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Summary
Successful control of schistosomiasis, a waterborne parasitic disease, is challenged by the intricacy of the
worm's lifecycle which depends on aquatic snail intermediate hosts, and involves environmental, ecologic,
and socio-economic factors. Current strategies rely on deworming through mass drug administration
which however do not protect against reinfection and the persistence of hotspots. It is recognized
that multifaceted approaches will be necessary to reach elimination, whose development will require a
renewed focus on the disease's socio-ecological drivers. Taking cue from the hydrological underpinning
of these drivers, this Thesis aims at developing an ecohydrological approach to schistosomiasis with a
view to identifying and exploiting the points in which its cycle can be broken.

Schistosomiasis is a poverty-reinforcing disease affecting more than 150 million people in sub-Saharan
Africa, being the parasitic disease causing the largest health burden after malaria. However, the impairing
morbidity it causes has been undervalued in the past, qualifying it as a neglected tropical disease.
Moreover, water resources development often exacerbates transmission, posing scienti�c and ethical
challenges in addressing the ensuing trade-off between economic development and public health. The
relevance of this Thesis' work lies in furthering tools to offset this trade-off by unlocking the predictive
appraisal of the socio-ecological drivers of transmission.

An integration of �eldwork applied in Burkina Faso (West Africa) and theoretical methods are employed
to address this aim. This Thesis establishes the use of spatially-explicit mathematical models of schistoso-
miasis at the national-scale, allowing to study the effect of human mobility and spatial heterogeneity of
transmission parameters. Weekly ecological samplings of snail abundance and continuous environmen-
tal monitoring were preformed at three sites along the country's climatic gradient, leveraged through
ecological modeling. A novel methodology for the large-scale prediction of river network ephemerality
allowed for re�ned snail species distributions models, and the analysis of the disease's geography in link
with socio-economic covariates. Finally, surveys and participatory workshops shed light on local-scale
water contact patterns.

The obtained results substantiate the stance that hydrology is a �rst-order control of disease transmis-
sion. Stability analysis of the spatially-explicit model generated additional insight into the impact of
the expansion of suitable snail habitat due to water resources development, highlighting the interplay
between local and country-wide effects driven by human mobility. Models of snail ecology highlighted key
hydrological drivers, along with disputed density feedbacks. Uncovered phase shifts between permanent
and ephemeral habitats were adequately reproduced at the national scale through model regionaliza-
tion. Characterization and predictions of hydrological ephemerality improved the estimation of the
snails' ecological range, mirroring the disease's geography. Finally a national-scale association between
ephemerality and disease risk was observed, possibly due to human-water contacts aggregation, as
supported by preliminary results at village-level. The future incorporation of these eco-hydrological
�ndings into spatially-explicit models of schistosomiasis is considered promising for optimizing control
strategies and attaining its elimination.
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Résumé
Le succès du contrôle de la schistosomiase, une maladie d'origine hydrique, dépend de la capacité
a agir sur la complexité du cycle de vie du parasite qui dépend d'escargots aquatiques comme hôtes
intermédiaires, et implique des facteurs environnementaux, écologiques et socio-économiques. Les
stratégies actuelles reposent l'administration de masse de médicaments qui, cependant, ne protègent
pas contre la réinfection. Il est reconnu qu'une approches multisectorielles sera nécessaire pour éliminer
la maladie, mais nécessitera une attention renouvelée sur ses aspects socio-écologiques. Misant sur
le lien entre l'hydrologie et la transmission de la maladie, cette thèse vise à développer une approche
écohydrologique de la schistosomiase en vue d'identi�er et d'exploiter les levier pour interrompre sa
transmission.

La schistosomiase est une maladie affectant plus de 150 millions de personnes en Afrique subsaharienne.
Cependant, la morbidité qui en découle a été sous-évaluée dans le passé. De plus, le développement
des ressources en eau exacerbe souvent la transmission, ce qui pose des dé�s scienti�ques et éthiques
dans l'arbitrage qui s'ensuit entre le développement économique et la santé publique. Cette thèse vies
donc aux développement d'outils pour dépasser ce compromis en comprenant mieux les facteurs socio-
écologiques de la transmission.

Une combinaison de travail de terrain au Burkina Faso (Afrique de l'Ouest) et d'outils théoriques a été
utilisée pour atteindre ce but. Cette thèse établit l'utilisation de modèles mathématiques spatialement
explicites de la schistosomiase à l'échelle nationale, permettant d'étudier l'effet de la mobilité humaine
et de l'hétérogénéité spatiale des paramètres de transmission. Des échantillonnages écologiques de
l'abondance des escargots ont été faits sur trois sites le long du gradient climatique du pays, mis à pro�t
par la modélisation écologique. Une méthodologie novatrice pour la prédiction à grande échelle de
l'éphéméralité du réseau �uvial a permis d'améliorer des modèles spatiaux de répartition des espèces
d'escargots, et l'analyse de la géographie de la maladie en lien avec des facteurs socio-économiques.
En�n, des enquêtes et des ateliers participatifs ont permis d'appréhender les schémas de contact avec
l'eau à l'échelle locale.

Les résultats obtenus justi�ent l'hypothèse selon laquelle l'hydrologie est un facteur crucial dans la
transmission de la maladie. L'analyse de la stabilité du modèle spatialement explicite a permis de mieux
comprendre l'impact de l'expansion de l'habitat des escargots du au développement des ressources en
eau, soulignant l'interaction entre les liés à la mobilité humaine. Les modèles de l'écologie des escargots
ont mis en évidence des oscillations différées de la population des escargots entre les habitats perma-
nents et éphémères, correctement reproduits par les modèles à l'échelle nationale. Les prédictions de
d'éphéméralité ont permis de mieux prédire les zones de présence des escargots, re�étant la géographie
de la maladie. En�n, une association à l'échelle nationale avec le risque de la maladie a été observée,
probablement en raison de l'agrégation des contacts avec l'eau, comme le prouvent les résultats obtenus
au niveau des villages. L'incorporation future de ces résultats écohydrologiques dans des modèles spatia-
lement explicites de la schistosomiase est considérée comme prometteuse pour optimiser les stratégies
de lutte et parvenir à son élimination.
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1 Introduction

1.1 Human schistosomiasis

1.1.1 Disease burden and parasite lifecycle

Schistosomiasis is a chronic debilitating neglected tropical disease (NTD) caused by �atworms of genus
Schistosoma. Global estimates suggest that at least 200 to 250 million people were infected in the early
2000's [Steinmann et al. , 2006;Global Burden of Disease 2013 Collaborators, 2015;Global Burden of Disease
Collaborative Network , 2017]. If untreated, the two main forms of the disease, intestinal and uro-genital
schistosomiasis, have life-long effects including kidney failure, heightened HIV risk, bladder cancer,
and liver �brosis [ King et al. , 2005;Gryseels et al., 2006;Secor, 2012]. Children typically bear the highest
parasite burden which has been associated to stunted growth, anemia, cognitive de�cits and school
drop-outs [ King, 2010]. The burden of schistosomiasis is second only to malaria among parasitic diseases,
claiming an estimated 3 million Disability-Adjusted Life Years (DALYs) per year in the past decade [ Global
Burden of Disease Collaborative Network , 2017;Heinrich et al. , 2017]. However, it is to be noted these
�gures have been criticized by researchers working on the disease as they argue for a 4-50 fold higher
disability weight [ King and Danger�eld-Cha , 2008]. Despite signi�cant gains made in combating this
disease in the last 15 years, and that elimination is envisaged in certain countries (see section 1.1.2),
190 million people were estimated to still be infected in 2016 [ Global Burden of Disease Collaborative
Network , 2017]. The vast majority of these (85.5%) live in Sub-Saharan Africa (SSA) where the reduction in
the number of people infected has been the slowest (Fig.1.1a), showing a marked heterogeneous spatial
distribution of infection prevalence among countries (Fig. 1.1b).

Intestinal and uro-genital schistosomiasis in SSA are mainly caused by Schistosoma haematobium and
S. mansoni respectively. Both parasites present a complex life cycle (Fig. 1.2) consisting of two repro-
ductive phases, asexual in aquatic snail intermediate hosts and sexual in the human host (the Asian
schistosome S. japonicum can also reproduce in other mammals, mainly in water buffalos), linked by two
water-mobile larval phases (for a thorough description of Schistosoma's lifecycle see Jamieson[2017]).
Mated adult schistosomes secrete eggs that either exit the human host through urine ( S. haematobium )
or feces (S. mansoni), or remain trapped in the tissues surrounding the venules around the bladder or the
gross intestine. When entering water, eggs hatch into a free-swimming larval stage named miracidium
having a lifespan of about one day. Within this lifetime, miracidia can seek and infect snail intermediate
hosts [Jamiesson and Haas, 2017]. A number of genera of these small aquatic gastropod molluscs are
present in sub-Saharan Africa [ Brown , 1980], among which two are compatible with human schistosomes:
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Chapter 1. Introduction

Figure 1.1 – The burden of schistosomiasis in SSA and the world. Left) Global estimates of the number of people
living with schistosomiasis infection and the percentage of which live in SSA from the Global Burden of Disease Study
(GBD) [Global Burden of Disease Collaborative Network , 2017;Global Burden of Disease 2013 Collaborators, 2015],
prevalence-based estimates from a literature review (square) [ Steinmann et al. , 2006], and predictions from a Bayesian
geo-statistical model (triangle, only for SSA) [ Lai et al. , 2015]. Right ) Prevalence of Schistosomaspp. infection in
school-aged children in sub-Saharan Africa, from 2000 onward estimated by [ Lai et al. , 2015]1. Highlighted in white
are the administrative boundaries of Burkina Faso where the relevant �eldwork of this Thesis has been carried out
(see Chapter 2).

Bulinus spp. and Biomphalaria spp. for S. haematobium and S. mansoni, respectively. When schistosome
and snail species are compatible, each miracidium will undergo asexual reproduction and produce hun-
dreds to thousands of cercariae, the second larval stage, per day. The maturation time of miracidia within
the snail hosts, here de�ned as the pre-patent period, is temperature- and species-dependent varying
between 15 days and 4-5 weeks [Anderson and May, 1979]. Although snails can keep reproducing during
this period, the infection can cause modi�cations of the snail's life history including gigantism [ Gérard
and Théron , 1997;Kalinda et al. , 2017b], as well as fecundity compensation depending on environmental
conditions [ Gleichsner et al., 2016].

Once cercaria are released into water, they can infect a human host within 24-72h by penetrating the
skin, losing their tail and morphing into a schistosomule. The schistosomule then migrates in the cardio-
vascular system of the host, matures, and mates in the veins leading to the liver. The mated pairs migrate
to the venules around the bladder ( S. haematobium ) or the intestinal lumen ( S. mansoni). At this point
sexual reproduction takes place and the female schistosomes start laying eggs at a rate of 150 or 300 per
day for S. haematobium and S. mansoni respectively [ Loker, 1983]. A fraction of the eggs (around 50% for
S. mansoni [De Vlas, 1996], unestimated for S. haematobium ) make it back into the environment through
excreta by tunneling their way to the bladder or the intestinal lumen, thus completing the cycle. Egg
excretion starts 5 or 6 weeks after infection for intestinal and 13 weeks for uro-genital schistosomiasis.
Once mated, schistosomes live an average of 3-10 years in the human body, however infections lasting up
to 40 years have been reported [ Fulford et al. , 1995;Colley et al., 2014].

The morbidity associated to schistosomiasis is due to the lesions caused by the eggs excreted throughout

1Reprinted and modi�ed from The Lancet, 3099, Lai et al. (2015), Spatial distribution of schistosomiasis and treatment needs in
sub-Saharan Africa: a systematic review and geostatistical analysis., 1–14, Copyright (2015), with permission from Elsevier (Liscence
# 4191290638017).
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the parasite's life in the tissues surrounding the veins in which they are logged [ Colley et al., 2014].
Organ-speci�c uro-genital schistosomiasis pathology concerns the uro-genital system causing cystitis,
uretitis, and bladder cancer; the intestinal form affects the colon, liver and spleen and both forms can
lead to pulmonary hypertension, sexual dysfunction, central nervous system lesions and spinal cord
syndromes [ King and Danger�eld-Cha , 2008]. Generalized morbidity of schistosomiasis is due to the
continuous accumulation of eggs in the tissues resulting in chronic in�ammation and sustained immune
response [Gryseels et al., 2006]. The effects of this chronic immunitary reaction includes anemia, stunting,
caloric undernutrition, impaired cognitive development, decreased work output, and infertility [ King
and Danger�eld-Cha , 2008]. Schistosomiasis has also been associated to a higher risk of contracting
HIV both for adults and for children [ Mbabazi et al. , 2011;Bustinduy et al. , 2014]. School-aged children
and young adolescents are typically the age classes with the highest eggs excretion, with egg-prevalence
often decreasing with age into adulthood, although these patterns vary between settings [ Colley et al.,
2014]. Event though it is still debated among researchers and practitioners, this pattern is assumed to
result from the the accumulation of worms since the infection onset very early in the child's life (around
2 years of age [Stothard and Gabrielli , 2007]) during frequent water contacts which typically peak in
the early adolescence [Chandiwana , 1987], with a decreasing egg-output with age due to the mounting
of an immunological response and/or the reduction in exposure [ Colley et al., 2014]. Mathematical
models combining epidemiological and immunological processes have suggested that the immunological
reaction to S. haematobium is mainly driven by dying worms in the human host, leading to a mounting
of a long-lasting protective antibody response [ Mitchell et al. , 2012]. This response is thought to consist
of the reduction of worm fecundity which, explains lower egg production in older individuals, already
exposed to schistosomes, rather than providing protection against re-infection [ Mitchell et al. , 2012].
Due to the very early onset of the possible infections and the life-long impacts in terms of cognitive
impairment and labour capacity, schistosomiasis is a poverty-reinforcing disease jeopardizing the infected
individual's capacity to overcome risk factors associated to the parasite's lifecycle [ King, 2010], leading to
a disease-induced poverty trap [ Ngonghala et al. , 2017].

1.1.2 Strategies and measures for disease control and elimination

The intricate lifecycle of Schistosomaspp. provides multiple intervention pathways for disease control,
which include reducing worm burden in the human host using antihelminthics, managing the population
of the snail intermediate host, reducing contamination of waterbodies due to open defecation and
urination, and limiting exposure during human-water contacts [ Rollinson et al. , 2003;Utzinger et al. ,
2011]. This section provides a brief account of the historical evolution from morbidity control to disease
elimination, as well as its limits and margins for the improvement of the suite of available control
measures with regards to the parasite's ecology.

From control to elimination In the absence of safe and affordable anti-schistosomal drugs and vac-
cines, early control efforts in the 1940's mainly consisted of snail control through the use of molluscicides
along with improved access to clean water, sanitation and hygiene (WASH) [ Sandbach, 1976]. The dis-
covery of praziquantel in the 1970's shifted control strategies towards mass drug administration (MDA)
[Engels et al., 2002], with a focus on morbidity control in highly endemic countries, i.e. the reduction
of worm burden and its associated disability [ Rollinson et al. , 2003]. Since the early 2000s, encouraged
by the World Health Organization (WHO) through the adoption of the World Health Assembly (WHA)
resolution WHA54.19 [ World Health Organization , 2001], and embodied by the Schistosomiasis Control
Initiative [ Fenwick et al. , 2006], morbidity control through MDA has been the backbone of most national
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