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Abstract
Human schistosomiasis is parasitic disease that affects 200 million people worldwide and
is second only to malaria in the global burden of parasitic disease. The transmission of
human schistosomes occurs between people and freshwater snails. People become
infected when free-swimming parasite larvae exit a snail and penetrate the skin of
someone who is wading, bathing or otherwise in contact with the water. The occurrence
of schistosomiasis is often elevated in settings where water has been actively managed
for food or energy production. The environmental change caused by constructing dam or
irrigation infrastructure creates suitable snail habitat, but it also alters the ways in which
people interact with their environment. This dissertation contributes to our understanding
of how social and environmental factors interact to perpetuate schistosome transmission
in the lower basin of the Senegal River, a dammed landscape where schistosomiasis has
become endemic. I use qualitative and quantitative data collected from focus group
discussions as well as household and parasitological surveys in 16 villages to understand
how socio-environmental circumstances influence exposure to and contribute to risk for
schistosome infection and its associated morbidities. First, I examine local perspectives
of schistosomiasis risk in the environment and reported preventive behaviors. Second, I
investigate whether land use at the household level influences risk for infection. And
finally, I evaluate the relative importance of three components of risk – exposure, hazard
and vulnerability – in the acquisition and accumulation of schistosome infection. Results
highlight the need for environmental interventions to complement existing
pharmaceutical-based schistosomiasis control efforts.
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Introduction
1.1

Global burden of schistosomiasis

Human schistosomiasis is caused by parasitic worms of the genus Schistosoma.
Approximately 800 million people worldwide are at risk for schistosome infection
(Steinmann et al., 2006) and an estimated 200 million are infected (Steinmann et al.,
2006; World Health Organization, 2020). The disease is widely but heterogeneously
distributed across tropical latitudes (Gryseels et al., 2006). Five schistosome species are
capable of infecting humans, the transmission of which occurs on the African, Asian and
American continents (Gryseels et al., 2006). Two primary schistosome species – S.
haematobium and S. mansoni – cause disease in sub-Saharan Africa, where 90% of cases
occurred in 2018 (World Health Organization, 2020).
The Global Burden of Disease (GBD) study estimated that schistosomiasis caused 1.5
million years lived with disability globally in 2016 and is a leading cause of disability in
six sub-Saharan African countries (GBD 2016 Disease and Injury Incidence and
Prevalence Collaborators, 2017). However, because shortcomings in existing diagnostics
techniques limit the detection of up to 30% of infections, the true population at risk is
likely an underestimate (Bustinduy and King, 2014; Colley et al., 2014; King and
Galvani, 2018). Similarly, contrary to the common conception of schistosomiasis as a
communicable disease with acute morbidity, residual disease may remain even after an
infection is cleared, leading to underestimates in the long-term disability caused by
schistosome infection (Colley et al., 2014).
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Estimates of mortality attributable to schistosomiasis are generally low. In 2015, just
4,400 deaths were estimated by the GBD study to be due to schistosomiasis,
corresponding to an age-standardized mortality rate of just 0.1 per 100,000 (GBD 2015
Mortality and Causes of Death Collaborators, 2016). General epidemiological estimates
of schistosomiasis mortality at the population level are not available. It is difficult to
track the long-term consequences of a disease that is often not diagnosed and treated in
health facilities. However, clinical and other observations leave little question that people
die of the long-term consequences of schistosome infection (Gryseels et al., 2006).
Deaths related to S. haematobium infection are primarily due to kidney failure or bladder
cancer while S. mansoni-related deaths are the result of gastrointestinal hemorrhage or
liver failure (Van der Werf et al., 2003). One study estimated schistosomiasis-associated
mortality to be seven times greater than the estimates published by the GBD study (Van
der Werf et al., 2003).
1.2

Schistosomiasis morbidity

S. haematobium parasites inhabit the urogenital tract while S. mansoni inhabits the
intestinal tract. Adult schistosomes live, on average, three to five years in the human host
(Gryseels et al., 2006). Disease resulting from schistosome infection is considered a
chronic inflammatory condition, that arises from the parasites’ process of sexual
reproduction (Bustinduy and King, 2014). Schistosome eggs produced by a mated pair of
adult worms exit the host through the urogenital or intestinal tract, but in that process,
approximately half of the eggs produced do not make it outside the human body, getting
stuck in tissue on the way out (Bustinduy and King, 2014). The eggs that remain inside
the human body elicit an immune response, and the associated inflammation and
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granulomatous lesions that develop can lead to chronic forms of disease (Colley et al.,
2014).
The acute symptoms of S. haematobium and S. mansoni infection are reflected in the
specific tissues affected by infection. Hematuria is the tell-tale sign of S. haematobium
infection, and is considered a natural sign of puberty to the start of menstruation in girls
in some endemic settings (Bustinduy and King, 2014). Self-reports of bloody urine are
often used as a rapid screening tool (Lengeler et al., 2002). Renal damage, kidney failure
and bladder cancer have been associated with chronic S. haematobium infection, though
the incidence of and mortality from these conditions have been difficult to estimate
(Colley et al., 2014; Gryseels et al., 2006). Female genital schistosomiasis (FGS), which
is associated with infertility, increased risk of abortion and increased risk of HIV, is a
manifestation of severe schistosomiasis that is receiving increased research attention
(Colley et al., 2014; Christinet et al., 2016; Hotez et al., 2019). The clinical impact of
FGS is severe but the symptoms are often not recognized as a consequence of
schistosome infection (Ahlberg et al., 2003), as FGS symptoms are often assumed to be
related to sexually-transmitted infections and stigmatized (Kukula et al., 2019).
The acute symptoms of S. mansoni infection are less specific, often involving abdominal
pain and diarrhea (Bustinduy and King, 2014; Gryseels et al., 2006). Lesions typically
develop in the intestines and rectum but liver fibrosis and portal hypertension can occur
with prolonged infection (Gryseels et al., 2006). These chronic conditions can, in turn, be
complicated by gastro-intestinal bleeding, which can be fatal (Van der Werf et al., 2003;
Gryseels et al., 2006).
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Anemia is commonly seen in cases of both S. haematobium and S. mansoni (Bustinduy
and King, 2014; Olds and Friedman, 2016). Much of the population attributable risk of
anemia is due to schistosomiasis (Leenstra et al., 2006a, 2006b). Blood loss related to
schistosome infection may exacerbate nutrition-related iron deficiencies and contribute to
total-body iron deficiency (Colley et al., 2014). However, inflammation is also likely a
key contributor to schistosomiasis-associated anemia (Leenstra et al., 2006a, 2006b).
Such chronic anemia can lead to decreased aerobic capacity (Colley et al., 2014)
While chronic morbidity due to schistosome infection was long described as ‘subtle’ or
asymptomatic (Olds and Friedman, 2016), it has been more recently recognized that
chronic disease resulting from schistosome infection likely results in under-recognized
‘functional’ morbidities (King and Dangerfield-Cha, 2008; King, 2010; Bustinduy et al.,
2017). Functional morbidities may include impacts on cognitive development and
educational performance (Connolly and Kvalsvig, 2009; Ezeamama et al., 2005, 2018;
Welch et al., 2019), physical fitness and aerobic capacity (Bustinduy et al., 2011; Latham
et al., 1990; Smith et al., 2019) and impacts on labor productivity (Fenwick and
Figenschou, 1972; Barbosa and Pereira Da Costa, 1981; Kamel et al., 2002; Lenk et al.,
2016). While the evidence for some of these morbidities is mixed and emerging, it
reflects the increasingly common appreciation that all schistosome infections cause
damage and that this damage should be accounted for in estimates of disability
attributable to infection (King, 2010).
1.3

Schistosome transmission cycle

Humans are the definitive host in the schistosome life cycle, while freshwater snails serve
as the parasites’ intermediate host (Figure 1-1). S. haematobium is transmitted by Bulinus
4

spp. snails while S. mansoni is transmitted by Biomphalaria spp. snails. People become
infected by being in contact with snail-infested freshwater. Free-swimming schistosome
cercariae exit the snail host and penetrate the skin of human hosts. The parasites mature
inside the human host and reproduce in blood vessels. Parasite eggs are released through
either the urinary or intestinal tract, returning to the environment via urine or feces. Eggs,
which remain viable for up to seven days, reach freshwater and hatch into another freeswimming larval stage (miracidia) (Gryseels et al., 2006). Miracidia infect snail hosts and
reproduce asexually before beginning the transmission cycle anew (Figure 1-1).

Figure 0-1. Schistosome transmission cycle
Contact with water forms the basis for human exposure to the parasite, distinguishing
schistosomiasis from other water-borne diseases that are transmitted through the
consumption of contaminated water. As a result, people often become infected by
performing daily chores – such as washing laundry or collecting water for cooking or
drinking – in the lakes and rivers they share with the parasites’ snail hosts. The necessity
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of undertaking daily activities in snail-infested waters is influenced by the availability of
alternative sources of water for meeting domestic, occupational and personal needs. In
the absence of alternative water sources, exposure to schistosome parasites may remain a
necessary part of daily life.
Contamination of surface water with schistosome eggs through the urine and feces of
infected people is another essential component of the transmission cycle. However,
because this process depends on generally private human behaviors, it is difficult to
measure and, as a result, is the most poorly understood aspect of the transmission cycle.
While the direct deposition of urine and feces into surface water may be an important
source of contamination, so might indirect, socio-environmental processes such as
rainfall washing egg-laden excreta into the water (Chandiwana, 1986) or the overflowing
of latrines helping confined eggs reach surface water (Vercruysse et al., 2001). The
detection of S. mansoni eggs in the peri-anal region also implies that bathing is a
potentially important source of contamination (Ouma, 1987), especially in settings where
religious washing after defecation is customary (Sow et al., 2008).
1.4

Schistosomiasis control

Schistosome infections are treatable with the antiparasitic drug Praziquantel, which
became affordable for widespread use in the 1980s (Fenwick et al., 2006). Since then,
mass drug administration (MDA) programs using Praziquantel have become the
cornerstone of schistosomiasis control programs (Figure 1-2), ridding infected people of
their infections and largely displacing the snail control programs of the preceding decades
(Webster et al., 2014). MDA campaigns have reduced the morbidity of schistosomiasis in
many endemic settings (Andrade et al., 2017; Shen et al., 2019) and are considered highly
6

cost-effective (Lo et al., 2016, 2015). Treatment with Praziquantel is often delivered
concurrently with other anti-parasitic drugs, such as those that treat soil-transmitted
helminth infections (World Health Organization, 2017a). Such deworming programs
have been celebrated for their positive impacts on child health (Miguel and Kremer,
2004). While the evidence for the broad effects of these programs is hotly debated
(Evans, 2015; Aiken et al., 2015; Davey et al., 2015; Hicks et al., 2015; Hargreaves et al.,
2015; Taylor‐Robinson et al., 2019; Majid et al., 2019), organizations implementing
deworming programs are among the top charities ranked by charity evaluators like
GiveWell (GiveWell, 2020).
But MDA as a schistosomiasis control strategy has one key shortcoming: Praziquantel
does not protect against new infections. This is problematic in settings where exposure to
surface water occurs with any regularity, as consistent post-treatment exposure makes reinfection likely if not inevitable. Thus, the environmental nature of schistosome
transmission may effectively limit the success of MDA programs. The elimination of
schistosomiasis as a public health problem from endemic settings is unlikely to be
accomplished with MDA alone (Gurarie et al., 2015).
In 2008, the Schistosomiasis Consortium for Operational Research and Evaluation
(SCORE) began designing and implementing large-scale operational trials of MDA.
These trials aimed to discern the optimal features for MDA programs under differing
epidemiological circumstances and to inform the next generation of World Health
Organization (WHO) targets and guidelines for schistosomiasis control. The
implementation of MDA varied in terms of both frequency (e.g. once a year versus every
other year) and target population (school- versus community-based) of MDA in low-,
7

medium- and high-burden settings. Many of these SCORE studies demonstrated
substantial impact of MDA on both infection and morbidity outcomes (Knopp et al.,
2019; Olsen et al., 2018; Phillips et al., 2017; Secor et al., 2020; Shen et al., 2019; Sircar
et al., 2018).
Despite these benefits, the SCORE trials also identified ‘persistent hot spots’ (PHSs) of
infection, or communities whose prevalence and intensity of infection did not respond to
treatment (Kittur et al., 2017; Wiegand et al., 2017). High baseline prevalence was a
common characteristic of PHSs (Kittur et al., 2019). It is hypothesized that PHSs
experience elevated force of infection, with more infected snails releasing more parasites
into the water sources used by people (Kittur et al., 2017; Pennance et al., 2016; Mutuku
et al., 2019). The proximity and orientation of villages to their water access points may
also play a role (Pennance et al., 2016). These findings highlight the known shortcomings
of MDA programs and speak to the need for schistosomiasis control programs to address
the source of infection, especially in high-prevalence settings.
In 2012, the World Health Assembly (WHA) passed Resolution 65.21, which encouraged
member states to broaden schistosomiasis control strategies beyond MDA and renew
focus on the prevention of new infections and the elimination of schistosomiasis as a
public health problem (World Health Assembly, 2012, p. 21). Previously, WHA
Resolution 59.19 focused on achieving MDA coverage targets sufficient to control
morbidity (World Health Assembly, 2001). The recommendations outlined in WHA
Resolution 65.21 included the implementation of water, sanitation and hygiene (WASH)
interventions as a complement to MDA campaigns. It also promoted investment in the
environmental management of transmission through snail control (Figure 1-2).
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Figure 0-2. Points of intervention in the control of schistosomiasis
The treatments that were available prior to the development of Praziquantel were
expensive and involved undesirable side effects, and as a result, were not used widely
(Fenwick et al., 2006). These poor therapeutics made snail control the primary approach
to schistosomiasis control between the 1950s and the 1970s. At first, these interventions
used highly toxic compounds to suppress snail populations but the development of
molluscicides that were less toxic to non-target species has reduced the negative
environmental impact of chemical snail control (King and Bertsch, 2015). These
programs complement MDA programs by reducing the transmission in the environment
and reducing the likelihood of reinfection (Figure 1-2). Historical analyses have found
that the most successful schistosomiasis elimination campaigns involved some form of
snail control (Sokolow et al., 2016, 2018). Implementing snail control programs has its
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logistical challenges and financial constraints, but cost-effectiveness modeling has
demonstrated that combining MDA and snail control maximizes health gains per dollar
compared to either MDA or snail control alone. The benefit of the combined intervention
was especially pronounced in high-prevalence settings (Lo et al., 2018).
Most existing snail control programs and protocols rely on the use of chemical
molluscicides, which are less harmful today than they were in the 1950s but still have
negative impacts on the environment (World Health Organization, 2017b). Biological
approaches to snail control have been proposed and explored as less environmentally
harmful ways of suppressing snail populations and include the judicious use of predators
and competitors (Jordan et al., 1980; Pointier, 1993; Pointier and Jourdane, 2000). The
restoration of native snail predators in dammed, overfished or otherwise altered
landscapes is a strategy that shows promise as an effective, sustainable and scalable
means of controlling schistosome transmission in certain settings (Diakité et al., 2017;
Sokolow et al., 2017, p. 400, 2015; Stauffer et al., 2006). Studies of parasite competition
and antagonism may reveal new potential for biological control with extant species in
sub-Saharan Africa (Laidemitt et al., 2019), and other environmental management
strategies – such as the removal of the aquatic vegetation from irrigation canals – have
also been implemented to control snail populations (Boelee and Laamrani, 2004; Thomas
and Tait, 1984).
The provision of WASH infrastructure is another strategy for interrupting the
transmission of schistosomiasis (Grimes et al., 2014; Secor, 2014; Grimes et al., 2015).
Access to safe and reliable sources of water allows people to reduce their exposure to the
surface water where parasite-laden snails live, while sanitation infrastructure keeps the
10

schistosome eggs excreted in urine and feces contained (Figure 1-2). The ability of
WASH interventions to reduce schistosome exposure and contamination, however, relies
heavily on the human behaviors associated with the adoption and use of these facilities
(Kloos, 1995). Avoiding contact with water was recommended for British troops serving
in sub-Saharan Africa during the Second World War to great effect, but this strategy was
considered “largely impracticable” for the local people whose livelihoods depended
singularly on irrigation and farming (Bustinduy et al., 2017). Nevertheless, the provision
of safe and reliable water supply especially may be able to reduce the occurrence of both
S. haematobium by 47% and S. mansoni by 71% (Soares Magalhães et al., 2011), as it
provides an alternative to contact with surface water where schistosome transmission is
ongoing.
Ultimately, the ideal articulated in WHA Resolution 65.21 is that of integrated and
complementary interventions (Stothard et al., 2017). Reducing the harm wrought by
existing infections through MDA is necessary but not always sufficient. History has
shown that suppressing transmission is crucial (Ivy et al., 2018; King and Bertsch, 2015),
especially if the goal is to eliminate schistosomiasis as a public health problem from the
places where it is currently endemic. And contemporary evidence shows that
implementing morbidity and transmission control interventions in concert is both possible
and beneficial (Knopp et al., 2019; Mazigo, 2019).
1.5

Schistosomiasis and water resources development

Water resources development, including dams and irrigation schemes, are critical for
economic development in low- and middle-income countries, where demand for both
hydropower and food production are increasing (Zarfl et al., 2015). Since the early 20th
11

century, dams have been associated with increased occurrence of schistosomiasis (Jobin,
1999), whose impacts have been observed across its geographic range (Hunter et al.,
1982; Steinmann et al., 2006). Well-known dam projects that have increased the burden
of schistosomiasis in nearby human populations include the Akosombo dam, which led to
the creation of Lake Volta in Ghana (Scott et al., 1982) and the Low and High Aswan
dams on the Nile in Egypt (Hunter et al., 1982).
A large proportion of the total population at risk for schistosomiasis infection live in
close proximity to large dams and surface irrigation schemes (Steinmann et al., 2006). A
meta-analysis indicates that the risk of schistosomiasis infection (S. haematobium or S.
mansoni) doubles for people living in close proximity to dams and their reservoirs
compared to those who live do not live close to dams (Steinmann et al., 2006). In some
cases, the development of irrigation has led to introductions of new species of
schistosomes to areas where they were previously not known to occur (Steinmann et al.,
2006).
While dams are designed to provide benefits related to the provision of water and the
production of energy and food, there is debate about whether those benefits are realized
in reality. People living near dams often enjoy greater agricultural yield and farm profit,
but these benefits may effectively be diminished if properly accounting for their negative
impacts on health (Ersado, 2005). Moreover, a study in India shows that while dams
increased the production of water-intensive crops, they had distributional impacts on
local populations, making the poor poorer (Duflo and Pande, 2007). Dams also block the
migration of aquatic species, some of which serve as predators of the snails that transmit
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schistosomes. Nearly 400 million people worldwide are estimated to be at elevated risk of
schistosomiasis because of the loss of predators due to dams (Sokolow et al., 2017).
1.6

Dams and disease along the Senegal River

One of the world’s most severe outbreaks of dam-associated schistosomiasis occurred on
the Senegal River in West Africa. The Senegal River begins in the highlands of northern
Guinea and flows north through western Mali before turning west and forming the border
between Senegal and Mauritania (Figure 1-3). For most of its length, the river is an oasis
in an otherwise arid Sahelian landscape with most of the human population of 2 million
settled in close proximity to its banks (Jobin, 1999). In the 1970s, the Sahel experienced
severe droughts and the famine that followed prompted the development of the Diama
and Manantali dams, whose construction was completed in the late 1980s (Jobin, 1999).
The Diama dam, which sits 30 kilometers northeast of the city of Saint-Louis, where the
river empties into the Atlantic Ocean, serves as a saltwater barrier that supports irrigated
agriculture in the river’s lower basin (Figure 1-3). Manantali is a large hydropower dam
located in the upper basin on the Bafing River in western Mali (Figure 1-3). The
electricity produced at Manantali is transmitted to the capital cities of Mali, Mauritania
and Senegal.
Before the construction of the Diama dam, S. haematobium occurred seasonally in the
river’s lower basin and was limited to areas inundated by rain (Chaine and Malek, 1983;
Jobin, 1999). S. mansoni was absent from the region and is thought to have been
introduced by agricultural workers that migrated to the region after dam construction
(Jobin, 1999). The first case of intestinal schistosomiasis reported in the Senegal River
Basin was reported 18 months after construction of the Diama dam in 1986 (Talla et al.,
13

1990). Prevalence of S. mansoni infection jumped from 1.9% to 71.5% between 1988 and
1989 (Talla et al., 1990), and within four years, entire villages suffered from highintensity infections (Stelma et al., 1993). The occurrence of S. haematobium rose as well
(Sow et al., 2002) and the prevalence and intensity of both infections in the lower basin
remains high today (Meurs et al., 2012; Sokolow et al., 2015; Webster et al., 2013).

Figure 0-3. Map of the Senegal River Basin and the Diama and Manantali dams
(left)The Senegal River begins in northern Guinea before flowing through western
Mali and eventually forming the border between Senegal and Mauritania. (top
right) The river and tributaries form a drainage basin that covers nearly 500,000
square kilometers across four countries. (middle right) The Diama Dam was
constructed as a saltwater barrier at the river’s mouth, supporting expansion and
intensification of irrigated agriculture in its lower basin. (bottom right) The
Manantali Dam in western Mali was designed to generate electricity, which is
transmitted primarily to the capital cities of Senegal, Mali and Mauritania.
The outbreak of schistosomiasis along the Senegal River was attributed mostly to
ecological conditions created by the Diama and Manantali dams. Collectively, the dams
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stabilized water levels in an otherwise seasonal watershed. Water regulation at Manantali
dam kept water flowing during the dry season and prevented the river’s annual flood,
which formed the basis of traditional agricultural livelihoods (Sturrock et al., 2001). This
stability jointly favored the expansion of snail populations and the aquatic vegetation they
use as habitat. Similarly, the Diama dam prevented saltwater intrusion, which previously
extended hundreds of kilometers inland (African Development Bank Group, 1988),
which vastly improved the area’s suitability for freshwater snails. More recently, it was
hypothesized that the loss of a snail predator – the giant river prawn Macrobrachium
vollenhovenii – may have also contributed to the outbreak of schistosomiasis in this
setting (Alkalay et al., 2014; Sokolow et al., 2015).
The motivation behind the dams on the Senegal River was, of course, well-intentioned.
Particularly in the lower basin near the Diama dam, agriculture figures prominently in the
local economy. The construction of irrigation perimeters for the cultivation of rice was
made possible by the dam (DeGeorges and Reilly, 2006). With this infrastructure,
farmers are able to grow crops year-round, a change from the seasonally-dependent
traditional practices of cultivating rainfed and flood recession crops (Connor et al., 2008).
While there are questions about whether the irrigation potential is fully exploited and
whether the benefits of dam construction are equitably distributed (Manikowski and
Strapasson, 2016), many argue that, on balance, the dams have improved well-being in
the lower basin of the Senegal River. The dams have ensured food security and reduced
vulnerability to climate change for local populations even as they suffer the consequences
of more than 30 years of intense transmission of schistosome parasites.
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1.7

Trade-offs between health and livelihoods

Rural livelihoods are often based on income derived primarily from natural resources,
including the exploitation of land for the cultivation of crops (Barrett et al., 2011;
Ngonghala et al., 2014). These livelihoods, because they involve intimate interaction with
the natural environment, also involve increased exposure to pathogens in the environment
(Garchitorena et al., 2017). Health is an element of human capital that is required for
economic activity (Bleakley, 2010). When health is compromised by infection, it may
impair economic development (Bonds et al., 2010). In this sense, the health impacts of
dams may make it difficult for affected populations to take advantage of the economic
opportunities they are designed to provide.
In the case of schistosomiasis in dammed landscapes, the morbidity caused by chronic
schistosome infection may make it difficult for affected people to carry out their
livelihoods or to transition from subsistence to more diverse livelihoods (King, 2010).
This may be especially true given that disability attributable to schistosomiasis estimated
by the GBD study is considered by many to be an underestimate (Finkelstein et al., 2008;
Jia et al., 2011, 2007; King et al., 2005). Under these circumstances, the full range of
economic benefits of the dam may be out of reach, as people compelled to risk their
health for their immediate needs for subsistence actually suffer from underappreciated
morbidity and mortality and its associated economic consequences. This tension between
health and livelihoods that exists in rural populations affected by dam development is the
central theme of this dissertation.
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1.8

The contribution of the dissertation

In this dissertation, I explore the apparent trade-off between livelihoods and health in the
specific case of schistosomiasis in the lower basin of the Senegal River, a dammed
landscape dominated by agriculture; I draw on theory and methods from the fields of
ecology of infectious disease and social epidemiology. The three research papers that
comprise the dissertation use both qualitative and quantitative methods to understand (1)
how local perceptions of schistosomiasis risk in the environment impact preventive
behaviors and schistosomiasis control efforts, (2) whether the agricultural livelihoods
available to local populations are associated with increased occurrence of schistosomiasis
and (3) the relative importance of social and environmental components of risk in the
occurrence of schistosome infections in this setting.
In the first chapter, I use qualitative data collected from focus group discussions with
demographically-stratified groups in four villages to understand the experience of living
in an endemic landscape. I explore how people living in this endemic setting perceive
schistosomiasis, its presence in local water sources and the socio- environmental
conditions that influence water contact behavior and schistosome exposure. I found that
residents of these villages understood the risk for schistosome infection, including when
and where infections occur. With this knowledge, people adopted some preventive
behaviors, but the circumstances of their rural livelihoods made it impossible to
completely eliminate exposure.
In the second chapter, I quantify the relationship between schistosome infection and
agricultural livelihoods. I use quantitative data collected from parasitological and
household surveys in all 16 villages and mixed effects logistic and negative binomial
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regression to determine whether the occurrence of schistosomiasis in school-aged
children increases with the area of irrigated land reported for the households where they
live. We found that the occurrence of S. haematobium but not S. mansoni infection in
children increases with reported area of irrigated land. These results support the notion
that schistosomiasis results from the socio-economic conditions created by dam
development (e.g. through adoption of agricultural livelihoods) as well as from the
environmental impacts.
In the third chapter, I break down the risk for acquiring schistosome infection into three
key component parts: (1) exposure to parasites through contact with water, (2) the
environmental hazard that makes water contact harmful, as represented by the presence
of infected snails in a water source and the circulation of parasites through that
population and (3) vulnerability, or the socio-economic circumstances that make it
difficult to adapt to a hazard present in the environment. By combining ecological data
collected in the 16 villages with the parasitological and household survey data used
Chapter 2, I evaluate the relative importance of exposure, hazard and vulnerability as
components of risk for S. haematobium infection. Using multi-model inference on sets of
mixed effects logistic and negative binomial regression models, I found that hazard and
vulnerability were the most important components of infection presence while exposure
and hazard were the most important components of infection intensity.
Taken together, this research underscores the importance of both ecological and social
drivers of schistosomiasis. The dynamics of schistosomiasis epidemiology are determined
as much by the ecology of the aquatic snails that transmit the parasite as the individual-,
household- and community-level social forces that encourage consistent and regular
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contact with parasite- and snail-infested water. With such a complex life cycle, it follows
that a relatively simple solution like MDA may not be sufficient to meaningfully reduce
the burden of schistosomiasis in endemic settings. The research in this dissertation
supports this notion and makes a strong case for the need to integrate non-pharmaceutical
interventions into existing schistosomiasis control programs, with both morbidity and
transmission control making elimination possible, even in high-burden settings affected
by dam development.
All three chapters of this dissertation involve several co-authors, reflecting the significant
team effort required to perform field-based research in another country. Co-authors
include principal investigators who won grants and mentored my research; collaborators
in Senegal who facilitated relationships with the study villages and executed much of the
data collection under my supervision; colleagues who managed other arms of a large
grant-funded project; as well as students who played important roles processing and
ensuring data quality. The author list for each chapter acknowledges the contributions of
these individuals. My designation as first author on all three chapters reflects my role in
the design of qualitative and quantitative data collection instruments, oversight of focus
group and household survey data collection, execution of all analyses and writing of all
three manuscripts with input from co-authors.
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Abstract
Human schistosomiasis is a snail-borne parasitic disease affecting over 200 million
people worldwide. Direct contact with snail-infested freshwater is the primary route of
exposure. Water management infrastructure, including dams and irrigation schemes,
expands snail habitat, increasing risk across the landscape. The Diama Dam, built on the
lower basin of the Senegal River to prevent saltwater intrusion and promote year-round
agriculture in the drought-prone Sahel, is a paradigmatic case. Since dam completion in
1986, the rural population—whose livelihoods rely mostly on agriculture—has suffered
high rates of schistosome infection. The region remains one of the most hyperendemic in
the world. Because of the convergence between livelihoods and environmental conditions
favorable to transmission, schistosomiasis is considered an illustrative case of a diseasedriven poverty trap. The literature to date on the topic, however, remains largely
theoretical. With qualitative data generated from 12 focus groups in 4 villages, we
conducted team-based theme analysis to investigate how perception of schistosomiasis
risk and reported preventive behaviors may suggest the presence of a disease-driven
poverty trap. Our analysis reveals three key findings: (1) rural villagers understand
schistosomiasis risk (i.e. where and when infections occur), (2) accordingly, they adopt
some preventive behaviors, but ultimately, (3) exposure persists, due to circumstances
characteristic of rural livelihoods. These findings highlight the capacity of local
populations to participate actively in schistosomiasis control programs as well as the
limitations of widespread drug treatment campaigns. Interventions that target the
environmental reservoir of disease may provide opportunities to reduce exposure while
maintaining resource-dependent livelihoods.
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2.1

Introduction

The links between poverty and infectious disease are well-known (Alsan et al., 2011),
particularly for the diverse group of neglected tropical diseases (NTDs). NTDs afflict
over 1 billion people worldwide, most of whom live in poverty (World Health
Organization, 2019). Among the NTDs is schistosomiasis, a disease caused by a parasitic
worm of the genus Schistosoma and transmitted to humans by freshwater snails that serve
as the parasite’s intermediate host. Schistosomiasis is widespread across tropical latitudes
and affects an estimated 200 million people worldwide, with the vast majority of those
cases occurring in sub-Saharan Africa (World Health Organization, 2016). Transmission
occurs when intermediate host snails release infective larvae into freshwater. People
become infected by simply being in contact with that water, where free-swimming
parasite larvae burrow directly into their skin. Such water contact is highly socially
patterned and often dictated by economic needs (Dalton, 1976; Huang and Manderson,
1992).
Clinically, schistosomiasis morbidity is characterized by chronic inflammation, often
with non-specific symptoms, including abdominal pain, diarrhea or in the case of
urogenital schistosomiasis, hematuria (Gryseels et al., 2006). In situations of both acute
and chronic infection, parasite eggs cause granulomatous lesions to develop in tissue.
Years of chronic infection can lead to severe disease, including anemia, permanent organ
damage, portal hypertension, liver fibrosis and among those with urogenital
schistosomiasis, bladder cancer and infertility in women (Colley et al., 2014; Gryseels et
al., 2006; Van der Werf et al., 2003). Morbidity due to chronic infection is often
described as ‘subtle’ (Olds and Friedman, 2016), but has more recently been recognized
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as a sign of systemic disability with long-term consequences (Bustinduy et al., 2017;
King, 2010). Several observational studies suggest that chronic schistosomiasis can
impact important elements of human capital—such as cognitive development and labor
productivity—affecting economic development (Audibert, 2010; Barbosa and Pereira Da
Costa, 1981; Connolly and Kvalsvig, 2009; Lenk et al., 2016).
Since becoming widely available in the 1980s, the antiparasitic drug praziquantel has
been the centerpiece of schistosomiasis control, largely displacing the chemical snail
control campaigns of the preceding decades (Fenwick et al., 2006; King and Bertsch,
2015). Mass drug administration (MDA) campaigns relieve people of existing infections,
but do not address the environmental source of infection, nor the socio-economic
conditions that can perpetuate exposure. Reinfection can occur rapidly after treatment and
operational research on program implementation has shown limited impact of MDA in
some settings, where prevalence and intensity of infection remain high despite multiple
rounds of treatment (King, 2017; Kittur et al., 2017). These locations—known as
persistent hot spots—likely experience high rates of reinfection following treatment
because a high force of transmission in the environment, arising from ecological
characteristics of the snail population as well as human water contact behaviors (Kittur et
al., 2017; Pennance et al., 2016).
The ecological characteristics that lead to persistent schistosomiasis transmission may be
related to the active management of water resources for agricultural and other economic
needs. Infection rates are often elevated in close proximity to dams and irrigation
schemes (Jobin, 1999; Steinmann et al., 2006). Such landscape transformation increases
the suitable habitat available to the parasite’s intermediate host snails (Boelee and
23

Madsen, 2006; De Clercq et al., 2000). This occurred on the Senegal River, which forms
the border between Senegal and Mauritania. A saltwater barrier at the mouth of the river,
the Diama Dam was designed to promote year-round agriculture in a region prone to
drought. Prior to dam construction in 1986, limited, seasonal transmission of urogenital
schistosomiasis occurred (Jobin, 1999). A dramatic increase in prevalence and intensity
of infection for both urogenital and intestinal schistosomiasis followed dam construction
(Sow et al., 2002; Talla et al., 1990). Infection rates remain high today, making the region
one of the most hyperendemic in the world despite yearly school-based MDA since 1999
through the National Schistosomiasis Control Program (World Health Organization,
2013). These anthropogenic environmental changes have created a ‘pathogenic
landscape’ (Lambin et al., 2010) for the rapid spread of schistosomiasis that has so far
resisted MDA-based control efforts.
While MDA remains the primary schistosomiasis control strategy across sub-Saharan
Africa, the existence of persistent hot spots across the continent makes clear the need for
interventions that disrupt schistosome transmission in the environment (King, 2017;
Kittur et al., 2017). Historically, snail control has played a role in many successful
schistosomiasis elimination campaigns (King and Bertsch, 2015; Sokolow et al., 2016).
Since 2012, the World Health Assembly has promoted the integration of MDA
campaigns with strategies focused on improving the environment and preventing new
infections (World Health Assembly, 2012, p. 21). Such strategies include chemical and
biological snail control (Chiotha et al., 1991; King et al., 2015; Slootweg et al., 1994;
Sokolow et al., 2016) as well as water, sanitation and hygiene (WASH) interventions to
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reduce exposure to and contamination of the environment (Grimes et al., 2015, 2014;
Secor, 2014).
The purpose of this study was to understand the experience of living in a hyperendemic
landscape, seeking rural villagers’ perceptions of the freshwater environment and
schistosomiasis risk in villages in northern Senegal where agricultural livelihoods are
common, and the burden of schistosomiasis is high. We use qualitative data derived from
focus group discussions with men, women and youth living in the lower basin of the
Senegal River to determine how local perceptions of the disease, its environmental source
and reported preventive behaviors are influenced by socio-economic and environmental
conditions. We consider how local efforts to reduce exposure and prevent infection are
hampered by reinforcing feedbacks between poverty and disease. Finally, we discuss the
use of local knowledge for designing sustainable interventions in schistosomiasis control
programs and policies.
2.2

Methods

This qualitative study was a part of a larger ongoing study of socio-ecological
determinants of schistosomiasis in the region (Alkalay et al., 2014; Ciddio et al., 2016;
Mari et al., 2017; Sokolow et al., 2015). For this larger study, sixteen villages were
chosen to represent the rural, high-transmission sites common in the region (Figure 2-1).
The villages in the sample frame meet the following criteria: (1) close proximity to the
Senegal River, its tributaries or the Lac de Guiers, (2) at least one but no more than four
regularly used freshwater access sites, (3) not in the top or bottom 10th percentiles of
human population density, (5) had a school with at least 30 students in grades 1-3 (5), a
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non-zero prevalence of hematuria, an indicator of urogenital schistosome infection and
(6) were accessible by truck in the rainy season.

Figure 2-1. Locations of four villages where focus group discussions were conducted in
the lower basin of the Senegal River.
Of these 16 villages in the larger study, four were chosen for further qualitative data
collection through focus group discussions. This subset of villages was selected based on
environmental and geographic characteristics in order to understand both the nuance and
complexity of water contact behavior in the region. Villages were selected to represent
the dynamics on both the Senegal River and its tributaries as well as the Lac de Guiers
and were approximately proportional to the geographical distribution of these villages in
the larger study: 1 on the river and 3 on the lake (Figure 2-1). Beyond this stratification,
the complexity of water contact behavior was captured by selecting villages that had
multiple access points. Maka Diama (hereafter, river village-R) was located along the
Senegal River, where irrigation infrastructure supporting the cultivation of rice was
constructed in conjunction with the Diama Dam. The three remaining villages—Diokhor
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(lake village W), Mbane (lake village E1) and Syer (lake village E2)—were located on
the shores of Lac de Guiers, where irrigated agriculture is undertaken on a smaller scale
and irrigation infrastructure is comprised of hand-dug, earthen canals (Figure 2-1).
Table 2-1. Socio-demographic characteristics of villages where focus group discussions
took place compared to all 16 villages (overall) in larger study
Village
Overall River-R Lake-W Lake-E1 Lake-E2
Total people
10970
642
1067
1368
578
% Wolof ethnicity
72.0
65.0
88.9
90.0
87.9
Total adults
5824
338
456
618
231
% Cultivators
27.4
23.1
47.6
50.8
53.2
% Homemakers
27.1
29.6
32.0
31.9
32.0
% Traders
10.2
11.2
11.2
9.1
12.1
% Fishers
4.6
3.6
3.7
1.5
12.6
% Day Laborers
13.9
6.2
2.9
0.8
0.4
% Artisans
0.8
1.2
0.2
0.0
1.3
Total school-aged children
1480
96
122
103
125
(SAC)
Urogenital prevalence in SAC
77.2
88.5
90.2
85.4
96.8
(%)
Intestinal prevalence in SAC
32.2
32.3
13.9
17.5
22.4
(%)
Total households (HH)
663
43
47
57
36
Cultivated hectares
1252
156
148
141
94.6
% HH with piped water access
77.4
97.7
17.0
100.0
11.1
% HH using surface water for
11.4
2.3
83.0
0.0
83.3
drinking
% HH using surface water for
24.6
58.1
97.9
14.0
72.2
laundry
a

Prevalence data were collected as part of the larger study in February-April 2016

The schistosomiasis burden among school-aged children in this setting is high.
Prevalence of urogenital schistosomiasis exceeds 75% across all 16 villages and exceeds
85% in all four focus group villages. The prevalence of intestinal schistosomiasis is lower
but still considerable: 32.3% across all 16 villages and ranging from 13% to 32% in focus
group villages (Table 2-1). All four focus group villages are rural, located at least a 30minute drive from the nearest market town (Figure 2-1). Reported occupations among
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adults are primarily agricultural (Table 2-1). Access to piped water in the focus group
villages varies substantially from 17% in lake village W to 100% in lake village E1, but
to varying degrees, households in all four villages rely on surface water for domestic
chores like laundry (Table 2-1).
A field team of one US-based research (AJL, female) and two Senegalese-based research
assistants (MMS and ABS, both male) designed and conducted focus group discussions
in the phenomenological qualitative inquiry to better understand how people perceive and
interact with their environment (Creswell, 2012). Focus group discussions within the
four villages were done concurrently during the baseline data collection of household
surveys for the larger study. Data collection for both studies occurred in August 2016.
Three group discussions in each village represent the distinct perspective of three
demographic groups: (1) adult men, (2) adult women and (3) mixed gender youth, aged
10 to 18 years. The focus groups were conducted separately to facilitate open
conversation among peer groups as well as to maximize detail and nuance expressed
when describing perspectives on water contact behavior, which are known to vary by age
and gender (Huang and Manderson, 1992).
Upon arrival in each village, the research team spoke with a key informant, such as the
village chief or a community health worker, to explain the objectives of the study. The
key informant was asked to recruit 5-6 individual participants that had diverse
perspectives and interactions with the environment for each of the three groups. The key
informant then gathered available villagers, organizing them according to the age and
gender criteria outlined by the research team. Relationships with key informants in each
village are maintained by personnel at a biomedical research center, Centre de Recherche
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Biomédicale-Espoir Pour La Santé (CRB-EPLS), located in Saint-Louis (Figure 2-1).
Because of existing relationships between key informants and CRB-EPLS personnel, the
research team was known to be visiting the village to gather information about
schistosomiasis.
Focus groups lasted, on average, one hour and 20 minutes. Discussions were conducted
in semi-private locations where participants could speak freely with minimal distraction
and ambient noise. Given the collective nature of Senegalese culture, however, it was
often impractical to ensure total privacy. Discussions were held within the home of a
community leader, often the chief or other key informant for a given village, to maximize
privacy. The research team was trained in focus group moderation. Each discussion was
moderated according to a structured guide, including the following key prompts: (1)
identify and describe the different places where people come into contact with water, (2)
how people interact with those places and (3) how people perceive schistosomiasis risk at
each of those places (see Appendix A). Group discussions were led by a moderator and
audio recorded in the local language Wolof. A bilingual Wolof-French speaking
notetaker recorded notes in French. These notes were complemented by debriefing notes
following each discussion. Audio recordings were transcribed in French by the moderator
and notetaker. For terms that were difficult to directly translate from Wolof,
transcriptionists kept the Wolof term in the transcript with a footnote explaining its
meaning in French.
Transcripts were subsequently iteratively coded in French by two coders (AJL and OWS)
using Dedoose (Sociocultural Research Consultants, LLC, Los Angeles, CA), a webbased application for qualitative and mixed methods data analysis. Group characteristics,
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such as age group (adult or youth) and sex (male, female or mixed) were used to conduct
subsequent analyses. The preliminary codebook was developed inductively by the lead
author: rather than relying on a priori assumptions about the text, coding categories were
generated based on reading two of the 12 transcripts that covered gender and geographic
diversity in the sample (MacQueen and McLellan, 1998).
The second coder (OWS), a Senegalese citizen and native French speaker, was trained by
the lead author using the preliminary codebook. This pair co-coded six of the twelve
transcripts, meeting to adjudicate discrepancies in each one. Through these adjudication
discussions, coding guidelines were iteratively adjusted after reaching 100% agreement
and revisions were made to the codebook and code definitions as the team detected
additional nuance in the data (MacQueen and McLellan, 1998). The native French
speaker solo coded the remaining six transcripts with the second coder spot-checking
coded excerpts for consistency in code application and interpretation.
Once coding was complete, theme analysis—or recognition of patterns in the data—was
conducted on the coded transcripts by the lead author with input from the second coder
(Saldana, 2016; Vaismoradi et al., 2013). The theme analysis process included examining
excerpts by code, noting repetitions, meaningful relationships and conceptual links across
different coding categories and demographic and geographic perspectives. Based on
codes that frequently co-occurred, the links between codes were mapped visually by the
two coders and codes commonly linked in this map formed preliminary themes. This
organizational process facilitated the construction of quote tables by preliminary theme
across demographic diversity in the sample.
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The extent to which each emergent theme was represented across the gender, age and
geographic diversity of the sample was determined by a simple tally system (Tables S1S3). Any theme that occurred in focus groups with men, women and youth as well as in
three or four of the sampled villages was considered sufficiently common that it was
appropriate to talk about these findings generally across the sample. Preliminary findings
were presented to a subset of participants in each group during a subsequent field trip in
July 2018 to validate findings (Creswell, 2012). Findings were reinforced and modified
accordingly.
The study received approval from the National Committee of Ethics for Health Research
(CNERS) from the Republic of Senegal (Protocol #002659/OHRP) as well as the
Institutional Review Boards of the University of California, Santa Barbara (Protocol #1917-0676) and Stanford University (Protocol #43130). All focus group participants
provided verbal informed consent.
2.3

Results

This study collected perspectives from a total of 74 individual participants (25 men, 26
women and 23 youth) in 12 focus group discussions in the four villages in our sample
frame (Table 2-2). Focus groups ranged in size from four to nine participants each. All
four focus group villages—which range in size, proportion of people engaged in
agriculture and access to piped water–experience intense transmission of schistosomiasis
that is tied to the environmental change in the region resulting from dam construction
(Table 2-2).
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Table 2-2. Focus group characteristics by village and demographic group
Men
Women
Youth
Total
Village
N
Ages N Ages
N
Ages
N
Ages
River

6

20-53

8

23-60

6

12-15

20

12-60

Lake-W

4

47-70

6

32-68

7

10-15

17

10-70

Lake-E1

6

34-49

6

27-41

5

10-14

17

10-49

Lake-E2

9

27-68

6

18-32

5

10-15

20

10-68

Total

25

20-70

26

18-68

23

10-15

74

10-70

Focus group discussions yielded three key findings. First, many residents, including those
in positions of authority, have become knowledgeable about the environmental nature of
schistosomiasis infection risk. Second, with this knowledge, residents of these villages
have developed strategies to minimize their exposure to the parasite, at both the
individual and community levels. And third, despite this knowledge and the willingness
to act, several circumstances of daily life in this rural, resource-poor context limit the
capacity of local people to reduce their exposure to the parasites. Below we discuss the
findings in depth.
Finding 1: High local knowledge of schistosomiasis risk
Focus group participants across the sampled age, gender and geographic diversity
expressed a basic understanding of schistosomiasis risk, commonly articulating
comprehension that it is spread through water. One man from the river village asserted
that:
“It is there [at the river] that bilharzia [schistosomiasis] enters your body. If you
are told something else, know that you are cheated. It is there that you feel
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bilharzia enter squarely into your body.” – 53-year old male gardener, river
village
Participants noted that even children maintained an awareness of the environmental risk
of schistosomiasis, associating risk of infection with specific water contact activities
(Table S1). They described the disease as ubiquitous in the environment and signaled
recognition not only that the parasites are present in the environment but also that
infection results from common water contact activities. Many residents of these villages
clearly understood the mode of parasite transmission and noted that direct contact with
surface water through a multitude of common water contact activities is how people
become infected with schistosomiasis.
While no participant in any of the focus group discussions referred to specific biological
details of the schistosomiasis transmission cycle, such as the role of freshwater snails as
the parasite’s obligate intermediate host, many did articulate an awareness of the
presence of increased risk at midday. Across multiple villages and demographic groups,
participants conveyed their perception that risk of infection increased when water contact
occurred during midday, attributing the perceived increase in risk to high temperatures. A
young man from lake village E2 said:
“During the heat we can become infected with bilharzia [schistosomiasis] if we
go to these three water points around noon and 1pm… During the heat… when
the sun is at its zenith.” – 15-year old male gardener, lake village E2
This young man associated increased risk of schistosomiasis infection with the heat of
midday. While some participants articulated perceptions of increased risk at other times
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of day, either early in the morning or late in the afternoon, it was more common to
associate increased risk with midday heat. Similar to the general awareness of the
presence of schistosomiasis in the environment and the recognition of water contact as
the mode of transmission, awareness of the daily cycles in schistosomiasis risk was
expressed across gender, age and geographic groups (Table S1). The occurrence of this
perception across most of the focus group discussions suggests that this scientificallyrecognized temporal dynamic of schistosomiasis risk may be common knowledge among
residents of endemic villages in this region.
During discussions, focus group participants were prompted to talk about water contact
sites in terms of whether it was acceptable to go to the bathroom near them. In their
responses, participants frequently talked about how urination and defecation near the
river or lake was forbidden, but they often qualified those statements, saying that it was
still a relatively common practice. A 68-year old man from Lake village E2 spoke of it in
terms of social accountability,
“If you want to go to the bathroom, we take the water from the canal and we
hide… to do what we need… If someone sees you doing your thing in the lake, he
tells you not to do it because you drink the water.” – 68-year old male gardener,
lake village E2
It is clear that there are social rules and expectations around open urination and
defecation. Hiding was commonly mentioned as a way to avoid being reprimanded by
another villager. This sense also extended to the children, as stated by a woman in Lake
village E1,
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“At all the [water access sites], you know, sometimes the children, they go there
[to go to the bathroom] … when they are alone, they do what they want… but if
they’re accompanied by their parents, they do not dare do it.” – adult female,
lake village E1
In the absence of supervision or accountability, it seems relatively common for all age
groups to relive themselves outside. Focus group participants also identified the need for
farmers to relieve themselves outside while working in their fields, where there are no
sanitation facilities, as described by a 15-year old male student from the youth group in
Lake village W:
“The fields, the majority of the time, we defecate after we urinate because there…
there is no toilet.” – 15-year old male student, lake village W
Despite the rules against open defecation, it appears not to be an uncommon occurrence
in these villages, especially those along the lake. In all cases, the rationale for these rules
had to do with keeping surface water clean for drinking or other uses. At no point did
focus group participants mention that the breaking of these social rules contributed to the
transmission of and risk for schistosomiasis.
Finding 2: Individual- and community-level prevention behavior
In many villages, focus group participants across gender and age demographics described
their efforts to limit their exposure to schistosomiasis and reduce their risk of infection by
reducing water contact during midday heat. A middle-aged woman from the river village
typified this description in reporting:
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“When it gets hot, really hot, we do not enter [the water] because we say that it is
at this time that bilharzia [schistosomiasis] enters the body.” – 54-year-old
female gardener, river village
She noted that the norm in her village is to reduce water contact behavior during highrisk times of day in order to reduce risk of infection. In another village on the lake, one
woman discussed a similar pattern of behavior, where people went to the lake to bathe at
the lower risk times of day:
“Now at 1pm, if you go to swim there, the parasite can get into your body… that’s
why sometimes we have the habit of bathing in the morning… or in the evening,
around Takussan [5pm prayer time] or later.” – 28-year old female gardener,
lake village E1
These reports of avoiding water contact during times of high heat were articulated across
focus group discussions in all villages and across all age and gender groups (Table S2).
One man in lake village E1 mentioned that many adults in his village have successfully
stopped bathing in the lake altogether:
“Bathing, not everyone does it [at the lake] because there are people who have
not bathed at the lake [in] ten years. There are people who went ten years without
going to the lake to bathe.”

– 36-year old male gardener, lake village E1

In lake village W, focus group participants in both the men’s and women’s groups
described a village-level effort to protect people from high-risk water contact. The chief
of this village, who was one of the participants in the men’s group, spoke of a written

36

policy that had been developed and agreed upon by a small group of village leaders to
protect people from schistosomiasis. This policy outlined acceptable uses of the water
access points. The village chief kept a handwritten record of this policy (Figure S1). It
outlines fines to be assessed to those violating acceptable use rules.
Focus group participants in this village also discussed imposing bathing schedules, or
specific times of day that it was considered safer, relatively speaking, to bathe or perform
other water contact activities. These schedules were shaped by the local perception that
risk of infection was elevated around midday:
“Now the hours during which we bathe, now we have chosen the schedules…
because having the disease at these times is very easy... like noon, like noon, when
it is hot.” – 47-year old male gardener, lake village W
An elderly participant in the women’s focus group in this village clarified that the policy
was in place and enforced in the past but less so in the present. She said:
“There was a system in place. It was better. The village chief was the guardian
here… anyone who enters [the water], he tells you not to enter… there was a
moment when the lake was so protected that bilharzia was [nearly] eradicated.”
– 68-year old female gardener, lake village W
The same woman spoke at more length about the same program, identifying the
importance of the chief’s leadership and influence:
“We know that we were the first [village]… in the prevention against bilharzia…
It [the village’s prevention effort] existed but it no longer exists. When we did it, it
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was deployed as an effort, the village chief who is here, if everyone was like
him… the bilharzia would have moved away.” – 68-year old female gardener,
lake village W
While the chief was instrumental in leading and enforcing this village-level effort to
eliminate schistosomiasis from the local water points, this woman’s words also highlight
the challenge of engaging the entire community in the prevention efforts. In the absence
of effective enforcement and widespread buy-in across the community, infected persons
who persistently visit the local water points can single-handedly maintain the circulation
of the parasite through its environmental stages. While the chief’s leadership remains an
important part of this village’s fight against schistosomiasis, this woman’s insight
emphasizes the limits of a single person’s influence in behavior-based prevention of
schistosomiasis.
The participants suggest that knowledge of the environmental risk of schistosomiasis has
translated into preventive behavior in these villages, at both the individual and
community levels. With good leadership, villages can develop and enforce rules that limit
exposure to schistosomiasis. However, even in lake village W, where this was achieved,
the program appears to have been short-lived without widespread community
engagement and without strong perceived benefits or strong perceived risk of adverse
impacts from infection.
Finding 3: Unavoidability of exposure
Despite having translated high levels of knowledge into strategies for avoiding water
contact, men, women and children across all four villages cited the lack of alternatives as
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the reason they continue to complete the most common water contact activities in nearby
surface water. The importance of subsistence agriculture to local livelihoods partially
explains the persistence of water contact behavior despite widespread awareness of
schistosomiasis. Most families in these four villages cultivate crops (Table 2-2), and
those who spend time working canals and gathering water for their gardens are likely
regularly exposed to schistosome parasites. Because of this, it is difficult for many
farmers to eliminate contact with water, as stated by one farmer in lake village E1:
“As long as you cultivate, you are in contact with water.” – 36-year old male
farmer, lake village E1
A participant from the youth focus group in lake village E2 noted that farmers tend to
bathe in the lake at the high-risk time of day after spending the morning in their fields:
“There are people that report that it [schistosomiasis] comes out at certain
times… that is to say, when it is hot. At this time, most field owners have finished
their work and most of them go to the lake to bathe.” – 18-year old male gardener,
lake village E2
Beyond agricultural fields, other occupational tasks, such as fishing, often require contact
with water:
“You know, we all go fishing. We are fishermen… we go to the lake… We are
going fishing, but sometimes when you sit on the sides of your canoe in the lake
and you have your feet in the water, bilharzia can enter your body. There is also a
fish, which… when we fish it, we have to get out of the canoe to wade and walk.
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Here again, bilharzia can enter your body.” – 68-year old male gardener, lake
village E2
Emergent vegetation like cattail reeds (e.g. Typha spp. and Phragmites spp.) are often
harvested from the lake for use as material for roofs, fences or floor mats. Harvesting this
vegetation requires wading into the standing water in which it grows, according to one
adult man from lake village E2:
“So since then [dam construction], we live with schistosomiasis. So far, we
cannot get rid of it, because we are working in it [the water]. We do not have the
means to have hard [concrete] rooms or something that would protect us from the
lake, or to install faucets. You see right now where we are [under a straw canopy
at the chief’s house], the roof is made of grass that comes from the lake. And we
have to be there for at least an hour. And anything can happen to you there. It’s
this that has caused the disease.” – an adult male, lake village E2
This participant refers to the rudimentary materials available for housing construction in
his village, citing that people cannot afford the concrete constructions commonly used in
larger and less isolated communities. This circumstance increases the dependence of this
community on the natural resources in their immediate surroundings and thus, their
contact with water. Men from villages on both the lake and the river spoke of the
difficulty of avoiding contact with water:
“That water, we cannot touch it. We cannot abandon it. If we abandon it, we will
all become unemployed.” – 53-year old male gardener, river village
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This man sums up the seemingly inescapable tension of carrying out a subsistence
livelihood dependent on freshwater in a landscape with high risk of schistosomiasis
transmission. He acknowledges that the water should be avoided to keep from becoming
infected with schistosomiasis. If he could avoid it, he would, but that would require him
to halt the activity that enables him to earn his livelihood and feed his family.
Although adults maintain some baseline exposure to surface water through their and
occupational activities, it may not be so easy for women to reduce water contact
behavior, even in the presence of safe alternative water sources. One man in lake village
E1 suggested that it may be difficult to completely eliminate their exposure:
“…but women, because they go there to do the laundry and other things, they
have no choice.” – 43-year old male farmer, lake village E1
From this man’s perspective, even with widespread access to piped water sources in lake
village E1 (Table 2-1), and knowledge of schistosomiasis risk in the lake, water contact
activity at the lake likely persists for women. Similarly, exposure among children, the
demographic group at highest risk of infection, was described as equally – if not more –
inevitable. While some children, especially girls, perform chores at the river, much of
their exposure comes from playing in the water. For example, an elderly woman from
lake village W described how much kids in her village play in the water:
“Children only know swimming. You know, they are happy when they bathe. It’s a
kind of a pool. They like that. In this moment, if you go to the lake, you find
children in the process of bathing. It’s this that… gives us bilharzia.” – 68-year
old female gardener, lake village W
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Adult participants in focus group discussions often emphasized the importance of
protecting children from schistosomiasis. Some mentioned that they forbid their children
from going to the water points at hot times of day. They also said that many parents do
not enforce rules about water contact with their children. Following this thread, the same
woman from lake village W continued:
“Nobody now controls their children. No one controls anything anymore. They
[the children] are there [at the water access point]. Every child who pees, he pees
blood. Because now we sit and let the children be. They will bathe. Nobody holds
them back. If we had said, if they have given up bathing only, bilharzia would
leave here. Because she [schistosomiasis] had left here. But she [schistosomiasis]
came back. Because we let the children swim, swim, swim.” – 68-year old female
gardener, lake village W
Even so, for those parents that did make rules regulating their children’s contact with
water, adult focus group participants described the difficulty of enforcing rules. With
these hurdles to reducing exposure among kids along with the health-livelihood trade-offs
that many adults face, it is understandable that the local sentiment of schistosomiasis
being an unavoidable artifact of the disturbed landscape has become pervasive. A 60-year
old female gardener from lake village W articulated this sense of inescapability:
“It [water contact]’s not good for you. It’s not good. But we have no choice…
Because we, we are near the lake. If you say that I will not do it [go to the lake]
… it is certainly not possible. It cannot happen like this. Fortunately, we pray for
ourselves and he [Allah] gives us medicine [praziquantel]… But we cannot
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protect ourselves… we are not easy to protect.” – 60-year old female gardener,
lake village W
This woman expressed appreciation for the medicines that were occasionally
administered to cure the disease but did not speak of them as panacea as she was aware
that reinfection was likely because of persistent contact with parasite-infested water.
Because these villages are situated so close to the lake, avoiding water contact is not
feasible. Villagers are resigned to chronic exposure: the disease persists in humans
because the parasite and its intermediate snail hosts thrive in the environment on which
villagers rely for daily needs. They lack alternatives despite lucid awareness of the risk.
2.4

Discussion

Local perspectives revealed during focus group discussions in these four villages
highlight the importance of accounting for local context when designing schistosomiasis
control and elimination programs in high-transmission settings. These findings
demonstrate both barriers and opportunities to control. Importantly, we learned that
people in this particular setting view schistosomiasis as an unavoidable fact of life, with
few alternatives for avoiding occupational or domestic contact with water, despite their
best efforts to minimize exposure. Yet, local recognition of epidemiologically-relevant
elements of the parasite life cycle have translated into behaviors meant to reduce risk,
representing an opportunity for engaging local communities in schistosomiasis control
efforts that complement MDA programs. In the following paragraphs, we discuss this
tension between health and livelihoods and what implications this and the opportunities
for community engagement have for the design of schistosomiasis control and
elimination programs in persistent hot spots.
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Tensions between health and livelihood. The findings of this study highlight how local
socio-environmental circumstances contribute to persistent transmission and high rates of
infection even in the presence of MDA programs. Although focus group participants
knew to avoid water contact to prevent exposure, high prevalence of infection and high
dependence on water contact sites for daily living make clear that behavioral adaptations
do not eliminate exposure outright. When forced to choose between economic well-being
or avoiding the subtle morbidity of schistosomiasis, people inevitably choose the more
immediate need for subsistence and risk the long-term health consequences of
schistosome infection that accumulate slowly over time.
The economic needs that keep people in contact with water are often coupled with
conditions of poverty—such as unsafe water supplies, inadequate sanitation or poor
housing conditions—that insufficiently isolate pathogens from their human hosts (World
Health Organization, 2019). Under these conditions, infected people easily perpetuate
transmission by introducing a new generation of parasites into the environment through
egg-laden urine and feces, increasing infection risk for those who regularly use surface
water. Without alternatives for isolating parasites from the environment, conditions of
poverty increase parasite transmission and vice versa.
These feedbacks between disease and poverty may become self-reinforcing, such that
those without the economic resources to treat or prevent illness will suffer higher burdens
of disease and losses in productivity as a result, entering a vicious cycle known as a
disease-driven poverty trap (DDPT). DDPTs are thought to be present in underdeveloped
economies where (1) income is generated via resource-dependent livelihoods and people
rely on their physical ability to exploit natural resources, and (2) the burden of infectious
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diseases in the population is high, such that, in causing disease, pathogens commandeer
the human resources that would otherwise go toward income generation (Huang and
Manderson, 1992). Since health is considered a form of human capital, forming the basis
of labor for generating income and alleviating poverty, reductions in cognitive
development and labor productivity resulting from infection can take a toll on the ability
to develop human capital and earn a livelihood across the life course, potentially
perpetuating poverty (Bleakley, 2010). Theoretical work on the subject suggests that
infectious diseases may be an important barrier to economic development (Bonds et al.,
2010; Ngonghala et al., 2017).
Findings from this study use local perspectives to demonstrate the links between poverty
and exposure to schistosomiasis, partially supporting the notion that schistosomiasis
transmission in rural agricultural areas facilitates DDPT formation. Rural, subsistence
livelihoods increase exposure to parasites embedded in the environment. Exposure
becomes unavoidable because few alternatives are available for the daily tasks that put
people in contact with water. So long as people undertake occupations that keep them in
contact with water, they will remain infected.
Our qualitative data do not speak directly to the disease-to-poverty component of the
feedback loop, but the literature suggests that this increased exposure will take a toll on
cognitive development in children and labor productivity in adults and continue to hinder
healthy development in a cycle of persistent poverty (Bustinduy et al., 2017; Ngonghala
et al., 2014). The poverty trap may be interrupted by allowing people to pursue
agriculture in an environment whose water sources are free of the parasite and its
intermediate hosts. If the risk of acquiring infection from the environment is reduced, the
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unfortunate trade-off between health and livelihoods lessens, too. In addressing the
environmental source of schistosomiasis infection, fewer human capital sacrifices—in the
form of health, nutrition, educational attainment and labor productivity—may facilitate
economic development unhindered by this neglected tropical disease.
Opportunities for community engagement. In our study, the frequent mention of increased
risk of schistosomiasis infection at midday reflects published knowledge of ecoepidemiological dynamics of schistosomiasis transmission to humans from snail
intermediate hosts. Snails are known to shed parasites in daily cycles, which peak around
noon for human schistosomes (Mouchet et al., 1992; Théron, 1984). While focus group
participants did not articulate knowledge of the snail-borne nature of schistosomiasis
transmission, they did recognize the diurnal patterns of risk and reported risk-mitigating
behavior. An intervention based on a similar scheme of risk mitigation was conducted
among irrigation workers in Central Sudan, demonstrating significant reductions in
reinfection rates when workers limited their water contact to the early morning hours
(Tameim et al., 1985). The local knowledge and risk perception revealed through this
study could be translated into community-driven interventions that complement existing
MDA programs.
In contrast to the top-down mass drug administration (MDA) campaigns that are typical
in current schistosomiasis control programs, our findings suggest that local communities
are important and underutilized resources in the fight against schistosomiasis. Engaging
local populations and empowering action to reduce the burden of schistosomiasis could
play an important role in reducing rates of reinfection following MDA campaigns in
persistent hot spots. To date, few schistosomiasis control studies focus on the role of the
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community or utilize existing local knowledge. The few that have, however, utilized
community input in diverse ways. Co-designed sanitation facilities and laundry platforms
were used to reduce contamination behavior and exposure, respectively (Person et al.,
2017). A community-identified need for an environmental approach to snail control
involved a local irrigation council in the removal of vegetation from canals to reduce
snail habitat (Boelee and Laamrani, 2004). Another study engaged religious teachers in
behavior change interventions (Celone et al., 2016). Our findings further reinforce the
importance of integrating community participation into the design and implementation of
prevention strategies. Such community-informed interventions have the potential to
improve long-term and sustained implementation of schistosomiasis control and reduce
transmission between MDA campaigns in locally appropriate and acceptable ways.
Implications for disease control. In this section, we discuss the implications of our
findings for schistosomiasis control considering the recent history of schistosomiasis
control campaigns prioritizing MDA. In persistent hot spots and settings where resourcedependent livelihoods make it impractical to eliminate water contact, MDA campaigns
are unlikely to achieve the prevalence and intensity targets outlined by the World Health
Organization (Garchitorena et al., 2017; King, 2017; Kittur et al., 2017; Sokolow et al.,
2018; World Health Organization, 2012). Supplementing MDA campaigns with
environmental strategies like snail control and WASH provision that reduce risk of (re)infection has the potential to have a high impact in these settings. Strategies that
decrease environmental risk of infection will improve the outcomes of MDA campaigns:
reducing existing infections, preventing new ones and increasing the likelihood of local
elimination (Krauth et al., 2015).
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While piped water provides an important alternative to the water access points where
people acquire schistosomiasis, it is not likely to eliminate exposure outright. This is
apparent in two of our study villages (River and Lake E1) where piped water access is
nearly 100% but where schistosome infection prevalence is not substantially lower than
the two villages with much lower access to piped water (Lake W and Lake E2; Table 21). Even if many households in a village have access to a safe source of water, it is still
relatively common to visit the river or lake for chores, such as doing laundry (Table 2-1).
A similar persistence in water contact in the presence of piped water sources has been
reported in other settings (Krauth et al., 2015).
In our study setting, there were several explanations for persistent water contact despite
piped water access. Some adult women focus group participants told us about the social
value of going to the river or lake to do laundry. Others declined to pay the modest fee
for using a piped water source when water was freely available from the lake or river.
This was especially true for larger tasks like washing livestock for which it was
impractical to use piped water. Additionally, piped water sources in some villages were
only available for a couple hours per day, such that people formed long lines to retrieve
water in the brief windows when it was available. In these ways, surface water can be
viewed as more affordable and convenient, even if it is hazardous.
These local nuances emphasize the importance of understanding local context when
designing disease control and elimination programs. The failure of environmental
interventions in public health may reflect poor understanding of how people relate to
their environment, including how and why behaviors related to exposure and disease are
constrained by circumstances (Blacksher and Lovasi, 2012). In understanding relevant
48

circumstances and constraints in context, policies can be designed to appeal to the
common sense of the intended beneficiaries rather than the enactors of a policy
(Appadurai, 2004). Such efforts are more likely to mobilize and empower the local action
and buy-in required to gain and sustain control of schistosomiasis in persistent hot spots
(Appadurai, 2004).
With a wide range of strategies available to control and eliminate schistosomiasis, local
circumstances should inform which strategies are used and in what combination. It is
clear that MDA has been effective in many settings, resulting in meaningful reductions in
prevalence and intensity of infection across target populations (Webster et al., 2014). In
the settings where schistosomiasis remains a problem despite well-implemented MDA
programs, it is critical to supplement MDA with other strategies in order to achieve
disease control and eventually, elimination targets. Which interventions complement
MDA—whether chemical (King et al., 2015; King and Bertsch, 2015; Lo et al., 2018) or
biological (Chiotha et al., 1991; Slootweg et al., 1994; Sokolow et al., 2015) snail
control, provision of water and sanitation infrastructure (Grimes et al., 2015, 2014; Secor,
2014), or behavior change interventions (Celone et al., 2016; Kloos, 1995; Tameim et al.,
1985)—should be informed by the social and environmental factors at play in a given
setting in close consultation with communities themselves. Prioritizing community
engagement in integrated strategies will improve the likelihood that they are adopted and
sustained over time.
Limitations. It is important to note that the findings of this study are based on a small
number of participants in a small number of villages using a non-random recruitment
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process and self-reported data. Thus, we cannot consider our findings generalizable to the
regional population.
Additionally, our conclusions have necessarily been drawn from self-reported perceptions
and behaviors, which may be subject to bias. Because focus group participants were
aware of the research team’s purpose of studying schistosomiasis in the village, it is
possible that responses given during focus group discussions were subject to social
desirability bias. The disperse nature of water contact behavior, often covering multiple
water access points as well as agricultural fields, made it difficult to verify reported
behaviors with direct observations. The age range of participants differed across groups
and villages, which may have introduced some selection bias. Notably, participant age
did not exceed 41 in women’s groups lake villages E1 or E2. Similarly, elderly
participants were missing from the men’s groups in the River and Lake E1 villages, with
a maximum age of 53. Without elder representation in focus group discussions, it is
possible that we did not capture memories of past interventions similar to those identified
in lake village W in these groups and villages, particularly in Lake village E1, where the
maximum age across all focus group discussions was 49.
It is also important to note that because of the significant disease burden, the lower basin
of the Senegal River has received a great deal of research attention since the late 1980s.
The knowledge expressed in the focus groups may be the result of repeated interactions
with researchers and public health officials addressing the now endemic situation. These
findings might not reflect general knowledge in villages that have never been part of
scientific projects or of the National Schistosomiasis Control Program. While our
findings suggest that local people have been educated by their experience living in this
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setting, it’s important to acknowledge that part of that experience has been interactions
with authorities that have shared knowledge with local people. This does not diminish the
existence of the local knowledge, but rather suggests that this influence becomes part of
the local knowledge. If anything, the high levels of local knowledge we report here
illustrates the value of awareness and educational campaigns.
Finally, it is possible that key informants’ knowledge of our intentions to study
schistosomiasis in their communities may have biased them to recruit volunteers that
were more knowledgeable than the average person. While not every individual in every
focus group was equally knowledgeable about schistosomiasis, the local contacts’
impressions of the research team and its objectives may have resulted in us concluding
that villagers are more knowledgeable on average than they are. However, even if our
participants represent a more knowledgeable subset of the village population, their
knowledge of schistosomiasis risk and their capacity to assume leadership in their
communities is a noteworthy starting point for community engagement.
2.5

Conclusions

This study reveals that rural residents of northern Senegal, a region hyper-endemic for
schistosomiasis, have a keen awareness of schistosomiasis risk in their surroundings.
They reported acting on their knowledge to prevent infection, even demonstrating
capacity to organize at the community level. These findings point to the importance of
engaging communities in schistosomiasis control programs, in addition to relying on topdown treatment campaigns. The perceived unavoidability of schistosomiasis exposure—
and all its insidious consequences on health and human capital—despite prevention
efforts at the individual and community levels suggests the presence of a vicious cycle of
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poverty and disease. With such ostensibly intransigent transmission in this setting,
environmental interventions that reduce the risk of re-infection given the local
dependence on surface water become a necessary complement to MDA.
By gathering the perspectives of local people, this study has identified inherent
limitations of control programs that rely predominately on MDA in hyper-endemic
regions, as they reduce morbidity but do not prevent re-infection. Rural livelihoods
facilitate exposure to schistosome parasites in a disturbed landscape, such that infection
has become an unavoidable fact of life. Because chronic infection caused by continued
exposure to contaminated water inevitably reinforces the conditions leading to persistent
poverty, integrated schistosomiasis control strategies are needed to break the cycle of
disease and poverty. While the World Health Organization already recommends the
integration of MDA, snail control and WASH interventions for schistosomiasis
elimination, this approach becomes doubly important for high-transmission settings that
also experience poverty trap conditions. Through community engagement, the
implementation of these integrated strategies is more likely to be adopted and sustained
over time.
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Abstract
Background: Water resources development promotes agricultural expansion and food
security. But are these benefits offset by increased infectious disease risk? Dam
construction on the Senegal River in 1986 was followed by agricultural expansion and
increased transmission of human schistosomes. Yet, the mechanisms linking these two
processes at an individual level remain unclear. Methods: We analyzed cross-sectional
parasitological and household survey data to investigate the association between
household land use and schistosome infection in children. Household surveys (n = 655)
gathered demographic, socio-economic and land use data in 16 rural villages. Survey data
were matched to S.haematobium (n = 1232) and S. mansoni (n = 1222) infection data
collected from school-aged children. Mixed effects regression determined the relationship
between irrigated area and schistosome infection presence and intensity. Results:
Controlling for socio-economic and demographic risk factors, irrigated area cultivated by
a household was associated with an increase in the presence of S. haematobium infection
(odds ratio [OR] = 1.14; 95% confidence interval [95% CI]: 1.03, 1.28) but not S.
mansoni infection (OR = 1.02; 95% CI: 0.93, 1.11). Associations between infection
intensity and irrigated area were positive but imprecise (S. haematobium: rate ratio [RR]
= 1.05; 95% CI: 0.98, 1.13, S. mansoni: RR = 1.09; 95% CI: 0.89, 1.32). Conclusion:
Household engagement in irrigated agriculture increases individual risk of S.
haematobium but not S. mansoni infection. Increased contact with irrigated landscapes
likely drives exposure, with greater impacts on households relying on agricultural
livelihoods.
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3.1

Introduction

Water resources development is increasingly important for meeting nutritional needs in
low- and middle-income countries (Molden et al., 2007), but the intensification of
agriculture is a driver of some human infectious diseases (Rohr et al., 2019; Shah et al.,
2019). Exposure to pathogens transmitted through environmental pathways is often
greater for those undertaking resource-dependent livelihoods with few alternatives for
reducing their exposure. The resulting disease can impair economic development (Bonds
et al., 2010; Ngonghala et al., 2017). As agriculture intensifies to meet human needs, it is
important to understand unintended consequences of infrastructure designed to improve
food security.
Irrigation infrastructure is often implicated in the increased occurrence of human
schistosomiasis, a snail-borne parasitic disease second only to malaria in its global
burden (Steinmann et al., 2006). Parasitic worms of the genus Schistosoma inhabit the
urogenital (S. haematobium) or the intestinal (S. mansoni) tract of the human host.
Freshwater snails of the genera Bulinus and Biomphalaria serve as the intermediate hosts
of S. haematobium and S. mansoni, respectively; several of these species colonize
irrigation canals (Brown, 1994; Rabone et al., 2019; Sturrock, 2001). Expansion of snail
habitat and increased human activity in the aquatic environment both increase
transmission in dammed and irrigated areas (Huang and Manderson, 1992; Hunter et al.,
1982; Sow et al., 2002). However, few studies disentangle the environmental and sociobehavioral mechanisms of schistosomiasis occurrence in areas where water resources are
actively managed.
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Of the approximately 800 million people at risk for schistosomiasis worldwide, 100
million live in close proximity to dams and irrigation schemes (Steinmann et al., 2006).
An estimated 200 million are infected, the majority of which live in sub-Saharan Africa
(World Health Organization, 2020, 2016). Parasites exiting snail hosts penetrate the skin
of people who are in direct contact with water. Acute symptoms of schistosomiasis
include hematuria, diarrhea, and abdominal pain, while prolonged infection can lead to
anemia, organ damage, and cancer (Colley et al., 2014; Van der Werf and de Vlas, 2001).
Because available treatments do not prevent reinfection, regular contact with water can
lead to chronic infection and severe disease. In some settings, prevalence and intensity of
infection remain high even in the presence of treatment programs (Kittur et al., 2017).
Evidence linking irrigated agriculture and schistosome infection relies on village- or
landscape-level aggregations of disease occurrence and agricultural activity (Table S1),
but finer-scale processes associated with irrigation influence exposure to parasites present
in surface water. The household is a particularly relevant unit for both agricultural
activity (Bryceson, 2002; Davis et al., 2017) and water contact behavior (Bethony et al.,
2004; Watts et al., 1998). However, few studies investigate whether such household-level
circumstances compound infection risk present in the environment.
In this study, we investigated whether participation in agriculture at the household level
was associated with individual-level schistosome infection. Assuming domestic water
contact behavior is a common source of exposure in rural areas, we hypothesized that
household-level cultivation of irrigated crops represented additional exposure that may
not exist across the entire population. We reasoned that larger areas of irrigated land are
served by greater lengths of irrigation infrastructure would require more human resources
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to manage, harbor more snails, produce more parasites and, ultimately, increase
household members’ exposure to schistosomes.
Human contact with agricultural water sources may play a role in sustaining schistosome
transmission. While their spatial distribution makes them difficult to monitor (Watts et
al., 1998), these water sources may be as much a route of exposure as they are a source of
contamination, where parasites return to the environment through the excreta of infected
people (Ouma, 1987; Sow et al., 2008). Human movement connecting agricultural and
domestic water sources may expand the spatial scale at which interventions need to be
implemented to control transmission and also contribute to the development of persistent
hot spots (Pennance et al., 2016).
The lower basin of the Senegal River became hyperendemic for schistosome transmission
following the construction of the Diama dam in 1986 (Southgate, 1997; Sow et al., 2002;
Talla et al., 1990), which was designed as a saltwater barrier to support agricultural
development. Prior to dam construction, S. haematobium infections occurred seasonally
at low levels, while S. mansoni was absent from the region (Chaine and Malek, 1983).
Agricultural practices have since shifted to predominantly irrigated crops and prevalence
and intensity of both infections remain high (Connor et al., 2008; Wood et al., 2019).
Given the environmental changes affecting both parasite transmission and livelihoods in
this setting, we aimed to understand whether household engagement in irrigated
agriculture compounds the infection risk created by the dam, and whether agricultural
sites of water contact may be involved in schistosome transmission in this setting.
Specifically, we investigated whether schistosome infection increased in school-aged
children living in households cultivating larger areas of irrigated land.
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3.2 Methods
Study setting
This study utilized cross-sectional data collected as part of a longitudinal study of
schistosome infection in school-aged children and the socio-economic conditions of the
households where those children resided. Sixteen villages along the Senegal River, its
tributaries and the Lac de Guiers in northwest Senegal were chosen to represent rural,
high-transmission sites common in the region (Figure 3-1). Village selection criteria are
described in detail elsewhere (Wood et al., 2019), but included proximity to freshwater
and presence of water access sites, presence of a school with sufficient enrollment in
target grades and a non-zero prevalence of self-reported infection as well as accessibility
in the rainy season. School-aged children were recruited from grades 1-3 in village
schools.

Figure 3-1. Locations of 16 villages where parasitology and household survey data were
collected in the lower basin of the Senegal River.
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The 16 study villages were located on either (a) the Senegal River and its tributaries or
(b) the Lac de Guiers (Figure 3-1), which had marked differences in the nature of
agricultural activity. Along the river, more intensive agriculture—such as the cultivation
of irrigated rice—was possible thanks to irrigation infrastructure supported by the dam.
Agricultural activity on the lake relied on hand-dug infrastructure. We suspected this
difference might produce disparities in water contact behavior related to irrigated
agriculture.
Parasitology data collection
A total of 1,480 school-aged children were enrolled at baseline in February - April 2016
through the schools in all 16 villages (Figure 1). Of those, 1479 remained enrolled during
follow-up in January - April 2017 and 1414 successfully produced urine or stool on the
testing days (Figure 3-2). At both time points, urine and duplicate stool samples were
analyzed by urine filtration for S. haematobium infection and Kato-Katz for S. mansoni
by standard methods (Sturrock, 2001). Following sample collection, all children were
treated with 40 mg/kg of Praziquantel. Infection data collected in January - April 2017,
which we used in this study, reflect post-treatment reinfection over the preceding year
(Zwang and Olliaro, 2017).
Household survey data collection
Household survey were data collected in August 2016, during the rainy season preceding
the 2017 parasitology data collection. We aimed to reach all the households where
school-aged children enrolled in the parasitology study resided. The household survey
instrument included six modules (Table S2). The modules used in this analysis included
(1) demographic and (2) occupational information for every member of the household,
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(3) agricultural land use for all parcels owned and/or cultivated by household members,
and (4) data on building materials and durable assets, which were used to approximate
socio-economic status. Surveys were completed in 655 households (Figure 3-2). The
questionnaire was developed in English and translated to French by native speaking
members of the field team. A team of eight Senegalese enumerators were trained to
obtain verbal informed consent, pose survey questions in Wolof (the dominant local
language) and record data in French.

Figure 3-2. Sample sizes of parasitological and household data that were
combined to create final analysis data set with S. haematobium (Sh) and S.
mansoni (Sm) outcomes
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Data processing and cleaning
Infections were determined to be present when any of the collected samples contained at
least one schistosome egg. Infection intensity quantified egg counts (per 10 mL urine for
S. haematobium and per gram feces for S. mansoni) by taking the median across the
samples collected at both visits. Median values kept our estimates conservative because
they were not skewed by missing or zero values.
Individual-level survey data were retained on the children for whom infection data were
collected, while demographic data for remaining household members were aggregated to
the household level (e.g. number of fishermen in the household, educational attainment of
the household head). Parcel-level land-use data were also aggregated to the household
level. Household-level asset data were used in a principal components analysis to
generate an asset-based index of socio-economic status (Vyas and Kumaranayake, 2006).
We excluded individual observations from the merged data set that (1) had no matching
record in the survey data, (2) reported ages outside the plausible rage (5-15 years) or (3)
were missing outcome data for either S. haematobium or S. mansoni infection (Figure 32). This likely reflects the failure of the enumerator team to successfully locate the
residence of a child in the school-based parasitology dataset during survey data collection
in the villages. An additional set of observations (n = 27) were subsequently excluded
because reported age in the household survey data for individual children fell outside the
plausible range (5-15 years). We also excluded observations for which outcome data
were missing for all infection outcomes. For S. haematobium infection, 140 observations
were missing all data; for S. mansoni infection outcomes, 150 observations were missing
all data. These missing data likely reflect one of two circumstances: (1) a student’s
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absence from school on the days of parasitology sampling, or (2) a student’s inability to
produce a urine or fecal sample at the time of sampling. The final data set contained
1,232 observations with S. haematobium infection outcomes and 1,222 observations with
S. mansoni infection outcomes.
Statistical analysis
We used mixed effects regression to test the hypotheses that (1) the presence of S.
haematobium and S. mansoni infections increased with irrigated land area (using logistic
regression) and (2) the intensity of both infections (e.g. number of eggs detected in urine
samples for S. haematobium and fecal samples for S. mansoni) increased with irrigated
land area (using negative binomial regression). Mixed effects logistic regression was
performed using the lme4 package (version 1.1-21) (Bates et al., 2015) in R (R Core
Team, 2018), while mixed effects negative binomial regression was performed using the
glmmTMB package (version 1.0.1) (Brooks et al., 2017).
The primary model specification was determined from the hypothesized causal
framework illustrated by a directed acyclic graph (DAG) (Figure S2) (Schisterman et al.,
2017). In this specification, we controlled for prior common causes but not variables (1)
on the hypothesized causal pathway between exposure and outcome nor (2) caused by
exposure and outcome (i.e. colliders). Controlling for colliders introduces spurious noncausal associations and biases estimates of the relationship between exposure and
outcome (Greenland, 1999; Rohrer, 2018). With this model specification, we reduce bias
that can occur by attenuating or inflating estimates, as demonstrated elsewhere
(Schisterman et al., 2017). However, to make this study comparable to prior models of
schistosomiasis risk, we also present the results from an alternative model specification
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whose covariates were chosen based on model selection procedures outlined in an a
priori analysis plan.
For all models, we fit random intercepts of households nested within villages, using
likelihood ratio (LR) tests to compare the fit of mixed effects models to those without
random intercepts (Table S6). Because of perceived differences in the nature of
agriculture performed in villages along the river and the lake, in all models, we tested two
interaction terms between area of irrigated land and (1) the location of a village on the
river or lake and (2) a household’s ownership of an irrigation pump, which allow for
reduced exposure to surface water.
The study received approval from the National Committee of Ethics for Health Research
from the Republic of Senegal (Protocol #SEN14/33) as well as the Institutional Review
Boards of the University of California, Santa Barbara (Protocol #19-17-0676) and
Stanford University (Protocol #43130). Children were enrolled in the parasitology study
when their parents signed an informed consent. All survey respondents provided verbal
informed consent.
3.3 Results
Characteristics of the study population
Of the 1372 school-aged children who provided urine and fecal samples in 2017 and
whose households were successfully recruited for a household survey in 2016, the mean
age was 9 years (SD = 2.0), varying slightly in lake (9.5 years) and river villages (8.4
years). The overall mean area of irrigated land (1.0 hectare) was similar across location
strata (0.9 hectares on the river versus 1.0 hectares on the lake). A minority of households
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(19.4%) reported owning an irrigation pump, which was higher in lake (28.4%) than river
villages (6.7%) (Table 3-1).
Table 3-1. Demographic characteristics study population
Variable
Level
Overall
Age [Mean (SD)]
9.0 (2.0)
Sex [n (%)]
Female
665 (48.5)
Dominant ethnicity in household Wolof
1021 (74.4)
[n (%)]
Pulaar
225 (16.4)
Maure
87 (6.3)
Other
39 (2.9)
Education of household head
None
966 (70.4)
[n (%)]
1-6 years
271 (19.8)
7+ years
135 (9.8)
Number of wives taken by head
None
117 (8.5)
[n (%)]
One
809 (59.0)
2+
446 (32.5)
Irrigated area (hectares)
1.0 (2.2)
[mean (SD)]
Pump ownership [n (%)]
Yes
266 (19.4)
Asset-based wealth quintile
1 (low)
210 (15.3)
[n (%)]
2
201 (14.7)
3
240 (17.5)
4
330 (24.1)
5 (high)
391 (28.5)

River
8.4 (1.6)
274 (48.2)
265 (46.7)
206 (36.3)
68 (12)
29 (2.4)
274 (48.2)
200 (35.2)
94 (16.5)
78 (13.7)
382 (67.3)
108 (19.0)

Lake
9.5 (2.1)
391 (48.6)
756 (94)
19 (2.4)
19 (2.4)
10 (1.2)
692 (86.1)
71 (8.8)
41 (5.1)
39 (4.9)
427 (53.1)
338 (42.0)

0.9 (2.8)

1.0 (1.7)

38 (6.7)
89 (15.7)
78 (13.7)
91 (16.9)
137 (24.1)
173 (30.5)

228 (28.4)
121 (15.0)
123 (15.3)
149 (18.5)
193 (24.0)
218 (27.1)

Of the 1232 individuals with data on S. haematobium re-infection, overall prevalence was
65.3% and varied from 43.1% to 82.1% across location strata. Prevalence of S. mansoni
was 17.0% overall, with similar variation by location strata (Table 3-2). The geometric
mean (GM) of S. haematobium infection intensity was 5.2 eggs per 10 mL urine (SD =
86.8) in all villages. Infection intensity was higher in lake villages (GM = 11.6 eggs per
10 mL, SD =106.3). The GM of S. mansoni infection intensity was 1.04 eggs per gram
feces (SD = 215.7) (Table 3-2). We report GM to summarize extremely right-skewed
egg count distributions for both infections (Figure S4) (Sturrock, 2001).
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Association between irrigated area on schistosome infection
For all four outcomes, we report estimates and confidence intervals for three distinct
models: (1) crude bivariate models of exposure and outcome, (2) adjusted models that
include DAG-based covariates and (3) mixed models that include DAG-based covariates
and random intercepts accounting for the nested structure of the data (Figure 3-3). In all
cases, LR tests indicated the mixed models fit the data best compared to the crude and
adjusted models (Table S6).
Table 3-2. S. haematobium and S. mansoni infection presence and intensity
Species
Measure
Overall
River
Lake
S. haematobium Observations
1232
529
703
Presence [n (%)]
805 (65.3)
228 (43.1) 577 (82.1)
Intensity [GM (SD)] 5.2 (86.8)
1.4 (39.8) 11.6 (106.3)
S. mansoni
Observations
1222
527
695
Presence [n (%)]
208 (17.0)
68 (12.9) 140 (20.1)
Intensity [GM (SD)] 1.04 (215.7) 0.6 (87.7) 1.4 (274.8)
GM = geometric mean
The odds of S. haematobium infection in children increased with irrigated area (Figure 33A, top). The point estimate indicates that the odds of infection in children increase 14%
with every hectare increase in irrigated land reported by the household where a child
lives. The 95% confidence interval (95% CI) for this estimate (1.03, 1.28) is entirely
above a value of no association (Table 3-3).
For S. mansoni infection presence, the odds of infection do not increase with irrigated
area. The point estimate is smaller (OR = 1.02; Table 3-3) than the S. haematobium
estimate with a confidence interval that includes a value of no association (95% CI: 0.93,
1.11; Figure 3-3A, bottom, Table 3-3). The estimated 2% increase in the odds of S.
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mansoni infection presence with each hectare of irrigated land cannot be considered
different from zero.

Figure 3-3. Measures of association between irrigated area and schistosome infection
presence and intensity
(A) Odds ratios with 95% confidence intervals drawn for mixed effects logistic regression
models for S. haematobium (Sh, top) and S. mansoni (Sm, bottom) infection presence. (B)
Rate ratios with 95% confidence intervals are drawn for negative binomial regression
models of Sh and Sm infection intensity. For all outcomes, estimates for crude (bivariate)
models are shown as dotted lines. Models adjusted for all DAG-identified covariates are
shown as dashed lines. Mixed effects models, which include all DAG-identified
covariates plus random intercepts of households nested in villages are shown as solid
lines. The model of Sm intensity (bottom right) was fit with village intercepts only, as the
model could not be fit with nested intercepts. In all cases, the mixed effects model (solid
lines) represents the best-fitting model for that outcome.
Similarly, intensity of infection does not increase with irrigated area. For both S.
haematobium and S. mansoni infection intensity, point estimates from mixed effects
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negative binomial regression are greater than 1, but both sets of confidence intervals
include a rate ratio (RR) of no association (RR = 1.05, 95% CI: 0.98, 1.13 for S.
haematobium; RR = 1.09, 95% CI: 0.89, 1.32 for S. mansoni) (Figure 3-3B; Table 3-3).
Table 3-3. Measures of association and 95% confidence intervals for the best-fitting
models for all four primary outcomes
Infection presence
Infection intensity
Species
Odds Ratio
95% CI Rate Ratio 95% CI
S. haematobium
1.14
1.03, 1.28
1.05
0.98, 1.13
S. mansoni
1.02
0.93, 1.11
1.09
0.89, 1.32
Sensitivity analyses are largely supportive of the primary analyses (Tables S7-S11).
While interactions between irrigated area and the two pre-specified variables (e.g., village
location and pump ownership) improved the fit of crude or adjusted models, this was not
true for any of the mixed models. For this reason, we report non-stratified estimates for
each outcome (Figure 3-3).
3.4 Discussion
We find evidence that the occurrence of S. haematobium but not S. mansoni infections in
a dammed landscape is compounded by engagement in agricultural livelihoods. In the
lower basin of the Senegal River, the presence of S. haematobium infections in schoolaged children increase with irrigated area cultivated by members of their households. The
observed association between irrigated area on S. mansoni infection presence was smaller
and more uncertain, as were the associations of irrigated area with both measures of
infection intensity, preventing firm conclusions about these outcomes.
These findings contradict previous meta-analysis on this topic, which detected a greater
increase in the occurrence of S. mansoni compared to S. haematobium in irrigated areas at
the landscape level (Steinmann et al., 2006). However, our results are generally
67

consistent with other studies that found increases in disease occurrence in areas with
more intense agricultural activity (Table S1).
Our use of individual- and household-level data suggest that irrigated agriculture
contributes to increased risk beyond the environmental consequences of infrastructure
development. The relationship between disease risk and environmental exposures
depends on the scales at which the relevant biotic, abiotic and human factors operate
(Cohen et al., 2016), such that processes at the individual and group levels are not always
interchangeable and may represent distinct constructs (Schwartz, 1994). The studies that
have used community-level aggregations of disease and land-use to demonstrate the
relationship between irrigated agriculture and schistosomiasis (Table S1) support the
notion that human-mediated environmental change is associated with elevated infection
prevalence, but do not shed light on the finer-scale mechanisms that influence individual
infection risk. Our use of finer-scale data establishes that processes related to household
land use also play a role in determining risk for acquiring infection from the environment.
The livelihoods made possible by the infrastructure contribute to disease risk as well.
These findings also suggest that agricultural water sources play a role in sustaining
schistosome transmission. Irrigation canals are often used for a wide variety of activities,
especially when agricultural fields are far from the village (Lund et al., 2019). If water
contact activities lead to both exposure and contamination in both village and agricultural
water sources, the human movement and behavior that connect these water sources
expands the spatial scope of transmission and the interventions needed to interrupt it
(Gurarie and Seto, 2009). If public health interventions are limited spatially to the water
access sites within a village, continuous introduction of parasites from beyond an
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intervention area can perpetuate transmission and potentially result in the formation of
persistent hot spots (Pennance et al., 2016). In this way, the influence of human behavior
on the ecological processes that affect disease risk should be explicitly accounted for at
the proper scales.
As calls continue for environmental interventions to complement mass drug
administration (King and Bertsch, 2015; Sokolow et al., 2016, 2018), the development of
new guidelines should consider for the full spectrum of water contact activity and the
disperse water sources that might contribute to transmission in a particular setting. The
ability of water, sanitation and hygiene (WASH) interventions to reduce both exposureand contamination-related behaviors, for example, may not be effective if agricultural
water sources are disregarded (Grimes et al., 2015; Lund et al., 2019). Environmental
complements to MDA may include cleaning aquatic vegetation to reduce snail habitat
(Boelee and Laamrani, 2004) and chemical and biological control of snail populations
(King and Bertsch, 2015) in both water access points and irrigation canals.
This research has some limitations. Odds only approximate risk when outcomes are rare
(Axelson et al., 1994; Newcombe, 2006). Because the outcomes in this study are not rare,
our estimates are biased away from the null compared to prevalence ratios. We attempted
to directly estimate prevalence ratios by fitting log-binomial models (Deddens and
Petersen, 2008), but these models did not converge. There are also limitations in the
measurement of the variables we used for analysis. The exposure variable as well as
covariates were all measured using self-reported survey data and subject to recall bias,
which has been well described for exposure and disease studies (Arnold et al., 2013). We
limited recall bias in the survey by anchoring the past in memorable events such as recent
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rainy and dry seasons as well as holidays. While survey respondents sometimes found it
difficult to precisely quantify household land area, the evidence for recall bias in
agricultural surveys in sub-Saharan Africa is limited (Beegle et al., 2012).
Additionally, infection outcomes are limited by the sensitivity and specificity of available
diagnostic methods: urine filtration for S. haematobium and duplicate Kato-Katz
examination of two stool samples for S. mansoni. The detection methods used for S.
haematobium are more sensitive compared to those used for S. mansoni (Alan Wilson et
al., 2006; Berhe et al., 2004), but the low sensitivity of diagnostic techniques used to
detect S. mansoni infections – especially low intensity infections – may have contributed
to the inconclusive results we observed for this parasite species (Bärenbold et al., 2017).
Our findings add a new dimension to the notion that the benefits of water resources
development for food security are offset by infectious disease. While we cannot speak to
the dam’s net impact, we find that schistosomiasis risk may be a result land use for
subsistence livelihoods as well as landscape-level environmental change. Residents of the
lower basin of the Senegal River face an unfortunate trade-off where the prevailing
economic activity may make them sick.
3.5 Conclusion
An understanding of both human behavior and landscape complexity are essential to
designing effective interventions to control schistosome transmission. Human movement
and water contact behaviors across both domestic and agricultural water sources may
help explain why high levels of infection persist in some endemic settings even in the
presence of treatment programs. While our findings highlight the unfortunate complexity
of persistent schistosomiasis transmission in the presence of mass drug administration,
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engaging the agricultural sector in environmental interventions to control transmission
may be an important complement to drug-based strategies in settings where water
resources management affects landscape-scale risk.
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Abstract
Background. Schistosomiasis risk is determined by three components: exposure, hazard
and vulnerability. Exposure occurs through water contact, but not without the hazard of
parasite presence in water. Vulnerability makes it difficult to reduce exposure in the
presence of hazard, through increased reliance on hazardous activities and environments.
We aimed to understand the contributions of exposure, hazard and vulnerability to
schistosome infection burden. Methodology: We used parasitological data from 1,030
school-aged children in 16 villages along the Senegal River, survey data from 524
households where those children resided and ecological data from 32 village water
contact sites to assess the relative contributions of exposure, hazard and vulnerability to
the presence and intensity of S. haematobium infection. We fit mixed-effects logistic and
negative binomial regressions with indices of exposure, hazard and vulnerability as
explanatory variables of schistosome infection, controlling for demographic variables.
Multi-model inference determined the relative importance of each component of risk and
model averaging quantified associations with infection outcomes. The most important
component of infection presence was hazard (Ʃwi = 0.94), followed by vulnerability (Ʃwi
= 0.83). The most important component of infection intensity was exposure (Ʃwi = 1.00),
followed by hazard (Ʃwi = 0.74). Hazard was positively associated with infection
presence (OR = 1.45, 95% CI 1.11, 1.88), while exposure was positively associated with
infection intensity. Conclusions/Significance: The variation in relative importance of the
different components of risk for schistosomiasis illustrates the importance of examining
social and environmental determinants simultaneously and helps to inform targeting of
interventions as complements to mass drug administration.
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4.1

Introduction

Infectious disease risk is often articulated in terms of environmental determinants. Risk
of insect-borne diseases like Lyme disease and malaria are often described in terms of
‘entomological risk,’ such as the density of infected nymphal ticks (for Lyme disease)
(McClure and Diuk-Wasser, 2018) and the probability of an infective mosquito bite (for
malaria) (Porta, 2015). Similarly, wildlife biodiversity – or natural reservoirs of zoonotic
pathogens – is used as a proxy of spillover risk (Jones et al., 2008). While these measures
reflect important components of pathogen transmission cycles, their focus on the source
of the biological agents that cause disease overlooks the socio-ecological processes that
connect those agents with susceptible people that make transmission possible and
determine risk. Such metrics represent a single component of infectious disease risk:
hazard (Hosseini et al., 2017; Porta, 2015). Other components – exposure and
vulnerability – reflect the roles of human behavior and social structures of transforming
hazard into risk. Exposure reflects contact between a person and a pathogen (e.g.,
exposure to a hazard), while vulnerability determines the extent to which people can
anticipate, adapt to and potentially mitigate a hazard (Porta, 2015; US EPA, 2019).
These three components of risk – exposure, hazard, and vulnerability – operate in concert
rather than isolation. They comprise the breadth of socio-ecological conditions that put
and keep people in contact with infectious agents of disease. Few studies address all three
components simultaneously, but those that have shed light on how human interaction
with the environment transforms hazard into risk. Accounting for both entomological risk
(i.e. hazard) and exposure explained Lyme disease incidence in New York while
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entomological risk alone did not (McClure and Diuk-Wasser, 2018). Incorporating social
vulnerability and entomological risk into a spatially-explicit risk assessment of malaria in
East Africa showed how different interventions could be targeted to different places with
different needs (Hagenlocher and Castro, 2015; Kienberger and Hagenlocher, 2014).
Across disease systems, insights about the relative contributions of exposure, hazard and
vulnerability can inform which interventions to employ to mitigate risk and where, when
and how to implement them.
The risk for schistosomiasis - a disease caused by parasitic worms of the genus
Schistosoma – can similarly be broken down into these three distinct components.
Schistosomes parasites complete a complex transmission cycle between humans and
specific species of freshwater snail. People become infected through contact with
freshwater where free-living schistosome cercariae emerge from infected snails and
burrow into human skin. Thus, schistosomiasis hazard could be described as
‘malacological risk,’ and quantified using ecological indicators of snail populations
within a water source. And, because it is difficult to efficiently detect schistosome
cercariae in large bodies of water, exposure to schistosomes is often approximated by
studying human water contact behavior. Exposure to surface water on its own does not
imply risk for infection; the presence of infected snails in a water source, and the
circulation of parasites through the snail population is what renders water contact harmful
(Porta, 2015). Similarly, vulnerability determines whether or not a person can avoid or
mitigate the hazard in their surroundings, either by reducing their exposure or seeking
treatment. The relative disadvantage of certain groups may make risk mitigation difficult,
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obliging people to remain in contact with parasite-laden water even if they are aware of
their risk (Porta, 2015).
Approximately 200 million people are infected with schistosomes worldwide, making
schistosomiasis second only to malaria in the global burden of parasitic disease (World
Health Organization, 2020, 2016). Schistosome infections are treatable with the
antiparasitic drug Praziquantel (PZQ). Since the 1980s, mass drug administration (MDA)
campaigns employing PZQ have been the central strategy of schistosomiasis control,
displacing the snail control interventions of the preceding decades (Fenwick et al., 2006;
King and Bertsch, 2015). MDA has played an important role in reducing morbidity due to
schistosomiasis, but because PZQ does not prevent new infections, the benefits of MDA
have not been realized universally across all contexts (Webster et al., 2014). The
occurrence of persistent hot spots – or settings whose prevalence and intensity of
infection remains high despite repeated rounds of treatment – has underscored the need
for transmission control interventions to complement the morbidity control achieved by
MDA (Kittur et al., 2019; Ross et al., 2015). Doing so will require both ecological and
social points of intervention, whose identification and implementation can be informed
by understanding the relative contributions of hazard, exposure and vulnerability in the
risk for acquiring and accumulating schistosome infections.
In this study, we used parasitological, ecological and socio-economic data collected from
16 villages in the lower basin of the Senegal River to better understand the relative
contribution of exposure, hazard and vulnerability to schistosomiasis burden in an
endemic region of northern Senegal. In this setting, the construction of a dam and
irrigation infrastructure reduced the region’s vulnerability to drought and famine, while
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simultaneously facilitating schistosome transmission. Prior to dam construction, the
transmission of S. haematobium occurred at low levels on a seasonal basis, but the
disease has since become hyperendemic with perennially high prevalence and intensity of
infection (Sokolow et al., 2015; Sow et al., 2002; Wood et al., 2019). Similarly,
agricultural livelihoods have shifted from traditional flood recession and rainfed
cultivation to more intensively irrigated crops (Connor et al., 2008). The social and
environmental changes in this setting have collectively affected exposure, hazard and
vulnerability to schistosome infection. We compared the relative contributions of
exposure, hazard and vulnerability as explanatory variables of both presence and intensity
of S. haematobium infection and quantify the magnitude and variability of the association
between infection outcomes and indices of exposure, hazard and vulnerability. By
identifying the relative contributions of exposure, hazard and vulnerability to
schistosomiasis risk, we can better understand the circumstances under which ecological,
infrastructure and behavioral interventions can complement mass drug administration in
campaigns to control and eliminate schistosomiasis.
4.2

Methods

Study area and population
This study used data collected in 2017 and 2018 as part of a longitudinal study of
schistosome infection in school-aged children, including parasitological examinations of
urine samples, survey data from the residents and heads of households where those
children reside, and ecological data from water contact sites in their corresponding
villages. Sixteen villages along the lower Senegal River, its tributaries, and the Lac de
Guiers in northwest Senegal were selected; these villages were representative of the rural,
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high-transmission sites common in the region (see appendix of (Wood et al., 2019) for
details on village selection) (Figure 4-1). The criteria used to select villages included
proximity to freshwater, presence of water access sites, presence of a school with
sufficient enrollment in target primary school grades, a non-zero prevalence of selfreported infection, and accessibility in the rainy season (Wood et al., 2019). Of these 16
study villages, six were located along the Senegal River and its tributaries while ten were
located on the shores of Lac de Guiers.

Figure 4-1. Locations of villages in the lower basin of the Senegal River, where
parasitological, ecological and household survey data were collected.
In each village, school-aged children were recruited from grades 1-3 in village schools,
and each provided urine samples for determining infection presence and intensity. We
attempted to reach all the households where students enrolled in the school-based
parasitology study lived in order to administer a questionnaire about household
demographics and water contact behavior. This study received approval from the
National Committee of Ethics for Health Research from the Republic of Senegal
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(Protocol #SEN14/33) as well as the Institutional Review Boards of the University of
California, Santa Barbara (Protocol #19-17-0676) and Stanford University (Protocol
#43130). Children were enrolled in the parasitology study when their parents signed an
informed consent. All survey respondents provided verbal informed consent.
Data collection
Parasitology data collection. Through schools in all 16 villages, a total of 1,480 schoolaged children were enrolled at baseline in February–April 2016. Of those, 1,301
remained enrolled during the third year of follow-up in January–March 2018 and
successfully produced urine samples on the testing days. At each time point, urine
samples were analyzed by urine filtration for S. haematobium infection (Sturrock, 2001).
Following sample collection, all children were offered treatment with Praziquantel at 40
mg/kg, also in school. Thus, infection data collected in January–March 2018, which were
used in this study, reflect reinfection following treatment over the course of the preceding
year (Gryseels et al., 2006; Liu et al., 2011; Zwang and Olliaro, 2017, 2014).
Household survey data collection. Household-level survey data were collected at the
beginning of the rainy season in July 2018, following parasitological data collection for
that year. In all 16 villages, we aimed to reach all households with children enrolled in
the school-based parasitology study. Of the 1,301 students enrolled in the parasitology
study, we reached the households (n = 524) of 1,216 students (93.5%; Figure S1). The
household survey instrument included six main modules (Table S1). The modules used in
this analysis included: (1) individual-level demographic information, (2) individual-level,
two-week recall of contact with surface water for six primary domestic and occupational
chores requiring contact with water, (3) average frequency of each water contact activity
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reported at the household level, (4) socio-economic indicators, such as reported access to
improved water and sanitation infrastructure and (5) geographic coordinates of household
locations. The collection of water contact data in the survey, which we rely on heavily
here, was designed to elicit information on typical, regular water contact behavior.
Body surface area interview data collection. In all but one village, brief interviews were
conducted with village residents, often at village water points in August 2016. In each
interview, respondents were asked how much of the body typically comes into contact
with water for each of six common water activities: (1) washing laundry, (2) washing
dishes, (3) collecting water, (4) irrigating fields, (5) washing or watering livestock and (6)
fishing from shore. Responses for each activity were registered on a diagram used to
measure burn size (Lund and Browder, 1944). Two interviews were conducted in each
village – one with an adult man and one with an adult woman – for a total of 30
interviews and 210 activity-specific observations.
Ecological data collection. Snail surveys were performed at 32 water access sites in all
16 study villages, the details of which are described elsewhere (Wood et al., 2019).
Briefly, randomized snail sampling was stratified by three microhabitat types (emergent
vegetation, non-emergent vegetation and open water/mud bottom), such that sampling
effort within a site was proportionate to the relative area of each microhabitat. Imagery
from Google Earth and an unmanned aerial vehicle (drone) was used to identify site
boundaries and designate fifteen random sampling points within each microhabitat. At
each point, exhaustive sampling for snails occurred within a quadrat (76.2 cm x 48.26 cm
x 48.26 cm; area = 0.3677 square meters). The snails collected from each quadrat were
place into labeled vials and returned to the laboratory for identification and infection
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screening via shedding and dissection assays. Molecular identification of schistosome
cercariae shed from captured snails in the laboratory distinguished human schistosome
species from non-human species.
Data analysis
Infection metrics. Schistosome infections were determined to be present when any of the
samples collected from an individual student contained at least one schistosome egg.
Infection intensity quantified egg counts (per 10 mL urine) by taking the median across
the samples collected at both visits. Taking the median of the value(s) kept our estimates
conservative, because they were not skewed by missing or zero values.
Exposure indices. Exposure indices were calculated using data from three sources: (1)
individual- and household-level survey data, (2) body surface area interviews and (3) a
previous study of water contact behavior in a similar setting (Sow et al., 2011). These
indices aggregated reported water contact across the six water contact activities,
including in the body surface area interview form and the water contact module in the
household survey. Whether or not a person performed a given activity in the preceding
two weeks was recorded as binary individual-level variables in the household survey. The
average frequency of each activity was reported at the household level in the survey,
while duration and extent of contact were drawn from literature-based estimates and body
surface area interviews, respectively (Table S2). Exposure indices based on these
activity-specific data incorporated varying degrees of complexity, including weekly
frequency-only estimates, weekly time exposed and weekly time exposed adjusted for
mean body surface area exposure.
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Two indices measured frequency of contact with water. One index [F (raw)] was derived
directly from a single survey question, where each child was asked to recall the number
of visits they made to a water access point in the preceding seven days. The second [F
(sum)] was derived from activity-specific measures collected through the survey at the
individual and household levels. Individual-level water contact data indicated whether or
not each member of the household had performed each activity in surface water (e.g.,
lake, river, irrigation canals) in the preceding two weeks. Dichotomous responses were
registered for all members of the household. Response categories for frequency of each
water contact activity were collected at the household level (e.g., one value per
household) and converted to numeric values representing times per week (e.g., a reported
frequency of once per day was converted to a numeric value of 7 times per week). The
numeric values of household-level activity frequency were multiplied by reports of
individual-level activity to generate estimated weekly contacts by activity for all children
in the data set:

𝐹(𝑠𝑢𝑚) =

∑ (𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑝𝑒𝑟𝑓𝑜𝑟𝑚𝑒𝑑) ∗ (𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦)
𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦

Total time exposed (FD) was calculated by multiplying the weekly frequency of an
activity by the estimated duration of that activity, as calculated from direct observations
in another study in a similar setting (Sow et al., 2011). The product of frequency and
duration was then summed across all activities for each child to generate an estimated
total time (in minutes) of contact with water over the course of a week.

𝐹𝐷 =

∑ (𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑝𝑒𝑟𝑓𝑜𝑟𝑚𝑒𝑑) ∗ (𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦) ∗ (𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛)
𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦
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Total time exposed (FDB) was then adjusted by estimated body surface area in contact
with water for a given activity. We used data from body surface area interviews (Table
S2) to estimate how much of the body came into contact with water for each activity. For
each observation, the percent of body surface (%BSA) was summed for each body
segment reported as exposed for that activity using published values for burn size
estimation (Lund and Browder, 1944). Mean %BSA for each activity was calculated
across all interview respondents. Activity-specific estimates of body surface area exposed
(in square meters) were calculated by multiplying mean %BSA by an estimated total
body surface area for children under 14 years of age (Mosteller, 1987). Estimated body
surface area exposure required for each activity was multiplied by the total time exposed
for that activity.

𝐹𝐷𝐵 =

∑ (𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑝𝑒𝑟𝑓𝑜𝑟𝑚𝑒𝑑) ∗ (𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦) ∗ (𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛) ∗ (𝑏𝑜𝑑𝑦 𝑠𝑢𝑟𝑓𝑎𝑐𝑒)
𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦

Hazard indices. Hazard indices were calculated from ecological field data collected at the
32 water access points in the same 16 villages where parasitology and household survey
data were collected. A previous study in this setting found that area of suitable snail
habitat (e.g., area covered by non-emergent aquatic vegetation) was the best
environmental predictor of presence and intensity of S. haematobium infection (Wood et
al., 2019). We developed six hazard indices based on area of snail habitat, which varied
based on (1) season, (2) spatial relationship and (3) level of aggregation. Hazard variables
either captured the area of suitable snail habitat (1) for the peak transmission season
preceding parasitological data collection for each water access point (July – August 2017;
peak) or (2) summed across the three data collection periods in the year preceding
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parasitological data collection (May-June 2017, July-August 2017 and January 2018;
year). Summing habitat area across the year represents an integrated hazard metric across
the three dominant climatic seasons in the region. We primarily used data from the water
access site nearest to each household, based on straight-line distance, but also captured
the spatial relationship between households and the nearest water access sites by scaling
peak and year hazard indices by the distance between a child’s household and the water
access site. Lastly, area of suitable snail habitat during the transmission peak and the
entire year were summed across all water points in a village to generate village-level
indices.
Vulnerability indices. Vulnerability indices were calculated from the household survey
data and focused on access (or lack thereof) to water and sanitation infrastructure at the
household level (Table S1). Two survey questions concerned water sources: (1) what is
the principal source water used by members of the household for drinking? and (2) what
is the principal source of water used for doing laundry? Responses to these two questions
were used to calculate the extent to which each household depended on surface water for
household needs (e.g., surface water is used for neither drinking water nor laundry;
surface water is used for either drinking water or laundry; or, surface water is used for
both drinking water and laundry). This variable was also dichotomized (e.g., a household
used surface water for any activity versus no activities). Two additional survey questions
concerned sanitation infrastructure: (1) what type of toilet is primarily used by members
of this household? and (2) is this toilet shared with other households? Responses to these
two questions were used to calculate a three-level variable describing sanitation access
(e.g., private toilet, shared toilet, no toilet). A dichotomous version of this variable was
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also calculated (e.g., private toilet versus shared or no toilet). This categorization was
chosen because few households reported having no toilet.
A final index of vulnerability was an index of socio-economic status (SES) derived from
data on durable assets and household conditions reported in the household survey (Filmer
and Pritchett, 2001; Vyas and Kumaranayake, 2006). Principal components analysis was
performed using the prcomp() function in the stats package (version 3.5.1) in R. Loadings
for individual variables in the first principal component were used to calculate a numeric
socio-economic score for each household. Numeric scores were then divided into
quintiles.
Statistical analysis. We used mixed-effects logistic and negative binomial regression
models to assess exposure, hazard and vulnerability indices as explanatory variables of
schistosome infection presence (i.e., infected versus uninfected) and intensity (i.e.,
number of eggs detected per 10mL urine), respectively. In all models, we controlled for
key social and demographic covariates: age and sex of the child, village location (i.e.,
river versus lake) and population size. We also included random intercepts (households
nested within villages) to account for the hierarchy in the data. Mixed effects logistic
regression was performed using the lme4 package (version 1.1-21) (Bates et al., 2015, p.
4), while mixed effects negative binomial regression was performed using the glmmTMB
package (version 1.0.1) (Brooks et al., 2017) in R (version 3.5.1) (R Core Team, 2018).
We used information-criterion (IC)-based model selection and multi-model inference to
determine the relative importance of each component of risk (Burnham and Anderson,
2002). For each outcome, we first fit a set of exposure-only, hazard-only and
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vulnerability-only models. The Akaike Information Criterion (AIC) was used to discern
the best-fitting index (or indices) of each component of risk. We retained all variables
whose ∆AIC was less than 2 across the models in a given group (Burnham and Anderson,
2002). This subset of variables was then used to fit models that included various
combinations of the three components of risk: (1) exposure and hazard (E-H), (2)
exposure and vulnerability (E-V), (3) hazard and vulnerability (H-V) and (4) all three:
exposure, hazard and vulnerability (E-H-V). Because fewer indices of exposure, hazard
and vulnerability were used in these combination models of infection presence (based on
AIC for exposure-, hazard-, and vulnerability- only models), we fit a set of 22 candidate
models for S. haematobium presence and 40 candidate models for S. haematobium reinfection intensity.
For both sets of models, we calculated AIC, ∆AIC and Akaike weights (wi) (Burnham
and Anderson, 2002). The sum of Akaike weights across the exposure, hazard and
vulnerability components of risk was used to quantitatively assess their relative
importance across the full set of candidate models for both presence and intensity
outcomes (Burnham and Anderson, 2002). Additionally, for each index of exposure,
hazard and vulnerability, we calculated model-averaged estimates of the magnitude and
precision of the association with both infection outcomes using the AICcmodavg package
in R (Mazerolle, Marc J., 2019). Odds ratios (OR) and rate ratios (RR) with 95%
confidence intervals (95% CIs) were estimated for presence and intensity outcomes,
respectively.
4.3

Results

Characteristics of the study population
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Of the 1,030 school-aged children with complete information across the parasitological,
survey and ecological data sets, the mean age was 9.2 years and slightly more than half
(530/1030; 51.5%) were male (Table 4-1). On average, these children lived within 500
meters of a water access point on the Senegal River, a tributary, or the Lac de Guiers,
which contained between zero and 149,775 square meters of suitable snail habitat in the
peak transmission season. Approximately 50% of the households where these children
live rely on surface water collected from water access points for at least one household
need, and the majority of households (82.5%) reported primarily using private sanitation
infrastructure (Table 4-1).
Table 4-1. Demographic characteristics of study population, overall and stratified by sex
Variable
Overall
Males
Females
Observations [n]
1,030
530
500
Age (years) [mean (SD)]
9.2 (3.0)
9.2 (2.3)
9.2 (3.6)
Distance to water point (m)
488.6 (459.8) 484.9 (480.7) 492.6 (437.1)
[mean (SD)]
Water point habitat area (m2)
32,896
32,522
33,293
[mean (range)]
(0 - 149775) (0 – 100,361) (0 – 149,775)
Surface water dependence [n (%)]
Neither drinking nor laundry
564 (50.7)
305 (53.0)
259 (48.2)
Either drinking or laundry
313 (28.2)
149 (26.0)
164 (30.5)
Both drinking and laundry
235 (21.1)
121 (21.0)
114 (21.2)
Sanitation facility [n (%)]
Private toilet
917 (82.5)
479 (83.3)
438 (81.6)
Shared toilet
172 (15.5)
88 (15.3)
84 (15.6)
No toilet
23 (2.0)
8 (1.4)
15 (2.8)
Asset-based wealth index [n (%)]
1st quintile (Lowest)
169 (15.2)
90 (15.7)
79 (14.7)
nd
2 quintile
161 (14.5)
84 (14.6)
77 (14.3)
3rd quintile
204 (18.3)
107 (18.6)
97 (18.1)
th
4 quintile
258 (23.2)
132 (23.0)
126 (23.5)
5th quintile (highest)
320 (28.8)
162 (28.2)
158 (29.4)
The burden of S. haematobium among this study population is high. The overall
prevalence is 69% and is slightly higher among boys (75.5%) than girls (62.2%) (Table
4-2). The geometric mean of S. haematobium infection intensity was 5.3 eggs per 10 mL
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urine (SD = 86.8) overall, 6.8 eggs per 10 mL urine (SD = 78.1) for boys and 4.0 eggs
per 10 mL urine (SD = 158.0) for girls (Table 4-2).
Table 4-2. Presence and intensity of S. haematobium infection in study population,
overall and stratified by sex
Variable
Overall
Males
Females
Observations [n]
1030
530
500
Infection presence [infected n (%)] 711 (69.0) 400 (75.5) 311 (62.2)
Infection intensity [GM (SD)]
5.3 (123.8) 6.8 (78.1) 4.0 (158.0)
GM = geometric mean eggs/10mL urine

When asked about contact with surface water generally, over one-third (37.3%) of
school-aged children reported no visits to village water access sites in the preceding
seven days while approximately one-quarter (26.4%) visited once or twice a week and the
remainder (36.3%) reported more frequent visits (Table 4-3). When prompted to recall
activity-specific contact with surface water (e.g., doing laundry or washing livestock), the
average sum of total weekly contacts across all activities was much higher (mean = 8.5
times per week, SD = 10.6). The weekly frequency of some of these activities (e.g.,
bathing and dish washing) exceeded that reported from the single survey question
prompting seven-day recall of all visits to the water access point (Table 4-3).
Bathing was assumed to involve contact with the entire body surface, while shore fishing
(47.6%) and water collection (45.3%) involved the next greatest extent of water contact
(Table S2). Irrigation (22.5%) was the activity with the least body surface area exposed
(Table S2) Using the reported duration of activity-specific water contact, we estimated
that the school-aged children in this setting spend, on average, 87.3 minutes (SD = 109.1)
in contact with surface water per week, an estimate that is higher for girls (mean = 106.3
minutes, SD = 130.8)) than boys (mean = 69.5 minutes, SD = 79.8). Adjusting weekly
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total duration of contact by total body surface exposed during a specific activity reduced
this overall estimate slightly to 75.1 m2-minutes, with similar variation between boys
(mean = 68.2 m2-minutes, SD = 73.8) and girls (mean = 82.5 m2-minutes, SD = 90.1).
Table 4-3. Indices of exposure, overall and stratified by sex
Variable
Overall
Males
Raw frequency [n (%)]
No visits per week
415 (37.3)
189 (32.8)
1-2 visits per week
294 (26.4)
163 (28.3)
3-6 visits per week
98 (8.8)
48 (8.3)
7 visits per week
254 (22.8)
151 (26.2)
7+ visits per week
52 (4.7)
25 (4.3)
Weekly activity-specific frequency
[mean (SD)]
Bathing
4.80 (5.10)
4.73 (5.09)
Water collection
1.32 (3.27)
0.98 (2.76)
Dishes
1.07 (3.10)
0.12 (0.90)
Laundry
0.66 (1.87)
0.09 (0.65)
Livestock
0.35 (1.65)
0.62 (2.14)
Irrigation
0.21 (1.28)
0.23 (1.24)
Fishing
0.07 (0.80)
0.11 (0.94)
Total weekly contacts [mean (SD)]
8.5 (10.6)
6.9 (7.9)
Total weekly duration [mean (SD)] 87.3 (109.1) 69.5 (79.8)
BSA-adjusted weekly duration
75.1 (82.4)
68.2 (73.8)
[mean (SD)]

Females
226 (42.1)
131 (24.4)
50 (9.3)
103 (19.2)
27 (5.0)

4.85 (5.16)
1.68 (3.70)
2.08 (4.12)
1.26 (2.46)
0.06 (0.77)
0.18 (1.32)
0.03 (0.63)
10.1 (12.7)
106.3 (130.8)
82.5 (90.1)

While survey data indicate that dependence of surface water is not evenly distributed
across the quintiles of the asset-based SES index (Kruskal-Wallis test, Chi-square = 19.1,
df = 4, P-value < 0.001), we find that those that do depend on surface water for at least
one household task are relatively evenly distributed across SES quintiles (Table S3). For
example, almost a third of the households (31.2%) that use surface water for either
drinking or laundry are in the highest SES quintile. We find a similar pattern for
dependence on surface water for both drinking and laundry: almost a quarter of
households (22.8%) in the highest SES quintile rely on surface water for both chores,

89

which is comparable to the proportion of households (23.3%) in the lowest SES quintile
with the same reliance on surface water (Table S3).
Best-fitting indices of exposure, hazard and vulnerability
Four exposure indices, six hazard indices and five vulnerability indices were considered
in a set of mixed effects logistic regression models of S. haematobium infection presence
(n = 22) and a set of 40 mixed effects negative binomial regression models of S.
haematobium infection intensity (n = 40) (Table 4-4). The full comparison of model fit,
including the Akaike weight (wi) for each individual model, is summarized in Table S4
for all presence models and in Table S5 for all intensity models. Table 4-4 summarizes
each variable used to approximate exposure, hazard or vulnerability as well as the
number of models that variable appeared in for each outcome. The general number of
reported water point visits (F (raw)) outperformed all three activity-specific indices of
exposure (F (sum), FD and FDB), as it had the lowest AIC of the four exposure-only
models for both infection and presence outcomes. The ∆AIC for the next best-fitting
models exceeded 2 (∆AIC = 3.86 for presence models, Table S4; ∆AIC = 10.99 for
intensity models; Table S5). As a result, for both outcomes, we retained F (raw) as an
index of exposure for all subsequent models that combined exposure with other
components of risk, appearing in a total of six (27.3%) presence models and 14 (35%)
intensity models (Table 4-4).
A single index of hazard – the area of snail habitat at the water access site nearest to
child’s household summed over the three climatic seasons of ecological data collection,
adjusted by the distance between the site and the household (areaYear_d) – had a ∆AIC ≤
2 compared to other hazard-only models of S. haematobium presence (Table S4). As a
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result, areaYear_d was the only index of hazard to appear in more than one model of S.
haematobium presence (Table 4-4). In contrast, four indices of hazard had a ∆AIC ≤ 2
compared to other hazard-only models of S. haematobium intensity (Table S5). These
variables, which included the area of snail habitat at the water access site nearest to a
child’s household during the peak transmission season (areaPeak) as well as summed
over the entire year (areaYear), the area of snail habitat summed across all water points
in a village and across the full year (areaYearV) and the distance-adjusted area of snail
habitat at the nearest water access site over the entire year (areaYear_d), were retained
for subsequent models that combined hazard with other components of risk. As a result,
all four of these indices appear in more than one model of S. haematobium intensity
(Table 4-4).
Two indices of vulnerability – categorical dependence on surface water (surface) and
binary use of private sanitation (privateSan) – best fit the S. haematobium presence data
(e.g., ∆AIC ≤ 2 among vulnerability-only models) (Table S4). These two variables were
retained for subsequent models that combined components of risk and each appeared in
four (18.2%) of the 22 presence models (Table 4-4). These two variables along with the
binary variable of surface water dependence (surfaceYN) all had ∆AIC ≤ 2 among
vulnerability-only models of S. haematobium presence (Table S4). Each appeared in
eight (20%) of the 40 intensity models (Table 4-4).
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Table 4-4. Indices of exposure, hazard and vulnerability in models of S. haematobium infection presence and intensity
Variable
Exposure

F (raw)
F (sum)

FD
FDB
Hazard

areaPeak
areaYear
areaPeak_d
areaYear_d
areaPeakV

Vulnerability

areaYearV
surface

surfaceYN
sanitation
privateSan
assetIndex

Description
Number of visits to water access point in previous week, from single survey
question
Sum of activity-specific weekly contacts with water, based on individual-level
indicators of activity and average household-level frequencies from household
survey
Weekly time exposed derived from activity-specific survey data, as in F (sum),
combined with literature-derived data on duration of exposure
Weekly time exposed adjusted for activity-specific body surface area exposed, data
estimated from body surface area interviews
Area of snail habitat at the water access site nearest to household during peak
season
Area of snail habitat at the water access site nearest to household summed over year
Area of snail habitat at the water access site nearest to household during the peak
season, adjusted by the distance between the site and the household
Area of snail habitat at the water access site nearest to child’s household summed
over year, adjusted by the distance between the site and the household
Area of snail habitat summed across all water points in a village during the peak
season
Area of snail habitat summed across all water points in a village and across year
Dependence on surface water for household needs derived from survey data: (0)
neither laundry or drinking, (1) either laundry or drinking or (2) both laundry and
drinking
Dichotomous version of surface water dependence for any versus no activities
Primary sanitation infrastructure used by members of a household: (0) none, (2)
shared toilet, (3) private toilet
Dichotomous version of sanitation, where members of a household use either a
private toilet or shared/no toilet
Quintiles of an asset-based SES index created using principal components analysis
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Models (n (%))
Presence Intensity
6 (27.3) 14 (35.0)
1 (4.5)

1 (2.5)

1 (4.5)

1 (2.5)

1 (4.5)

1 (2.5)

1 (4.5)

8 (20.0)

1 (4.5)
1 (4.5)

8 (20.0)
1 (2.5)

6 (27.3)

5 (12.5)

1 (4.5)

1 (2.5)

1 (4.5)
4 (18.2)

5 (12.5)
8 (20.0)

1 (4.5)
1 (4.5)

8 (20.0)
1 (2.5)

4 (18.2)

8 (20.0)

1 (4.5)

1 (2.5)

Relative importance of exposure, hazard and vulnerability
Across these sets of candidate models, no single model emerged as the best-fitting model
of S. haematobium re-infection presence or intensity (Tables S4 and S5). The largest wi
for mixed effects logistic regression models of S. haematobium presence was 0.27. A
total of four models were classified as having substantial weight (∆AIC < 2) (Burnham
and Anderson, 2002). All of these models included indices of hazard and vulnerability
and half contained all three components of risk (Table 4-5).
Table 4-5. Inclusion of exposure (E), hazard (H) and vulnerability (V) in models of S.
haematobium presence and intensity with substantial support (∆AIC < 2)
No.
E H V
AIC
∆AIC wi
Ʃ wi
Presence models (from Table S4)
19
X
X
1050.23
0.00
0.27 0.27
20
X
X
1050.45
0.22
0.24 0.51
21
X X
X
1051.26
1.03
0.16 0.67
22
X X
X
1052.09
1.86
0.11 0.78
Intensity models (from Table S5)
16
X X
7111.86
0.00
0.15 0.15
1
X
7112.27
0.41
0.12 0.27
19
X X
7112.56
0.70
0.11 0.38
17
X X
7112.66
0.80
0.10 0.48
18
X X
7112.82
0.96
0.09 0.57
37
X X
X
7113.08
1.23
0.08 0.66
21
X X
7113.65
1.79
0.06 0.72
39
X X
X
7113.66
1.81
0.06 0.78
Components of risk indicated by E (exposure), H (hazard) and V
(vulnerability). X indicates whether a variable from a given
component of risk was included in the model.
The largest wi for mixed-effects negative binomial regression models of S. haematobium
intensity was 0.15, with eight models classified as having substantial weight. Only two
out of these eight models included indices of all three components of risk. Exposure was
included in all eight of the best models of re-infection intensity, including an exposureonly model (Table 4-5).
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We used the sum of Akaike weights (Ʃwi) across the entire set of candidate models for
each outcome to quantify the relative importance of each component of risk (Table 4-6).
We found that hazard was the most important component of risk for presence of disease
in school children (Ʃwi = 0.94). The relative importance of hazard for S. haematobium
presence was followed by vulnerability (Ʃwi = 0.83) and then exposure (Ʃwi = 0.35)
(Table 4-6). The relative importance of each component of risk differed for models of S.
haematobium re-infection intensity, where exposure (measured as contact frequency with
surface water) was the most important metric (Ʃwi = 1.00), followed by hazard (Ʃwi =
0.74) and then vulnerability (Ʃwi = 0.43) (Table 4-6).
Table 4-6. Relative importance of the three components of risk for S. haematobium
infection presence and intensity based on sum of Akaike weights (Ʃwi)
Ʃwi
Exposure Hazard Vulnerability
Infection presence
0.35
0.94
0.83
Infection intensity
1.00
0.74
0.43
Model-averaged estimates
We used model-averaging to calculate the magnitude and precision of the association
between both infection outcomes and all indices of exposure, hazard and vulnerability
that appeared in more than one model across the full set of candidate models and the
demographic control variables used in each model (Figure 4-2). For the infection
presence outcome, we found that the odds of infection increased with distance-adjusted
area of snail habitat at the nearest water point to a child’s household summed over the
year preceding infection data collection. The association corresponds with a 45% increase
in the odds of infection with each square meter of snail habitat over the course of an
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entire year with a confidence interval contained entirely above the null value of 1
(areaYear_d; OR = 1.45, 95% CI 1.12, 1.90).

Figure 4-2. Model-averaged point estimates and confidence intervals for association
between infection presence (top) and intensity (bottom) and indices of exposure, hazard,
vulnerability and demographic factors included in multiple models for each outcome
Indices of vulnerability were less precise, with confidence intervals that included the null
value of 1 (Figure 4-2), but effect sizes suggested that access to private sanitation may be
associated with lower odds of infection (privateSan; OR = 0.61, 95% CI 0.37, 1.00).
When comparing children whose households relied on surface water for multiple
household tasks to those who relied on surface water for no household tasks, we found
four-fold increase in the odds of infection with a confidence interval entirely above the
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null value of 1 (surface (2 vs 0); OR = 4.01, 95% CI 1.35, 11.94).. A similar association
comparing households dependent on a surface water for a single activity was also
positive, but its confidence interval crossed the null (surface (1 vs 0); OR = 1.28, 95% CI
0.82, 2.01).
All levels of the exposure index were positively associated with infection presence (raw
frequency), but only one level (raw frequency (2 vs 0)) had a confidence interval that did
not include the null value of 1 (OR = 2.36, 95% CI 1.19, 4.66). The remaining levels
cannot be considered to be statistically different from the null (Figure 4-2).
Three of the four demographic control variables had significant associations with
infection presence (Figure 4-2). Children living in lake villages were almost five times as
likely to be infected compared to children living in river villages (villageLocn; OR =
4.90, 95% CI 1.38, 17.46). The odds of infection were 54% lower among girls compared
to boys (childSex; OR = 0.46, 95% CI 0.33, 0.63) and younger children were less likely
to be infected than older children (childAge; OR = 0.78, 95% CI 0.63, 0.96). Village
population size was not associated with infection presence (villagePopn; OR = 1.16, 95%
CI 0.64, 2.10).
For the infection intensity outcome, we found that the number of eggs in a 10 mL urine
sample increased for all levels of exposure (F (raw); Figure 4-2). These point estimates
ranged from a 2.51- to 3.32-fold increase in egg burden among children reporting any
exposure compared to those reporting no exposure. Confidence intervals for all estimates
were entirely above the null value of 1 (95% CIs: (1 vs 0) 1.57, 4.06, (2 vs 0) 1.77, 6.30,
(3 vs 0) 1.55, 4.66, (4 vs 0) 1.13, 5.75) (Figure 4-2).
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The measures of association between infection intensity and hazard are mixed: distancescaled and village-level indices have point estimates greater than one while raw values of
habitat area (that is, not scaled by distance) for the nearest water point to a child’s home
are less than 1. The confidence intervals for all associations between S. haematobium
infection intensity and hazard indices include the null value of 1. Associations between
infection intensity and demographic control variables were similar to the associations
described for these variables with presence outcomes (Figure 4-2).
4.4

Discussion

We found that all three components of risk were important for explaining the occurrence
of S. haematobium in school-aged children in this endemic setting. Based on the sums of
Akaike weights calculated across both sets of models, however, we found that hazard and
vulnerability were the most important components of S. haematobium infection presence,
while exposure and hazard were the most important components of S. haematobium
infection intensity. These differences highlight the distinct factors that influence whether
someone becomes infected versus whether they accumulate a large worm burden, with
implications for the design of schistosomiasis control and elimination programs and
guidelines.
The importance of hazard and vulnerability to the infection presence outcome reflects the
conditions that influence whether a person acquires an infection or not. Any exposure
may cause a person to become infected, making additional exposure irrelevant to the
outcome once infected. But hazard in the environment, or the number of cercariae exiting
a snail population of a certain size which occupies a certain amount of available habitat,
is more likely to increase the risk of infection so long as some exposure is happening.
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Vulnerability through the dependence on surface water, for example, is the process that
ensures some baseline level of exposure.
The importance of exposure and hazard to the infection intensity outcome reflects the
conditions that influence the accumulation of worms and the severe morbidity that can
result from high egg burden. The intensity of infection is theoretically proportional to
exposure, with each new adult worm the result of a separate infection event (Bundy and
Blumenthal, 990). While this has not always borne out empirically (Scott et al., 2003;
Sow et al., 2011), our data agree with theoretical expectation that more exposure should
lead to higher intensity infection. A study in Uganda found the prevalence of liver
fibrosis to be five times greater in people who had lived in the S. mansoni-endemic area
since birth compared to those with just a 10-year residency, leading the authors to
conclude that the duration of exposure over time is an important risk factor for
developing severe morbidity, which results from high-intensity infections (Booth et al.,
2004). Another study in China found that water contact itself was not associated with
infection intensity but accounting for both water contact and a measure of cercarial risk
did (Seto et al., 2007b).
While the recognition that schistosomiasis risk is determined by the convergence of
social factors like exposure and vulnerability with environmental factors like hazard is
not new, few studies comprehensively address all three components of risk for
schistosomiasis, specifically, or infectious diseases, generally. Our results allow us to
think more concretely about how to choose and target schistosomiasis control
interventions. Reducing exposure through behavior change interventions that minimize
contact with water is likely to contribute more to morbidity control (e.g., reductions in
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infection intensity) than transmission control (e.g., reductions in infection presence).
Reducing hazard in the environment through snail control interventions will be essential
to reducing transmission and reducing the risk of people acquiring infection from the
environment. Reducing vulnerability through the provision and use of piped water
infrastructure will give people an alternative to surface water, helping to reduce exposure
(and infection intensity), while provision and use sanitation infrastructure can reduce the
contamination of surface water with egg-laden excreta, which exacerbates hazard in the
environment (and facilitates infection presence).
In this study, we use data sets collected by three distinct teams under the same project in
the same study villages: (1) collection, processing and diagnosis of S. haematobium
infection from urine samples collected from school-aged children on a yearly basis with
associated treatment with Praziquantel, (2) exhaustive sampling of snail populations in
the water access points in all villages, and (3) the socio-economic surveys in all the
households where school-aged children in the parasitology study lived. All three data
streams, combined with data on the spatial relationship between water access points and
surveyed households, were important for explaining patterns of infection in children. Our
results underscore the importance of interdisciplinary and mixed-methods research when
addressing complex socio-environmental problems like schistosomiasis and other
transmission of infectious diseases.
Measures of exposure, hazard and vulnerability
We also learned how different measures of exposure, hazard and vulnerability fit the
infection data. The simplest exposure index, which involved seven-day recall of visits to
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a surface freshwater access point, fit infection data better than more complex exposure
metrics that included information on the reported frequency, duration and extent of
contact experienced for specific activities. There are several potential explanations for
this. This simple index was derived from a single survey question which was posed
specifically for the children enrolled in the parasitology study. If the child was present to
respond, they did, but this was the case for only 281 (27.3%) of the 1030 children in the
study. In contrast, the activity-specific estimates were drawn from a module that
prompted individual-level information from all members of that household. Because of
the volume of information that respondents were asked to provide (e.g., whether a person
performed each of the six water contact activities for all members of the household), the
accuracy and precision of the responses may have suffered.
Additionally, the activity-specific responses involved mean estimates of duration and
extent of exposure that were applied across all children in the study without accounting
for the variation in either measure. These measures assume consistent patterns of activityspecific duration and extent of contact across all households in all villages. They also
involved attributing household-level frequency of each activity to the individual children
living in that household, which may or may not be a safe assumption; aggregating data to
the household or village levels may obscure important heterogeneities at the individual
level (Bundy and Blumenthal, 990; Susser, 1998). Because of the logistical challenge of
comprehensively and precisely capturing water contact behavior for so many people,
these methods represent our best approximation of the many facets of water contact
behavior. However, incorporating these dimensions may have introduced noise into the
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calculation of the activity-specific exposure metrics, making the simplest metric based on
a single survey question the best measure of exposure.
Other studies have found weak or no association with exposure measures that account for
multiple aspects of exposure. One study in a similar setting in northern Senegal found all
of their exposure indices to be correlated with each other but not with the presence or
intensity of S. mansoni infection (Scott et al., 2003). In the study from which we drew
data on activity-specific duration of water contact, a relationship between water contact
and intensity of S. mansoni infection was only detected after accounting for body surface
area and the time of day of exposure (Sow et al., 2011). In a study of S. haematobium
infection in Zanzibar, a set of exposure indices that incorporated varying combinations of
frequency, duration and body surface area were found to be positively associated with
infection, but the strength of the association decreased with the complexity of the
exposure index used (Rudge et al., 2008). The parasite species studied, the socioecological context and the methods used to measure water contact may all confound the
true relationship between water contact and infection.
The variability in the correlation between measures of exposure may be an artifact of
differences in the methods used to measure water contact or perhaps differences in the
environmental hazard in the sites where exposure was measured. The issues implicit in
the choice of methods for measuring water contact (e.g., recall and/or social desirability
bias for questionnaire-based studies and failure to capture contact at other sites for studies
based on direct observations at a single site) may be resolved by combining
questionnaire-based or activity diary methods with the use of wearable GPS data loggers
to collect more accurate and precise data on the spatial and temporal dynamics of water
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contact behavior. Such methods have been used in China (Seto et al., 2007a), Uganda
(Seto et al., 2012) and Cameroon (Macklin et al., 2018) and have been found to be widely
acceptable (Paz-Soldan et al., 2010). We found the same to be true in focus group
discussions in this study site in Senegal (unpublished data).
Accounting for the spatial relationship between people and the environmental hazard also
improved the fit of S. haematobium presence models. Hazard indices scaled by the
distance to the nearest water point fit the infection presence data better than the other
hazard indices, though this was not the case for infection intensity data. Previous studies
have found proximity to water access points to be an important explanatory variable of
schistosome infection in endemic settings (Clennon et al., 2004; Kloos et al., 1997;
Pennance et al., 2016; Rudge et al., 2008; Walker et al., 2020). Another study found that
water contact was only related to reinfection after accounting for the spatial distance
between people and the hazard in their environment (Seto et al., 2007b). Such proximity
may be an important aspect of vulnerability that makes it difficult to avoid exposure to
hazardous water.
Similarly, hazard indices that dealt with the site nearest to the child’s household fit the
infection presence data better than village-level aggregations of snail habitat. This finding
contradicts studies that found schistosomiasis to be associated with human behavior and
snail ecology primarily at the community level (Raso et al., 2005; Woolhouse et al.,
1998, 1991). However, because water contact activity for most people tends to occur at
just a one or two sites (Woolhouse et al., 1998, 1991) and since distance to water is
commonly associated with infection (Clennon et al., 2004; Pennance et al., 2016), it is
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possible that the distance-adjusted hazard indices capture the hazard where exposure is
most likely to occur for people living in a given household.
Measures of association between exposure, hazard, vulnerability and infection
We found that no single model best approximated either the presence or intensity of S.
haematobium infection. Rather, a set of models comprise the evidence for our
conclusions. Without a single best-approximating model, we used model averaging to
generate point estimates and confidence intervals of the association between our two
infection outcomes and all explanatory variables appearing in both model sets.
Associations between demographic control variables and infection were consistent across
the two outcomes. These variables – particularly child sex and village location – had the
strongest relationship with infection of all of the variables included in all models. This
speaks to the importance of demographics in the dynamics of schistosome infection
(Bustinduy and King, 2014; Huang and Manderson, 1992) and the need for analyses that
examine heterogeneity across sex and geographic strata.
We found that exposure was associated with an increase in both infection presence and
intensity, although the confidence interval for the estimate of infection presence included
the null value. Consistent with our relative importance findings, these estimates support
the notion that the amount of exposure influences the accumulation of worm burden more
than the acquisition of infection. The substantial support we found for vulnerability as an
explanatory variable of infection presence may approximate the presence (rather than
amount) of exposure. Given the lifespan of adult schistosomes in the human host (3-5
years) (Gryseels et al., 2006), a single infection resulting from a single exposure may be
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present in the body for years until a person is treated. Even though model-averaging
found indices of vulnerability to have wide confidence intervals, there was suggestive
evidence of a dose-response between the odds of infection and the number of activities
for which a household uses surface water. Children living in households who relied on
surface water for multiple activities were more likely to be infected than those whose
households relied on surface water for a single activity. This may be because the use of
surface water is a matter of preference, not just lack of access to alternative sources.
Water contact activities may have social value in a village (Seto et al., 2012). It is also
possible that available alternative sources of water are not suitable for particular chores,
making surface water preferable in some cases (Krauth et al., 2015; Kulinkina et al.,
2019). In these ways, SES as we measured it may not be a strong determinant of water
contact and schistosome infection.
The asset-based SES index was the poorest index of vulnerability (∆AIC = 7.83 and 7.48
among vulnerability-only presence intensity models, respectively), outperformed by
indices that represented access to and use of water and sanitation infrastructure. It is
possible that SES is a relatively poor predictor of infection because there is not much
variability in ownership of durable assets across our study population. Similarly, while
the household dependence on surface water is not evenly distributed across SES quintiles,
we found similar proportions of households in highest and lowest SES quintiles that
depend on surface water to some degree for household needs. It is easy to assume that
dependence on surface water will be highly correlated with SES, but that may not be the
case when decisions to continue using surface water are made for other reasons.
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Methodologically, we found that a simple metric of exposure explained infection patterns
in school-aged children better than more complex metrics. The poor fit of the complex
exposure metrics may reflect our failure to capture individual-level heterogeneity in
important dimensions of water contact, namely frequency, duration and extent of
exposure, for which we used aggregated measurements. The logistical challenges of
studying water contact behavior are well-known and may be resolved by using wearable
GPS technology to more accurately and precisely measure the spatial and temporal
dynamics of exposure. Finally, our measures of hazard were improved by accounting for
snail habitat in the water access site nearest to the household, and in the case of models of
S. haematobium presence, the best metric (hazard) accounted for distance between
households and the nearest water point. These methodological insights speak to the
important role of spatial relationships in schistosomiasis risk and the value of
incorporating spatial data and analysis into future research.
In summary, we find that hazard and vulnerability contribute most to the acquisition of S.
haematobium infections while exposure and hazard contribute most to the accumulation
of parasites in school-age children. Together, our findings underscore the importance of
all three components of risk. They highlight how exposure, hazard and vulnerability act
together to facilitate the acquisition and accumulation of schistosome infections in an
endemic setting with high incidence of post-treatment reinfection and how interventions
to complement MDA may be deployed strategically to reduce the risk of re-infection
after treatment.
While our data are specific to the context in which we collected them, the insights about
the interaction between different components of risk and their impact on different metrics
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of infection may apply in other endemic settings and generate new knowledge about the
processes that lead to the occurrence of persistent hot spots. Such work is critical to
ongoing work to both control the severe morbidity of schistosomiasis as well as reduce
the transmission of parasites in the environment and eventually achieve elimination of
schistosomiasis as a public health problem in the places where it is currently endemic.
Moreover, building a more holistic understanding of infectious disease risk generally will
improve our ability to intervene at the point where a source of infection and a susceptible
person meet.
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5
5.1

Conclusion
The contribution of the dissertation

By exploring how the social and environmental dimensions of schistosome transmission
and risk operate and interact with each other, my research illustrates the importance of
schistosomiasis control efforts that address the complexity of the parasite’s transmission
cycle. I build on past research on the determinants of schistosomiasis exposure and
infection to better understand the experience of living in a pathogenic landscape (Lambin
et al., 2010), an endemic region of northern Senegal whose environment has been
transformed by the water resources development that supports agricultural livelihoods.
This dissertation combines qualitative and quantitative data collection methods as well as
theory from epidemiology, ecology and geography to understand the role of householdand community-level processes that influence patterns of infection in school-aged
children. I explore the nuance of local perceptions of schistosomiasis and the
environment while also quantifying the relationship between social and environmental
determinants of schistosome infection.
This dissertation reflects my approach to complex socio-ecological problems that affect
human health. Using schistosomiasis in a dammed landscape as a case of this kind of
problem, the three chapters of my dissertation contribute to evidence on the impacts of
water resources development on schistosome transmission and risk as well as to the
socio-environmental conditions that may contribute to the occurrence of persistent hot
spots, or communities whose prevalence and intensity of infection does not meaningfully
decrease with treatment. In particular, my focus on exposure contributes to better
understanding of how livelihoods in agricultural areas influence schistosome infection.
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Here, I summarize the contribution of each chapter and discuss future directions for
research in this area.
In the first chapter, I demonstrate that people living in endemic areas, even when armed
with knowledge and agency to change their behavior, have few alternatives for avoiding
exposure. This chapter is one of few qualitative assessments of local perspectives on
schistosomiasis risk and the experience of living in an endemic area. Our findings speak
to the challenge of successfully controlling schistosomiasis in endemic areas: because the
circumstances of daily living make it exceedingly difficult to avoid exposure, posttreatment reinfection is only a matter of time. However, the knowledge of schistosomiasis
risk we found in this study, along with the willingness to adopt preventive behaviors
highlights the opportunities for schistosomiasis control programs to engage more deeply
with communities in the pursuit of strategies that complement MDA.
In the second chapter, I show that children living in households that grow larger areas of
irrigated land are more likely to be infected with urogenital but not intestinal
schistosomes. This finding builds on existing studies that demonstrate the relationship
between irrigated agriculture and schistosomiasis at village and landscapes scales, but
this study is the first to demonstrate the relationship using household-level land use data,
which suggests that water resources development for food production increases
schistosome risk not just through environmental pathways but also through social
pathways. The livelihoods that are enabled by irrigation infrastructure may contribute to
the occurrence of disease, too. In this respect, the agricultural sector may have a role to
play developing complements to MDA programs – either through engagement with
farmers or environmental interventions in agricultural fields.
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In the third chapter, I integrate social and environmental data from the field sites in
Senegal to understand the relative contributions of three components of risk to the
occurrence of schistosomiasis: exposure, hazard and vulnerability. This chapter is unique
in its holistic treatment of both social and environmental determinants of schistosome
infection. Few studies collect comprehensive data on both social and environmental
determinants of infection. Using multi-model inference, we find all three components of
risk to be important determinants of both schistosome infection presence and intensity,
but we find that hazard – or the presence of infected snails in a water source – is the most
important determinant of becoming infected with urogenital schistosomes while exposure
– or the amount of contact between people and parasites – is the most important
determinant of infection intensity, or the accumulation of parasites that can lead to severe
morbidity.
Overall, this research contributes to our understanding of the complexity of
schistosomiasis. The tension between livelihoods and health in the lower basin of the
Senegal River are especially apparent in Chapters One and Two. People face an
unfortunate trade-off between the immediate need for subsistence and the long-term
health consequences of prolonged schistosome infection. In Chapter Three, we see that
all three components of risk contribute to infection in children, but exposure, hazard and
vulnerability differ in their relative importance depending on whether the outcome is
infection presence or infection intensity. While this research essentially underscores the
complexity of schistosome transmission in altered landscapes, it highlights the
opportunity for new and creative approaches to complement the typical top-down MDA
programs that come strictly from the health sector. Such innovations may include
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involving agriculture and environmental sectors as well as communities themselves in
efforts to control schistosomiasis.
5.2

Opportunities for future research

There are several areas for future research. This dissertation only scratches the surface of
the data that were collected in these study sites over the course of the last four years.
Future studies with existing data may include (1) in-depth analysis of how perceived
seasonal changes in the environment influence reported water contact behavior using
focus group data, (2) in-depth analysis of focus group data to understand the acceptability
of wearable GPS for schistosome exposure assessment in northern Senegal, (3) analysis
of reported human mobility data in maintaining or interrupting schistosome transmission,
(4) comparison of the influence of relative proximity of homes, secular and religious
school to water access points on infection, and (5) in-depth analysis of focus group data
to understand the role parents, teachers and village and religious leaders can play in
influencing water contact behavior of school-aged children. Moreover, additional
descriptive analysis involving spatial clustering of infection, analysis of heterogeneities
among gender and location strata and whether our study sites in Senegal fit the specific
criteria outlined by SCORE for identifying persistent hot spots are also worth pursuing.
Another important and emerging topic of research in northern Senegal is the
hybridization of the human urogenital schistosome S. haematobium with the bovine
schistosome S. bovis (Sene-Wade et al., 2018). The detection of hybrid schistosomes has
significant implications for schistosomiasis control, introducing a zoonotic component
into an already complex transmission cycle. Combining livestock data collected as part of
the household survey with ecological data on snail populations and the parasites that they
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shed has the potential to add to the growing base of evidence on how the zoonotic
schistosomiasis may affect the health and livelihoods of people in this setting.
More generally, large-scale studies of persistent hot spots are needed to understand their
general characteristics. Investigating the hypothesized mechanisms of persistent hot spots
– including environmental conditions as a driver of force of infection and the roles of
social vulnerability and spatial proximity – can help determine the social and/or
environmental interventions that should be used at which scales to control morbidity and
transmission. Such studies may be aided by large-scale investigations of exposure that
combine wearable GPS with traditional questionnaire or activity diary methods to resolve
some of the inconsistencies that have plagued many previous water contact studies.
Finally, significant opportunities for future research exist in the realm of feasibility and
implementation of environmental management for schistosomiasis control. Such research
would build on previous studies which show that restoring native snail predators reduces
schistosome transmission (Sokolow et al., 2015). This strategy, if implemented across
much of coastal Africa, could reduce risk of schistosomiasis for a significant proportion
of the population at risk (Sokolow et al., 2017). Retrofitting dams with prawn ladders, for
example, could be a cost-effective and scalable means of reducing snail populations.
Modeling studies could evaluate the hypothetical impact of such measures on specific
dams, serve as an entry point for engagement with stakeholders and inform the design of
decision support tools in collaboration with stakeholders.
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5.3

Implications for schistosomiasis control

In this dissertation, I set out to understand how both social and environmental processes
interact to facilitate exposure to and risk for schistosome infection. With this
understanding, we better discern how the social and environmental complexities of
schistosome transmission may result in persistent hot spots of infection, as has been
identified by several of the SCORE trials. This research makes the shortcomings of MDA
even more clear and underscores the importance of the complementary interventions for
substantial and sustained control of schistosomiasis, as outlined in WHA Resolution
65.21. In addition to ridding people of current infections, schistosomiasis control
programs must aspire to reduce the risk of acquiring parasites from the environment,
including preventing re-infection after treatment. Doing so will require us to address
multiple links in the parasite’s complex transmission cycle which in turn will require
interventions beyond the typical scope of health ministries. It is only by incorporating
strategies to complement MDA that eliminating schistosomiasis as a public health
problem is an attainable goal in high-burden settings.
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Appendix A. Supplemental material for Chapter One
Table S1. Representation of quotes across geographic, age and gender groups for Finding
1. High local knowledge of schistosomiasis risk
Men

Women

Youth

“It is there [at the river] that
bilharzia enters your body. If
you are told something else,
know that you are cheated. It
is there that you feel bilharzia
enter squarely into your
body.”

– gardener,

53
“Participant 1: It is during the
periods of high heat, from
1pm to 2pm everyone comes
out here to bathe. Participant

River

2: It’s the same as what he has
told you. It is when it is hot
that the schistosomiasis
spreads more easily… Yes
that’s the way it comes out
and gets left in the water. Now
if you are used to bathing in

“Because during the rainy
season it is hot. And it is said
that during the rainy season,
when the sun gets hot, that
schistosomiasis comes out...
And we remain soaked in the
water while bathing. You can
see a woman there in the
morning until 2pm doing
laundry. She stays at the river
getting in and coming out
again.” –trader, 23

the late afternoon, you have
itches after getting out of the
water. And when the skin
itches like that it means that
you are being infected with
bilharzia.” –gardener, 21 and
gardener, 53

LakeW

“When it is hot, it is very easy

“Bilharzia, it is everywhere in

“To have it

to catch schistosomiasis.” –

the lake where we bathe.” –

[schistosomiasis] in the

gardener, 47

gardener, 68

lake is easier… Because
we bathe most often in the
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Men

Women

Youth

“You see someone that comes

“And when it’s hot, you see

lake… We go there most

here [to the village] to pass a

that the bilharzia comes out.

of the time.” - male

month of holiday here, and if

Now if you walk in the water,

student, 15

he returns, he has bilharzia… I

it enters your body… If you

have a nephew who a few

swim in it too, it catches you.”

“The lake is close to the

days ago was asking for drugs

– unidentified participant

village. At any moment,

for bilharzia because he was

the children go back and

peeing blood. And yet, he had

“Most of the time, the kids,

forth [to the lake] even if

just come here to visit for

they enter the lake to bathe.

the sun is hot, hot.” –

Gamou [a holiday]. Just

This bountou [water access

unidentified participant

Gamou. Two days, three…

point], can you see them? They

where did he get bilharzia?...

are in the water in the process

“The fields, the majority

He, he entered the lake. He

of bathing… To bathe there

of the time, we defecate

took a few steps in the lake,

like that is what gives them the

after we urinate because

but he did not spend the day

most bilharzia.” – gardener, 68

there… there is no toilet”

here. Now… he is the one

– male student, 15

who says he has bilharzia.” –

“It is noted that bilharzia, the

gardener, 48

fact that children bathe in the
lake, they are the most

“The water with which you

affected… Most of the time,

irrigate, you draw it from the

the kids, they go to the lake to

canal which comes from the

bathe. This bountou [water

lake. That’s how you spend

access point], they are in the

the day even if its very hot…

water in the process of bathing.

and about bilharzia, she walks

And this hour on, nothing is

during the day.” -gardener, 48

good. To bathe there like that
is what gives them the most
schistosomiasis.” – gardener,
68
“The fact that we walk in the
water, according to those who
pay attention, it is here that it
is easier to catch it. And there
is a place [where]…
everything you touch is water,
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Men

Women

Youth

you more easily have
bilharzia.” –gardener, 68
“It [going to the bathroom
there] is not non-existent, but it
is forbidden” – gardener, 68
“Places that are the shelter for
bilharzia are places that we are
accustomed to frequenting.
These places are the bounts
[water access points], [the]
lake where we bathe
frequently.” – unidentified
participant
“I think it’s at the level of the
bounts [water access points
that schistosomiasis risk is
highest] ... because what I saw

LakeE1

as a case of schistosomiasis in
children... because they go
frequently to the bounts... if
you tested them, I think you
would have 100%.... because
all the time they are at the
lake.” -farmer, 49
“As long as you swim, where
you enter the canals to draw
water from it with cans, it is at
this moment when you are the
most exposed.” – unidentified
participant

“You know the sun, the hotter
it is, the more powerful the
parasite is... it comes out
more... because around noon,
1pm, that's when the parasite is
more open... Now at 1pm, if
you go to swim there, the
parasite can get into your
body.” - trader, 28
“Sometimes the kids, they go
there. Sometimes we see them
there peeing or popping… but
each time we see them, we
forbid them from doing it…
because we drink that water
and we bathe with it… Again,
we want to preserve our
bodies… that’s why each time
we see them, we forbid them.”
– trader, 28
“At all the [water access sites],
you know sometimes the
children, they go there [to go
to the bathroom] … The kids,
when they are alone, they do
what they want… but if they’re
accompanied by their parents,
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“Because when you bathe,
bilharzia enters your
body.” –female student,
12
“Schistosomiasis occurs
when the sun is warm.” –
male student, 12

Men

Women

Youth

they do not dare do it” –
unidentified participant
“With schistosomiasis, as long
as you put your feet in the
water, all [water contact]
places are the same… As long

“During the heat, we can

as you put your feet in the

become infected with

water, you cannot escape.” –
gardener, 38
“The risk of getting infected
with schistosomiasis is more
common there where you put
your feet. The more you
frequent the water, the more
the risks are.” – unidentified
participant

Lake-

“When you come in [the lake],

E2

you risk being infected by the
parasite that can live in you.”
– unidentified participant
“You stay in the water and the
water comes from the lake.
This water can stay there for a
long time. So when you come
in, you risk being infected by
the parasite that can live in
you.” – unidentified

bilharzia if we go to these
“People know that the disease

three water points around

comes from the lake.” – trader,

midday and 1pm… during

32

the heat… when the sun is
at its zenith.” – gardener,

“It’s between 11am and noon

15

that it is most susceptible to be
infected with bilharzia,

“There are times when

washing yourself, it can

there is less risk. Right

penetrate you without you

now, for example, the

feeling it.” -homemaker, 28

water is not hot. The
microbe is not circulating.

“If you want to go to the

But around 2pm, 1pm to

bathroom, we take the water

3pm, the risks of the

from the canal and we hide

disease are there. We

behind to do what we need…

know that people go there

If someone sees you doing

at these times.” – 16-year

your thing [going to the

old male student

bathroom] in the lake, he tells
you not to do it because you

“Sometimes when you go

drink the water” -homemaker,

to the bank [of the lake]

28

during the heat, you are
infected with

participant

schistosomiasis.” –male
gardener, 15

“If it’s the water access point
that has trees next to the
water, sometimes, there are
careless adults… who find
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Men

Women

shelter to do it [go to the
bathroom] there” – gardener,
38
“Sometimes in your field, you
may want to urinate or
defecate. There, you go
somewhere in a small
corner… We cannot do
anything… because there is no
toilet” – gardener, 57
“If you turn around and you
don’t sea anyone, you pee,
you poop” – gardener, 68
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Youth

Table S2. Representation of quotes across geographic, age and gender groups for Finding
2. Preventive behaviors
Men
“There are parents who make
arrangements and ask their

River

children to not go to the river.
Some parents take care of
that, but others do not.” –
gardener, 53

Women
“When it gets hot, really hot, we do
not enter because we say that it is at
this time that bilharzia can enter the
body… It is forbidden for anyone to
enter.” –gardener, 54
“There was a system in place. It was
better. The village chief was the
guardian here… anyone who enters
[the water], he tells you not to
enter… there was a moment when
the lake was so protected that

“Now the time during which
we bathe, now we have
chosen the schedules...
because having the disease at
these times is very easy…
like noon, like non, when it is

Lake-

hot.” – gardener, 47

W
“Now the one whose child
goes to the lake, you ask him
to get out of the lake” –
gardener, 47

bilharzia was [nearly] eradicated.” –
gardener, 68
“We know that we were the first
[village]… in the prevention against
bilharzia… It [the village’s
prevention effort] existed but it no
longer exists. When we did it, it was
deployed as an effort, the village
chief who is here, if everyone was
like him… the bilharzia would have
moved away.” –gardener, 68
“At this time, it [water contact] must
be stopped... It is necessary to stop,
in any case to avoid the water... until
it becomes cool.” -unidentified
participant
“The adults, none of them bathe in
the lake. You go back to your room,
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Youth
“When it is hot, you
don’t bathe. When
it is hot, you do not
swim, don’t you?”
– unidentified
participant

Men

Women
to your house, it’s over the toilet that
you take a bath… you go in your
shower to take a bath.” –gardener, 68

“Bathing, not everyone does
it [at the lake] because there
are people who have not
bathed at the lake [in] ten
years. There are people who
went ten years without going
to the lake to bathe.” –farmer,
36
“Many do not go to the lake
anymore because of that [to
avoid the disease] … Yes, it
[attendance at the lake] has
dropped for adults.” –farmer,
43

LakeE1

“At other water points [the
fields and the gardens], we
wear shoes, boots and
sometimes we are not very
wet... when you have shoes,
you can be there from
morning to night without
getting wet... If you only stay
in the field, it will not be easy
for you to be infected with
schistosomiasis.” –
unidentified participant
“But all the adults who have

“The children, the freedom they had,
the total freedom that they enjoyed…
now it has diminished… Now certain
free times… in this moment, there
are some, when they don’t go to
school, we give them cattle to
graze… the freedom he had to go to
the river… now he does not have it
anymore … All that, it is to occupy
the children… so they do not have
too much freedom.” –trader, 28
“Now at 1pm, if you go to swim
there, the parasite can get into your
body… that’s why sometimes we
have the habit of bathing in the
morning… or in the evening, around
Takussan [5pm prayer time] or later.”
–gardener, 28
“Our children… towards Takussan
[5pm prayer] … that’s when they go
to the lake, but those in the middle,
they are forbidden. They do not go…
it’s just at home that they take a
bath.” –hairdresser, 27

the choice, like us… who can
stay away [from the lake] for
six months without going to
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Youth

Men

Women

Youth

the lake, do not go there.” –
farmer, 36
“There are times
“My children and I have seen this

LakeE2

[visits to the lake] decrease…
because I forbid it for those who
want to go there... at certain times.” –
trader, 32

when there is less
risk. Currently, for
example, the water
is not hot. The
microbe does not
circulate.” –male
student, 16
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Table S3. Representation of quotes across geographic, age and gender groups for Finding
3. Unavoidability of exposure.
Men

Women

Youth

“That water, we cannot touch it.
We cannot abandon it. If we
abandon it, we will all become
unemployed. Even if we would die,
we would stay in contact with it.” –
gardener, 53

River

“You know kids, you cannot
control them all the time.” –
gardener, 53
“There are even parents who allow
their children to go to the river but
not during periods of high heat.” –
farmer, 48
“Children only know swimming.
You know, they are happy when
they bathe. It’s a kind of a
swimming pool. They like that.
Right now, if you go to the lake,
you find children in the process
of bathing. It’s this that… that
gives us bilharzia.” –gardener, 68

LakeW

“Nobody now controls their
children. No one controls
anything anymore. They are
there. Every child who pees, he
pees blood. Because now we sit
and let the children be. They will
bathe. Nobody holds them back.
If we had said, if they have given
up bathing only, bilharzia would
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“The lake is close
to the village. At
any moment, the
children go back
and forth [to the
lake] even if the
sun is hot, hot.” –
unidentified
participant

Men

Women
have left, because it had left here.
But it has come back. Because
we let the children bathe, bathe,
bathe. The time they should
bathe, because bathing, if you
begin at 5pm or 6pm, if you bathe
[then], there is not a problem… if
you start at 8am or 9am, there is
not a problem. But at this time
[midday], if you bathe, bilharzia
can catch you.” – gardener, 68
“It’s not good for you. It’s not
good. But we have no choice…
May God preserve us… Because
we are near the lake. If you say ‘I
will not do it’… it is certainly not
possible. It cannot happen like
this. Fortunately, we pray for
ourselves and we are given
medicines… But we cannot
protect ourselves… we are not
easy to protect.” – 60-year old
gardener
“…but the children, you know

“As long as you cultivate, you are

they’re stubborn… sometimes

in contact with water.” –farmer, 36

they wait until noon to go
swimming.” –gardener, 28

“…but women, because they go

LakeE1

there to do the laundry and other

“The lake, it is more frequent [to

things, they have no choice.” –

catch schistosomiasis] … the

farmer, 43

hours in which we go there… you
can go there in the morning or
afternoon, when the sun goes
down. But we, we don’t do that.
We wait until noon, 1pm to go to
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Men

Women

Youth

the river. And its at this hour that
schistosomiasis rises.” –
gardener, 28

“You know, we all go fishing. We
are fishermen… we go to the
lake… We are going fishing, but
sometimes when you sit on the

“There are people

sides of your canoe in the lake and

that report that it

you have your feet in the water,

[schistosomiasis]

bilharzia can enter your body…

comes out at

There is also a fish, which… when

certain times…

we fish it, we have to get out of the

that is to say,

canoe to wade and walk. Here

when it is hot. At

again, bilharzias can enter your

this time, most

body.” – gardener, 68

field owners have
finished their

“So since then [dam construction],

LakeE2

work and most of

we live with schistosomiasis. So

them go to the

far, we cannot get rid of it, because

lake to bathe.” –

we are working in it [the water].

male gardener, 18

We do not have the means to have
hard rooms or something that

“There are people

would protect us from the lake, or

working there [at

to install faucets. You see right

the lake]. They are

now where we are [under a straw

obliged to go at

canopy at the chief’s house], the

these [high-risk]

roof is made of grass that comes

hours, that is to

from the lake. And we have to be

say, around 3pm.”

there for at least an hour. And

– male student, 16

anything can happen to you there.
It’s this that has caused the
disease.” – unidentified participant
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Men

Women

“I know that here, whether you are
a farmer or a fisherman or
whatever your job, you cannot
escape bilharzia… As long as you
enter the lake, you cannot escape
bilharzia.” –gardener, 38
“And whatever your activity, as
long as you’re in contact with the
water, you cannot escape
bilharzia.” – 68-year old gardener
“With schistosomiasis, as long as
you put your feet in the water, all
places are the same. All places are
the same. As long as you put your
feet in the water, you can not
escape.” – gardener, 57
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Youth

Focus group discussion guide
Introduction (10 minutes)
Good morning/day/evening. We are happy that you are able to share some time to discuss
with us. Let’s begin by introducing ourselves.
[Moderator introduces himself, followed by each member of the research team and then
the discussion participants]
All the topics we will be discussing today are important for understanding how
schistosomiasis is transmitted in this village and others along the Senegal River and Lac
de Guiers. This research is mainly to understand where and how people come into contact
with water and become exposed to schistosomiasis. With this information, we hope to
know where to target the fight against the disease. Your suggestions, ideas and comments
about water contact in and around the village are welcome.
We would like that you talk about the different places where people come into contact with
water and what they do there. We would also like to know what you think of the possibility
of wearing GPS devices in a future research study to understand the details of human water
contact.
We would like to clarify that there are no bad answers in this discussion, only different
points of view. Everyone should feel free to express your thoughts and opinions. Anyone
can speak at any time, but we would like that only one person speaks at a time. There
should be no side discussion. You are free to accept or not accept what is said. This work
requires concentration, so please kindly put your phones on silent mode during the
discussion. In the case that you have to take a call, please do so as quietly as possible and
rejoin the group as quickly as you can. My role as moderator will be to lead the discussion,
while giving you the opportunity to discuss amongst yourselves.
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We are asking for your permission to record the discussion because all your responses are
useful and we can’t write fast enough to be able to take note of everything. The recording
will enable us to have the details you shared later. In place of your names, we are going to
use numbers to ensure total confidentiality of the discussion. We will spend one hour in
total. Before we begin the discussion, do you have any questions for us?
Water Contact Places (25 minutes)
We would like you to give all the places where people here come into contact with water.
This could be a water point, an irrigation canal, a field or another place. At the end of the
discussion, we would like that a volunteer to show us these places.
[The moderator explains what he means by water contact]
[For each identified place to which the notetaker has assigned a number, the moderator
poses the following questions]
1. Can you tell us more about these places? [The moderator allows for open discussion
and if necessary, poses the questions below for more detail]:
a. How would you describe the environment at this place?
b. Who goes to this place?
c. How often do they go?
d. What do they do there when they go?
e. Can we go there to swim or go to the bathroom?
2. How do these places change in different seasons?
a. Do these changes affect the different activities that you do?
b. If yes, how?
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c. Do you think that people are more exposed to schistosomiasis by going to one
water contact place over another?
d. If yes, how do they know? Does this change their behavior so that they reduce
their risk of infection?
e. If yes, how?
Final Remarks (5 minutes)
We have held you for a long time to ask you questions. We would like to thank you for
having shared with us your points of view about the ways of water contact and the
acceptability of GPS devices in future studies. Before we finish, we would like to know if
you would like to ask questions of us. [The moderator allows for open discussion].
Are there points that we have not raised that you consider important? [The moderator
allows for open discussion]
We sincerely thank you for having taken the time to respond to our questions. Your
responses will help us to better understand how human interaction with the environment
influences the transmission of schistosomiasis in the village. With this information, we
hope to be able to more effectively control the disease of schistosomiasis.
[The moderator reminds the group of the activity to follow and asks for a volunteer to
accompany the team to visit water contact sites]
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Figure S1. Rules for acceptable use of water access points in Lake village-W.
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Appendix B. Supplemental material for Chapter Two
Table S1. Summary of existing literature examining the relationship between agriculture
and the occurrence of urogenital (Sh) and intestinal (Sm) schistosomiasis
Agricultural
Disease
Setting
Sh
Sm
Reference
exposure
outcome
Endemic Living in an irrigated
Risk ratio
+
++
(Steinmann et al., 2006)
countries vs. non-irrigated area
Intensively irrigated
Mali
Prevalence
+
+
(Brinkmann et al., 1988)
regions
Double- vs. singleMali
Prevalence
+
NA
(Coulibaly et al., 2004)
crop rice cultivation
Senegal
Irrigated agriculture
Macro+
NA
(De Clercq et al., 2000)
River
in village
haematuria
Swamp vs. upland
Liberia
Prevalence
+
+
(Kazura et al., 1985)
rice farming
Cote
Double- vs. singlePrevalence
+
++
(Yapi et al., 2005)
d’Ivoire
crop rice cultivation
Irrigated vs. rainfed
Egypt
Prevalence
NA
+
(Hibbs et al., 2011)
cultivation
Sierra
Swamp rice
Prevalence
NA
(White et al., 1982)
Leone
development
Sierra
Swamp rice
Prevalence
(Gbakima, 1994)
Leone
development
Living in an irrigated
Ghana
Prevalence
+
NA
(Bosompem et al., 2004)
area
Farmers vs. other
(Watts and El Katsha,
Egypt
Prevalence
NA
+
occupations
1997)
Living in a rice
Mali
Co-infection +
+
(Mutombo et al., 2019)
irrigated area
++ indicates large positive relationship relative to other schistosome species, if applicable;
+ indicates positive relationship; - indicates no relationship; NA indicates relationship not
examined
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Household survey instrument
The development of the survey instrument was informed by previous surveys: one on
migration and health designed by the senior author, Demographic and Health Survey
questionnaires from Senegal and the 2012 Rural Agricultural Livelihoods Survey
designed by researchers at the Indaba Agricultural Policy Research Institute in Lusaka,
Zambia. The content of the household survey instrument used in this study, including the
module, question and response categories is summarized in Table S2.
Table S2. Household survey items used in this analysis, including the module to which
item belonged, the level at which each item was measured as well as an English
translation of the wording of and response categories provided for each question
Module
Level
Question
Response Categories
Demographic

Individual

What is ____’s sex?

Male / Female

Individual

What is ____’s

Head / Spouse / In-law /

relationship to the

Sibling / Child / Grandchild /

household head?

Other relative / Non-relative

Individual

What is ____’s age?

[years]

Individual

What is ____’s

Wolof / Pulaar / Maure /

ethnicity

Serere / Other

Has ____ attended

Yes / No

characteristics

Individual

school?
Individual

Occupational
activity

Individual

What is the highest

[codes from 1-21 that

level of schooling

correspond to grades in the

____ has completed?

French school system]

What is ____’s

Cultivator / Gardener / Herder

primary occupational

/ Fisher / Trader / Artisan /

activity?

Homemaker / Student / Retired
/ Day laborer / No activity /
Other
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Module

Level
Individual

Question
Does ____ carry out

Response Categories
Yes / No

additional
occupational
activities?
Individual

What is ____’s

Cultivator / Gardener / Herder

secondary activity?

/ Fisher / Trader / Artisan /
Homemaker / Student / Retired
/ Day laborer / No activity /
Other

Agricultural

Field

land

[hectares]

the field?
Field

Water contact

What is the area of

Site
Site

How is the field

Sorghum / Millet / Onion /

being used

Rice / Peanut / Tomato /

(cultivated)?

Fallow / Pasture / Wild / Other

Where is the site

In village / In field / Nearby

located?

village / Other

Which members of

Everyone / Men + women /

the household visit

Women + children / Men +

the site?

children / Women only / Men
only / Children only

Household Do any of the

Yes / No

following agricultural
activities require
contact with water?
(Planting, plowing,
weeding, irrigation,
agrochemical
treatment, harvesting)
Household Which household
members perform the
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Everyone / Men + women /
Women + children / Men +

Module

Level

Question

Response Categories

following tasks?

children / Women only / Men

(Planting, plowing,

only / Children only

weeding, irrigation,
agrochemical
treatment, harvesting)
Living
conditions

Household Is the household

Yes / No

electrified?
Household How many of [asset]

[number owned]

does the household
have? (assets include:
radio, television,
washing machine, gas
stove, cooling fan,
mobile phone,
bicycle, cart, canoe,
irrigation pump)
Household How many rooms are

[number]

in the household?
Household What is the principal
drinking water source

Piped water / Borehole / Well /
Surface water / Other

in the household?
Household What is the principal
water source used for

Piped water / Borehole / Well /
Surface water / Other

washing clothes?
Household What type of toilet is
primarily used by

Flush toilet / Latrine / No toilet
/ Other

members of the
household?
Household What is the primary
floor material?
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Sand / Cement / Tile

Module

Level

Question

Household What is the primary
roofing material?
Household What is the primary

Response Categories
Straw / Wood / Zinc / Cement /
Shingles
Cement / Wood / Straw / Other

material of the
exterior walls?

Asset index construction
Principal components analysis was used to generate an asset-based wealth index using the
prcomp() function in the stats package (version 3.5.1) in R (Howe et al., 2008; Vyas and
Kumaranayake, 2006). Variables from the survey module on household conditions and
durable assets were used, which ranged from the presence of electricity, to the quantity of
mobile phones present in the home, to categorical variables of the household’s building
materials. All categorical variables were converted to a single dichotomous variable for
each category. Loadings for individual variables in the first principal component were
used to calculate asset index for each household. Numeric asset scores were then divided
into quintiles. The asset index used in the analysis was based on all 51 asset variables in
the data. The first principal component explained 16% of the variation in the data.
Two additional principal components analyses were performed for subsets of the full set
of 51 asset variables: (1) 20 variables comprising durable assets only and excluding
building materials and water and sanitation infrastructure and (2) 40 variables for which
standard deviation across the data set exceeded 0.2. The loadings on the first principal
component did not differ across these three alternatives, nor did the distribution of
numerical wealth scores or wealth quintile frequencies by village (Figure S1). We
decided to retain the wealth index derived from the full set of asset variables.
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Figure S1. Distribution of wealth scores determined by loadings on the first principal
component on all asset data (wealthIndex1), durable asset variables only (wealthIndex2)
and high-variance asset variables (SD > 0.2) (wealthIndex3).
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Directed acyclic graph (DAG) used to select covariates
Age and sex are well-known determinants of schistosome infection, independent of
irrigated agriculture. The educational attainment of the household head and the number of
wives reported by the household head are hypothesized to influence household wealth,
which is approximated by an index of asset ownership. Asset ownership is hypothesized
to influence how much irrigated land a household owns and cultivates, directly as well as
through the ownership of an irrigation pump. We also hypothesized that the area of
irrigated land in a household is influenced by two village-level variables: (1) the location
of a village on the river or lake, capturing the ecological and other unmeasured
differences between the two settings and (2) the amount of irrigated land in a given
village (Figure S2).

Figure S2. Directed acyclic graph illustrating the relationship between the two main
variables of interest (irrigated crop area and schistosome infection), their prior common
causes and unmeasured intermediate variables in the causal pathway.
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Construction of final analysis data set
A small number of individual-level observations (n = 15) were excluded from the merged
dataset because they had no matching record in the household-level survey dataset
(Figure 3-2). This likely reflects the failure of the enumerator team to successfully locate
the residence of a child in the school-based parasitology dataset during survey data
collection in the villages. An additional set of observations (n = 27) were subsequently
excluded because reported age in the household survey data for individual children fell
outside the plausible range (5-15 years). We also excluded observations for which
outcome data were missing for all infection outcomes. For S. haematobium infection, 140
observations were missing all data; for S. mansoni infection outcomes, 150 observations
were missing all data. These missing data likely reflect one of two circumstances: (1) a
student’s absence from school on the days of parasitology sampling, or (2) a student’s
inability to produce a urine or fecal sample at the time of sampling.
Alternative model specification
Correlations between primary outcomes and pre-specified covariates were used to screen
variables for inclusion in regression models, using a significance threshold of p = 0.2.
There was some heterogeneity in the directionality and significance of associations
between covariates across the four primary outcome variables. When such heterogeneity
occurred, we retained the covariate across all four models in order to maximize the
comparability of coefficients across models (Table S3). Correlation coefficients between
retained covariates were examined to assess potential for collinearity and variance
inflation factors were inspected after model fitting.

136

Table S3. Pre-specified covariates included for each primary outcome variable.
Covariates screened via bivariate correlation using a significance threshold of P < 0.20
Variable
Description
level Sh+ Sm+ nSh nSm
irrigArea

Irrigated area (hectares)

H

X

X

X

X

Sex (DEM01)

Child sex (1 = male; 2 =
female)

I

X

X

X

X

Age (DEM04)

Child age (years)

I

X

X

X

X

riskActivity

Reported farming or
fishing activity

I

-

-

-

-

Head_age

Age of household head

H

-

-

-

-

headEd

Education of household
head (years)

H

X

X

X

X

nWives

Number of wives

H

X

-

X

-

eth_mode

Mode of ethnicity

H

X

X

X

X

nFishAny

Members who fish

H

X

X

X

X

nWatPts

Total number of water
points (WPs)

H

X

X

X

X

nWatPtsAgKids

Agricultural WPs used by
children

H

X

X

X

X

kidsAnyTask

Children’s participation in
agriculture

H

X

-

X

-

surface

Surface water used for
domestic tasks

H

X

-

X

-

pump

Possession of water pump

H

X

X

X

X

hhsize

Size of household

H

-

-

-

-

wealth

Asset-based wealth quintile

H

X

X

X

X

distanceWatPt

Distance to nearest WP

H

X

X

X

X

distanceMarket

Distance to nearest market

V

X

X

X

X

Loc

Location on river/lake

V

X

X

X

X

Sh+ = S. haematobium infection presence; Sm+ = S. mansoni infection presence
nSh = S. haematobium infection intensity; nSm = S. mansoni infection intensity
Level of analysis for individual (I), household (H) and village (V)
X indicates variable met correlation significance threshold for all or a logical subset of
outcomes
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For both binary and count outcomes, two interaction terms were tested between area of
irrigated land reported by a household (irrigArea) and (1) the location of the household’s
village on the river or the lake (loc) and (2) a household’s ownership of an irrigation
pump (pump). These terms were added to full models containing all screened covariates.
Nested models were compared using likelihood ratio tests (LRT). When models
containing interaction terms improved the fit of the model (at a significance threshold of
p < 0.1), we fit stratified models. We also included random effects for these models,
using LRT to compare mixed effects models to those without random effects.

Figure S3. Estimates of irrigated area on schistosome infection presence and intensity
using non-DAG-based models. (A) Odds ratios with 95% CIs drawn for S. haematobium
(Sh) and S.mansoni (Sm) presence on left and (B) rate ratios and 95% CIs for infection
intensity on right.
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Pre-specified analysis plan
In this appendix, we have included the analysis plan that was outlined prior to beginning
analysis in May 2019. This plan includes hypotheses, procedures for covariate screening
and model specification, testing interaction terms and fitting random effects as well as
sensitivity analyses. The main diversion from this plan is the adoption of a DAG-based
model specification, which constrained the number of covariates that were included in the
model to prior common causes and excluded colliders and variables that were on the
hypothesized causal pathway. The results from the pre-specified analysis plan—whose
model specification is based on bivariate correlations – are reported in Appendix 8. Since
correlation-based model specifications are common for studies on risk factors of
schistosomiasis (Chandiwana and Woolhouse, 1991; Kloos et al., 1997; Pennance et al.,
2016; Rudge et al., 2008; Smith et al., 2019; Steinmann et al., 2007), we have decided to
report the results of the pre-specified analysis for the sake of both transparency and
comparison with prevailing conventions in the study of schistosomiasis epidemiology.
The plan was outlined as follows:
Objective and hypotheses: The objective of this study is to understand how irrigated
agriculture at the household level affects schistosome reinfection in school-aged children.
-

H1: Presence and intensity of S. haematobium and S. mansoni infections will be
higher in school-aged children who live in households cultivating larger areas.

-

H2: In the subset of villages located on the river, prevalence and intensity of S.
haematobium and S. mansoni will be higher in school-aged children who live in
households cultivating larger areas of rice.
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Study design: This study utilizes cross-sectional data from a longitudinal study of both
schistosome infection in school-aged children and survey data from the households where
those children reside.
Village selection: Sixteen villages along the Senegal River, its tributaries and the Lac de
Guiers in northwest Senegal were chosen to be representative of the rural, hightransmission sites common in the region. Selected villages met the following inclusion
criteria:
-

Located in the immediate vicinity of the Diama Dam, on the Senegal River, Lac
de Guiers or connected canals, with access to at least one regularly-used,
permanent, freshwater access site

-

Not in the top 10th or bottom 10th percentile of human population size, to obtain
average size villages and ensure that selected communities could not be classified
as urban

-

Had a school with at least 30 students in grades 1-3 in order to enroll school-aged
children in a longitudinal parasitological study

-

Demonstrated non-zero schistosome infection rate, as determined by self-reported
hematuria among school-aged children

-

Were accessible by truck in the rainy season

Participant selection: School-aged children were recruited from grades 1-3 in the French
school in each of the 16 villages. French schools provide secular education, which is
compulsory in theory but not always enforced in areas where Islamic education is
preferred. Treatment programs in the area are school-based and typically administered
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within French schools, making it possible that treatment programs fail to reach schoolaged children who attend Coranic school but not French school.
A total of 1,480 school-aged children were enrolled at baseline in 2016 through the
French schools in all 16 villages. Of those, 1479 remained enrolled during follow-up in
2017. In both years, outcome data are missing from some enrolled children, reflecting
either absences from school on the day the parasitology team visited a given village and
collected specimens or a child’s refusal or inability to produce a urine or stool sample
during the team’s visit (Table S4). Missingness is higher during 2017 (Table S4). Urinary
schistosome infection data is missing from 10% of enrolled children while intestinal
schistosome infection data missing from 11% of enrolled children, compared to less than
1% of infection outcome data missing at baseline in 2016.
Table S4. Children enrolled and outcomes observed at baseline and follow up for S.
haematobium (Sh) and S. mansoni (Sm) infection
Number of Observations
(% missing)
Baseline - 2016 Follow-up - 2017
Children enrolled in parasitology study
Children reached in 2016 household survey
Children in survey and parasitology datasets
Sh presence
Sh median
Sm presence
Sm median
Coinfection

1480

1479
1429

1416 (4.3)
1415 (4.4)
1415 (4.4)
1404 (5.1)
1404 (5.1)
1404 (5.1)

1414 (4.4)
1271 (10.1)
1266 (10.5)
1261 (10.8)
1258 (11.0)
1261 (10.8)

Household-level survey data were collected from all the households where children
enrolled in the school-based study resided in all 16 villages. Additional missingness
arises when merging parasitology and household survey data sets, as approximately 4%
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of the households where children enrolled in school-based parasitology study reside were
not reached during the household survey.
Outcomes: As part of the longitudinal study of schistosomiasis in these villages, duplicate
stool and urine samples were collected annually from enrolled school-children during in
the spring months of 2016, 2017 and 2018. Urine filtration and Kato-Katz analyses
determined the presence and intensity of infection at each time point. Following these
analyses, each infected child was offered treatment of Praziquantel at 40 mg/kg. Thus,
infection data from 2017 and 2018 reflect reinfection over the course of the preceding
year. Reinfection data from 2017 will be used in this study. Egg counts for S.
haematobium and S. mansoni were averaged for analysis.
Primary outcomes
-

Presence/absence of S. haematobium

-

Presence/absence of S. mansoni infection

-

Intensity of S. haematobium infection (continuous; eggs per 10 mL urine)

-

Intensity of S. mansoni infection (continuous; eggs per gram feces)

Secondary outcomes
-

Intensity of S. haematobium infection (categorical)

-

Intensity of S. mansoni infection (categorical)

-

Presence/absence of S. haematobium-S. mansoni co-infection

Sample size: 1414 kids in 664 households across 16 villages
Comparisons to test hypotheses: Estimate parameters for area of irrigated agriculture
adjusted for pre-screened covariates
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-

For all villages, self-reported area of land under irrigated crops by household as a
general test of the hypothesis.

-

For river villages only, self-reported area of land under rice by household since
rice cultivation is the most intense (and supported by major irrigation
infrastructure projects made possible by the Diama dam) in villages along the
Senegal River and its tributaries.

Table S5. Thresholds for categorical formulations of schistosome infection intensity
based on World Health Organization guidelines
Species

Units

None

Low

Moderate

High

S. haematobium

Eggs/10 mL

0

1-49

NA

50+

S. mansoni

Eggs/gram

0

1-99

100-399

400+

Parameters: For logistic regression models of schistosome infection presence/absence,
prevalence differences and prevalence ratios will be estimated. For negative binomial
regression models of infection intensity, relative reduction in intensity of infection will be
estimated. In all cases, adjusted parameters will be estimated. Inclusion of control
variables will be based on screening of covariates outlined below.
Effect modification: Factors potentially affecting the exposure of interest—area of
irrigated agriculture—will be assessed on both additive and multiplicative scales:
-

A binary village-level variable classifying the location of communities as
proximate to either the (1) Senegal River and its tributaries or (2) Lac de Guiers
were considered the primary potential effected modifier

-

A binary household-level variable indicating possession of a water pump
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If there is an interaction between exposure and a selected covariate (i.e. p < 0.1) results
will be presented as stratified tables.
Control variables: Descriptive analyses on the following covariates will be considered
for inclusion in regressions. Variables that are strongly associated with the outcome
variables (p < 0.2) will be included. Variables with little variation in the population will
be excluded to improve precision and reduce the standard errors.
-

Covariates will be considered across three levels of analysis:
o Individual-level covariates
▪

Age

▪

Sex

▪

Any risky occupational activity (agriculture or fishing)

o Household-level covariates
▪

Age of household head

▪

Education of household head

▪

Modal ethnicity

▪

Number of spouses

▪

Number of fishermen in household

▪

Dependence on surface water for domestic chores (drinking,
laundry)

▪

Number of water points used by members of household

▪

Number of agricultural water points used by children in household

▪

Children’s participation in agricultural tasks

▪

Distance to nearest water access point
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▪

Pump ownership

▪

Wealth quintile

▪

Household size

o Village-level covariates
▪

River versus lake geography

▪

Distance to nearest market town

Random effects: To account for the lack of independence between observations, the
inclusion of random effects at each level of observation will be considered. After
screening and finalizing control variables listed above, the inclusion of random effects
will be considered. First, random intercepts at the individual level will be added to the
model and compared to an identical model with no random effects using the Likelihood
Ratio Test (LRT). If significant, the random effect will remain in the model and random
intercepts will be tested at higher levels of analysis (household, then village) using the
same statistical test.
Regression diagnostics: Check model and distributional assumptions: (1) Test linearity
assumption for presence/absence models using visual assessment of scatter plots.
Consider transforming variables if obviously not linear, (2) Assess dispersion parameter
for count models by comparing Poisson and negative binomial regressions using a
likelihood ratio test. Check for influential values using Cooks distance. Check for
multicollinearity. If variance inflation factors (VIF) exceed 5-10, consider removing
variables from the model.
Sensitivity analysis
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-

Different formulations of total irrigated land area:
o Categorical formulation: no irrigated land, small field (0-1 ha), medium
field (1-5 ha) or large field (5+ ha)
o Binary formulation: Presence/absence of irrigated land

-

Measures of specific subtypes of irrigated land
o Rice fields
▪

Continuous

▪

Categorical (same cut points as for total irrigated land area)

▪

Binary presence/absence

o Other irrigated monocrops (i.e. rice, manioc, onion)
▪

Continuous

▪

Categorical (same cut points as for total irrigated land area)

▪

Binary presence/absence

o Shoreside gardens (i.e. maraichage)
▪

Continuous

▪

Categorical (same cut points as for total irrigated land area)

▪

Binary presence/absence
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Figure S4. Distribution of egg counts for (A) S. haematobium and (B) S. mansoni
infections stratified by location

Table S6. Likelihood ratio tests comparing crude, adjusted and mixed models of
infection presence (logistic regression) and intensity (negative binomial regression) of S.
haematobium (Sh) and S. mansoni (Sm)
Species
Measure
Model
Χ2
df
P-value
Sh
Presence
Crude
REF
REF
REF
Adjusted
223.25
13
< 0.001
Mixed
94.69
2
< 0.001
Sm
Presence
Crude
REF
REF
REF
Adjusted
56.04
13
< 0.001
Mixed
97.67
2
< 0.001
Sh
Intensity
Crude
REF
REF
REF
Adjusted
142.79
13
< 0.001
Mixed
156.92
2
< 0.001
Sm
Intensity
Crude
REF
REF
REF
Adjusted
32.31
13
0.002
Mixed
64.65
2
< 0.001
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Sensitivity analysis
We assessed the sensitivity of our results to a variety of secondary outcome variables
(Table S7). Secondary outcome variables included: (1) categorical intensity of S.
haematobium infection, (2) categorical intensity of S. mansoni infection, (3) presence of
co-infection with both S. haematobium and S. mansoni and (4) number of schistosome
species present in an individual (an ordinal variable taking on values 0, 1 or 2). Cut points
for infection intensity categories were determined by guidelines outlined by the World
Health Organization (Montresor et al., 1998). Urogenital S. haematobium infection
intensity was classified into three categories: (1) no infection (zero eggs per 10 mL
urine), (2) low intensity (1-49 eggs per 10 mL urine) and (3) high intensity (50+ eggs per
mL urine). Intestinal S. mansoni infection intensity was classified into four categories: (1)
no infection (zero eggs per gram feces), (2) low intensity (1-99 eggs per gram feces),
moderate intensity (100-399 eggs per gram feces) and high intensity (400+ eggs per gram
feces).
Table S7. Frequencies (%) of secondary outcome variables for S. haematobium (Sh) and
S. mansoni (Sm) infection in the entire study population and stratified by location
N
Level
Overall
River
Lake
1232 None
Sh infection intensity
427 (34.7) 301 (56.9) 126 (17.9)
(eggs per 10 mL urine)
Low (1-49) 580 (47.1) 191 (36.1) 389 (55.3)
High (50+)
225 (18.3) 37 (7.0)
188 (26.7)
1222
Sm infection intensity
None
1014 (83.0) 459 (87.1) 555 (79.9)
(eggs per gram feces)
Low (1-99) 131 (10.7) 47 (8.9)
84 (12.1)
Moderate
(100-399)
54 (4.4)
16 (3.0)
38 (5.5)
High (400+) 23 (1.9)
5 (0.9)
18 (2.6)
Co-infection presence 1060 No
1060 (86.4) 477 (90.2) 583 (83.5)
Yes
167 (13.6)
52 (9.8)
115 (16.5)
1060 0
Number of infections
381 (31.3) 283 (53.7) 98 (14.2)
1
671 (55.0) 192 (36.4) 479 (69.2)
2
167 (13.7) 52 (9.9)
115 (16.6)
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We also examined presence/absence of S. haematobium-S. mansoni co-infection and the
number of infections (e.g. 0, 1 or 2) accumulated. The sample sizes for S. haematobium
(n = 1232) and S. mansoni-specific (n = 1222) models remained the same as the models
reported in the main text. Models using multi-infection metrics as the outcome variable
(e.g. coinfection and number of infections) were fit with fewer observations (n = 1060)
with data on both infection types.
Table S8. Frequencies (%) of secondary measures used to determine a household’s
exposure to irrigated agriculture for entire study population and stratified by location
Level
Overall
River
Lake
Binary irrigated area [n (%)]
No
657 (47.9) 288 (50.7) 369 (45.9)
Yes
715 (52.1) 280 (49.3) 435 (54.1)
Irrigated area categories [n (%)] None
657 (47.9) 288 (50.7) 369 (45.9)
> 1 ha
388 (28.3) 178 (31.3) 210 (26.1)
1 – 5 ha
281 (20.5)
89 (15.7) 192 (23.9)
< 5 ha
46 (3.4)
13 (2.3)
33 (4.1)
Monocrop area [mean (sd)]
0.71 (1.98) 0.86 (2.79) 0.60 (1.09)
Garden area [mean (sd)]
0.30 (0.91) 0.09 (0.31) 0.45 (1.14)
Rice area [mean (sd)]
0.32 (1.78) 0.75 (2.71) 0.02 (0.11)
Secondary exposure variables were also considered in our sensitivity analysis (Table S8).
These included binary and categorical formulations of total irrigated area as well as areas
of specific types of irrigated land (Table S8). Thresholds for irrigated area categories
were based on field observations of small, medium and large areas. Small fields were
considered to be less than 1 hectare, while medium fields ranged from 1 to 5 hectares and
large fields were greater than 5 hectares. Different types of irrigated area included (1)
irrigated monocrops, reflecting the cultivation of a single cash crop (e.g. rice, manioc or
onion) on a given field, (2) market gardens, which are typically small areas, often found
on the shore of the river or lake, where several vegetable crops are grown for
consumption and sale and (3) rice fields, which are the most irrigation-intensive crops
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grown in the area, relying on the irrigation infrastructure developed immediately
upstream of the Diama dam following its construction. As a result, rice fields are
predominately located in river villages (Table S8).
Table S9. Sensitivity analysis of the association between irrigated area and secondary
outcomes of schistosome infection using multinomial logistic regression
Intensity categoriesa
Level
Odds Ratio 95% CI
Separate logits with nested random intercepts
S. haematobium
None
REF
REF
(eggs per 10 mL urine) Low (1-49)
1.16
1.03, 1.31
High (50+)
1.11
0.98, 1.25
S. mansoni
None
REF
REF
(eggs per gram feces)
Low (1-99)
1.01
0.92, 1.11
Medium/High (100+)
1.13
0.86, 1.48
Multinomial with village fixed effects
S. haematobium
None
REF
REF
(eggs per 10 mL urine) Low (1-49)
1.13
1.02, 1.28
High (50+)
1.16
1.03, 1.31
S. mansoni
None
REF
REF
(eggs per gram feces)
Low (1-99)
1.00
0.90, 1.12
Medium (100-399)
1.05
0.89, 1.24
High (400+)
1.12
0.86, 1.45
Generalized estimating equations
S. haematobium
None
REF
REF
(eggs per 10 mL urine) Low (1-49)
0.12
0.10, 0.17
High (50+)
1.52
1.17, 2.00
Number of infections
None
REF
REF
One
1.08
0.98, 1.18
Two
1.09
0.98, 1.20
a
Intensity categories defined by World Health Organization guidelines
The effect of irrigated area on secondary outcomes is largely consistent with the findings
reported in the main text, though estimates for S. haematobium intensity are now larger
and, in some cases, significant. We used a variety of methods to fit models with the
multinomial infection intensity categories outcome while still accounting for the nested
structure of the data. In all cases, we compare the categories of low, medium and high
intensity infection to the reference category of no infection (Table S9).
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These methods included (1) fitting separate mixed effects logistic regression models for
each level comparison, (2) fitting a multinomial regression with village fixed effects and
(3) fitting generalized estimating equations (GEE). GEE models were fit using the
multgee package (version 1.6.0) in R (Nooraee et al., 2014; Touloumis, 2015). The
results of all model are reported in Table S8, with the exception of the GEE model for S.
mansoni intensity, which could not be fit even when specifying initial values.
For S. haematobium intensity, we find significant increases in the odds of both low and
high intensity infection (Table S9). The effect sizes are generally larger than what we
estimated from the mixed effects negative binomial regression and several sets of
confidence intervals remain above the null value of 1. For S. mansoni, our conclusion
about the relationship between irrigated area and infection intensity remains unchanged
(Table S9). Point estimates all indicate an increase in infection with irrigated area but
confidence intervals remain wide enough to preclude firm conclusions (Table S9).
We also examine the effect of different formulations of irrigated area on the presence of
schistosome infection (Table S10). For both S. haematobium and S. mansoni, we see
point estimates for the odds of infection increase for medium (1 – 5 ha) and large (< 5 ha)
compared to no irrigated area. These effect estimates are larger for S. haematobium
infections (OR = 1.25 for medium fields; OR = 3.18 for large fields; Table S10)
compared to those for S. mansoni infection (OR = 1.02 for medium fields; OR = 1.25 for
large fields; Table S10). Only one of these estimates, the effect of large fields on S.
haematobium presence, has a confidence interval completely above the null (95% CI
1.12, 9.00; Table S10). From this, we conclude that the odds of S. haematobium infection
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in school-aged children living in households cultivating large (< 5 ha) fields is three times
that of school-aged children living in households that cultivate no land.
Table S10. Sensitivity analysis of the association between secondary forms of irrigated
area and S. haematobium and S. mansoni infection presence
Irrigated area categories
Level
Odds Ratio 95% CI
S. haematobium
None
REF
REF
> 1 ha
0.93
0.65, 1.33
1 – 5 ha
1.25
0.78, 2.00
< 5 ha
3.18
1.12, 9.00
S. mansoni
None
REF
REF
> 1 ha
0.94
0.59, 1.49
1 – 5 ha
1.02
0.57, 1.80
< 5 ha
1.25
0.48, 3.23
Presence of irrigated area
S. haematobium
Yes
1.04
0.73, 1.46
S. mansoni
Yes
0.97
0.63, 1.49
Area of irrigated monocrops
S. haematobium
Yes
1.14
1.01, 1.29
S. mansoni
Yes
0.98
0.87, 1.11
Area of market gardens
S. haematobium
Yes
1.11
0.91, 1.36
S. mansoni
Yes
1.12
0.94, 1.34
Area of rice cultivation
S. haematobium
Yes
1.07
0.95, 1.22
S. mansoni
Yes
0.96
0.79, 1.16
Most of the remaining estimates of the effects of different formulations of irrigated area
S. haematobium infection presence indicate non-significant increases in the odds of
infection with irrigated area (Table S10). The size of these estimated effects ranges from
a 4% increase in the odds of infection for school-aged children living in households that
cultivate any land compared to those living in households that cultivate no land to a 14%
percent increase in the odds of infection with each additional hectare of land under
irrigated monocrops (Table S10). This estimate of the effect of land area under irrigated
monocrops is the only other (beside large areas on S. haematobium presence) whose
entire confidence interval is above the null value of 1 (Table S10).
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With one exception, additional estimates of effect of irrigated area represent slight
decreases (2-4%) in the odds of S. mansoni infection (Table S10). The one exception is a
12% increase in the odds of infection with each hectare of irrigated land under market
gardens (Table S10). However, all estimates of the effect of irrigated area on S. mansoni
presence have confidence intervals that span the null value (Table S10).
Table S11. Sensitivity analysis of the association between secondary forms of irrigated
area and S. haematobium and S. mansoni infection intensity
Irrigated area categories
Level
Rate Ratio
95% CI
Sh intensity
None
REF
REF
> 1 ha
1.05
0.69, 1.57
1 – 5 ha
0.79
0.47, 1.36
< 5 ha
1.20
0.42, 3.39
Sm intensitya
None
REF
REF
0.27
> 1 ha
0.10, 0.78
1 – 5 ha
1.34
0.30, 5.92
< 5 ha
1.87
0.20, 17.52
Presence of irrigated area
Sh intensity
Yes
0.98
0.67, 1.43
Sm intensitya
Yes
0.47
0.17, 1.28
Area of irrigated mono crops
Sh intensity
1.06
0.98, 1.14
a
Sm intensity
0.99
0.77, 1.28
Area of market gardens
Sh intensity
1.00
0.83, 1.22
Sm intensitya
1.17
0.86, 1.60
Area of rice cultivation
Sh intensity
1.07
0.98, 1.16
a
Sm intensity
1.06
0.76, 1.46
a
All models of Sm intensity fit with village random intercepts due to lack of
convergence with random intercepts of households nested in villages
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Finally, we examine the effect of different formulations of irrigated area on the intensity
of schistosome infection (Table S11). In most of these cases, wide confidence intervals
still preclude firm conclusions. However, intensity of S. mansoni infections appears to
significantly decrease in school-aged children whose households cultivate small fields (>
1 ha) compared to those in households cultivating no land (RR = 0.27, 95% CI 0.10, 0.78;
Table S11).
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Regression output for mixed effects logistic regression models
Table S12. Regression output for crude, adjusted and mixed effects logistic regression
models of S. haematobium (Sh) and S. mansoni (Sm) infection presence
Dependent variable:
Sh_presence
logistic
glmm
(1)
(2)
(3)
Constant

0.51***
(0.07)

2.29***
(0.38)

Irrigated area

0.15***
(0.04)

0.11** 0.13**
(0.05) (0.06)
-1.89*** -2.07***
(0.16) (0.52)

Location (river)
Sex (female)

Sm_presence
logistic
glmm
(4)
(5)
(6)

2.34*** -1.64***
(0.55) (0.08)
0.06*
(0.03)

-0.39*** -0.38***
(0.13) (0.14)

-0.75*
(0.42)

-1.09*
(0.62)

0.002
(0.04)
-0.52***
(0.20)

0.02
(0.05)
-0.26
(0.59)

-0.22
(0.16)

-0.25
(0.17)

-0.02
(0.08)

0.07
(0.09)

Age

0.10
(0.07)

0.13
(0.08)

Head, 1-7 yrs school

0.50
(0.38)

0.07
(0.43)

Head, >7 yrs school

0.19
(0.16)

-0.06
(0.18)

-0.22
(0.21)

-0.28
(0.24)

Wives = 1

-0.22
(0.24)

-0.13
(0.25)

-0.40
(0.28)

-0.28
(0.29)

Wives ≥ 2

-0.32
(0.27)

-0.20
(0.28)

-0.19
(0.30)

-0.08
(0.32)

Pump ownership

0.03
(0.20)

-0.29
(0.22)

-0.26
(0.21)

-0.21
(0.25)

Asset quintile 2

-0.04
(0.25)

0.27
(0.27)

-0.20
(0.30)

-0.35
(0.32)

Asset quintile 3

-0.31
(0.24)

-0.19
(0.26)

-0.47
(0.29)

-0.54*
(0.32)

Asset quintile 4

-0.19
(0.23)

0.23
(0.25)

0.02
(0.26)

-0.19
(0.29)

Asset quintile 5

-0.24
(0.23)

0.14
(0.26)

-0.29
(0.27)

-0.37
(0.31)

Village irrigated area

0.001 -0.001
(0.001) (0.003)

Observations
Log Likelihood
Akaike Inf. Crit.

-16.15 -16.74
(569.62) (362.04)

0.003*** 0.003
(0.001) (0.003)

1,232
1,232
1,232
1,222
1,222 1,222
-788.05 -676.42 -627.46 -555.76 -527.74 -478.91
1,580.10 1,382.85 1,288.92 1,115.52 1,085.48 991.81
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Figure S5. Prediction plots for DAG-based mixed effects logistic regression models of
(A) probability of S. haematobium infection and (B) probability of S. mansoni infection
across all observed values of irrigated land area
Regression diagnostics for mixed effects logistic regression models
Regression diagnostics included checking model and distributional assumptions for
logistic regression and negative binomial models. For count outcomes, calculation of the
dispersion parameter and LRTs comparing nested Poisson and negative binomial models
were used to discern which model best fit the data (Hilbe, 2011). We also checked for
multicollinearity, removing variables from a model if variance inflation factors exceed a
value of 5 (Kleinbaum and Kleinbaum, 2007). Cook’s distance was used to check for
influential values in the model.
Ninety-one percent of binned residuals of S. haematobium presence fall within error
bounds (Figure S6, left), while 74% of binned residuals of S. mansoni presence fall
within error bounds (Figure S6, right). A model with 95% of the binned residuals within
the error bounds is considered a very good fit, whereas a model with less than 80% of
binned residuals within error bounds is considered a bad fit (Gelman and Hill, 2007).
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Figure S6. Binned residual plots for DAG-based mixed effects logistic regression models
of schistosome infection presence

Figure S7. Point estimates and confidence intervals for village random intercepts in
DAG-based mixed effects logistic regression models of S. haematobium (top) and S.
mansoni (bottom)
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Figure S7. Q-Q plots of village random intercepts in DAG-based mixed effects logistic
regression models of S. haematobium (top) and S. mansoni (bottom)
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Regression output for mixed effects negative binomial models
Table S13. Regression output for crude, adjusted and mixed effects negative binomial
models of S. haematobium (Sh_median) and S. mansoni (Sm_median) infection intensity
Dependent variable:
(1)

Sh_median
(2)

(4)

Sm_median
(5)

(3)

(6)

Constant

3.55***
(0.07)

4.29***
(0.38)

3.87 ***
(0.59)

3.49***
(0.22)

4.64***
(1.10)

5.76***
(1.71)

Irrigated area

0.01
(0.03)

0.05*
(0.03)
-1.59***
(0.18)

0.05
(0.04)
-2.37***
(0.57)

0.02
(0.09)

0.09
(0.12)
-1.32**
(0.61)

0.08
(0.10)
-0.61
(1.48)

-0.04***
(0.14)

-0.20
(0.14)

-0.46
(0.49)

-1.38***
(0.49)

Age

-0.28
(0.07)

-0.22**
(0.08)

0.05
(0.21)

0.33
(0.21)

Head, 1-7 yrs school

0.41**
(0.36)

0.10
(0.45)

Head, >7 yrs school

-0.48**
(0.16)

-0.39
(0.23)

-0.25
(0.61)

-1.92***
(0.72)

Wives = 1

-0.13
(0.25)

-0.27
(0.31)

-0.04
(0.73)

0.01
(0.74)

Wives ≥ 2

-0.15
(0.29)

-0.16
(0.35)

0.59
(0.91)

-0.81
(0.91)

Pump ownership

0.12
(0.18)

-0.11
(0.24)

-0.74
(0.61)

-1.23
(0.64)

Asset quintile 2

-0.24
(0.24)

-0.14
(0.30)

-0.40
(0.78)

-0.64
(0.94)

Asset quintile 3

-0.17
(0.24)

-0.26
(0.29)

0.04
(0.78)

-2.47***
(0.83)

Asset quintile 4

-0.34
(0.22)

0.10
(0.29)

0.60
(0.73)

-0.79
(0.84)

Asset quintile 5

-0.52*
(0.23)

-0.21
(0.31)

-0.67
(0.83)

-1.38
(0.82)

Village irrigated area

0.00
(0.00)

0.00
(0.00)

-0.00
(0.00)

0.00
(0.01)

Location (river)
Sex (female)

Observations
Log Likelihood
Akaike Inf. Crit.

-28.10
-24.54
(29691.40) (2561.48)

1,232
1,232
1,232
1,222
1,222
1,222
-4,320.36 -4,248.96 -4,170.50 -1,625.81 -1,609.65 -1,577.33
8,646.71 8,529.92 8,377.00 3,257.62 3,251.31 3,188.66
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Figure S9. Prediction plots for mixed effects negative binomial models of (A) S.
haematobium infection intensity and (B) S. mansoni infection intensity across observed
values of irrigated land area
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Regression diagnostics for mixed effects negative binomial models

Figure B-10. Diagnostic plots for DAG-based mixed effects negative binomial models of
S. haematobium infection intensity (top) and S. mansoni infection intensity (bottom)
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Regression output for non-DAG mixed effects logistic regression models
Table S14. Regression output for alternative crude, adjusted and mixed effects logistic
regression model of S. haematobium (Sh) and S. mansoni (Sm) infection presence
Dependent variable:
Sh_presence
logistic
generalized linear
mixed-effects
(1)
(2)
(3)
Constant

0.51***
(0.07)

2.08***
(0.47)

2.08***
(0.54)

Irrigated area

0.15***
(0.04)

0.10*
(0.05)

0.11**
(0.05)

-0.25
(0.21)

Location (river)
Sex (female)

Sm_presence
logistic
generalized linear
mixed-effects
(4)
(5)
(6)
-1.64*** -2.39***
(0.08) (0.63)
0.06*
(0.03)

-1.82**
(0.72)

-0.01
(0.04)

0.01
(0.05)

-0.40*
(0.22)

-0.08
(0.22)

-0.20
(0.25)

-1.48***
(0.22)

-1.70***
(0.36)

0.36
(0.28)

0.40
(0.48)

-0.38***
(0.14)

-0.40***
(0.15)

-0.26
(0.17)

-0.26
(0.17)

Age

0.12
(0.08)

0.13
(0.08)

0.01
(0.09)

0.07
(0.09)

Head, 1-7 yrs school

0.17
(0.45)

0.16
(0.46)

-15.69
(556.32)

-15.22
(757.64)

Head, 7+ yrs school

-0.19
(0.19)

-0.15
(0.20)

-0.24
(0.25)

-0.37
(0.26)

# wives (1)

0.06
(0.25)

0.01
(0.25)

-0.10
(0.29)

-0.13
(0.30)

# wives (2+)

-0.17
(0.27)

-0.16
(0.28)

0.05
(0.31)

-0.03
(0.32)

Ethnicity (other)

0.03
(0.45)

0.11
(0.48)

0.75
(0.77)

0.28
(0.80)

Ethnicity (Pulaar)

0.08
(0.31)

0.31
(0.33)

0.51
(0.53)

-0.10
(0.57)

Ethnicity (Wolof)

0.32
(0.29)

0.44
(0.31)

1.55***
(0.47)

0.95*
(0.51)

# fishermen

0.10
(0.09)

0.08
(0.10)

-0.02
(0.10)

-0.03
(0.10)

Kids agricultural tasks

-0.08
(0.39)

-0.13
(0.41)

-0.02
(0.50)

0.54
(0.52)

Number of WP

0.20**
(0.10)

0.18
(0.11)

0.19*
(0.10)

0.20
(0.12)

pumpYN
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Dependent variable:

# Agricultural WP

Sh_presence
logistic
generalized linear
mixed-effects
(1)
(2)
(3)
-0.04
0.01
(0.08)
(0.08)

Sm_presence
logistic
generalized linear
mixed-effects
(4)
(5)
(6)
***
-0.27
-0.22**
(0.09)
(0.10)

Asset quintile 2

-0.12
(0.27)

0.05
(0.28)

-0.43
(0.32)

-0.50
(0.33)

Asset quintile 3

-0.41
(0.26)

-0.32
(0.27)

-0.47
(0.31)

-0.64*
(0.33)

Asset quintile 4

-0.16
(0.26)

-0.002
(0.26)

-0.22
(0.29)

-0.27
(0.30)

Asset quintile 5

-0.36
(0.26)

-0.10
(0.27)

-0.49*
(0.30)

-0.49
(0.32)

Distance to water point

-0.49***
(0.09)

-0.47***
(0.10)

-0.23
(0.14)

-0.30*
(0.17)

Distance to market

0.53***
(0.09)

0.51***
(0.16)

-0.76***
(0.10)

-0.75***
(0.21)

Village irrigated area

0.0001
(0.001)

-0.001
(0.002)

0.0004
(0.001)

-0.0003
(0.002)

1,232
1,232
-788.05 -610.16
1,580.10 1,268.33

1,232
-600.89
1,253.77
1,386.80

1,222
1,222
-555.76 -475.92
1,115.52 999.85

1,222
-459.64
971.28
1,104.09

Observations
Log Likelihood
Akaike Inf. Crit.
Bayesian Inf. Crit.
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Figure S11. Prediction plots for the non-DAG-based specification of mixed effects
logistic regression models of (A) probability of S. haematobium infection and (B)
probability of S. mansoni infection across all observed values of irrigated land area
Regression diagnostics for non-DAG mixed effects logistic regression models

Figure S12. Binned residual plots for non-DAG-based mixed effects logistic regression
models of schistosome infection presence
Ninety-one percent of binned residuals of S. haematobium presence fall within error
bounds (Figure S12, left), while 83% of binned residuals of S. mansoni presence fall
within error bounds (Figure S12, right).
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Figure S13. Point estimates and confidence intervals for village random intercepts in
non-DAG-based mixed effects logistic regression model of S. haematobium infection
presence (top) and S. mansoni infection presence (bottom)
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Figure S14. Q-Q plot of village random effects for non-DAG-based mixed effects
logistic regression models of S. haematobium presence (top) and S. mansoni presence
(bottom)
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Regression output for non-DAG mixed effects negative binomial models
Table S14. Full regression output for alternative specification of crude, adjusted and
mixed effects negative binomial models of both S. haematobium (Sh_median) and S.
mansoni (Sm_median) infection intensity
Dependent variable:
(1)

Sh_median
(2)

(4)

Sm_median
(5)

(3)

(6)

Constant

3.55***
(0.07)

4.01***
(0.43)

3.97***
(0.64)

3.49***
(0.22)

3.42**
(1.52)

3.98
(2.26)

Irrigated area

0.01
(0.03)

0.04
(0.03)

0.05
(0.04)

0.02
(0.09)

0.03
(0.10)

0.06
(0.13)

0.14
(0.19)

-0.20
(0.24)

-0.48
(0.56)

-1.32
(0.76)

-1.24***
(0.21)

-2.28***
(0.50)

0.98
(0.67)

0.49
(1.32)

-0.08
(0.14)

-0.21
(0.15)

-0.99*
(0.43)

-0.93
(0.52)

-0.31***
(0.07)

-0.22
(0.08)

-0.99
(0.43)

0.19
(0.25)

Head, 1-7 yrs school

0.28
(0.37)

0.18
(0.47)

Head, 7+ yrs school

-0.76***
(0.18)

-0.43
(0.24)

-1.71**
(0.59)

-2.39**
(0.79)

# wives (1)

0.01
(0.26)

-0.33
(0.32)

-0.65
(0.83)

-0.82
(0.90)

# wives (2+)

0.04
(0.30)

-0.23
(0.36)

-1.72
(0.93)

-2.12*
(1.04)

Ethnicity (other)

0.35
(0.49)

0.37
(0.61)

-3.67*
(1.69)

-4.52
(2.53)

Ethnicity (Pulaar)

-0.18
(0.35)

0.03
(0.46)

-1.21
(1.33)

-3.68*
(1.76)

Ethnicity (Wolof)

0.14
(0.31)

-0.10
(0.40)

2.54
(1.33)

1.37
(1.67)

# fishermen

0.02
(0.09)

-0.09
(0.10)

0.00
(0.33)

-0.33
(0.39)

Kids agricultural tasks

-0.48
(0.41)

-0.44
(0.57)

1.13
(1.67)

2.60
(1.82)

Number of WP

-0.04
(0.30)

0.01
(0.12)

-0.26
(0.25)

0.47
(0.36)

# Agricultural WP

-0.09

-0.05

-0.42*

-0.38

pumpYN
Location (river)
Sex (female)
Age
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-21.90
-23.66
(1926.91) (2864.26)

Dependent variable:
(1)

Sh_median
(2)
(3)
(0.07)
(0.09)

(4)

Sm_median
(5)
(6)
(0.21)
(0.28)

Asset quintile 2

-0.29
(0.25)

-0.19
(0.31)

0.07
(0.90)

-0.53
(1.08)

Asset quintile 3

-0.19
(0.24)

-0.21
(0.30)

-1.52
(0.92)

-2.35*
(0.97)

Asset quintile 4

-0.23
(0.24)

0.06
(0.30)

-0.23
(0.82)

-0.54
(0.93)

Asset quintile 5

-0.57*
(0.25)

-0.19
(0.32)

-0.78
(0.84)

-0.68
(0.97)

Distance to water point

-0.18
(0.09)

-0.54***
(0.12)

-0.36
(0.32)

-0.30
(0.38)

Distance to market

0.25***
(0.08)

0.45*
(0.22)

-2.25***
(0.25)

-2.53***
(0.61)

Village irrigated area

0.00
(0.00)

0.00
(0.00)

-0.00
(0.00)

-0.01
(0.01)

Observations
Log Likelihood
Akaike Inf. Crit.

1,232
1,232
1,232
1,222
1,222
1,222
-4,320.36 -4,235.98 -4,157.11 -1,625.62 -1,559.85 -1,547.586
8,646.71 8,521.96 8,368.23 3,257.62 3,169.70 3,149.17
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Figure S15. Prediction plots for non-DAG-based mixed effects negative binomial models
of (A) S. haematobium infection intensity and (B) S. mansoni infection intensity across
observed values of irrigated land area
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Regression diagnostics for non-DAG mixed effects negative binomial regression
models

Figure B-16. Diagnostic plots for non-DAG-based mixed effects negative binomial
models of S. haematobium infection intensity (top) and S. mansoni infection intensity
(bottom)
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Appendix C. Supplemental material for Chapter Three

Figure S1. Sample sizes resulting from the merging and cleaning of human data from
parasitological and household surveys
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Table S1. Household survey items used in in this analysis, including the module to which
an item belonged, the level at which it was measured as well as the wording of and
response categories provided for each question
Module
Level
Question
Response Categories
Demographic Individual
What is ____’s sex?
Male / Female
characteristics
Individual
What is ____’s age?
[years]
Individual
Is ____ present to respond?
Yes / No
Individual
How many times has ____
[number of visits]
visited a water access point
during the last seven days?
Water contact Individual
Did ____ do laundry in
Yes / No
surface water (e.g. the river,
the lake or agricultural fields
or canals) in the last two
weeks?
Individual
Did ____ do dishes in surface Yes / No
water (e.g. the river, the lake
or agricultural fields or
canals) in the last two weeks?
Individual
Did ____ collect water from
Yes / No
surface water (e.g. the river,
the lake or agricultural fields
or canals) in the last two
weeks?
Individual
Did ____ irrigate crops using Yes / No
surface water (e.g. the river,
the lake or agricultural fields
or canals) in the last two
weeks?
Individual
Did ____ water or wash
Yes / No
livestock in surface water
(e.g. the river, the lake or
agricultural fields or canals)
in the last two weeks?
Individual
Did ____ fish in surface water Yes / No
(e.g. the river, the lake or
agricultural fields or canals)
in the last two weeks?
Household With what frequency, on
Not performed / Less
average, do members of the
than once a week /
household do laundry?
Once a week /
Multiple times per
week / Once a day /
Multiple times per day
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Module

Living
conditions

Level
Household

Question
With what frequency, on
average, do members of the
household do dishes?

Household

With what frequency, on
average, do members of the
household collect water?

Household

With what frequency, on
average, do members of the
household irrigate crops?

Household

With what frequency, on
average, do members of the
household water or wash
livestock?

Household

With what frequency, on
average, do members of the
household fish?

Household

With what frequency, on
average, do members of the
household bathe?

Household

Is the household electrified?

Household

How many of [asset] does the
household have? (assets
include: radio, television,
washing machine, gas stove,
cooling fan, mobile phone,
bicycle, cart, canoe, irrigation
pump)
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Response Categories
Not performed / Less
than once a week /
Once a week /
Multiple times per
week / Once a day /
Multiple times per day
Not performed / Less
than once a week /
Once a week /
Multiple times per
week / Once a day /
Multiple times per day
Not performed / Less
than once a week /
Once a week /
Multiple times per
week / Once a day /
Multiple times per day
Not performed / Less
than once a week /
Once a week /
Multiple times per
week / Once a day /
Multiple times per day
Not performed / Less
than once a week /
Once a week /
Multiple times per
week / Once a day /
Multiple times per day
Not performed / Less
than once a week /
Once a week /
Multiple times per
week / Once a day /
Multiple times per day
Yes / No
[number owned]

Module

Level
Household
Household
Household
Household
Household
Household
Household

Question
How many rooms are in the
household?
What is the principal drinking
water source in the
household?
What is the principal water
source used for washing
clothes?
What type of toilet is
primarily used by members of
the household?
What is the primary floor
material?
What is the primary roofing
material?
What is the primary material
of the exterior walls?

Table S2. Activity-specific values used to estimate
duration and extent of water contact
Percent body
Durationa
Activity
surface area
minutes
mean
sd
Laundry
13.3b
35.8
16.3
Dishes
13.3b
31.8
12.1
Water collection
2.0
45.3
15.9
Irrigation
7.9
22.5
10.0
Livestock
9.3
41.5
14.9
Shore fishing
23.9
47.6
17.5
d
Bathing
11.5
100
ND
a

Activity-specific duration of contact derived from
Sow et al 2011; b Categories classified as
‘household’ and divided by two; c Classified as
‘disembarking’, d initial responses in interviews
indicating bathing, by definition, involved water
contact for entire body prompted us to exclude it
from subsequent interviews
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Response Categories
[number]
Piped water / Borehole
/ Well / Surface water
/ Other
Piped water / Borehole
/ Well / Surface water
/ Other
Flush toilet / Latrine /
No toilet / Other
Sand / Cement / Tile
Straw / Wood / Zinc /
Cement / Shingles
Cement / Wood /
Straw / Other

Table S3. Frequencies (n (row %)) of household dependence on surface water by
quintiles of asset-based index of SES
SES quintile
st
1
5th
2nd
3rd
4th
Total
(low)
(high)
63
76
92
130
158
Neither drinking nor laundry
519
(12.1) (14.6) (17.7) (25.0) (30.4)
47
41
44
69
91
Either drinking or laundry
292
(16.1) (14.0) (15.1) (23.6) (31.2)
51
30
53
35
50
Both drinking and laundry
219
(23.3) (13.7) (24.2) (16.0) (22.8)
Total
161
147
189
234
299
1030
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Table S4. Full set of candidate models used for multi-model inference of the relative contributions of
exposure, hazard and vulnerability to S. haematobium infection presence
Model
Component of Risk
Model Fit
∆AIC
No Type Exposure
Hazard
Vulnerability K
logLik
AIC
Group Overall wi
1 E only F (raw)
0.00
8.77 0.00
11
-518.5 1059.00
2
F (sum)
2.20
10.96 0.00
8
-522.6 1061.19
3
FD
2.24
11.00 0.00
8
-522.6 1061.23
4
FDB
2.39
11.16 0.00
8
-522.7 1061.39
5 H only
areaPeak
7.15
9.87 0.00
8
-522 1060.10
6
areaYear
6.65
9.36 0.00
8
-521.8 1059.59
7
areaPeak_d
2.37
5.08 0.02
8
-519.7 1055.31
8
areaYear_d
0.00
2.71 0.07
8
-518.5 1052.94
9
areaPeakV
7.64
10.35 0.00
8
-522.3 1060.58
10
areaYearV
5.55
8.26 0.00
8
-521.2 1058.49
11 V only
surface
0.00
5.22 0.02
9
-518.7 1055.45
12
surfaceYN
2.07
7.29 0.01
8
-520.8 1057.52
13
privateSan
1.93
7.15 0.01
8
-520.7 1057.38
14
sanitation
3.51
8.73 0.00
9
-520.5 1058.96
15
asset index
7.83
13.05 0.00
11
-520.6 1063.28
F (raw)
areaYear_d
16
E-H
0.00
3.08 0.06
12
-514.7 1053.31
F (raw)
surface
17
0.00
5.99 0.01
E-V
13
-515.1 1056.22
F (raw)
privateSan
18
2.06
8.05 0.00
12
-517.1 1058.28
areaYear_d surface
19
0.00
0.00 0.27
H-V
10
-515.1 1050.23
areaYear_d privateSan
20
0.22
0.22 0.24
9
-516.2 1050.45
areaYear_d surface
21 E-H-V F (raw)
0.00
1.03 0.16
14
-511.6 1051.26
F (raw)
areaYear_d privateSan
22
0.83
1.86 0.11
13
-513 1052.09
Ʃwi
0.35
0.94
0.83
E = Exposure, H = Hazard, V = Vulnerability. All models control for individual age and sex, village location
(lake vs river) and population size and include random intercepts of households nested in villages. wi represents
the Akaike weight. Variables from exposure, hazard and vulnerability only models with within-group ∆AIC <
3 were retained for subsequent combination models.
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Table S5. Full set of candidate models used for multi-model inference of S. haematobium intensity
Model
No Type
1
E only
2
3
4
5 H only
6
7
8
9
10
11 V only
12
13
14
15
16
E-H
17
18
19
20
E-V
21
22
23
H-V
24
25
26
27
28

Component of Risk
Exposure
Hazard
Vulnerability
F (raw)
F (sum)
FD
FDB
areaPeak
areaYear
areaPeak_d
areaYear_d
areaPeakV
areaYearV
surface
surfaceYN
privateSan
sanitation
asset index
F (raw)
areaPeak
F (raw)
areaYear
F (raw)
areaYear_d
areaYearV
F (raw)
F (raw)
surface
F (raw)
surfaceYN
F (raw)
privateSan
areaPeak
surface
areaYear
surface
arearYearV surface
areaPeak
surfaceYN
areaYear
surfaceYN
arearYearV surfaceYN

K
12
9
9
9
9
9
9
9
9
9
10
9
9
10
12
13
13
13
13
14
13
13
11
11
11
10
10
10

Model Fit
∆AIC
logLik
AIC
Group Overall
0.00
0.41
-3544
7112.3
18.59
-3556
7130.5 18.18
17.92
-3556
7129.8 17.51
17.50
-3556
7129.4 17.08
0.00
15.04
-3554
7126.9
1.16
16.20
-3555
7128.1
2.53
17.57
-3556
7129.4
2.00
17.04
-3555
7128.9
3.22
18.26
-3556
7130.1
1.91
16.95
-3555
7128.8
1.98
17.46
-3555
7129.3
0.00
15.48
-3555
7127.3
1.78
17.26
-3556
7129.1
3.76
19.24
-3556
7131.1
7.48
22.96
-3555
7134.8
-3543
7111.9
0.00
0.00
-3543
7112.7
0.80
0.80
0.96
-3543
7112.8
0.96
0.70
-3543
7112.6
0.70
2.00
3.79
-3544
7115.6
0.00
1.79
-3544
7113.6
0.32
2.11
-3544
7114
1.99
15.40
-3553
7127.3
3.23
16.64
-3553
7128.5
4.47
17.89
-3554
7129.7
0.00
13.41
-3553
7125.3
1.27
14.68
-3553
7126.5
2.48
15.89
-3554
7127.7
177

wi
0.12
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.15
0.10
0.09
0.11
0.02
0.06
0.05
0.00
0.00
0.00
0.00
0.00
0.00

Model
Component of Risk
Model Fit
∆AIC
No Type Exposure
Hazard
Vulnerability K logLik
AIC
Group Overall
wi
29
areaPeak
privateSan
2.41
15.82
0.00
10 -3554
7127.7
30
areaYear
privateSan
3.38
16.79
0.00
10 -3554
7128.6
31
arearYearV privateSan
4.03
17.45
0.00
10 -3555
7129.3
32
areaYear_d surface
4.86
18.27
0.00
11 -3554
7130.1
33
areaYear_d surfaceYN
2.89
16.30
0.00
10 -3554
7128.2
34
areaYear_d privateSan
4.00
17.42
0.00
10 -3555
7129.3
35 E-H-V F (raw)
areaPeak
surface
2.00
3.23
0.03
15 -3543
7115.1
36
F (raw)
areaYear
surface
2.84
4.07
0.02
15 -3543
7115.9
37
F (raw)
areaPeak
surfaceYN
0.00
1.23
0.08
14 -3543
7113.1
38
F (raw)
areaYear
surfaceYN
0.85
2.08
0.05
14 -3543
7113.9
39
F (raw)
areaPeak
privateSan
0.58
1.81
0.06
14 -3543
7113.7
40
F (raw)
areaYear
privateSan
1.32
2.55
0.04
14 -3543
7114.4
Ʃwi
1.00
0.74
0.43
E = Exposure, H = Hazard, V = Vulnerability. All models control for individual age and sex, village location
(lake vs river) and population size and include random intercepts of households nested in villages. wi
represents the Akaike weight. Variables from exposure, hazard and vulnerability only models with withingroup ∆AIC < 3 were retained for subsequent combination models.
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Figure S2. Correlation matrix of all indices of exposure, vulnerability and hazard
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