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Abstract

Sustainable freshwater aquaculture is crucial for food security and economic development
in Africa, particularly in North West Africa’s less advanced countries. Existing complex
monitoring methods are often impractical for these contexts due to technical and resource
limitations. We developed and tested a localised tool to evaluate the sustainability of
tilapia farms across diverse agroecological zones in Senegal. The approach involved en-
gaging farmers in a participatory process to identify context-relevant indicators for the
environmental, social, and economic dimensions of tilapia farming. These indicators were
scored to create a composite sustainability index. Key sustainability challenges identified
included a lack of technical support, profitability issues, inadequate environmental manage-
ment, and social welfare concerns. However, we found promising potential for integrated
community-based farms. The sustainability indicators inform policies and practices that
promote localised sustainability in sub-Saharan Africa, while considering smallholder
farms’ unique needs and characteristics. These assessments contribute to implementing
targeted interventions, improved resource management, and enhanced social and environ-
mental outcomes in the freshwater farming industry. Collaboration and knowledge sharing
among stakeholders can significantly contribute to developing sustainable aquaculture
practices, though successful implementation requires specific, medium-term practice pro-
grammes. The tool successfully discriminated between farm types, with intensive private
farms scoring highest overall (up to 73% of the maximum sustainability score), while
extensive farms in the southern region scored lowest (=*40%). The study demonstrates
the value of participatory, context-specific tools for diagnosing sustainability and guiding
improvements in African aquaculture.

Keywords: farm; tilapia; sustainability; aquaculture; participatory approach; co-construction;
localised monitoring; Senegal;, West Africa

Key Contribution: Co-constructed sustainability assessment tool for freshwater aquacul-
ture farms in less advanced countries and tilapia farms in Senegal, showcasing varying
intensification and agricultural integration. Identification of strengths and weaknesses
across sustainability dimensions, highlighting areas for improvement and a localised ap-
proach to sustainability monitoring for farms in low-income countries.
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1. Introduction

Africa contributes 2.6% (2,196,000 tons) to global aquaculture production [1], primarily
driven by freshwater fish farming [2,3]. This production is dominated by tilapia in Egypt,
along with tilapia and catfish in Nigeria and Ghana in West Africa. However, these volumes
remain below the continent’s true potential [4-6]. In Senegal, the potential for aquaculture
production is estimated to be 12,000 tons per year by utilising 5% of the irrigated land in
North Senegal [7]. Despite the establishment of a national aquaculture agency in 2014 and
the recognition of aquaculture development as a governmental priority for accelerated
economic growth [8], Senegalese aquaculture production remains low, amounting to only
1011 tons in 2020 [6]. The predominant contributor to this low aquaculture production
in Senegal is mangrove oyster farming, which has been practised for centuries by the
coastal local population, particularly women’s economic interest groups [9]. However,
the aquaculture development policies implemented in recent years have provided only
limited support for this sector, focusing predominantly on tilapia and catfish farming. This
imbalance in the sector’s support policy reflects an irrational approach that does not align
with the social and economic importance of the aquaculture sub-sector in Senegal [8,9].

Over the past three decades, aquaculture production has experienced rapid growth, es-
tablishing itself as a viable alternative to fishing for providing seafood to the population [10].
This is particularly significant due to the overfishing of many commercially exploited fish
stocks [11,12]. However, it is important to note that the claim that aquaculture is a solution
is not without controversy. The production of carnivorous species in aquaculture relies
heavily on fish stocks, particularly small pelagic fish, which are crucial for food security in
West Africa [13,14], such as Sardinella [15,16]. Nonetheless, the statement can be considered
plausible for aquaculture species that utilise low levels of fishmeal, such as tilapia, carp,
and catfish.

The growth of tilapia farming in sub-Saharan Africa highlights the importance of
conducting sustainability assessments tailored explicitly to smallholder farms. Despite four
decades of research and development and significant financial investments, fish farming
in Africa has struggled to fully realise its potential for production and socioeconomic im-
pact [4]. Ineffective institutional arrangements and project-driven initiatives have hindered
the achievement of desired outcomes in terms of food security and economic growth, as
predicted by development agencies [17]. However, certain countries, such as Nigeria and
Ghana, have made significant progress.

In assessing the contribution of aquaculture to rural economies and food security,
Brummett et al. [18] proposed an evolutionary approach that combines local and external
participation in technology development and emphasises the transfer of technical knowl-
edge [19]. This approach aims to enhance the productivity of fish production systems
while promoting environmental and social sustainability. This observation aligns with
sustainability, encompassing economic development, social stability, and environmental
integrity [20].

Sustainability indicators [21,22] and composite indices are increasingly recognised
as valuable tools for policymakers and communication efforts to convey information on
country and corporate performance across various areas, including the environment, the
economy, society, and technological advancements [23]. Approximately 37% of sub-Saharan
Africa has suitable conditions for small-scale artisanal fish farming, which, if effectively
implemented, could significantly contribute to household food security [24-26]. However,
decision-makers and managers need specific information regarding the on-site impacts and
sustainability of fish farms at the community level.

The Evaluation of Aquaculture System Sustainability established the importance
and appropriateness of the Principles, Criteria, and Indicators approach for assessing the
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sustainability of aquaculture systems [27-30]. It focused on assessing sustainability at the
regional and national levels, but not at the microscale (i.e., the farm level). Scaling fish farm
indicators for assessment involves evaluating the sustainability of fish farms using selected
indicators that assess the impact of specific practices on fish health, waste production levels,
and the farms’ impact on local wildlife. The Farm Sustainability Assessment Tool can be
utilised to evaluate the sustainability of fish farms, covering indicators related to fish health,
welfare, environmental management, and social responsibility [31,32]. These indicators
can then be used to create a score reflecting the overall sustainability of a fish farm. It is
important to acknowledge that a realistic approach to evaluating the sustainability of fish
farms often focuses primarily on economic aspects [32]. However, it is worth noting that
the economic approach has limitations, as it does not fully consider these farms’ social and
environmental impacts. This limited evaluation approach overlooks broader sustainability
dimensions when assessing fish farms. Therefore, it is important to supplement economic
evaluations with assessments encompassing the social and environmental dimensions to
obtain a more holistic view of the farms’ sustainability performance [20,33].

Developing a farm sustainability assessment tool ensures sustainable farming prac-
tices [20,27,34]. Such a tool can measure the impact of various farming practices on a
farm’s sustainability and identify areas for improvement. It also enables the comparison of
different farms’ sustainability and the evaluation of the environmental, economic, social,
and technical impacts associated with different farming approaches. When creating a farm
sustainability assessment tool, it is essential to consider the farm’s specific needs and the
desired outcomes of the assessment. Existing frameworks and tools, such as those proposed
by Rey-Valette et al. [34] and Efole et al. [35], are valuable resources for developing an
effective assessment tool.

The main objective of this work was to gain a localised understanding of the sustain-
ability status of fish farms in the West African context, rather than conducting a global
assessment. This approach is consistent with previous work [27,28,36,37], highlighting the
significance of adapting sustainability assessments to local environments” unique charac-
teristics and requirements. By explicitly examining the contributions of tilapia farms to
sustainable development at the local level, this work aims to provide valuable insights for
improving the sustainability of aquaculture practices in the region.

2. Materials and Methods

We developed a context-specific set of sustainability indicators through participatory
methods to assess key operational dimensions of tilapia farms in Senegal, focusing on
locally relevant challenges.

2.1. Dimension, Principles, and Indicators

Sustainable development principles for territorial aquaculture sustainability were
identified [38], integrating socioeconomic and environmental dimensions aligned with
Bueno’s [20] framework.

An interdisciplinary team (sociologists, economists, environmentalists, and aquacul-
turists) conducted field surveys to define core sustainability domains. Through iterative
workshops with fish farmers and institutional partners, 19 contextually relevant indicators
were co-constructed and validated [27,29,30,39] (Table 1):

e  Environmental (7 indicators): Water management, waste handling, production effi-
ciency, chemical usage, etc.
e  Social (7 indicators): Labour conditions, gender inclusion, local market linkages, etc.

https:/ /doi.org/10.3390/ fishes11010027


https://doi.org/10.3390/fishes11010027

Fishes 2026, 11, 27

4of16

e  Economic (5 indicators): Funding and Autonomy, Sales strategy, Diversity of farm
products, Job-producing efficiency (ton per job), and Risk prevention and management
system.

Table 1. The sustainability indicators used in our study are divided into three dimensions (Environ-

mental, Social, and Economic) and various sustainability Principles.

Dimension Principle Indicators
Water management
E E the efficient f natural Production per surface
= nsure the efficient use of natural resources Waste management
g Level of integration with other products
S
S o .
> Protect biodiversity and respect animal Use of hormones, %mt1.b1ot1c:s, and c;hemlcals
= . Use of non-indigenous species
M well-being
Number of escape events/year
Strengthen the integration of aquaculture in Number of direct WOI‘](EIjS. .
Workers with aquaculture qualification
local development
Average salary
i . . f ional accident:
! Contribute to community development and N umber o occupationa acc1df:n "
o e Daily hours worked /national legislation
N poverty alleviation
Presence of women workers
Con’fr.lbute to food security and healthy Rate of production commercialised in local markets
nutritional needs
Funding and autonomy
9 Strengthen financial management Diversity of farm products
g of enterprises Job-producing efficiency
£ Sales strategy
= Strengthen risk assessment and crisis

management capabilities

Risk prevention and management system

2.2. Sustainability Scoring System

Assessing the sustainability of fish farms involves associating reference values or
thresholds with specific indicators [40]. The co-construction of the 19 indicators to evaluate
the sustainability of African tilapia farms was based on their importance and the feasibility
of measurement. Scaling the fish farm indicators for assessment enables evaluation of
the impact of specific practices on fish health [41], the level of waste produced [42], and
the farm’s impact on local wildlife [43,44]. The sustainability tool covers fish health and
welfare indicators (indirectly via chemical usage (hormones/antibiotics), environmental
management, and social responsibility. The overall sustainability of the fish farm was
assessed using 19 indicators, each rated on a scale from 1 to 5, with 1 indicating “poor”
and 5 indicating “very good” sustainability. Thresholds were refined using expert input
and statistical agency data. Farms were categorised into sustainability tiers (sustainable to
unsustainable) based on cumulative scores (Table 2).
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Table 2. Selected indicators and their scaling according to the thresholds and data value available in
fish farm literature review and the Senegalese Statistics National Agency (ANSD), sp.: fish species
reared. ! When a farm does not meet the criteria of the previous class, it is brought back to one class.
2 Sensors in ranked priority: 1—oximeter, 2—thermometer, 3—pH-meter, 4—Automate Monitoring
System (AMS). 3 SMIG: “Salaire minimum interprofessional garanti” guaranteed minimum wage
at the survey date in Senegal. Data collection was performed between 2013 and 2018. * Funding
refers to the initial Investment in infrastructure, e.g., building ponds and locals, providing sensors. A
darker shade on the colour scale indicates a higher level of sustainability for the indicator: 1 “least
sustainable” to 5 “most sustainable.

Caption Least Sustainable Unsustainable gflgf:i?:f’ll}é

Scales ! 1 2 3

Environmental indicators

Water management 2 50% of staff trained A ot i 2 + use of 2 sensors
trained

Level of integration with
other products

1 sp. produce

2 sp. produced

3 sp. produce

Waste management Effluents untreated filt ri\ﬁg;hg?gﬁlu — Settling ponds
Productl_oln per surface 03 35 5.8
(tonsha™")
Use of hormones, 5 4 3
antibiotics, and chemicals
Use of non-indigenous
species 4 < 2
Number of escape 4 3 3
events/year
Social indicators
Number of direct workers <3 3to5 5t08
Worl.«.:rs s.pec1ghsed in <20 20-40 40-60
qualification (%)
Average salary (in SMIG) 3 <2 2-3 3-4
Nu.mber of occgli)atlonal 520 15-20 20-30
accidents (Year™")
Daily hours
worked /national <15 1.5-1.3 1.3-1.2
legislation
Presence of women
workers (%) 0 e 2t
Rate of production
commercialised in local 0-20 2040 40-60
markets (%)
Economic indicators

. 4 100% funding from ~ 50% funding from q
Funding and Autonomy the stato the state Own funding

Sales strategy

Diversity of farm products
Job-producing efficiency
(ton per job)

Risk prevention and
management system

no sales strategy

sale at farm

2 + sales at the
local market

1 2 3
<0.5 0.5-1 1-2.5
- Existing, but no
Not existing Existing LT proof of its
expired .
application

2.3. Farm Selection

The farm selection was carried out based on records obtained from two governmental
agencies promoting aquaculture and second agriculture, namely the Agence Nationale de
I’Aquaculture (ANA) and the Agence Nationale d'Insertion et de Développement Agricole
(ANIDA). A list of 95 farms from these Senegalese governmental agencies provided details
on the type of infrastructure, surface area, and/or volume of each farm, as well as a
typology of farm infrastructure in each area, including tanks, cages, and ponds [45].

Three selection criteria for the farms were adopted. (i) Production capacity was con-
sidered to include farms with varying output levels, ranging from small-scale to large-scale
operations. (ii) Farms with enhanced technology were included to understand the sustain-
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ability implications of advanced farming practices and assess their potential benefits or
challenges. (iii) Representativeness of eco-geographical areas was also a key consideration
to ensure that the selected farms were spread across various agroecological zones in Senegal

(Figure 1).
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Figure 1. Location of tilapia selection farms within the study framework. These farms mainly
concentrate on the country’s north (green) coastline and the central part (yellow). FN1—4, FC1-2,
FS1-2; F = farm, N = North, C = Centre and S = South (pink). Numbers 1, 2, 3, and 4 indicate the
identification number allocated to the farm in areas N, C, or S.

These criteria aimed to ensure the representativeness of farms with enhanced technol-
ogy and consistent production across different regions [18]. The farms constituted 16% of
Senegal’s registered, active tilapia farms, enabling cross-regional comparisons. The farms
are classified by location into the North (FN), the central region (FC), and the South (FS),
each with an identification number (Table 3).
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Table 3. Selected farm characteristics and ownership in different aquaculture systems. Information
about the characteristics of farms, including their location, aquaculture system, and ownership. The
owner’s origin categorises the ownership as local, national, or foreign. FN1—4, FC1-2, FS1-2;
F = farm, N = North, C = Centre, and S = South, numbers 1, 2, 3 and 4 were the farm identifier in the
area N, C, and S.

ID Farms Area L"TC;;?“ System Owner Owner Origin
FN1 Urban Inland Intensive, aerated static ponds and raceways State National
EN2 Rural Inland Extensive aeratedp static ponds Family National
EN3 Urban Inland Intensive aerated static ponds Private National
FN4 Rural Costal Intensive, aerated tanks and inshore-sheltered cages ~ Village association National
FC1 Rural Inland Extensive, minimal exchange ponds Private National
FC2 Urban Costal Intensive, inshore-sheltered cages Private Foreigner
FS1 Rural Inland Extensive, ponds Private National
FS2 Urban Inland Extensive, ponds Private National
2.4. Surveys

The surveys were conducted in two stages. The first stage involved validating the
measurable inputs, while the second stage focused on validating the indicators. To es-
tablish the validated indicators, an interview survey sheet [46] was used to gather all the
measurable inputs after the co-construction stage to avoid bias, as performed before the
participatory approach [47]. The inputs were collected from each of the five farms included
in the study. In addition to the measurable inputs, additional information was gathered
to gain a comprehensive understanding of each farm’s activities and outcomes, enabling
a thorough assessment of the data provided by the farmers [37]. A group comprising the
interdisciplinary team, farm managers and employees conducted the interviews, ensuring
a well-rounded perspective during the assessment process.

2.5. Farm Sustainable Assessment

The measurements for each indicator were classified into five levels, with 5 being
the “most sustainable” and 1 the “least sustainable” (2: Unsustainable, 3: Moderately
sustainable, 4: Sustainable). The points obtained for each indicator were compiled to
establish a ranking between the farms for the three dimensions considered, i.e., economic,
social, and environmental, regarding their sustainability. The indicators were weighted
equally, with no indicator receiving any weighting [28]. The points obtained were added to
obtain a value out of 95, the maximum possible. The ranking was based on the total value
obtained from the farm. On the other hand, an overview was also made according to the
three dimensions defined. The average point obtained in each dimension was calculated
for each farm [15].

3. Results
3.1. Farm-Level Sustainability Assessment

The present study comprehensively evaluated only eight aquaculture farms (FN1-
—FN4, FC1-FC2, FS1—-FS2) among the fifteen farms selected at the outset to assess their
performance across environmental, social, and economic dimensions. The farms were
scored on a range of indicators within each dimension, and cumulative scores determined
a final ranking.

The environmental assessment focused on critical aspects of sustainable aquaculture,
including water management, integration with other products, waste management, pro-
duction efficiency, and the use of hormones, antibiotics, and chemicals. The farms were
also evaluated on their use of non-indigenous species and the frequency of escape events
(Table 4). FC2 achieved the highest subtotal score of 28, indicating superior environmental
stewardship, followed closely by FN2 and FN3 with subtotals of 24. Conversely, FS1 and
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FS2 demonstrated the least favourable environmental performance with subtotals of 15
and 11, respectively.

Table 4. Assessment of sustainability: comparative analysis of environmental, social, and economic
indicators. The analysis presents several environmental (7), social (7), and economic (5) indicators
for eight selected farms. The results indicate that FC2 Farm ranks highest. FN1—4, FC1-2, FS1-2;
F = farm, N = North, C = Centre, S = South, number 1, 2, 3; and 4 indicate the identification number
allocated to the farm in the area N, C, or S. A darker shade on the colour scale indicates a higher
level of sustainability for the indicator. ex: exequo. “Rate of production” means “Rate of production
commercialised in local markets”.

Farm FN1 FN2 FN3 FN4 FC1 FC2 FS1 FS2

Environmental Indicators

Water management _ 1 2 3 1
Level of integration with other products 2
2 3 1 3 1
3 1 1 1
3
3

3
Waste management 3
Production per surface 1
Use of hormones, antibiotics, and chemicals
Use of non-indigenous species
Number of escape events/year

=== N e
e

Subtotal 22 23 24
Rank 6 5 2 2ex 2 ex 1 7 8
Social indicators

Number of direct workers 2 2 2 2 1 3 2 2
Workers with aquaculture qualification _ 2 2 1 3 1 1
Average Salary 2 1 1 2 1 2 1 1
Number of occupational accidents r
Daily hours worked /national legislation 3 1 1 3
Presence of women workers 2 1 1 3 1 1 1 1
Rate of production 5 s s 5 s 5 5 5

Subtotal 26 21 20 24 19 20 17

Rank 1 3 4 ex 2 6 4 8 7

Economic indicators

Funding and autonomy 1 1 3 2 1 3
Sales strategy 3 3 3 3 2 2
Diversity of farm products 3 2 _ 3 1 1
Job-producing efficiency 3 1 1 1 3 1
Risk prevention and management system _ 1 1 1 3
Sub-total 15 8 13 13 8 10
Rank 2 7 3 3 ex 5 1 7 ex 6

Total 63 52 57 61 55 69 39 38

Total ranking 2 6 4 3 5 1 7 8

The social assessment scrutinised the farms” labour practices, including the number
of direct workers, qualifications in aquaculture, salary levels, occupational safety, and
compliance with working hour regulations. It also considered the workforce’s gender
diversity and the farms’ contributions to local markets. FN1 secured the top position in
this category with a subtotal of 26, reflecting a strong commitment to social responsibility.
FN2 and FN3 followed with subtotals of 24 and 21, while FS1 and FS2 again ranked lower
with subtotals of 16 and 17.

The economic assessment evaluated the farms’ financial health, sales strategies, prod-
uct diversity, job-creation efficiency, and risk management capabilities. In this category,
FC2 again excelled with a subtotal of 21, showcasing a robust economic foundation.
FN1 and FN2 ranked twice and seventh, respectively, with subtotals of 15 and 8. FS1
and FS2 trailed with subtotals of 8 and 10, indicating room for improvement in their
economic performance.
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The aggregate scores across all three dimensions were used to determine the farms
overall ranking. FC2 maintained its lead with a total score of 69, underscoring its well-
rounded performance across all indicators. FC1 and FN2 followed with total scores of
55 and 52, respectively. In contrast, FS1 and FS2 ranked last, with total scores of 39
and 38, respectively, highlighting the need for strategic interventions to improve their
overall performance.

3.2. Sustainability Performance Across Ownership Categories and Production Systems

The study also evaluated the performance of aquaculture farms, distinguishing be-
tween three types: state-owned farms, intensive private farms, and extensive private farms.
The assessment was conducted across environmental, social, and economic indicators, with
a final ranking based on the cumulative scores for each farm type, including state farms

(Figure 2).
State
FN1
5
4
FC2 FN2
3
2
- 1
> Y
2 @
IS FN4 0 FC1 2
= <
= ®
FN3 FS1
FS? Env!ronmental
Social
Economic

Figure 2. Mean indicator scores (scale 1-5) for the environmental (green), social (red), and economic
(blue) sustainability dimensions for each assessed farm. FN1—4, FC1—-2, and FS1—2 denote farms in
the North, Centre, and South of Senegal, respectively. The polygon vertices represent the average
score for each dimension, providing a visual profile of farm performance. State-owned (FN1),
intensive private (FC2, FN4, FN3), and extensive private (FN2, FC1, FS1, FS2) farm types.

Intensive private farms, particularly FC2, achieved the highest subtotal score of 28 in
environmental management, indicating efficient water management, waste management,
and low chemical usage. State farms, represented by FN1, also performed well, suggesting
that public ownership does not preclude strong environmental practices. Extensive pri-
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vate farms, such as FN2 and FN3, showed competitive environmental performance with
subtotals of 24, highlighting the potential for sustainability across different farm types.

In the social aspect, state farms like FN1 ranked first with a subtotal of 26, reflecting
a commitment to social responsibility that may be facilitated by public oversight and
resources. Intensive private farms, such as FC2, followed closely with a subtotal of 20, indi-
cating that private intensive operations can also maintain high social standards. Extensive
private farms, including FN2, demonstrated strong social performance with a subtotal of
24, suggesting that social indicators are also a priority for extensive operations.

Economically, intensive private farms like FC2 led with a subtotal of 21, showcasing
effective funding, sales strategies, and risk management. State farms, represented by
FN1, also performed well with a subtotal of 12, indicating that public ownership does not
necessarily hinder economic performance. Extensive private farms, such as FC1, achieved
a subtotal of 13, demonstrating that economic viability is achievable across farm types,
possibly through adaptation to local market conditions and economies of scale.

The total scores indicate that intensive private farms, like FC2, excel in overall per-
formance with a total score of 69, suggesting a well-rounded approach to environmental,
social, and economic sustainability. State farms, such as FN1, ranked second with a total
score of 55, highlighting the potential for public entities to perform competitively. Extensive
private farms, like FN2, ended in the ranking with a total score of 52, underscoring the
sustainability of extensive operations.

4. Discussion

The Senegalese case study has revealed that one of the main challenges fish farmers
face is the limited availability of high-quality fingerlings. According to the interviewed
farmers, production from state hatcheries (state farm type) was significantly limited, failing
to meet farmers’ needs. To overcome this shortage of fingerlings, farmers directly source
them from dedicated breeding ponds or purchase them from other farmers. However, it is
important to note that these fingerlings are often of mixed populations rather than being
monosex. This significantly impacts the low productivity and yields within the farms. This
issue arises from resource constraints that prevent consistent, timely sorting of fingerlings.
As a result, some fish farmers end up with a mixture of males and females rather than the
desired monosex male population [46].

Another crucial challenge for fish farmers in developing a sustainable, thriving fish
farming sector is the limited availability of high-quality fish feed [47]. For many years,
the availability of quality fish feed has been a persistent problem in Senegal and across
sub-Saharan Africa. While food manufacturers have access to a wide range of agricultural
ingredients and by-products that can be utilised in high-quality fish feed formulations, the
formulas currently available in the market do not meet the specific requirements of fish
farmers [11]. As a result, they often import fish feed from distributors in Western countries
or in North African nations. The limited availability of high-quality fish feed further limits
farm intensification efforts. Intensification requires a substantial supply of high-quality
feed to maximise yields and profitability, offsetting investment costs. However, due to the
lack of suitable feed options, fish farmers face challenges in achieving the desired levels of
intensification on their farms. Economic and social factors will drive it to face additional
obstacles due to fluctuations in availability and the rising cost of the key ingredient in fish
feed: fishmeal. These challenges will further hinder the efforts to achieve intensified fish
farming practices in the region [11].

Regarding government support, public authorities provide limited financial assis-
tance to fish farming, including help building ponds, supplying fingerlings and brood
stock, providing feed occasionally, and offering monitoring and advice. However, this
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support is low (<10%) compared with the total production cost for intensive and extensive
farms stated above. For state farms, almost all the charges (90%) to support their oper-
ations are provided by the government. This highlights a fact that should prompt us to
question the government’s support for this sector. Most investments in the aquaculture
industry go toward operational costs for government agencies and state-owned farms.
However, these entities struggle to meet just one-tenth of the demand for fish feed and
fingerlings. This situation raises concerns about the effectiveness of government support
for the sector’s development.

Preliminary feedback from farmers and institutional partners during the validation
workshops was generally positive. Farmers appreciated that the indicators reflected their
daily realities and constraints. They found the scoring system intuitive and saw the
resulting profile as a useful diagnostic for self-assessment. Institutional actors valued the
tool’s structured approach to capturing multi-dimensional sustainability, identifying it as
a potential support for targeting technical assistance. The main challenge cited was the
difficulty for some farmers to recall or track precise economic data, underscoring the need
for simplified record-keeping as part of sustainability improvement programmes. The
choice of equal weighting for all indicators was a pragmatic decision for this first-stage tool.
While different dimensions may hold varying importance, alternative weighting schemes
(e.g., expert-based, Analytic Hierarchy Process) were not feasible due to the limited sample
size and the risk of introducing external biases inconsistent with the participatory ethos.
Future iterations of the tool should incorporate a structured participatory process to assign
weights reflecting local stakeholder priorities.

Three distinct types of farms can be identified from our study. The “state farms”
(Hatchery types) are the extensive and intensive farms. State farms, categorised as hatchery
types, have production objectives centred on providing fingerlings. They employ highly
trained personnel who receive substantial remuneration, higher than that received in the
other types of fish farms, with equivalent qualifications. These farms also demonstrate
workforce diversity, with a significantly higher proportion of female employees. The sig-
nificant working capital needed to support their operations was public. The FN1 farm
symbolises this type of farm, and its production objectives are less focused on commer-
cialisation, instead aiming to support the activity, unlike the two other types of farms. It
represents 10% of the farms. They have limited species diversity, focusing on domestic
fish species whose reproduction is controlled, unlike extensive farms, which offer more
comprehensive multitrophic diversity.

On the other hand, extensive farms prioritise diversification in their production objec-
tives. They rely on project-based initiatives for financing, with working capital dependent
on project outcomes and government support. These farms have relatively low production
output, primarily focusing on the local market. Employment opportunities are limited, and
female employees are generally absent. Typically, extensive farms consist of 2 to 4 ponds
at most and are locally owned, with limited financial resources. These types of farms
represent more than half of the farms and are present in the North (FN2), the central region
(FC1), and the South (FS1 and 2), where they are almost extensive. Unlike intensive farms,
these farms have relatively low production output, primarily supplying the local market.
Intensive farms have production goals centred on exports and supplying restaurants. They
primarily employ male workers who receive average levels of remuneration. The workload
in these farms is high, reflecting their intensive production practices. Intensive farms have
substantial financing, allowing the establishment of permanent structures such as race-
ways or tanks. Either domestic or foreign owners with significant financial resources own
them. These farms demonstrate the highest productivity levels, achieving self-sufficiency
in fingerlings and feed. However, they receive limited governmental support. However,
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beyond this financial autonomy, intensive farms that benefit from project support funded
by foreign donors (FC2 and FN4) achieve significantly higher economic results than those
receiving support from both foreign and local donors (FN3). On the other hand, the latter
compensates for its income through intensive diversification of its activities.

To mitigate production costs and generate additional income, it is suggested that fish
farming be harmoniously integrated with other traditional activities [48]. This integration
can help create a more sustainable and economically viable approach to fish farming; by
combining tilapia farming with rice cultivation or market gardening, farms can utilise
fish waste as fertiliser for crops, creating a sustainable production cycle [49-52]. This
highlights the resilience of fish farmers, who should be supported through initiatives to
promote and enhance their practices. One such initiative could involve promoting and
implementing strategic and well-thought-out species associations, such as rice—fish farming,
horticulture-aquaculture integration, and poultry—fish farming.

Chia et al. [28] state that sustainable development leads to transformative, productive
and organisational practices, creating new research objectives and situations that necessitate
methodological renewal. This transformation is a reference, constraint, and performative
action for all economic activities. Consequently, each production system must address
sustainability in its operations, aiming to manage natural resources effectively to meet hu-
man needs while preserving or enhancing environmental quality and conserving them [53].
Achieving a comprehensive estimation of sustainability requires a clear definition of the
dimensions and a robust methodology.

While the various dimensions considered in sustainability assessments are often
consistent, assigning a dimension to an indicator with multidimensional effects can be
challenging [23]. The level of integration with other products was used to consider envi-
ronmental aspects and to highlight the efficient use of resources (waste) in the production
of different products, thereby generating additional economic benefits [33,44]. The farms’
sustainability assessment with ratings allows for quick identification of the sustainable
activity segment and helps identify the dimensions of fish farms that require improvement.

Each indicator weighed sustainability terms, although this is not always the case. The
weight of indicators varies depending on community perceptions. Therefore, there is a
need to improve the tool by incorporating a weighting system that allocates the weight and
relevance given by local actors to each indicator. This necessitates a preliminary ranking
allocation for all indicators and dimensions.

For almost half of the selected farms for this study, the data were patchy, incomplete,
unrealistic, or missing. This highlights the challenges of acquiring data in specific contexts,
particularly when farmers are reluctant to provide detailed information, especially on
economic matters. Farmers may hesitate to disclose specific income-related data due to
concerns about potential repercussions from state agencies. To address this challenge,
it is crucial to establish collaboration and involve farmers in the study’s preliminary
stages [54,55]. The co-design approach has proven effective in developing sustainable
indicators for fish farms. It helps tailor the indicators to the specific context of the fish
farm, making them relevant and applicable. Furthermore, involving stakeholders in the
indicator development process increases the likelihood of their acceptance and utilisation
in decision-making [55].

While Chary et al. [55] suggest that farm-scale models can be valuable tools for improv-
ing the sustainability of fish farming, our study takes a more localised and participatory
approach. It emphasises the importance of working closely with local stakeholders to
develop tools that are relevant and applicable to their specific context. This study’s ad hoc
monitoring tool exemplifies a localised approach to sustainability monitoring for tilapia
farms in West Africa and other low-income countries.
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5. Conclusions

The sustainability-monitoring tool, developed through our collaborative approach,
provides a practical means to assess tilapia farm performance and identify areas for im-
provement. It also offers valuable insights into the characteristics of tilapia farming in
sub-Saharan countries. The co-construction approach underscores the importance of collab-
oration between scientists and stakeholders in developing efficient field surveys. Prerequi-
sites to allow small-scale farmers in West African countries to (i) overcome challenges and
promote sustainable aquaculture practices are to improve access to finance through, e.g.,
microcredit, (ii) provide enough technical support, and (iii) ensure access to fish markets.
Thus, further research should focus on the long-term impacts of sustainability interventions
in the tilapia farming sector, including the effectiveness of access to finance, technical
support, and fish markets in promoting sustainable practices and improving the livelihoods
of small-scale farmers. Collaboration and knowledge sharing among stakeholders can
significantly contribute to the development and refinement of sustainable aquaculture prac-
tices. While this seems straightforward in theory, it requires the successful implementation
of specific, medium-term practice programmes. Additionally, we recommend promoting
sustainable aquaculture in low-income countries where small-scale farming is prevalent,
and food sovereignty should be a governmental priority.
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