 71·0% 85·7%

Fertilizers
Apply animal manure 0·187 4·4% 21·7% 40·0%
Apply synthetic fertilizer 0·183 0·0% 13·0% 31·4%

Pesticides
Apply synthetic fungicide 0·207 0·0% 5·8% 25·7%
Apply synthetic herbicide 0·197 1·5% 7·2% 28·6%
Apply synthetic insecticide 0·207 2·9% 14·5% 37·1%

Crop production techniques out of the total of 48 methods.
Different superscripts indicate significantly different at P< 0·0001.
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in those from homes with higher HWI. Ascaris epg
was also higher if the agricultural plot was smaller,
if the household had more intensive agricultural
practices (AAI), if caregivers worked fewer hours
in the plot, and if the child went to the plot.
Within the zero inflation component of the ZINB
model, children who spent more time playing
around the home were less likely to be infected
with Ascaris (Table 3).
Given the low prevalence of Ascaris at reinfection

1, multivariate analyses were done only at reinfection
2. At reinfection 2, the negative binomial component
of the ZINB model revealed that Ascaris reinfection
egg counts were higher in females, in older preschool
children and in households with younger caregivers
and more children ⩽12 years. Among agriculture-
related variables, reinfection 2 egg counts were
higher if the household had a higher AAI, if the care-
giver spent more time per week at the agricultural
plot and if the index child went to the plot. None of
the home yard environment characteristics or child
play behaviours emerged in the negative binomial
component and no variables emerged in the zero
inflation component of the ZINB model (Table 3).

DISCUSSION

The potential that interventions aimed at intensifica-
tion of crop production for subsistence farmers might

increase transmission of soil-transmitted nematodes
in preschool children has not been previously
reported andmost previous studies on factors influen-
cing Ascaris transmission in preschool children have
focused on the home environment (Asaolu et al.
2002; Kirwan et al. 2009; Kounnavong et al. 2011;
Wang et al. 2012; Krause et al. 2015). Our novel
AAI allowed us to associate more intensified subsist-
ence farming practices with transmission of Ascaris
in preschool children. Our models demonstrated
that agriculture-associated variables increased nema-
tode egg counts in preschool children as revealed in
the negative binomial component of the regression
models. Furthermore, hookworm and Ascaris egg
counts were associated with involvement of the care-
giver in agriculture and with the presence of the pre-
school child at the household agricultural plot. Of
the three yard variables that could be included in
our models and that were previously associated
with infection in these children (Krause et al.
2015), only one was also significant in this study:
children who spent more time playing around the
home were less likely to be infected with Ascaris at
baseline. Together, these data showed that, after
controlling for socio-demographic variables, inten-
sification of subsistence agricultural practices was
associated with increased transmission of nematode
infections in preschool children.
Much of the literature on factors influencing in-

fection with soil-transmitted nematodes distin-
guishes between infected and uninfected children
(Östan et al. 2007; Kirwan et al. 2009; Mihrshahi
et al. 2009; Balen et al. 2011; Kounnavong et al.
2011; Quintero et al. 2012; Menzies et al. 2014).
Among those that have considered factors influen-
cing intensity (Asaolu et al. 2002; Nishiura et al.
2002; Gunawardena et al. 2004; Payne et al. 2007;
Freeman et al. 2013; Halpenny et al. 2013), use of
the recently-recommended ZINB (Chipeta et al.
2014; Strunz et al. 2014; Levecke et al. 2015) to
explore egg counts of intestinal nematodes simultan-
eously has been limited (Walker et al. 2009;
Magalhaes et al. 2011), and to our knowledge only
one study has used this method to explore risk for
hookworm and Ascaris in preschool children
(Krause et al. 2015). We showed that agricultural
variables explained egg count but that no variables
explained any inflation of the zero egg count class.
In contrast, our previous application of the same
modelling approach to variables of the yard environ-
ment had revealed that any excess from the expected
number of uninfected children was inversely asso-
ciated with the presence of dirt floors, storage of
water in the yard, number of dogs in the yard and
with children spending less time playing outdoors
(Krause et al. 2015). From a public health perspec-
tive, it is the intensity of infection rather than pres-
ence that is of concern. If a child is infected with
only a few worms, they are unlikely to experience

Fig. 1. Box and whisker plots of hookworm (A) and
Ascaris (B) eggs per gram (epg) of infected children at
Baseline, Reinfection 1 and Reinfection 2. Boxes represent
the interquartile range and horizontal lines within boxes
represent the median epg. Whiskers represent the range, and
circles represent extreme values (1·5 times the third quartile).
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morbidity and are unlikely to contribute much to
transmission (Hall et al. 2008; Levecke et al. 2015).
On the other hand, children with more worms
are more at risk of disease and they pass large
numbers of eggs in their feces, and thus present a
risk to others (Hall et al. 2008; Levecke et al. 2015).
The observation that agriculture-related variables
influenced egg counts highlights that transmission
at the agricultural plot may be of particular concern.
Our finding of a positive relationship between the

presence of the child at the plot and Ascaris egg
counts both at baseline and at reinfection 2 points to
transmission at the agricultural plot. Transmission
requires contamination of soil with eggs, survival
of eggs, presence of the preschool child at the agri-
cultural plot, spatial overlap of the child and the in-
fective eggs, and ingestion of eggs, and our study
provides several lines of evidence to indicate that
all these conditions were present. First, contamin-
ation with and survival of eggs and larvae is sup-
ported by our previous report that 29% of these
preschool children openly defecate (Krause et al.
2015). Given the distance of the plot from the
home and the absence of latrines at the plot (personal

observation), adults also likely defecated at the plot,
as reported in other studies (Kightlinger et al. 1998;
Needham et al. 1998). Furthermore, agricultural
land is generally considered suitable for survival of
the eggs because agricultural produce is often con-
taminated with Ascaris eggs (Amoah et al. 2005;
Adenusi et al. 2015). Second, our novel finding
that Ascaris egg count was negatively associated
with the size of the agricultural plot points to
spatial overlap of children with Ascaris eggs at the
plot, as any fecal contamination would be more con-
centrated on smaller plots. Third, caregivers previ-
ously reported that preschool children put soil in
their mouths (Krause et al. 2015). Purposeful or ac-
cidental ingestion of soil is the most direct method
for transmission of Ascaris (Bethony et al. 2006).
Together, these observations show that, in addition
to transmission that occurs at the home (Krause
et al. 2015), presence at the agricultural plot also
places the preschool child at risk of Ascaris
transmission.
Moreover, our novel finding that Ascaris egg

count was positively associated with the AAI sup-
ports our hypothesis of transmission at the

Table 3. Zero-inflated negative binomial regression models for hookworm egg count of index preschool
children at baseline and for Ascaris egg counts at baseline and after reinfection 2

Characteristic

Hookworm
(baseline)

Ascaris
(baseline)

Ascaris
(reinfection 2)

β P β P β P

n= 95 n= 93 n= 124

Negative binomial (EPG)
Intercept 3·94 <0·0001 5·45 <0·0001 −4·73 0·169
Child is female (Y/N) 0·98 0·008 NS 3·04 0·024
Child age (month) NS 0·11 <0·0001 0·24 <0·0001
Caregiver age (year) NS NS −0·92 <0·0001
Caregiver education (year) 0·61 <0·0001 NS NS
Children in household (#) NS NS 5·59 <0·0001
Household Wealth Index −0·79 0·0003 1·07 0·0002 NS
Agriculture plot (ha) −1·40 0·006 −3·64 <0·0001 NS
Agriculture Activity Index NS 0·48 0·037 3·23 <0·0001
Caregiver worked in plot (h/week) 0·04 0·003 −0·22 <0·0001 0·15 0·0004
Child went to plot (Y/N) 1·52 0·005 4·51 <0·0001 5·11 0·0007

Logistic (zero inflation)
Intercept 1·98 0·0048 2·82 <0·0001 2·89 0·0004
Child age (month) −0·02 0·142 NS NS
Agriculture Activity Index NS NS −0·68 0·059
Child went to plot (Y/N) NS 2·08 0·058 NS
Child played outdoors (h/day) NS −0·31 0·019 NS

NS, not significant.
Y = 1, N= 0.
The zero-inflated negative binomial model distinguishes zero counts that arise because of the negative binomial compo-
nent and excess zero counts that are captured in the logistic model component.
Variables with P< 0·15 were retained in the model. Variables initially entered in the model but not retained: household
irrigates, household uses animal manure in agriculture.
Vuong tests showed that ZINBmodels for hookworm at baseline andAscaris at reinfection 2 were clearly superior to nega-
tive binomial models (hookworm: Z= 4·38, P < 0·0001;Ascaris: Z= 3·32, P= 0·0009). The comparison ofAscaris at base-
line showed borderline differences between the ZINB and negative binomial models (unadjusted Z= 2·04, P= 0·041; Aike
adjusted Z= 1·74, P= 0·082), and for the sake of consistency we have chosen to show the ZINB model.
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agricultural plot. The positive association between
AAI and egg count is consistent with higher likeli-
hood of soil contact associated particularly with
soil conservation methods (soil preparation, direct
planting, planting in beds, mulching) which were
done manually by subsistence farmers in the study
communities (personal observation). Also, children
were present when these techniques were used.
Although application of animal manure as fertilizer
was included in the AAI, it did not emerge in the
multivariate models when entered instead of AAI.
This is not surprising given that human feces
rather than animal feces is more likely risk factor
for Ascaris transmission (Peng and Criscione,
2012) and that human feces is not commonly used
for fertilizer in Panama (Personal observation of
R. J. Krause, 2012). It is important to note that,
perhaps because of their higher HWI, households
with a higher AAI more commonly purchased and
used synthetic fertilizers and pesticides including
glyphosate and pyrethroids that are immunosup-
pressive (Duramad et al. 2006; Corsini et al. 2008).
Therefore the relationship between higher Ascaris
egg counts and higher AAI scores may not only be
transmission-related but also may be a sign of com-
promised immune function of children exposed to
these chemicals.
Hookworm infection was associated with two of the

same agricultural factors that influencedAscaris trans-
mission (the presence of the child at the plot and
smaller plots) but not with the AAI. Hookworm
larvae are highly sensitive to high ultraviolet radiation,
whereas Ascaris eggs are less sensitive (Smith, 1990;
Mun et al. 2009). Hookworm larvae are also very de-
pendent on soil moisture for their survival and irriga-
tion is a known risk factor for hookworm infection
(Smith, 1990; Ensink et al. 2005). Interestingly,
however, we found no association between hookworm
egg count and whether plots were irrigated, perhaps
because irrigation water comes from nearby streams
in this setting and is less likely to be a source of hook-
worm contamination than in regions where untreated
wastewater is used for irrigation (Ensink et al. 2005).
Thus, it is likely that differences in life history
explain why we did not find an association between
hookworm infection and AAI.
We suggest two explanations for the associations

between time spent by the caregiver at the agricul-
tural plot and nematode egg count. Given the dis-
tance of the plot from the home, it is likely that if
the caregiver spent more time at the plot, the child
also did. The greater time at the plot would have
increased the rate of contact with hookworm larvae
and Ascaris eggs at the agricultural plot, explaining
the positive association between caregiver time at
the plot and hookworm egg count at baseline and
Ascaris egg count at reinfection 2. On the other
hand, Ascaris egg count at baseline was negatively
associated with time the caregiver spent at the plot.

This observation highlights that transmission of
Ascaris occurred not only at the agricultural plot
but also at home. We have previously shown that
nematode eggs and larvae were present in soil
samples from the yard around the home and that
nematode egg count was associated with vegetation
cover near the home, children playing with soil,
storage of water, items of garbage in the yard and
children playing with animals (Krause et al. 2015).
The likelihood of transmission at home is also con-
sistent with the report that mother’s employment
away from the home contributes to child infection
risk because children are often left unsupervised
(Al-Mekhlafi et al. 2008). Together these findings
highlight the need for a better understanding of
interrelationships among caregiver activities, pre-
school child activities and presence of the child at
locations that pose a risk for nematode transmission
if guidance is to be provided to caregivers about how
best respond to competing demands of work, provi-
sion for the family and child care activities.
Although we previously presented evidence that

transmission occurred around the yard (Krause
et al. 2015), the only yard variable to emerge in the
current analysis points more to transmission at
the agricultural plot than to transmission around
the home. Those children who spent more time
playing around the home were less likely to be
infected with Ascaris at baseline both in our prior
analysis of yard factors influencing transmission
(Krause et al. 2015) and in the current analyses sug-
gests that transmission was occurring elsewhere,
likely at the agricultural plot. On the other hand,
playing with soil, which was a significant predictor
of baseline hookworm infection in our previous ana-
lyses (Krause et al. 2015), was not significant in the
present models when included alongside agricultural
exposure variables, indicating that exposure risks in
the agricultural plot outweigh the risks of simply
playing with soil, which is likely to happen in both
the home and agricultural plot. We did not investi-
gate the extent to which agricultural plots in this
setting could be viewed as a domestic or public
domains as described by Cairncross et al. (1996)
but we have shown that preschool children were at
risk of infection both in the yard and at the subsist-
ence agricultural plots. This demonstrates that
public health measures to reduce children’s exposure
to infection risks should not focus solely on the home
environment.
We found evidence that female children were at

higher risk for greater egg counts of hookworm at
baseline and Ascaris at reinfection 2 than male chil-
dren in our ZINB models. This is consistent with
other studies that have shown that girls were more
likely to be infected than boys (Haswell-Elkins
et al. 1989; Kightlinger et al. 1998). One reason
given for the higher infection in girls was that girls
spent more time at the home, whereas boys
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participated in household agricultural work that took
them away from the home for longer periods.
However, these studies were not specifically
focused on preschool children and our study
showed no gender differences in whether they
visited the agricultural plot or the amount of time
they spent playing outside (data not shown).
In designing our study, we had hypothesized that

nematode transmission would have differed among
agricultural seasons because of higher risks of trans-
mission associated with certain season-specific agri-
cultural practices. Consistent with this hypothesis,
little transmission of hookworm or Ascaris occurred
in the interval between land preparation and
growing seasons, whereas transmission of Ascaris
was higher in the interval between the growing and
harvest seasons. However, similar percentages of
children were present when plots were cleared,
planted, weeded and harvested (15·7, 22·7, 19·8
and 18·6%, respectively). Also none of these
season-specific agricultural activities emerged in
our multiple regression analyses. It should be
noted that the rainy season coincided with the
period between the growing season and the
harvest. Higher rainfall has been previously asso-
ciated with increased nematode transmission
(Gunawardena et al. 2004), presumably because of
more favourable conditions for survival of hook-
worm larvae and Ascaris eggs (Smith, 1990;
Gaasenbeek and Borgsteede, 1998). Thus, it is
more likely that the rainy season and not season-
specific agricultural activities was responsible for
the higher transmission observed in the interval
between the growing season and the harvest com-
pared with the interval between land preparation
and the growing season.
We acknowledge the following limitations. First,

because of very low reinfection rates, we were not
able to explore factors influencing transmission of
hookworm or Ascaris during the growing season or
of hookworm during the harvest. Second, we were
constrained in our ability to explore the relative
contribution of the yard environment and the agri-
cultural plot to transmission. Some of the yard vari-
ables previously associated with infection in these
children (Krause et al. 2015) were only available
for a subset of the children. Also, the combined list
of yard and agriculture-related variables exceeded
the number that could be explored given our
sample size. Finally, we acknowledge that baseline
and reinfection models were conducted on the
same group of children, which may pose a multiple
testing problem. Therefore caution is needed in
interpreting underlying mechanisms.
In conclusion, our analyses showed that preschool

children were exposed to both hookworm and
Ascaris when they accompanied family members to
subsistence agriculture plots. Our novel AAI cap-
tured the variability among households in use of

seed selection, recycling and growing methods, in
soil conservation and planting methods, and in ap-
plication of fertilizers and pesticides. Furthermore,
AAI was positively associated with baseline and
reinfection Ascaris egg counts, indicating that inten-
sification of subsistence agriculture increased trans-
mission for preschool children, whether or not they
went to the agricultural plot. To our knowledge,
the potential that interventions aimed at intensifica-
tion of subsistence agriculture might increase trans-
mission of soil-transmitted nematodes in preschool
children has not been previously reported. Given
the negative consequences of soil-transmitted nema-
todes for child growth and development (Hall et al.
2008; Gyorkos et al. 2011; Cobayashi et al. 2014;
Wong et al. 2014), and in light of the data presented
here, this is an important oversight that needs to be
considered in design and implementation of agricul-
tural interventions in areas where soil-transmitted
nematodes are endemic. In particular, the risks of in-
discriminate defecation in and around agricultural
plots and the risks and benefits of caregiver involve-
ment in agriculture need to be considered.
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