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Summary
Successful control of schistosomiasis, a water-borne 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 adminis-

tration 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 social-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 exacerbate transmission, posing scientific 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 social-ecological drivers of transmission.

An integration of fieldwork 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 modelling. A novel methodology for the large-scale prediction of river network ephemerality

allowed for refined snail species distribution 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 first-order control of disease transmission.

Stability analysis of the spatially explicit model generated additional insight into the impact of the expan-

sion 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 revealed key hydrological

drivers, and disputed density feedbacks. Uncovered phase shifts between permanent and ephemeral

habitats were adequately reproduced at the national scale through model regionalization. Characteriza-

tion 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 ecohydrological findings into spatially explicit

models of schistosomiasis is considered promising for optimizing control strategies and attaining disease

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’identifier 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 défis scientifiques 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 profit

par la modélisation écologique. Une méthodologie novatrice pour la prédiction à grande échelle de

l’éphéméralité du réseau fluvial 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.

Enfin, des enquêtes et des ateliers participatifs ont permis d’appréhender les schémas de contact avec

l’eau à l’échelle locale.

Les résultats obtenus justifient 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, reflétant la géographie

de la maladie. Enfin, 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 flatworms of genus

Schistosoma. Global estimates suggest that at least 200 to 250 million people were infected in the early

2000s [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 fibrosis [King et al., 2005; Gryseels et al., 2006; Secor, 2012]. Children typically bear the highest

parasite burden, which has been associated to stunted growth, anaemia, cognitive deficits 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

figures have been criticized by researchers working on the disease as they argue for a 4-50 fold higher

disability weight [King and Dangerfield-Cha, 2008]. Despite significant 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 mansoni and

S. haematobium respectively. Both parasites present a complex life cycle (Fig. 1.2), consisting of two

reproductive 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

faeces (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 SSA [Brown, 1980], among which two are compatible with human schistosomes: Bulinus spp.
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the parasite’s life in the tissues surrounding the veins in which they are logged [Colley et al., 2014].

Organ-specific 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 Dangerfield-Cha, 2008]. Generalized morbidity of schistosomiasis is due to the

continuous accumulation of eggs in the tissues resulting in chronic inflammation and sustained immune

response [Gryseels et al., 2006]. The effects of this chronic immunitary reaction includes anaemia, stunting,

caloric undernutrition, impaired cognitive development, decreased work output, and infertility [King

and Dangerfield-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 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 Schistosoma spp. provides multiple intervention pathways for disease control,

which include reducing worm burden in the human host using anthelminthic drugs, 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 1940s 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 1970s 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

(SCI) [Fenwick et al., 2006], morbidity control through MDA has been the backbone of most national
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Figure 1.2 – Schistosome life cycle and infection phases

control strategies. These control strategies have had important gains in terms of reduction of disease

prevalence and the intensity of infection [Fenwick et al., 2006; Wang et al., 2008]. In recent years schis-

tosomiasis has moved up on the global health agenda with WHA resolutions WHA65.21 [World Health

Organization, 2012a] and WHA66.12 [World Health Organization, 2013b] and the London Declaration

on NTDs [World Health Organization, 2012c], with a paradigm shift from morbidity control to disease

elimination as a public health problem (threshold on the prevalence of high intensity infections), and

complete elimination (transmission interruption) in selected regions by 2020 [World Health Organization,

2013a].

Mass drug administration and its limits There currently exists no clinically-approved vaccine for

human schistosomiasis [Egesa et al., 2017; Bergquist and McManus, 2017], and most countries with

national schistosomiasis control or elimination programmes rely solely on preventive chemotherapy

[Sokolow et al., 2016], despite WHO recommendations on combining MDA with alternative public

health interventions [World Health Organization, 2013a]. Since its discovery in the 1970s praziquantel

remains the drug of choice for most health authorities in countries with national schistosomiasis control

programmes [Fenwick et al., 2003]. Praziquantel has been shown to have a good efficacy against adult

S. haematobium and S. mansoni, but less against the juvenile form of both species [Gönnert and Andrews,

1977; Fenwick et al., 2003]. Concerns about its widespread use have been voiced due to the possible

emergence of drug resistance [Doenhoff et al., 2008], a thesis proposed as the an explanation, although

not unambiguously validated, of lower, cure rates than expected in areas undergoing regular MDA

[Picquet et al., 1998; Danso-Appiah and de Vlas, 2002]. Chemotherapy, however does not protect against

subsequent cercarial penetration and worm development, thus presenting the risk of morbidity control
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failure due to re-infection [Mutapi et al., 1999; N’Goran et al., 2001], possibly leading to persistent hotspots

of transmission despite multiple rounds of MDA [Pennance et al., 2016; Kittur et al., 2017; Wiegand et al.,

2017]. Despite an increase in MDA coverage of school-aged children in the past 10 years, the 75% target of

the WHO guidelines has not been met in many endemic countries due to institutional, operational, and

budgetary impediments, with an average global coverage of 53.7% (36.5% when accounting for adults)

of the population at risk in 2016 [World Health Organization, 2017b]. Furthermore, recent modelling

studies suggest that community wide treatment is cost-effective across endemicity levels [Lo et al.,

2015], including preschool-aged children who are known to be parasitized very early on [Stothard and

Gabrielli, 2007; Stothard et al., 2013; Bustinduy et al., 2017]. However the scaling of MDA alters the

immunological interactions between human hosts and parasites, in particular for school-aged children,

with potential benefits on the short-term (accelerated acquisition of protective immunity), but with

the risk of a strong rebound overshooting pre-treatment infection intensity on the the longer due to

depressed antibody levels in the population if MDA is interrupted and residual transmission remains

[Mitchell et al., 2014]. The future impacts of more frequent MDA campaigns with greater spatial coverage

on schistosome biology and disease immunoepidemiology are therefore non-trivial, and will require close

and constant monitoring in the coming years [Mutapi et al., 2017]. Beyond the challenges associated

with the estimation of current treatment needs at the sub-national level [Schur et al., 2012], the district

prevalence-based WHO thresholds for determining MDA frequency -developed for morbidity control-

have been criticized due to the risk of under-treating areas with high transmission localities if elimination

is to be achieved [Tchuem Tchuenté et al., 2017; Lo et al., 2017]. Another operational consideration is

the importance of the timing of MDA with respect to the potentially seasonal dynamics of transmission

highlighted in several settings [Augusto et al., 2009; Ahmed et al., 2012; Tchuem Tchuenté et al., 2013;

Senghor et al., 2015], and mentioned in the WHO schistosomiasis control guidelines for endemic countries

[World Health Organization, 2013a, p. 37]. Despite the large potential gains in transmission reduction,

there still is a lack of a clear methodological approach for the quantification of transmission seasonality

at the national scale, depending both on the fluctuations of snail abundance and human-water contacts,

and the planning of MDA timing at the national level. In the face the shortcomings of MDA, a multifaceted

approach is needed for reaching elimination targets, including measures for the management of snail

populations, improved access to WASH, and the development of novel surveillance and rapid diagnostic

tools for the monitoring of transmission in low-endemicity settings [Utzinger et al., 2011; Rollinson et al.,

2013; Lo et al., 2017; Stothard et al., 2017; Tchuem Tchuenté et al., 2017].

Snail control As mentioned above, snail control was the main control tool before the advent of praz-

iquantel, and a number of chemical or plant-based molluscicides were tested and used in control

programmes [McCullough et al., 1980; Suter et al., 1986; Sturrock, 1995; Izah and Angaye, 2016]. Indeed,

retrospective analyses have suggested a notable disease-curbing role of local snail abundance manage-

ment using chemical-based molluscicides [King et al., 2015], and the importance of snail control in past

successes of disease elimination [Sokolow et al., 2016]. Biological control of snail populations have also

been proposed using natural predators [Maharaj et al., 1992; Kloos et al., 2004; Michelson, 2009; Sokolow

et al., 2015; Swartz et al., 2015] or snail competitors [Pointier et al., 1991]. In China, an alternative method

to snail control was implemented through environmental modification to reduce habitat suitability,

although with mixed results [Xu et al., 2015a]. Moreover, the high costs of this method would hinder its

application in sub-Saharan countries [Tchuem Tchuenté et al., 2017]. The challenge of the control of the

intermediate host resides in its high cost with respect to praziquantal distribution, the technical and

operational challenges it poses for it to be successful, and in the impossibility of the complete elimination

of snail populations from all transmission sites at the national level [Hostettmann, 1984]. Snail control,

in particular molluscicides application, is therefore considered as a potential complementary control
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measure to MDA [World Health Organization, 2013a], in particularly at sites characterized by highly

seasonal transmission in a limited number of water access points [Hostettmann, 1984]. The regained

attention in snail control has fostered the WHO to issue a new manual directed at program managers in

endemic countries [World Health Organization, 2017a]. However, the manual underlines the context-

dependence of snail control effectiveness, and the importance of optimal use of molluscicide application

that have been a major obstacle in historical control programmes, especially in seasonal climates [King

et al., 2015]. As voiced by Shiff [2017], only very general indications are found on intervention timing

with respect to the season of the year (rainy vs. dry), habitat type (permanent vs. ephemeral, natural vs.

man-made), and snail species responsible for transmission [World Health Organization, 2017a, p. 14].

The development of successful snail control strategies therefore requires a thorough understanding of the

snail intermediate hosts’ ecology, and a suitable framework for quantifying the effectiveness of control

measures as a function of intervention timing, spatial coverage and other operational as well as logistical

constraints.

Reducing exposure and contamination through WASH and health education Schistosomiasis’ trans-

mission cycle depends on the parasite’s eggs reaching waterbodies (contamination), successful infection

and multiplication inside the snail intermediate hosts, and subsequent cercarial penetration of human

skin during water contacts (exposure). Access to clean water sources, sanitation infrastructure and hy-

giene (WASH) are linked to both exposure and contamination through direct and indirect pathways which

have the potential to curb transmission (see Grimes et al. [2015] for a review). Access to safe water sources

and sanitation have been associated with lower odds of both uro-genital and intestinal schistosomiasis in

meta-analysis, geo-statistical models, and more recently in the framework of mapping protocols of the

national control program of Ethiopia [Soares Magalhães et al., 2011; Grimes et al., 2014, 2016]. However,

uncertainty remains on the strength and general validity of this associations in part due to the lack of

structured randomized trials providing clear supportive evidence [Grimes et al., 2014; Campbell et al.,

2017]. Indeed, the link between access to WASH, its actual use, and its effect of transmission are strongly

dependent on local attitude and practices with respect to water-contact patterns and access to water and

sanitation infrastructure [Aagaard-Hansen et al., 2009]. In light of these considerations, WASH is seen as a

crucial component of the long-term control of NTDs, calling for additional research initiatives [Campbell

et al., 2017], and being incorporated in the WHO strategy for 2015-2020 [World Health Organization,

2016]. Despite of these developments, still there is a lack of tools and methodologies for guiding WASH

interventions at the national level that address the local specificity of the underlying physical and eco-

logical factors conditioning transmission dynamics. Local conditions are dependent, among others, of

the temporal and spatial heterogeneity in water contact patterns and their effect on parasite re-invasion

and disease persistence. Following another model of intervention, the national control program of China

has adopted an approach which includes the mechanization of agriculture to reduce the use of water

buffaloes (a mammalian host of S. japonicum). This intervention limits human-water contacts during

agricultural activities with significant results in reducing transmission alongside MDA and snail control

[Xu et al., 2015a]. Although the impact in China is encouraging, this type of interventions cannot yet be

contemplated in SSA due to the financial costs for implementation, and specificities of the environmental

and socio-economic conditions favouring transmission in the sub-continent [Tchuem Tchuenté et al.,

2017]. Health education to reduce transmission is also deemed important in sustaining the gains of

MDA and other control methods [Kloos, 1995; Asaolu and Ofoezie, 2003], even if results in terms of the

reduction of exposure, contamination, and schistosomiasis incidence vary in the context of different

case-studies [Uchoa et al., 2000; Hu et al., 2005]. Recent results from educational entertainment using

animated cartoons for inducing behavioral change suggest that innovative strategies for health education

could become an essential component of national control programmes in the future [Bieri et al., 2013;
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Essé et al., 2017].

Moving towards surveillance-response systems A strong consensus exists on the need for a country-

or even site-specific multifaceted approach to eliminate schistosomiasis [Utzinger et al., 2011; Tchuem

Tchuenté et al., 2017]. However, there are no general guidelines or methodologies for the choice control

measures and guidance on how to tailor them to the climatic, ecological, and socio-economic specificities

of endemic countries in SSA. It can be appreciated throughout the previously described interventions

that these are dependent to many factors impinging on their effectiveness and associated costs. In fact,

most control and elimination programmes are centrally managed by the ministry of health in endemic

countries, with the responsibility of defining strategies and making resource allocation decisions at

national level [Sokolow et al., 2015]. The elimination of schistosomiasis will require the development and

deployment of dedicated surveillance-response systems (SRSs) [Zhou et al., 2013; Bergquist et al., 2015]

to: i) appropriately measure the evolution of transmission at the national scale and individuate persistent

hotspots and parasite re-introductions in cleared areas, and ii) rapidly deploy response packages tailored

to the specific environmental, ecological and socio-economic conditions supporting transmission. This

is deemed crucial not only for schistosomiasis, but also for the other water-borne diseases and NTDs

affecting low income countries [Tambo et al., 2014]. In the case of schistosomiasis, this entails taking

into account the intrinsic spatially varying climatic, environmental, and socio-economic conditions

underpinning transmission [Brooker, 2002; Liang et al., 2007], as well as extrinsic factors such as the effect

of human mobility and migration patterns in parasite dispersion and introduction [Gurarie and Seto,

2009; Cao et al., 2015]. Moreover the lack of accurate rapid diagnostic tests for schistosomiasis means

that national control programmes rely on annual parasitological sampling in a small number of villages

as indicators of disease progression and control effectiveness at regional or national scales, with all the

associated uncertainty these comport [Stothard, 2009; Stothard et al., 2014, 2017]. Given the limited

resource conditions in which the national health ministries in SSA operate, to reach elimination it will

be paramount to develop tools for the design and optimization of spatially embedded SRSs accounting

for the specificities of schistosomiasis transmission, and which incorporate all the available sources

of epidemiological data [Yang et al., 2012b]. Challenges to the implementation of such tools include

the design of socio-ecological and epidemiological data collection protocols, both in space and time,

and procedures for information extraction from the produced data for supporting the intervention

decision-making process [Bergquist et al., 2015]. Mathematical and statistical modelling is considered an

important (and cost-effective) tool in the design and operation of SRSs for the integration of the numerous

factors that affect transmission, as exemplified by the Chinese experience aiming at the elimination of S.

japonicum in the country [Feng et al., 2016]. Although most needed, an approach which allows for the

unique features of S. haematobium and S. mansoni transmission does not exists nowadays in endemic

countries in SSA.

1.2 Hydrology and the social-ecological drivers of transmission

1.2.1 The social-ecological nexus of schistosomiasis

A leitmotif that emerges from the previous overview of strategies and measures for schistosomiasis

elimination is that the complexity of the parasite’s life cycle depicted in Fig. 1.2 is both an opportunity for,

and an obstacle to successful disease control, depending on whether its salient features are adequately

taken into account [Utzinger et al., 2011; Tchuem Tchuenté et al., 2017]. As previously stated, disease

transmission dynamics depend on environmental, ecological and and socio-economic factors, which
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determine its persistence in endemic areas [Yang et al., 2015], and its spread into disease-free regions

often due to anthropogenic alterations of the natural environment [Southgate, 1997], or climate change

[Zhou et al., 2008]. Utzinger et al. [2011] defined the combination of these factors as the social-ecological

system in which schistosomiasis is embedded, echoing Stokols [1996]’s definition of a social-ecological

framework for community health promotion which has been more widely advocated for all helminthic

diseases [Gazzinelli et al., 2012]. In reference to schistosomiasis, two main aspects were highlighted

by Utzinger et al. [2011]: 1) the social and behavioural aspects of the contamination of waterbodies by

human excreta and the subsequent exposure to cercariae, and 2) the ecology of the snail intermediate

hosts with a strong emphasis on the impact of water resources development on disease risk. Indeed,

the construction of dams for irrigation and water management purposes, often in response to water

scarcity [Barbier et al., 2009], has been associated with higher schistosomiasis risk (both uro-genital and

intestinal) throughout SSA, in particular in the Sahel [Steinmann et al., 2006]. This exacerbated risk is due

on one hand to the expansion of suitable habitats for the snail intermediate hosts [Boelee et al., 2009], and

on the other to the potential changes the construction or reservoir have on local population densities and

human water-contact patterns [Cecchi, 2007]. Indeed, the water surfaces created by reservoir construction

and the irrigation systems that often accompany them provide ideal aquatic conditions for the snail

intermediate hosts, and foster new economic activities in addition to agriculture, such as fishing, or

cattle herding, which can be at the origin of important migration patterns in rural areas [Cecchi, 2007;

Ayantunde et al., 2017]. The impact of water resources development on schistosomiasis has been widely

stressed in the literature [Steinmann et al., 2006; Utzinger et al., 2011; Rollinson et al., 2013; Van Bocxlaer

et al., 2014], and embodies the interaction among ecological and socio-economic factors in disease

transmission and persistence through the alterations induced by dam construction. On the other hand,

the hydrological underpinning of the schistosome’s transmission cycle, in particular regarding snail

ecology, and human-water contacts, has received marginal attention in SSA even though it can be seen

as a first order control and the water-dependent survival and circulation of miracidia and cercariae

between the aquatic intermediate snails and human definitive hosts [Colley et al., 2014]. Risk profiling

studies have considered multiple environmental and socio-economic covariates using generalized linear

mixed models (GLMMs) with spatial random effects (i.e. geo-statistical models), while hydrological

characteristics that condition transmission are limited to yearly precipitation amounts and distances

to waterbodies [Raso et al., 2006; Soares Magalhães et al., 2011; Lai et al., 2015; Walz et al., 2015a; Yang

et al., 2015]. A similar trend can be observed in the field of mathematical models of disease transmission

applied to guiding and evaluating MDA strategies in SSA (elaborated in section 1.2.4 and 3.2). The links

between hydrology and schistosomiasis could provide useful insight into disease transmission, but have

not been explored consequently by research studies in SSA. Before expanding this argument through a

review of the literature on the hydrological studies of schistosomiasis in general, and more particularly

in SSA, a brief account on past ecological studies of the snail intermediate hosts, and of human-water

contacts, is given below, placing due attention to their hydrological controls.

1.2.2 Historical studies of the ecology of the snail intermediate host

Two genera of snails of the Planorbidae family (pulmonate, freshwater snails) are responsible for the

transmission of human schistosomiasis in SSA, Bulinus spp. for S. haematobium and Biomphalaria

spp. for S. mansoni [Madsen, 2017]. Both snail genera are hermaphrodites and can reproduce through

self-fertilization (selfing) [Jarne et al., 1993]. Their population dynamics is characterized by strong sea-

sonal fluctuation [Cridland, 1958; Webbe, 1960; Dazo et al., 1966; Hira, 1975; Klumpp and Chu, 1977;

Rollinson, 2011], in particular in temporary habitats, with population bursts and crashes [Cridland,

1957; Poda et al., 1994, 1996]. Moreover, the growth, fecundity, and death rates of both genera depend
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strongly on temperature [Shiff, 1964a; McCreesh and Booth, 2014a]. Though both genera are capable of

surviving periods of desiccation through aestivation, Biomphalaria spp. snails are much less adapted

than most species of Bulinus to prolonged dry spells, which severely increase snail mortality [Rubaba

et al., 2016]. Laboratory estimates of the mean lifespan of Biomphalaria pfeifferi under aestivation

reach about 40 days [Badger and Oyerinde, 1996], whereas species of Bulinus (in particular B. trunca-

tus, B. senegalensis, and B. forskalii) have evolved to survive burrowed beneath temporary ponds and

streams which have water only for a couple of months per year [Brown, 1980; Woolhouse and Taylor, 1990].

From a historical perspective, the scientific endeavor of the medical malacology of schistosomiasis was

fostered by WHO strategic focus on snail control in the 1950s which prompted a thorough investigation

and description of the biology and occurrence of the intermediate in SSA [Mandahl-Barth, 1957a,b]

(for a broader historical overview see Madsen [2017]). A number of studies since then (some of which

are cited above) have focused on the ecology of these species, in particular looking into the seasonal

fluctuations of snail abundance in relation to environmental variables in different types of habitats in

SSA. A more comprehensive overview of the ecology of both genera across habitats, climatic, and envi-

ronmental conditions, as described above, is currently missing in the literature. In the absence of such

an overview, this section proposes a metadata analysis of a review of ecological studies of Bulinus spp.

or Biomphalaria spp. in SSA that have addressed snail population dynamics1. For each article, the

geo-localization, sampling technique, type of habitat, identified species, habitat ephemerality (whether it

periodically dries out or not), monitored environmental covariates, test for schistosomal infection, and

duration of the study were recorded, differentiating them by prospected habitat when reported. A total

of 78 articles were retained which contained timeseries data on the ecology of either Bulinus spp. or

Biomphalaria spp., covering 268 distinct habitats in 143 unique locations in SSA and Northern Africa

(details in Fig. 1.3). In fact, it is recognized these are a small fraction of the numerous historical studies on

the taxonomic identification and large and small scale ecological range determination of both species

across the continent, but only these were found to cover snail ecology from a population dynamics point

of view (the most comprehensive references on the general ecology of snails of medical importance in SSA

is the book by Brown [1980], and it’s re-edition Brown [1994]; see [Rollinson, 2011] for a more recent review

for Biomphalaria spp.). From the review of it appears that population dynamics studies have mainly

been done in Easter and Western Africa, with very few works covering the humid tropical agro-ecozone of

central Africa (Fig. 1.3a). The bulk of these studies were made in the 1980s and 1990s, with a constant

decline in their numbers since the 2000s up to date (Fig. 1.3b). Similarly, the number of studied habitats

per article (for which disaggregated data was reported) reached a peak in the 1980s and 1990s (median of

4 habitats per study) and decline steadily afterwards (Fig. 1.3a)2. Moreover the majority of the studies had

less than 15 consecutive months of ecological data, thus barely covering a succession of 2 yearly seasonal

cycles (Fig. 1.3b)3. The majority of investigations have focused on Bulinus spp., particularly on B. globosus

and B. truncatus, with Biomphalaria pfeifferi being the most studied (and widespread) intermediate host

of S. mansoni, (Fig. 1.3d). Natural habitats, both ephemeral and permanent, were well represented in

the data (rivers, ponds, lakes), on the other hand among man-made habitats reservoirs were much less

covered than irrigation canals and ditches (Fig. 1.3e). Moreover environmental covariates were reported

1The Library of the École Polytechnique Fédérale de Lausanne is gratefully acknowledged for support in retrieving the articles for
this review. Although the review has been updated to cover works published in 2017, the results presented here do not include the
contributions of the present Thesis which constitute the content of Chapter 4.

2The "exception confirming the rule" comes from the very recently published work by Gouvras et al. [2017], which surveyed 15
distinct sites during 4 years along the shores of Lake Victoria, although the data were reported as aggregates for all sampling sites in
the paper thus counting only as one in Fig. 1.3c [Gouvras et al., 2017]. In total, 33/78 articles reported aggregated snail counts from
multiple habitats (sums or averages).

3Again, there are notable exceptions to the rule which are the study by Noda et al. [1995] which report 7 years of fortnightly
counts in 7 distinct habitats, and Kariuki et al. [2013] reporting 12 years of data although aggregated annually.

9





1.2. Hydrology and the social-ecological drivers of transmission

feedbacks in mathematical models of disease transmission which account for the dynamics of snail

populations, often without an ecological justification with respect to the studied species and habitat (see

section 3.2 for a detailed account). Negative density feedbacks (sensu Herrando-Pérez et al. [2012]) have

been at the heart of a debate on whether they must be seen as a key ecological process for the demography

of the intermediate hosts of schistosomes in natural habitats, sparked by the seminal attempt to model

the population dynamics of Schistosoma intermediate hosts by Jobin and Michelson based on Shiff’s field

and laboratory data [Shiff, 1964c; Jobin and Michelson, 1967]. A limited number of ecological modelling

studies have followed in these early investigations’ footsteps in SSA, most of which relating to Woolhouse’s

work on Bulinus globosus and Biomphalaria pfeifferi in permanent streams in the Zimbabwe’s highveld in

the late 1980s [Woolhouse, 1988a; Woolhouse and Chandiwana, 1989, 1990a,c; Woolhouse, 1992b]. These

studies first described the large seasonal fluctuations in snail abundance, and the effect of variations

in discharge on the hydrological dispersal and spatial structuring of snail populations [Woolhouse and

Chandiwana, 1989, 1990c; Woolhouse, 1992b]. Woolhouse and Chandiwana [1990a] then moved on to use

mathematical models to highlight the role of water temperature in driving the population dynamics of

Bulinus globosus, and further considered the effect of rainfall in the form of an instantaneous reduction

of snail abundance and recruitment due to snail dispersal by advection. Density feedbacks were not

included in the model as the population dynamics of B. globosus were labelled as "density vague" (sensu

Strong [1986]) suggesting that, under natural conditions, snail abundance is controlled by adverse envi-

ronmental conditions preventing crowding levels at which negative density feedbacks are appreciable,

although no statistical or model-comparison tests were made to verify this assumption [Woolhouse and

Chandiwana, 1990a]. More recently, a comprehensive modelling analysis expanding Woolhouse and

Chandiwana’s framework was performed by Remais et al. [2007] to investigated the role of environmental

covariates on the recruitment and mortality of Oncomelania hupensis (the amphibious intermediate host

of S. japonicum) in irrigation canals in China. Temperature and water level fluctuations were found to be

the main drivers of snail population dynamics (as opposed to density feedbacks), and the best-fitting

model adequately reproduced seasonal abundance patterns [Remais et al., 2007]. Another path has

been followed by McCreesh and Booth [2014a,b] focusing on the effect of temperature on the ecology

of Biomphalaria spp. and cercariogenesis using an individual-based approach parameterised with lab-

oratory data on snail fecundity, development, and mortality as a function of temperature, which also

included negative density feedbacks. Having been designed to answer pressing questions on the effect of

changing temperature on schistosomiasis from the biological perspective [McCreesh and Booth, 2013;

Kalinda et al., 2017b,a], this approach is less suitable for disentangling ecological drivers of snail ecology

in natural habitats from time series data of population counts, in particular for ephemeral habitats. The

latest modelling work of snail ecology in SSA (published after the study reported in Chapter 4 of this

Thesis) addressed the seasonal variations of Bulinus spp. abundance in temporary ponds in Kenya by

incorporating a model for the variation of available habitat/resources which modulates growth and death

rates, discarding temperature effects and density feedbacks [Gurarie et al., 2017]. The explicit modelling

of available resources as a function of precipitation is a noteworthy development with respect to previous

studies, however it remains unclear to which extent this approach is extensible across climatic conditions

at the national scale, and whether it is adaptable to other habitat types and hydrological conditions in

which resource availability may not be the main driver of snail ecology [Woolhouse and Chandiwana,

1990a].

The paucity of quantitative analysis on the population dynamics of these keystone species of the Schis-

tosoma lifecycle [Esch et al., 2001; Stothard et al., 2017] magnifies the sparsity and growing scarcity of

field studies in SSA highlighted by the literature review (Fig. 1.3). This trend is in sharp contrast with

the numerous, and necessary, species distribution studies on the ecological range of Bulinus spp. and
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Biomphalaria spp. in the continent (cf. section 1.2.4), probably owing to the wider availability of historical

species occurrence data with respect to ecological timeseries [Stensgaard et al., 2013]. Moreover, the

hydrological drivers of snail ecology have not been systematically been accounted for in past studies, and

by no means in a manner allowing for formal model identification and comparison across different types

of habitats and climates, save for the study of Oncomelania hupensis in China although only one habitat

was considered in that case [Remais et al., 2007]. As a matter of fact, hydrological insight has also been

lacking from species distribution models despite the well known importance of discharge fluctuations on

snail presence and abundance in streams and rivers (this argument is further expanded section 1.2.4)

[Brown et al., 1994]. The conclusions that may be drawn from this section echo Shiff [2017]’s very recent

call to gain insight from research performed between the 1950s and 1990s which focused on fieldwork

and emphasized transmission control, thus bringing to the fore the need for renewed interest in the

ecology of the snail intermediate hosts of schistosomiasis, and more particularly on its manifest but often

disregarded hydrological drivers.

1.2.3 Socio-economic determinants, human-water contacts, and mobility

Socio-economic and behavioural factors are intrinsically linked to the poverty-related and reinforcing

nature of schistosomiasis due to their association to the risks of exposure through human-water contacts,

and contamination by egg-baring human excreta reaching waterbodies (section 1.1.2) [King, 2010]. The

accurate quantification of contamination rates by excreta poses obvious methodological challenges

since they depend not only on the degree of open defecation and subsequent transport due to rainfall

or treading by humans or animals [Chandiwana, 1986; Vercruysse et al., 2001], but also on unavoidable

micro-urination [Grimes et al., 2015], and hygienic bathing practices [Sow et al., 2008]. On the other hand,

regarding exposure there has been considerable effort put into characterizing human-water contact

patterns as a function of demographic and socio-economic covariates in numerous settings [eg. Klumpp

and Webbe, 1987; Chandiwana, 1987; Bundy et al., 1990], and their modulation by access to water

infrastructure [eg. Krauth et al., 2015; Kosinski et al., 2016]. The joint analysis of water contact patterns

and individual infection status has lead to the identification of occupational and recreational activities

associated to higher odds of schistosomiasis in some settings, such as recreational bathing and regular

crossing of streams [Dalton, 1976; Lima e Costa et al., 1991; Kloos et al., 1998], even though a clear link

between water contact patterns and infection intensity cannot be systematically drawn at the individual

level in all transmission settings [Scott et al., 2003; Sow et al., 2011]. Moreover, the spatial patterns of

water contacts have been associated to the micro-epidemiology of schistosomiasis, in particular with

the reduction of infection risk with distance to the closest waterbody or irrigation canal, although the

strength of the association depends markedly on the setting and the spatial configuration of households

and waterbodies, and is further blurred by the mixing of heterogeneous human-water contacts among

a finite number of water contact points [Chandiwana and Woolhouse, 1991; Kloos et al., 1997; Clennon

et al., 2006; Seto et al., 2013; Meurs et al., 2013]. Of possibly greater importance for schistosomiasis

control and elimination is the role of heterogeneities in individual water-contact characteristics and

spatial occurrence in the strength of transmission at the community level. Noteworthy is the fact that

mathematical models which allow for spatial and individual heterogeneity suggest that differences in

exposure/contamination within a population tend to favour parasite invasion and disease persistence

with respect to an equivalent but homogeneous one [Barbour, 1978; Ofoezie et al., 1998; Woolhouse et al.,

1998]. In a similar fashion, the concentration of contacts in a limited set of water sources exacerbates

community-wide transmission, thus suggesting the potential efficacy of targeted vs. blanket interventions

for chemotherapy, snail control, and WASH in the disease elimination phase [Mari et al., 2017a], although

with its associated caveats [Woolhouse et al., 1997]. Based upon this, hydrology comes to view as a
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crucial factor underlying schistosomiasis transmission as it constitutes the first order control on the

spatial and temporal availability of surface water, prior to its eventual anthropogenic modification, thus

constraining the degree of human-water contact clustering with possible implications for elimination

efforts, especially in strongly seasonal climates.

Human mobility is also an important factor due to its role in the persistence and expansion of schistoso-

miasis in and from endemic areas [Bella et al., 1980; Appleton et al., 1996; Cetron et al., 1996; Kloos et al.,

2010]. Indeed, population genetic studies have revealed a strong genetic diversity of schistosomes within

and among individuals, and lack of geographical population sub-structuring across spatial scales (village

to regional), thus suggesting a strong mixing of parasites due to human mobility and migration patterns

[Davies et al., 1999; Sire et al., 2001; Standley et al., 2010]. The spread of intestinal schistosomiasis in

Northern Senegal following the construction of the Diama dam in the 1980s serves a striking example

of the role of human mobility in the onset of parasite invasion of a river network, here due to multiple

parasite introduction by migrants coming to work in the newly established agricultural areas and, the

successful invasion of previously snail-free areas by B. pfeifferi [van den Broeck et al., 2015]. Interestingly,

the issues of human mobility and migration raised by the construction of these dams links back to climate

and hydrology since they were built as a preemptive measure to avoid the repetition of the losses caused

by the strong long-lasting West-African drought in the 1970s [Handschumacher et al., 1992; Le Barbé et al.,

2002]. Tools to account for the effect of human mobility, and possibly its interdependence with water

resources development, on disease transmission risk therefore comes to light as an additional crucial

component of future schistosomiasis elimination strategies in endemic countries.

1.2.4 A review of hydrology in schistosomiasis transmission studies

As stressed throughout the previous sections, hydrology intervenes at multiple levels in the transmission

cycle of schistosomiasis. However, a limited number of studies have investigated it comprehensively,

as opposed to other water-borne diseases [eg. Rinaldo et al., 2017]. Indeed, river networks provide

ecological corridors that are continuously subject to modification by climatic, geomorphologic and

ecohydrologic drivers which support both freshwater and terrestrial biodiversity [Fagan, 2002; Bertuzzo

et al., 2007; Muneepeerakul et al., 2008; Rodriguez-Iturbe et al., 2009; D’Odorico et al., 2010; Konar et al.,

2013], including the pathogens affecting the human communities living along them [Lara et al., 2011;

Rinaldo et al., 2017]. Hydrology underlies water-borne disease outbreaks through its direct impact on the

pathogenic agent’s survival and ecology (or of primary and intermediate hosts) and through their (mostly)

downstream transport, prompting infections to spread within and across human communities, as in the

case of cholera [Gatto et al., 2012; Mari et al., 2012a; Rinaldo et al., 2017]. Apart from schistosomiasis,

hydrology also plays a key role in the endemicity of other parasitic diseases by determining habitat

presence and suitability for the parasite’s vectors, such as for malaria [Bomblies et al., 2008; Bomblies and

Eltahir, 2009] and onchocerciasis (river blindness) [Servat et al., 1990]. As previously presented, in the case

of schistosomiasis hydrology is a key driver of the occurrence and ecology of the snail intermediate hosts,

but can also be seen as a first order control on the spatial and temporal configuration of the waterbodies

in which human-water contacts can occur, and indirectly linked to water resources development.

Widening the scope from SSA to a global perspective suggests that hydrology has been considered

in studies covering different aspects of the transmission cycle. A selection of works focusing on the

link between hydrology and schistosomiasis is given in Table 1.1. Four main topics emerge: i) the

effect of hydrology on snail population dynamics, ii) snail spatial distribution as a function of some

form of hydrological process or index, iii) hydrological transport of cercariae and dispersal of snails at

various spatial and temporal scales, and iv) a direct quantification of the effect of hydrology on disease
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transmission. As a preliminary remark it is interesting to note that the majority of the identified studies

(19/32) have focused on the Oncomelania hupensis-S. japonicum system in mainland China, and only

12 studies have investigated the link between hydrology and schistosomiasis in SSA. Works on the

population dynamics of the intermediate snail host have been largely covered in section 1.2.2. Additional

approaches other than mathematical modelling include regression analysis [Seto et al., 2008] and time

series modelling [Wu et al., 2015].

Snail occurrence Works on the spatial occurrence of the snail intermediate hosts in direct link with

hydrological processes and characteristics have been surprisingly rare. A noteworthy example of the

potential of hydrological insight in understanding and potentially predicting the snail’s ecological range

is the work by Appleton [1975] linking the occurrence of Bi. pfeifferi to distinct geological formation

associated to different hydrological regimes over a 100km stretch of the river network crossing South

Africa and Swaziland. The results of this work show how snail occurrence is linked to permanent lentic

(still) habitats allowed by weathered bedrock, as opposed to seasonal flows in river stretches with sandy

substrates. At a large spatial scale, Zhou et al. [2002] explored the link between exceptional flooding

in the Yangtze River following the 1998 El Niño event [Shankman et al., 2006], and the expansion of

suitable habitats for O. hupensis through the classification of flooded areas from satellite imagery. It is

important to note that only studies in which hydrological processes are explicitly taken into account

are reported in Table 1.1, thus not setting aside the numerous works on the characterization of snail

ecological ranges using gridded environmental covariates that have been done in SSA [Stensgaard et al.,

2006, 2013; Moser et al., 2014; Pedersen et al., 2014; Manyangadze et al., 2016, eg.]. Indeed, most of

these analysis used aggregated values of annual rainfall or soil moisture and distances to waterbodies

as covariates in species distribution models, always together with temperature and vegetation indices,

but without leveraging hydrological concepts nor insights despite the fact both Biomphalaria spp. and

Bulinus spp. are aquatic snails, as opposed to Oncomelania hupensis which is amphibious (see Walz et al.

[2015a] for a review of the use of remote sensing products in schistosomiasis risk mapping, highlighting

the under-use of products providing insight into the prediction of suitable snail habitats and other

aspects of the transmission cycle). Following a multifaceted approach, Krauth et al. [2016] performed a

multivariable correspondence analysis linking environmental to the abundance of B. pfeifferi and Bulinus

spp. in rivers and ponds in Northern Côte d’Ivoire, concomitantly monitoring water contacts at the

collection points and parasitological data in neighboring villages. Their study highlighted differences in

habitat preferences between snail species, with a descriptive rather than predictive aim, but the approach

is a compelling example of study design aiming at providing a comprehensive picture of the disease

transmission process including snail ecology, water contact patterns, and parasitology.

Transport and dispersal Transport studies have focused either on advection of cercariae using caged

mouse experiments [Radke et al., 1961; Lowe et al., 2005], or of the snail intermediate hosts with mark-

recapture approaches over short distances (≤ 1km)[Marti and Tanner, 1988; Woolhouse, 1988b; Akullian

et al., 2012]. At larger spacial scales snail dispersal has been investigated using landscape connectivity

measures as formalized in Remais et al. [2010] which take into account the drainage network and landuse,

most of the time in conjunction with population genetic studies correlating estimated migration among

sub-populations and various distance measures [Chlyeh et al., 2002; Clennon et al., 2007; Hauswald et al.,

2011; Head et al., 2016]. Among the latter, Clennon et al. [2007] bears the strongest hydrological mark by

using gridded estimates of soil moisture to determine B. nasatus field-validated migration pathways and

connectivity between waterbodies across their study area in Kenya (≈5km).
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Transmission to humans Of great interest are the appraisals of hydrology directly with respect to dis-

ease transmission in terms of infection intensity and prevalence in humans. Two types of studies have

addressed this issue, first the ones hereafter termed "correlation" studies in which hydrologic factors were

compared to a measure of disease transmission severity to humans (prevalence in the most cases). Among

these, Appleton [1975] reported lagged increased transmission of intestinal schistosomiasis in Botswana

after intense flooding events. Li et al. [2016] associated lower water levels in the Yangtze river following

the construction of the three Gorges dam to higher S. japonicum prevalence despite the reduction in

snail densities [Wu et al., 2015], possibly due to increases in human-water contacts, though it is thought

that on the long run the dams will accelerate rather than delay progress towards elimination [Zhou et al.,

2016]. Using clustering analysis of schistosomiasis cases around known transmission sites, Clennon et al.

[2006] and subsequently Mutuku et al. [2011] have highlighted the importance of floods and droughts in

shaping the abundance and spatial configuration of waterbodies in seasonal climates and the ensuing

impacts on disease micro-epidemiology. A distinct suite of studies addressed the role of hydrology on the

transmission cycle of schistosomiasis through mechanistic mathematical models, in terms of what Liang

et al. denote as the environmentally-modulated "internal potential" of disease transmission [Liang et al.,

2007]. With a strong emphasis on process realism, these models expanded the classical mean-worm

burden modelling framework (cf. section 3.2) focusing on within-village transmission by accounting for

the effect of water flow on cercarial infectivity and miracidial hatching success in irrigation canals [Liang

et al., 2002, 2007; Remais et al., 2008, 2009; Remais, 2010], seasonally varying human-water contacts

among in multiple sites (through questionnaires) [Liang et al., 2002, 2007; Remais et al., 2008, 2009;

Remais, 2010; Xiang et al., 2013], and rainfall-driven snail population dynamics [Remais et al., 2009;

Remais, 2010]. Notably, one such study coupled a hydrologic module within the disease dynamics model

to better account for variations in discharge on larval infectivity (no infectivity if discharge bellow certain

threshold), even if its effect was not incorporated into the population dynamics model of the intermediate

hosts [Remais et al., 2009]. Using a similar but simplified framework, the role of hydrologic transport of

larvae [Xu et al., 2006; Gurarie and Seto, 2009], and snails [Ciddio et al., 2016], has also been broached as a

potentially important factor for disease persistence and re-invasion. These studies however did not take

into account climate-dependent hydrological fluctuations on the effect on transmission. An different

approach to account for spatial variation in hydrological factors on disease risk has been propose by

Walz et al. which developed habitat suitability indices based on topological traits derived from high

resolution imagery. These include water velocity and sink depth using terrain slope, and stream order

using automated drainage network extraction algorithms [Walz et al., 2015b]. While this approach bridges

a gap with respect to previous geo-statistical modelling approaches which had considered a limited

scope of remote sensing products with minimal hydrological insight, mirroring the state of affairs in snail

species distribution modelling (again, see Walz et al. [2015a] for a review), it falls short in accounting for

the dynamical nature of disease transmission, and only partially captured observed spatial variations in

disease prevalence [Walz et al., 2015b]. As previously noted, for all study types involving hydrology, there

has been a larger effort put into accounting for environmental (and hydrological) drivers on transmission

using mathematical models for S. japonicum in China with respect to S. mansoni and S. haematobium in

SSA.

Table 1.1 – Review of selected studies on the role of hydrology on the transmission of schistosomiasis. The spatial
scale refers to the length of the longest axis of the study area.

Country Scale Methods Habitat Organism Factor

i. Snail population dynamics

a,b articles published after Chapters 4 and 3 of this Thesis in which the chapters are cited Continued on next page
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Table 1.1 – Hydrology review - continued

Country Scale Methods Habitat Organism Factor

Woolhouse and
Chandiwana [1990a,c];
Woolhouse [1992b]

Zimbabwe 500 m
Mathematical

modelling
River

Bu. globosus;
Bi. pfeifferi

Rainfall

Liang et al. [2002] China 3 villages
Mathematical

modelling
Irrigation

canals
O. hupensis Rainfall

Remais et al. [2007] China
1 village; 50

m
Mathematical

modelling
Irrigation

canals
O. hupensis Rainfall

Seto et al. [2008] China 100km Regression analysis
Rivers;

flooded areas
O. hupensis

Water level;
Rainfall

Wu et al. [2015] China 50km Time series modelling
Rice fields;

flooded areas
O. hupensis Water level

Gurarie et al. [2017]a Kenya 5km
Mathematical

modelling
Ponds Bulinus spp. Rainfall

ii. Snail spatial occurrence

Appleton [1975] South Africa 100km Ecological sampling Rivers Bi. pfeifferi
Geology;

discharge

Zhou et al. [2002] China 100km Image classification
Flooded

areas
O. hupensis Flooding

Levitz et al. [2013] Uganda 2km Ecological sampling Lake Bi. pfeifferi
Wave
action

Krauth et al. [2016] Côte d’Ivoire 150km
Correspondence

analysis

Rivers;
ponds;

reservoirs

Bi. pfeifferi;
Bulinus spp.

Water
velocity

iii. Transport and dispersal

Radke et al. [1961] Puerto-Rico 1km Mouse caging River Cercariae Advection

Marti and Tanner
[1988]

Tanzania 100 m Mark-recapture study River Bu. globosus Advection

Woolhouse [1988b] Zimbabwe 100 m Mark-recapture study river Bu. globosus Advection

Maszle et al. [1998] China 4km
Hydrological transport

modelling
Irrigation

canal
- Advection

Chlyeh et al. [2002] Morocco 1km Population genetics
Irrigation

canal
Bu. truncatus Advection

Lowe et al. [2005] China 500 m Mouse caging
Irrigation

canal
Cercariae Advection

Clennon et al. [2007] Kenya 5km Dispersal modelling Ponds Bu. nasatus
Drainage
network

Hauswald et al. [2011] China 50km
Population genetics;

Distance correlations
Rivers O. hupensis

Drainage
network

Remais et al. [2010] China 50km Dispersal modelling
Rivers;

flooded areas
O. hupensis

Drainage
network

Akullian et al. [2012] China 100 m
Mark-recapture study;

dispersal modelling
Rivers

O. hupen-
sis;cercariae

Advection

Head et al. [2016] China 50km
Population genetics;
dispersal modelling

Rivers;
flooded areas

O. hupensis
Drainage
network

iv. Transmission to humans

Liang et al. [2002, 2007] China 3 villages
Mathematical

modelling
Irrigation

canals

O. hupen-
sis;cercariae;

miracidia;
humans

Rainfall

Clennon et al. [2006];
Mutuku et al. [2011]

Kenya 5km Spatial statistics Ponds Humans

Drainage
network;
drought;
flooding

Xu et al. [2006] China
227 villages;

50km
Mathematical

modelling
Rice fields

Cercariae;
miracidia

Drainage
network

Appleton et al. [2008] Botswana 200km Regression analysis Rivers Humans Discharge

Remais et al. [2008] China 2 villages
Mathematical and

hydrological modelling
Irrigation

canals

O. hupensis;
cercariae;
miracidia;
humans

Rainfall;
Discharge

a,b articles published after Chapters 4 and 3 of this Thesis in which the chapters are cited Continued on next page
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1.2. Hydrology and the social-ecological drivers of transmission

Table 1.1 – Hydrology review - continued

Country Scale Methods Habitat Organism Factor

Gurarie and Seto [2009] Kenya 15 villages
Mathematical

modelling
Rivers

Cercariae;
miracidia

Drainage
network

Remais et al. [2009];
Remais [2010]

China 1 village
Mathematical

modelling
Irrigation

canals

O. hupensis;
cercariae;
miracidia;
humans

Rainfall;
Discharge

Xiang et al. [2013] China 50km
Mathematical

modelling
Rice fields;

flooded areas
Humans Water level

Walz et al. [2015b]
Côte d’Ivoire;
Burkina Faso

200km Habitat suitability index

Rivers;
ponds; lakes;

reservoirs;
rice fields

Bi. pfeifferi;
Bu. truncatus

Water
velocity;
stream

order; sinks

Ciddio et al. [2016]b Senegal
90 villages;

50km
Mathematical

modelling
rivers; lakes

Snails;
miracidia,
cercariae

Drainage
network

Li et al. [2016] China 200km Regression analysis
Rice fields;

flooded areas
Humans Water level

a,b articles published after Chapters 4 and 3 of this Thesis in which the chapters are cited

The picture that emerges from this selected review underlines the gap that exists in the accounting

of hydrology in schistosomiasis transmission in SSA in terms of snail ecology and human infection

dynamics. Indeed, since Woolhouse and Chandiwana’s seminal work in the late 1980s, the hydrological

drivers of snail demography had not been investigated again up until very recently [Gurarie et al., 2017,

published after the content in Chapter 4 in this Thesis], and it is still lacking a comparison across

habitat types and climatic conditions. Moreover, although there has been a notable rise in snail species

distribution modelling studies, hydrological insight has not been leveraged beyond the use of aggregated

environmental covariates [Walz et al., 2015a]. Finally, most mathematical models that account for

hydrology have been developed for and applied to the transmission of S. japonicum in China and its

specificities in terms of intermediate host ecology (amphibious vs. aquatic snails), and mostly man-made

landscape underpinning exposure and contamination (irrigation canals and rice fields). Attention is

drawn to the fact that the outlook by the works by Liang et al. [2002], subsequently expanded by Remais

et al. [2008], tends more to stress hydraulics (open channel flow in irrigation canals) rather than catchment

hydrology. Along parallel lines equally important contributions have been made in substantiating

the potential importance of hydrological transport of larvae and snails in disease persistence using

mathematical models, as exemplified by Gurarie and Seto [2009]’s pioneering work on a network of 15

interconnected villages. However, the same mathematical framework can be used to investigate the

effect of human mobility and parasite re-importation, as already proposed in Gurarie and Seto [2009] (cf.

section 3.2), which will become increasingly important in the elimination phase of the disease [Tchuem

Tchuenté et al., 2017].

Within the perspective of transmission control for the elimination of schistosomiasis in SSA, a synthesis

of the hydrological drivers of transmission together with its spatial embedding could provide important

insight for the design and development of adequate surveillance-response systems and strategies. To

this end it is argued as necessary to account for the hydrologic controls of i) snail spatial occurrence,

ii) snail population dynamics, and iii) human exposure/contamination processes, within a framework

allowing for the exploration of spatial connectivity. Building on the past 50 years of research developments

[Basáñez et al., 2012], mathematical modelling could very well keep providing insights into this parasite’s

complex lifecycle, this time from an ecohydrological perspective.
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Chapter 1. Introduction

1.3 Thesis aim and outline

Moving from morbidity control to the elimination of schistosomiasis will require a renewed focus on

transmission dynamics, with a particular emphasis on its social-ecological underpinning [Utzinger et al.,

2011; Shiff, 2017]. Schistosomiasis is a water-borne disease in that hydrology operates as a first order

control on the disease cycle, chiefly on the spatial and temporal ecology of the snail intermediate hosts,

and secondly as a physical determinant of the occurrence of waterbodies supporting exposure/contami-

nation patterns. Yet, only few studies have taken hydrology into account in SSA, in particular with respect

to the large-scale determination and prediction of transmission dynamics in strongly seasonal climates.

This Thesis therefore aims at developing an ecohydrological approach to schistosomiasis through the use

of a modelling framework permitting a predictive appraisal of the spatial hydrological, ecological, and

socio-economic determinants of disease transmission.

The content of this Thesis is organized as follows:

• Chapter 2 introduces the setting, Burkina Faso, and the three sites along its longitudinal climatic

gradient in which the fieldwork for this Thesis was undertaken.

• Chapter 3 proposes a national-scale spatially explicit mathematical modelling framework building

on previous modelling works, allowing for spatially varying snail habitat suitability, population-

dependent contamination/exposure rates, and parasite spread through human mobility. An an-

alytic expression of the dynamical stability of spatial disease transmission was derived for the

disease-free equilibrium. This result was applied to the theoretical investigation the effect of hu-

man mobility on one hand, and water resources development modifications on snail occurrence

on the other, on schistosomiasis in Burkina Faso. This work serves as a starting point in the spatially

explicitly modelling of schistosomiasis at large spatial scales, and stressed the shortcomings in

existing approaches, first and foremost the absence of a representation of the ecology of the snail

intermediate hosts.

• Chapter 4 constitutes a first step in addressing this gap, and reports on field and modelling studies

of the ecology of Bulinus spp. and Biomphalaria pfeifferi across natural and man-made habitats in

the experimental sites. Weekly snail counts and high-resolution micro-meteorological data were

combined into models of snail demography, which enabled the identification of density-feedbacks

and hydrological drivers of snail ecology. The approach provides a promising tool for the spatial

prediction of snail abundance fluctuations, and highlights the importance of habitat hydrological

conditions (permanent vs. ephemeral) in driving the snail’s population dynamics.

• Chapter 5 expands the investigation of the link between hydrology and schistosomiasis by develop-

ing a methodology for the national scale classification and prediction of hydrological ephemerality.

The methodology is applied to determine the ephemerality of the country’s whole river network,

which is then incorporated into refined snail species distribution modelling and national-scale

epidemiological analysis. Intestinal and uro-genital schistosomiasis are shown to have oppo-

site associations with ephemerality, owing to snail occurrence for the former, and possibly to

human-water contact patterns for the latter.

• Chapter 6 introduces a methodology for the extension of the ecological models developed in

Chapter 4, together with the ephemerality predictions and ensuing species distribution models of

Chapter 5 for the modelling of snail population dynamics at the national scale. Remote sensing data

are shown to be suitable surrogates for ground measurements of temperature and precipitation in
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reproducing the spatio-temporal patterns of snail abundance across habitat types. Although these

results require further analysis and open questions for model refinement, they pave the way for

incorporating snail ecology in the modelling framework introduced in Chapter 3.

• Finally Chapter, 7 elaborates on the integration of Chapters 6 and 3 into a unified modelling

framework, and its future developments in light of preliminary results on water contact surveys

and participatory mapping activities carried out in the three experimental sites. The second part of

Chapter 7 draws a general discussion on the methods and results covered by this Thesis, advancing

the relevance of a comprehensive ecohydrological approach to schistosomiasis, and the frame of

action it provides for transmission control.

This Thesis is closed with a conclusion section summarizing results and recommendations for future

research.
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2 The field setting: Burkina Faso

2.1 Introduction

The development of mathematical models of disease transmission applied to policy-relevant questions

relies on their connection with epidemiological data for the iterative process of model refinement and

validation [Finger, 2017], ideally within a model-guided hypothesis formulation-verification framework

based on field-collected ecological data [Restif et al., 2012]. The fieldwork undertaken for this thesis

was done in Burkina Faso, in the framework of a large scientific collaboration project (projet 3E: Eau,

Energie et Environnment) between Switzerland and the Institut International d’Ingénierie de l’Eau et de

l’Environnement (2iE) in Ougadaougou, Burkina Faso, and financed by the Swiss Agency for Development

and Cooperation. As detailed below, schistosomiasis is a public health issue in the country, and the

strong latitudinal gradient of climatic conditions make it a relevant and interesting case-study for the

investigation of the ecohydrological drivers of schistosomiasis.

2.2 Geography and climate

Burkina Faso is a land-locked country in West Africa inhabited by 18 million people that is situated at

the interface between the Sudanian and Sahelian climates [Sivakumar and Faustin, 1987; PANA Burkina

Faso, 2007]. The country is characterized by a strong South-to-North gradient of increasing temperature

and decreasing precipitation, and a marked seasonality with most of the precipitation occurring in the

months of June-September [PANA Burkina Faso, 2007]. Annual precipitation ranges from 1,100 mm

in the Sudanian South-West to less than 500 mm in the Sahel to the North (Fig. 2.1). The climate is

characterized by a single rainy season, which spans from South to North with varying durations and

arrival dates. Although rainfall may possibly decrease in the future, the change in timing and the decrease

in predictability of the precipitation distribution across the season will be more noticeable [Ibrahim, 2012].

Years of late onset and early cessation of the rainfall season, resulting in a reduction in the growing period,

are particularly problematic for agricultural production. An increase of temperature is also likely in the

Sahel [Sarr, 2012]. Climate change could mean increased variability and a decrease of runoff up to 40% in

the Volta River basin [Sood et al., 2013]. The country spans a 600 m elevation range, making it relatively flat.

Its territory is subdivided between the Volta, Niger and Comoé river basins (Fig. 2.1). The precipitation

gradient creates a strong variation in vegetation characterized as three distinct types: Sahelian transition

zone, Sudanian endemic center, and Guineo-Congolia/Sudanian transition zone. This floral gradient

ranges from dense, humid forest to sparse scrub vegetation on crusted soils. Corresponding to the
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Figure 2.4 – Historical Bulinus spp. abundance and covariate data in Burkina Faso. Data were collected by Poda and
collaborators during three years (1990, 1991 and 1992, indicated by full, dotted and dashed lines) [Poda et al., 1996].
A) biweekly precipitation, B) Bulinus spp. abundance, C) water temperature, D) conductivity, and E) pH. Colours
indicate data collected in a small reservoir (brown) and a temporary pond (turquoise), both located in the same
area (inset). Note that the precipitation data are the same for both habitats. The interruption of the temporary pond
time-series indicate the drying of the pond. Data from Poda [1996].

water reservoir (Fig. 2.4). A comprehensive litterature review suggests that these are the only multi-year

ecological studies which have addressed the population dynamics of snail hosts in Burkina Faso, and

both highlighted notable seasonal abundance fluctuations of Bulinus spp., and no such studies have been

made for Biomphalaria pfeifferi in the country. From the exposure/contamination angle, exacerbating

factors associated to schistosomiasis in the country relate to limited, although improving access to WASH,

include incomplete access to safe drinking water (only 43% of the rural population has access to at least

basic water as defined in World Health Organization and UNICEF [2017]), and very limited access to

sanitation (48% of the rural population resorts to open defecation), and hygiene facilities (12% of the

population have access to basic hygiene) [World Health Organization and UNICEF, 2017; WASHwatch,

2017].

Finally, as observed in many other schistosomiasis-affected countries, agricultural development and

the implementation of large-scale irrigation schemes have induced anthropogenic perturbations of the

underlying natural matrix affecting schistosomiasis distribution [Poda et al., 2003; Boelee and Madsen,

2006; Steinmann et al., 2006]. This fact is well illustrated by the construction of the Sourou valley dam (the
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Chapter 2. The field setting: Burkina Faso

Léry dam) at the North-Western border with Mali in the late 1980s, which resulted in the range expansion

of Biomphalaria pfeifferi along the Mouhoun river from the Bobo-Dioulasso region to the North [Poda

et al., 2003, 2004b]. Intestinal schistosomiasis followed shortly, possibly brought in by migrants coming

from the endemic South of the country to work in the rice paddies, yielding an increase in prevalence from

virtually zero to more than 60% among school-aged children in villages located around the Léry dam in

about 10 years [Poda et al., 2004b]. With a 5-fold increase in the number of small reservoirs in Burkina Faso

in the past 60 years, and the perspective of future construction of large dams, these observations highlight

the need to explicitly address the impact of water resources development on schistosomiasis transmission

[Boelee and Madsen, 2006; Cecchi, 2007]. Echoing Utzinger et al. [2011], Rollinson et al. [2013], and Tchuem

Tchuenté et al. [2017], an integrated approach to schistosomiasis control and elimination is therefore need

to address the inherent contradiction between water resources development and livelihood preservation

[Südmeier-Rieux et al., 2006; Abdelhak et al., 2012], the reshaping of local environmental, social and

economic conditions and the persistence of schistosomiasis in Burkina Faso and the other endemic

countries in SSA [Steinmann et al., 2006].

2.4 Field work and data collection1

2.4.1 Site selection

Three villages were retained along the transition from the Sudanian to Sahelian climatic zones (Fig. 2.6)

(see also [Sivakumar and Faustin, 1987]). The choice of these experimental sites accounted for the

spatially varying climatic conditions in Burkina Faso, the habitat preferences of the snail intermediate

hosts (Table 4.1), previously studied habitats (Table 2.1), and logistic constraints (site accessibility, travel

time, total available budget). The sampling sites were selected to cover the range of habitats harboring

snail hosts (see Table 4.1), including an irrigation canal, a temporary pond, one ephemeral stream and

one permanent stream. Panamasso (11◦23′23.4"N, 4◦12′02.5"W) is a village adjacent to a small perennial

stream in the South-Western part of the country. The Lioulgou site (12◦00′38.8"N, 0◦21′48.2"W) lies in

the central part of the country in a lowland subject to flooding (with the creation of temporary ponds)

during the wet season and mostly dry to very dry during the rest of the year (Fig. 2.6). Finally, Tougou

(13◦41′06.0"N, 2◦14′22.2"W) is located in the Northern Sahelian climate next to a reservoir that feeds

a network of permanent irrigation canals active year round. In total, four sampling locations were re-

tained in the three experimental sites, one on the perennial stream in Panamasso, two in Lioulgou in the

ephemeral stream draining the low-land and in a temporary pond, and one in Tougou within an irrigation

canal.

The three villages are emblematic of the socio-economic, ecological, and hydrological factors which

support schistosomiasis transmission, presenting adequate natural and man-made aquatic habitats

for the snail intermediate hosts in which various livelihood-related activities take place (Fig. 2.7). Both

Lioulgou and Panamasso are sentinel sites of the national schistosomiasis elimination programme and

parasitological surveys are done on a quasi-annual basis [Ouedraogo et al., 2016], highlighting ongoing

transmission of S. haematobium and S. mansoni respectively (Fig. 2.8). On the other hand Tougou is not

part of the ministry’s monitoring programme, however the site was retained as to represent the Sahelian

climatic zone because it has been an experimental site for hydrology research by the Institut International

d’Ingénieurie de l’Eau et de l’Environnement (2iE, cf. section 2.1) for the past 10 years, and provided

an opportunity for resource and data mutualisaition. Schistosomiasis is present in all three sites, the

1The content of this section is a detailed expansion of the fieldsite presentation in Perez-Saez et al. [2016]
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2.4. Field work and data collection

Figure 2.5 – Site selected for fieldwork. The satellite images (Google maps, May 2013, note the different scales) of the
sites reveal their physical differences: Tougou Sahelian climate with almost no vegetation in the dry season period,
organized around a small reservoir. Lioulgou Village depends on an ephemeral hydrological network the feeds the
rice paddies to the North of the village. Panamasso Perennial backwater flows from South to Norht to the West of the
village with abundant vegetation. Map data: Google, DigitalGlobe

intestinal form in Panamasso and the uro-genital form in Lioulgou and Tougou (Fig. 2.8). Despite 13

years of MDA, schistosomiasis is still well present in Panamasso in 2017 (27% of school-aged children

infected), and presents a jigsawed pattern in Lioulgou which has seen its prevalence decline in 2016 (3%,

from 56% in 2013). Parasitological sampling was done in Tougou in 2016 by the national health research

institute (Institut National de Recherche en Sciences de la Santé, IRSS), showing low prevalence (≈ 5%) in

line with national trends (Fig. 2.3, [Ouedraogo et al., 2016]).

2.4.2 Environmental monitoring

A total of 15 micro-meteorological Sensorscope1 stations with three sensors each was deployed in the

three sites, starting May 2014 in Tougou, June 2014 in Panamasso and July 2014 in Lioulgou (Fig. 2.6).

The stations were equipped with sensors of key hydro-meteorological parameters including air tem-

perature, water level, conductivity and temperature, and precipitation [Mande et al., 2015] (Tables 2.1).

Measurements were taken every 30 seconds and data were sent to a central server using the mobile phone

network. Data were accessible online through a dedicated web portal (http://climaps.com). Additional

temperature data loggers were placed in the temporary pond in Lioulgou because it was not covered by

the wireless stations (Table 2.1).

1http://www.sensorscope.ch/
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Figure 2.8 – Recent evolution of schistosomiasis prevalence in school-aged children in the experimental sites. Note
that prevalence refers to the uro-genital form for Lioulgou and Tougou, and for the intestinal form for Panamasso.
Data prior to 2016 are from Ouedraogo et al. [2016], and from the Institut National de Recherche en Sciences de la
Santé (unpublished data provided by Dr. Zongo, IRSS) after 2016.

(a) Tougou reservoir (b) Tougou - open (c) Panamasso - weir in stream

(d) Tougou - irrigation canal (e) Lioulgou - field (f) Lioulgou - rice paddy

Figure 2.9 – Pictures of SensorScope stations installed in the three sites. Tougou 8 stations with 24 sensors including
standard microclimatic (air,wind,temperature,precipitation), two soil moisture profiles of three sensors, water
temperature, depth and conductivity in reservoir and irrigation canal. Lioulgou 3 stations with 8 sensors including
standard microclimatic, soil sensor in field and in rice paddy and water temperature, depth and conductivity in rice
paddy. Panamasso 3 stations with 9 sensors including standard microclimatic, soil moisture and water temperature,
depth and conductivity in stream where a weir was built to estimate discharge.
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Table 2.1 – Environmental covariates at sampling locations

Water a,b Air c Precipitation d

Village Site Temperature Conductivity Depth Temperature Sum e Events
f

Tougou Canal Yes Yes Yes Yes Yes Yes
Reservoir Yes Yes Yes Yes Yes Yes

Lioulgou Stream Yesg - - Yes Yes Yes

Pond Yes - - Yes Yes Yes

Panamasso Stream Yes Yes Yes Yes Yes Yes

aMeasurements made in Tougou and Panamasso using Decagon Devices CDT sensor, Decagon Devices, http://www.decagon.com/

en/hydrology/water-level-temperature-electrical-conductivity/ctd-10-sensor-electrical-conductivity-temperature-depth/
bMeasurements made in Lioulgou using TidBiT v2 Temp, Onset HOBO Data Loggers, Onset Computer Corporation, http:

//www.onsetcomp.com/products/data-loggers/utbi-001
cMeasurements made using Decagon Devices VP-3 sensor, Decagon Devices, http://www.decagon.com/en/canopy/

canopy-environment/vp-4-humidity-barometricpressure-temperature-and-vapor-pressure-sensor/
dMeasurements made using Davis Rain Collector, Davis Instuments, http://www.davisnet.com/weather/products/weather_product.

asp?pnum=07852
eCumulative sum over 2 weeks and 1 month time windows preceding snail sampling dates
fA rainfall event is considered to be a day with total precipitation larger than 20 mm
gOnly in 2015

2.5 Conclusion

Schistosomiasis elimination is envisaged in Burkina Faso, however pockets of transmission remain after

more than 10 years of MDA. The strong climatic gradient in the country provides a representative setting

for investigating disease transmission from an ecohydrological perspective. Three sites were retained

along this climatic gradient, covering a range of suitable habitat types for the snail intermediate hosts. The

automated environmental monitoring stations installed in each site open the door for the investigation

of the hydrological drivers of the ecology of the snail intermediate hosts.

30



3 Development of a national-scale spa-
tially explicit modelling framework

Spatial connectivity, either through human mobility or hydrological transport, can play a significant

role in the persistence and (re-)invasion of water-borne diseases, and is an important aspect of disease

ecohydrology. Its effect had been studied in previous theoretical works of schistosomiasis transmission

applied to networks of villages at small scales (study areas <50 km), highlighting its potential importance

in disease transmission. This Chapter lays the basis for national-scale spatially explicit modelling of disease

transmission by extending previous approaches, in particular with respect to the derivation of stability

conditions of parasite spread, to the modelling of human mobility, and to the incorporation of snail habitat

suitability maps from commonly used species distribution models. An interesting feature of the framework

is that it sheds new light on the interplay between spatial connectivity and water resources development

on schistosomiasis transmission, here accounted for through modifications of the snail suitability maps,

showing how the more populated (thus strongly connected within this framework) the location in which a

dam is built, the stronger its effect will be on nation-wide transmission. Importantly, the end of the Chapter

underlines the shortcomings of the model, drawing a roadmap for their development into useful decision

support tools for surveillance-response systems2.

3.1 Introduction

Patterns of water-borne disease are unique in their spatial complexity which arise from pathogen re-

production, transport and transmission through waterways and human mobility networks, and for

the corresponding challenges to morbidity and transmission control. Indeed both micro- and macro-

parasitic water-borne diseases are conditioned by spatially varying natural (environmental or climatic

[Pascual et al., 2000, 2002; Finger et al., 2014]) and anthropogenic factors (water resources, [Altizer et al.,

2006; McMichael et al., 2006; Eisenberg et al., 2007] habitat availability and suitability [Dejong et al., 2001],

pathogen dispersal by river networks [Bertuzzo et al., 2008, 2010; Mari et al., 2012b; Rinaldo et al., 2012],

and human mobility [Gurarie and Seto, 2009; Bertuzzo et al., 2011; Chao et al., 2011; Tuite et al., 2011;

Mari et al., 2012a]. This Chapter focuses on the transmission cycle of schistosomiasis in Burkina Faso.

Dynamical models of schistosomiasis [Macdonald, 1965; May and Anderson, 1979], and their spatial

extension to connected environments [Gurarie and Seto, 2009], provide the opportunity to show the

2The content of this Chapter has been adapted from Perez-Saez et al. [2015]: Perez-Saez, J., Mari, L., Bertuzzo, E., Casagrandi,
R., Sokolow, S.H., De Leo, G.A., Mande, T., Ceperley, N., Froehlich, J.M., Sou, M., Karambiri, H., Yacouba, H., Maiga, A., Gatto,
M., and Rinaldo A., 2015. A theoretical analysis of the geography of schistosomiasis in Burkina Faso highlights the roles of
human mobility and water resources development in disease transmission. PLoS Neglected Tropical Diseases, 9(10), p.e0004127.
https://doi.org/10.1371/journal.pntd.0004127
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applicability of a general mathematical framework for analysing the disease invasion conditions and

the resulting spatial patterns of human schistosomiasis which could inform control and elimination

programs. With this goal, the spread of schistosomiasis and persistence in the context of Burkina Faso is

addressed with an emphasis on the roles of human mobility and water resources development.

Human mobility is known to play a major role in the persistence and the expansion of the disease

within and from endemic areas in Africa [Bella et al., 1980; Appleton et al., 1996; Cetron et al., 1996;

Bruun and Aagaard-Hansen, 2008] and Brazil [Kloos et al., 2010]. Indeed people may become infected

while performing their livelihood tasks away from home and importing the disease back in their home

village. Furthermore infected migrants coming form endemic regions can introduce schistosomiasis

in disease-free villages. This type of medium-to-long range contamination is indeed compatible with

the successive focal transmission of the disease at the local level suggested by recent landscape genetics

studies [Criscione et al., 2010]. The socio-ecological and epidemiological specificities of the transmission

of intestinal schistosomiasis in sub-Saharan Africa and Brazil may explain the different roles played by

human mobility, a topic to be elucidated by future research. Given its importance for transmission in the

African context, data regarding mobility patterns, possibly directly via cellular phone displacements, will

be necessary to produce reliable predictive tools for disease elimination both in terms of re-appearance

and of prioritization of directed interventions in Burkina Faso.

In line with such priorities, a novel mathematical exploration of an established model [Gurarie and

Seto, 2009] is proposed and an application of the geography of the disease to the context of Burkina

Faso. Special emphasis is placed on linking disease spread and human mobility and water resource

development as a proof of concept for the usefulness of the implementation of these kind of tools for

macroparasitic water-borne diseases like schistosomiasis.

3.2 A perspective on mathematical models of schistosomiasis

Mathematical modelling is deemed to be an important tool in reaching the resolutions fixed by the

London Declaration and the World Health Assembly for the elimination of schistosomiasis (cf. section 1.1)

by providing key insights into the dynamics of disease transmission, mechanisms underpinning its

stability, and ways to brake it through control measures [Basáñez et al., 2012; Hollingsworth et al.,

2015]. Mathematical modelling -expressing disease transmission in the form of dynamical systems using

mechanistic approaches- is here distinguished from statistical models -linking indicators of diseases

transmission (prevalence, mean infection intensity) to covariates through regression or one of its more

sophisticated extensions, often including space using Bayesian geo-statistical approaches (see Lai et al.

[2015] for a notable example). A perspective on mathematical models of schistosomiasis is given here, with

a brief overview of the classical mean-worm-burden approach to model schistosomiasis transmission,

and the state-of-the art in terms of spatially-explicit modelling of disease spread. The extention of the

latter constitute the main focus of this Chapter.

3.2.1 Macdonald’s model and its limitations

Mathematical modelling of schistosomiasis dates back to Macdonald [1965]’s seminal paper on disease

transmission, marking a first step in discriminating between the transmission of micro-parasites, well

captured by the Susceptible-Infected-Recovered (SIR) model [Kermack and McKendrick, 1932], and

macro-parasites like schistosomes for which the worm burden, rather than binary infection status, is the
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variable of interest. The derivation of the mean-worm-burden approach developed by Macdonald, its

subsequent developments, and its application to the investigation of alternative control strategies have

been comprehensively reviewed elsewhere [Anderson and May, 1985; Anderson, 1987; Woolhouse, 1991,

1992a; Barbour, 1996; Basáñez et al., 2012; Anderson et al., 2016].

In Macdonald [1965], work the dynamics of the macro-parasitic disease is expressed in terms of the

mean worm burden in a homogeneous human population, w , the prevalence of infection in the snail

intermediate hosts, y , and the densities of cercariae and miracidia, c and m. Briefly, the model with the

eplicit incorporation of larval stages reads:

d w

d t
= aθc −γw (3.1a)

d y

d t
= bm(1− y)−νy (3.1b)

dc

d t
=πC N y −μC c (3.1c)

dm

d t
=πMθ′H

w

2
−μM m. (3.1d)

The rate of change in the mean worm burden is given by the intensity of cercarial infection expressed as a

probability of infection upon contact a times the exposure to contaminated water θ and cercarial density.

Worms are assumed to die at rate γ. Density of cercariae is dynamically determined by the per-capita

cercarial output from infect snails πC and the number of infected snails N y at time t, and limited by

cercarial mortality μC . The rate of change in the prevalence of infected snail is given by the probability of

infection of a susceptible snail b(1− y) times miracidial density m and limited by snail mortality ν. Finally

miracidial density is conditioned by the rate of miracidial output from humans πM , the contamination

rate θ′ and the number of pairs of adult schistosomes, given by half of the mean worm burden times the

number of human hosts H .

The main simplifying assumptions underlying this model are constant and well-mixed human and

snail populations, and homogeneous human-snail contacts. In the face of the transmission cycle of

schistosomiasis these assumptions appear as excessively unrealistic and greatly limit the usability of the

proposed model for effective breaking of the transmission cycle. Significant improvements have been

made in control-designed models taking into account the dynamics of the snail host populations [Feng

et al., 2002]. However the specificities of snail ecology have often been overlook. Density feedbacks have

been either accounted for [for example in Feng et al., 2004; Ciddio et al., 2015; Sokolow et al., 2015] or

ignored [for example in Liang et al., 2007; Chiyaka and Garira, 2009; Gurarie et al., 2016] in transmission

models of all three main species of schistosomes that considered snail population dynamics. Moreover,

seasonal variation in vital rates which are the norm in SSA (see section 1.2.2) have typically been ignored,

except occsaionally from a theoretical perspective by [Ciddio et al., 2015; Mari et al., 2017a]. Interestingly,

a recent study has considered seasonally varying human-to-snail and snail-to-human force of infections

rates for S. japonicum transmission, while considering a constant snail population, concluding that

seasonality reduces transmission stability (in terms of the basic reproductive number) [Gao et al., 2017].

Rare examples of proper weather-driven snail model formulation and identification within an applied

mean-worm-burden framework are in Remais et al. [2009] and Remais [2010]. Expanding the one-

population mean-worm-burden framework, age-stratified models of schistosomiasis have taken into

account age-dependent water contacts and susceptibility and been used to predict requirements in

terms of MDA coverage in school children and adults to reach the elimination of S. mansoni, arguing that

current WHO guidelines should be enough for disease elimination if treatment is prolonged for 15 years
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[Anderson et al., 2015]. However, snail dynamics where ignored in this study under the premise that due

their short lifespan with respect to schistosomes, they would not have an impact on the overall behavior

of the transmission model [Chan et al., 1995; Anderson et al., 2015]. On the other hand, a modification of

Macdonald’s approach allowing for different degrees of infection intensity categories (denoted "stratified

worm burden" model in Gurarie et al. [2010]) which did allow for (non-seasonal) snail dynamics came to

a different conclusion regarding S. haematobium suggesting the need for alternative control measures

(snail control, WASH) in addition to MDA to reach elimination. These differences have been further

highlighted by comparing the two modelling approaches on the same datasets, thus highlighted the

importance of model assumptions on predictions regarding policy-relevant questions [Truscott et al.,

2017].

A common limitation of these models, also encountered in other human-parasites systems [Vazquez-

Prokopec et al., 2016], is that the intrinsic individual (e.g. water contact patterns, susceptibility), spatial

(e.g. connectivity), and temporal (e.g. snail ecology, water contact patterns) heterogeneities charac-

terizing schistosomiasis transmission are ironed out, and diluted into aggregated parasitological data

[Barbour, 1996]. This has also been argued to explain the miss-match between the transmission potential

in terms of the basic reproduction number R0 predicted by the mean-worm-burden approach, and its

observed stability and resilience [Barbour, 1996]1. The acknowledge importance of heterogeneities -

human-water contacts, spatial occurrence and temporal variations of snail abundance among others -

in schistosomiasis transmission is reflected by its common labeling as a "focal" disease due to the large

differences in transmission patterns that can be observed between neighboring villages [Stothard et al.,

2017]. The "focality" of schistosomiasis has often been voiced in terms of the measured rapid decrease

in the correlation of prevalence among survey points with geographical distance [Sturrock et al., 2010;

Knowles et al., 2017]. Thinking this observation through the end would strongly question the validity of

using Macdonald-type models on parasitological data aggregated from distinct transmission settings

(as done in French et al. [2015] by grouping villages based on baseline infection prevalence, but not by

socio-ecological characteristics). However, this (arguably vague) concept of "focality" coexists with the

recognition of distinct, and possibly well-defined, areas with common social-ecological characteristics

explaining patterns of varying transmission strength within countries, as argued by Brooker et al. in

terms of ecological zones (cf. Fig.1.3) [Brooker et al., 2002]2, and fostered in the WHO’s guide for national

program managers in the design of stratified random sampling of villages and the choice of sentinel

sites, respectively for the mapping and monitoring of disease prevalence at the national scale [World

Health Organization, 2011, p. 27]3. However, no methodology is given on how to define these ecozones

in practice, particularly with the aim of schistosomiasis transmission control. Under the light of sec-

tion 1.2, it can be argued that site-specific heterogeneities contemplated at the national level ensue

in large part from the ecology of the snail intermediate hosts (species-dependent presence/absence,

seasonal population dynamics), and to contamination/exposure patterns linked to the availability and

spatial configuration of waterbodies (both natural and man-made), modulated by behavioral factors,

1 Based on this observation, Barbour motivated the use of a prevalence-based approach in which individuals are considered
either parasite-free or parasitized, and infection is represented as discrete, sporadic and intense events of worm uptake rather
than as the "trickling" hypothesis of gradual worm accumulation embodied in Macdonald’s model. The prevalence-based model
attained much higher values of R0 (see Appendix A for the derivation of R0 for Macdonald’s model), although at the cost of the
loss of the capacity to track distinct levels of worm burden in the population. This approach has been subsequently adopted in
various modelling works, in particular on S. japonicum [Williams et al., 2002; Rudge et al., 2013; Gao et al., 2013, 2017], and possibly
unawares in Yakob et al. [2014].

2 This ecology-inspired approach to the spatial classification of schistosomiasis transmission areas has faded out since the
advent of the widespread use of geo-statistical modelling for mapping disease risk, in which gridded environmental covariates enter
in "raw" format into the model rather than in ecologically-meaningful pre-processed products (such as Brooker et al.’s ecozones).

3 The WHO encourages using "homogeneous ecological zones" for the stratification of random village sampling and the choice
of sentinel sites, defined as a "geographical area that is homogeneous in terms of humidity, rainfall, vegetation, population density
and sanitation level." [World Health Organization, 2011, glossary at p. 10].
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access to WASH, and spatial connectivity. Their incorporation into mathematical models of disease

transmission is therefore a potentially important step towards improving the concordance between

model predictions and varying observed transmission patterns within and among countries, but also for

providing an objective and scalable methodology for the definition of geographical units meaningful for

the implementation of necessarily spatial surveillance-response systems. Examples of the incorporation

of climate and hydrology-driven models of the population dynamics of the snail intermediate hosts have

been given section 1.2.4 for S. japonicum, but remain to be developed for SSA, and in a way that allows

their spatial generalization. On the other hand, past works have already introduced spatially explicit

models of disease transmission on which to build a national-scale approach to schistosomiasis modelling.

3.2.2 Spatially explicit dynamical models of disease spread

Mathematical models have proved useful in analyzing the spread of both micro- and macro- parasitic

water-borne diseases in spatially explicit settings e.g. [Gurarie and Seto, 2009; Bertuzzo et al., 2011; Chao

et al., 2011; Tuite et al., 2011; Rinaldo et al., 2012; De Oliveira Duarte et al., 2014]. Indeed understanding

the processes favouring schistosomiasis transmission appears highly important in the face of the risk of

ineffective mass chemotherapy treatments.

Furthermore, social and hydrological connectivity for schistosomiasis have been discussed in the context

of distributed human-snail contact sites [Barbour, 1978; Woolhouse, 1991], and formally developed in

agent-based [Hu et al., 2010] and connected metapopulation models [Xu et al., 2006], building on the

seminal model described in equation 3.1 for schistosomiasis. By relaxing the well-mixed and contact

homogeneity assumptions [Gurarie and Seto, 2009] implemented a metapopulation-like approach on a

set of n hydrologically connected villages and considers miracidial and cercarial transport in the water

network, as well as human mobility. The model naturally expands from Macdonald’s work by considering

site-specific state variables yielding a 4n-dimensional system that reads:

d wi

d t
= aθi

∑
j

c jω j i −γwi (3.2a)

d yi

d t
= bmi (1− yi )−νyi (3.2b)

dci

d t
=πC Ni yi +

∑
j<i

sC
i j ri j

Vj

Vi
c j − (εri +μC )ci (3.2c)

dmi

d t
=πM

∑
j
ωi jθ

′
i H j w j +

∑
j<i

sM
i j ri j

Vj

Vi
m j − (εri +μM )mi . (3.2d)

Hydrological connectivity is implemented through a distance-dependent transport survival rate si j =
e−βdi j , whre β governs the exponential larvale decay with distance, for each larval stage from upstream

to downstream villages with different volumes of contaminated water V . Net washout of larvae is given

by a site-specific net hydrological output ri =∑ j<i ri j . Human mobility is included by specific contact

distribution fractions ωi j ∝ e−αdi j with α being a measure of zonal social connectivity. Finally exposure

and contamination contact rates {θ,θ′} are made site-specific.

A theoretical network of connected villages was used by Gurarie and Seto [2009] to study the effect of

varying connectivity parameters on the endemicity of the disease. These authors extended quantitatively

the concept of the basic reproductive number R0 for schistosomiasis transmission (for a derivation see
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Appendix A) to a basic reproduction matrix (BRM) that includes connectivity among villages [Gurarie

and King, 2005], in the same fashion as Gatto et al. [2012, 2013] characterized spatial epidemic risk for

microparasitic water-borne disease. The analysis of the dominant eigenvalue of the BRM (if > 1 the

disease is endemic in the network) was therefore used to investigate the impact of varying hydrological

and social connectivity patterns on the endemic equilibrium point, highlighting a trade-off between

the range of social connectivity and the strength of hydrological links in terms of endemicity risk in the

network. Furthermore the BRM was used to test disease control interventions at the equilibrium by

modifying the local R0’s (for instance by snail control) and comparing strategies by quantifying the effect

on the overall risk reduction. Interestingly, the results suggested that applying control effort on highly

connected nodes despite low disease burden would be a more efficient strategy than targeting the most

affected nodes. Similar results were obtained using a slightly different model accounting for disease

intensity in the population instead of the mean worm burden, which has the advantage of taking into

account age-intensity distribution [Gurarie et al., 2010].

Although the model proposed by Gurarie and Seto [2009] provides valuable insights in the role of con-

nectivity among villages on a local scale, it has a number of shortcomings limiting its potential, most

notably, and as argued in the previous section, the assumption of a constant snail populations. In fact, a

peculiarity of the intermediate hosts of the pathogen is the pronounced seasonality of their population

abundances. Both Biomphalaria and Bulinus spp. are characterized by yearly population crashes and

bursts depending on local climatic and environmental drivers (cf. section 1.2.2). Seasonal fluctuations

in snail population dynamics yield in turn seasonally varying disease transmission intensity, difficult to

measure directly because of the slow dynamics of worm burden and the resulting symptom build-up

[van der Werf et al., 2003], and the practical limitations of existing cercariometric techniques based

on water filtering [Ouma et al., 2009], although promising advances in the use of environmental DNA

could overcome some of these in the near future [Stothard et al., 2017]. Yet this could be key in timing

control interventions for disease elimination. Indeed the lack of appropriate diagnostic technologies

impedes capturing a clear picture of the temporal evolution of the intensity of disease [Stothard, 2009]

and may discourage forecasting time-varying transmission intensity based on snail population dynamics.

However, understanding more thoroughly the ecohydrological drivers of seasonality in schistosomiasis

transmission would allow to link hydro-meteorological projections, ecological dynamics and alternative

disease control intervention strategies through suitable predictive models.

3.3 Materials and methods

3.3.1 The model

The mechanistic process model proposed by Gurarie and Seto [2009] expanded the seminal spatially

implicit model of schistosomiasis by Macdonald [1965]. The extension proposes a connected metapopu-

lation network of n villages. The system of differential equations is expressed in terms of the mean worm

burden in human populations, Wi , the prevalence of infection in the snail intermediate hosts, Yi , and

the densities of cercariae and miracidia, Ci and Mi , the two intermediate larval stages of the parasite.

Connectivity is accounted for by human mobility and hydrologic transport of larvae (while neglecting

snail mobility). The parameters of this model and the values used for analysis are detailed in Table 3.1.
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With the notation of this Chapter, the model of [Gurarie and Seto, 2009] can be written as:

dWi

d t
= a

[
(1−mi )θi Ci +mi

n∑
j=1

Qi jθ j C j

]
−γWi (3.3a)

dYi

d t
= bMi (1−Yi )−νYi (3.3b)

dCi

d t
= ΠC

Vi
Ni Yi −μC Ci − lC

i Ci +
n∑

j=1
lC

j P j i SC
j i

Vj

Vi
C j (3.3c)

d Mi

d t
= ΠM

Vi
θ′i

[
(1−mi )Hi

Wi

2
+

n∑
j=1

m j H j
Wj

2
Q j i

]
−μM Mi − l M

i Mi +
n∑

j=1
l M

j P j i SM
j i

Vj

Vi
M j . (3.3d)

Here at each node i , the rate of change in the mean worm burden is given by the difference between the

intensity of cercarial infection expressed as a probability of infection upon contact a times the exposure

to contaminated water θi and cercarial density, and worm mortality at given rate γ. Density of cercariae

is dynamically determined by the per-capita cercarial output from infected snails ΠC and the number of

infected snails Ni Yi at time t , and limited by cercarial mortality μC . The rate of change in the prevalence

of infected snails is given by the probability of infection of a susceptible snail b(1−Yi ) times miracidial

density and limited by snail mortality ν. Finally, miracidial density is determined by the rate of miracidial

output from humans ΠM , the contamination rate θ′i and the number of pairs of adult schistosomes, given

by half of the mean worm burden times the number of human hosts Hi , divided by the volume of water

Vi in which they are released (to obtain larval concentration in water). Human mobility is included by

specific contact distribution fractions Qi j . In the original version [Gurarie and Seto, 2009], the connectivity

matrix is set to be proportional to distance between nodes, i.e. Qi j ∝ e−αdi j with α being a measure

of zonal social connectivity. Hydrologic connectivity is implemented through a distance-dependent

transport survival rate Si j = e−βdi j for each larval stage from upstream to downstream settlements with

different volumes of contaminated water Vi . Model 3.3a differs slightly from the one proposed by Gurarie

and Seto [2009] in the way it treats larval densities and human connectivity. Indeed, the volume of water

Vi in which larvae are released is explicitly introduce in order have the state variable expressed as a

concentration per unit volume (rather than general unit habitat as expressed by Gurarie and Seto [2009]).

However, in the analysis presented in this Chapter all Vi to 1 so as restrain the analysis on the connectivity

parameters. Regarding human connectivity, traveller contacts and local contacts are diffirenciated by

the mobility parameter m instead of distributing the whole local contact parameters θi as a function of

population and distance as proposed by [Gurarie and Seto, 2009] in the corresponding social contact

matrix ωi j . Indeed, in their approach mi is implicitly considered to be constant and proportional to

Hi /
∑

j H j e−αdi j for local contamination and exposure rates.

By distinguishing between travellers and non-travellers its is assumed that contamination and exposure

rates depend only on the physical characteristics of the site, and not on the traveller origin (captured by

θi ). This is reasonable when analyzing patterns on a national scale where the physical characteristics

of the human settlements are heterogeneous (cites vs. towns vs. villages), and thus the contact rate

at a visited location θ j depends mainly on j . The main features of model 1 are (1) well-mixed and

stationary human and snail populations at each village i (2) miracidial dispersal and cercarial uptake

through human movement matrix Qi j modulated by the fraction of moving people mi , and (3) miracidial

and cercarial dispersal through hydrologic connectivity matrices P j i SC
j i and P j i SM

j i modulated by the

hydrologic transport rates lC ,M
j . By setting {mi , lC ,M

j } = 0 ∀i , j model 1 collapses to the local model

of Macdonald [1965] expressed for each individual settlement, for which the local basic reproduction

numbers are derived as R0,i = (abθθ′ΠCΠM Hi Ni )/(2γνμCμM V 2
i ) (a complete derivation is given in
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Table 3.1 – Model parameter description and values used in analysis of intestinal schistosomiasis in Burkina Faso

Description Value Reference

State variables Wi Mean worm burden in village i - -
Yi Infection prevalence in snail population in node i - -
Ci Cercarial density (per unit volume) in node i - -
Mi Miracidial density (per unit volume) in node i - -

Demographic
and ecological
parameters

Hi Human population in node i Inferred Bhaduri et al. [2007]

Ni Snail population in node i Inferred Phillips et al. [2006]
Vi Water volume in node i 1 -
a Probability of successful cercarial infection in humans 10−5 Feng et al. [2004]
b Probability of successful miracidial infection in snails 5×10−5 Feng et al. [2004]
θi ,θ′i Local exposure and contamination rates Range fixed Gurarie and Seto [2009]
ΠC Cercarial emission rate/infected snail 100 [day−1] Feng et al. [2004]
ΠM Miracidial emission rate per worm pair 300 [day−1] Feng et al. [2004]
μC Per capita mortality rate of cercariae 3.04 [day−1] May and Anderson [1979]
μM Per capita mortality rate of miracidia 0.91 [day−1] May and Anderson [1979]
γ Per capita mortality rate of schistosome in host 1/5 [yr−1] May and Anderson [1979]
ν Per capita mortality rate of snails 1/0.1 [yr−1] May and Anderson [1979]

Connectivity mi Fraction of moving residents of node i Fixed -
parameters Qi , j Human mobility probability matrix of a traveler moving from i

to j and back
Inferred Simini et al. [2012]

lC
i , l M

i Hydrologic throughput rates of cercaria and miracidia Not used -
P j i Hydrologic connectivity matrix (0/1 entries) Not used -

SC
j i ,SM

j i = e
−βC ,M di j ; transport survival rates of cercariae and miracidia

between nodes separated by distance di j .
Not used -

βC ,M Larval hydrologic survival exponents during transport Not used -

Appendix A). In this simple case, parasite invasion of the disease-free system depends locally on the

condition R0,i > 1. The above-mentioned model does not include detailed biological controls (worm

mating probability, negative density feedback on within-host worm population) nor immunological ones

(acquired immunity of human hosts). Although this could prove inadequate for the study of a particular

village close to endemic equilibrium, these factors are deemed of secondary importance in the analysis of

pathogen invasion conditions at the national level. The stability analysis of the model is carried out here

for the reformulated version and extended to explore the spatial patterns of disease spread. Sensitivity

analysis of model assumptions can be found in the original paper [Gurarie and Seto, 2009].

3.3.2 Parasite invasion conditions

Despite the complexity given by the spatially explicit formulation of model 3.3a, a rigorous stability

analysis can be used to determine spatially explicit conditions for pathogen invasion. As the system

is positive and the disease-free equilibrium is characterized by null values of the state variables, the

bifurcation can only occur via an exchange of stability. Specifically, the disease-free equilibrium switches

from stable node to saddle through a transcritical bifurcation, at which the Jacobian has one zero

eigenvalue [Kuznetsov, 1995; Rohani et al., 1999; Gurarie and Seto, 2009; Gatto et al., 2012]. Parasite

invasion is determined by the unstability of the disease-free equilibrium (DFE) X0 = [0n ,0n ,0n ,0n]T , with

0n a 1×n null vector, n being the number of settlements. The stability properties of the DFE can be
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studied by analyzing the Jacobian linearised at the DFE, J∗0 , which reads:

J∗0 =
[

A B

C D

]
, (3.4)

where

A =
[

−γI 0

0 −νI

]
B =

[
a(I−m+mQ)θ 0

0 bI

]

C =
[

0 ΠC V−1N
ΠM

2 V−1θ′(I−m+QT m)H 0

]

D =
[

−μC I+TC 0

0 −μM I+TM

]
.

where: I is the identity matrix; m, θ, V, N, θ′ and H are diagonal matrices whose non-zero elements are

made up by the parameters mi , θi , Vi , Ni , θ′i and Hi , respectively; Q = [Qi j ] is the connectivity matrix for

human mobility; TC = (V−1PC
T V− I

)
lC and TM = (V−1PM

T V− I
)

lM, while PC = [Pi j SC
i j ] = P◦SC (where ◦

is the Hadamard product) and PM = [Pi j SM
i j ] = P◦SM are the transport matrices accounting for hydrologic

connectivity and larval survival during transport, and lC and lM are diagonal matrices whose non-zero

elements are the local values of lC
i and l M

i , respectively. After some manipulations (see Appendix A), the

bifurcation condition det(J∗0 ) = 0 can be reformulated as:

det
(
I− (I−m)2R0 +RM

0 (m,Q)+T(μC ,TC,μM ,TM)
)= 0 (3.5)

A generalized reproduction matrix (GRM) can be defined for the model of schistosomiasis transmission

introduced in this Chapter as the sum of three matrices. One depends on local dynamics only; the other

two (non-linearly) on spatial coupling mechanisms, reading,

G0 = (I−m)2R0 +RM
0 (m,Q)+T(μC ,TC,μM ,TM) . (3.6)

Parasite invasion conditions can therefore be decomposed into spatially explicit local conditions, R0, and

connectivity-induced conditions RM
0 and T for mobility and hydrologic transport respectively. R0 is a

diagonal matrix, whose non-zero elements are the local values R0i of the basic reproduction number. RM
0

is a matrix depending on human mobility structure and magnitude, i.e.

RM
0 (m,Q) = abΠCΠM

2γνμCμM
NV−1θ′ [(I−m)mHQ+QT Hm(I−m)+QT m2HQ

]
θV−1.

T is another matrix depending on larval death rates and transport through the hydrologic network

T(μC ,TC,μM ,TM) = 1

μC
VTCV−1 + 1

μM
NTMN−1 − 1

μCμM
NTMVN−1TCV−1.

Ensuing from equations 3.5 and 3.6 the condition for parasite invasion can be stated in terms of the

dominant eigenvalue g0 of matrix G0, i.e. g0 = maxk (λk (G0)), with disease spread occurring if g0 > 1.

Bearing the operational use of this condition in mind, it is important to note that control measures that

successfully lead to a stable DFE (thus driving g0 below 1), for instance by providing improved sanitation
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or the use of molluscicides, do not imply immediate transmission interruption, and the country may

instead present non-zero parasite loads in the population and in the environment for some time. In

ecological terms, the time to reach pathogen extinction corresponds to the relaxation time of the system

[Diamond, 1972; Tilman et al., 1994], tR , which is determined by the characteristic timescale of pathogen

spread dynamics. The relaxation time of schistosomiasis transmission is therefore set by the dominant

eigenvalue g0 as tR = 1/| log(g0)|, and can be shown that the average time to transmission interruption

amounts to −5/log(g0) time units [Mari et al., 2014a]. Based on this relation it is possible to associate

a given socio-ecological setting in the country (i.e. a given value of g0) to an estimate of the time for

transmission to effectively die out once conditions for pathogen extinction are met (g0 < 1).

Furthermore bifurcation analysis for water-borne disease models proved to be able to capture spatial

patterns of the spread of the pathogen [Gatto et al., 2013]. It is possible to show that the dominant eigen-

vector g0 of the GRM can be used to study the geography of disease spread in the case of macroprasitic

infections, at least close to the transcritical bifurcation. In fact, g0 corresponds to the cercarial component

C of the vector of state variables for trajectories diverging from the (unstable) DFE (see Appendix A). This

corollary is of particular interest in the study of spatial patterns of disease spread. Indeed, close to an

unstable DFE the dominant eigenvector of matrix J0
∗, λmax(J∗0 ), pinpoints the directions in the state

space along which the system trajectories will diverge from the equilibrium. In other words, computing

λmax(J∗0 ) enables not only the quantitative analysis of conditions for the parasite to invade a connected

set of spatial locations, but also to predict the direction of disease spread geographically in the time

close to the onset. Of particular interest in the dominant eigenvector analysis is the mean worm burden

compartment, W, which in the case of schistosomiasis is an important measure of infection severity

and the natural target of control interventions through antischistosomal treatments [Fenwick et al.,

2006; Utzinger and de Savigny, 2006]. At the bifurcation through which the DFE loses stability, spatial

distribution of the mean worm burden can be computed in terms of g0 as W = (a/γ)(I−m+mQ)θg0 (see

Appendix A).

3.3.3 Model implementation

Schistosomiasis control and elimination programs are implemented on at the national scales by cen-

tralized national institutions [Rollinson et al., 2013], a nation-wide spatial scale is thus retained for

investigating the modelling framework presented above. The dominant eigenvalue and eigenvector

analysis was applied to the context of Burkina Faso, presented in Chapter 2. Briefly, both urinary and

intestinal forms of the disease are present with very different historical geographical coverages, governed

by the ecological ranges of their respective species of intermediate host [Poda et al., 2004a]. The intestinal

form of the disease will be used for the subsequent analysis given the proven importance of human

movement in its geographical expansion in the country [Poda et al., 2001]. The context of this study is the

geographical extent of the country (Fig. 3.1) and the distribution of human settlements that consist the

nodes of the connected network on which the disease is considered to spread.

Settlements and population - Hi A settlement is considered to be a geographic location having any

number of permanent residents. The population of the settlements in Burkina Faso ranges from villages of

less than 100 inhabitants to cities of more than 100,000 people, the urban area of the capital Ouagadougou

housing more than 700,000. A settlement was considered to be a city if its population Hi is bigger than a

definition threshold of 10,000 inhabitants, and a village if Hi is smaller than 2,000 inhabitants. The model

was applied to 10,592 settlements provided by a freely available database (courtesy of Humanitarian

Response www.humanitarianresponse.inf). Population was obtained by assigning the sum of gridded
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Figure 3.3 – Covariates used in the species distribution modelling of the snail intermediate host using MaxEnt. All
data sources are analogous to those used in [Stensgaard et al., 2013]

by Quadratic Discriminant Analysis of a mosaic of Landsat satellite images of 2014 (courtesy of the U.S.

Geological Service). The resulting water surfaces were filtered and validated against the national spatial

database of dams and small reservoirs [Cecchi, 2007]. Maps of the covariates used as inputs for MaxEnt

are illustrated in Fig 3.3, and their relative importance for modelling the ecological range are presented in

Fig 3.4. Interestingly the variable with both the most unique information and the most explanatory power

was found to be the distance to reservoirs, thus supporting the need for investigating the role of water

resources development in schistosomiasis transmission. The output of MaxEnt (probability of presence)

was taken as proportional to the site-specific parameter Ni during model implementation.

Human mobility model - Qi j No actual human mobility data, such as census or mobile phone records,

are available for accurately estimating human mobility fluxes in Burkina Faso. Models of human mobility

have grown popular and accurate with increasing access to big data on human behaviour, and are

valuable tools to overcome data scarcity despite the strong assumptions that need to be made regarding,

for instance, travel means and accessibility [Lu et al., 2013; Wesolowski et al., 2013]. Here the recently

proposed radiation model is retained which has proven to correctly reproduce mobility patterns at the

national and regional scales originally implemented in the context of the USA [Simini et al., 2012], and

proved to hold well for inter-city movement in West Africa [Palchykov et al., 2014]. Specifically, the

radiation model expresses the probability Qi j that a person travelling out of node i reaches node j as:

Qi j =
Hi H j

(Hi + si j )(Hi +H j + si j )
(3.7)

where Hi [H j ] is the population size of the origin [destination] node, and si j is the total population living

within a radius di j around the origin, excluding the origin and destination populations, and di j being

the distance between nodes i and j . The model has therefore the benefit of depending explicitly only

on population density distribution in space to capture the structure of human mobility fluxes. The

fraction of moving people, i.e. people visiting another node during a short period of time, mi , is therefore

the only free parameter modulating the strength of mobility-related connectivity in the spatial spread
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Figure 3.5 – Sigmoid functional forms for exposure/contamination. The curves are given here for θM AX = 1 as a
function of population in node i , Hi , and for values of α used in model exploration

in Gurarie and Seto [2009]) based on the size of each node. The hypothesis underlying this approach

is therefore that, in Burkina Faso, densely populated and tertiarized urban centres should have low

contamination/exposure rates with respect to small rural settlements were a number of socio-economic

activities entail human-water contacts [Zongo et al., 2012; Kpoda et al., 2013]. The resulting contact rate

θi in node i is thus:

θi = θM AX

{
1− 1

1+a(α)e−b(α)Slog10(Hi )

}
, (3.8)

that is a sigmoid decreasing function of population size, where θM AX is a parameter indicating the

maximum contact rate, while α controls the shape of the function. Specifically a(α) and b(α) are two

positive coefficients that are selected so that cities have exposure equal to αθM AX , and imposing θi = 0.9 ·
θM AX for villages of exactly 2,000 inhabitants. In other words α can be seen as the percentage reduction in

exposure/contamination rates due to urbanization for a settlement at the population threshold defining

a city, here taken to be defined as a settlement of 10,000 inhabitants, with respect to the maximal

rates observed in rural areas. Slog10(Hi ) = (log10(Hi )−μlog10(H))/(σlog10(H)) is the log10-transformed and

standardized population density based on the mean, μlog10(H), and the standard deviation, σlog10(H), of the

log10 transform of the population vector H. Illustrations of the resulting functional forms for different

values of α are given in Fig 3.5. The choice of eq. 3.8 was made with the objective of discriminating

between the very different settings of urban areas and rural settlements, and that other functional forms

could have been chosen that respect the low vs. high contamination/exposure rates. Indeed the inclusion

of small-scale heterogeneity between settlements of similar sizes (for which 3.8 would predict similar

contact/exposure rates) depends on the presence and density of improved sources of water, of sanitation

infrastructure, the ephemerality of the hydrological network and waterbodies, and other factors for

which detailed geo-referenced data is not readily accessible. Furthermore this approach clearly lacks

the accuracy of water contact surveys or direct observations of human-water contacts such as the ones

provided for particular sites across Sub-Saharan Africa [Kloos, 1985; Rudge et al., 2008], but at least enables

a relative ranking of nodes at the national scale following the hypothesis that urbanization leads to a

reduction in human-water contacts. A more accurate generalizable modelling of human-water contacts

based on water and sanitation infrastructure data and resulting contamination and exposure rates for

schistosomiasis would be of great use in reducing the uncertainty related to this particular point.
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Hydrologic connectivity In equation 3.3a, hydrologic connectivity only concerns larval stages of the

parasite. Survival times of both miracidia and cercariae are known to be on the order of hours [Anderson

et al., 1982], thus resulting in localized effects of this form of transport, as illustrated in Gurarie and Seto

[2009] for a network of 15 connected villages. Because the context of the present analysis is all of Burkina

Faso, it is deemed realistic to remove hydrologic transport of the larval stages of the parasite, since the

only viable hydrologic transport routes at the national scale could be large rivers (Fig. 3.1), which are

known to be unsuitable environments for larvae that have limited life spans. Nevertheless, all of the

following analysis could be repeated including hydrologic transport by applying eq. 3.6 in its full version.

On the other hand a form of hydrologic connectivity that was not considered in Gurarie and Seto [2009] is

the passive dispersion of the snail intermediate host in streams and rivers. Indeed it has been observed

that water velocities greater than 33cm/s may dislodge Bulinus spp. individuals that may be transported

downstream [Poda, 1996]. Quite possibly, the threshold on velocity should have been translated into one

on shear stress of the waterway bottom. However, the only available data on this kind of phenomenon

in the fairly flat topography of Burkina Faso is an inconclusive study by Poda [1996] which measured

snail dispersion during the rainy season of the order of 1 snail/30min on the Nazinon river (Volta Rouge).

Given that this result is based on only 4 samplings, and no information was collected on snail provenance,

transport distance and variability, and species, it was considered that there was not enough evidence

to justify modifying eq. 3.3a to include snail transport at this stage. Field data on the transport of the

intermediate hosts of schistosomiasis in Burkina Faso would help elucidate its importance and relevance

in full transmission models.

3.4 Results and discussion

3.4.1 Pathogen invasion conditions and relaxation times

Because the real magnitude of human mobility in Burkina Faso is currently unknown, a wide range

of possible scenarios are explored. It is assumed that the structure of the human mobility network is

accurately captured by the radiation model, thus only the intensity of mobility fluxes are considered. In

order to encompass all possible behaviours, although extremes are unlikely, in real large scale mobility

patterns for example it is unlikely that as much as one half of the population would leave their home,

values of the fraction of mobile population in the range m ∈ [0,1] are considered. The relation between

contamination and exposure rates and population density dependence also lacks ground-truthed data,

and therefore it is explored through sigmoid contact functions (eq. 3.8) with α ∈ {0.0001,0.001,0.01,0.1}.

Urban contamination and exposure rates can be seen as an increasing function of α. Not surprisingly,

human mobility is found to strongly condition successful parasitic invasion of the system. Two opposite

effects are illustrated in Fig. 3.6 with a dilution effect for fractions of mobile people increasing from m = 0

to m ≈ 0.3; and an increase in the risk of disease spread for m > 0.3. Indeed for all investigated levels

of urban contamination and exposure rates the dominant eigenvalue g0 of the GRM falls below 1 for

intermediate ranges of the fraction of mobile people and low values of θM AX . Beyond the specificities

of model 1, these results are consistent with the conclusions of Gurarie and Seto [2009], at least close to

the bifurcation and for the parameter region where m < 0.5. The parameter region in which the DFE is

stable (gray shaded area in Fig. 3.6), thus preventing parasite invasion, is of similar sizes for all values

of α, except for high levels of urban contact rates (α= 0.1) for which pathogen invasion is observed for

a wider range in the parameter space. This can be seen as the effect of coupling locations with high

mobility (densely populated areas) with locations with high transmission potential (high contamination

and exposure rates). All subsequent analysis therefore focused on the case that seemed the most realistic,

namely intermediate urban contamination and exposure rates (α= 0.01).
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(a) (b)

Figure 3.7 – Eigenvector analysis as predictive tool. Comparison of the equilibrium state of the system for a 1,000 node
aggregated network for the parameter set {α= 0.01,θM AX = 0.31,m = 0.4}. (a) Spatial distribution of disease intensity
at the equilibrium expressed as a linear interpolation of mean worm burden Wi at the aggregated network nodes
(black dots) in log10-scale. (b) Spatial patterns of disease spread predicted by the rescaled dominant eigenvector g0
of the system at the transcritical bifurcation of the DFE in log10-scale.

but its predictive power of the endemic equilibrium remains to be verified. This is done by comparing

the predicted spatial patterns of disease with the state of the system at the endemic equilibrium. The

system at the national level has a prohibitively large number of state variables (4×n ≈ 40,000) that

prevents running the connected ordinary differential equations (ODE) system to endemic equilibrium

using traditional numerical solvers on standard computing software. Specialized high-performance

computing techniques could permit running the full system, but their discussion is beyond the scope of

this work. To test the applicability of the eigenvector analysis to the full Burkina Faso settlement network,

the analysis on an aggregated network of 1,000 nodes is first performed to prove the relevance of the

approach for slow-fast systems. The aggregated network is obtained by geographical clustering (using

the k-means algorithm) of the full 10’592 node network. Spatial patterns of disease spread are obtained

by rescaling the dominant eigenvector g0 of the GRM to represent W, the mean worm burden along

model trajectories diverging from the DFE. The results illustrated in Fig. 3.7 show that at the transcritical

bifurcation the rescaled dominant eigenvector reproduces well the spatial patterns observed at the

endemic equilibrium of the system. Indeed the disease hotspot is accurately predicted by the dominant

eigenvector approach. It is important to note that what a disease hotspot is defined as a geographical

area for which the numerical simulation of the aggregated system yields high mean worm burden levels,

and does not necessarily correspond to observed historical prevalence levels in the epidemiological data

presented in Fig. 3.1. Indeed it is recalled that the aim of Fig. 3.7 is to test the correspondence between

the system endemic equilibrium and spatial patterns predicted by the dominant eigenvector. In this

regard the main discrepancy is in the predicted disease intensity levels in western parts of the country

which are slightly under-predicted by the rescaled g0. These results prove that the method holds for the

macro-parasitic dynamical system representation of schistosomiasis transmission, at least close to the

transcritical bifurcation. This result illustrate the usefulness of the approach proposed in this Chapter in

assessing the conditions for determining elimination thresholds, and their susceptibility to variations in

transmission conditions.

Spatial patterns at the national level The eigenvector approach allows the analysis of schistosomiasis

spread on the full network of Burkina Faso. The focus is put into studying spatial patterns for three

mobility regimes along the g0 = 1 contour line in Fig. 3.6 by tuning the free parameters (m and θM AX ) to

place the system precisely at the transcritical bifurcation that determines the instability of the DFE. It is
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Figure 3.8 – Pathogen invasion conditions and local transmission risk. (a) Stability diagram of the DFE in terms of
contamination and exposure rates and the fraction of mobile people for intermediate urban contamination/exposure
rates(α= 0.01). Points in the white[yellow] area represent parameter combinations yielding a stable[unstable] DFE.
Parasite invasion occurs when crossing the bifurcation curve (black line, g0 = 1). (b) Local conditions of pathogen
invasion risk in terms of R0 for no human mobility and maximal contact rates (point (1) in panel a). Areas presenting
R0,i > 1 (in yellow) experience sustained pathogen invasion and schistosomiasis is introduced in the node. Even for
maximal contact rates locally schistosomiasis-prone areas are restrained to the south-western and central parts of
the country.

noteworthy that the dominant eigenvector analysis holds only close to the bifurcation which represents

conditions tending towards elimination, thus relevant to surveillance-response strategies, as opposed to

areas of high endemicity characterized by g0 >> 1. Fig. 3.9 illustrates the effect of connectivity on disease

spread in comparison to local pathogen invasion condition, expressed by the local basic reproduction

number R0,i (panel (b) in Fig. 3.8, corresponding to point (1) in panel (a)). Local potential for pathogen

invasion results from the interaction between local population density and snail presence. At low human

mobility intensity the disease concentrates around the populated areas in the center of the country

(panel (a), point (2) in Fig. 3.8(a)). By increasing mobility, the dilution effect causes the DFE to become

stable and the pathogen cannot invade the country (point (3) in Fig. 3.8(a)). For parameter combinations

yielding pathogen invasion at intermediate human mobility (m = 0.3), the spatial patterns of disease

spread shift towards the South-East with the appearance of a second hotspot in an area with favourable

local conditions (panel (b), point (4) in Fig. 3.8(a)). The effect of mobility is most visible when the majority

of people are mobile (m = 0.65). Indeed, the South-Eastern hotspot takes over the central one and the

disease spreading to the whole South-Eastern part of the country in areas where the local reproduction

number is below 1, indicating unfavourable local conditions for transmission (panel (c), point (5) in

Fig. 3.8(a)). It is interesting to note that the spatial patterns of disease spread on the aggregated network

reproduce reasonably well the ones observed on the full network, thus supporting the assumptions made

above. The capacity to predict the spatial patterns of the disease close to the disease free equilibrium could

provide a tool for prioritizing surveillance sampling in those areas where schistosomiasis is predicted to

pickup the most, thus were the re-invasion signal in the mean worm burden would be the strongest.
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Figure 3.9 – Human mobility and spatial patterns of the disease in the case of intermediate urban schistosomiasis.
(a-c) Predicted log10-rescaled values of the mean worm burden compartment W for increasing levels of human
mobility (m = 0.2,0.3,0.65) along the bifurcation line (points d-e-f in panel a) and the θM AX = 0.8 transect (points
2-4-5 in panel a).

3.4.3 Water resources development and human mobility

Water resources development directly impacts large-scale schistosomiasis transmission by altering the

probability of presence of the intermediate snail host in the environment. This is explicitly accounted

for in the approach presented here through the distance to water, Dw ater , of a human settlement. To

investigate the side-effects of water resources development on schistosomiasis in the country, B. pfeifferi

probability of presence was re-evaluated using MaxEnt for alternative scenarios of water resources

development by randomly removing existing reservoirs to consider different numbers of built dams

expressed as a fraction ε of the existing ones, and the stability of the DFE recomputed for parameter

combinations used in Fig. 3.6. The evolution of water resources development in Burkina Faso (a 5-fold

increase in the number of reservoirs in the past 60 years [Cecchi, 2007]) was explored by varying ε in

the set {0.25,0.5,0.75} of existing reservoirs, which represents increasing numbers of built reservoirs.

An illustration of the predicted changes in the ecological range of the intermediate host due to water

resources development, in comparison with the current scenario, is given in Fig. 3.12. Uncertainty in the

stability predictions induced by random removal of reservoirs was assessed by repeating the procedure

10 times for each value of ε and taking the 95% simulation enveloppe of the realizations of the resulting

stability lines. The effect of water resources development on pathogen invasion is illustrated in Fig. 3.10

for the case of ε = 0.5, results for the other two scenarios are similar and reported in Fig. 3.11. For

all the reduced water resources development scenarios, the DFE tends to be stable for a wider set of

mobility and contact parameters, for all levels of urban contamination and exposure rates. Examining

the stability diagrams in Fig. 3.10, it becomes evident that human mobility plays an important role in

the stability of the DFE, thus of pathogen invasion conditions, in these alternative scenarios. Indeed

the interplay between human mobility and water resources development is greatly conditioned by the

level of urban contamination/exposure rates. For α< 0.1 the effect of building dams is most detrimental

for low levels of human mobility (m < 0.25), while the bifurcation lines tend to be close to the invasion

condition of the current scenario for m > 0.8. On the other hand, for high levels of urban transmission of

schistosomiasis (α= 0.1) human mobility accentuates the negative impact of the increasing number of

dams by augmenting the gap between the bifurcations curves of the alternative and current scenarios

m > 0.6. Furthermore, uncertainty in the stability of the DFE increases with the fraction of mobile people

for all α’s. These observations can be seen as the contribution of less connected settlements, where

contamination and exposure are high, to the overall (in)stability condition of the DFE. By increasing
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Figure 3.10 – Investigation of the side-effects of water resources development in terms of pathogen invasion con-
ditions of schistosomiasis. The bifurcation curves (g0 = 1) of the DFE are plotted for a level of water resources
development corresponding to 50% of the existing reservoirs. Stability plots are given as a function of the maximal
contamination and exposure rate parameter θM AX and the fraction of mobile people m. Yellow curves represent
parasite invasion conditions for the alternative scenarios of water resources development, while black lines refer
to the current situation (same as Figure 2), and are reported here for reference. Colour shadings represent 95%
confidence intervals based on 10 scenario realizations by random removal of existing reservoirs. Regions to the right
of the black and coloured lines correspond to conditions of pathogen invasion of the country, i.e. an unstable DFE,
for the current and alternative scenarios respectively.

urban contamination and exposure rates, nodes with high connectivity also present high transmission,

thus having a large impact on the stability of the system. When removing reservoirs that determine the

number of snails in these key nodes, the stability region of the DFE expands. In other words, the system is

more dependent on a small set of highly connected nodes, thus the construction of dams close to these

points has a much larger effect on stability. The uncertainty associated to the location of the stability

line is thus directly related to the random removal of the reservoirs influencing snail abundance in these

key nodes. Human mobility therefore exacerbates the effect of water resources development on risk of

pathogen invasion in the case of high urban contamination and exposure rates.

Although preliminary, these results illustrate the use of the proposed eigenvector analysis of the GRM

to quantify the potential impacts of water resources development in a spatially explicit framework that

includes connectivity mechanisms such as human mobility. In particular, the results of this Chapter

concur with previous studies suggesting that strategies to mitigate negative effects on human health

should become integral parts in the planning, implementation, and operation of future water resources

development projects [Steinmann et al., 2006]. In particular the interplay between the water resources

development and connectivity induced by human mobility are deemed to be important in the risk of

re-emergence of the disease if elimination is attained.

3.4.4 A roadmap for the implementation in Burkina Faso

Although the main focus of this work is on the system conditions requiring deployment of intervention

measures in the perspective of elimination, thus far from the endemic equilibrium, an appropriate model

would need to be developed and validated against historical data for the specific context of Burkina Faso.

The first step in this direction would require the availability of comprehensive national scale data on

disease prevalence and infection intensity that are not available on online sources. This data would allow

the rigorous calibration of parameter values and the quantification of the associated uncertainty. The

second step could consist in the improvement of simplifying assumptions of the model by [Gurarie and
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use of the results presented here. If assumptions (1) and (4) are deemed to be reasonable for studying

schistosomiasis at the country-level, the remaining points still need to be addressed. Snail population

dynamics (2) needs to be explicitly modelled with respect to local environmental conditions governing

its habitat and its population dynamics, mainly driven by hydrology [Woolhouse and Chandiwana,

1990a; Poda et al., 1994; Clennon et al., 2007]. Contact and contamination rates (3) strongly depend

on human-water contacts driven by local socio-economic realities [Utzinger et al., 2011; Kpoda et al.,

2013; Grimes et al., 2014], and are of particular importance to quantify the success of control measures

through education and access to clean water, sanitation and hygiene (WASH). Furthermore, the seasonal

variation of the ecohydrologic parameters would need to be properly addressed and incorporated in

the modelling framework [Mari et al., 2014a]. For both of these aspects of particular use would be local

hydro-climatic data at suitable temporal and spatial resolutions in Burkina Faso, to be assimilated along

with remotely sensed data with of bridging the existing gaps in their use for schistosomiasis risk profiling

[Walz et al., 2015a]. Regarding human-water contacts a generalizable framework would need to be

developed for the specific context of Burkina Faso based on detailed geo-referenced data on improved

water sources, sanitation infrastructure and natural or man-made waterbodies, complemented by surveys

and participatory-observant methods in distinct climatic, water resource availability and socio-economic

contexts [Zongo et al., 2012; Kpoda et al., 2013]. This would reduce the uncertainty introduced with the

population-density based approach presented here for estimating water-contact rates, with a particular

focus on the seasonal dynamics of water contacts across the territory. Hydrological transport of the

intermediate host regarding transport rates, variability, snail species specificities and seasonality are

needed to evaluate the relevance of its inclusion the large-scale modelling framework propose in this

Chapter. Finally, increasing access to human mobility data such as cell phone records would not only

remove the necessity for modelling mobility patterns in the location where data are available (6) [Buckee

et al., 2013; Wesolowski et al., 2013], but would also permit the validation of existing mobility models

that are based on data from highly motorized countries [Lu et al., 2013; Palchykov et al., 2014] against

the specific mobility characteristics of Sub-Saharan Africa for their use in the context of schistosomiasis

study. Indeed a thorough comparison of available mobility models for the specific purpose of spatially

explicit modelling of schistosomiasis.

3.5 Conclusion

By implementing dynamical system analysis techniques recently developed for water-borne diseases, the

roles of human mobility and water resources development in the spread of intestinal schistosomiasis have

been highlighted in Burkina Faso close with the goal of elimination. Human mobility was shown to play a

role not only in the degree of success of invasion of the network of human settlements by the pathogen,

but also in the spatial patterns of disease spread. For small fractions of mobile people, mobility induced

a dilution effect of the parasite concentration in accessible waters leading to an effective prevention

of parasite invasions, in agreement with previous results derived at much smaller spatial scales. Even

in settings unfavourable to pathogen invasion, human mobility had a large effect on average times to

metapopulation extinction of the pathogen. Above a threshold value, mobility prompted a systematic

exacerbation of the disease by shifting its hotspots from the most populated areas (even where local

conditions warrant local reproduction numbers larger than one) to more transmission-prone areas with

higher contamination and exposure rates and snail abundance.

Predicting the spread of the disease based on water resources development was also investigated, specifi-

cally by quantifying the modification of the stability conditions of the disease-free equilibrium resulting

from anthropogenic expansions of suitable habitats for B. pfeifferi, the snail acting as intermediate host in
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the life cycle of the parasite S. mansoni. By considering theoretical scenarios representative of pre-existing

levels of water resources development in the country, the results in this Chapter have shown that the

marked increase in the number of dams prompted by water development projects favoured pathogen

invasion. For low urban schistosomiasis transmission, the greatest effects of water resources develop-

ment were found to occur for low levels of human mobility, thus favouring localized transmission which

maximizes the effect of each additional dam built. Interestingly, intense human mobility was also shown

to exacerbate the impact of the building of the dams in the case of high levels of urban contamination

and exposure rates.

This Chapter concludes that insight from the tools such as the ones develop here could directly inform

national and regional control measures in the perspective of elimination in terms of pathogen invasion

conditions and initial spatial spread, thus contributing to two of the points brought to the fore as research

priorities for helminth modelling [Basáñez et al., 2012]. Both prevention and intervention at regional

scales, in fact, need to address the central role of human mobility in the perspective of the deployment

of surveillance-response mechanisms and the localization of treatment measures. Controls of urban

contamination and exposure rates, say by reducing contamination rates by control programs like WASH,

could be measured against predicted disease burden reductions. Even at the current state of development,

results of management alternatives obtained from mathematical models are potentially informative

for epidemiological decisions in conditions of close-to-threshold transmission that will hopefully be

in the near future the stage of elimination programs in sub-Saharan Africa and Burkina Faso. Indeed

the proposed theoretical framework is an opportunity for the design of control indicators based both

on timescales of pathogen extinction in addition to dynamical stability criteria. Overall, this Chapter

supports the key role that mathematical toolboxes built on spatially explicit models of disease dynamics

play for the prediction of the spatial patterns of schistosomiasis at regional scales.
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ecology of the snail intermediate hosts

The population dynamics of the different species of snail intermediate hosts are key components in the

appraisal of the socio-ecological drivers of the transmission cycle of schistosomes, in particular in seasonal

climates, which impose strong fluctuations in environmental and hydrological conditions. Walking in the

footsteps of the single previous study of the population dynamics of Bulinus spp. in Burkina Faso by Poda

in the 1990’s, this Chapter reports on field ecological sampling and environmental monitoring campaigns

aiming at better understanding the ecohydrology of the distinct species of intermediate hosts across different

natural and man-made habitats in the country. Although the ecological sampling methodology used

here have not evolved since Poda’s, what is novel in the work presented in this Chapter is the use of on-

site micro-meteorological stations for continuous monitoring of environmental parameters, combined

with the quantitative analysis of snail abundance timeseries data within a formal model comparison

framework. This combination allowed to disentangle the ecological processes at hand, namely exogenous

environmental forcing and density feedbacks. Beyond ecological insight per se, this work constitutes a first

step in developing a methodology for the prediction of seasonal snail populations at the national scale 2.

4.1 Introduction

Insight into population dynamics of the intermediate hosts of human schistosomes is necessary to

the understanding of the disease’s ecology [Plowright et al., 2008], and important to the optimization

of control strategies, may it be the timing of MDA with respect to transmission seasonality, or snail

population control [Sturrock, 1995; Rollinson et al., 2013]. Snail population dynamics are typically

seasonal in SSA, and have been shown to be strongly influenced by environmental conditions [Shiff, 1964c;

O’Keeffe, 1985a; Woolhouse and Chandiwana, 1990a], although the effect of crowding on reproduction

and death rates has been shown to play a role in laboratory experiments [Jobin and Michelson, 1967;

McCreesh et al., 2014]. Negative density feedbacks (sensu Herrando-Pérez et al. [2012]), i.e. the increase of

mortality or decrease in fecundity with high population density, have been at the heart of a debate [Shiff,

1964c; Jobin and Michelson, 1967] on whether or not they must be seen as a key ecological process for

the demography of the intermediate hosts of schistosomes. Density feedbacks have been alternatively

accounted for [Sokolow et al., 2015; Feng et al., 2004; Ciddio et al., 2015] or ignored [Liang et al., 2007;

Chiyaka and Garira, 2009] in spatially implicit mathematical models of schistosomiasis transmission

2The content of this chapter has been adapted from Perez-Saez et al. [2016]: Perez-Saez, J., Mande, T., Ceperley, N., Bertuzzo,
E., Mari, L., Gatto, M. and Rinaldo, A., 2016. Hydrology and density feedbacks control the ecology of intermediate hosts of
schistosomiasis across habitats in seasonal climates. Proceedings of the National Academy of Sciences of the United States of America,
113(23), pp.6427-6432. https://doi.org/10.1073/pnas.1602251113
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that include snail demography. On the other hand, ecological studies have highlighted the role of

environmental forcings in limiting snail abundance, including water temperature for Bulinus globosus in

permanent streams in Zimbabwe [Woolhouse and Chandiwana, 1990a] and water level fluctuations for

Oncomelania hupensis (the intermediate host of S. japonicum) in irrigation canals in China [Remais et al.,

2007]. B. globosus’ population dynamics has been labeled as ’density vague’ [Woolhouse and Chandiwana,

1990a] suggesting that, under natural conditions, snail abundance is controlled by adverse environmental

conditions preventing crowding levels at which negative density feedbacks are appreciable. Occasionally,

however, crowding was observed to occur in particularly favorable environments [Sokolow et al., 2015].

Notably, a large body of literature exists on statistical methods for density feedback detection [Dennis

and Taper, 1994; Andreasen and Pugliese, 1995; Turchin, 2003; Brook and Bradshaw, 2006].

Focusing on Burkina Faso, the intermediate hosts of the parasite species (Bulinus spp. for the former

and Biomphalaria pfeifferi for the latter) have been observed in various types of natural and man-

made habitats, either permanent or ephemeral (Table 4.1). From literature searches in standard online

databases, only two field studies [Poda et al., 1994, 1996] have addressed the ecology of snail hosts in

Burkina Faso, and both highlighted notable seasonal abundance fluctuations of Bulinus spp. [Poda et al.,

1994, 1996]. This is in contrast with current assumptions of spatially explicit models of schistosomiasis

transmission that neglect the dynamics of local snail abundance, which is typically assumed to be

constant and treated as a parameter [Gurarie and Seto, 2009; Perez-Saez et al., 2015]. Notably, the existing

field studies had focused on two sites in similar climatic zones and did not address quantitatively the

underlying ecological processes driving population dynamics, in particular density effects and drivers

borne out of external environmental forcings.

Here, formal model selection, specifically structural risk minimization [Corani and Gatto, 2007] and

other information criteria, are used to investigate the role, the relative importance, and the links among

density feedbacks and environmental forcings and the fluctuating abundances of the intermediate hosts

of schistosomiasis. Several population models are contrasted against field data gathered across different

habitats chosen as representative of a broad range of conditions for endemic schistosomiasis through-

out sub-Saharan Africa. Structural risk minimization allows to rank theoretical models of population

dynamics thus clarifying the relevant covariates that explain empirical observations of snail abundance

in the various sites under actual climatic forcings. As a result, statistical methods are developed based on

model averaging capable of providing reliable local snail abundance projections, whose implications, like

sensible generalizations of current spatially explicit epidemiological models, are discussed also in view of

schistosomiasis control.

4.2 Materials and methods

4.2.1 Ecological sampling

Representative host species of both uro-genital and intestinal parasites were sampled over 15 months in

the four sampling sites, in the three retained villages presented in Chapter 2. A time-based snail sampling

technique was employed analogously to the one previously used in malacological studies in the country

[Poda et al., 1994; Sokolow et al., 2015]. The sampling protocol consisted of systematically scooping

the investigated habitats for 30 minutes using a 2 mm metal mesh mounted on a wooden pole of 1.5

m [Hairston et al., 1958; Sokolow et al., 2014]. The number of collected snails and sampling metadata

were recorded in dedicated sampling sheets. Bulinus spp. or Biomphalaria spp. specimens were stored

in dated collection cups in a mixture of clear well water and (90%) alcohol (see e.g. [Sokolow et al.,
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Table 4.1 – Occurrence and habitat preferences of snail intermediate host species of human schistosomes in Burkina
Faso. Species relative occurrence is indicated by (+++) most common, (++) common, (+) rare. Qualitative habitat
preference is given by (***) preferred, (**) very common, (*) recurrent, (-) rare or not observed. Symbols are qualitative
interpretation of data from 496 biotopes across the country reported by [Poda et al., 2004a].

Schistosome
species

Snail species Occurrence

Habitat preference

reservoir stream pond
irrigation

canal
lake

Schistosoma
haematobium

Bulinus
truncatus

+++ *** ** ** * *

B. senegalensis +++ ** ** *** - -
B. globosus ++ ** *** - * *
B. forskalii ++ ** ** * - -
B. umbilicatus + * * - - -

Schistosoma
mansoni

Biomphalaria
pfeifferi

+++ ** *** - * *

2015]). Sampling was undertaken by suitably trained field technicians. Training was provided during

one week before the start of the campaign, and feedback was given by bi-weekly contacts (phone calls)

and regular on-site visits during the entire sampling campaign. Biological samples were sent every 3

months back to the Microbiology and Biotechnology Laboratory of the Institut International d’Ingenierie

de l’Eau et de l’Environnement (2iE) in Ouagadougou for recounting and species identification using

standard identification keys [Brown, 1980; Sokolow et al., 2014, 2015]. The main Bulinus species that were

collected were B. truncatus in the irrigation canal in Tougou and in the ephemeral stream in Lioulgou, B.

senegalensis in the temporary pond in Lioulgou, and B. globosus in the perennial stream in Panamasso. A

preliminary survey was carried out along the shores of the reservoir of Tougou, during which no snails

were found. Given that this type of habitat had already been covered in previous studies [Poda et al.,

1994], regular snail sampling was not performed along the reservoir shores. Note that the irrigation canal

was dry from April to June, while intense rainfall events flooded the canal and the surrounding rice fields

in August, making the area de facto inaccessible during a period of about two weeks. Because of such

exceptional environmental conditions, the analysis of the snail dynamics in the canal focuses on the

period up to March 2015.

4.2.2 Population dynamics modelling

Density feedback detection in ecological timeseries has received considerable attention in the literature,

building on a common framework of relatively simple mechanistic models for population dynamics

coupled with statistical methods for discriminating among alternative feedback processes [Dennis and

Taper, 1994; Turchin, 2003; Brook and Bradshaw, 2006]. Here, snail population dynamics is simulated by

discrete-time demographic models inclusive of extrinsic environmental forcing. Specifically, if Nt denotes

the abundance of the snail population in a given habitat at sampling time t , the simplest demographic

model reads

Nt+1 =λNt , (4.1)

where λ corresponds, whatever its attributes, to the finite instantaneous growth rate of the population

between two sampling dates. This simple Malthusian formulation can be extended to incorporate
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non-linear density feedback as proposed by Ricker in the form

Nt+1 =λNt ebNt , (4.2)

were b is a parameter that sets the feedback’ strength [Ricker, 1954]. On taking logarithms, the Ricker

model reads:

log

(
Nt+1

Nt

)
= a +bNt , (4.3)

where a = logλ. Negative density feedback occurs for b < 0, i.e., decreased recruitment and/or increased

death rates at high population densities. In the following a denotes the instantaneous intrinsic population

growth rate. Depending on the values of a and b, the model can produce a wide range of dynamical

behaviors including steady states, limit cycles and chaos [Corani and Gatto, 2007]. Obviously, one recovers

the original Malthusian model by setting b = 0.

Exogenous forcing of environmental covariates, their lags, and lagged effects of abundance [Turchin,

1990], can be accounted for as:

log

(
Nt+1

Nt

)
= a +

rN∑
τN=0

bτN
Nt−τN

+
m∑

i=1

rX∑
τX=0

ciτX
X i

t−τX
, (4.4)

where: bτN
and ciτX

are respectively the weights of the lagged population abundances Nt−τN
, and the

environmental covariate features, X i
t−τX

, taken at non-negative integer time lags τN ≤ rN and τX ≤ rX .

Lagged covariate features were taken in all possible combinations for a given maximum number m.

Lagged abundance effects were only considered one at a time or all at once. Product interactions of the

type Nt−τN
X i

t−τX
were not considered.

A second class of models that incorporate density feedbacks is the Gompertz scheme [Gamito, 1998],

where the feedback is a function of the logarithm of population abundance, Lt = log(Nt ), rather than

abundance itself. The Gompertz model can be cast in the same form as eq. 4.4, i.e.

log

(
Nt+1

Nt

)
= a +

rN∑
τN=0

bτN
Lt−τN

+
m∑

i=1

rX∑
τX=0

ciτX
X i

t−τX
. (4.5)

Note that the logarithmic dependence of the rate of increase on abundance implies a milder density

feedback process.

The modelled demographic processes were assumed to be subject to multiplicative log-normal white

noise, resulting in additive Gaussian for the logarithms of the discrete rates of increase i.e.

yt = log

(
Nt+1

Nt

)
, (4.6)

yielding a linear regression equation

yt = f (N,X,θ)+εt , (4.7)

where f (·) is the model structure used for the regression, N is the time vector of abundance observations,

X is the matrix of environmental covariate features, θ ∈Rk is the vector of true regression parameters,

εt
iid∼ N (0,σ2) (4.8)
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are the regression residuals, and σ is the standard deviation of the white noise.

These demographic models were also contrasted with random walk models in the standard form:

yt = εt + f (X,θ), (4.9)

which was also tested against all ecological time series.

4.2.3 Model implementation

The selection of demographic models required calibration via least-square regression of all possible

linear combinations of covariate features within the four modelling families described in the text (namely,

random walk, Malthusian, Ricker and Gompertz). Continuous environmental covariates consisted of

average and standard deviation of the measurements taken over the week preceding snail sampling dates

at each site (Table 2.1). Precipitation data covariates consisted of cumulative sums over two different

windows (2 weeks and 1 month), and of the number of precipitation events - daily precipitation higher

than 20mm - during the week preceding sampling dates. A limit of rX = 3 time lags on the covariates was

imposed, which is equivalent to taking into account habitat environmental conditions up to 1 month

preceding sampling. Furthermore the maximum number of covariate features was set to m = 7 in the

face of the relatively limited number of ecological data points (a maximum of 66 weeks of data), and the

number of resulting models to be tested. Lags in the effect of population abundance were limited to

rN = 3, and density feedback processes were tested either individually (therefore only one lag present for

each combination of environmental covariates), or all together. For a given m, all possible combinations

of parameters were tested, giving a total number of models to test equal to the sum of the number of

lagged covariate combinations,
∑m

j=0

(M
j

)
, were M is the total number of available features and their

lags (38 in this study), times the number of model structure types (namely, random walk, Malthusian,

Gompertz and Ricker) accounting for lagged abundance covariates:

(2(τN +1)+2)
m∑

j=0

(
38

j

)
≈O (107) (4.10)

for m = 7. Weeks in which no snails were observed were given an abundance of 1 to be able to compute

logarithms. The Gompertz and Ricker models for which the estimated intrinsic rate of increase was

negative, â < 0, or suggesting positive density feedback, b̂τN
> 0, were rejected as implausible. Indeed, no

experimental evidence of positive density feedbacks for any intermediate host species of schistosomiasis

emerges from readily accessible litterature sources. The positive constraint on a is necessary to ensure

that the modelled dynamics have a positive nontrivial equilibrium abundance [Corani and Gatto, 2007].

Multiplicative interactions between variables were not considered. The computations were run in parallel

with R (R Core Team (2015). R: A Language and Environment for Statistical Computing. R Foundation

for Statistical Computing, Vienna, Austria) and the foreach package (Revolution Analytics & Weston, S.

(2014). foreach: Foreach looping construct for R, R package version 1.4.2.) on the CASTOR cluster of the

Scientific IT and Application Support Center of EPFL.

4.2.4 Model identification and selection

Statistical tools for the detection of density feedbacks have been extensively studied, for instance through

the use of hypothesis testing with bootstrapping [Dennis and Taper, 1994], or information-theoretical

methods such as the Akaike information criterion (AIC) [Johnson and Omland, 2004]. Recently, Structural
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Risk Minimization (SRM) has been proposed as a viable alternative as a tool for ecological model selection

[Corani and Gatto, 2007]. One advantage of SRM is that it does not depend on particular assumptions

about the nature of the joint probability distribution of process and measurement errors. It has been

shown to yield better density feedback recognition capabilities than widely used compensated Akaike

information criteria (AICc) [Brook and Bradshaw, 2006; Corani and Gatto, 2007]. Within the SRM frame-

work, the selection criterion corresponds to the choice of the model structure and parameter set that

minimize the empirical upper bound of the true structural risk (R), given by:

R(θ) ≤ R(θ̂) = 1

q

∑q
t=1 ε̂

2
t[

1−
√

p −p log(p)+ log(q)
2q

]
+

, (4.11)

where

ε̂t = yt − f (N,X, θ̂) (4.12)

gives the estimated model residuals associated to the vector θ̂ ∈Rk×1 of optimal parameter estimates for

a given model structure f (·), k is the number of parameters, q is the total number of observations, and p

is an index of complexity known as the VC-dimension, conveniently equal to k/q in the case of linear

models. The denominator is kept if strictly positive [Corani and Gatto, 2007].

To assess the actual predictive ability of the models retained by the SRM criterion, leave-one-out cross-

validation (LOO-CV) was performed, consisting of sequentially removing one data point, re-fitting the

models to the rest of the data, and predicting the values of the ignored observation. The LOO-CV residuals,

say ε̃t , resulting from this process are used to assess the predictive capacity of each model based on the

mean squared cross-validation error [Turchin, 2003],

MSEcv =
q∑

t=1
ε̃2

t /q. (4.13)

The MSEcv is an unbiased estimator of the true expected model MSE, thus providing a way of comparing

models using MSECV ratios. Moreover candidate models can be combined using LOO-CV to obtain an

optimal average model for prediction by minimizing the weighted sum of the cross-validation residuals of

the retained set of models [Hansen and Racine, 2012], resulting in the so-called jackknife model average

(JMA, see below). Given the large number of tested models, here this technique was applied to a subset of

the models retained using the SRM criterion. The same modelling framework was used to validate the

results with the available historical ecological data in Burkina Faso gathered from the literature [Poda

et al., 1994].

Fig. 4.5 shows that the SRM criterion can rank the models according to their predictive power (i.e.

according to the smaller values of MSECV ) . Density feedback processes selected by the SRM criterion

were consistent with the ones selected with other commonly used criteria. Fig. 4.6 show results for the

AICc criterion [Brook and Bradshaw, 2006; Corani and Gatto, 2007], formulated as

AICC = 2k −2log

(
1

q

q∑
t=1

ε̂2
t

)
+ 2k(k +1)

q −k −1
, (4.14)

and the Bayesian information criterion (BIC), given by

BIC = k log(q)−2log

(
1

q

q∑
t=1

ε̂2
t

)
. (4.15)
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Note that, as opposed to the SRM criterion in eq. 5, k is the number of parameters of the model plus 1

(including the estimation of the noise variance), q is the total number of observations, and the ε̂t are the

estimated residuals of the model.

Details on lagged density feedback and covariate occurrence in best selected models for the ecology of

the snail populations are given in Fig. 4.7, highlighting the distinct roles of hydrologic controls across

habitats and climatic regimes.

4.2.5 Abundance prediction through jackknife model averaging

By applying models to intermediate host abundance data two goals are pursued: model identification,

to disentangle the ecological processes underpinning snail population dynamics, and evaluating the

model predictive capacity in the perspective of building demographic forecasting tools. The proposed

model selection process yields a set of models with minimal structural risk that can be combined to

build a predictive model that outperforms any single model candidate. Model averaging consists in

assigning a weight to each model. Such weight is a function of its score in terms of an information

criterion such as the Akaike Information Criterion or the Bayesian Information Criterion (see [Claeskens

et al., 2008] for an overview on model averaging techniques). Here, specifically, the so-called Jackknife

model averaging technique is used (for the derivations and properties of this technique the reader is

referred to [Hansen and Racine, 2012]). The jackknife model average (JMA) estimator is asymptotically

optimal when dealing with weighted averages of linear regression estimators (with positive weights

summing to 1) in terms of minimizing both the in-sample fit, and the expected true error (sensu [Efron,

1982]) which accounts for un-observed data. Furthermore the JMA method holds also for heteroscedastic

errors. Finally it outperforms information-criteria-based model averages on finite-sample simulation

benchmark experiments [Hansen and Racine, 2012]. In this procedure the JMA ensues directly from

the computation of the leave-one-out cross-validation (LOO-CV) mean-squared error statistic used to

asses model predictive power, MSEcv =∑q
t=1 ε̃t /q , where the ε̃t are the residuals of the model fit to the

dataset removing the data point at time t , and evaluated at time t . In the JMA framework, the aim is

to determeine the weight vector w that minimizes the expected true error of the model average. Let ε̃ j

indicate the vector of jackknife residuals for model j among N candidate models. The estimate the of

expected true error is

CVN (w) = 1

N
wT ε̃T ε̃w (4.16)

where CVn is the least-square cross-validation criterion, and ε̃ is the matrix composed of the N LOO-CV

residual vectors ε̃ j . Given the expression of the expected true error, computing the optimal weight vector

ŵ to obtain the JMA reduces to solving the quadratic programming problem

minimize
w

CVN (w)

subject to wT 1N = 1,

diag(w)1N ≥ 0N ,

where 0N ,1N denote N ×1 vectors of 0s and 1s respectively, and diag(u) denotes a diagonal matrix with

main diagonal composed of the elements of u. The constraints force the weights to be non-negative

and to sum to 1. The optimization problem can be solved using any quadratic programming tools. The

quadprog package in R (Weingessel, A. (2013). quadprog: Functions to solve Quadratic Programming

Problems. R package version 1.5-5.) was used in this analysis.
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The roles of density feedbacks and environmental covariates are further illustrated in terms of regression

coefficients values by species and habitat in Tables S4-S8.The weights of the 500 best models for each

habitat and species show that only a reduced number of models are indeed included in the JMA, and that

the best SRM models did not systematically appear in the model average (Fig. 4.9).

4.2.6 Historical data and results validation

Only two field studies have specifically focused on the population dynamics of intermediate hosts of

schistosomes in Burkina Faso. Both studies were conducted in the 90’s and concerned a temporary pond

harbouring Bulinus senegalensis (12◦11′41"N, 2◦35′58"W) and a small reservoir in the central part of the

country for Bulinus truncatus (12◦12′54"N, 2◦28′36"W) [Poda et al., 1994, 1996] (Fig. 1.3). Ecological data

consisted of fortnightly relative abundance counts using a 30-min sampling technique (see Sampling

protocol below).

Environmental covariates were measured locally on snail sampling dates, including water temperature,

conductivity and pH. Bi-weekly cumulative precipitation was available for a location adjacent to the

sampling sites. Significantly, data showed an annual peak of snail abundance during the rainy season

in both habitats, followed by subsequent population reduction and snail aestivation in the case of the

temporary pond (Fig. 2.4). B. senegalensis abundance presented a double-peak in the temporary pond,

with an early peak around July at the start of the rainy season and a second one around October. On the

other hand, B. truncatus was present in the monitored reservoir during a much longer portion of the

year, with a peak of population abundance at the end of January. Poda et al. investigated the correlations

between snail counts and environmental covariates, reporting as significant the negative correlation with

temperature for B. truncatus, and a positive association with pH for B. senegalensis.

4.3 Results

Burkina Faso experiences pronounced seasonal climatic fluctuations along a South-North gradient.

Seasonality, in turn, greatly affects the suitability of snail aquatic habitats [Poda et al., 1996]. Rainfall

occurs mainly during the rainy season (July-October), with little or no rain falling during the rest of the

year (Fig. 2.6). Temperatures reach 45-50 ◦C in the dry season [Mande et al., 2015].

Abundance data show that snail populations in different climatic zones and habitats presented distinct

seasonal patterns (Fig. 4.1 F,G,H). Of the three villages in which the fieldwork was performed (Fig. 4.1 A),

only Panamasso harbored the intermediate host of intestinal schistosomiasis (B. pfeifferi) whereas Bulinus

spp. was found in all sites. Large populations were observed in the irrigation canal in Tougou during

normal irrigation operation conditions (Fig. 4.1 F). In the ephemeral habitats of Lioulgou, snails were

absent during most of the year, from December to July, and population peaked towards the end of

the rainy season between September and October (Fig. 4.1 G). Opposite fluctuations were observed

in the permanent stream of Panamasso for both B. pfeifferi and Bulinus spp., for which the maximum

abundance was observed in the middle of the dry season between January and March. Such annual

fluctuations are consistent with the ones observed in the historical data in both a temporary pond and a

man-made reservoir experiencing climatic conditions similar to the ones in Lioulgou [Poda et al., 1994,

1996].

According to model selection results (Fig. 4.2), density feedbacks were detected across all species and

habitats although operating at different strength depending on habitat type, environmental/hydrologic
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Figure 4.2 – Density feedbacks, environmental covariates, and snail population dynamics. The strength of density
feedbacks (row A-E) and of measured environmental covariate features (F-J) is given in terms of the frequency of
appearance in the 500 best selected models, summarized by decile (decile 10 corresponds to the top 10% model
outcomes). Results are shown by columns for Bulinus spp. in the irrigation canal (A-F), in the temporary pond (B-G),
in the ephemeral stream (C-H), and for B. pfeifferi (D-I) and Bulinus spp. (E-J) in the perennial stream.

and much less by precipitation. Water level and conductivity were singled out as important determinants

in the perennial stream for both B. pfeifferi, and, to an even greater extent, Bulinus spp. (Fig. 4.2 N,O).

This is in contrast with the snail dynamics in the irrigation canal, a permanent snail habitat. Water

temperature did not appear frequently in selected models in the perennial stream habitat for both genera,

either in terms of average values or of measures of variability (Fig. 4.4). Precipitation (either cumulative or

event-based) seldom appeared in the top 500 models for Bulinus spp, and in a slightly larger proportion

for B. pfeifferi. Finally, air temperature’s average and fluctuations were dominant in models for both

ephemeral habitats, whereas they were only marginally present in the permanent habitats. Inclusion of

lags in both the density feedback and the environmental features was also varied among snail species and

habitats, shedding additional light on the biology of snail development on which they possibly intervene

(Fig. 4.7). Interestingly, a significant density feedback was singled out only during the week preceding snail

sampling date for the Ricker and Gompertz models. This points at increased death rates due to crowding

rather than at reduced reproduction, as suggested also by laboratory experiments [Jobin and Michelson,

1967]. Environmental covariates had significant effects at different time lags for different habitats and

species. Most of the effects were shown at short time lags (1-2 weeks) in the ephemeral habitats (pond

and stream), at intermediate lags (2-3 weeks) in the irrigation canal, and at longer ones (3-4 weeks) in the

perennial stream. Indeed, water temperature effects were frequently observed at short lags for Bulinus

spp. in the temporary pond (1 week preceding sampling), and at longer lags in the irrigation canal and

the perennial stream (3-4 weeks). Similarly, water conductivity was mainly selected at 3 or 4 weeks lag for

both genera in the perennial stream, indicating a connection with the reproduction/development phases

of the snail hosts. Water level fluctuations affected B. pfeifferi at short lags (1 week), and at longer lags

(3-4 weeks) Bulinus spp. (Fig. 4.7), a figure suggesting differential susceptibility to hydrologic conditions.

In the models where they were selected, precipitation events were only singled out at short time lags both
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Figure 4.4 – Environmental covariates and snail population dynamics. The importance of measured environmental
covariate features is given in terms of the frequency of appearance in the 500 best selected models, summarized
by decile (decile 10 corresponds to top 10% model rankings). Results are shown by columns for Bulinus spp. in
the irrigation canal (A-K), in the temporary pond (B-L), in the ephemeral stream (C-M), and for B. pfeifferi (D-N)
and Bulinus spp. (E-O) in the perennial stream. Results are partitioned by row by the type of covariate feature,
including cumulative sums for precipitation (row A-E), and weekly average (F-J) and standard deviation (K-O) for air
temperature and water conductivity, level and temperature.
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Figure 4.7 – Lags in the effects of exogenous forcing and density dependence on snail population dynamics. Data is
given by column for Bulinus spp. in the irrigation canal (column A), in the temporary pond (B), in the ephemeral
stream (C), and for B. pfeifferi and Bulinus spp. in the perennial stream (D, E). Data is partitioned by row in terms of
lags: no lag (rows 1,5), 1 week lag (2,6), 2 weeks lag (3,7) and 3 weeks lag (4,8). Note that all environmental covariates
are measured during the week preceding sampling, thus meaning that the 3 week lagged value of mean water
temperature corresponds to the weekly average of water temperature on 4 weeks before collection. Environmental
covariates and density feedback mechanisms are given in the color legend.
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Figure 4.9 – Jackknife model averaging weights. Model average weights are given for each species and habitat, weights
sum 1 over the rows.

(in both the stream and the pond) and in the historic ecological data for the country at large (2.4). On

the other hand, the perennial stream in the Sudanian climatic region (Panamasso) presented opposite

abundance fluctuations (for both Bulinus spp. and B. pfeifferi) with peaks during the dry season (March-

April) and low population levels during the rainy season. This has nontrivial consequences on the

determinants of snail abundance and denies the feasibility of all-purpose stationary and homogeneous

reference population sizes to be used in large-scale disease pattern identification. Formal methods

(e.g. [Mari et al., 2014a]) are available to quantify the impact of seasonality in snail fluctuations on

disease persistence and prevalence, which will extend directly existing spatially explicit approaches to

the geography of the disease [Gurarie and Seto, 2009; Perez-Saez et al., 2015]. Population fluctuations in

the perennial habitat of the South appeared to be in synchrony with snail abundance in the man-made

reservoir located in the Sudano-Sahelian center of the country where early ecological studies took place

(2.4). The phase shift between the different types of habitats (permanent vs ephemeral and natural vs man-

made) in the different seasonal climates of the country could have profound consequences on the logistics

of national programs for schistosomiasis control due to the regional climatic conditions [Cecchi, 2007].

Throughout the historical data (2.4), Bulinus spp. displayed a double annual peak in the temporary pond,

while the reservoir showed snail presence during longer periods. Such results provide insight into the

potential impact of water resources development in the seasonal climate of Burkina Faso on the sustained

transmission of schistosomiasis. In fact, the presence of small reservoirs can extend the period of the

year in which intermediate hosts are present in the waterpoints used for daily socio-economic activities,

with a peak of Bulinus spp. abundance in man-made habitats that occurs as the temporary ponds dry

out. Moreover, the annual peak in man-made reservoirs was similar to the one observed in the perennial

stream of Panamasso except for the disappearance of snail population during aestivation (April and June).

Ecological modelling suggests that snail population dynamics is determined by habitat type and hydro-

logic conditions, and that quantitative relationships rule such dependence. Negative density feedbacks

were detected in all habitats. The strongest feedback was found in the ephemeral streams, while weaker

effects were found, in decreasing order of intensity, in the irrigation canal, the perennial stream and

in the temporary pond. In the light of the results of this Chapter, the debate about snail demographic

determinants [Shiff, 1964c; Jobin and Michelson, 1967] is still germane today, in particular in countries

presenting strong climatic seasonality. In Burkina Faso, results from the model identification process
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support the view [Jobin and Michelson, 1967] that negative density feedback is necessary to explain

seasonal bursts and decay of snail populations. Evidence from this Chapter does not support the hy-

pothesis of density vague dynamics as some form of density dependence was always detected in the

field observations presented here. Hydrological conditions that characterize the dry and rainy seasons

were found to be fundamental controls for all studied habitats and species. For instance, the variability

of water level, conductivity, and temperature were singled out for both Bulinus spp. and B. pfeifferi in

the perennial stream in the Sudanian climate of Panamasso, and in the irrigation canal in the Sahelian

village of Tougou. As a matter of fact, measuring conductivity proved valuable because it is not only an

important determinant of snail growth rates [Poda et al., 1994], but also a viable proxy of stream discharge

in running waters [Weijs et al., 2013]. Fluctuations of air and water temperatures are indicators of the

transition between dry and rainy seasons (thus also signaling habitat contraction/expansion), and prove

the main control of Bulinus spp. in the ephemeral habitats of Lioulgou (both stream and pond).

Statistical methods based on model averaging are shown to provide reliable snail abundance projections.

The consistency of the results of this Chapter for a large set of best-ranking models suggest the use of

specific models of snail demography depending on habitat type (say, natural vs man-made) and hydro-

logic characteristics (say, ephemeral vs permanent). ecohydrological approaches thus prove necessary to

adequately encompass the determinants of the abundance of the intermediate hosts of schistosomiasis,

and as a consequence of the entire life-cycle of the parasite. Notably, the proposed approach could

be relevant to other vector-borne diseases driven by environmental factors and ecological feedbacks.

Predicting snail abundance fluctuations and their spatial heterogeneity is of prime interest for space-time

modelling of schistosomiasis transmission and for timely application of mollusc control measures or

optimization of preventive chemotherapy [Utzinger et al., 2011]. Extension and upscaling of the approach

presented here would be possible through the use of remotely-sensed data on the hydrological drivers

of snail abundance (Table 4.2), in the perspective of providing predictions of control interventions ef-

fectiveness. The approach complements ecological range inference methods, e.g. maximum entropy

modelling [Stensgaard et al., 2013] or transmission suitability indices incorporating snail biology [Walz

et al., 2015a], in assessing seasonal variations of snail abundance and their hydrologic controls, yielding

potential insight on the impacts of climate change on schistosomiasis transmission at regional scales

[Perez-Saez et al., 2015; Simoonga et al., 2009].

Indeed, extending the forecasting capacity of the JMA for each type of habitat to other regions of Burkina

Faso could provide a valuable tool for planning the application of snail control measures and for the

distribution of preventive chemotherapy and MDA. Since all models rely on climatic and hydrological

variables for which monitoring stations such as the ones installed in the experimental sites equiped

in the framework of this Thesis are not widely available in the country, a list of remote-sensing data

sources which could be used as substitutes to field data is proposed. Needless to say, the bias (if any) and

quality of remotely-sensed data could hinder the model predictive capacity, but they are deemed them

valuable nonetheless for locating the most common habitats in which snails can be found, and capturing

seasonality and peaks of intermediate host population abundance. Examples of remotely sensed data that

are freely accessible are given in Table S3. In a first stage these data can be used to determine the spatial

distribution of habitat types on large scales based on the physical and hydrological characteristics of the

country. Flow accumulation rasters derived from Digital Terrain Models (DTMs), evapo-transpiration

data and multi-seasonal satellite imagery can be used to determine the location and ephemerality of

waterbodies at the national scale. Furthermore, existing databases on water resources infrastructure

provide the localisation of man-made reservoirs and valuable information on irrigation works [Cecchi,

2007]. The development of a robust methodology to perform this task is the object of ongoing work.

Snail abundance fluctuations can then be inferred by feeding spatio-temporal remotely sensed data
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Table 4.2 – Proposition of remote-sensing data sources for upscaling hydro-ecological forecasting

Data type Purpose
Data
source

Resolution Web

space time

Water bodies
Habitat identification by
extracting of water surfaces
from satellite imagery

Landsat a 30m 16 days http:
//earthexplorer.usgs.gov/

NASA
MODIS b 250m 8 days

https:
//lpdaac.usgs.gov/dataset_
discovery/modis/modis_
products_table/mod09q1

Evapo-

transpiration

Quantification of habitat
ephemerality

NASA
MODIS c 1km 8 days

ftp://ftp.ntsg.umt.edu/pub/
MODIS/NTSG_Products/
MOD16/

River network Habitat identification
Hydro-
SHEDS d 100m - http://hydrosheds.cr.usgs.

gov/dataavail.php

Land surface
temperature

Environmental covariate
for demographics
modelling

NASA
MODIS e 1km 1day

https:
//lpdaac.usgs.gov/dataset_
discovery/modis/modis_
products_table/mod11a1

Precipitation Precipitation estimates
NASA
TRMM f 25km 3 hours

http://gcmd.nasa.gov/
records/GCMD_GES_DISC_
TRMM_3B42_daily_V6.html

ahttp://landsat.usgs.gov//landsat_level_1_standard_data_products.php
bhttp://modis.gsfc.nasa.gov/data/dataprod/mod16.php
chttp://modis.gsfc.nasa.gov/data/dataprod/mod16.php
dhttp://www.worldwildlife.org/hydrosheds
ehttp://modis.gsfc.nasa.gov/data/dataprod/mod16.php
fhttp://trmm.gsfc.nasa.gov/

on precipitation and air, surface and water temperature into the modelling framework developed in

this study. The approach presented in this Chapter has the unique feature of not only yielding the

possible locations of the intermediate hosts of schistosomiasis, but also providing estimates of seasonal

population fluctuations. Both of these aspects represent important insights this type of approach could

give to disease surveillance-response mechanisms.

The results of this Chapter stress the importance of tailoring snail control measures to local ecological

conditions, and provide a framework for forecasting snail population fluctuations based on habitat type

and dominant hydrological controls. Dam constructions and expansions of water resources develop-

ment infrastructure like irrigation canals, pursued to meet increasing demand and shirking supply in

sub-Saharan Africa, raise preoccupations about increased incidences of schistosomiasis [Barbier et al.,

2009; Steinmann et al., 2006]). The quantitative representation of the related dynamics of the parasite’s

intermediate hosts upgrades risk control and disease modelling capabilities ultimately leading to what

could be a minimal set of information required to forecast with confidence likely effects of interventions

or control measures on the prevalence of schistosomiasis.
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5 Classification and prediction of river
network ephemerality

The present Chapter furthers the study of hydrologic controls on schistosomiasis, in particular by character-

izing the ephemeral characters that might impede intermediate host to survive in natural ecosystems. In

fact, the transmission of water-based diseases hinges on the interactions between hydrology and ecology

of hosts, vectors and parasites, with the long-term absence of water constituting a strict lower bound.

However, the link between spatio-temporal patterns of hydrological ephemerality and water-borne dis-

ease transmission is poorly understood and difficult to account for. The use of limited biophysical and

hydroclimate information from otherwise data scarce regions is therefore needed to characterize, classify,

and predict river network ephemerality in a spatially explicit framework. This Chapters develops a novel

large-scale ephemerality classification and prediction methodology based on monthly discharge data,

water and energy availability, and remote-sensing measures of vegetation, that is relevant to epidemiol-

ogy, and maintains a mechanistic link to catchment hydrologic processes. Using predicted ephemerality

classes, a gradient-boosted tree-based prediction yielded three distinct geographic regions of ephemerality.

Importantly, a strong epidemiological association between predictions of hydrologic ephemerality and

the known spatial patterns of schistosomiasis is observed. The general nature of the approach developed

here and its relevance for predicting the hydrologic controls on schistosomiasis occurrence provides a

pathway for the explicit inclusion of hydrologic drivers within epidemiological models of water-borne

disease transmission2.

5.1 Introduction

Hydrology underlies water-borne disease outbreaks through its direct impact on the pathogenic agent’s

survival and ecology (or of primary and intermediate hosts) and through their (mostly) downstream

transport, prompting infections to spread within and across human communities, such as in the case of

cholera [Gatto et al., 2012; Mari et al., 2012a; Rinaldo et al., 2017]. Hydrology also plays a key role in the

endemicity of parasitic diseases by determining habitat presence and suitability for the parasite’s vectors,

as for malaria [Bomblies et al., 2008; Bomblies and Eltahir, 2009] and onchocerciasis (river blindness)

[Servat et al., 1990], or for intermediate hosts in the case of schistosomiasis [Remais et al., 2007, 2008;

Perez-Saez et al., 2016].

River network ephemerality is an especially important hydrological characteristic. It affects water-borne

2The content of this chapter has been adapted from Perez-Saez et al. [2017]: Perez-Saez, J., Mande, T., Larsen, J., Ceperley,
N. and Rinaldo, A., 2017. Classification and prediction of river network ephemerality and its relevance for water-borne disease
epidemiology. Advances in Water Resources. https://doi.org/10.1016/j.advwatres.2017.10.003
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diseases owing to its direct and indirect effects at different stages of the transmission cycle, including

pathogen spread and survival, intermediate host ecology, human exposure to the pathogens, and the

contamination pathways of water supply sources. Indirectly, the changing connectivity of intermittent

river networks may also play a role in the meta-population dynamics of hosts, vectors, pathogens, and

humans [Mari et al., 2014a]. Intestinal and uro-genital schistosomiasis are excellent examples of such

diseases. Although both genera of snail intermediate hosts are capable of surviving periods of desiccation

through aestivation, Biomphalaria snails are much less adapted than Bulinus to prolonged dry spells

which can severely increase snail mortality [Rubaba et al., 2016]. Laboratory estimates of the mean

lifespan of Biomphalaria pfeifferi under aestivation are about 40 days [Badger and Oyerinde, 1996],

whereas the species within the Bulinus genus have evolved to survive beneath temporary ponds and

streams which only have water for a couple of months per year [Brown, 1980]. Hydrologic ephemerality

thus determines, among other factors, habitat suitability for the snail intermediate hosts, in particular

for intestinal schistosomiasis, and also to condition human exposure/contamination by limiting the

temporal window and the number of locations in which human-water contacts can occur.

The observed ecological range of Biomphalaria snails, and thus of intestinal schistosomiasis, is generally

found to coincide with the presence of quasi-permanent rivers and waterbodies in countries with other-

wise strongly seasonal climates and ephemeral flow regimes [Poda, 1996; Zongo et al., 2013], within a

suitable temperature range [Stensgaard et al., 2013; McCreesh and Booth, 2014a]. Notably, the develop-

ment of water reservoirs for irrigation is associated with higher schistosomiasis risk throughout SSA, in

particular in the Sahel [Steinmann et al., 2006]. The hydrologic regime (e.g: permanent vs. ephemeral) is a

key determinant for the seasonal fluctuations of freshwater snail abundance [Perez-Saez et al., 2016], thus

dam construction can have important consequences in the presence and abundance of these species

and the parasites [Perez-Saez et al., 2015; Diakité et al., 2017].

On the other hand, construction of man-made reservoirs, often in response to water scarcity [Barbier

et al., 2009], can dramatically change local population densities and human water-contact patterns by

fostering new economic activities such as market gardening in the dry season, fishing, or cattle herding

[Cecchi, 2007; Ayantunde et al., 2017]. The new behaviors may prompt heterogeneous exposure and

contamination leading to increases in the overall disease burden in the community [Chandiwana and

Woolhouse, 1991; Mari et al., 2017a].

Hydrologic ephemerality is therefore a risk factor in the case of uro-genital schistosomiasis because

intermediate hosts of S. haematobium can survive even in extremely dry areas and because it promotes the

concentration of human activities around a few long-lasting water contact points, whether they are man-

made reservoirs, lakes, or large temporary ponds [Kloos et al., 1997; Hunter, 2003; Poda et al., 2003]. This

last point is also validated by the observed increase schistosomiasis risk with increasing water-resources

development in a global meta-analysis [Steinmann et al., 2006]. Seasonal hydrologic connectivity may

also play an important role in the dispersal of the snail intermediate hosts between different habitats,

with potential implications for the focal control of snail populations [Clennon et al., 2007], and for the

coevolution of snails and schistosomes [Prugnolle et al., 2006]. Although the importance of hydrologic

ephemerality has already been identified separately by ecologists, sociologists and epidemiologists, it

has yet to be quantitatively implemented. This is possibly due to the lack of an amenable approach

for the spatial evaluation of river network ephemerality at regional scales. A better understanding of

the hydrological underpinnings of large-scale ephemerality, including the likely extent of dry channels

occurrences, is therefore crucial to spatially-explicit predictions of schistosomiasis (and other water-

borne disease) transmission dynamics, with implications on disease control and elimination strategies

[Heinrich et al., 2017; Rinaldo et al., 2017].
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The determinants of stream ephemerality span multiple spatio-temporal scales across the climatic,

vegetation, soil and topographic features that characterize each river network [Costigan et al., 2016].

Given the importance of feedbacks between these variables for streamflow generation, the ability to

predict the frequency and duration of 0-flow events (discharge Q = 0, thus also defining the relative

amount of drybed time within a hydroperiod) poses important methodological challenges, particularly

in ungauged or data scarce regions [D’Ambrosio et al., 2016]. Determining ephemerality has typically

been a component of hydrologic regime classification studies that rely on the extraction of hydrological

indices from stream-flow data [Sivakumar et al., 2015]. This is also the case for the exact determination of

the atom of probability at the origin, i.e. the frequency of Q = 0 events, from flow duration curves [Botter

et al., 2007]. In such approaches the classification of ungauged rivers mostly relies upon the prediction

of relevant indices of hydrological regimes using remotely-sensed catchment characteristics such as

contributing area and slope, and climatic information such as precipitation and temperature [Oueslati

et al., 2015]. Although index clustering-prediction methods have proved successful in a number of cases

[Moliere et al., 2009; Zhang and Chiew, 2012; Olden et al., 2012; Oueslati et al., 2015], they usually require

long time series of daily discharge data which seldom exist in SSA and in other developing countries which

bear most of the water-borne disease-related health burden [Gebrehiwot et al., 2011]. Other approaches

have directly linked multiple environmental covariates to hydrologic regime class membership using

decision tree-like classifiers in case studies in Europe [Snelder et al., 2009] and Australia [Kennard et al.,

2010; Trancoso et al., 2016]. The success of these approaches builds on the strong mechanistic link

between first order climatic drivers and their modulation by catchment biophysical characteristics to

produce a spectrum of hydrologic regimes, or, in other words, on the interplay between water and energy

availability and other drivers such as vegetation, topography, and geology [Donohue et al., 2006; Gentine

et al., 2012; Troch et al., 2015; Trancoso et al., 2016]. Applying this approach to ephemeral catchments

in France, [Snelder et al., 2013] highlighted the importance of small-scale (sub-catchment) controls,

particularly in temperate climates, and the consequent challenges for large-scale predictions across

ungauged catchments. Though encouraging, such studies considered multiple hydrologic regime classes

extracted from a large set of long-term observed time series (more than 300 catchments per study with

more than 15 years of data), and a rich set of locally-developed remote-sensing products used to extract

catchments covariates. These requirements thus hinder their applicability to data-scarce regions and

to the needs of spatial context where water-borne diseases typically occur. These reasons could explain

the limited number of studies concerning catchment classification in SSA [Ogunkoya, 1988; Gebrehiwot

et al., 2011; Berhanu et al., 2015], despite its importance for water resources, ecological, and disease

management [McDonnell and Woods, 2004; Hughes, 2005; Wagener et al., 2007].

This Chapter proposes a spatially explicit approach for classifying stream ephemerality across data-scarce

regions. The approach may be applied to large-scale modelling of water-borne disease transmission, and

is based on an an analysis of hydrologic processes. This study focuses on the seasonality of 0-flows, which

exert a first-order control on the life-cycle of water-borne parasites by restricting the possible habitat

of their aquatic intermediate hosts, and by constraining human-water contact patterns. The country

of Burkina Faso is an interesting case study, with its strong South-to-North gradients in precipitation,

temperature, and available water resources. Stream ephemerality is classified in three steps: 1) clustering

the available hydrological data into different degrees of ephemerality, 2) building classification-relevant

catchment characteristics, and 3) finally predicting ephemerality for the whole river. The spatially-explicit

predictions of ephemerality is then used in the analysis of the epidemiology of schistosomiasis both in

terms of the ecological range of the intermediate hosts and relevant socio-economic factors. Ultimately,

the scope of the present Chapter is to set the stage for a specific utilization of the spatially explicit

modelling described in Chapter 5 by incorporating hydrological and ecological insight into transmission

dynamics. The generalization of the approach developed in this Chapter is therefore discussed under this
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light.

5.2 Methods

5.2.1 Hydrologic data

The river network used in this work was extracted from the STRM void-filled digital elevation model with

90m resolution [Jarvis et al., 2008], using the standard hydrology libraries in GRASS [GRASS Development

Team, 2016], and all network processing and analysis done using PostGIS/PostgreSQL [PostgreSQL Global

Development Group, 2006; PostGIS Project Steering Committee, 2015]. The hydrologic data used in this

study consists of mean monthly discharge timeseries from the Global Runoff Data Center that were freely

accessed upon the project acceptance by the center [Grabs et al., 1996]. Data was requested for all gauging

stations in Burkina Faso and along the river network into neighbouring Niger, Ghana and Côte d’Ivoire,

for a total of 68 stations. The available hydrologic data mainly covered the period between the 60’s and the

90’s, with a median of 12 years with full data (12 months of discharge values) per station. For subsequent

clustering analysis only 58 stations with at least 3 years of full data were retained. The characteristics

of the gaging stations were found to be representative of the national situation both in terms of spatial

coverage and watershed size (Fig. 5.1).

5.2.2 Ephemerality clustering

An unsupervised clustering approach was used to determine the number of ephemerality classes that can

be realistically defined by the data, which is more precise than deriving an arbitrary discharge-related

threshold and to reduce bias from the strong variations in discharge patterns during the drought of the

191970s. Ephemerality was quantified in terms of the number of months with a mean discharge of 0

in each year for those years where all 12 months of data where available (Fig. 5.1). The histograms of

0-flow months for each station then served as the basis for the extraction of distinct ephemerality classes.

Following a methodology proposed for phylogenetic analysis [Arumugam et al., 2011], a hierarchical

clustering algorithm is applied using the Jensen-Shannon divergence between the observed probability

distributions of 0-flow months as distance metric, and the average distance among clusters for the

linkage criterion [Xu and Wunsch, 2005]. To account for the impact the long lasting drought in the

1970s and 1980s has on the clustering of classes [Descroix et al., 2009; Lodoun et al., 2013; Mahe et al.,

2013] (Fig. 5.1), the analysis was performed twice by dividing the dataset into the years before 1975,

and between 1975 and 1985, and then studying the station transition between ephemerality classes.

The year 1975 was retained to distinguish the pre-drought (or "normal") and drought periods from the

perspective of river ephemerality as it is the first year displaying moderate drought conditions based on

the standardized precipitation index (Fig. 5.2 a), and is the median of the distribution of change-point

years in the timeseries of 0-flow months per year across stations (Fig. 5.2 b). The detection of changes

in hydrologic regimes, more paricularly in the number of dry months per year, was performed using

a Gaussian change-point model with the GLR statistic to test for a shift in mean and variance with

the cpm package in R [Ross, 2015]. The median of the year of change in the 26/58 stations for which a

change was significant is 1975. The final number of clusters in each period was determined based on a

significance cutoff estimated through multiscale bootstrapping using the pvclust package in R [Suzuki

and Shimodaira, 2015].
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5.2.3 Controls on ephemerality

In an effort to overcome the limited amount of hydrologic data, a set of hydrologically-relevant covariates

was built to predict river ephemerality at the country scale. Aridity (potential evapotranspiration /

precipitation), runoff estimates, and remote-sensing based vegetation characteristics are included in the

analysis.

Climate and the Budyko curve

Climate constitutes the main first-order control on ephemerality, represented in the Budyko framework

as the long term average mass and energy balances [Budyko and Miller, 1974]. Indeed, hydrologic regimes

have been found to align with Budyko’s theoretical relationship relating the ratio of evapotranspiration

over precipitation to the ratio of potential evapotranspiration over precipitation (i.e. the aridity index)

[Budyko and Miller, 1974]:
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where ET (ET0) designates the mean yearly (potential) evapotranspiration, and P the mean yearly pre-

cipitation. Moreover, a strong link has been suggested to exist between the aridity index and many

factors such as runoff generating processes and streamflow regimes [Trancoso et al., 2016], and both the

normalized baseflow and the permanent fraction of the drainage density [Wang and Wu, 2012]. In this

analysis, the aridity index was computed for the whole river network using remote-sensing estimates

of precipitation (PERSIANN-CDR product, daily estimates at 0.25◦ (≈ 30km) resolution [Ashouri et al.,

2015]), and potential evapotranspiration (MOD16 product, monthly estimates at 1 km resolution [Mu

et al., 2013]).

Annual runoff estimation

Hydrological ephemerality can vary longitudinally along rivers, with flow persistence changing in a non-

linear manner with the distance to/from the catchment’s outlet [Larned et al., 2011]. Indeed, rivers with

sufficient temperate headwater contributing area can sustain permanent flow regimes even if the majority

of their flow length is through arid areas [Snelder et al., 2013]. The Niger river is a good example of this,

as it flows through extremely arid zones, and thus direct surface evaporation may not be compensated

by intermediary inputs. However, the more temperate Guinean highlands are within the upstream

runoff-generating area and produce enough streamflow to support permanent water, despite strong

decadal variations of precipitation patterns [Amani and Nguetora, 2002]. Catchment-scale annual runoff

is estimated using the Budyko framework by accounting for the role of vegetation in runoff production.

Vegetation strongly modulates catchment response to precipitation through dynamical relations between

soil moisture in the rooting zone, the evapotranspiration rates, and the fraction of rainfall interception,

thus modulating Budyko’s original energy-based prediction of the evaporative fraction [Porporato et al.,

2004; Donohue et al., 2006; Gentine et al., 2012], especially when integrated at the annual scale [Donohue

et al., 2010]. Fu’s equation [Fu, 1981], an alternative to the deterministic Budyko curve is used to capture

the relationship between vegetation and evaporation fraction. Fu’s equation reads:
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where ω> 1 is a free parameter accounting for all non-climate related factors affecting runoff production.

Following [Li et al., 2013], instead of having a single estimation ω̂ for the whole dataset a parameter

was fit separately to the observed evaporative fraction of each of the available discharge stations and

then independently tested the relationship between ω̂ and vegetation cover using a linear regression

between ω and the mean annual fraction of absorbed photosynthetically active radiation (fpar) over each

catchment (MODIS FPAR 8-day product at 500m resolution [Myneni et al., 2015]). The mean annual

runoff was predicted for each watershed by multiplying the remotely-sensed average annual precipitation

and the estimated runoff coefficients. The uncertainty in runoff estimation was accounted-for through a

probabilistic framework [Greve et al., 2015]. The approached consisted in finding a probability distribution

for both ω̂ and the corresponding discharge estimates following the methodology proposed by [Greve

et al., 2015]. The probabilistic Budyko curves were computed for each river strech i by perturbing ωi

1′000 times by adding a random number drawn from a normal distribution fit to the residuals of the

linear regression of ω against fpar (Fig. 5.7). The resulting distribution of the values of ω (constrained

to ω≥ 1) were then used to quantify the variability in the predicted evaporative fraction (5.8). The final

estimated runoff for each river stretch was computed by subtracting the storage capacity of reservoirs to

all downstream edges of the river network, thus assuming that all water stored in a reservoir is withdrawn

either through evaporation or consumption. This is the worst-case scenario estimate given that the

specific hydrological dynamics in each reservoir is beyond the scope of this work. The geo-location and

storage capacity of small and large dams in Burkina Faso was obtained from the governmental water

resources agency database of Burkina Faso (Fig. 5.1, [Cecchi et al., 2007]).

Vegetation-based characteristics

Neither the aridity index nor the estimation of annual runoff take into account the strongly seasonal nature

of precipitation and temperature in Burkina Faso which generates observed hydrological fluctuations.

Indeed phase differences between seasonally varying potential evapo-transpiration and precipitation

characterize distinct soil moisture dynamics. Vegetation activity is uniquely adapted to these dynamics

as it is both a response and a determinant of water availability [Gerrits et al., 2009]. Vegetation response

thus can be used as an indicator of transpiration, and the corresponding partitioning of precipitation

between the different fluxes of the hydrologic cycle, particularly in water-limited regions [Liu et al., 2006;

Rodríguez-Iturbe and Porporato, 2007; Souza et al., 2016]. Seasonality is therefore accounted for through

the analysis of the annual precipitation-vegetation hysteresis. More specifically, the average monthly

co-variation between fpar and precipitation is examined by using 10 years (2005-2015) of remote-sensing

data and extract characteristics of the hysteresis that most distinguish the different classes of ephemeral

rivers.

5.2.4 Classification of whole river networks

The classification of whole river networks into the retained classes of ephemerality was performed

by using gradient-boosted trees (GBTs) with aridity, estimated runoff, mean fpar and precipitation-

vegetation hysteresis characteristics as inputs covariates. GBTs are tree-based classification algorithms

that use boosting to sequentially fit single trees to re-weighted versions of the training data. The weights

given to the elements of the training data are an increasing function to the residuals (or missclassification

loss) from the previous iteration, and the final classifier is a weighted average of the single classifiers

obtained at each boosting iteration [Hastie et al., 2009]. It has proved to have high predictive capacity

both for classification and regression in comparison to other tree-based approaches [Hastie et al., 2009].

GBTs also have the advantage of presenting an interpretable set of decision rules to extract the relative
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importance of covariates in building the classifier. The gradient boosting algorithm implemented in the

xgboost package in R is used in this analysis [Chen and Guestrin, 2016; Chen et al., 2017]. The algorithm

parameters were tuned using leave-one-out cross-validation (LOO-CV) over a grid of parameter ranges

for the maximum tree depth, the learning rate and data and feature sub-sampling (SM Table 1). For the

classification are excluded from the training set the two stations along the Niger river since this study

area did not cover their whole upstream catchment, thus impeding the computation of the associated

covariates. Are also included in the training set three smaller scale experimental sites presented in

Chapter 2 (Fig. 5.13). Given the built-in random sub-sampling of data and covariates to limit overfitting

during training, the classifier was trained 100 times, and for each training iteration class membership was

predicted for 100 realizations of annual discharge using the probabilistic Budyko framework for a total of

10,000 class membership outcomes.

5.2.5 Schistosomiasis and hydrologic ephemerality

The link between hydrological ephemerality and the epidemiology of schistosomiasis was analyzed both

in terms of its relevance for predicting the ecological range of the intermediate host in rivers across the

country, and for its significance in explaining the observed epidemiological patterns.

Ecological range of the snail intermediate hosts

The relevance of hydrological ephemerality in understanding and predicting the ecological range of

the intermediate host of intestinal schistosomiasis was quantified through the use of ecological model

selection, comparing models with and without ephemerality as a covariate. The dataset consisted of

presence/absence records of Biomphalaria pfeifferi, the only known intermediate host of S. mansoni in

the country, collected by [Poda et al., 1994] throughout Burkina Faso. The dataset was filtered for samples

collected in streams and rivers (176 out of 637 points). A first exploratory analysis of the locations of

sampling points showed a clustering of samples and uneven distribution of points between the different

ephemerality zones (Fig. 5.3). Biased spatial sampling has been shown to limit the performance of spatial

ecological models in particular in terms of overfitting [Kramer-Schadt et al., 2013]. The spThin package

in R [Aiello-Lammens et al., 2015] was used to correct for the spatial clustering of sampling locations.

A minimal inter-point distance of 40km and 1000 thinning replicas were used. For each replica i , the

null hypothesis that the thinned sampling locations came from a hardcore point process with minimal

inter-point distance of 40km (same as the parameter of the thinning algorithm) was tested using a Monte

Carlo one-sided Diggle-Cressie-Loosmore-Ford (DCLF) statistics on Besag’s L function [Baddeley et al.,

2014]:

t i
DC LF =

∫R

0

(
Li

obs (r )− L̄i (r )
)2

dr, (5.3)

where L(r ) =�
K (r )/π is a variance-stabilized version of Ripley’s K-function at interaction distance r [in

meters], Li
obs is the observed value of the L-function of thinning replica i , R = 150km is the maximal inter-

point interaction distance here chosen to be approximately half of the geographical span of Burkina Faso,

and L̄i (r ) = 1/(m +1)
[

Lobs +
∑m

j=i L j

]
is the average of the m Monte Carlo realizations of the hardcore

process and the replica’s L-function value (for details on the use of simulation envelopes for tests on

spatial patterns see [Baddeley et al., 2014]). A significance level α = 0.05 with m = 199 Monte Carlo

simulations was retained, the null hypothesis was thus rejected for replica i if t i
DC LF > k(t si m

DC LF )k , where

the subscript k denotes the k’th largest value of simulated statistics corresponding of the Monte Carlo
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Figure 5.3 – a) Map of the whole sampling location dataset (gray circles) with the ones retained by a run of the thinning
algorithm (black circles) and a realization of a hardcore point process with the same intensity and minimal inter-point
distance as the thinned replica. b) The value of Rippley’s K-function for the thinned replica (K̂obs (r ), black line) and
simulated hard core process (mean, K̄ (r ) red line, and higher and lower critical values of the simulation envelop,
gray ribbon). Note that K (r ) = 0 for r < 40km since it is the parameter of the thinning algorithm. c) Histogram of
the DCLF statistic of the simulated hardcore processes and of the thinned replica (red dotted line). Since the latter
is smaller than the 10th simulated DCLF statistic, the null hypothesis that this thinned replica was produced by a
harcorde point process at significance level α= 0.05 (for 199 simulations) cannot be rejected. This procedure was
repeated 1000 times.

simulations of the DCLF statistic under the assumption of a hardcore point process over Burkina Faso to

obtain the desired level of significance (here k = 10). The intensity parameter β of the hardcore process

was fit for each thinning replica using the spatstat package in R [Baddeley et al., 2005]. The test was not

rejected for any of the thinned replicas, which means that none of the thinning replicas was significantly

different from a random sampling of the country with a minimal inter-point distance. An illustration of

the spatial statistic testing is given in Fig. 5.3.

A gradient-boosted trees classifier was used for the evaluation of the importance of river ephemerality

in predicting snail occurrence. The covariates consisted of the 19 Worldclim 1km spatial resolution

environmental data product [Fick and Hijmans, 2017], the season (rainy vs. dry) in which the sampling

was done, the ephemerality class and the flow accumulation of the river stretch closest to the GPS

coordinates of this village in which the sampling was done. Tow GBT models for each of the replicas of

thinned spatial sampling locations were trained, one with the ephemerality covariate, flow accumulation,

season and 3 Worldclim variables related to temperature (mean temperature of warmest quarter, mean

temperature of coldest quarter, and temperature seasonality), and one without ephemerality but with

all covariates with a cross-correlation smaller than 0.8 with all other covariates. The optimal number

of boosting iterations was chosen by maximizing the area under the ROC curve (AUC) of the predicted

probabilities of presence of all the datapoints which were not retained in the replica. The training and

evaluation procedure was done for all 1000 thinned replicas using the xgboost package in R [Chen et al.,

2017].

Epidemiological analysis

The importance of ephemerality in explaining disease prevalence was quantified within a logistic re-

gression framework using odds ratios with the epiDisplay package in R [Chongsuvivatwong, 2015]. A

Generlized Linear Model (GLM) with a logit link function was fit to the intestinal and uro-genital schistoso-

miasis prevalence data from respectively 178 and 312 villages in Burkina Faso. The parasitological data was
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Table 5.1 – Covariates used in epidemiological study. The data from the Demographic Health Surveys (DHS) corre-
spond to geographical clusters of surveyed habitations.

Covariate Units Resolution Source

Socio-economic
use of surface water for drinking % DHS cluster INSD 1993; INSD 1999; INSD 2003; INSD 2010
open defecation % DHS cluster INSD 1993; INSD 1999; INSD 2003; INSD 2010
population - village IGB∗

Ecology
B. pfeifferi presence probability river computed

Hydrology
distance to closest river meters - extracted from DEM
distance to closest lake or dam meters - IGB∗
river ephemerality class categorical river computed

∗ National Geographical Institute of Burkina Faso

per year across stations highlights the importance of watershed-specific processes. A regime shift during

the drought period is clearly visible as an increase in the number of dry months per year (Fig. 5.1b), with

26 stations presenting a significant change-point in their timeseries of 0-flow months per year (Fig. 5.2 b).

By applying a hierarchical clustering algorithm on the Jensen-Shannon divergence between histograms

of 0-flow months 4 distinct clusters were obtained in the pre-drought and 5 during the drought periods

using a threshold probability value of 0.85. (Fig. 5.5 a,b).

The clusters determined in each period follow the same patterns with very similar 0-flow duration

histograms: two clusters of increasing ephemerality with more than 6 months of 0-flow on average,

a cluster mainly composed of year-round (perennial) discharge, and finally one (two) clusters in the

pre-drought (drought) period characterized by more erratic behavior with a very variable number of

dry months from permanent to highly seasonal (Fig. 5.5c). The overall classes of ephemerality of each

river was defined in terms of the ephemerality cluster in which it was assigned to both before and during

the drought, thus accounting for changes in hydrologic regime caused by the drought (Fig. 5.5d). The

permanent flow cluster in the pre-drought period experienced most changes, with many of its members

experiencing an increase in the number of dry months and transitioning to the erratic, mid and strongly

ephemeral classes. Five final ephemerality classes were thus defined based on the classes in both the

pre-drought and drought conditions, as well as the transition between classes:

1. permanent: permanent rivers both in normal and drought conditions;

2. permanent with low variability: permanent rivers in normal conditions that became erratic during

the drought;

3. permanent with high variability: rivers that where either already erratic in the pre-drought period

or permanent rivers in the pre-drought period which became mid or strongly ephemeral during

the drought;

4. mid ephemeral: rivers which never experienced full-year flow with an average of 7 dry months per

year;

5. strongly ephemeral:rivers which never experienced full-year flow with an average of 9 dry months

per year.

Half of the monitored rivers (29/58) in the country were classified as ephemeral overall, with most strongly
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Table 5.2 – Tuning of the gradient-boosted trees classification parameters. Parameters include the learning rate
(η), the depth of the random trees, the number of boosting iterations (n), and the sub-sampling fraction of training
datapoints (ρdata) and covariates (ρcov). Parameter sets were evaluated in terms of the mean LOO-CV error (ε) over
10 repetitions of random data and covariates samplings.

rank η depth n ρdata ρcov ε

1 0.10 4 79 0.8 0.8 0.34
2 0.10 3 96 0.8 0.8 0.36
3 0.10 3 73 0.8 0.8 0.36
4 0.10 3 61 0.8 0.8 0.36
5 0.10 5 88 0.8 0.8 0.36

At the large scale, the classification of river ephemerality is marked by the South-to-North climatic gradient

that characterizes Burkina Faso (Fig. 5.13). Indeed, North of ≈ 12◦ latitude all streams are predicted to be

strongly ephemeral except for the main rivers with large flow accumulation. To the South of that limit

a West-to-East gradient comes into play with small rivers predicted to be permanent to the West of the

country with differing levels of variability and sensitivity to drought conditions. Interestingly, streams

are predicted to be permanent but with high variability in the very South-Western regions despite high

annual precipitations. This prediction is supported by data from two gauging stations in Northern Côte

d’Ivoire which were not included in the training set due to the lack of full records (Fig. 5.14). The stable

permanent river stretches were predicted to be the ones with a very large predicted annual discharge

either due to the size of the contributing area (e.g.: the downstream parts of the Volta River) and/or the

high runoff generated upstream.

In order to further verify the accuracy of this classification the predicted classes of hydrologic regimes

were compared to the observed ephemerality of reservoir waterbodies in the country. The seasonality of

water presence in the country’s reservoirs was extracted from remote sensing estimates of water presence

in [Pekel et al., 2016], and a reservoir was considered ephemeral if it did not contain at least one pixel

covered by water year-round. Of the 558 reservoirs for which water seasonality information was available,

around 80% were found to be ephemeral. Of these, ≈ 95% were correctly classified in the predictive

ephemerality map, i.e. intercepting river stretches of either the mid ephemeral or strongly ephemeral

classes (Fig. 5.15), and only 3 were predicted to be on permanent rivers.

Based on these results, three ephemerality regions were delineated in the country, namely: 1) strongly

ephemeral to the North of the 12◦ latitude, 2) intermediate ephemerality in the center and eastern parts

of the country South of the 12th parallel, and 3) permanent in the West and South-west encompassing

all classes with permanent flow (Fig. 5.18). The boundaries of the ephemerality regions were extracted

using an automatic procedure that aggregates the rasterized ephemerality class values using the mode of

a circular window with a width of 75 km and 150 km. The mean of the two aggregated maps was used to

define the ephemerality class of each pixel within the study area.

5.3.4 Ephemerality and the geography of schistosomiasis

The following analysis focus on the use of the ephemerality classification for epidemiological studies on

both intestinal and uro-genital schistosomiasis. Mapping the known occurrence of the aquatic snail B.

pfeifferi in Burkina Faso highlights a Northern limit to its ecological range (Fig. 5.18). The association

between hydrological ephemerality and snail occurrence was supported by the fact that the GBT models

taking hydrological ephemerality into account outperformed their counterparts in most cases in terms
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Figure 5.15 – Predicted ephemerality classes for reservoir waterbodies. Reservoirs were considered to be non-
permanent if they did not contain at least one pixel covered by water year-round in the dataset by [Pekel et al., 2016].
Predicted reservoir ephemerality is given in terms of the percentage of the total and counts (in parenthesis).

of AUC (82.6% of training-testing replicas). Such associations had a significantly broader validation in

terms of classification accuracy (p-value< 0.001, Fig. 5.16). An ensemble model combining the best GBT

classifier of each training-testing replica yielded a prediction accuracy over the whole dataset of 85.3%

[CI 77.3-91.4] and an AUC of 0.916, both larger than any single model candidate (Fig. 5.16).

The predicted ecological range of B. pfeifferi was obtained by applying the ensemble model to the

whole river network in the country (Fig. 5.17). This is thought to be the first attempt to predict the

ecological range of intermediate hots of schistosomiasis in rivers that explicitly includes the structure

and hydrological characteristics of the network.

In the logistic regression of intestinal schistosomiasis prevalence, both the predicted snail probability

of presence and hydrological ephemerality class were present and significant (p-value< 0.001) in the

best-fitting model along with socio-economic covariates (Table 5.3). Indeed, villages in the mid- and

strong ephemerality class had much lower risk of intestinal schistosomiasis with respect to villages along

permanent rivers, and snail probability of presence had dominant effect on the odds of contracting the

disease (Table 5.4). It is recalled that the ORs correspond to 1 unit increase of continuous variables, and

w.r.t. the baseline category (permanent river) for the ephemerality class, therefore the OR of 11006 for

snail presence in Table 1 corresponds to the ratio of the odds of schistosomiasis between a village with

probability 0 and probability 1 of B. pfeifferi presence. The analysis excluded known disease hotspots

located around the Léry dam on the border with Mali (Fig. 5.4). Indeed the damming of the Sourou river

in the mid 1970s created a permanent water body which favored the establishment of B. pfeifferi snails

that migrated from the South-West, and ultimately led to the emergence of intestinal schistosomiasis in

previously disease-free villages around the reservoir in a region with otherwise ephemeral rivers [Poda

et al., 2004a]. On the other hand, in the case of uro-genital schistosomiasis (whose intermediate host

snails are ubiquitous in the area), stronger hydrological ephemerality was associated with larger disease

odds with respect to permanent rivers (mid ephemerality: OR 4.6 [3.77 -5.61], strong ephemerality: OR 7.6

[6.29-9.18]). This differs from intestinal schistosomiasis fro which the mid and strong ephemerality classes
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Table 5.3 – Best-fitting logistic model of intestinal and uro-genital schistosomiasis prevalence in Burkina Faso. Variable
types are boolean [bool], percentage [%], numerical [num], probability [prob], and categorical [cat]. Regression
coefficients are given along with their standard error (in parethesis). The baseline for the ephemerality class is
permanent rivers.

Intestinal Uro-genital

Baseline
Intercept [num] −10.44 (0.96)∗∗∗ −2.40 (0.10)∗∗∗

Socio-economic
MDA [bool] −2.06 (0.15)∗∗∗ −1.98 (0.04)∗∗∗
open defecation [bool] 2.14 (0.40)∗∗∗
drinking surface water [fraction] 1.53 (0.12)∗∗∗
population ×10−4 [num] 1.48 (0.55)∗∗
small city [num] 1.18 (0.18)∗∗∗
large city [num] −0.62 (0.10)∗∗∗

Ecology
snail presence [prob] 9.31 (1.02)∗∗∗

Hydrology
reservoir or lake at < 1500m [bool] 0.48 (0.04)∗∗∗
mid ephemerality [cat] −1.82 (0.43)∗∗∗ 1.53 (0.10)∗∗∗
strong ephemerality [cat] −1.77 (0.46)∗∗∗ 2.03 (0.10)∗∗∗

AIC 528.91 4663.85
Log Likelihood -257.45 -2323.92
Num. obs. 178 312
∗∗∗p < 0.001, ∗∗p < 0.01, ∗p < 0.05

Table 5.4 – Odd-ratios and 95% CI of intestinal and urogenital schistosomiasis with respect to socio-economic,
ecological and hydrological factors in Burkina Faso. The OR were derived from the coefficients of a logistic regression
model (SM Table 3). Variable types are boolean [bool], percentage [%], numerical [num], probability [prob], and
categorical [cat]. The OR correspond to 1 unit increase of continuous variables, and w.r.t. the baseline category
(permanent river) for the ephemerality class.

Intestinal Uro-genital

Socio-economic
MDAi [bool] 0.127 [0.0944− 0.171] 0.137 [0.127− 0.149]
open defecationi i [bool] 8.46 [3.87− 18.5] -
drinking surface water [fraction] - 4.6 [3.63− 5.85]
population ×10−4 [num] 4.4 [1.49− 13] -
small cityi i i [num] - 3.25 [2.29− 4.61]
large city [num] - 0.54 [0.445− 0.656]

Ecology
snail presence [prob] 11006 [1477− 82039] -

Hydrology
reservoir or lake at < 1500m [bool] - 1.62 [1.5− 1.76]
mid ephemerality [cat] 0.161 [0.069− 0.377] 4.6 [3.77− 5.61]
strong ephemerality [cat] 0.171 [0.0698− 0.419] 7.6 [6.29− 9.18]

i Mass Drug Administration campaigns, i i more than 50%, i i i defined as less than 5,000 inhabitants
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last decades in SSA [Mahe et al., 2013]. Further validation of the results presented here with more recent

hydrological records requires additional nation-specific data sources, which is the subject of ongoing

work. The five covariates used in the prediction step (predicted annual discharge, aridity index, mean

annual fpar and two characteristics of the precipitation-vegetation hysteresis) were chosen according

to their relevance for hydrologic process, in this case runoff production and precipitation-vegetation

hysteresis, and the availability of data for Burkina Faso. In applying this approach to other contexts,

alternative sets of covariates, or some modification of the covariates used here (e.g.: the preciptiation -

vegetation hysteresis) might prove more relevant in other study areas, and the design and pre-selection of

covariates will require a sound conceptual understanding of the hydrological drivers. That being said,

even without modification this Chapter’s approach is easily transferred to the large tracts of the globe with

limited hydrological measurements. The main result of this Chapter is the definition of five ephemerality

classes based on the duration of 0-flow and the sensitivity of these classes to the extreme drought in the

1970s and 1980s. Strongly ephemeral rivers are characterized by very high aridity indices and small or

moderate flow accumulations and are not sensitive to drought conditions. Large contributing areas and

flow accumulations enable rivers located in very arid environments to maintain flow for longer periods

of time and thus are classified within the intermediate ephemerality class. Although some stations in

the intermediate ephemerality class transitioned to strongly ephemeral during the drought, the most

significant effect of the drought was the loss of permanent flow in medium and small sized rivers in the

South-West of the country (Fig. 5.5d). Sensitivity to the drought and erratic ephemerality were associated

with particular precipitation-vegetation hysteresis characteristics, i.e. a peak rainy season decrease in

photosynthetically active radiation (fpar) and the rate of decline in photosynthetic activity following the

cessation in wet season rainfall.

It is important to note that the area of study, Burkina Faso, spans multiple endemic vegetation zones

(Sahelian and Sudanian mainly), land covers (various forests, woodlands, scrublands, grasslands), and

land uses (diverse agriculture, pastures, and urban) [White, 1983]. Each zone is characterized by plant

assemblages with varying water use strategies, photosynthetic adaptations, and phenologies. Since the

photosynthetic activity, expressed as fpar, is both a determinant and a response to water availability,

functional plant characteristics can be non-negligible [Xu et al., 2015b; Diémé et al., 2017]. Deciduousness,

which would be visible as a rapid decline in photosynthetic activity and fpar following the end of the

wet season, is a clear adaptation to a tropical seasonally dry climate [Vico et al., 2015]. Deciduouness

is often accompanied by an efficient soil water extraction capacity, which in exceptionally dry years

such as the during the 1970s West African drought could result in lower average soil moisture, on top of

reductions due to lack of precipitation, and a reduction in river discharge relative to vegetation water use.

Indeed eddy-covariance measurements in South-Eastern Burkina Faso demonstrate a positive correlation

between seasonal vegetation cover, soil moisture and evaporative fraction [Ceperley, 2014; Ceperley et al.,

2017]. Moreover, the small reduction in fpar at the peak of the rainy season in permanent catchments

can be attributed to reductions in energy availability associated with high levels of cloud cover, thus

reducing relative photosynthetic activity. Overall, the sensitivity of catchments with permanent flow and

high levels of vegetation cover to drought demonstrates the intricate relationship between climate, soil

moisture, vegetation and discharge, especially in already water limited catchments [Porporato et al., 2004;

Donohue et al., 2006]. Hydrological ephemerality provides a new lens that could improve how resilience

is observed, defined, and managed with important implications for meeting Sustainable Development

Goals, particularly related to water resources management, agriculture and public health in arid climates

[Falkenmark and Rockström, 2008].

As an illustration of the epidemiological relevance that ephemerality has for water-borne diseases, the

predicted ephemerality class was used both for the study of the ecological range of the intermediate hosts
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of intestinal schistosomiasis, and as an explanatory factor for contracting the disease. Indeed, hydrologic

ephemerality significantly improved the predictive capacity of ecological models for the distribution of B.

pfeifferi in rivers, which is the first attempt of including network topology explicitly with respect to to

existing approaches using maximum entropy and gridded covariates [Stensgaard et al., 2013]. As expected,

stronger ephemerality decreases the probability that the intermediate snail hosts are present. The logistic

modelling results of the prevalence of schistosomiasis in Burkina Faso highlighted the distinct ways

in which ephemerality has an effect on disease transmission. In the case of intestinal schistosomiasis,

the probability of snail occurrence had a dominant effect on disease risk along with socio-economic

covariates. Ephemerality was further significantly associated to lower. One possible explanation is that

although Biomphalaria spp. snails can be found in mildly ephemeral habitats, the limited suitability of

the environment in combination with Schistosoma parasite infection strongly limits the probability of

snails surviving the pre-patent period (about 15-40 days for S. mansoni depending on water temperature

[Anderson and May, 1979]), particularly during aestivation [Badger and Oyerinde, 1996]. Laboratory

experiments have shown, however, that environmental stress may increase parasite fecundity in snails

once the latter start shedding [Gleichsner et al., 2016].

The strong association between the probability of snail presence and intestinal schistosomiasis risk is a

clear example of the hydrologically-driven ecological underpinnings of disease transmission. A natural

extension of this analysis would be to account for the ecology of B. pfeifferi in small reservoirs for which

high spatial and temporal resolution data are becominb increasingly available through advances in

remote sensing technology [Amitrano et al., 2017]. The opposite pattern was observed for uro-genital

schistosomiasis with hydrological ephemerality being associated to higher risk of (OR 7.6 [6.29-9.18] for

the strong ephemerality class), and even more so in villages located close to man-made reservoirs or natu-

ral lakes (OR 1.61 [1.5-1.76]) in agreement with previous meta-analysis [Steinmann et al., 2006]. Moreover,

ephemerality dominated the other socio-economic covariates except for the protective effect of MDA.

It is hypothesized that the higher risk in ephemeral regions, in addition to prompting the construction

of dams and other water resource engineering, is due to the constraints water presence impose on the

location of human-water contacts, potentially causing more human-water contacts/day/m2 of water in

fewer water contact points as the dry season advances, which in turn increases the circulation of parasites

from the human to the snail hosts and back [Chandiwana, 1987; Kloos et al., 1997]. Indeed, the analysis of

models which account for spatial heterogeneities indicates that reducing (increasing) the number of water

contact points increases (decreases) the strength of schistosomiasis transmission quantified in terms of

a generalization of the basic reproduction number used in epidemiology for connected systems [Mari

et al., 2017a]. This interpretation of the multivariate epidemiological analysis relies on five hypothesis

made about potential confounding factors that could correlate with hydrological ephemerality:

H1 at least one species of Bulinus spp. snails is present in the water contact points of all prospected

villages

H2 variations of the species-dependent infectivity and susceptibility in the Bulinus-S. haematobium

system do not drive the geography of uro-genital schistosomiasis at the country scale

H3 substitution of S. haematobium by S. mansoni, if existent, is limited to specific regions and does

not determine larges-scale patterns of uro-genital schistsosomiasis

H4 spatially un-correlated residual variance in human exposure to infection with respect to the chosen

covariates (hydrological conditions, distance to rivers, dams and lakes, population density, use of

surface water for drinking purposes, and open defecation)
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cercarial production (the schistosome larva infective to humans) have been reported with a significantly

larger maximum daily production of cercariae by Bulinus globosus w.r.t B. senegalensis and B. truncatus

and little difference between the later two [Fryer and Probert, 1988]. Since the ecological range of B.

globosus is similar to that of Biomphalaria pfeifferi, i.e. the permanent rivers and waterbodies in the

Center and South of the country, and the highest S. haematobium infections are in the North, it is

reasonable to assume that species-dependent cercarial production is not an important factor [Poda et al.,

2004a].

One possible confounding factor for the lower prevalence of uro-genital schistosomiasis in the permanent

ephemerality region could be the replacement of S. haematobium by S. mansoni in areas of historical

co-endemicity which has been reported in the South-West [Colette et al., 1982; Poda et al., 2004a], and to

a lesser extent around the Léry dam in the North-West [Poda et al., 2004a]. One explanation proposed

by these studies is the out-competition of Bulinus spp. by Biomphalaria spp. in areas suitable to both

species as seen in other settings [Abdel-Wahab et al., 1993; Ernould, 1996], although recent malacological

samplings in the country do not seem to validate this hypothesis in the case of Burkina Faso [Perez-Saez

et al., 2016]. Another invoked argument is the larger per capita production of S. mansoni cercariae by

Biomphalaria spp. than S. haematobium cercariae by Bulinus spp. [Colette et al., 1982]. The corollary of

this interpretation is that some form of in-host (human) competition is involved in the substitution. A

very well documented case of inter-species competition is that of the replacement of S. intercalatum by S.

haematobium and S. mansoni in Cameroon through competitive mating interactions and asymmetrical

immunological protection [Tchuem Tchuenté et al., 2003]. Experimental evidence however suggest that

S. haematobium is dominant over S. mansoni in terms of mating competition between the two species

[Webster et al., 1999], which would imply that other factors are involved such as population dynamics

over the whole schistosome lifecycle, immunological responses in the human host, or the ecology of the

snail intermediate hosts [Webster et al., 1999, 2008], although the specific pathways of this substitution

are far from having been elucidated as clearly as for S. intercalatum. The in-host dynamics of both

species are certainly altered by MDA campaigns due to reported differential sensitivity to praziquantel

by the two species [Garba et al., 2013; Knowles et al., 2015]. Because the understanding of the extent

and mechanisms of S. mansoni substitution is limited in Burkina Faso, H3 assumes that it is limited to

intestinal schistosomiasis transmission pockets, and correlates but is not at the origin of the observed

association between ephemerality and uro-genital schistosomiasis. Moreover, even if this phenomenon

occur in the areas of S. mansoni endemecity, the significance of the difference of uro-genital risk between

the intermediate and strong ephemerality regions would remain unchanged since neither are associated

to high intestinal schistosomiasis prevalence. This assumption is tested by including the probability of

presence of Biomphalaria pfeifferi as a (pessimistic) proxy of intestinal schistosomiasis transmission in

the logistic regression. The results show that although the addition was significant (p-value< 0.05) and

with the expected negative slope, the ephemerality effects remained significant and (p-value< 0.001) and

there was little improvement in terms of AIC (5.5).

Important heterogeneities in human-water contact patterns have been observed even at small spatial

scales [Chandiwana and Woolhouse, 1991; Kloos et al., 1997], and varying contact duration, frequency

and types have been associated to exposure to schistososmiasis infection [de Moira et al., 2010], although

not directly to infection intensity in all settings [Scott et al., 2003; Sow et al., 2011]. Although the spatial

prediction of water contacts on a village base is beyond the scope of this work [Kulinkina et al., 2016;

Perez-Saez et al., 2015], access to water, sanitation, and hygiene (WASH) have been shown to be relevant

factors in predicting schistosomiasis risk [Soares Magalhães et al., 2011]. This motivated the use of

socio-economic variables in the logistic regression analysis as a proxy of human exposure to infection.

Furthermore, the issue of confounding in the context of interpreting the link between ephemerality and

101



Chapter 5. Classification and prediction of river network ephemerality

Table 5.5 – Additional risk factors of uro-genital schistosomiasis in Burkina Faso.

With B. pfeifferi With Temperature

Baseline
Intercept [num] −1.86 (0.27)∗∗∗ −24.86 (1.82)∗∗∗

Socio-economic
MDA [bool] −1.98 (0.04)∗∗∗ −2.00 (0.04)∗∗∗
drinking surface water [fraction] 1.53 (0.12)∗∗∗ 1.25 (0.13)∗∗∗
small city [num] 1.22 (0.18)∗∗∗ 1.23 (0.18)∗∗∗
large city [num] −0.60 (0.10)∗∗∗ −0.39 (0.10)∗∗∗

Ecology
snail presence [prob] −0.75 (0.34)∗

Hydrology
reservoir or lake at < 1500m [bool] 0.48 (0.04)∗∗∗ 0.30 (0.04)∗∗∗
mid ephemerality [cat] 1.38 (0.12)∗∗∗ 0.97 (0.11)∗∗∗
strong ephemerality [cat] 1.83 (0.13)∗∗∗ 1.18 (0.12)∗∗∗

Climate
mean annual temperature [num] 0.82 (0.07)∗∗∗

AIC 4661.07 4511.92
Log Likelihood -2321.54 -2246.96
Num. obs. 312 312
∗∗∗p < 0.001, ∗∗p < 0.01, ∗p < 0.05

disease patterns would arise if the degree of exposure and contamination which is independent from

hydrological ephemerality and unaccounted-for by the socio-economic covariates varied systematically

across the country resulting in the spatial patterns of uro-genital schistosomiasis prevalence. H4 therefore

relates to the spatial auto-correlation in water-contact patterns related to exposure and contamination

rather than to the actual prediction of water contact patterns with the socio-economic covariates. On

the other hand the analysis presented here did not include any hypothesis on the link between air

temperature and human-water contacts as it has been suggested in the case of recreational bathing of

children in Burkina Faso [Traoré et al., 2016] since no direct relationship has been quantified on a large

spatial scale (the cited study only included one village). Interestingly, when accounting for mean annual

air temperature in the logisitic regression higher air temperature was indeed significantely associated

to greater risk, but both the association between intermediate and strong ephemerality regions and

schistosomiasis risk remained significant (p-value< 0.001) (5.5).

Spatially-autocorrelated patterns of individual immunological resistance to schistosome infection would

bear a strong mark on the geography of the disease. One specific cause could be ethnic-specific suscepti-

bility or resistance to schistosomiasis, as it has been shown for tuberculosis [Delgado et al., 2002], and

malaria in Burkina Faso [Modiano et al., 1996]. A study on S. mansoni in an Ugandan fishing community

associated variation to re-infection to differences in cercarial exposure during human-water contacts

rather than to ethnic-specific immunological response [de Moira et al., 2010]. Based on these conclu-

sions, and assuming that H4 is true, this analysis assumes homogeneous individual susceptibility to

schistosomiasis in the country.

In the context of these results, this suggests that increasingly ephemeral conditions can also create disease

hotspots in arid regions by both creating a higher dependence on reservoirs for water resources, and a
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highly isolated habitat for intermediate hosts. Indeed, the construction of reservoirs, and their associated

irrigation waterways, not only creates suitable habitats for the intermediate hosts by expanding the water

surface and changing the hydrology of the tributary river stretch and its upstream contributors, but also

alters the socio-economic activities in the villages they serve, thus modifying population density and

human-water contact patterns in ways that can further strengthen transmission [Boelee et al., 2009; Ayan-

tunde et al., 2017]. Although these observations cannot be directly extended without additional evidence

from fieldwork in Burkina Faso and other settings, the results for intestinal and urinary schistosomiasis

suggest a direct (and non-linear) feedback between disease transmission and hydrological ephemerality.

Disease risk outcomes could therefore depend on both the ecological (snail) and human response to

drought according to the sensitivity of disease transmission to decreased habitat suitability on one hand,

and variations in water contact patterns and/or water resources development on the other, as suggested

by the disease odd-ratios analysis performed here. Addressing these hydrological ephemerality-related

issues within a dynamical modelling framework constitutes an important yet largely unexplored avenue

into studying the effects of climate change on schistosomiasis, as current studies have manly focused on

the effects of temperature on snail ecology and parasite biology [McCreesh and Booth, 2013, 2014a]. This

is important since climate change is predicted to have a growing impact on baseflow discharge in water

limited environments as increasing atmospheric CO2 encourages an increase in catchment leaf area and

seasonal transpiration, in addition to ongoing changes in precipitation and atmospheric water demand

[Trancoso et al., 2017]. In the light of these considerations, the observed correspondences between

hydrological ephemerality and schistosomiasis prevalence support the relevance of the ephemerality

classification approach used here as it enables the inclusion of hydrology as a key ingredient in the

development of national-scale spatially-explicit models of disease transmission for the spatio-temporal

prediction of both snail abundance and seasonality [Gurarie et al., 2017; Perez-Saez et al., 2016], and

human-water contact [Perez-Saez et al., 2015]. If the importance of understanding and accounting for

the socio-ecological factors that support schistosomiasis transmission when designing and implement-

ing control and elimination programs is now acknowledged [Utzinger et al., 2011], it is important to

highlight the role of hydrology (here identified in terms of ephemerality) as a first-order control of both

human-water contact patterns and snail ecology in what could be termed the socio-ecohydrological

matrix of disease transmission. The importance of hydrological ephemerality for water-borne diseases

largely depends on the nature of the water-borne disease and spatial scale considered. Disease-specific

ephemerality indices could therefore be designed depending on the available hydrological data and

pathogen life-cycle. For instance, the flow duration within the rainy season or the size of the hydrologi-

cally connected components of the network could be of interest for other water-borne diseases in other

settings. Indeed, the choice of the number of dry months was largely driven by the available hydrological

data, and this simple index could be modified according to length and flow threshold, including as an

ecological constraint for long-lasting free-living pathogens. By relying only on openly accessible data, the

approach proposed in this Chapter is repeatable in, and adaptable to, other contexts where hydrologic

ephemerality is also an important driver of water-borne disease transmission [Heinrich et al., 2017;

Rinaldo et al., 2017].

5.5 Conclusion

This Chapter develops an approach for the large-scale classification of river network ephemerality

based on openly accessible data, and tested it within Burkina Faso, in sub-Saharan Africa. This novel

methodology shows promise for the generalization to other data-scarce settings where water-borne

diseases are a public health issue. The regions with different degrees of ephemerality that were defined

strongly matched historical prevalence of intestinal schistosomiasis, the disease being present almost
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exclusively around permanent rivers. On the other hand, an opposite pattern was observed for uro-genital

schistosomiasis with higher risk associated to stronger ephemerality, possibly due to the concentration

of socio-economic and domestic activities around a limited number of human-water contact points in

which compatible aquatic snail hosts can be found throughout the country. The exposed nonlinear links

between ephemerality and disease risks support for the use of the proposed ephemerality prediction

methodology for other regions and builds a case for the appraisal of water-borne diseases from a socio-

ecohydrological perspective.
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6 Spatio-temporal prediction of snail
ecology

Leveraging the ecological insight gathered from the three experimental sites in the spatially explicit mod-

elling framework presented in Chapter 3 requires the spatio-temporal prediction of snail abundance whose

fluctuations depend not only on environmental covariates, but also on habitat hydrology (permanent vs.

ephemeral). This Chapter presents a methodology for regionalizing the ecological modelling framework

developed in Chapter 4. The approach utilizes remote sensing data and is applied spatially by habitat type

based on the national-scale hydrological ephemerality predictions of Chapter 5. Although the national-level

simulation results are preliminary and require further analysis and model refinement, they are encouraging

with respect to the capacity to produce reliable predictions of snail population dynamics to be incorporated

into spatially explicit models of schistosomiasis transmission.

6.1 Introduction

Spatio-temporal modelling of the ecology of intermediate hosts or vectors of infectious diseases of

humans has principally been applied to malaria and other mosquito-borne diseases, in particular in

terms of temperature suitability for Anopheles spp. [Weiss et al., 2014, 2015], and to also the effects of

rainfall on seasonal variations of mosquito densities [Bomblies et al., 2008; Bomblies and Eltahir, 2009;

Rumisha et al., 2014]. For instance Diboulo et al. [2015] use a rich set of entomological data in a Bayesian

geo-statistical approach to model the seasonal variations in mosquito density as a function of remotely-

sensed environmental covariates (rainfall, vegetation indices, and temperature). Mosquito densities were

then used to infer the resulting number of infected bites per person at a 250m pixel resolution over an

entire health district in Burkina Faso. Hydrology has also been explicitly incorporated into mosquito

models, for instance to track water levels in ponds affecting population of the mosquito vectors of Rift

Valley Fever at a daily timestep in Senegal Soti et al. [2012], or of Anopheles spp. in an integrated model of

malaria which accounts for pool water availability for larval reproduction Tompkins and Ermert [2013].

As noted in section 1.2.2, spatial studies on the intermediate hosts of S. mansoni and S. haematobium

have principally focused on the determination of their ecological range using historical presence/absence

in species distribution models [Stensgaard et al., 2013, 2016]. Using the same tools but with recent

temporally-resolved malacological surveys, Manyangadze et al. [2016] took into account seasonal varia-

tion in snail occurrence in South Africa by partitioning the the modelling process by season (cold/dry,

hot/dry, rainy, post-rainy), thus producing season-dependent suitability maps. The inclusion of sea-

sonality in spatial estimations of snail occurrence is an innovative step, however their approach does

not account for variations in snail abundance - only presence and absence - and does not incorporate
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temporal auto-correlation in snail abundance from one season to the other. On the other hand, past

temporal studies on the ecology of the snail intermediate hosts have focused on local population dynam-

ics which already require considerable fieldwork (cf. section 1.2.2), but without a perspective a view on

predictionting them at larger spatial scales.

This Chapter presents a methodology aimed at bridging the gap in spatio-temporal predictions of

snail population dynamics for their use in schistosomiasis risk mapping, and their incorporation into

spatially-explicit models of disease transmission. More particularly, the the issue of the regionalization

of discrete-time ecological models with remote sensing estimates of key environmental covariates is

addressed building on three complete years of ecological data from the experimental sites presented in

Chapter 2.

6.2 Materials and methods

6.2.1 Data and ecological models

The protocols for the collection of field ecological and environmental data have been described in

Chapter 4, with the difference that in this Chapter the timeseries of snail counts and covariates extended

up to July 2017. Given the objective of applying the models of snail demography to the whole country, all

data were aggregated at a monthly timestep. Sampling was interrupted in the irrigation canal in Tougou

in 2016 due to external factors. This Chapter thus focuses on the natural habitats in Lioulgou (temporary

pond and ephemeral river), and in Panamasso (permanent river).

Following the methods in Chapter 4, thee Malthusian, Ricker and Gompertz discrete time models are

used to describe snail population dynamics, this time also allowing for piece-wise linear effects of the

covariates on the natural rate of increase [Toms and Lesperance, 2003]. The use of piece-wise linear

models was motivated by the need to account for sharp changes in population growth and collapse that

characterize snail ecological dynamics in the absence of environmental data gathered at high temporal

resolution, as the ones available in the experimental sites presented in Chapter 2 (refered to as "the

experimental sites" hereafter). Indeed the regionalization of the predictions to the rest of the country

needs to rely upon the use of remote sensing estimates of environmental variables (cf. section 6.2.2). In

particular, the aim is to capture the abrupt changes in the ephemeral habitats at the beginning and the

end of the rainy seasons, and in the permanent stream in Panamasso during the cold dry season (Fig. 6.3).

Specifically, the change of the relative snail abundance Nt between time t and t +1, with a Ricker-type

density feedback, is modelled as:

log

(
Nt+1

Nt

)
= a +bNt +

mi∑
i=1

m j∑
j=0

rX∑
τXi =0

rX∑
τX j =0

ci ,τXi ,τX j
·X i

t−τXi
· I

(
X j

t−τX j
>T j ,τX j

)
, (6.1)

where: b < 0 is the negative density-feedback parameter, and ci ,τXi ,τX j
denotes the coefficient of environ-

mental covariate feature X i
t−τXi

multiplied by the indication function I (·) of covariate X j
t−τX j

being larger

than the covariate- and lag-specific threshold T j ,τX j
, taken at non-negative integer time lags τXi ,τX j ≤ rX .

Given the monthly timestep, only lags of 1 month were considered. Lagged covariate features were taken

in all possible combinations up to a maximum of mi +m j = 5, yielding a total of ≈ 500′000 models to

test for each habitat/species combination. The thresholds T j ,τX j
were fit for each covariate combination
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using the subplex algorithm, a more efficient extension of the Nelder-Mead derivatives-free simplex

algorithm, using the subplex package in R [King, 2015]. Product interactions of the type Nt−τN
X i

t−τX
were

not considered. As in Chapter 4, the Gompertz-type density feedback where Nt is substituted by log(Nt )

on the RHS of eq. 6.1, and the Malthusian model (b = 0) were also tested.

6.2.2 Remote sensing data

Remote sensing data was used for the regionalization of the predictions the population dynamics of

snail intermediate hosts throughout the country. The choice of the covariates to include in the spatial

models of snail ecology took into consideration both model identification results from Chapter 4, and

the availability of relevant remote sensing products providing estimates at suitable spatial and temporal

resolutions. Among the 6 environmental covariates investigated in this Thesis’ experimental sites (air

temperature, water temperature, conductivity, level, precipitation amounts and number of intense rain-

fall events), only precipitation and air temperature were retained due to their systematic appearance

in the model identification process and the availability of corresponding remote sensing products. For

both covariates, available remote sensing products were selected among possible candidates, corrected

against ground measurements, and their uncertainty characterized by fitting appropriate error models.

Following common approaches in hydrology for rainfall-runoff models [Hong et al., 2006; Moradkhani

and Sorooshian, 2009], the latter step is necessary to account for the propagation of uncertainty in mea-

sured and estimated environmental covariates into the outputs of snail demography models. Covariate

extraction and aggregation to monthly steps was done using the Googl EarthEngine API. Given different

temporal coverage of the remote sensing products, the extraction was made for the period from January

2003 to December 2016.

Precipitation

Among possible remote sensing products of precipitation the Rainfall Estimate version 2.0 of the Climate

Prediction Center (REFV2 product, dekadal estimate at ≈ 10km spatial resolution [Xie and Arkin, 1997])

was retained. The latter has been single out as the product with the highest correlation with rain gauge

measurements over Burkina Faso [Dembélé and Zwart, 2016]. Indeed the estimates of monthly precipi-

tation correlate well (R2 = 0.92) to ground measurements obtained from 10 stations of Meteorological

agency of Burkina Faso (Direction Générale de la météo, Ouagadouguo, Burkina Faso) for the period

2006-2016. The agreement between the data observed at station i , and satellite data was further evaluated

in terms of the average monthly bias Bm(i ):

Bm(i ) = 1

nm

∑
t∈γm

(
Pobs,i (t )−Pest ,i (t )

)
, (6.2)

where m ∈ [1,12] is the month index, γm the set of dates t that have month m, Pobs,i and Pest ,i the

observed and estimated monthly precipitation sums at station i , and nm the number of non-missing dat-

apoints in γm . The bias correction was extended to the rest of the dataset by geographical differentiation

analysis (GDA) [Cheema and Bastiaanssen, 2012]. The estimated monthly bias B∗
m(i ) in the precipitation

estimates at each pixel i was computed through inverse distance weighting (IDW) of the observed biases

Bm( j ) at each gauging stations j as:

B∗
m(i , p) =

ns∑
j=1

d−p
i j ·

(
ns∑

j=1
d−p

i j

)−1

·Bm( j ), (6.3)
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index (EVI, MODIS Terra daily product at 1km resolution [Huete et al., 2002]), the estimated daylight hours

(from [Forsythe et al., 1995]), and precipitation (cf. preceding section). All covariate combination were

tested and the best one selected using the AIC separately for day and night temperatures. In a second step,

the random slopes and intercepts in these best fitting models were estimated as a function of all possible

combinations of fixed (non-temporal) covariates, which included longitude, latitude, mean annual EVI

and mean annual precipitation (for details the reader is referred to [Garske et al., 2013]). The models from

step 2 with the lowest AIC were retained for the prediction of monthly day and night temperature.

The same approach for quantifying the uncertainty in the errors in the estimated precipitation was

applied to the residuals of the multivariate temperature regression models, except that the error models

were fit per station and separately for the rainy (June through September) and dry seasons (October

through May), instead than in a monthly basis as done for the precipitation data.

6.2.3 Model implementation and regionalization of predictions

The ecological model fitting procedure was analogous to the one presented in Chapter 4, testing for

all combinations of covariates and using information criteria for model selection. Model fitting was

done for the data up to December 2016 for the ephemeral habitats in Lioulgou, date at which sampling

was interrupted due to external factors, and up to July 2017 in the permanent habitat in Panamasso.

It is recalled that the ecological models were fit to the field-measured environmental covariates, and

subsequently predictions made using remote sensing estimates of the same covariates (precipitation and

temperature). Ecological models were ranked using the compensated Akaike information criterion (cf.

Chapter 4), and combined into an ensemble model using a weighted sum of model outcomes, where the

weight wi assigned to model i is a function of the difference between its AICc score and the smallest one

obtained in the model set, ΔAICi , as [Burnham and Anderson, 2002]:

wi = e−0.5ΔAICi∑
j e−0.5ΔAIC j

. (6.5)

Model ensemble predictions were realized by performing 1000 simulations of model outcomes using

perturbed remote sensing estimates of rainfall and temperature drawn from their respective error models,

which depended on climatic region (Fig. 6.1) and season (for temperature) or month (for precipitation).

Here, simulations were run between January 2015 and December 2016 to cover 2 whole successions of

rainy/dry seasons. Initial conditions for the simulation were drawn from a uniform distribution whose

bounds correspond to the minimum and maximal sampled snail density in the month of January in each

species/habitat dataset.

After comparison with observed ecological timeseries in the experimental sites, the simulation method-

ology was applied to the pixel-based prediction of snail abundance at the national scale as a proof-of-

concept of the capabilities of the framework. For Biomphalaria pfeifferi, the hydrological ephemerality

regions delineated in Chapter 5 were used as a simple mask for snail presence, thus only prediction

within the permanent and intermediate regions were retained. On the other hand Bulinus spp. can

be present in both permanent and ephemeral rivers, which each have their corresponding ecological

model ensemble (i.e. the models fits to the ephemeral stream in Lioulgou, and the permanent stream in

Panamasso). The two model ensemble were applied each to their respective hydrological ephemerality

region (strongly ephemeral and permanent). In pixels falling in the intermediate ephemerality region,

a weighted mean of the permanent and ephemeral model sets was used, with weights proportional to

the distance to each ephemerality region and summing to 1. As done in the epidemiological analysis in
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5, it is here assumed that at least one species of Bulinus can be present in all hydrological ephemerality

conditions in Burkina Faso (see section 6.4 for justifications). On the other hand, the predictions for snail

ecology in temporary ponds are shown for all the country, thus assuming that these can be found in the

permanent ephemerality region (Fig.5.19).

6.3 Results

6.3.1 Observed seasonal variations of snail populations

The full timeseries of abundance counts highlight the same seasonal pattern as the one observed in the

2014-2015 subset used in the ecological analysis in Chapter 4 (Fig. 6.3). The populations of Bulinus spp. in

the ephemeral habitats in Lioulgou experience population bursts at the start of the rainy season, attaining

peak abundance in August-September and subsequently decreasing sharply in November-December

prior to the complete drying out of the habitats. Both Bulinus spp. and Biomphalaria pfeifferi follow

opposite seasonal fluctuations with maximal abundance during the dry season in March and April, with

population dips during the rainy season. Interestingly, both snail genera in Panamasso present inter-

annual variability. The high densities of Bulinus spp. which were observed in 2014 did not occur again

in the following years. On the other hand, B. pfeifferi populations maintained at high densities during

the 2016 rainy season, which resulted in unusually high densities in early 2017 after which population

collapsed again as the rainy season started. Overall however, seasonal patterns of snail populations

emerge clearly throughout the sampling period (Fig. 6.4).

6.3.2 Uncertainty models for remotes-sensing covariates

Precipitation The REFV2 precipitation product shows a systematic bias in rainfall estimates, generally

over-estimating rainfall during the dry season and under-estimating it during the wet season (Fig. 6.5). Of

importance for snail population dynamics is the general over-estimation of rainfall in the month of May

which could lead to erroneous predictions of snail population bursts. The bias correction methodology

successfully reduced bias as excepted, but also slightly reduced the overall error between observed an esti-

mated precipitation (Fig. 6.5). The normal (ASL) distribution was retained in 5/36 (31/36) month/latitude

error partitions, and captured adequately the distribution of precipitation estimation errors (Fig. C.1).

Temperature The best fitting temperature models were in good agreement with observed day and

night temperature at all three monitoring stations (R2>0.95, Fig. 6.6). Interestingly, both the GLDAS and

MODIS temperature estimates were retained in the best-fitting models. As for the precipitation estimates,

both the normal and the ASL distribution were retained (respectively in 9 and 3 of 12 data partitions by

day/night and season), and represent well the observed error distributions (Fig. C.2).

6.3.3 Predicting snail population dynamics

The population dynamics models incorporating remote sensing covariates as surrogates of locally mea-

sured ones were in good agreement with observed seasonal fluctuations (Fig. 6.7). The simulations

reproduced well the seasonal dynamics of Bulinus spp. in the temporary pond and ephemeral stream,

and their population bursts during the rainy season. The variability in the predicted onset of snail pop-

ulation is well captured by the temprature and precipitation error models, with some models greatly
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Figure 6.7 – Ecological predictions using remote-sensing covariates. Left) Comparison between observed (points) and
simulated (median: red line, dark shading: 50% simulation envelops (SE), light shading: 95% SE of 1000 simulations)
monthly population dynamics using remote sensing covariates in substitution of ground measurements. Right)
Scatterplots between observed and simulated mean monthly abundances (median: points, dark gray: 50% SE, light
gray: 95% SE of 1000 simulations).

overshooting and some under-estimating the initial population growth in June after the first rains for in

the temporary ponds. Although the median simulation tends to under-estimate initial growth, the latter

falls within the 50% simulation envelops (Fig. 6.7). The dry-season peak in the permanent river in Pana-

masso is also well followed by the median simulations. The marked wet season dips in the abundance of

Bulinus spp. are very well simulated with little sensitivity to uncertainty in precipitation and temperature.

On the other hand models of B. pfeifferi are more sensible to covariate variations, in particular in the

March - April population increase, although the median simulation tracks well the observed population

fluctuations. Overall the median simulations are in good agreement with the observed monthly abun-

dance counts (Fig. 6.7, R2 > 0.7), in particular when considering simulation envelops in addition to the

median simulation.

Having verified the accordance between observed snail population dynamics and remote sensing-based

simulations, the analysis proceeds to the application of the ecological model ensembles at the national

scale. It is recalled that simulations were run for the years 2015 and 2016, and results are mapped

here only the predictions of 2016 as an illustrative example. The predicted spatio-temporal patterns

for Bulinus spp. reproduce well the seasonal variations in snail abundance observed in Lioulgou and

Panamasso, i.e. a marked population increase in strongly ephemeral region during the rainy season

and subsequent crash in the dry season, and more stable population levels in the permanent rivers to

the South-West (Fig. 6.8). Patterns worth specific attention are predicted at both latitudinal extremes,

with very low Bulinus spp. abundance predicted in the Southern regions between 9◦ and 11◦, and very

strong population bursts in the Northern parts of the country in July and August. Interestingly, the spatial

heterogeneity in precipitation and temperature amounts in the ephemeral region produces marked

differences in the onset of initial snail population growth between regions, for instance the late increase

in population around 0◦ longitude and 14◦ latitude in July 2016. Similarly, the observed seasonal variation

of B. pfeifferi are matched well by the regionalized predictions, with decreased population densities in the

rainy season and subsequent regain from November on (Fig. 6.9). However,the population densities in the
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Figure 6.8 – Spatio-temporal predictions of the population dynamics of Bulinus spp. in streams for the year 2016
(median of 1000 simulations).

Southern-most part of the country (around 10◦ latitude) are predicted to have an opposite pattern, with

population rise from May throughout the rainy season, and population reduction in the early months

of the year. The results in this area require further investigation and are discussed bellow. Finally, the

predictions of snail population dynamics in temporary ponds showed similar patterns than the ones

in ephemeral streams, with rainfall-driven growth and peak abundances predicted in the months of

July and August particular in the Sahelian zone, and population collapse from December on (Fig. 6.10).

Later population peaks were predicted in September-November in the South-Western part of the country,

although with similar population reductions in from January on.

6.4 Discussion

The aim of this Chapter is to introduce a methodology for the national-scale spatio-temporal prediction

of snail abundance fluctuations across the highly seasonal climate of Burkina Faso, building on the data

and results from chapters 4 and 5.

The analysis of the full 3-year ecological dataset on the abundance of the snail intermediate hosts

confirmed observations made in Chapter 4 which were based on the first 15 months of sampling. The

population dynamics of Bulinus spp. in the ephemeral habitats in Lioulgou (pond and river) were

characterized by strong population bursts at the onset of the rain season, and subsequent population

decline into the dry season, disappearing before habitats dry out completely. On the other hand both

Bulinus spp. and Biomphalaria pfeifferi were present year-long at the surveyed water contact point on the

permanent stream in Panamasso, with population density maxima towards the end of the dry season in

March and April, and reductions in snail populations during the rainy season. Interestingly, inter-annual

variability could be observed on top of this seasonal pattern in the permanent stream, in particular in the

abundance of B. pfeifferi with its population maintaining at intermediate density during the 2016 rainy

season to then rebound at densities that had not been observed before in March and April 2017, after
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Figure 6.9 – Spatio-temporal predictions of the population dynamics of Biomphalaria pfeifferi in permanent streams
for the year 2016 (median of 1000 simulations). Results are shown for the permanent and intermediate hydrological
ephemerality regions only (Fig. 5.18), as a crude proxy of its ecological range (see Fig. 5.17 for species distribution
modelling results along the river network).

Figure 6.10 – Spatio-temporal predictions of the population dynamics of Bulinus spp.temporary ponds for the year
2016 (median of 1000 simulations).
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which population crashed once again. A more in depth analysis would be necessary to determine if this

anomalous pattern can be assigned to the climatic variables in 2016, which was a strong El Ninõ year, or

to natural variability in snail population dynamics. El Ninõ anomalies have been shown to have adverse

effects on snail demography in Kenya due to intense rainfall events which characterize East Africa’s

climate in El Niño years [Kariuki et al., 2013]. On the other hand El Niño tends to produce bellow-average

rainfall in West and Central Africa, and has been associated to the disastrous drought of 1972 in the

Sahel [Sonwa et al., 2017], and the shift of cholera outbreaks from Western and Southern to Eastern

Africa in El Niño years [Moore et al., 2017]. Elucidating the link between El Niño and schistosomiasis

transmission through its impact on local weather patterns would be of great value for anticipating shifts

in transmission patterns, as it has been done for cholera in SSA [Finger et al., 2014; Moore et al., 2017]

and the Bengal region [Pascual et al., 2000]. Another factor which has not been explored here is the

possible ecological interaction between Bulinus spp. and Biomphalaria pfeifferi through inter-species

density effects. Indeed, the abundance of each species seem to follow opposite trends (Fig. 6.3), with the

dry-season peak population density of the former seeing a decline during the three years, whereas the

latter’s increased year after year. Competition between the two intermediate hosts has been argued to

explain, in part, the substitution of S. haematobium by S. mansoni in a village 15km East from Panamasso

in the 1970’s before the widespread use of praziquantel [Colette et al., 1982], it would therefore be of

interest to further investigate this hypothesis.

The first necessary step for applying the expanded ecological modelling framework presented in this

Chapter (incorporating thresholds in population rates of increase) at the national scale was to verify

whether remote sensing estimates of environmental covariates could be used as substitutes for field

measurements. It is important to note that the results presented in Fig. 6.7 are "full" simulations, in the

sense that they are run for the 2 years of simulation fixing only the initial conditions, as opposed to the

1-step ahead predictions shown in Fig. 4.8. The adequate performance of the approach suggests that

the models should behave reasonably well when forced with forecasts of temperature and precipitation,

subject of course to their quality (as done for example in the spatially-explicit modelling of cholera by

Pasetto et al. [2017]). Furthermore, the simulation-based predictions can readily account for uncertainty

in environmental covariate forecasts in a similar fashion at it has been done here for errors in past remote

sensing estimates of driving covariates.

The regionalization of habitat-specific ecological models, specifically between permanent and ephemeral

habitats, was made possible by the use of the whole river-network ephemerality predictions of Chapter 5

to assign the different pixel-base model outcomes to their respective habitats. The underlying assumption

is that the intermediate host’s ecological dynamics are qualitatively different in permanent and temporary

rivers, with Lioulgou and Panamasso being two representative examples at each end of the ephemerality

spectrum, in particular for Bulinus spp. which is present in both habitat types as opposed to B. pfeifferi

(Fig. 6.3). The main limitation of the regionalization of snail population dynamics predictions is the

application of the models fitted at two locations (Lioulgou and Panamasso) to the rest of the territory

with no contemporary validation points. The predicted spatio-temporal patterns seemed reasonable for

Bulinus spp. at the national scale, however the assumption for the ecological dynamics in the intermediate

ephemerality region -i.e. a combination of the ones predicted for the permanent and strongly ephemeral

habitats as a function of distance to each ephemerality region- needs to be verified. Ideally this would

require additional ecological sampling in rivers within this region, although the effort to maintain such

sampling campaigns is significant. Another limitation in the regionalization of predicted snail abundance

in rivers at the national scale is linked to the ecological data used for model fitting, which consisted of

time-based snail counts [Poda et al., 1994]. Indeed, time-based sampling is considered to be consistent

for the analysis of seasonality in terms of relative abundances at given habitat if it is the same person
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which does the sampling throughout the survey period, thus avoiding possible differences in collector-

specific efficiency [Hairston et al., 1958]. The combination of models outputs presented in Fig. 6.8 should

therefore be interpreted as relative variations with respect in each ephemerality region with respect

to observed snail counts in Lioulgou and Panamasso respectively, rather than in absolute terms. The

results in the intermediate ephemerality region combine model ensemble outcomes fit to the two distinct

relative abundance counts, and their interpretation at this point is subject to caveats. On another front, a

sensitivity analysis would need to be done to investigate whether the low predicted abundances in the

South-West (South of 10◦ latitude) are a result of the temperature modelling methodology developed

here, which was only based on data from this Thesis’ three experimental sites, and could thus result in

inaccurate temperature predictions at the national level. To improve temperature modelling results, a

request has been filed for daytime and nighttime temperatures from the 10 synoptic stations of National

Meteorological Agency (Fig. 6.1), however the data was not yet available at the time the results were

produced. The same analysis would need to be done to verify the counter-intuitive patterns obtained for

B. pfeifferi in the South-West which are not in phase with the observed seasonal abundance fluctuations

in Panamasso. A similar analysis could also be carried out to investigate the shifted population peak of

Bulinus spp. in ponds in the same area.

Possible extension of the modelling framework could consist in i) incorporating discharge estimates in the

ecological models for rivers, and ii) extending the pond models to account for snail ecology in man-made

reservoirs and lakes. Both aspects imply a better representation of the hydrological processes underlying

transmission. Regarding rivers, incorporating predicted monthly discharge into the ecological models,

instead of rainfall alone, would allow to differentiate snail population dynamics between tributaries

and the main branches of the Comoé and Volta rivers, thus possibly capturing the adverse effect of flow

velocity on snail abundance [Woolhouse and Chandiwana, 1989; Poda, 1996]. Moreover, building a more

direct link between hydrology and snail ecology could lead to the combined fitting of models to both the

ephemeral river in Lioulgou and the permanent stream in Panamasso, possibly making extrapolations

into the intermediate ephemerality region more robust, conditioned on the difference in population

rates between the distinct snail species that occur in different habitat types. Indeed, B. senegalensis and

B. truncatus (the species found in Lioulgou and Tougou) are known to be very well suited to strongly

ephemeral habitats, whereas B. globosus (the species found in Panamasso) occurs more frequently in

permanent habitats (Table 4.1, [Poda, 1996]). Incorporating species-dependent population dynamics

could be possible by repeating the species distribution modelling done for B. pfeifferi (Fig. 5.17), in

combination with the ecological modelling approach presented here. National-scale predictions of

discharge at the river-stretch level poses non-trivial challenges, in particular due to the issue of data

scarcity highlighted in Chapter 5. However, a hydrologic modelling approach based on the Budyko

framework has shown good results for monthly discharge predictions [Zhang et al., 2008], and provides a

promising solution for discharge prediction in Burkina Faso and other data-scarce regions. Moreover

pixel-based predictions of snail population dynamics in rivers could be further combined with network-

based species distribution modelling results of Chapter 5 (Fig. 5.17) to have a river stretch-base mask

to weigh abundance predictions. Regarding the extension of the ecological modelling framework to

man-made reservoirs and lakes, the main factor which needs to be taken into account is the duration

of surface water presence which can support snail populations, which typically extends beyond that of

temporary ponds in small topographic sinks. This is well illustrated by the historical data presented in the

previous Chapter on the population dynamics of Bulinus senegalensis and B. truncatus in a temporary

pond and a small reservoir respectively (Fig. 2.4, [Poda, 1996]). Using field data and very high remote

sensing imagery, Soti et al. [2010] proposed a hydrological model for water level fluctuations in ponds in

an area of ≈ 100km2 in Norther Senegal, showing good agreement with data, even when the model was

forced with remote sensing estimates of precipitation. Although promising for delimited study-areas,
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data requirement hinder the application of their methodology at the national scale.

On a larger spatial scale, detailed hydrological modelling of water accumulation and evaporation in

reservoirs has been investigated using high-resolution synthetic aperture radar (SAR) remote sensing

data in Norther Burkina Faso [Amitrano et al., 2016, 2017], however the extension of the methodology

to the national scale is not possible due to limitations in data acquisition capacity. However, empirical

relationships between water surface area and reservoir volume established in these approaches could

be used to approximate the retention capacity of small reservoirs in the country in combination with

recently developed global high-resolution estimates of water surfaces and their seasonality [Pekel et al.,

2016]. This information could then be used together with monthly predictions of the evaporative fraction

within the Budyko framework to estimate location-specific surface water availability, which would be

included as a covariate in the ecological modelling framework developed here. Another approach

could consist in following a more conceptual approach along the lines of Tompkins and Ermert [2013],

which presents the advantage of straightforward regionalization at the expense of hydrological realism.

More generally, interesting overlaps with the more well developed field of hydrological modelling for

mosquito-borne transmission could provide new tools for the modelling of the population dynamics of

the snail intermediate hosts in temporary ponds, which are known to play a key role in schistosomiasis

transmission in arid climates [Poda et al., 2004a]. This "water-availability" extension of the modelling

framework would bring it closer to the resource-based model proposed by Gurarie et al. [2017], however

allowing for density feedbacks and temperature effects. The historical data in Poda et al. [1994, 1996],

along with additional data currently being collected in the reservoir and a temporary pond in Tougou,

provide an opportunity for future developments in this direction. On the other hand additional data

would need to be collected on the ecology of B. pfeifferi in man-made reservoirs in the intermediate

ephemerality and permanent hydrological zones.

This Chapter has confirmed the species- and hydrological ephemerality-dependent seasonal varia-

tions that characterize snail population dynamics in Burkina Faso. An extended ecological modelling

framework using remote sensing estimates of environmental covariates showed promising results in

reproducing snail demography at a monthly timestep. The regionalization of the ecological models at

the national scale, informed by hydrological ephemerality regions showed promising results in terms of

general predictions of spatio-temporal patterns of population dynamics. However, discrepancies between

predictions in certain regions, namely the South-West, and the observed seasonal snail variations in

the experimental sites underline the need for further model refinement, chiefly in terms of estimated

temperatures and the incorporation of more detailed hydrologic processes, including river discharge

and water accumulation in reservoirs and lakes. These preliminary results therefore encourage the

development of a modelling framework for the hydrology-adapted ecology of the different species of

snail intermediate hosts of schistosomiasis, with a view on its incorporation into spatially-explicit model

of disease transmission.
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7.1 Hydrology and human-water contact patterns

The association between hydrology and schistosomiasis transmission stressed in the Introduction has

been principally explored in the previous chapters in terms of its impacts on the snail intermediate hosts’

ecology, including its population dynamics (Chapters 4 and 6) and spatial occurrence (Chapters 5 and

6). However, hydrology is also a first order control on where and when surface water is available, and

thus of type of water contact-causing activities may take place. Specific water-contact patterns have

been directly linked in some settings to individuals variations in infection intensity [Klumpp and Webbe,

1987; Chandiwana, 1987; Bundy et al., 1990], and can shape disease transmission at the community level

(see section 1.2.3). In fact, the works by Clennon et al. [2006] and Mutuku et al. [2011] discussed in the

Introduction of this Thesis (Table 1.1) are compelling examples of the effect of hydrology on spatial micro-

epidemiological patterns, even at small spatial scales. Spatial and temporal heterogeneities in water

contact patterns ,-both in their origin (communities, neighborhoods) and destination (water contact

points)- could exacerbate transmission stability and hinder disease elimination through non-targeted

MDA [Barbour, 1978; Woolhouse et al., 1998; Mari et al., 2017a]. The spatio-temporal variations of surface

water presence at the village scale could therefore be seen as an exogenous driver of transmission dy-

namics, and their characteristics could yield useful information for control and elimination programmes.

Indeed, the results of Chapter 5 highlighted an association, between strong ephemerality and uro-genital

schistosomiasis risk, in particular for villages located in close proximity to quasi-perennial waterbod-

ies (Table 5.4). Hydrology-driven variations in the disease’s transmission intensity, e.g. quantified by

the human-to-snails and snails-to-human forces of infection [Anderson et al., 2016], thus need to be

incorporated into national scale spatially-explicit models of disease transmission as the one proposed in

Chapter 3. Of particular interest for modelling transmission dynamics is the seasonality of water contact

patterns relative to that of the climate- and habitat-specific demography of the snail intermediate hosts

[Mari et al., 2017a].

7.1.1 Characterizing human-water contact patterns in the experimental sites

Aiming at addressing the spatial patterns and seasonality of water contacts in the context of the strongly

seasonal climate of Burkina Faso, this section presents preliminary results from questionnaires and

participatory workshops held in the three experimental sites presented in Chapter 2.

The quantification of water-contact patterns has typically been done either through questionnaires [eg.
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Utzinger et al., 2000; Rudge et al., 2008], direct observations at water contact points [eg. Chandiwana,

1987; Sow et al., 2008; Kpoda et al., 2013; Traoré, 2013], or a combination of both [eg. Kloos et al., 1997;

Krauth et al., 2015]. More recent studies have also used wearable GPS tracking devices [Seto et al.,

2013; Traoré, 2013], although this method presents significant technical challenges [Traoré, 2013]. Field

observations present the advantage of being more accurate than questionnaires, although they require

considerable manpower, in particular for inter-seasonal investigations of water contact patterns in

multiple water-contact points [Sow et al., 2008; Traoré, 2013]. In Burkina Faso, direct observations of

children bathing habits in the Sourou valley suggested that water contacts are strongly correlated to

mean daily air temperature, with temperatures above ≈ 25◦C characterizing bathing-prone days [Traoré

et al., 2016]. Also using direct observations, Kpoda et al. [2013] highlighted marked difference between

the water contact activities of men and women in South-Western Burkina Faso, the former being more

associated to agricultural works and the latter’s to domestic chores. The seasonality of water contact

patterns has not been investigated in Burkina Faso, although studies from other countries in West Africa

suggest that seasonal variations do occur [e.g. Klumpp and Webbe, 1987; Ofoezie et al., 1998; Sow et al.,

2011].

Given operational constraints linked to the fact that three experimental sites with multiple water points

each needed to be covered, a questionnaire-based method was retained to collect information on the

seasonal variations in water contacts1. The spatial aspect was explored through a participatory mapping

activity during workshops organized in each village2. More particularly, the water contacts consisted in the

form of one-to-one interviews focusing on adults and covered socio-economic activities, mobility outside

of the village, knowledge on the disease cycle (contamination-consequences-transmission), and water

contacts. Interviews were made so as to cover all village neighborhoods, and to include approximately

the same number of men and women. Interviews were made either in Moore, Bobo or Dioula depending

on the village and with the help of a translator. Water contact questions investigated the type, duration,

frequency and body exposure of water contacts with explicit differentiation between the dry (taken as

June-October) and wet (November-May) seasons. The participatory workshops in each village spanned

three days with the local community and authorities. The workshops were organized in three phases:

understanding local perceptions of schistosomiasis (mode of contamination, pathology, epidemiology,

treatment and prevention), information exchange on the disease, and participatory mapping of water

contacts points and activities in the village. About 35 inhabitants in each village were enrolled for the

participatory workshop. Participants were chosen so as to represent all primary economic occupations

(fishery, agriculture, cattle farming), ethnic groups (Mossi, Peul, Bobo, Dioula), age classes (young,

adults and elders), neighborhoods, and gender. Participatory mapping has been extensively used in

the framework of Participatory Rural Appraisal (PAR) for empowering local communities to sustainably

manage their natural resources [Chambers, 1994; Rambaldi et al., 2006]. Here participatory mapping was

used in complement to the water contact surveys to identify water contact activities and their locations in

the villages (Fig. 7.1). The participatory mapping activities were based on high-resolution satellite images

of the area, on which transparent sheet were laid for annotation. Participants were divided by gender into

small groups (≈6 people), and the activities started by an orientation game in which each participant

had to identify her/his home in the village. Once the participants were familiar with the satellite image,

1Results presented here ensue from the master projects of Anna Faes who performed the questionnaires in Tougou, assisted by
David Yaméogo and Laure Borgeaud, helped in the participatory workshop, and performed initial data analysis; and Charles Marmy
who performed data cleaning and analysis of the whole dataset. Fabrizzio Gonzales Zurita contributed to the cleaning and analysis
of data from Lioulgou during a semester project. Their contributions are gratefully acknowledged.

2The participatory workshops were made possible by Théophile Mande (ECHO-EPFL), and supported by Dr. Dakouré-Sou,
Dr. Bologo, and M. Compaoré at the International Institute d’Ingénierie de l’Eau et de l’Environnement (Ougadougou, BF), and M.
Bagayan and Dr. Zongo at the Institut de Recherche en Sciences de la Santé (Ouagadougou, BF). Their contributions are gratefully
acknowledged. All three village’s inhabitants and traditional and administrative authorities are also warmly thanked for their
collaboration.
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et al., 2006; Mutuku et al., 2011; Kpoda et al., 2013; Meurs et al., 2013; Krauth et al., 2015]. A more in-

depth understanding of spatio-temporal exposure dynamics in the three experimental sites could be

attained through direct observations of water contacts in select access points in different periods of

the year, possibly complemented by the investigation of the availability and use of water infrastructure

[Krauth et al., 2015; Kosinski et al., 2016]. Moreover, direct observations would strengthen the qualitative

information regarding water contact patterns of children which was gathered from discussions during the

participatory mapping activities, since only adults were interviewed during the survey. Additional analysis

of the data collected here could provide insight into the explanatory power and relative importance of

socio-economic and environmental determinants in adult exposure to water, for instance using tools

developped for multivariate analayis in ecology [Legendre and Anderson, 1999].

7.1.3 Hydrology, water contacts, and schistosomiasis transmission

These preliminary results support the view that hydrology, particularly ephemeraliy, and its anthropogenic

alterations, act as first order controls on water contact patterns fueling schistosomiasis transmission.

Indeed, activities leading to water contacts were ultimately determined by the presence and duration

of neighboring waterbodies, exemplified by the absence of water contacts in Lioulgou during the dry

season due to the ephemeral nature of its river, whereas in Panamasso and Tougou most water contact

activities were reported in the dry season, supported by the perennial stream and the reservoir’s water

surface respectively. An overview of the recent evolution of schistosomiasis in the three villages enables

to draw an initial interpretative link between hydrology, snail ecology, and disease transmission.

In Panamasso, intestinal schistosomiasis prevalence in school-aged children has remained relatively

stable around 25% since 2008 despite quasi-annual MDA rounds targeting this specific age class in

the region (Fig. 7.5) [Ouedraogo et al., 2016]. Moreover, a recent parasitological analysis done by the

national Health Sciences Research Institute (Insitut de Recherche en Sciences de la Santé, BF)1 has shown

a prevalence of 26% (20/76) in adults from a single Kato-Katz thick smear, which is very probably an

under-estimation of true prevalence (individuals with at least 1 worm pair) in the population [de Vlas,

1996; Bärenbold et al., 2017]. Adults in Panamasso could therefore play a non-negligible role in fueling

transmission. Moreover, water contact surveys suggest that adult water contacts are the highest during

the dry season, which is also when the population of Biomphalaria pfeifferi peak in the river (Fig. 6.4).

Mathematical modelling results have suggested that synchrony between seasonally varying human-water

contacts and snail abundance greatly favor disease transmission stability [Mari et al., 2017a]. Even if it

has not been shown here that children and adults have similar seasonal water contact patterns, evidence

from other regions of Burkina Faso suggest that high temperatures are associated to more intense bathing

[Traoré et al., 2012], which would therefore contribute to strengthen transmission during the dry season

in the few and tightly packed water access points the villagers use in Panamasso (Fig. 7.4a,c).

Uro-genital schistosomiasis prevalence in Lioulgou has varied significantly between years, with a re-

markable peak of 56% of infected school-aged children in 2013, a year only after MDA was delivered in

the region, which suggests that re-infection occurred rapidly (Fig. 7.5). Lioulgou is at the border of the

intermediate hydrological ephemerality region, and water contact points disappear almost completely in

the dry season (Fig. 7.4b), and barely an activity leading to water contacts was reported during the survey.

However, the presence of a temporary pond in close proximity to the village’s school favors the concentra-

tion of activities in a well-delimited area while the pond doesn’t dry up, in particular recreational bathing

of children (Fig 2.7). Indeed, the abundance of Bulinus spp. in the temporary pond did not collapse until

1Unpublished data shared by Dr. Zongo (IRSS, BF), his collaboration is gratefully acknowledged.

126



7.1. Hydrology and human-water contact patterns

��

�

�

0.0

0.1

0.2

0.3

0.4

0.5

2008 2010 2012 2014 2016
year

pr
ev

al
en

ce

village
�

�

�

Panamasso
Lioulgou
Tougou

Figure 7.5 – Evolution of schistosomiasis prevalence in the experimental sites. Bars (points) indicate the prevalence of
uro-genital schistosomiasis in Tougou and Lioulgou, and the intestinal form in Panamasso, in school-aged children
(adults). Years in which MDA rounds targeting school children (the whole community) took place in the village’s
region are indicated by single (double) arrows1[from Ouedraogo et al., 2016]. Lioulgou and Panamasso are part of the
sentinel sites of the national schistosomiasis control program. Parasitological surveys in Tougou and among adults
were conducted by the IRSS.

December (Fig. 6.4), thus providing a 6-month time window for transmission to occur between the snail

population bursts following the start of the rainy season in July, and the onset of snail aestivation. The

concentration of water contacts in limited numbers of available waterbodies in ephemeral landscapes,

here that of children in a temporary pond inhabited by the intermediate snail hosts, could therefore

strongly favor parasite circulation. This effect has also been foreseen in the analysis of mathematical

models allowing for the spatial structuring of water contacts, in particular highlighting that a possible

measure to reduce transmission would be to increase the number of water contact points, in particular

if the additions are snail free [Mari et al., 2017a]. On the other hand, prevalence in adults was of 0/83

in the individuals prospected by the IRSS in 2017 (Fig. 7.5). Although the prevalence in adults prior to

the initiation of annual community-wide MDA in 2014 [Ouedraogo et al., 2016] is not known, it could be

assumed that treating adults was effective in reducing worm burden, and that water contact patterns

in adults did not favour re-infection. Indeed, water-contact surveys suggested that no contact occurred

during the dry season, and water contact activities during the wet season are distributed between a

large number of water contact points, in particular in the rain-fed rice paddies which cover ≈ 100ha

North of the village. Although activity-specific exposure indeces would need to be computed to support

this hypothesis, it is noteworthy that no Bulinus spp. specimens were found in the rice paddies during

exploratory samplings in July and August 2014, therefore suggesting that transmission to adults does

not occur during rice culture. A more comprehensive malacological sampling is necessary to verify this

observation.

Information on schistosomiasis prevalence in Tougou was more limited than in the other two villages,

with only one sampling done by the IRSS in 2016 for children (performed in the South-Western school

in Fig. 7.4), and one in 2017 involving adults (covering all neighborhoods) (Fig. 7.5). Prevalence in

1According to Ouedraogo et al. [2016], from 2004 to 2008 MDA took place in average biannually in all regions in the country.
Information on the relative timing of parasitological surveys in years in which praziquantel was distributed by health authorities
was not available from accessible reports.
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school-children was around 5%, similar to that of Lioulgou, and also observed in schools in the central

part of the country [Savadogo et al., 2015; Ouedraogo et al., 2016]. On the other hand, the village-level

prevalence in adults was of 8% (6/75), with most egg-positive individuals (5/6) coming from Tambeguede

(northernmost neighborhood in Fig. 7.4), for which prevalence was of about 20% (5/26). Interestingly,

numerous water contact-causing activities both during the wet and the dry seasons were reported to

take place along the reservoir shores in close proximity to this neighborhood (Fig. 7.4c,f), although the

neighborhood-level FDB exposure index estimated from questionnaires did not particularly stand out

from the others (Fig. 7.3). To draw specific conclusions regarding schistosomiasis micro-epidemiology in

the village, a more detailed analysis of the association between prevalence -both in children and adults-

and water contact patterns in Tougou is warranted, using complementary parasitological, malacological,

and observational data [Rudge et al., 2008; Stothard et al., 2011; Meurs et al., 2013; Krauth et al., 2015].

However, these preliminary results strongly support the hypothesis that the reservoir plays a key role in

transmission by enabling a wide scope of water-contact causing activities in well-defined areas, including

recreational bathing by children but also agricultural activities. As stressed by others, the construction of

reservoirs thus not only expand suitable habitat for the snail intermediate hosts in irrigation canals and

along reservoir shores and its tributaries, but can also have an impact on socio-economic and recreational

activities, leading to increased levels of human-water contacts and ensuing disease transmission [Poda

et al., 2003; Steinmann et al., 2006; Boelee et al., 2009].

Pursuing the conclusions broached in Chapter 5, the preliminary results presented here cast light on the

role of hydrology, in particular ephemerality, in schistosomiasis transmission in Burkina Faso. Indeed,

spatial and temporal seasonal aggregation of water contacts in ephemeral landscapes are possibly at the

origin of intense parasite circulation between human and snail hosts. This effect is exemplified here by

the remarkable increase in school-aged children prevalence in 2013 in Lioulgou -where a single pond

attracts important recreation bathing by children from the neighboring schools- and the adult prevalence

in observed in Tambeguede -where adjacent reservoir shores support a wide range of activities year

round. Water contact aggregation in the perennial stream in Panamasso is due to the close proximity

of the few well-defined access points used in the village, possibly accentuated by seasonal variations in

water-contact causing activities, also highlighted in Tougou anournd its reservoir. From a theoretical

standpoint, the association between spatio-temporal heterogeneities and schistosomiasis transmission

stability is well understood [Barbour, 1976; Woolhouse et al., 1991, 1998; Gurarie and King, 2005; Mari

et al., 2017a]. Bearing in mind the habitat-dependent seasonality of snail ecology highlighted in Chapters

4 and 6, the survey and participatory mapping results presented here substantiate this association along

two axis: on one hand the synchrony between snail abundance fluctuations and human-water contact-

causing activities, and on the other the spatio-temporal aggregation of human-water contacts foster by

ephemeral hydrologic conditions. This Thesis has provided evidence for the hydrological underpinning

of both aspects, although additional analysis are needed to confirm and strengthen the interpretations

presented here. Importantly, mechanistically linking hydrology and schistosomiasis provides a promising

path to a process-based appraisal of transmission dynamics at the national scale through the use of

spatially-explicit mathematical models ensuing from Chapter 3.

7.2 Modelling and the ecohydrology of schistosomiasis

7.2.1 Expanding the modelling framework

Two main aspects of the spatially-explicit mathematical modelling framework developed in Chapter 3

could be expanded based on the ecohydrologic insight brought forward by this Thesis in the view
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of supporting control and elimination decisions. The first one, which was the primary focus of the

fieldwork in Burkina Faso, is to account for the ecology of the snail intermediate hosts, both in terms

of snail occurrence and seasonal population dynamics. A first step towards the regionalization of the

local ecological models developed in Chapter 4 has been proposed in Chapter 6 using remote sensing

covariates, and possible ways forward to better account for hydrological drivers of snail demography

have been discussed in detail in the latter. The collection of the type of data necessary to the building of

the ecological models presented in Chapter 4 (multiple sites during multiple years) requires significant

effort and means, thus hindering the replication of the results obtained here in other endemic countries

in SSA. However, the literature review presented in the Introduction (section 1.2.2) stressed a need for

this type of work in the face of the constant decline in multiannual ecological studies on snail population

dynamics in SSA (Fig. 1.3). A possible way to bridge this gap while new studies are undertaken would

be to perform a systematic analysis of the historical timeseries data gathered from the review, possibly

following methods similar to that of Chapter 4 depending on the availability of suitable environmental

covariates, to determine general patterns of snail abundance seasonal fluctuations across habitat types

and ecozones (illustrated in Fig. 1.3). This would complement existing snail spatial occurrence data

analyzed through species distribution models in SSA [Stensgaard et al., 2013]. The second aspect of

the spatially-explicit modelling framework which requires improvements ensues from the preliminary

results from the surveys and participatory workshops in the preceding section, and concerns the spatio-

temporal aggregation of human-water. Indeed, both the contamination and exposure parameters linked

to human-water contacts, which were assumed constant and population density-dependent in eq. 3.8,

should be made time-varying. More particularly, these parameters could be defined as a function of

site-dependent hydrological ephemerality of rivers and streams, in combination with remotely-sensed

presence of waterbodies. It is clear that widespread access to water infrastructure will reduce the strength

of the association between hydrology and water contact patterns, in particular regarding domestic

chores [Krauth et al., 2015; Kosinski et al., 2016]. However, beyond the issue of access to and use of

water infrastructure and its actual impact on reduction water contacts [Grimes et al., 2015], coverage is

still low in Burkina Faso (only 43% of the rural population has access to at least basic water as defined

in World Health Organization and UNICEF [2017]), and it is reasonable to assume that reductions in

agricultural activities requiring water contacts, and recreational bathing by children in warm climates,

are unlikely to occur through infrastructure interventions alone. Albeit additional analysis on water

contact patterns in the three experimental sites is warranted, the hypothesis that hydrology (i.e. distance

to the closest waterbody) is a first order control on the seasonality and spatial configuration of human-

water contacts under the strongly seasonal climate of Burkina Faso has been highlighted. Moreover, the

relationship between hydrological ephemerality and schistosomiasis prevalence drawn in Chapter 5 and

in the previous section may also explain the greater negative effect of dam construction in the Sahel with

respect to other regions highlighted by Steinmann et al. [2006], thus encouraging the extension of the

approach proposed in this Thesis to other areas in SSA.

7.2.2 Seasonality and schistosomiasis transmission dynamics

Expanding the ecohydrological aspects mentioned above could enable to account for the seasonality

of both snail abundance and exposure/contamination patterns within a spatially explicit framework,

shedding new light into their importance for schistosomiasis transmission. Indeed, seasonal variations

in environmental drivers of transmission occur in numerous infectious disease systems, many of witch

have received significant attention from a theoretical points of view (see Altizer et al. [2006] for a review).

Despite the extensive description of seasonal variations in the abundance of the snail intermediate hots

since the early 1950’s (see section 1.2.2), and in human-water contact patterns (see the previous section),
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seasonality has only very recently been incorporated explicitly into mathematical models of diseases

transmission, most of which with a focus on the control of S. japonicum using simulation studies [Liang

et al., 2007; Remais et al., 2009; Remais, 2010; Gao et al., 2013, 2017], and fewer aiming at a qualitative

understanding the dynamical behavior of the snail-human-schistosome system [e.g. Ciddio et al., 2015;

Mari et al., 2017a]. Using simple, but analytically tractable models, the latter have illustrated how complex

dynamics may arise when seasonality is incorporated into Macdonald’s model, and how the phase shifts

(relative timings) and amplitudes of seasonal components may produce qualitatively distinct dynamics,

the most relevant from a control point of view being that of the stability or instability of the disease-free

equilibrium (see Appendix A). Additional sources of transmission seasonality not contemplated in these

mathematical models may also include the temperature-dependent development of patency and onset

of cercarial shedding in snails [Pitchford et al., 1969; Shiff et al., 1979; Woolhouse and Chandiwana,

1990b]. The evidence from the literature, and from the work in this Thesis, thus suggest that seasonality

is the norm, rather than the exception, in schistosomiasis-endemic setting throughout SSA, owing to

the specificities of the socio-ecohydrological system in which transmission is embedded. Moreover, the

amplitude and phases of seasonal forcings vary spatially at the national level, mainly as a function of

climate and hydrology, and potentially interacting with the spatial dynamics of disease transmission due

to human mobility and hydrological connectivity [Gurarie and Seto, 2009; Ciddio et al., 2016; Mari et al.,

2017b, and Chapter 3 of this Thesis].

The importance of seasonality suggested here may have implications for the way schistosomiasis trans-

mission is conceived and implemented in (spatially-implicit) mathematical models currently used to

investigate the feasibility and requirements of transmission interruption in endemic countries in SSA [An-

derson et al., 2015; Gurarie et al., 2015; French et al., 2015; Truscott et al., 2017]. Indeed, these approaches

have typically assumed constant transmission parameters which are fit to parasitological data assuming

that the system is at a stable endemic equilibrium (except for the the Case-Western-Reserve model in

Truscott et al. [2017]), incorporating the effect of MDA through a reduction of the worm burden in the

population, and simulations subsequently compared against follow-up infection data. This procedure

precludes the models from disentangling seasonally varying transmission patterns, and can lead to

the conclusion that parasite accumulation in the population occurs throughout the year through an

"average" rate of infection (what Barbour [1996] denotes the "trickling" hypothesis in Macdonald’s model,

to which he contends against). Although point-prevalence data assumed to correspond to an endemic

equilibrium can be reproduced by simple models with time-constant or time-varying parameters1, their

dynamic response to external forcing (for instance MDA) can be radically different, yielding either slow or

fast re-infection patterns depending on parameter values. This concern has been raised by Gurarie et al.

[2017], which have attempted to correct for it by including (non-seasonal) snail population dynamics,

and a saturating human-to-snail force of infection (eq. 9 in the above-cited article) which in turn forces

the model parameters to produce stronger snail-to-human transmission (this is well illustrated in Fig. 5 of

Truscott et al. [2017]). As argued by Gurarie et al. [2017], a consequence-heavy corollary of not assuming

constant transmission parameters through year-round "trickling" accumulation of worms, but rather

a strong but varying snail-to-human force of infection, is that gains attained with MDA are inherently

precarious since the potential for disease transmission (cf. the notion of "internal potential" discussed

below) remains high, and if materialized can yield very rapid re-infection. Although they expressed this

mathematically with the saturating human-to-snail force of infection, another natural formulation would

be in terms of seasonal (and potentially synchronous) drivers of transmission as discussed above. It is

clear however that re-infection will only occur if parasites are re-introduced into the snail population,

1As a matter of fact, a simple transmission model allowing for time-invariant snail population dynamics has been shown to
be able to produce complex dynamical behaviors, including stable fixed points and limit cycles, which expanded to a seasonal
time-varying form can yield period doubling bifurcations and chaotic dynamics [Ciddio et al., 2015].
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which can be seen as a highly stochastic process [Barbour, 1976, 1996], and thus does not systematically

happen. The evolution of school-children prevalence in Lioulgou can be seen as a compelling example of

this process, with the strong re-infection patterns observed in 2013, but not in 2009. What could be seen

as a mathematical technicality could therefore have important consequences in terms of the accuracy of

the projected long-term evolution of schistosomiasis at national levels as the one attempted by Anderson

et al. [2015]; Gurarie et al. [2015], and the strategic decisions that are made based on them1.

Following this line of thought, incorporating seasonality into mainstream mathematical models, both

in terms of snail ecology and exposure/contamination processes as discussed above, could be a new

and fecund path in the representation of schistosomiasis transmission dynamics. This could not only

potentially "save" the mean-worm-burden approach by yielding more adequate estimation of the basic

reproduction number2 which had been criticized by Barbour [1996] (cf. section 3.2), but could also

provide important insight into the ways to reach and maintain transmission interruption by allowing

for the existence of "windows" of intense transmission which are known to strongly affect the efficacy

of chemotherapy [Augusto et al., 2009; Ahmed et al., 2012; Tchuem Tchuenté et al., 2013; Senghor et al.,

2015]. This stance echoes the approach followed by Liang et al. [2007] who expressed the importance of

local environmental, behavioral and socio-economic factors in the concept of the "internal potential" of

S. japonicum transmission, with well-defined temporal windows in which it occurs, denoted as "gating

effects", depending on the relative seasonal variations of the incorporated forcings. This approach

was made possible by a rich set of data on the factors affecting transmission in the three villages the

modelling framework was applied to, yielding a comprehensive appreciation of the distinct dynamics of

schistosomiasis transmission in each site, and identifying potential measures to curb it. Nevertheless, its

application to a regional or national scale is unclear, and possibly hindered by the very data requirements

that rendered its tailored results so insightful.

Transposing this experience to SSA may help to better define control and elimination strategies in

endemic countries. However this will require the re-definition of key seasonal social-ecological drivers of

schistosomiasis specific to the Bulinus-S. haematobium and Biomphalaria-S. mansoni systems across

endemic countries in the sub-continent, with the challenges it entails, among other, in terms of data

collection. Nevertheless, the association between hydrology and these drivers that has been highlighted

in this Thesis in the case of Burkina Faso is encouraging in the possibility to successfully incorporate

them into a full ecohydrological spatially-explicit mathematical model of disease transmission at the

national scale.

7.2.3 A wider view on schistosomiasis ecohydrology

Taking a further step back, the appraisal of the spatio-temporal ecohydrological drivers of schistosomiasis

transmission through mathematical modelling brought to the fore in this Thesis could be seen as a first

step towards developing a comprehensive ecohealth approach to the disease. Ecohealth is a relatively new

discipline that fosters the creation and synthesis of inter- and transdisciplinary knowledge at the ecology-

health nexus [Parkes, 2011], which has been strongly advocated for the apprehension of health issues

1Thinking through the conception of schistosomiasis as driven by very intense parasite circulation events with variable duration,
rather than through the prism of the "trickling" hypothesis could lead to conceptualize the disease’s transmission as seasonally
recurring epidemics, rather than one with slow dynamics. Interestingly, the term "epidemic" has been used in some occasions for
schistosomiasis [e.g. Talla et al., 1990; Cunin et al., 2000; Wang et al., 2004; Appleton et al., 2008], although always in cases where the
disease was not present before or in areas with rapid resurgence.

2As mentioned previously, the aggregation of human-water contacts, heterogeneity in individual exposure/contamination risk,
and synchrony in seasonal variations in snail abundance and exposure have all been shown to strengthen transmission, yielding
a stable endemic equilibrium for sub-threshold values of the equivalent homogeneous basic reproduction number [Mari et al.,
2017a].
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and neglected tropical diseases in Africa [Bergquist et al., 2017]. Indeed, the field and theoretical work

undertaken in this Thesis with respect to schistosomiasis has addressed different aspects of the social-

ecological system (cf. Utzinger et al. [2011]), using tools of and building on collaborations with experts

from different disciplines. At the village scale were explored chiefly the ecology of the snail intermediate

hosts through ecological sampling, environmental monitoring, and mathematical modelling; and the

seasonality of water contact-causing activities and their spatial configuration through questionnaire

surveys and participatory mapping activities. At the national scale were investigated the role of water

resource development in conjunction with human mobility through stability analysis of spatially explicit

models of transmission; and the role of ephemerality on the geography of the disease owing to the

ecological range of the intermediate hosts and speculated patterns of human-water contacts through

hydrological modelling and epidemiological analysis. Interestingly, hydrology has served as the common

denominator in all these analysis, and is thought to hold the key for bridging the local and national

scales of analysis through the incorporation of the seasonal drivers of disease transmission discussed

in the preceding section into a national-scale spatially explicit model of disease transmission. It is

clear however that the approach is not comprehensive, indeed the participatory workshops in the three

villages were not held at the very onset of the research project, and the research agenda had already

been defined, and thus could not take into account the specific needs and interests of the population.

However, these workshops yielded important insight into the socio-economic and behavioral component

of transmission, fueling much of the results and interpretations in section 7.1. Mathematical models

that incorporate the type of hydro-socio-ecological drivers as the ones discussed in this Thesis can be

seen as an important component of the appraisal of the complexity of schistosomiasis through and

ecohealth approach, which can be usefully expressed and studied in terms of dynamical systems [Michael

and Madon, 2017; Ngonghala et al., 2017]. This methodological approach could be applicable to other

waterborne and vector-borne disease presenting environmental transmission pathways [Garchitorena

et al., 2017]. Ecohydrological approaches to schistosomiasis must therefore strive to benefit both from

the insight from ecology regarding host-pathogen system dynamics [Cable et al., 2017], in particular for

causal inference [Plowright et al., 2008] and model-guided fieldwork [Restif et al., 2012]; and from the

multi-scale modelling and parameter estimation methodologies from hydrology (as discussed in King

and Caylor [2011] with a focus on plant ecohydrology).

7.3 A frame of action for surveillance-response

If the process of establishing the most appropriate path towards schistosomiasis elimination is still

ongoing [Lo et al., 2017; Tchuem Tchuenté et al., 2017; Sokolow et al., 2017], there is a strong consensus

with respect to the need for appropriate surveillance-response systems (SRS) to secure transmission

interruption once it is attained [Zhou et al., 2013; Rollinson et al., 2013; Tambo et al., 2014; Manyangadze

et al., 2015; Bergquist et al., 2015; Xu et al., 2016; Malone et al., 2017; Stothard et al., 2017]. It is here argued

that a spatially-explicit mathematical modelling framework ensuing from the expansions proposed in

section 7.2.1 could be a key ingredient in such systems in endemic countries in SSA.

Surveillance is defined as "the continuous, systematic collection, analysis and interpretation of health-

related data needed for the planning, implementation, and evaluation of public health practice"[World

Health Organization, 2012b]. Data, its collection, analysis and interpretation, are thus at the core of

surveillance response systems (SRS) for both epidemic and endemic diseases [Choi, 2012]. Indeed SRSs

are implemented at the national scale, therefore requiring the assimilation of geographically embedded

epidemiological data [Bergquist et al., 2015]. Computational tools are essential to the operation of SRSs

for database management and the development of statistical/mathematical models to process, extract
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and predict the spatio-temporal characteristics of the surveyed disease [Zhou et al., 2013; Feng et al.,

2016]. The blossoming of remotely-sensed spatial datasets has had a profound impact on the discipline

of spatial epidemiology, in particular in the direction of statistical mapping tools for the prediction of

pathogen/vector/reservoir species’ ecological ranges as a proxy of infection risk [Ostfeld et al., 2005] (see

Manyangadze et al. [2015] and Walz et al. [2015a] for reviews regarding schistosomiasis). Furthermore

statistical modelling has been at the core of a large number of surveillance systems proposed for water-

borne [Lleo et al., 2008], snail-borne [Malone et al., 2001, 2017], and arthropod vector-borne diseases

[Kalluri et al., 2007; Eisen and Lozano-Fuentes, 2009; Kelly et al., 2011; Yang et al., 2012a], with a particular

emphasis on NTDs [Bergquist et al., 2015; Tambo et al., 2017]. Indeed, disease mapping permits the

identification of high risk areas and the prediction of the effect of future changes in climatic and abiotic

factors on disease hotspots [Zhou et al., 2013; Bergquist et al., 2015] (see Lai et al. [2015] for a compelling

example). These functionalities are meant to support the design of active and passive surveillance

sampling startegies of the territory for the compilation of the minimal essential database (MEB) which

constitutes the cornerstone of any SRS [Zhou et al., 2013; Bergquist et al., 2015]. A major challenge for

SRSs for NTD elimination is the operationally-meaningful definition of the MEB, and the spatio-temporal

sampling scheme it entails, encompassing the choice of diagnostic tools (classical or rapid) and the

sampling locations, timing and objects (humans, vectors, environmental concentrations of the pathogen).

In the face of these considerations, statistical mapping approaches may fall short in answering the

minimal essential data question because of the difficulty for these tools to adequately take the dynamical

nature of infectious disease transmission into account [Kalluri et al., 2007]. Regarding SRSs, process-

based approaches that are spatially resolved on national scales have been featured for evaluating the cost-

effectiveness of alternative intervention scenarios [Zhou et al., 2013]. Indeed, the explicit formulation of

the mechanisms behind disease transmission provides a framework for comparing control options based

on their costs and dynamical effects on disease burden on various spatial and temporal scales [eg. Guyatt

and Tanner, 1996; Williams et al., 2002; Lo et al., 2015, 2016]. Both statistical and mathematical models

have been incorporated into the Chinese schistosomiasis surveillance-response system, building on the

process-based temporal capabilities of mathematical models and the spatial capabilities of statistical

methods [Feng et al., 2016]. Furthermore, the appraisal of infectious disease transmission as spatially

explicit dynamical systems is relevant for the formulation of pathogen (re)invasion conditions which

extend the fundamental concept of the basic reproduction number to connected spaces [Gatto et al.,

2012], as proposed for schistosomiasis in Chapter 3 of this Thesis (see Appendix A). In this framework,

pathogen invasion and spread are inherent characteristics of disease transmission dynamics that can be

expressed in terms of the dynamical stability of the system accounting for spatial connectivity [Gatto et al.,

2013], and seasonal variability [Mari et al., 2014b]. A spatially-explicit modelling framework expanding

the one developed in Chapter 3, accounting for the ecohydrological drivers of disease transmission could

therefore be valuable in assessing the optimal deployment of surveillance resources, in particular the

choice of sentinel sites and the frequency at which parasitological sampling needs to take place with

respect to the spatially-varying seasonality of transmission. Moreover, models allowing for hydrological

connectivity could leverage data from novel environmental surveillance methods such as eDNA [Stothard

et al., 2017], as it has been successfully done for an infectious disease of freshwater fish in rivers [Carraro

et al., 2017]. Echoing the utility of ecozones for the inference of schistosomiasis transmission across large

spatial scales voiced by Brooker et al. [2002], the developments proposed here for surveillance would be

directly supported by ecohydrological insight, possibly resulting in an increased efficiency of the use of

the often limited resources at the disposal of the ministries of health in endemic countries.

Regarding response, a spatially-explicit model of schistosomiasis could readily allow for the testing

and optimization of control strategies. First and foremost would be the exploration of the effect of

tailoring the timing of MDA to the ecohydrological seasonality of disease transmission. Indeed, the
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observed importance of seasonal disease transmission for the efficacy of MDA [Augusto et al., 2009]

has not yet been addressed by mathematical models in SSA, and could provide key information on the

optimization of available praziquantel supplies in the view of transmission interruption. Moreover, the

explicit incorporation of snail ecology into the modelling framework allows for the investigation of the

optimal timing of snail control measures as a function of hydrology and habitat types. For instance the

central role played by the temporary pond in Lioulgou in schistosomiasis infection in schoolchildren

could very well justify targeted mollusciciding, however the shores of Tougou’s reservoir seem like a less

suitable target. The nature and spatial configuration of waterbodies sustaining transmission therefore

needs to be taken into account, which could be done thanks to growing availablity of remote sensing

products with increasing spatial and temporal resolutions [Malone et al., 2017]. Importantly, the spatially-

explicit nature of the transmission model could also allow for the determination of optimal space-time

allocation of resources drawing from optimal-control theory [Sokolow et al., 2017].
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8 Conclusion
The fascinating complexity of Schistosoma spp.’ lifecycle is rooted in the interplay between climatic,

environmental, ecological, and socio-economic factors affecting the snail-human-schistosome system.

This Thesis aimed at addressing this complexity through the development of a mathematical modelling

framework grounded in a field-based ecohydrological approach which permits a predictive appraisal of

the spatio-temporal determinants of disease transmission.

The latitudinal climatic gradient in Burkina Faso, combined with the presence of both the uro-genital

and intestinal forms of the disease, provided a representative experimental setting in which to investigate

the link between hydrology and schistosomiasis. A spatially-explicit mathematical model of transmission

was applied for the first time at the national scale, allowing for connectivity through human mobility

inferred from population density maps, and spatially-varying parameters of transmission. The relevance

of expressing disease transmission in terms of spatial dynamical systems was addressed in by the theo-

retical analysis of the effect of mobility and water resources development on parasite (re-)invasion of

the connected space. An analytic expression of the stability of disease spatial spread, the generalized

reproduction number, was used to explore wide ranges of uncertain model parameter values, focusing on

human mobility and water contact rates, along with the effect of dam construction in terms of altered

snail probability of presence. On one hand, the appraisal of schistosomiasis transmission through this

national-scale spatially-explicit model brought additional evidence to the relationship between water

resources development and schistosomiasis risk. On the other hand, it also shed light on the interplay

between the local and larger-scale effects of water resources development due to the likelihood of parasite

dispersal through human mobility, in particular if it occurs in highly connected locations. Importantly,

the development of the national-scale model highlighted the limitations of its underlying assumptions,

chiefly regarding snail ecology -assumed constant-, and human-water contact patterns -assumed a func-

tion of population density. Hydrology can be seen as a first order control of both processes. For the former

by regulating the presence and quality of snail habitat and conditioning ecological dynamics therein.

For the latter by constraining the occurrence and spatial configuration of the waterbodies supporting

human-water contacts.

The hydrological underpinning of the socio-ecological drivers of schistosomiasis transmission was high-

lighted in this Thesis both at the local and national scales. Field and modelling ecological studies in three

experimental sites along Burkina Faso’s climatic gradient revealed a habitat- (natural vs. man-made) and

hydrology- (permanent vs. ephemeral) dependent seasonality in snail population dynamics. Opposite

phases were observed in the abundance fluctuations of Bulinus spp. in ephemeral ponds and rivers which

undergo population burst and crash during the rainy season, with respect to permanent rivers harbouring

perennial populations of both Biomphalaria pfeifferi and Bulinus spp. who’s population decreased during

the rainy season and peaked at the end of the dry season. Interestingly, snail demography in man-made

habitats resembled that of the sampled permanent stream although located in otherwise ephemeral
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landscapes. Moreover, statistical model comparison and averaging techniques helped identify controver-

sial density-feedbacks in all habitats, and provides an approach for the prediction of snail population

dynamics using environmental covariates. At the national scale, the link between hydrology and snail

ecology was substantiated through the classification and prediction of hydrological ephemerality of

Burkina Faso’s whole river network. This allowed for the incorporation of hydrological characteristics,

subsumed in discrete classes of ephemerality, into species distribution modelling of the occurrence

of the snail intermediate hosts. The predicted ecological range of B. pfeifferi along the country’s river

network was identified as the dominant risk factor associated to intestinal schistosomiasis in a statistical

analysis of the disease’s geography. The possibility to bridge from the local to a national scale appraisal of

snail population dynamics was suggested by preliminary results from a combined national scale model

of snail demography driven by remote-sensing estimates of precipitation and temperature, although

further model refinement is warranted. Shedding new light into national-scale patterns of uro-genital

schistosomiasis, the observed association between hydrological ephemerality and disease prevalence was

interpreted as a consequence of the spatio-temporal aggregation of human-water contacts driven by the

(contracted) availability of surface water. This interpretation was supported by the analysis of preliminary

results from water-contact surveys and participatory workshops held in the three experimental sites.

These suggest strong seasonal variations both in the frequency of water contact-causing activities in all

three villages, and the spatial configuration of the water contact points in which they occur, especially in

ephemeral landscapes. Additional data, especially regarding children water contacts, and analysis are

both required to validate and better quantify these findings. Despite of this the observed association

between hydrology and schistosomiasis risk through its hypothesized effect on the aggregation water

contacts is encouraging for the development of a future appraisal of exposure and contamination patterns

in spatially-explicit models of disease transmission.

The results in this Thesis support the stance that ecohydrology offers a promising angle from which to

look into the complex transmission cycle of schistosomiasis in SSA, potentially yielding useful insight

into how best to control it. The ecological studies of the snail intermediate hosts along Burkina Faso’s

climatic gradient, supported by on-site monitoring of environmental and hydrological covariates, are

at odds with the previously-noted decreasing trend of attention drawn to snail population dynamics

in the literature. Moreover, the novel incorporation of hydrology in snail species distribution models

improved their predictive accuracy, thus warranting its more systematic appraisal in ecological range

studies. Hydrology was also directly linked to disease transmission through the odd-ratio analysis of

schistosomiasis prevalence against ephemerality and socio-economic covariates. The results suggested a

non-linear relationship between ephemerality and the epidemiology of schistosomiasis resulting from

the ecological constraints it imposes on snail occurrence on the one hand, and possibly favouring the

concentration of human-water contact on the other. Even if the latter point remains to be further

substantiated, it strongly supports the thesis that hydrology is not only a determinant of the ecology of

the intermediate hosts, but also that of the human host by conditioning the type, seasonality, and spatial

configuration of livelihood-supporting activities through which water contacts occur. This can be often

seen in most rural areas with seasonal climates like that of Burkina Faso. The successful incorporation

of both these aspects into the spatially-explicit modelling framework proposed in this Thesis could

have important implications for the way national schistosomiasis elimination programs are operated

in endemic countries in SSA. First of all, the revealed phase shifts between permanent and ephemeral

habitats in the seasonal fluctuations of snail abundance could help determine climate- and hydrology-

specific windows of intense transmission. These could have important implications for the optimization

of the timing of MDA in Burkina Faso. Countries with strong geographical climatic gradients in SSA

could also benefit from this type of knowledge. It is recognized that looking beyond MDA optimization is

needed. In this context, the spatially-explicit modelling framework proposed in this Thesis could provide
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an important tool for the design and implementation of adequate surveillance-response systems (SRSs)

which are deemed necessary for the elimination of schistosomiasis and NTDs in general. Such framework

could help answering the question of the minimal essential database needed to be collected through

active and passive channels to adequately survey the state of a disease in a country. Spatially-explicit

mathematical models, such as the one developed in this Thesis, are uniquely equipped to answer this

inherent spatial challenge for better understanding and controlling schistosomiasis. Moreover, the issue

of parasite re-introduction through human mobility or other transport mechanisms becomes increasingly

important when approaching elimination, which can be taken into account as demonstrated in this Thesis.

Finally, the proposed mathematical modelling framework herewith developed could be used to tailor

response packages combining MDA, snail control and other measures to specific socio-ecohydrological

settings. It is foreseen that the framework could also accomodate cost-efficiency analysis of measures

being implemented.

The findings presented here can be seen as a first step in the ecohydrological appraisal of schistosomiasis

in SSA through mathematical modelling, noting that numerous points deserve further research. Though

an initial methodology has been proposed for the regionalization of the ecological models of snail

population dynamics, further investigation is required to verify the validity of the predictions beyond the

range covered by the three experimental sites. Additional ecological sampling across habitat types and

hydrologic regimes could also strengthen the approach, despite the operational challenges and financial

costs they imply. Applying similar methods as proposed in this Thesis to timeseries of snail abundance

across SSA gathered from the literature could provide a continental scale perspective on the seasonal

characteristics of snail population dynamics. This could be particularly useful for countries in which

schistosomiasis is a public health concern and where there are scarce historical malacological datasets.

Moreover, the extension of the proposed methodology for the classification and prediction of hydrological

ephemerality to the continental-scale river network would be valuable for updating snail ecological range

maps in SSA, and could also be useful for ecohydrological research beyond schistosomiasis. Key to the

implementation of the spatially-explicit modelling framework is the development of a more in-depth

research of the association between hydrological characteristics and the exposure resulting from water-

contact patterns, and its subsequent translation into a functional form within the model. Another

promising improvement consists of the incorporation of human mobility fluxes extracted from mobile

phone data which has already been leveraged in the analysis of other infectious diseases in SSA, and

which could be an important component of model-informed surveillance-response systems. Last but

not least, fitting the final model to parasitological data is a crucial step. Even though this has not been

addressed in this Thesis, it is recognized the pose non-negligible challenges associated to the choice of

the spatial scale on which to model transmission, to the definition of the likelihood and error models, as

well as to the optimization of parameter sets. In this context, it is noteworthy to mention the potential

support that the inclusion of these aspects could bring to schistosomiasis elimination.

More than 150 years have passed since the discovery of human schistosomiasis by Bilharz in Egyptian

workers in 1851 [Bilharz, 1853], however the disease still causes severe morbidity in millions of people

today. For more than 150 years scientists have been awed by Schistosoma’s multifaceted lifecycle, who’s

intricacy has often been thought of as an obstacle to control and elimination efforts due to the remarkable

stability it confers to disease transmission. Nevertheless, it can also be seen as an opportunity, due

to the multiple points through which the cycle can be broken, if they can be properly identified and

exploited. The findings and perspectives brought forward by this Thesis are thought to contribute to the

overcoming of this duality, paving the way for the development of tools leveraging ecohydrological insigh

for supporting schistosomiasis elimination in Burkina Faso and elsewhere in sub-Saharan Africa.
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A Derivation of the stability criteria for
the connected schistosomiasis model

A.1 The local model

Let2 us start with the analysis of the parasite invasion condition in MacDonald’s (1965) spatially implicit

model. We recall that the model can be written as

dW

d t
= aθC −γW

dY

d t
= bM(1−Y )−νY

dC

d t
= ΠC

V
N Y −μC C

d M

d t
= ΠM

V
θ′H

W

2
−μM M .

As the model is a positive system (namely its state variables can never become negative if the system is

initialized at generic non-negative conditions), the bifurcation from stable to unstable of the disease-

free equilibrium (DFE) X0 = [0,0,0,0]T , i.e. a state of the system characterized by the absence of the

parasite, can only occur via an exchange of stability. This implies that the DFE switches from being a

stable equilibrium to being a saddle (i.e. an equilibrium with one unstable manifold) through a so-called

transcritical bifurcation Kuznetsov [1995]. The condition for the bifurcation to occur (hence for parasite

invasion) is thus determined by the stability properties of the Jacobian of the system evaluated at the

DFE, i.e.

J0 =

⎡⎢⎢⎢⎣
−γ 0 aθ 0

0 −ν 0 b

0 ΠC
V N −μC 0

ΠM
V θ′ H

2 0 0 −μ

⎤⎥⎥⎥⎦ .

Specifically, the DFE is asymptotically stable (thus precluding parasite invasion) if and only if the domi-

nant eigenvalue of J0 is strictly negative. In this case the determinant of J0 is positive, because the Jacobian

is a matrix of even order. The change of stability for X0 is thus obviously associated to the condition

2This Annex corresponds to Supplementary Text 1 in Perez-Saez et al. [2015], developed by principally by L. Mari and presented
here for completeness.
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Appendix A. Derivation of the stability criteria for the connected schistosomiasis model

det(J0) = 0, i.e.

det(J0) =−γdet

⎛⎜⎝
⎡⎢⎣ −ν 0 b

ΠC
V N −μC 0

0 0 −μM

⎤⎥⎦
⎞⎟⎠−aθdet

⎛⎜⎝
⎡⎢⎣ 0 −ν b

0 ΠC
V N 0

ΠM
V θ′ H

2 0 −μM

⎤⎥⎦
⎞⎟⎠=

=−γνμCμM + abθθ′ΠcΠM H N

2V 2 = 0 .

The previous condition can be equivalently written in terms of the basic reproduction number R0 as

R0 = abθθ′ΠCΠM H N

2γνμCμM V 2 = 1 ,

and the parasite can invade a disease-free community if and only if R0 > 1.

A.2 The spatially explicit network model

A spatially explicit version of Macdonald’s model, accounting for human mobility and hydrological

transport of the intermediate larval stages of the parasite (and neglecting snail mobility) proposed by

Gurarie and Seto [2009] is formulated as follows:

dWi

d t
= a

[
(1−mi )θi Ci +mi

n∑
j=1

Qi jθ j C j

]
−γWi

dYi

d t
= bMi (1−Yi )−νYi

dCi

d t
= ΠC

Vi
Ni Yi −μC Ci − lC

i Ci +
n∑

j=1
lC

j P j i SC
j i

Vj

Vi
C j

d Mi

d t
= ΠM

V
θ′i

[
(1−mi )Hi

Wi

2
+

n∑
j=1

m j H j
Wj

2
Q j i

]
−μM Mi − l M

i Mi +
n∑

j=1
l M

j P j i SM
j i

Vj

Vi
M j .

Analogously to the spatially implicit case, the condition for parasite invasion in the network model is

determined by the stability properties of the Jacobian matrix of the system linearised at the disease-free

equilibrium. Switching to matrix notation, we have

J∗0 =
[

A B

C D

]
,

where

A =
[

−γI 0

0 −νI

]
B =

[
a(I−m+mQ)θ 0

0 bI

]

C =
[

0 ΠC V−1N
ΠM

2 V−1θ′(I−m+QT m)H 0

]
D =

[
−μC I+TC 0

0 −μM I+TM

]
.

In the previous expressions I is the identity matrix; m, θ, V, N, θ′ and H are diagonal matrices whose

non-zero elements are made up by the parameters mi , θi , Vi , Ni , θ′i and Hi , respectively; Q = [Qi j ] is

the connectivity matrix for human mobility; TC = (
V−1PC

T V− I
)

lC and TM = (
V−1PM

T V− I
)

lM, where

PC = [Pi j SC
i j ] = P ◦SC and PM = [Pi j SM

i j ] = P ◦SM are transport matrices accounting for hydrological
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A.2. The spatially explicit network model

connectivity and larval survival during transport, and lC and lM are diagonal matrices whose non-zero

elements are the local values of lC
i and l M

i , respectively.

Let us preliminary note that the off-diagonal entries of J∗0 are all nonnegative and at least one diagonal

entry is negative, thus J∗0 is a proper Metzler matrix Farina and Rinaldi [2011] and its eigenvalue with

maximal real part (dominant eigenvalue) is real. If the union of graphs associated with matrices P and Q
is strongly connected, then the graph associated with J∗0 is also strongly connected. Therefore we can

apply Perron-Frobenius theorem for irreducible matrices Gantmacher [1959] and state that the dominant

eigenvalue of J∗0 is the maximum simple real root of the characteristic polynomial. The condition for the

transcritical bifurcation of the DFE is that the dominant eigenvalue crosses the imaginary axis at zero,

namely that the determinant of J∗0 is zero Kuznetsov [1995]. When the DFE is stable (sufficient condition

to prevent parasite invasion), all the eigenvalues of J∗0 have negative real parts and det(J∗0 ) is positive

because J∗0 is a matrix of order 4n. The DFE becomes unstable (necessary condition for parasite invasion)

when det(J∗0 ) switches from positive to negative, or equivalently when the dominant eigenvalue of J∗0
switches from negative to positive.

Noting the block structure of J∗0 and that A is a piece-wise scalar matrix (thus A B =BA ), the determi-

nant of J∗0 can be computed as Silvester [2000]

det(J∗0 ) = det(DA −C B) =

= det

([
γ(μC I−TC) −bΠC V−1N

− aΠM
2 V−1θ′(I−m+QT m)H(I−m+mQ)θ ν(μM I−TM)

])
= det(J∗∗0 ) .

Writing J∗∗0 as

J∗∗0 =
[

U W

X Z

]

it is possible to show [see again Silvester, 2000] that

det(J∗∗0 ) = det(UZ −W Z −1X Z ) ,

obviously provided that matrix Z is invertible. With straightforward algebraic manipulations the right-

hand side of the previous equation can be written in a form that is more amenable to further analysis,

i.e.

det(UZ −W Z −1X Z ) = det(W )det(Z W −1U −X ) = det(W )det(J∗∗∗0 ) ,

which additionally requires matrix W to be invertible. If the conditions on matrices Z and W are verified,

the bifurcation condition det(J∗0 ) = 0 corresponds to det(J∗∗∗0 ) = 0. The determinant of J∗∗∗0 can be written
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Appendix A. Derivation of the stability criteria for the connected schistosomiasis model

as

det(J∗∗∗0 ) =

= det

(
ν(μM I−TM)

(
− 1

bΠC
VN−1

)
γ(μC I−TC)+

+ aΠM

2
V−1θ′(I−m+QT m)H(I−m+mQ)θ

)
=

= det

(
aΠM

2
V−1θ′(I−m+QT m)H(I−m+mQ)θ− γν

bΠC
(μM I−TM)VN−1(μC I−TC)

)
=

= det

(
abΠCΠM

2γνμCμM
NV−1θ′[(I−m)H(I−m)+ (I−m)HmQ+QT mH(I−m)+QT mHmQ]θV−1+

− 1

μCμM
N(μM I−TM)VN−1(μC I−TC)V−1

)(
bΠC

γνμCμM

)n

det
(
N−1)det(V) =

= det(J∗∗∗∗0 )

(
γνμCμM

bΠC

)n

det
(
N−1)det(V) .

The condition det(J∗∗∗0 ) = 0 is thus clearly equivalent to det(J∗∗∗∗0 ) = 0, where

det(J∗∗∗∗0 ) =

= det

(
abΠCΠM

2γνμCμM
N
(
V−1)2

θ′(I−m)2Hθ+

+ abΠCΠM

2γνμCμM
NV−1θ′ [(I−m)mHQ+QT Hm(I−m)+QT m2HQ

]
θV−1+

− N
(

I− 1

μM
TM

)
VN−1

(
I− 1

μC
TC

)
V−1

)
=

= det

(
abΠCΠM

2γνμCμM
N
(
V−1)2

θ′(I−m)2Hθ+

+ abΠCΠM

2γνμCμM
NV−1θ′ [(I−m)mHQ+QT Hm(I−m)+QT m2HQ

]
θV−1+

− I+ 1

μC
VTCV−1 + 1

μM
NTMN−1 − 1

μCμM
NTMVN−1TCV−1

)
.

If we introduce a diagonal matrix R0, whose non-zero elements are the local values R0i of the basic

reproduction number, i.e.

R0i =
abθiθ

′
iΠCΠM Hi Ni

2γνμCμM V 2
i

,

a matrix

RM
0 (m,Q) = abΠCΠM

2γνμCμM
NV−1θ′ [(I−m)mHQ+QT Hm(I−m)+QT m2HQ

]
θV−1

accounting for the effects of human mobility on disease transmission, and another matrix

T(μC ,TC,μM ,TM) = 1

μC
VTCV−1 + 1

μM
NTMN−1 − 1

μCμM
NTMVN−1TCV−1

describing the effects of pathogen hydrological transport, it is possible to define a generalized reproduc-
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A.3. Spatial patterns of disease spread

tion matrix

G0 = (I−m)2R0 +RM
0 (m,Q)+T(μC ,TC,μM ,TM) .

The original bifurcation condition det(J∗0 ) = 0 can thus be written as

det(I−G0) = 0 .

Let λi (i = 1..n) be the eigenvalues of G0 and g0 = maxi (λi ). Then

det(I−G0) =
n∏

i=1
(1−λi ) .

Therefore, the determinant of J∗0 switches from positive to negative when g0, the dominant eigenvalue

of G0, switches from being smaller to being larger than one. It follows that the condition for the instability

of the DFE (hence for parasite invasion) is g0 > 1.

We note that in the absence of hydrological dispersal (lC
i = l M

i = 0 for all i ) and human mobility (mi = 0

for all i ), i.e. in the case of completely isolated communities, the condition for parasite invasion becomes

det(I−R0) = 0 ,

which is obviously satisfied when the largest of the R0i values is equal to one – which corresponds to the

classical criterion obtained in a spatially implicit context. However, the introduction of human mobility

and hydrological connections makes the condition g0 > 1 for parasite invasion absolutely nontrivial.

This criterion synthesizes the intertwined effects of local epidemiological processes, human mobility

and hydrological transport on parasite invasion. As a matter of fact, G0 is the sum of three matrices:

one depending on local dynamics only, the other two (non-linearly) on spatial coupling mechanisms.

The dominant eigenvalue of G0 is not simply deducible from the eigenvalues of these three addenda.

Therefore, human mobility and hydrological networks interplay in a complex manner to determine

parasite invasion and spread.

A.3 Spatial patterns of disease spread

Because of the assumption of strong connectivity made in the previous section, the condition under

which the parasite can invade an initially disease-free community corresponds to that for the spatial

spread of the disease. The spatial localization of the sites that are colonized by the parasite in the early

phases following its introduction in a metacommunity is determined by the dominant eigenvector of

the Jacobian matrix J∗0 . In fact, if the DFE is unstable, the dominant eigenvector of matrix J∗0 pinpoints

the directions in the state space along which the system trajectories, after a transient period related

to initial conditions, will diverge from the equilibrium. The dominant eigenvector is characterized by

strictly positive components [according to Perron-Frobenius theorem applied to Metzler matrices; see

again Gantmacher, 1959], each corresponding – in this case – to the parasite burden in human hosts, the

prevalence of infected snails, and the abundances of cercariae and miracidia in different nodes of the

network.
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The dominant eigenvector of J∗0 can be computed by solving

J∗0

⎡⎢⎢⎢⎣
W
Y
C
M

⎤⎥⎥⎥⎦=λ′

⎡⎢⎢⎢⎣
W
Y
C
M

⎤⎥⎥⎥⎦ ,

where λ′ is the dominant eigenvalue of J∗0 , and W, Y, C and M are the components of the dominant eigen-

vector corresponding, respectively, to parasite burden, prevalence of infected snails, and abundances of

cercariae and miracidia. Recalling that close to the transcritical bifurcation through which the DFE loses

stability the dominant eigenvalue of J∗0 is equal to zero, the previous matrix equation becomes

−γW+a(I−m+mQ)θC = 0

−νY+bM = 0

ΠC V−1NY− (μC I−TC)C = 0

ΠM

2
V−1θ′(I−m+QT m)HW− (μM I−TM)M = 0 .

From the first two equations we get

W = a

γ
(I−m+mQ)θC

and

Y = b

ν
M .

If we plug these two expressions into the third and fourth equations of the linear system above we find

bΠC

ν
V−1NM− (μC I−TC)C = 0

and

aΠM

2γ
V−1θ′(I−m+QT m)H(I−m+mQ)θC− (μM I−TM)M = 0 .

Solving for M the first of these two equations

M = ν

bΠC
VN−1(μC I−TC)C

and substituting into the second we get[
aΠM

2
V−1θ′(I−m+QT m)H(I−m+mQ)θ− γν

bΠC
(μM I−TM)VN−1(μC I−TC)

]
C = 0 ,

which corresponds (see previous section) to

J∗∗∗0 C = 0.
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A.3. Spatial patterns of disease spread

Because we already know that

J∗∗∗0 = γνμCμM

bΠC
N−1J∗∗∗∗0 V = γνμCμM

bΠC
N−1(G0 − I)V ,

combining the two previous expressions we have

(G0 − I)C = 0 .

If we remember that close to the transcritical bifurcation of the DFE the dominant eigenvalue g0 of

matrix G0 is equal to one we can write

G0C = C = g0C .

We can thus conclude that close to the bifurcation through which the DFE loses stability the dominant

eigenvector g0 of matrix G0 corresponds to the cercarial components of the dominant eigenvector of J∗0 ,

while the other components of J∗0 can be found as linear combinations of g0, i.e.

W = a

γ
(I−m+mQ)θg0

Y = 1

ΠC
VN−1(μC I−TC)g0

C = g0

M = ν

bΠC
VN−1(μC I−TC)g0 .

Note that these simple relationships between the dominant eigenvectors of J∗0 and G0 hold only close to

the transcritical bifurcation of the DFE. In general, for parameter combinations for which g0  1, the

study of the geography of disease spread requires the computation of the eigenvalues and eigenvectors of

matrix J∗0 .
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B Additional tables of ecology models

Table B.1 – Regression coefficents of the 8 best SRM-ranked models for Bulinus spp. in an irrigation canal. Coeffi-
cients are color-coded for significant (p-value< 0.05) positive (green) and negative (red) effects on snail abundance
variantions. Standard error at 95% CI is given in bellow coefficient values (light gray, in parenthesis). Environmental
covariate names are color-coded by type as in Fig. 3. Table produced using the R texreg package (Leifeld, P. (2013).
texreg: Conversion of Statistical Model Output in R to LaTex and HTML Tables, J. Stat. Softw., 55, 1-24).

model1 model2 model3 model4 model5 model6 model7 model8

a 0.435 10.24∗∗∗ 8.152∗∗∗ 0.747 −4.654∗∗∗ 5.719∗∗∗ 1.201∗ −4.862∗∗∗
(0.230) (0.732) (0.816) (0.421) (0.495) (0.536) (0.355) (0.519)

Lt −1.974∗∗∗ −1.446∗∗∗ −1.140∗∗∗ −1.346∗∗∗
(0.118) (0.092) (0.089) (0.078)

Lt .l ag 3 −0.394∗∗∗
(0.051)

Nt −0.031∗∗∗
(0.002)

air.temp.sd.lag1 −0.426∗∗∗
(0.047)

air.temp.sd.lag2 0.475∗∗∗ 0.330∗∗∗ 0.386∗∗∗
(0.048) (0.050) (0.052)

air.temp.sd.lag3 0.293∗∗∗
(0.039)

conductivity.mean.lag1 −0.052∗∗∗
(0.004)

conductivity.mean.lag3 0.015∗∗∗ −0.031∗∗∗
(0.002) (0.005)

conductivity.sd.lag2 −0.116∗∗∗
(0.011)

conductivity.sd.lag3 0.024 −0.008 −0.048∗ 0.047∗∗ −0.005
(0.013) (0.014) (0.018) (0.013) (0.015)

precip.14 −0.045∗∗∗ 0.119∗∗∗ −0.024∗∗∗
(0.002) (0.009) (0.003)

precip.30 −0.017∗∗∗
(0.001)

precip.7 −0.096∗∗∗ −0.089∗∗∗ 0.053∗∗∗
(0.017) (0.013) (0.006)

precip.events.14 −3.367∗∗∗ 0.456∗∗∗ −0.618∗∗∗
(0.262) (0.048) (0.065)

precip.events.30 0.441∗∗∗ 0.824∗∗∗ 0.845∗∗∗
(0.042) (0.073) (0.076)

precip.events.7 2.418∗∗∗ 3.598∗∗∗ 1.462∗∗∗ 0.770∗∗∗ 3.522∗∗∗
(0.134) (0.513) (0.158) (0.110) (0.383)

water.level.mean 0.007∗∗∗ 0.007∗∗

R2 0.984 0.992 0.982 0.973 0.970 0.969 0.987 0.967
Adj. R2 0.968 0.983 0.964 0.949 0.943 0.943 0.972 0.938
Num. obs. 17 16 17 16 16 16 16 16
MSE 0.062 0.050 0.067 0.080 0.084 0.084 0.059 0.088

***p < 0.001, **p < 0.01, *p < 0.05 Continued on next page
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Table B.1 – continued

model1 model2 model3 model4 model5 model6 model7 model8

(0.001) (0.001)
water.level.mean.lag1 0.012∗∗∗ 0.008∗∗∗ 0.008∗∗∗ 0.007∗∗∗

(0.001) (0.001) (0.001) (0.001)
water.level.mean.lag2 −0.002∗∗ −0.004∗∗∗ −0.005∗∗∗

(0.000) (0.001) (0.001)
water.level.sd 0.023∗∗∗ 0.024∗∗∗

(0.003) (0.003)
water.level.sd.lag2 −0.011∗∗∗ −0.013∗∗∗

(0.002) (0.002)
water.level.sd.lag3 0.012∗∗

(0.002)
water.temp.mean 0.106∗∗∗ 0.090∗∗∗

(0.015) (0.013)
water.temp.mean.lag1 0.071∗∗∗

(0.012)
water.temp.mean.lag3 −0.191∗∗∗ −0.174∗∗∗ −0.114∗∗∗

(0.016) (0.019) (0.017)
water.temp.sd.lag1 −0.740∗

(0.272)
water.temp.sd.lag3 1.992∗∗∗

(0.218)

R2 0.984 0.992 0.982 0.973 0.970 0.969 0.987 0.967
Adj. R2 0.968 0.983 0.964 0.949 0.943 0.943 0.972 0.938
Num. obs. 17 16 17 16 16 16 16 16
MSE 0.062 0.050 0.067 0.080 0.084 0.084 0.059 0.088

***p < 0.001, **p < 0.01, *p < 0.05
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Table B.2 – Regression coefficents of the 7 best SRM-ranked models for Bulinus spp. in a temporary pond. Legend as
in B.1.

model1 model2 model3 model4 model5 model6 model7

a 4.404 5.638 2.203∗∗∗ 2.628∗∗∗ 2.105 2.962∗∗∗ 2.579∗∗∗
(2.662) (3.487) (0.541) (0.661) (2.500) (0.656) (0.555)

Lt −0.650∗∗∗ −0.744∗∗∗ −0.409∗∗∗ −0.425∗∗∗ −0.662∗∗∗ −0.486∗∗∗ −0.469∗∗∗
(0.109) (0.133) (0.101) (0.105) (0.112) (0.105) (0.100)

air.temp.mean 0.786∗∗∗ 0.737∗∗∗ 0.714∗∗∗
(0.184) (0.191) (0.188)

air.temp.mean.lag2 −0.405∗ −0.406∗
(0.156) (0.165)

air.temp.mean.lag3 −0.379∗
(0.182)

air.temp.sd −0.282∗∗∗ −0.184 −0.288∗∗∗
(0.078) (0.091) (0.079)

air.temp.sd.lag3 −0.674∗∗∗ −0.684∗∗∗ −0.399∗∗ −0.573∗∗∗ −0.250
(0.154) (0.161) (0.112) (0.151) (0.131)

water.temp.mean −0.352∗∗ −0.363∗∗ −0.376∗∗
(0.108) (0.114) (0.114)

water.temp.mean.lag3 0.176
(0.090)

water.temp.sd 0.502∗∗ 0.484∗∗ 0.441∗∗ 0.358∗
(0.146) (0.154) (0.146) (0.140)

water.temp.sd.lag1 −0.626∗∗∗ −0.657∗∗∗ −0.552∗∗∗ −0.425∗∗
(0.146) (0.152) (0.140) (0.121)

water.temp.sd.lag3 0.275∗ 0.318∗
(0.116) (0.135)

R2 0.737 0.716 0.334 0.327 0.721 0.397 0.509
Adj. R2 0.656 0.628 0.297 0.289 0.635 0.345 0.448
Num. obs. 35 35 39 39 35 39 37
MSE 0.484 0.503 0.663 0.666 0.498 0.640 0.597

***p < 0.001, **p < 0.01, *p < 0.05

Table B.3 – Regression coefficents of the 7 best SRM-ranked models for Bulinus spp. in an ephemeral stream. Legend
as in B.1.

model1 model2 model3 model4 model5 model6 model7

a 1.229∗∗ 1.026∗ 1.298∗∗ 1.340∗ 2.783 3.935 1.610
(0.361) (0.358) (0.371) (0.491) (2.453) (4.247) (0.734)

Nt −0.129∗∗∗ −0.132∗∗∗ −0.137∗∗∗ −0.122∗∗∗ −0.132∗∗∗ −0.133∗∗∗ −0.132∗∗∗
(0.020) (0.019) (0.021) (0.023) (0.021) (0.021) (0.021)

air.temp.mean.lag3 −0.110
(0.173)

air.temp.sd.lag1 −0.120
(0.200)

precip.30 0.003
(0.002)

precip.events.30 0.106
(0.115)

water.temp.mean.lag1 −0.049
(0.076)

water.temp.sd −0.501∗∗
(0.157)

water.temp.sd.lag1 −0.616∗∗ −0.554∗∗ −0.592∗∗ −0.587∗∗ −0.514∗ −0.555∗
(0.146) (0.141) (0.150) (0.157) (0.219) (0.182)

water.temp.sd.lag3 0.678∗∗∗ 0.603∗∗∗ 0.596∗∗ 0.466∗∗∗ 0.616∗∗ 0.644∗∗∗ 0.625∗∗
(0.111) (0.113) (0.144) (0.092) (0.150) (0.126) (0.145)

R2 0.856 0.886 0.867 0.804 0.861 0.861 0.861
Adj. R2 0.816 0.841 0.813 0.750 0.806 0.806 0.805
Num. obs. 15 15 15 15 15 15 15
MSE 0.247 0.229 0.248 0.287 0.254 0.254 0.254

***p < 0.001, **p < 0.01, *p < 0.05
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Appendix B. Additional tables of ecology models

Table B.4 – Regression coefficents of the 7 best SRM-ranked models for Biomphalaria pfeifferi in a perennial stream.
Legend as in B.1.

model1 model2 model3 model4 model5 model6 model7

a 1.013 1.410 1.499 1.448 2.738 1.257 2.807
(1.913) (2.026) (1.986) (2.069) (2.230) (2.002) (2.654)

Lt −0.911∗∗∗ −1.045∗∗∗ −1.036∗∗∗ −0.939∗∗∗ −0.993∗∗∗ −0.900∗∗∗ −1.060∗∗∗
(0.137) (0.144) (0.141) (0.137) (0.147) (0.141) (0.150)

air.temp.mean 0.227
(0.143)

air.temp.sd.lag3 0.385∗∗ 0.360∗∗ 0.412∗∗∗ 0.300∗∗ 0.288∗ 0.386∗∗ 0.470∗∗∗
(0.110) (0.102) (0.105) (0.097) (0.114) (0.114) (0.101)

conductivity.mean.lag2 0.068∗∗∗ 0.053∗∗∗ 0.059∗∗∗ 0.044∗∗ 0.058∗∗∗ 0.064∗∗∗ 0.060∗∗∗
(0.013) (0.013) (0.013) (0.012) (0.013) (0.014) (0.013)

conductivity.mean.lag3 −0.039∗∗ −0.017 −0.020
(0.013) (0.012) (0.012)

conductivity.sd.lag3 0.279∗∗∗ 0.250∗∗∗ 0.282∗∗∗ 0.251∗∗∗ 0.248∗∗∗ 0.271∗∗∗ 0.279∗∗∗
(0.063) (0.063) (0.065) (0.064) (0.062) (0.065) (0.065)

precip.14 0.019∗∗∗ 0.016∗∗∗ 0.017∗∗∗ 0.015∗∗∗ 0.017∗∗∗ 0.017∗∗∗
(0.004) (0.004) (0.004) (0.004) (0.004) (0.004)

precip.events.14 0.599∗∗∗
(0.141)

water.level.mean.lag1 −0.006∗∗∗ −0.006∗∗∗ −0.006∗∗ −0.007∗∗∗ −0.005∗∗ −0.006∗∗∗
(0.002) (0.002) (0.002) (0.002) (0.002) (0.002)

water.level.sd.lag1 −0.019∗∗∗
(0.005)

water.temp.mean −0.198∗∗∗ −0.123 −0.222∗∗∗ −0.528∗
(0.055) (0.076) (0.058) (0.205)

water.temp.mean.lag2 −0.225∗∗∗ −0.142 −0.194∗∗ −0.225∗∗∗
(0.059) (0.077) (0.059) (0.059)

R2 0.644 0.606 0.631 0.589 0.624 0.623 0.623
Adj. R2 0.570 0.535 0.553 0.515 0.545 0.544 0.543
Num. obs. 47 47 47 47 47 47 47
MSE 0.657 0.683 0.670 0.698 0.676 0.677 0.677

***p < 0.001, **p < 0.01, *p < 0.05
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Table B.5 – Regression coefficents of the 8 best SRM-ranked models for Bulinus spp. in a perennial stream. Legend as
in B.1.

model1 model2 model3 model4 model5 model6 model7 model8

a 1.178 0.105 3.567∗ 1.599 1.323 0.889 0.184 2.394
(0.948) (0.855) (1.492) (0.999) (1.008) (0.975) (0.404) (1.429)

Lt −0.871∗∗∗ −0.836∗∗∗ −0.895∗∗∗ −0.845∗∗∗ −0.815∗∗∗ −0.871∗∗∗ −0.741∗∗∗ −0.903∗∗∗
(0.115) (0.124) (0.114) (0.116) (0.121) (0.115) (0.118) (0.118)

air.temp.sd.lag2 0.305∗∗∗ 0.222∗∗ 0.281∗∗∗ 0.274∗∗∗ 0.300∗∗∗ 0.308∗∗∗ 0.272∗∗
(0.071) (0.078) (0.073) (0.075) (0.071) (0.066) (0.077)

air.temp.sd.lag3 0.334∗∗∗
(0.067)

conductivity.mean −0.019∗ −0.020∗ −0.009
(0.008) (0.010) (0.008)

conductivity.mean.lag3 −0.020∗ −0.029∗∗ −0.020∗ −0.027∗∗ −0.019∗ −0.023∗
(0.009) (0.010) (0.009) (0.010) (0.009) (0.010)

conductivity.sd 0.094
(0.046)

conductivity.sd.lag1 −0.111∗
(0.043)

conductivity.sd.lag3 −0.123∗ −0.133∗∗ −0.149∗∗ −0.135∗∗ −0.141∗∗ −0.114∗
(0.049) (0.048) (0.052) (0.049) (0.052) (0.049)

water.level.mean.lag1 0.009∗∗∗
(0.002)

water.level.mean.lag2 −0.005
(0.004)

water.level.mean.lag3 0.005∗∗ 0.005∗∗ 0.008∗∗ 0.005∗∗ 0.005∗∗ 0.005∗∗
(0.002) (0.001) (0.003) (0.002) (0.002) (0.002)

water.level.sd.lag2 0.014∗∗ 0.016∗∗ 0.020∗∗ 0.011∗ 0.015∗∗ 0.023∗∗∗ 0.015∗∗
(0.005) (0.005) (0.006) (0.005) (0.005) (0.005) (0.005)

water.temp.sd 0.248
(0.212)

R2 0.628 0.556 0.676 0.643 0.567 0.641 0.518 0.640
Adj. R2 0.571 0.502 0.606 0.577 0.513 0.575 0.471 0.574
Num. obs. 46 47 46 46 46 46 46 46
MSE 0.541 0.577 0.519 0.537 0.577 0.539 0.601 0.539

***p < 0.001, **p < 0.01, *p < 0.05
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