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ABSTRACT
The development of water management infrastructures, such as dams and canals, are 
important components of society’s response to feed a growing human population and to 
fight climate change. Yet, these changes in land use can also increase the transmission risk 
for waterborne diseases. Transmission risk associated with artificial reservoirs has been 
extensively documented for schistosomiasis, a parasitic disease of poverty that infects more 
than 240 million people worldwide. Over 90% of these cases are in sub-Saharan Africa, a 
region that is being steadily reshaped by climate change. Controlling the parasite’s obligate 
intermediate host snail is key to reducing transmission of this disease. Using commercial 
aquaculture to farm marketable species which predate upon these snails in vulnerable 
regions can have multiple positive effects, including the improved socioeconomic and 
nutritional health of surrounding communities. Here the authors assessed the viability of 
using the aquaculture of snail predators to simultaneously control schistosomiasis infection 
rates while alleviating economic and/or nutritional poverty in endemic regions of sub-Saharan 
Africa. A PRISMA-based 6-step systematic methodology was used to explore the primary 
literature using the case study of Côte d’Ivoire and two native species of snail predator to 
make evidence-based conclusions on the viability of this method for controlling schistosomiasis. 
This detailed thematic examination of the literature concluded that using specific approaches 
and species, aquaculture could be effective in reducing economic poverty and chronic 
malnourishment along with high levels of schistosomiasis infection. More current 
species-specific aquaculture data and consumer survey data are, however, needed to 
determine the economic and logistical effectiveness of farming native snail predators 
in-country. These and other opportunities for future research are highlighted.

Introduction

There is perhaps no continental expanse where inter-
actions among humans, animals, and disease are more 
destabilized by climate change than sub-Saharan 
Africa (SSA). Home to over 1 billion people spread 
across 54 countries (World Bank 2019c), this vast 
region is especially vulnerable to the effects of climate 
change (Boko et  al. 2016; Gan et  al. 2016) and has 
been challenged by some of the most persistent trop-
ical diseases in human memory, including HIV/AIDS, 
hemorrhagic fevers (including the Ebola virus disease) 
and snail-hosted parasitic infections including fasci-
oliasis and schistosomiasis (Centers for Disease 

Control and Prevention 2019; Lu et  al. 2018). Also 
called bilharzia, or snail fever (Obrist et  al. 2006), 
schistosomiasis is a debilitating vector-borne aquatic 
disease caused by trematode flatworms of the genus 
Schistosoma (Sokolow et  al. 2015). It is a widespread 
disease of poverty infecting more than 200 million 
people worldwide (World Health Organization 2013; 
Lai et  al. 2015), the vast majority in SSA (Utzinger 
et  al. 2009). Women and children are especially vul-
nerable to repeated infection when they step into 
infested water bodies (McManus et  al. 2018). The two 
most important schistosome species in SSA are 
Schistosoma haematobium and Schistosoma mansoni 
(see Sokolow et  al. 2015), although evidence of 
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hybridization between these species and others 
(McManus et  al. 2018) could change their epidemi-
ology by allowing the hybrids to be transmitted 
through different and/or multiple intermediate hosts. 
An increase in potential reservoir hosts my also fol-
low, with hybrids of S. curassoni/S.guineensis/S.bovis 
and S. haematobium affecting both cattle and small 
ungulates.

Schistosome parasites have a complex life-cycle 
which requires an obligate intermediate freshwater 
host snail of the genus Bulinus for S. haematobium 
and Biomphalaria for S. mansoni (see Figure 1). 
Parasite eggs are released via the urine (in the case 
of S. haematobium) and/or feces (S. mansoni) of 
infected people (both parasites) and other mammalian 
hosts (S. mansoni only). Upon contact with water, the 
eggs hatch into a free-swimming larval stage called a 
miracidium (Amberson and Schwarz 1953) which 
seeks out and penetrates a suitable freshwater snail. 
Schistosomes reproduce asexually in freshwater snails 
which, three to five weeks after the onset of infection, 

start to shed hundreds of cercariae per day, a second 
free-swimming, non-feeding larval stage (McCreesh 
and Booth 2013). Cercariae may infect a definitive 
vertebrate host by burrowing through the skin. Once 
in the bloodstream, schistosomes migrate to the vein 
plexus of major organs, often the ureters, bladder and 
kidneys (S. haematobium), or intestines (S. mansoni) 
where, three to four weeks after the onset of infection, 
they mate and release hundreds of eggs per day for 
years (McCreesh and Booth 2013; McManus et  al. 
2018). The host’s immune response to the transition 
of the eggs from the bloodstream to the organs can 
cause significant long-term debilitating damage to the 
body and, if left untreated, the potential death of the 
host (van der Werf et  al. 2003).

The most common method of controlling schisto-
somiasis in affected communities is with preventative 
chemotherapy, typically in the form of mass drug 
administration (MDA) by using praziquantel (PZQ), 
the drug of choice for schistosomiasis (World Health 
Organization 2013). A single PZQ dose rapidly kills 

Figure 1. schistosoma spp. life cycle. source: cDc. Please note: use of this material does not imply endorsement by cDc, AtsDR, 
hhs or the united states Government of this article.
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adult worms but does not kill the juvenile worms nor 
prevent re-infection (Steinmann et  al. 2006; Colley 
e t   a l .  2017) .  R apid  re- infec t ion f rom 
parasite-contaminated waters, evidence of drug resis-
tance, and the logistics/cost of administering a second 
PZQ dose 3–4 weeks after the first one, require that 
MDA is complemented with intervention targeting 
the environmental stages of the parasites (Lo et  al. 
2017). Snail control was the primary historical 
approach to schistosomiasis control before PZQ 
became widely available in the 1990s (Rollinson et  al. 
2013; Sokolow et  al. 2016; Lo et  al. 2017; Knopp et  al. 
2019; Hoover et  al. 2020). Snail habitat modification 
and especially chemical molluscicides have often been 
used to control vector snails in endemic regions 
(World Health Organization 2017; Sokolow et  al. 
2018). The high cost of snail habitat control, and the 
detrimental side effects of repeated used of mollusci-
cides on water quality and aquatic fauna (Cowie 2001; 
Fenwick et al. 2006; Swartz and Rickards 2015), hinder 
the wide-scale implementation of these approaches in 
SSA (Sokolow et  al. 2018; Allan et  al. 2020).

More recently it has been argued that the biolog-
ical control of the schistosome parasites’ intermediate 
snail host can be an additional weapon in the fight 
against schistosomiasis (Sokolow et  al. 2015, 2019; 
Hoover et  al. 2020) Biological control can be achieved 
by introducing (a) competing snail species that are 
immune to schistosome infection (Lee et  al. 1982; 
Cowie 2001; Anto et  al. 2005); (b) sterilizing/lethal 
microparasites and pathogens of snails (Pointier and 
Jourdane 2000; Coustau et  al. 2015); and/or (c) snail 
predators (Madsen 1990; Gashaw et  al. 2008; Hoover 
et  al. 2020). The latter can be very effective in rapidly 
reducing local snail populations (Sokolow et  al. 2014), 
although they are generally unable to extirpate the 
snail host population in larger unenclosed water bod-
ies (Slootweg et  al. 1994). A recent field experiment 
in the lower basin of the Senegal river, a hotspot of 
schistosomiasis transmission, provided supportive evi-
dence that the African native molluscivorous prawns 
Macrobrachium vollenhovenii can be used to reduce 
snail abundance at transmission sites and hinder rein-
fection in schoolchildren (Sokolow et  al. 2015). A 
similar outcome was reported two decades earlier in 
Kenyan water reservoirs hosting an invasive predator, 
the Florida crayfish Procamabrus clarkii (see Hofkin 
et  al. 1991; Mkoji et  al. 1999). Evidence of the impor-
tance of top-down control of snail populations by 
natural predators also emerges when predator removal 
leads to increased snail abundance and, ultimately, 
higher prevalence and intensity of infection rates in 
nearby human populations. In Lake Victoria, for 

instance, the declines of native molluscivorous fish 
due to the introduction of the Nile perch Lates niloti-
cus and intensive overfishing has been associated with 
increased snail numbers and schistosomiasis trans-
mission (Goudswaard and Witte 1997). As natural 
predators can be effective biological control agents 
of snails of medical importance, there is an untapped 
potential for aquaculture to restore and/or support 
molluscivorous species of commercial interest to 
improve disease control, nutrition, and local liveli-
hoods, a win-win-win solution for health and human 
wellbeing.

The importance of aquaculture for disease control 
and improving livelihoods is further amplified under 
climate change. Climate change has already had sig-
nificantly adverse impacts in West Africa on both 
marine and freshwater fish stocks, with smaller rivers 
and water bodies being most impacted by the increas-
ing number and severity of droughts and flooding 
events experienced by the region (Dixon et  al. 2003). 
Infrastructural attempts by national governments to 
hold and redirect water to increase national climate 
resilience, including the installation of dams, reser-
voirs, and irrigation canals, have been shown to expo-
nentially increase local infection rates of schistosomiasis 
or allow additional species to thrive (Mouchet and 
Carnevale 1997; Lerer and Scudder 1999; Perez-Saez 
et  al. 2016). Despite these increases the predictions 
for climate change’s effect on schistosomiasis are 
somewhat mixed, as increasing temperatures will open 
up new areas for the intermediate host snails to pop-
ulate while closing other areas off, but both the dis-
ease and these snails are resilient to drought and to 
flooding, making accurate predictions beyond general 
statements for specific regions a particular challenge 
(Kalinda et  al. 2017).

The use of aquaculture to grow native snail pred-
ators for restoring fisheries and for direct deployment 
in endemic areas may be an effective and 
climate-resilient approach to schistosomiasis control. 
The use of native species avoids the often-deleterious 
effects non-native species can have on local ecosys-
tems and communities (which is explored as part of 
the history of biological control later in this review). 
Such a control strategy, coupled with chemical MDA 
and/or improvements to sanitation infrastructure and 
practice, could also fit within the One Health 
Initiative (OHI)’s aims of controlling and preventing 
disease emergence through a multidisciplinary 
approach (Hoover et  al. 2020; CDC 2020). The OHI 
approach to improving disease control and prevention 
methods acknowledges the epidemiological interde-
pendence between animals and humans; it encourages 
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more comprehensive thinking on how to prevent 
disease emergence and combat historical threats to 
both human and animal populations (CDC 2020). 
This integrated strategy is considered essential by 
many organizations to achieving the interrelated 
Sustainable Development Goals (SDGs) adopted by 
all United Nations member states in 2015 
(UNDP 2021).

The use of freshwater aquaculture to combat water-
borne disease is a strategy which could be used to 
make progress in many of the seventeen different 
SDGs, including #1 (No Poverty) and #3 (Good 
Health and Wellbeing), by using the OHI approach 
to fighting disease in a sustainable and integrated way. 
Recognized as a neglected disease of poverty, one key 
element of schistosomiasis control is poverty allevia-
tion, which small-scale commercial aquaculture has 
proven able to promote via profit generation and 
increased local access to nutritious foods by both 
farming families and surrounding communities 
(Arthur et  al. 2013; Marques et  al. 2016). With the 
recent identification of a range of native fish which 
are potential predators of host snails (Arostegui et  al. 
2019), there is an interest for these species to be 
trialed in the field in significant numbers. Species 
considered to be more robust and resilient to more 
extreme environments are of particular interest as the 
climate in sub-Saharan Africa changes (Goula et  al. 
2009; Yapo et  al. 2019).

One of these species identified is the West African 
lungfish Protopterus annectens (see Daffalla et  al. 1985; 
Arostegui et  al. 2019). Preliminary work has been 
conducted in Uganda toward the domestication and 
marketing potential of P. annectens’ sister species the 
marbled lungfish Protopterus aethiopicus (see Molnar 
et al., 2012; Walakira and Molnar 2014), and the sig-
nificant rate of vector snail consumption by wild-caught 
P. annectens individuals has been documented (Mahdi 
and Amin 1966; Daffalla et  al. 1985; Arostegui et  al. 
2019), but no work has yet been done on the farming 
and market potential of this species in a 
schistosomiasis-prone country for the purpose of sus-
tained intermediate host snail control. Similarly, more 
work is needed to evaluate the farming potential of 
a native proven snail predator, the West African fresh-
water prawn M. vollenhovenii (see Hoover et  al. 2020).

Côte d’Ivoire, a relatively large, primarily 
French-speaking country located on Africa’s western 
coast, has multiple regions of both endemic schisto-
somiasis and elevated poverty. It also has one of SSA’s 
highest per capita rates of fish consumption (Ayilu 
et  al. 2016) as well as multiple natural fisheries for 
both M. vollenhovenii and P. annectens (see Teugels 

et  al. 1988; Konan et  al. 2010), making Côte d’Ivoire 
an appropriate focus of this review. In recent decades 
the exponential increase in dam installations across 
the region for hydroelectric and agricultural utility 
has also been shown to greatly increase the incidence 
of this disease by increasing vector snail habitat while 
blocking natural predation by catadromous predators 
including M. vollenhovenii (see Sokolow et  al. 2017). 
Many more dams are planned for installation in Côte 
d’Ivoire (Esri 2019) and with them will likely come 
a spike in schistosomiasis infections (Parent et  al. 
1997; Mortey et  al. 2019). This systematic literature 
review attempts to explore the viability of using aqua-
culture of vector snail predators for simultaneous 
schistosomiasis control and poverty alleviation in 
Côte d’Ivoire as climate change continues to intensify 
and snail ranges increase.

Methods

The method used in this paper was a Preferred 
Reporting Items for Systematic Reviews and 
Meta-Analyses (PRISMA)-based systematic review (see 
Figure 2 for workflow diagram), derived from a scop-
ing review method developed by Arthur et  al. (2013) 
for the UK Department for International Development 
(DFID). Those researchers used a six-step method-
ological protocol to assess the existing evidence of 
the contribution fisheries and aquaculture activities 
make to economic growth, food security, and nutrition 
in emerging economies. Their goal was to first iden-
tify all existing and pre-published evidence, exclude 
studies not meeting a threshold of quality, compile 
remaining studies into common sections, then evaluate 
the strength of evidence for each section and identify 
gaps in knowledge. Taking a similar approach with 
this review allows the thorough evaluation of this 
novel One Health-based approach to schistosomiasis 
control via aquaculture which had to cover a broad 
range of evidence, including epidemiological studies, 
climate models, species biology, and socioeconomic 
survey data. The identification of weak/insufficient 
evidence and gaps in the literature indicate where 
more research is required and/or where more detailed 
investigations need to occur. The six-step method-
ological protocol is described here below:

Sourcing of literature

A curated online database of scientific literature was 
used to obtain the evidence assessed in this review. 
Scopus (Elsevier) has been identified as an appropriate 
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database for use in broad systematic reviews 
(Gusenbauer and Haddaway 2020). This database was 
selected over 15 other academic search databases that 
Gusenbauer and Haddaway (2020) identified as being 
sufficient for use in systematic reviews because Scopus 
is science-focused yet multidisciplinary, includes a 
large set of French-language publications (with indexed 
English-translated abstracts), and has search results 
that can be filtered by country and topic, saved into 
lists and then bulk exported in multiple formats. 
Exported citations and abstracts were saved in as sep-
arate article entries in the desktop-based Mendeley 
(Elsevier) reference manager application.

Selection of search terms

Multiple search terms were selected from keywords 
the authors extracted from an initial review of core 
publications (see Appendix I) which were obtained via 

a ‘snowballing’ approach (<50 papers) (Wohlin 2014). 
Commonly used key words were extracted from this 
set of publications to be used as search terms in this 
review. To help ensure the entire breadth of 
peer-reviewed knowledge for this broad topic would 
be captured in the search results, the authors consid-
ered four primary search terms, with a further six 
secondary search terms to be paired with each primary 
term (see Table 1 for the complete list of terms). Each 
primary term was also paired with every other primary 
term. Terms were separated using “AND,” for example 
the first query entered was “schistosomiasis AND 
aquaculture.” Core articles related to this review and 
cited in the core literature but that did not turn up 
in the systematic search results due to having a focus 
outside the scope of this review (especially those stud-
ies being mainly classified as topical papers in medi-
cine) were also included. Relevance was determined 
by their appearance in the initial ‘snowball’ approach 
and citation by more than three other key articles. A 

Figure 2. the PRisMA workflow diagram, describing the process of this systematic review.
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total of 36 literature queries via Scopus were executed 
with 898 articles retrieved.

Screening and selection

Four inclusion/exclusion criteria were applied to the 
search results from each query:

• Topical relevance: Results in ‘Medicine’, 
‘Biochemistry, Genetics and Molecular Biology’ 
and ‘Planetary Sciences’ were excluded, as the 
focus of this review is on the potential of aqua-
culture to eliminate schistosomiasis via snail 
predation, not the schistosomiasis disease itself 
outside of this context.

• Filtering of excessive results: Keyword pair 
search results totaling more than 100 articles 
were individually filtered in the following 
ways:

• ‘Schistosomiasis AND poverty’ = searched 
within results for ‘Africa’

 Ŝ ‘Schistosomiasis AND snail*’ = searched 
within results for ‘Africa’ and limited 
results to last 20 years.

 Ŝ ‘”Côte d’Ivoire” OR “Ivory Coast” AND 
market*’ = searched within results for ‘fish* 
OR seafood’.

 Ŝ ‘Macrobrachium AND aquaculture’ = 
searched within results for ‘Africa’

 Ŝ ‘Macrobrachium AND market*’ = searched 
within results for ‘Africa’

• Relevance to review: The title and abstract of 
each article were read to determine the article’s 
relevance to the review. An article was deemed 
relevant if the article’s focus was within the 
scope of this review.

• Reliability: The article was considered reli-
able if it was listed by the curated database 
and, if published before 2020, cited by other 
articles more than three times. Articles cited 
fewer than three times were considered on a 
case-by-case basis for inclusion.

The total number of results passing all inclusion/
exclusion criteria: 261.

Sorting articles into thematic clusters

The source of the data each article used or referenced 
was considered in their evaluation, with studies that 
collected primary data considered more impactful 
than articles interpreting secondary data. Similarly, 
the scale of each study was considered, with studies 
covering a geographic area larger than a single village, 
catchment or reservoir were considered stronger. 
Articles sharing a common subject were then sorted 
into thematic clusters. The 261 articles identified as 
relevant to this review were sorted into eight thematic 
clusters based upon shared topics related to the overall 
research question. Each thematic cluster was evaluated 
for overall technical quality using definitions given in 
Arthur et  al. (2013) (see Table 2). Stronger and/or 
more impactful papers increased the technical quality 
score of the cluster in support of their respective 
evidential conclusions. The number of articles within 
each thematic cluster was also considered, using the 
following rating system:

• Large = >50 articles
• Medium = 10–49 articles
• Small = less than 10 articles

Each thematic cluster was then rated on whether 
the individual articles came to the same conclusions 
concerning the subject matter of the cluster, where a 
consistent cluster had all studies in agreement on the 
topic, a mixed cluster had most studies in agreement, 
and an inconsistent cluster had no clear agreement 
between studies.

Finally, a summary three-part cluster grade based 
upon quality, size and consistency was produced, with 
a summarizing paragraph for each cluster explaining 
the grade and summarizing the evidence within the 

Table 1. search terms used in the systematic review of the literature via the online database scopus in June 2020.
Primary terms secondary terms

schistosomiasis Aquaculture
“côte d’ivoire” or “ivory coast” “climate change”
Protopterus “Biological control” or biocontrola

Macrobrachium “côte d’ivoire” or “ivory coast”
Marketa

Poverty
Protopterus
schistosomiasis
snaila

Macrobrachium
aAllows search engine to look up both singular and plural forms of the term.
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cluster. This grade and summary paragraph was called 
the ‘General summary of evidence’.

Grouping clusters into main themes
Eight thematic clusters were organized into three main 
themes, where the findings of the literature were dis-
cussed in detail:

1. Epidemiology of schistosomiasis and of poverty 
in Côte d’Ivoire during the era of climate 
change

2. The potential biological control of obligate host 
snail species for long-term schistosomiasis con-
trol in Côte d’Ivoire: Evaluating two different 
predators

3. Economically sustainable disease control via 
marketing farmed native snail predators in Côte 
d’Ivoire

Evaluating the main themes
Each theme was explored via discussion of the graded 
thematic clusters, with overall conclusions shared by 
multiple articles given priority as a narrative develops 
within each thematic cluster.

Overall themes via thematic clusters

Poverty and health in Côte d’Ivoire during the era 
of climate change
Schistosomiasis and poverty: general summary of 
evidence. 

• Quality: High
• Size: Medium
• Consistency: Consistent

The number of quality articles on schistosomiasis in 
sub-Saharan Africa published in the past two decades 
is high, but those that specifically explored poverty’s 
role in endemicity were not as numerous. Increased 
international investment over the past decade on 
neglected tropical diseases (NTDs) that strongly affect 

the most poverty-stricken, isolated and often stigma-
tized communities in Africa (Hotez and Fenwick 
2009) supported much of this research. Papers dis-
cussing the impact of climate change on schistosomi-
asis epidemiology and on poverty-stricken regions in 
Côte d’Ivoire were even fewer in number, but clearly 
outlined how ‘climate vulnerability’ is a growing prob-
lem for many coastal and inland communities.

Schistosomiasis and poverty: the recognition of 
neglected tropical diseases.  Many bacterial, protozoal, 
viral and helminthic diseases mainly found in the 
least developed countries, including schistosomiasis, 
collectively gained official recognition as Neglected 
Tropical Diseases in 2003 (Hotez and Fenwick 
2009). NTDs are described as primarily infectious 
diseases that are especially common in resource-poor 
populations, mostly in tropical areas (Quansah et  al. 
2016). Most NTDs were systematically undertreated 
before the 2000s, with fewer than 10% of infected 
populations receiving consistent annual treatment for 
their often multiple helminth infections (Schur et  al. 
2011) despite schistosomiasis being recognized as 
second only to malaria for parasite-induced morbidity 
and mortality (Fenwick et  al. 2009). Encouraging 
results from control efforts in Egypt, China and 
Brazil in the 1990s did lead to renewed interest and 
political commitment from countries in sub-Saharan 
Africa, with the Schistosomiasis Control Initiative 
(SCI) started by the World Health Organization 
(WHO) in 2002 with major support from the Bill 
and Melinda Gates Foundation (Brooker et  al. 2004; 
Hotez and Fenwick 2009). The five-year initiative 
of SCI was based in six African countries and was 
chemotherapy-focused, using praziquantel as the 
treatment and targeting both school-aged children 
and at-risk occupational groups (cleaners, fish 
farmers, etc,) (Brooker et  al. 2004). SCI also funded 
research into the effectiveness of chemotherapy 
for acute and preventative schistosomiasis control 
(Fenwick et  al. 2009). Following SCI’s transition into 
the SCI foundation in 2018, the formation of the 
Schistosomiasis Consortium for Operational Research 
and Evaluation (SCORE) group continued SCI’s 
original mandate by developing evidence-based policy 

Table 2. Definitions of technical evidential quality for a given body of evidence (from Arthur et  al. 2013).
technical quality rating for a body of evidence Definition

high the majority of single studies were assessed as being of a high quality, demonstrating 
adherence to the principles of rigor, validity and reliability.

Moderate Of the single studies, approximately equal numbers were of a high, moderate, and low 
quality, as assessed according to the principles of rigor, validity and reliability.

low the majority of single studies were assessed as being of low quality, showing significant 
deficiencies in adherence to the principles of rigor, validity and reliability.



8 R. W. OZRETICH ET AL.

recommendations for future control programmes (The 
SCI Foundation 2020). Many SCORE-funded research 
projects have highlighted the important effect that 
poverty in its many forms has on schistosomiasis 
endemicity, which requires any effective control 
program for this disease to consider this relationship 
between poverty and schistosomiasis (Coulibaly et  al. 
2017; Lo et  al. 2017, 2018; Lund et  al. 2019).

Schistosomiasis and poverty: the influence of poverty 
on disease control. Poverty is a complex term to define, 
as there are many different manifestations. Poverty is 
recognized globally as more than simply a lack of 
income and productive resources required to ensure 
a sustainable livelihood; it can manifest as hunger 
and malnutrition (nutritional poverty), limited access 
to education and basic services, social discrimination 
and exclusion, and a lack of participation in decision-
making (United Nations Development Program 2020). 
Schistosomiasis is common in tropical and subtropical 
regions lacking sanitation, access to clean water, 
and access to affordable health care. Appropriate, 
culturally sensitive, and evidence-based primary 
health education about basic personal and community 
hygiene, parasite control, and the use of medication 
is required (Sow et  al. 2004, 2011; Palmeirim et  al. 
2018; N’Goran et al. 2019). When education is lacking, 
water and sewer infrastructure that ensures untreated 
sewage does not come into contact with water used 
for drinking, washing or recreation is essential, as 
it keeps any schistosome eggs excreted from an 
infected individual from infesting any vector snails 
inhabiting nearby water bodies (Kulinkina et  al. 2016). 
Equally essential in every successful control strategy 
has been effective public health infrastructure that 
ensures comprehensive treatment of both infected 
individuals and communities (Xu et  al. 2016). A 
lack of an effective health infrastructure is especially 
conducive to schistosomiasis endemicity (WHO 2015; 
N’Goran et  al. 2019), as effective treatment delivery 
and intervention for chronically infected individuals 
requires comprehensive service access and often 
repeated treatments (Utzinger et  al. 2003; Bonate 
et  al. 2018). There are worryingly high instances of 
co-infections with other often serious chronic diseases 
including malaria, HIV and cancer (van der Werf 
et  al. 2003; Muller et  al. 2011; Colombe et  al. 2018), 
and without adequate access to health care the overall 
effect of co-infections with chronic schistosomiasis 
is that endemic poverty is entrenched as a result 
of community-wide chronic disablement (King and 
Bertino 2008). Furthermore, poor health infrastructure 

keeps this knowledge from being captured and 
prevents other research about the disease from being 
effectively conducted (Rollinson et  al. 2013; N’Goran 
et  al. 2019). The presence of poverty is, therefore, 
both a cause and an effect of chronic schistosomiasis 
within afflicted communities. It is often embedded in 
the social-ecological system of endemic communities, 
becoming intimately connected with habituation, 
poverty and general neglect (Utzinger et  al. 2011; 
Grimes et  al. 2015).

Poverty, malnutrition and climate vulnerability in 
Côte d’Ivoire: general summary of evidence

• Quality: High
• Size: Medium
• Consistency: Consistent

The subject of poverty in Côte d’Ivoire in all its man-
ifestations, including vulnerability to climate change, 
has become a well-studied topic in the past decade. 
Years of civil war before 2012 gave way to relative 
stability of government and rapid economic progress. 
Combined with several decades of robust national 
statistics on poverty indicators at a household-level 
granularity, these factors were likely responsible for 
the large number of robust papers examining Ivorian 
poverty and the reasons why it has stagnated even as 
national economic indicators improved. Multiple stud-
ies in this cluster model the physical and economic 
effects of climate change across sub-Saharan Africa 
while a few have looked at Côte d’Ivoire in particular; 
all show an increasing trend toward a hotter and drier 
climate with more frequent and intense bouts of 
drought or flooding events, with moderate to severe 
economic impacts on this primarily agrarian-based 
country. The measures taken in recent decades to 
mitigate such problems, including the construction of 
dams, have been shown by multiple cluster studies in 
the cluster to present other unintended consequences 
including sustained outbreaks of snail-borne diseases 
including schistosomiasis in local communities.

Poverty, malnutrition and climate vulnerability in 
Côte d’Ivoire: economic poverty
The current poverty and economic outlook for Côte 
d’Ivoire is very uncertain due to the ongoing 
COVID-19 pandemic, as the severe global slowdown 
combined with the effects of local efforts to contain 
the coronavirus take their toll on the economy at 
every level (World Bank 2020). As of 2019, the last 
8 years of rapid economic growth has not translated 
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to increased levels of social inclusion and reductions 
in the Ivorian national poverty headcount ratio, which 
has been hovering around 46% (28% under the inter-
national standard poverty line of $1.90 per person 
per day) since 2015 (World Bank 2019a). The average 
rate of fiscal poverty among emerging economies in 
2016 was 20% (Czajka 2017). This is mainly due to 
GDP growth being driven by retailers and construc-
tion, while employment is highly concentrated in 
agriculture (family farms) and nonagricultural 
self-employed workers, mostly women with no formal 
education (World Bank 2019b). There are still signif-
icant differences in income between regions (Sanogo 
2019). Adopting aquaculture as an additional or pri-
mary income stream has shown to reduce poverty 
among African farming households while having a 
positive impact on their health mainly due to increased 
purchasing power (Jamu et  al. 2002; Aiga et  al. 2009).

Poverty, malnutrition and climate vulnerability in 
Côte d’Ivoire: nutritional poverty
Food insecurity and malnutrition is a continuing 
problem in Côte d’Ivoire for the roughly 46% of the 
population which is experiencing poverty, especially 
in rural communities in the north and west of the 
country (World Food Programme 2021). This starts 
at birth, with 23% of new-borns not receiving the 
important colostrum-laden breastmilk within an hour 
of delivery, and infants in Côte d’Ivoire receiving the 
lowest average rate of WHO-recommended exclusive 
breastfeeding (4%) in their first 6 months of life for 
any sub-Saharan African country (Alles et  al. 2013; 
United Nations Children’s Fund (UNICEF)) 2018). 
Poor health, especially malnutrition, in early child-
hood causes irreversible physical and mental damages 
(Welander et  al. 2015). Research into Ivorian infant 
malnutrition and breastfeeding has shown a worrying 
trend among poorer rural families toward feeding 
bigger, stronger babies breast milk with greater fre-
quency and for longer than smaller, less healthy 
babies, who are more likely to receive lower quality 
liquid diets and move onto soft, semisolid and solid 
foods earlier than their stronger siblings (Issaka et  al. 
2015; Ezeh et  al. 2019). Foods available to the impov-
erished families of West African children when wean-
ing them off breastmilk are often inexpensive, 
carbohydrate-heavy, and of poor nutritional quality, 
with animal-derived proteinaceous foods only occa-
sionally included in their diets, keeping children from 
receiving the essential fats, micronutrients and amino 
acids they require to optimally grow (Onyango et  al. 
2019). This triple burden of under- and over-nutrition 

with micronutrient deficiencies is increasingly com-
mon across many other low- and middle-income pop-
ulations across the world, with recent global reductions 
in undernutrition and micronutrient deficiency being 
largely offset by increases in disease associated with 
obesity (Ridoutt et  al. 2019). This is a challenge which 
aquaculture has been known to address, with even 
smaller fish grown amongst rice paddies or spare 
reservoirs in polyculture with other species effectively 
reducing the micro- and macro-nutrient deficiencies 
of those who harvest them for food or profit (Arthur 
et  al. 2013). Ivorian food fortification programs, such 
as the Infant and Young Children Nutrition Program 
(IYCNP) were set up to reduce childhood deficiencies 
in iron (Glinz et  al. 2017), iodine, and zinc (Alles 
et  al. 2013), but problems with the price of iodine, 
population coverage, product storage, a lack of local 
production interest, and some cultural barriers (i.e., 
goiter not being recognized as a negative condition 
in many regions) have kept fortified foods from 
becoming significantly effective across the country 
(Alles et  al. 2013; Leyvraz et  al. 2016). There are 
multiple recent government- and NGO-sponsored pro-
grams working to overcome these hurdles and reduce 
the 834,000 Ivorian children under five that were still 
suffering from stunting due to acute malnutrition in 
2019 (Global Nutrition Report 2020; World Food 
Programme 2021).

The interruption to food supplies and transport 
networks during the series of conflicts suffered by 
the country since independence highlights the need 
for more locally produced foodstuffs (Dabalen and 
Paul 2014). The lack of democratic rule during cer-
tain periods in the country’s history has been linked 
to significantly higher infant mortality due to mal-
nutrition as value chains broke apart (Welander et  al. 
2015). Current trends in production under successive 
elected governments are more outward-facing, and 
the practice of export farming has worked out mod-
estly well for both the families of export farmers 
(Sahn 1990) and for the government in terms of 
revenue under past and current international trade 
schemes (Bouët et  al. 2018), with trade policies in 
Côte d’Ivoire being measured as generally pro-poor 
(Nicita et  al. 2014). For local consumption, rice con-
tinues to be the main farmed and consumed food 
source for the average Ivorian, with consumption 
increasing from 27 kg per person in 1958 to almost 
85 kg in 2006 as people moved to cities and urban 
dwellers increasingly preferred rice over cassava and 
yam (Becker and Yoboue 2009). Fish is the primary 
source of animal protein, with over 15 kg annually 
consumed per person; however, up to 67% of this 
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fish is imported (FAO 2019a). The dangers of 
over-reliance on imported rice and fish for feeding 
millions revealed themselves in the 2007–2008 global 
food crisis, when the doubling of prices almost over-
night quickly led to widespread violence in the streets 
of Abidjan, Côte d’Ivoire’s largest city. The resulting 
flood of relatively cheap imports, including frozen 
fish, from Asia into local markets combined with 
historical changes in policy across SSA which favor 
Asian importers over West African producers has 
gradually led to an agrarian crisis across the region 
(Moseley et  al. 2010). Work is urgently needed to 
make nutritious protein sources more affordable, 
available, and desirable for lower- to middle-income 
Ivorians (Ridoutt et  al. 2019) as Ivorian agriculture 
becomes an increasingly uncertain occupation as local 
climates change (Yapo et  al. 2019).

Poverty, malnutrition and climate vulnerability in 
Côte d’Ivoire: climate vulnerability
The Earth’s climate has warmed by 0.6 °C over the 
last 100 years (Walther et  al. 2002). Coastal states of 
West Africa have seen an even bigger increase in both 
average temperatures and of sea levels, but what has 
been most devastating to communities are the increas-
ingly long periods of drought and (to a lesser extent) 
of torrential rain that have measurably increased in 
severity and frequency over the past 50 years (Gan 
et  al. 2016; Yapo et  al. 2019) as a result of global 
climate change (Walther et  al. 2002). Africa itself is 
already the hottest and driest continent on average, 
and so water availability is a key factor in all ecosys-
tems and biomes as well as being essential for main-
taining biodiversity; any change in historical patterns 
of rainfall, stream reach and aquifer levels triggers 
disaster for millions, especially in regions where water 
is already in short supply (Gan et  al. 2016). Research 
has shown fisheries in West Africa are experiencing 
a substantial decline in landed value resulting in a 
50% decline in fisheries-related jobs by 2050 from 
levels seen in the early 2000s (Lam et  al. 2012).

Water resources are more complex to collate, but 
significant changes in annual runoff are predicted 
within Côte d’Ivoire, with increased interannual vari-
ability of overall decreasing amounts of precipitation 
(Dixon et  al. 2003; Coulibaly et  al. 2018; Kouame 
et  al. 2019). Increases of mean daily temperatures 
experienced in the sparsely populated north of the 
country will be accompanied by decreases in the more 
populous south, but the temperature increases will 
generally be of greater magnitude (Yapo et  al. 2019). 
This trend of increasing temperatures and decreasing 

rainfall has significantly raised the likelihood of hav-
ing two successive drought years, a phenomenon con-
sidered the greatest impact of climate change in SSA 
(Gan et  al. 2016; Santé et  al. 2019). Projections for 
the Sahel region conducted by Diba et  al. (2019) con-
cur, predicting decreasing yearly numbers of consec-
utive wet days and increasing numbers of consecutive 
dry days, along with an increase of very warm days 
and nights due to changes in the monsoon system 
driven by warming temperatures. These predicted 
changes could be even more profound than what can 
be modeled due to a mismatch between average mete-
orological data before and after 1950, the point at 
which measurable global climate change began to take 
effect (Paturel et  al. 2003). Both droughts and flooding 
are posing increasing challenges to many Ivorian com-
mercial fish farmers who often site their ponds along 
rivers that have increasingly experienced flood events, 
while extensive farmers who often grow their fish in 
polyculture with rice are experiencing more frequent 
eutrophication and water loss (2020 April 4th virtual 
conversation with R. Koumi). The African Development 
Bank forecasts all these changes pointing toward a 
moderately negative overall economic impact on Cote 
d’Ivoire directly due to the effects of climate change, 
with a minimum 6.4% drop in macroeconomic output 
by 2050 (Baarsch and Schaeffer 2019).

Poverty, malnutrition and climate vulnerability in 
Côte d’Ivoire: dams, climate change and 
schistosomiasis
Hydroelectric dams, along with artificial reservoirs 
and underground aquifers, are seen as significant 
examples of economic progress among emerging coun-
tries (Southgate 1997; Adenowo et  al. 2015). Hundreds 
of dams have been constructed in SSA over the past 
50 years, with hundreds more planned for completion 
in the next decade (Esri 2019). With dozens planned 
for Côte d’Ivoire, this makes the need for schistoso-
miasis and vector snail distribution models which can 
be used during the planning process of these dams 
more imperative than ever, as dam installation has 
been clearly linked to jumps in schistosomiasis infec-
tion rates among nearby populations (Sokolow et  al. 
2015; Lund et  al. 2019).

Dams collect water upstream of their location for 
use in irrigation, livestock, hydroelectric power gen-
eration, and flood control (Adenowo et  al. 2015; 
Diakité et  al. 2017). This creates a new, often ideal 
habitat for vector snails in SSA as the dams slow the 
waters and inundate the land upstream while also 
blocking the passage of natural vector snail predators 



REVIEWS IN FISHERIES SCIENCE & AqUACULTURE 11

such as giant river prawns and various fish species 
(Arostegui et  al. 2019). Steinmann et  al. (2006) esti-
mated that 13.6% of people vulnerable to schistoso-
miasis infection reside close to large dam reservoirs 
and irrigation schemes, which lends credence to the 
observed surge in S. haematobium infection rates in 
these communities following construction of large 
hydroelectric projects in Senegal, Ghana, Mali, 
Namibia, Cameroon and Côte d’Ivoire (Olveda et  al. 
2013). Often these dam projects were led by govern-
ment officials and private contractors external to local 
communities, resulting in little to no engagement or 
risk assessments completed regarding long-term 
impacts of the project. These actions can lead to the 
negative ecological and social effects of a new dam 
canceling out any benefits for local populations (Lerer 
and Scudder 1999; Boelee et  al. 2013). However, with 
monthly rainfall in parts of Côte d’Ivoire projected 
to decrease by anywhere from 3% to 47% in the next 
50 years while surface runoff increases due to more 
intense precipitation events, large infrastructure proj-
ects in Côte d’Ivoire will continue to be built to lessen 
the impact of successive drought years by regulating 
and storing the water runoff, as well as increasing the 
renewable energy portfolio of the countries involved 
(Kouame et  al. 2019; Mortey et  al. 2019). These dams 
will preserve or enhance local livelihoods by protect-
ing downstream communities from flooding and 
upstream communities from the effects of drought 
(Kouame et  al. 2019). This preservation has not 
already been without other costs, illustrated in 
Hunter’s (2003) documenting of the installation of 
hundreds of small dams which improved the lives of 
local communities yet allegedly tripled their schisto-
somiasis infection rates and entrenched endemicity 
over successive generations.

Schistosome-vector snails have been shown to be 
significantly affected by changes in temperature 
related to climate change (Kalinda et  al. 2017). 
Temperature affects both the infectivity and size of 
vector snails along with the rate of schistosome devel-
opment within the snail, with higher temperatures 
significantly reducing the period between infection 
and transmission while elevating the rate of parasit-
ical cercariae output up until 33 °C, the point beyond 
which output drops and snail mortality increases 
(Kulinkina et  al. 2016; Kalinda et  al. 2017). Some 
hotspots of schistosome infection will decrease under 
certain climate change scenarios while other areas 
will experience surges of infection, making habitat 
suitability and disease modeling essential in predict-
ing how progressing climate change will affect schis-
tosomiasis transmission within a specific region 

(Wrable et  al. 2019). Nelson et  al. (2016) did find 
evidence of acclimatization to higher temperatures 
within challenged laboratory Biomphalaria glabrata 
populations, indicating negative effects of climate 
change on snails may be short-lived in certain pop-
ulations (Nelson et  al. 2016). Studies on the effects 
climate change has on the parasite itself have shifted 
the scientific consensus recently, from thinking they 
were scarcely affected compared to other how other 
microparasite diseases respond to changes in climate, 
to now believing the life-cycle lengthens as their tem-
perature rises (Mas-Coma et  al. 2008). They experi-
ence longer generation times, slower population 
growth rates and a longer time before infected hosts 
exhibit symptoms (Mas-Coma et  al. 2011). This is a 
mixed bag for affected communities; as the spread 
of the disease slows, the lengthening time between 
an individual becoming infected and exhibiting symp-
toms can delay treatment and confound any attempts 
to trace the contaminated source. Further fine-grain 
modeling of changes to disease epidemiology in 
response to fluctuations in climate is required to 
determine how infections rates and endemicity will 
change under various scenarios.

The potential biological control of obligate host 
snail species for long-term schistosomiasis 
control in Côte d’Ivoire

Types of intermediate host species
Types of intermediate host species: general summary 
of evidence. 

• Quality: High
• Size: Large
• Consistency: Consistent

Articles relevant to this thematic cluster mainly dis-
cussed the role Biomphalaria spp. and Bulinus spp. 
vector snails have in the schistosomiasis life-cycle, 
using both secondary data in the form of literature 
reviews and book chapters, and primary data from 
the large number of studies on African schistosomiasis 
vector species over the last 60 years.

Types of intermediate host species: Bulinus spp.  Snails 
within the genus Bulinus are the obligate intermediate 
hosts for S. haematobium, causing urogenital 
schistosomiasis (Rollinson et  al. 2013). They live 
in a range of habitats, from small streams to large 
lakes (Woolhouse and Chandiwana 1990). Bulinus 
globosus is by far the most studied of all Bulinus 
species in Africa (Kalinda et  al. 2018); it can live for 



12 R. W. OZRETICH ET AL.

several months under laboratory conditions, but this 
reduces to only a few weeks in the field (Woolhouse 
and Chandiwana 1990). Bulinus spp. are generally 
more tolerant of higher temperatures compared to 
S. mansoni-carrying Biomphalaria species, with B. 
globosus experiencing progressive shell growth from 
15.5 °C, peaking at 25.8 °C and halting over 31 °C, 
while surviving longer in cooler temperatures (Kalinda 
et  al. 2017). Bulinus spp. are also more adapted to 
prolonged dry spells than Biomphalaria spp., allowing 
them to survive for a time beneath dry ephemeral 
ponds and streams via estivation (Perez-Saez et  al. 
2017). This makes modeling Bulinus spp. population 
dynamics in response to changes in precipitation and 
temperature more challenging than for Biomphalaria 
spp., which generally are only found within permanent 
and quasi-permanent water flows and bodies, although 
certain species within each genus can estivate for short 
periods (Perez-Saez et  al. 2017). Akande et  al. (2010) 
describe the molecular process of estivation within 
two Bulinus species as an economical utilization of 
stored metabolites, which allows schistosome infection 
to persist upon revival albeit with a lower survival rate 
of infected snails. In Côte d’Ivoire, both B. globosus 
and B. truncatus can transmit S. haematobium (Diakité 
et  al. 2017). Populations of Bulinus spp. have been 
found throughout Côte d’Ivoire (Tian-Bi et  al. 2018), 
with most recent infected hotspots of S. haematobium 
endemicity having been found in the southern and 
central regions of the country (Swiss T P H 2020).

Types of intermediate host species: Biomphalaria 
spp.  Snails in the genus Biomphalaria are the obligate 
intermediate hosts of S. mansoni, which causes 
intestinal schistosomiasis (World Health Organization 
2006). Schistosoma mansoni’s geographic distribution 
is therefore closely tied with Biomphalaria abundance, 
especially with that of Biomphalaria pfeifferi due to 
its widespread distribution (Morgan et  al. 2001). 
Biomphalaria pfeifferi snails are found primarily in 
very shallow water (0–7 cm) at the edge of small 
pools, in slow streams (water flow = 12–21 cm/s), 
and in lakes and irrigation canals (McManus et  al. 
2018). There are 12 Biomphalaria species in SSA and 
all are susceptible to infection, but transmission is 
predominantly through B. pfeifferi (see Morgan et  al. 
2001). Thus, most research into Biomphalaria spp. 
in Côte d’Ivoire has concentrated on this snail. The 
optimal water temperature window for B. pfeifferi is 20 
to 29 °C, with fecundity and survival in the laboratory 
and observed in the field quickly falling when the 
temperature exceeds 27 °C, with shorter periods of 

intensely hot weather being more damaging to B. 
pfeifferi populations than longer periods of above-
optimal temperatures (de Kock and Joubert 1991). 
This sensitivity to temperature and to changes in 
conductivity cause Biomphalaria populations to vary 
significantly by season in many areas of SSA, but their 
high tolerance of, and even preference for, high levels 
of organic matter (60–1060 mg/L total suspended 
solids) has been widely observed and allows for year-
round dense populations in certain areas near human 
settlements (Rollinson 2011). Seasonal variation in 
rates of S. mansoni transmission has been observed, 
with most transmission occurring between May and 
August in Senegal (Southgate et al. 2001). Biomphalaria 
species infected with S. mansoni experience decreased 
speed and range of movement, a drop in growth rate, 
reproduction shutdown and increased hiding under 
substrate (Swartz et  al. 2015). Biomphalaria pfeifferi’s 
relative intolerance for shade has also been noted, 
mainly due to behavioral observations possible related 
to shade inhibiting the growth of their diatomaceous 
algal food (Loreau and Baluku 1991). In Côte d’Ivoire, 
B. pfeifferi is the sole intermediate host of S. mansoni 
(see Assaré et  al. 2016; Diakité et  al. 2017). The 
current country-wide distribution of B. pfeifferi and 
accompanying rate of S. mansoni infection is unknown, 
but S. mansoni has been endemic to villages in Des 
Montagnes in Western Côte d’Ivoire since the 1980s, 
and is currently spreading into territory that has only 
known S. haematobium (see Assaré et  al. 2016).

The history of biological control
The history of biological control: general summary 
of evidence. 

• Quality: High
• Size: Small
• Consistency: Consistent

Literature on the biological methods used to reduce 
schistosomiasis transmission by controlling the inter-
mediate snail host is small yet of good quality. 
Despite the fact that this literature originates from 
multiple geographical locations, is it quite consistent 
in demonstrating the importance of a multipronged 
approach to sustained control that includes both mass 
drug administration and a long-term method of con-
trolling vector snail populations.

The history of biological control: competitors, 
parasites, and predators. There has been a long history 
of using biological methods to control or eliminate 
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schistosomiasis, usually via controlling the intermediate 
host snail populations (Oliver-González 1946; Pointier 
et  al. 1991; Arostegui et  al. 2019). These methods 
include the use of trophically similar, non-susceptible 
competitor snail species (Lee et  al. 1982; Cowie 2001; 
Anto et  al. 2005), sterilizing/lethal microparasites and 
pathogens (Pointier and Jourdane 2000; Coustau et  al. 
2015), and molluscivorous predators (Madsen 1990; 
Slootweg et  al. 1994; Hoover et  al. 2020).

The introduction of competitive snail species, not 
susceptible to schistosome parasitism, into areas where 
both schistosomiasis and vector snail species are prev-
alent has been successfully used for sustained control 
in parts of the West Indies, Caribbean, Puerto Rico, 
Venezuela and the Dominican Republic in the late 
20th Century (Madsen 1990; Pointier and Giboda 
1999). Anto et  al. (2005) even observed predation on 
individuals and egg masses in addition to competition 
by the ampullariid snail Lanistes varicus on B. pfeifferi 
in laboratory conditions (Anto et al. 2005). Preliminary 
work has also been done on the possibility of devel-
oping transgenic strains of vector snail species which 
are immune to infestation to outcompete vulnerable 
strains (Coustau et  al. 2015; Famakinde 2018). Toward 
this end, snail hematopoietic organ transplantation 
(which transfers resistance to infection into vector 
snails) has been successfully attempted (Barbosa et  al. 
2006). Development of new genetic techniques in 
recent years, such as CRISPR, will increase effective-
ness of similar attempts, but research in relation to 
snail molecular research is underdeveloped (Famakinde 
2018). Competitor snail species attributes are selected 
based upon having parasite resistance, high fecundity, 
voracious feeding habits, longer lifespans, and (ideally) 
being harmless to non-target plant and animal species 
(Gashaw et  al. 2008). Specific species used depends 
upon location and availability, but popular snail fam-
ilies include ampullariids for additional control of 
aquatic weeds frequented by carrier snails and thiarids 
for direct competition and incidental predation 
(Pointier and Jourdane 2000; Cowie 2001). Most of 
the first competitive snail introductions were initially 
accidental, but often led to intentional stocking in 
other areas after their positive effects on local schis-
tosomiasis infection rates were observed (Slootweg 
et  al. 1994). Their efficacy has been confirmed based 
upon long-term studies and observed correlations 
between competitor population rises and the simul-
taneous decrease in schistosome-susceptible snail pop-
ulations, often along with the disappearance of their 
preferred habitat such as the water lettuce Pistia stra-
tiotes (see Pointier and Jourdane 2000; Cowie 2001; 
Pointier and David 2004). Considering their invasive 

potential, researchers highlight the generalist feeding 
habits of these competitor species, along with their 
tendency to also prey upon commercially important 
rice cultivars and other aquatic plants; little to no 
attention has been given to many of these species’ 
long-term effects on the ecosystems to which they 
were introduced (Rollinson 2011). Proper use of com-
petitor species must include post-release monitoring 
and a genuine analysis of their impacts on native 
biodiversity (Madsen 1990; Cowie 2001).

The use of other parasites and of land-dwelling 
predators to target the intermediate host snails has 
also been examined. There has been substantial work 
on describing parasitic non-schistosome trematodes 
that infect Biomphalaria spp., with the members of 
the trematode genus Echinostoma having the most 
extensive body of literature due to their reproductive 
similarity (and sometimes lethal effect) to Schistosoma 
spp. in the laboratory (Rollinson 2011). Despite this 
deep knowledge of the genus, little research has been 
done on their actual use, along with bacteria, fungi 
and protozoans, in the sterilizing or killing of 
schistosome-carrying snails (Madsen 1990), even with 
a wide variety of these trematodes co-existing with 
both wild Biomphalaria and Bulinus species (Rollinson 
2011). Predators of freshwater snails have been studied 
much more extensively, encompassing almost all 
groups of the animal kingdom in different life stages, 
but in particular birds, crustaceans and fish (Rollinson 
2011; Sokolow et  al. 2018). The use of the muscovy 
duck Cairina moschata, for example, can be win-win 
for schistosomiasis-endemic communities; they eat the 
host snails while often harboring the aforementioned 
Echinostoma parasites whose miracidia fatally infect 
the snails, and are marketable poultry, but concerns 
about theft and the effective number required limit 
their practical use for host snail control (Kloos et  al. 
2001; Sokolow et  al. 2018).

The use of aquatic snail predators to target host 
snails has been studied in the laboratory for decades 
(Amberson and Schwarz 1953; Daffalla et  al. 1985), 
but only recently have robust field trials taken place 
(Sokolow et  al. 2015). Aquatic species which predate 
upon snails can dramatically reduce the population 
dynamics of a single snail species, but predation pres-
sure rarely reaches levels where a snail population 
completely disappears in response (Slootweg et  al. 
1994). Regardless, the release of molluscivorous 
aquatic predators in areas of high endemicity for 
schistosomiasis has led to significant reductions in 
infection rates amongst schoolchildren (Mkoji et  al. 
1999; Sokolow et  al. 2015), and reducing the snail 
population below a threshold where schistosome-snail 
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infection rates are lower than snail death rates is 
enough to control the schistosome life-cycle (Sokolow 
et  al. 2015). The use of a more generalist fish or 
crustacean predator that prefers intermediate host 
snails but can switch to other foods as they become 
rare allows for sustained control of the snail popula-
tion without endangering the predator population 
(Sokolow et  al. 2015). Also preferable are intraguild 
predators, which directly feed upon thefree-swimming 
life stage of the parasite and compete via consumption 
of the target intermediate snail host (Lodge et  al. 
2005; Sokolow et  al. 2015). Individual laboratory eval-
uations of fish or crustacean species for snail preda-
tion are numerous (Madsen 1990; Stauffer et  al. 2006; 
Gashaw et  al. 2008; Hoover et  al. 2020; Savaya-Alkalay 
et  al. 2020), but as illustrated by recent and historic 
invasions of snail predators into non-target waterbod-
ies and trophic niches, evaluating these predators in 
the field accompanied by thorough ecological inves-
tigations are essential to allay concerns about gener-
alist predation, habitat destruction and competition 
with related species which may outweight potential 
benefits to local communities (Lodge et  al. 2005; 
Andriantsoa et  al. 2019; Marshall 2019; Oficialdegui 
et  al. 2020).

One strategy to avoid many of these problems is 
to use native species that may have been overfished 
in a particular area or had their access blocked via 
environmental or geological changes and culture them 
locally via aquaculture to strategically increase popu-
lations while conveying nutritional and economic 
benefits (Savaya-Alkalay et  al. 2014; Sokolow et  al. 
2015; Hoover et  al. 2020). A recent study in Senegal 
used field, research, and model-based ecological and 
dietary evaluations to identify several potential can-
didates for use in sub-Saharan Africa for Biomphalaria 
and Bulinus spp. direct and/or indirect snail predation 
(Arostegui et  al. 2019). Two of the most molluscivo-
rous species identified amongst the ten candidate 
species were the giant freshwater prawn M. vollenho-
venii and the West African lungfish P. annectens, pre-
viously identified as a suitable control agent (Daffalla 
et  al. 1985; Arostegui et  al. 2019).

Snail predator candidates for farming and 
deployment
Snail predator candidates for farming and deployment: 
general summary of evidence. 

• Quality: High
• Size: Small
• Consistency: Consistent

Research articles discussing the ecology, range and 
regional fisheries of giant freshwater prawns across 
West Africa were plentiful, but there were relatively 
few papers on African lungfish ecology and ranges, 
with most research on this genus focused either on 
Lake Victoria where lungfish is considered a delicacy 
(Molnar et al., 2012), or on their use in evolutionary 
biology. Only a handful of papers explored the farm-
ing potential of African lungfish, and those papers 
that discuss culturing freshwater prawns do so in 
relation to techniques already used to culture the 
molluscivorous Malaysian prawn M. rosenbergii, 
which is widely farmed in Asia and South America 
but not native to Africa. There are no contradictory 
papers, but gaps in knowledge are present and 
identified.

Snail predator candidates for farming and deployment: 
the predator farming model.  Farming of any species 
for the main purpose of schistosomiasis control must, 
like other aquaculture projects, generate a profit to 
the farmer to be considered sustainable (Arthur 
et  al. 2013). Economic models exploring this method 
assume that farmers are responsible for growing 
relatively high-value native species to harvestable 
size either directly in water bodies containing 
infested snails (Hoover et  al. 2020), or cohorts in 
ponds specifically built for aquaculture; these latter 
methods allow for more intensive farming, while a 
portion of each cohort is sold to the government 
before reaching harvest size so they can be deployed 
for snail predation in schistosomiasis-prone water 
bodies, bolstering depleted wild stocks or as new 
populations (Savaya-Alkalay et  al. 2014). It is assumed 
these species could then be used by local community 
members to supplement their diets and/or incomes 
after this stage, ideally when the snail population 
has been reduced below their reproduction rate to 
such an extent that the water body is safe to use 
once more (Sokolow et  al. 2015) (see Figure 3 for a 
graphical summary of this model). This model has had 
limited success during field trials in Senegal using M. 
vollenhovenii (see Sokolow et  al. 2018), but requires 
further practical demonstrations. A summary of the 
two species’ relative strengths and weaknesses for use 
in this model is shown via Table 3.

Snail predator candidates for farming and deployment: 
Macrobrachium vollenhovenii (giant african freshwater 
prawn).  In SSA many small commercial fisheries have 
existed for freshwater shrimp (Miller 1971). The 
most common of these fisheries in West Africa is 
the native giant freshwater prawn M. vollenhovenii, 
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which grows to a total length of more than 15 cm and 
has been previously been considered for commercial 
aquaculture production in West Africa due to its 
relatively high market value and wide availability of 
wild post-larvae (PL) resulting in lower production 
costs (Willführ-Nast et  al. 1993). It is the largest 
species in the African branch of the Palaemonidae 
prawn family, and has commanded a consistently 
high market value in many SSA countries (Miller 
1971; Makombu et  al. 2014). Multiple individual 
field studies on its ecology, biology and distribution 
have been conducted in several countries (Willführ-
Nast et  al. 1993; Etim and Sankare 1998; Nwosu and 
Wolfi 2009), and its optimal growth requirements 
for aquaculture have been documented (Makombu 
et  al. 2014). Macrobrachium vollenhovenii ranges 
from the Senegal river in the north to Angola in 
the south (Savaya-Alkalay et  al. 2014) and prefers 
well-oxygenated yet slow-moving streams, lakes, 
canals, upper estuaries and reservoirs, as well as rice 
paddies (Diakité et  al. 2018). Despite their shared 
preference for similar habitat in permanent streams 
and reservoirs, M. vollenhovenii and Biomphalaria 
spp. are rarely found in the same location, possibly 
due to predation of the prawns upon the snails 
(Camara et  al. 2009; Diakité et  al. 2018). Like other 

catadromous Macrobrachium species the ovigerous 
(berried) females must migrate to mildly brackish 
estuarine waters to release their larvae, where after 
13 further stages the post-larvae (PL) individuals 
migrate back upriver to spawn (Willführ-Nast 
et  al. 1993; Savaya-Alkalay et  al. 2014). The males 
are non-migratory, and simply feed until the next 
spawning opportunity (Savaya-Alkalay et  al. 2020). 
This migration requirement is one of the factors that 
causes spikes in schistosomiasis upstream of new 
dams as the prawns are unable to reach the area 
and establish populations in the newly created water 
bodies (Sokolow et  al. 2015; Hoover et  al. 2020). In 
Côte d’Ivoire each population, usually found in river 
systems, is exploited by a local small-scale fishery 
(Konan et  al. 2010). While many of these fisheries 
in other countries in SSA have been found to be 
overexploited (Nwosu and Wolfi 2009), there are 
no recent Ivorian fishery surveys for this species. 
Relative host snail abundance between depleted and 
healthy prawn fisheries has only been explored in 
Senegal after the installation of dams which block the 
catadromous movement of the females (Sokolow et  al. 
2017). Fishery recruitment peaks in the midsummer 
across the region in both estuaries and rivers, with 
one spawning cycle in the wild per year (Etim and 

Figure 3. Graphical abstract of the predator farming model.
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Sankare 1998; Nwosu and Wolfi 2009). Morphological 
variations between individuals in regional M. 
vollenhovenii fisheries point toward the need for 
Ivorian stock subdivision when considering overall 
exploitation potential to avoid overfishing in certain 
regions of a preferred regional fishery (Konan et  al. 
2010). General morphological similarity (at various 
life stages) to another Macrobrachium species with 
an overlapping population, M. macrobrachion, further 
complicates accurate population estimations for these 
different fisheries (Konan et  al. 2008).

Snail predator candidates for farming and deployment: 
freshwater prawn farming potential.  Despite small-
scale research conducted on the numerous Ivorian M. 
vollenhovenii fisheries (Bony et  al. 2013) and a few 
studies examining the growth parameters required 
to culture these prawns in neighboring countries, 
as well as an interest in this prawn for aquaculture 
since the 1960s, little research has been done in 
Côte d’Ivoire on the farming of this species for food 
production (Miller 1971; Savaya-Alkalay et  al. 2014). 
This could be due to the already advanced state of 

Table 3. A comparison of the relative strengths and weaknesses between two potential candidates for snail predation in the 
predator farming model.

Relative strengths Relative weaknesses

species Commercial aquaculture Managed fishery Commercial aquaculture Managed fishery
Macrobrachium 

vollenhovenii 
(freshwater prawn)

• wild post-larva 
populations available 
in many regions

• Grow well in 
polyculture with nile 
tilapia (O. niloticus), 
which is widely grown 
across west Africa

• high-value species; low 
survival can still 
generate profit

• large market exists for 
fresh and value-added 
products using this 
species

• large number of 
fisheries already exist

• Already often found in 
rice paddies fed by 
undammed rivers

• high-value species; low 
survival can still 
generate profit

• large market exists for 
fresh and value-added 
products using this 
species

• no hatchery yet exists
• slow-growing 

compared to similar 
non-native species (M. 
rosenbergii)

• no domestication 
program has yet been 
conducted

• very sensitive to 
agricultural chemicals

• A shared ecological 
niche with host snails 
has not been 
confirmed

• Deployment for snail 
predation will require 
enclosed yet 
well-circulating area to 
prevent escapements

• with exception of 
upstream from dams, 
no evidence rebuilding 
fisheries will decrease 
local levels of 
schistosomiasis

• not resilient to rapid 
changes in climate; 
requires relatively 
narrow ranges of 
temperature, salinity, 
and dissolved oxygen 
to survive.

• very sensitive to 
agricultural chemicals

• Requires unfettered 
access to brackish 
water to spawn

• A shared ecological 
niche with host snails 
has not been 
confirmed

Protopterus annectens 
(west African lungfish)

• Grow well in 
polyculture with nile 
tilapia (O. niloticus), 
which is widely grown 
across west Africa

• considered a 
climate-resilient 
species; breathes air 
and thrives across a 
range of temperatures, 
estivating during 
droughts

• estivating individuals, if 
kept within their 
mucus cocoons, have a 
significant shelf life

• Relatively good fatty 
acid profile, potential 
to be marketed as 
delicacy

• hatching and growth 
protocols for similar 
species exist

• Prefers snails and other 
mollusks over other 
foods

• upon deployment, can 
consume all sizes of 
host snails

• estimated large 
number of fisheries in 
côte d’ivoire

• considered a 
climate-resilient 
species; breathes air 
and thrives across a 
range of temperatures, 
estivating during 
droughts

• Relatively large 
individuals with good 
fatty acid profile, 
considered a delicacy 
in many countries

• Prefers snails and other 
mollusks over other 
foods

• upon deployment, can 
consume all sizes of 
host snails

• not yet cultured in 
west Africa

• Requires higher-protein 
feeds

• no existing market in 
côte d’ivoire

• unknown sensitivity to 
agricultural chemicals

• large, snapping jaws 
may pose a danger to 
amateur farmers and 
fishers

• Requires robust, lined 
ponds to prevent 
burrowing, 
escapement, and the 
destruction of the 
earthen dams often 
used in côte d’ivoire

• no evidence rebuilding 
fisheries will decrease 
local levels of 
schistosomiasis

• unknown sensitivity to 
agricultural chemicals

• existing fishery 
locations unknown 
outside localities

• Migratory habits, if 
any, are unknown
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culturing techniques for the similar yet faster-growing 
M. rosenbergii, widely farmed in Asia (Makombu 
et  al. 2014). Combined with a lack of domestic 
interest in culturing this species due to historically 
robust fisheries (Lawal-Are 2012) and roadblocks to 
international export, there has been little regional 
interest in farming this species until recently as local 
demand for such a high-value prawn has increased 
while fisheries begin to shrink (New et  al. 2009). 
The book by New et  al. (2009) on freshwater prawn 
biology and farming gives the most comprehensive 
overview available on the aquaculture potential of 
this species. As described in this book and multiple 
studies, the potential for M. vollenhovenii to thrive in 
polyculture with tilapia and to reduce schistosomiasis 
risk in nearby communities is significant (Sokolow 
et  al. 2015; Hoover et  al. 2020), but the technical 
parameters for farming M. vollenhovenii for these 
purposes, including localized hatching, growth and 
deployment at scale, have yet to be completely 
studied (Zimmerman et  al. 2010; Makombu et  al. 
2014). Numerous technical issues with production 
have been identified when compared to rearing M. 
rosenbergii; there is very little research conducted on 
fertilization and embryonic development (Sintondji 
et  al. 2020); larval rearing problems include a long 
development time (∼50 days compared to ∼35 days 
for M. rosenbergii) and the requirement of enriched 
live feed for early post-larval (PL) stages (generally 
relatively expensive Artemia nauplii) (Tayamen and 
Brown 1999). Wild stocks of PL individuals can be 
collected for grow-out, and economic analysis of even 
extensively stocked systems show M. vollenhovenii to 
be practical for the predator farm model in Senegal 
(Hoover et  al. 2020). The hatchery phase, however, 
is considered both a prerequisite for sustained 
commercial prawn culture and is recognized as the 
most technically demanding stage of the production 
cycle; optimizing water quality, health and nutrition 
via efficient hatchery technology adapted to local 
conditions is essential for M. vollenhovenii to be 
a commercial success (Zimmerman et  al. 2010; 
Makombu et  al. 2014). This makes the commercial 
farming of prawns in an emerging economy such as 
Côte d’Ivoire especially challenging, as the capture of 
wild PLs for even field research is often impractical; 
wild stocks of berried females are often found to 
be depleted (Nwosu and Wolfi 2009), making the 
restocking of a depleted hatchery or pond very 
difficult. Myriad issues with setting up a pioneering 
hatchery for aquaculture have resulted in mothballed 
and failed hatchery operations in neighboring SSA 
countries—these include the usual problems of access 

to effective feed, seed and financing, but also a lack 
of consistently high-water quality and dependable 
electricity, a high risk of equipment theft, a lack of 
quality first feeds and grow-out feed, and lack of 
trained locally-based hatchery managers (Bostock 
et al. 2010; FAO 2019b). Additional economic research 
on the farming conditions, market value and potential 
returns for this species in Côte d’Ivoire is also needed 
before M. vollenhovenii can be considered a viable 
candidate for the predator farm model.

Snail predator candidates for farming and 
deployment: Protopterus annectens (west african 
lungfish).  Protopterus annectens is one of only six 
ancient species of air-breathing lobe-finned fishes 
in Africa (4 species), South America (1), and 
Australia (1) with reduced gills in adults, allowing 
them to breathe via air or water (Chew et  al. 2004; 
Molnar et al., 2012). In Africa, there is substantially 
more research cited in the literature concerning P. 
aethiopicus, although ecological work along with work 
on the lungfish genome (which is unusually large) 
and on the ability of African species to estivate often 
encompasses both species. The four species of African 
lungfishes occur naturally in a variety of freshwater 
ecosystems including swamps, rivers, and lakes across 
SSA (Greenwood 1986). Both P. aethiopicus and P. 
annectens are obligate air-breathers during adulthood 
(Babiker 1979; Greenwood 1986), although other 
research shows aquatic respiration is adopted when 
avoiding predators or swimming vertically (Mlewa 
et  al. 2007). These lungfish are dioecious, but it is 
very difficult to tell the sexes apart by sight (Molnar 
et al., 2012). African lungfish can spawn multiple 
times per year (Mlewa and Green 2004), with females 
reaching maximum fecundity during the rainy 
season (Mosille and Mmnoya 1988; Walakira et  al. 
2016). Males will court multiple females throughout 
this season (Budgett 1901); they dig shallow mud 
burrows (<40 cm) by biting the mud and excreting 
it out of their gills openings, eventually turning 
around to make a teardrop shaped burrow (Budgett 
1901). Once the burrow is complete, the females 
will lay her eggs in the burrow where the male will 
keep the eggs well-oxygenated by circulating water 
with body and tail movements (Mlewa et  al. 2010). 
Little is known about the early life stages of African 
lungfishes (Greenwood 1986). A factsheet developed 
for Ugandan farmers by Walakira et  al. (2016) on 
establishing farming protocols for P. aethiopicus 
show eggs hatching into larval fish of 1.2 cm average 
length, becoming 1–2 g. fry after 21 days and 7–10 g 
fingerlings within six weeks. Wild longevity of this 
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species is unknown, but captive lungfish have been 
known to live up to 20 years and grow over 2 meters 
in length (Genade et  al. 2005). The African lungfishes 
are all omnivorous carnivores, feeding primarily on 
mollusks, crustaceans and insect larvae, with a marked 
preference for mollusks (Ballantyne and Frick 2016). 
The ability of P. aethiopicus to eat hundreds of vector 
snails (Bulinus spp.) per day in a laboratory setting, 
with accompanying tilapia fry almost untouched, was 
first noted by Mahdi and Amin (1966) in Sudan, and 
this voraciousness was confirmed to be shared by P. 
annectens by Daffalla et al. (1985), who also conducted 
limited yet successful field trials. The idea that P. 
annectens could be cultured for use as a noninvasive 
biocontrol agent against schistosomiasis was also 
mentioned by those authors, and strongly suggested 
again by Arostegui et  al. (2019) based upon species 
presence and dietary niches in schistosomiasis-endemic 
areas of Senegal. Concerns regarding destruction 
of earthen dams, the lungfish’s omnivorous feeding 
habits (Slootweg et  al. 1994), deployment logistics, 
and uncertainties surrounding market demand in West 
Africa will need to be examined in modern field trials 
and research.

Snail predator candidates for farming and deployment: 
lungfish farming potential.  This species’ ability to 
estivate for up to several years during a period of 
drought within a self-made cocoon of dried mucus, 
sometimes termed a ‘summer torpor’, enables people 
to remove them from their surroundings while still 
in their cocoon and store them indoors for later 
consumption (Fishman et  al. 1992). Both of these 
attributes, along with their tolerance of a wide range 
of oxygen levels, temperatures, and salinities (Mlewa 
et  al. 2010), show P. annectens can be classified as 
a ‘climate-resilient’ species with potential for filling 
nutritional deficits in Côte d’Ivoire. Masa et  al. (2011) 
showed that the muscle, liver and adipose tissue of P. 
aethiopicus are all rich sources of omega-3 fatty acids 
(Masa et  al. 2011). Mohamed and Al-Sabahi (2014) 
confirmed P. annectens could also be considered a 
semi-fatty fish, with varying concentrations of fat 
depending upon organ type (Mohamed and Al-Sabahi 
2014). There has been no published work done on the 
explicit culturing of P. annectens, but the work that 
has been completed on farming other African lungfish 
species, including P. amphibious in Kenya (Baer et  al. 
1992) and P. aethiopicus in Uganda (Molnar et al., 
2012; Walakira and Molnar 2014), could be used as 
guidance; the conditions found in tilapia hatcheries 
could be used in hatching P. annectens, and growing 

in polyculture with tilapia is possible, as long as the 
tilapia are graded to prevent piscivory by the lungfish 
(Molnar et al., 2012). Morphological, ecological, 
and behavioral similarities between the Protopterus 
species (Greenwood 1986; Otero 2011) indicates 
similar production methods could be effectively 
used for P. annectens as for P. aethiopicus. Capturing 
wild fingerlings is also possible, as lungfish do not 
burrow into the mud until they are sexually mature 
(Greenwood 1986). Grow-out in a larger tilapia farm 
would be a good strategy for these first cohorts, as 
Walakira and Molnar (2014) experienced higher SGRs 
and final weights when raising them on similar feeding 
regimens but with higher-protein feeds, similar to other 
carnivorous fishes. This existing work on culturing a 
similar species, combined with the relative resilience 
of the species to changes in their environment, make 
P. annectens a potentially viable candidate for farming 
as a potential snail predator. Full-scale field trials are 
needed to answer problems surrounding omnivorous 
and especially piscivorous feeding habits in polyculture 
(Slootweg et  al. 1994) and the potential for damage 
to earthen ponds via burrowing by sexually mature 
males. There is no evidence of existing large-scale 
consumer demand in Côte d’Ivoire for this species 
despite availability of local fisheries; this could be due 
to a variety of reasons, including cultural preferences, 
which cannot be known without further research into 
local markets and into the biocultural diversity of 
Côte d’Ivoire in the context of fishing, fish farming, 
and fish consumption.

Marketing and distributing farmed native snail 
predators in Côte d’Ivoire

Ivorian infrastructure and transport networks
Ivorian infrastructure and transport networks: general 
summary of evidence. 

• Quality: Medium
• Size: Small
• Consistency: Consistent

There were relatively few peer-reviewed studies exam-
ining Ivorian infrastructure and general transportation 
networks in the context of aquaculture value chains, 
with contextual information from non-peer reviewed 
official websites being necessary to fill in gaps between 
papers. These websites include organizations such as 
the World Bank and the International Monetary Fund 
that do have national statistics on these topics for Côte 
d’Ivoire, but often these contain dated and/or overly 
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generalized data. Reliable electrical grids and dense 
road networks of decent year-round quality between 
farms and markets are essential for the effective expan-
sion and/or commercialization of fish farms, but very 
few papers captured in this review discussed this topic.

Ivorian infrastructure and transport networks: past and 
present infrastructure.  During the 1990s Côte d’Ivoire 
made major strides with respect to infrastructure, 
resulting in broad coverage for electricity, sanitation, 
road networks and telephone lines. However, during 
the conflicts of the mid-2000s much ground was lost, 
and low investment in the years afterward caused 
these services to deteriorate. The use of private 
investment in public infrastructure (public-private 
partnerships [PPPs], unique to Côte d’Ivoire in SSA 
at that time) helped to assure commercial viability 
of these networks, which encouraged performance 
improvements and further investment, but funding 
for these partnerships dried up (Foster and Pushak 
2010). After the political situation stabilized in 2011 
PPPs resumed as the country’s growth rate increased, 
renovating airports, sea ports and the extensive but 
aging road and rail networks (Oxford Business Group 
2018). Currently Côte d’Ivoire has generally good 
infrastructure compared to neighboring countries. 
The largest road network in West Africa and an 
extensive rail network connecting landlocked northern 
neighbors Burkina Faso and Mali to two major sea 
ports (Abidjan and San Pedro) (World Port Source 
2020), along with three international airports (Abidjan, 
Yamoussoukro and Bouaké) and four additional 
regional paved airports (Airports Worldwide 2021) 
all enable the relatively smooth movement of goods 
(Oxford Business Group 2018). The condition of 
telecoms, electricity and water infrastructure is all 
above the African average, with the calculated amount 
of investment needed for maintaining these services 
relatively low, especially in the case of the electrical 
grid (Global Infrastructure Hub 2017).

Ivorian fish market structures
Ivorian fish market structures: general summary of 
evidence. 

• Quality: Medium
• Size: Very small
• Consistency: Consistent

Almost no research regarding fish markets and overall 
aquaculture within Côte d’Ivoire was identified 

through the keyword search; these subjects were antic-
ipated to be the primary areas in which new research 
could be useful. There were no contradictory conclu-
sions made within the body of research that was 
identified, and subsequent correspondence with local 
researchers revealed only one additional paper on this 
topic (Yao et  al. 2017) published in a journal not 
recognized by Scopus or Web of Science and now 
identified as a predatory journal as defined by Xia 
et  al. (2015). Unpublished maps of aquaculture across 
the country matched those that were published regard-
ing national fish movements between market towns 
and neighboring countries.

Ivorian fish market structures: fish trade and 
movement across Côte d’Ivoire.  Major, long-established 
fish markets exist in both the capital Yamoussoukro 
and in Abidjan, where the capture and processing of 
fish also occurs (Kouakou et  al. 2013). The types of 
value-added fish product available in these markets 
are many and include fresh, frozen, smoked, dried, 
fermented and other value-added products (Kouakou 
et  al. 2013; Shehu Jega et  al. 2013; Fall et  al. 2019). 
While local and regional markets can be large in scale, 
the majority of fish trading in West Africa is done 
informally, and mostly undertaken by women traders 
and other marginalized groups (Ayilu et  al. 2016); 
these informal transactions are not well-documented 
and thus the true scale of fish markets in Côte d’Ivoire 
is not well understood or adequately supported by 
government. Perhaps consequently, there are very 
few studies on Ivorian fish markets or traders in the 
literature. One study does comprehensively examine 
the country’s fish market structures; Ayilu et  al. 
(2016) in cooperation with Worldfish attempted to 
document Ivorian informal markets and illustrate 
the flows of fish within and between three countries 
within West Africa, including Côte d’Ivoire. Using 
research and interviews with traders, fishermen and 
other stakeholders, the authors paint a detailed picture 
of how fish and seafood products move around and 
through this region (see Figure 4 for detailed map of 
these movements):

Abidjan, being a port city home to one of the biggest 
ports in West Africa, is where thousands of tons of 
imported frozen and processed (usually smoked) fish 
enter the regional distribution network via middlemen 
and retailers. While frozen fish products enter the 
country formally, the movements within the country 
and across the borders is completely informal. The 
decent Ivorian road network allows fairly long cold 
chains which transport frozen fresh fish as far west 
as Man city and as far north as Korhogo city, with 
some traveling still further to be processed in nearby 
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Ferkessédougou. Most African imports come from 
Mauritania to Abidjan by sea, but some processed 
imports enter through Korogho city via land from 
Mali and Senegal, to often be reexported onward 
to Burkina Faso (by road) and Ghana (by canoe 
via Bouna city). The top ten most frequently traded 
fish in the region include shad (smoked), Sardinella 
(smoked), anchovy (dried and smoked), Atlantic 
bumper (smoked and dried), chub mackerel (smoked), 
pink shrimp (smoked), deepwater rose shrimp 
(smoked), black-chinned tilapia (salt dried, smoked), 
catfish (C. gariepinus) (smoked), and African moon-
fish (dried and smoked). (From Ayilu et  al. (2016) 
reproduced with permission from Worldfish)

During these interviews, traders described the var-
ious barriers and advantages they encounter; having 
a primary or basic education helped with their trade, 
as simple arithmetic is essential for this occupation. 
Shorter distances between purchase points and des-
tinations enhanced cross-border trade, as did mem-
bership in a fish traders’ association as members can 
pool their knowledge of foreign markets and price 
fluctuations, as well as gain access to credit facilities 
and assistance during times of illness or economic 
hardship. Prohibitive taxes and high numbers of 

bribes, transport costs, export/import formalities, 
ignorance of regional trade regulations and harass-
ment at border checkpoints, and inefficient/inade-
quate fish processing are all seen as barriers to 
effective fish trading. The problems with fish pro-
cessing, coupled with poor handling practices during 
transport and display at market, can endanger the 
public who are often unaware or ignorant of which 
practices are essential for food safety in the market-
place (Chimatiro 1998; Essien et  al. 2006).

Ivorian aquaculture practices
Ivorian aquaculture practices: general summary of 
evidence. 

• Quality: Medium
• Size: Very small
• Consistency: Consistent

Most literature discussing Ivorian fish farms is either 
dated (i.e. from before the 2002 civil war) or focused 
on the demographics of the farmers themselves rather 
than on their farming practices. Some recent work 

Figure 4. Movements of fish catch and imports within côte d’ivoire. source: worldfish, used with permission.
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has also been done on feed quality and nutrition 
within Ivorian fish farms, but most of this research 
has been conducted by a only single regional research 
institute (Centre de Recherches Océanologiques) 
whose work is funded by the Ivorian government and 
NGOs. Similarly, one article on the topic was pub-
lished in an open-access journals that is not recog-
nized by curated databases as meeting the quality 
standards for inclusion—the ‘predatory journal’ trap 
often encountered by younger researchers in 
non-English-majority developing countries may be 
responsible for this outcome (Xia et  al. 2015).

Ivorian aquaculture practices: Ivorian fish farms and 
wet markets.  Côte d’Ivoire farms relatively few fish 
compared to its neighbors, with 3750t harvested in 
2015. Ghana and Nigeria grew roughly 10× and 110× 
that amount, respectively, that same year (FAO 2016). 
Statistics on current production are uncertain due to 
the ongoing pandemic, but it is estimated that output 
has not significantly changed in the past few years, with 
production levels hovering around 4500t since 2016 
(FAO 2019b). There are few studies in the literature 
regarding Ivorian fish farms but Yao et  al. (2017) 
conducted extensive surveys (via personal interview) 
of 301 farmers across fifteen fish production regions in 
Côte d’Ivoire in 2013, and wrote two comprehensive 
articles on their findings (Yao et  al. 2016, 2017). These 
are the only reports on these farmers that took place 
after the end of the most recent civil war, an event 
that drastically affected aquaculture production and 
farm data collection (FAO 2019b). Yao et  al. (2017) 
describe most of the farmers as having 5–10 years 
of experience, are male, are 40–60 years old, and 
use mostly extensive or semi-intensive earthen pond 
aquaculture methods to raise mainly Nile tilapia 
(Oreochromis niloticus), catfish (Clarias gariepinus, 
Heteroclarias spp.), bonytongue (Heterotis niloticus), 
bagrid catfish (Chrysichthys nigrodigitatus,), with 
occasionally snakehead (Parachanna africana) grown 
in polyculture with the tilapia. Feeds were generally 
agro-industrial by-products, with only intensive and 
semi-intensive farmers utilizing commercial feeds, 
either imported or formulated in-country. These 
local formulations were often of low protein content 
and nutritional quality, with elevated levels of anti-
nutrients and fiber. The few farmers who operated 
intensive or semi-intensive farms were local to the 
region where their farm was situated, while most of 
the extensive rice-fish system farmers were migrants 
from other regions. There are very few farmers using 
intensive systems, and a majority of semi-intensive and 
extensive systems are run as secondary to the primary 

agricultural work of farming cocoa, coffee, palm oil, 
rubber, and other crops; it is thought that this keeps 
production levels from benefiting from improvements 
to efficiency and investment that farmers who 
primarily farm fish would put into their systems. The 
aquaculture sector in Côte d’Ivoire is beset by most of 
the usual problems affecting African fish farms in many 
other countries; lack of access to high quality feed 
and fingerlings, persistent water contamination from 
pesticide residues (Roche and Tidou 2009), limited 
access to monosexing technology or credit facilities, a 
lack of national feed mills and commercial hatcheries, 
and a need for extension services to educate farmers 
about methods of intensification and efficiency (Yao 
et  al. 2017). The traditional roots, informal nature 
and uncertain contemporary regulations surrounding 
land tenancy and ownership is also a major 
barrier to commercial expansion for some farmers, 
particularly in what was formerly called the Pioneer 
Frontier (Montagnes and Moyen-Cavally regions in 
Southwestern Côte d’Ivoire) according to Babo and 
Droz (2008): Policies established since independence 
encouraged migrants from outside these regions (and 
eventually even outside the country) to colonize 
land in mainly forested areas through the 1990s. 
These were areas where multiple tribes considered 
themselves indigenous, but practiced little agriculture; 
therefore, their forested lands were considered ripe 
for exploitation. Cultivation rights were informally 
purchased through ritual and gifts in a long-cherished 
system called “tutoring,” with very few exchanges 
being registered in any documented manner. After 
the economic crises starting in the 1980s, this lack of 
official records combined with increasing xenophobia 
and the increasing value of land for growing cash 
crops caused questions regarding who is considered 
most “native Ivorian” to become more critical than 
documentation when disputes over land rights were 
being settled. Regional major fish farming countries 
(especially Senegal, Ghana and Nigeria) have had 
over 15 years of relatively stable economies during 
which their technological knowledge and investment 
made in aquaculture has paid off with much higher 
comparative yields; with continuing political stability 
and both public and private investment in their sector, 
Ivorian fish farmers may yet see their production rates 
rival their neighbors (Babo and Droz 2008; Fallier 
et  al. 2014).

Locally farmed fish products are currently consid-
ered luxury items in Côte d’Ivoire likely due to rel-
atively high production costs making them expensive 
compared to frozen imports or smoked wild-caught 
species, but consumer preferences irrespective of 
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relative cost are unknown. Farmed fish are mostly 
sold fresh and whole directly from the farm gate or 
from nearby markets due to a lack of reliable cold 
transport chains in most of the country (Yao et  al. 
2017). Producing an aquaculture product at a low 
enough price point for local Ivorians to consume will 
likely be a long-term goal, especially with a species 
newly introduced to the market. There are many ways 
this price point could be met through concerted 
effort, from increased farming efficiency, marketing 
campaigns leading to increasing adoption by consum-
ers and farmers, advertising and sponsorship, and 
renewed interest and investment by the government 
(Ridoutt et  al. 2019).

Discussion

The broad scope and interdisciplinary nature of this 
systematic review necessitated the sorting of the 
retrieved literature into three main themes, the first 
of which examined the neglected disease of poverty 
which is schistosomiasis. The second theme explored 
the strategy of using biological control to combat the 
spread of schistosomiasis during the era of increasing 
climate change by focusing on the specific strategy of 
farming two separate molluscivorous species. The 
third and final theme examined the application of 
this strategy to combat disease, poverty, and economic 
insecurity in the West African nation of Côte d’Ivoire. 
Each theme was explored in detail using thematic 
clusters to organize the individual articles into related 
groups, with the quality, size, and consistency of evi-
dence from each cluster graded and summarized. This 
systematic review was conducted to determine, based 
purely upon the literature, whether two different fresh-
water species native to Côte d’Ivoire could be grown 
in Ivorian commercial aquaculture to be deployed as 
long-term biological vector snail control and/or bolster 
native populations, with the ultimate goal being to 
reduce the burden both of schistosomiasis disease and 
of poverty on vulnerable Ivorian communities during 
a time of climate change. The literature does indicate 
that this use of snail predator farming would be a 
practicable, climate-resilient method for the sustained 
control of schistosomiasis in Côte d’Ivoire, but with 
some caveats to this strategy which need clarification 
through physical trials and primary research.

The predator farming model does embody both 
One Health and pro-poor principles, as it uses col-
lective knowledge and coordination between multiple 
disciplines (aquaculture, epidemiology, etc.) to find 
a general solution for effectively combatting such a 
widespread and persistent disease of poverty. But the 

caveats to this idea are substantial, and mainly relate 
to gaps in the literature and the practicalities in areas 
where the strategy is used, while ensuring it is paired 
with other schistosomiasis control measures such as 
chemical MDA and/or water infrastructure improve-
ments. Between the two species evaluated, for exam-
ple, the farming of M. vollenhovenii for this purpose 
will be quicker to set up in the shorter term due to 
an established market for large prawns, availability 
of wild PLs, and extensive knowledgebase on fresh-
water prawn farming compared to P. annectens. 
However, there is some evidence this species does 
not naturally share the same habitat as vector snails 
(Diakité et  al. 2018), while the evidence for the rel-
ative ecological resilience, nutritional content, size, 
and potential ease of farming P. annectens is sub-
stantial and worth further investigation. The lack of 
a large, established market for lungfish in Côte d’Ivo-
ire, no domestication effort, and little knowledge 
about farming even similar species relative to those 
already farmed in-country makes lungfish a “risky” 
candidate in the shorter term, however, even if the 
farming potential and nutritional impact of this resil-
ient species is relatively high.

Other freshwater species already farmed and sold 
in Côte d’Ivoire that also display a degree of mol-
luscivorous behavior, including Heterotis niloticus 
(African arowana), sterile monosex varieties of M. 
rosenbergii, and the non-native Ctenopharyngodon 
idella (grass carp) (see Arostegui et  al. 2019), also 
warrant further investigation. Research conducted by 
the German NGO Bernhard Nocht Institute for 
Tropical Medicine (BNITM) on the host snail preda-
tion potential of H. niloticus began in Madagascar in 
April 2021, and so these investigations are already 
beginning (2021 May 3rd email with N. Jouanard).

This review revealed gaps in the literature sur-
rounding (a) the effect climate change will have on 
Ivorian nutritional poverty, (b) the existing popula-
tion levels of both P. annectens and M. vollenhovenii 
in Côte d’Ivoire, (c) the effectiveness of P. annectens 
host snail predation in Ivorian field conditions, (d) 
the possibility of growing out either wild-caught M. 
vollenhovenii or P. annectens in existing Ivorian 
semi-intensive/intensive aquaculture systems, (e) the 
Ivorian fish markets’ openness to farmed P. annectens, 
and (f) which deployment strategy should be used 
to reduce endemic schistosomiasis in the country, 
either pioneering/increasing natural populations or 
being deployed to specific sites. Primary data collec-
tion via survey in Ivorian fish markets and studies 
that explore the biocultural diversity of Côte d’Ivoire 
can help cement a more complete foundation of 
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knowledge. The eventual deployment of field trials 
at select local farms should build upon this founda-
tion and address many of the more practical 
unknowns. These farms would be best located in 
regions where schistosomiasis endemicity is high, 
hybridization between Schistosoma species has been 
documented, and where cattle, ungulates and/or other 
nonhuman mammals are likely to share the infested 
water. Preventing the potential infection of the wider 
reservoir of both human and non-human hosts that 
could be infected by hybrids would be very useful. 
Once the knowledge gaps begin to close and the farm 
trials start producing cohorts of snail predators, they 
will quickly lead to an integrated approach in 
agri-food research as described by Horton et  al. 
(2017) as the focus of this work shifts from effective 
implementation of the farming model to achieving 
sustainability of the model through commercial activ-
ity. Such an integrated strategy is vital, as climate 
change is projected to have an overall spreading effect 
on famine and the epidemiology of schistosomiasis 
in sub-Saharan Africa. Increasingly variable precipi-
tation and weather patterns, combined with the 
higher temperatures already being experienced by 
millions of people in endemic regions across the con-
tinent, are affecting food supplies and already encour-
aging people to migrate in search of better, more 
stable living conditions; the disease can travel with 
them (McCreesh et  al. 2015). Forced away from the 
coastlines by rising sea levels, slower, more frequent 
storms and increased instances of flooding, fishing 
communities who have already suffered from rapidly 
declining stocks will require food of at least the same 
quantity and quality to avoid further hardship, and 
sustainable economic opportunities for themselves 
and their children. Aquaculture is already producing 
over 50% of all fish consumed globally (FAO 2018), 
and farmed fish is a relatively rich source of dietary 
protein, fats and minerals grown more efficiently and 
with fewer carbon emissions compared to terrestrial 
animals (Norman et  al. 2019). Integrating 
commercial-scale fish farming with schistosomiasis 
control can therefore lead to reductions in poverty, 
disease endemicity, and vulnerability to a changing 
climate, but only if such a win-win-win strategy is 
properly implemented.

Regardless of how we get there, this review does 
show a need for resilient, sustainable methods of sig-
nificant long-term control of host snail populations 
amidst increasingly fluctuating climate factors, low 
financial resources, food poverty/insecurity and global 
NGOs’ single-minded focus on only repeated chemo-
therapy for schistosomiasis control. The use of 

aquaculture to achieve this goal seems to be a strategy 
that is worth pursuing.
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