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27 Abstract

28 Sustainable freshwater aquaculture is crucial for food security and economic development in 

29 Africa, particularly in North West Africa's less advanced countries. We developed and tested a 

30 localized tool to evaluate the sustainability of tilapia farms across diverse agroecological zones 

31 in Senegal. The approach involved engaging eight farms in a participatory process to identify 

32 context-relevant indicators related to environmental, social, and economic dimensions of tilapia 

33 farming. These indicators were scored to create a composite sustainability index.

34 Key sustainability challenges identified included lack of technical support, profitability issues, 

35 inadequate environmental management, and social welfare concerns. However, we found 

36 promising potential for integrated community-based farms. The sustainability indicators inform 

37 policy and practices promoting localized sustainability in sub-Saharan Africa, considering 

38 smallholder farms' unique needs and characteristics.

39 These assessments contribute to implementing targeted interventions, improved resource 

40 management, and enhanced social and environmental outcomes in the freshwater farming 

41 industry. Collaboration and knowledge sharing among stakeholders can significantly contribute 

42 to developing sustainable aquaculture practices, though successful implementation requires 

43 specific, medium-term practice programs.

44 This research not only aids in implementing targeted interventions and improved resource 

45 management in smallholder aquaculture but also has the potential to enhance food security and 

46 economic resilience in low-income countries across the region.

47

48 Keywords: Farm, Tilapia, Sustainability, Aquaculture, participatory approach, Senegal, West 

49 Africa.
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50 1. Introduction
51
52 The African continent produces 2.6 % (2,196,000 tons) of global aquaculture production (FAO, 

53 2020), mainly led by freshwater fish production: tilapia in Egypt and West Africa by tilapia and 

54 catfish from Nigeria and Ghana. These productions are considered low, given the potential of 

55 this continent (Aguilar-Manjarrez and Nath, 1998; NEPAD, 2014; ANSD, 2020). In Senegal, 

56 the potential for aquaculture production is estimated to be 12,000 tons per year by utilizing 5% 

57 of the irrigated land in North Senegal (Diallo et al., 2003). Despite the establishment of a 

58 national aquaculture agency in 2014 and the recognition of aquaculture development as a 

59 governmental priority for accelerated economic growth (Diadhiou et al., 2015), Senegalese 

60 aquaculture production remains low, amounting to only 1,011 tons in 2020. The predominant 

61 contributor to this low aquaculture production in Senegal is mangrove oyster farming, which 

62 has been practised for centuries by the coastal local population, particularly women's economic 

63 interest groups (Ndiaye et al., 2017). However, the aquaculture development policies 

64 implemented in recent years have provided weak support for this sector, focusing 

65 predominantly on fish farming of tilapia and catfish. This imbalance in the sector's support 

66 policy reflects an irrational approach that does not align with the social and economic 

67 importance of the aquaculture sub-sector in Senegal (Diadhiou et al., 2015; Ndiaye et al., 2017).

68 Over the past three decades, aquaculture production has experienced rapid growth, establishing 

69 itself as a viable alternative to fishing activities in providing seafood for the population (Fol 

70 Orunso et al., 2021). This is particularly significant due to the overfishing of many 

71 commercially exploited fish stocks (Baldé et al., 2019; Diankha et al., 2018). However, it is 

72 important to note that the assertion of aquaculture as a solution is not without controversy. The 

73 production of carnivorous species in aquaculture relies heavily on fish stocks, particularly small 

74 pelagic fish, which are crucial for food security in West Africa (Ndiaye et al., 2022; Deme et 

75 al., 2023) such as Sardinella (Ba et al., 2016; Ba et al., 2021). Nonetheless, the statement can 
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76 be considered plausible for aquaculture species that utilize low levels of fishmeal, such as 

77 tilapia, carp, and catfish.

78 The growth of tilapia farming in sub-Saharan Africa highlights the importance of conducting 

79 sustainability assessments tailored explicitly to smallholder farms. Despite four decades of 

80 research and development and significant financial investments, fish farming in Africa has 

81 struggled to fully realize its potential in terms of production and socioeconomic impact 

82 (Aguilar-Manjarrez and Nath, 1998). Ineffective institutional arrangements and project-driven 

83 initiatives have hindered the achievement of desired outcomes in terms of food security and 

84 economic growth, as predicted by development agencies (Brummett et al., 2008). However, 

85 certain countries, such as Nigeria and Ghana, have made significant progress.

86 In assessing the contribution of aquaculture to rural economies and food security, Brummett et 

87 al. (2000) proposed an evolutionary approach that combines local and external participation in 

88 technology development and emphasizes the transfer of technical knowledge (Verceles et al., 

89 2000). This approach aims to enhance the productivity of fish production systems while 

90 promoting environmental and social sustainability. This observation aligns with sustainability, 

91 encompassing economic development, social stability, and environmental integrity (Bueno et 

92 al., 2009).

93 Sustainability indicators (Bell and Morse, 2008) and composite indices are increasingly 

94 recognized as valuable tools for policymakers and communication efforts to convey 

95 information regarding country and corporate performance in various areas, including the 

96 environment (Brehmer et al., 2011), economy, society, and technological advancements (Singh 

97 et al., 2009). Approximately 37 % of sub-Saharan Africa has suitable conditions for small-scale 

98 artisanal fish farming, which, if effectively implemented, could significantly contribute to 

99 household food security (Kaspersky, 1994; Aguilar-Manjarrez and Nath, 1998; Brummet et al., 
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100 2008). However, decision-makers and managers need specific information regarding the on-

101 site impacts and sustainability of fish farms at the community level.

102 The Evaluation of Aquaculture System Sustainability established the importance and 

103 appropriateness of the Principles, Criteria, and Indicators approach for assessing the 

104 sustainability of aquaculture systems (Lazard et al., 2011; Chia et al., 2009; Lazard, 2014; Rey-

105 Valette et al., 2008, 2010). It focused on assessing sustainability at the regional and national 

106 levels but not at the microscale, i.e. the farm level. Scaling fish farm indicators for assessment 

107 involves evaluating the sustainability of fish farms based on selected indicators, which can 

108 assess the impact of specific practices on fish health, waste production levels, and the farms' 

109 impact on local wildlife. The Farm Sustainability Assessment Tool can be utilized to evaluate 

110 the sustainability of fish farms, covering indicators related to fish health, welfare, 

111 environmental management, and social responsibility (Marchand et al., 2014; De Olde et al., 

112 2016). These indicators can then be used to create a score reflecting the overall sustainability 

113 of a fish farm. It is important to acknowledge that a realistic approach to evaluating the 

114 sustainability of fish farms often tends to focus primarily on economic aspects (Sheikh 2021). 

115 However, it is worth noting that the economic approach has limitations, as it does not fully 

116 consider these farms' social and environmental impacts. This limited evaluation approach 

117 disregards the broader dimensions of sustainability when assessing fish farms. Therefore, it is 

118 important to supplement economic evaluations with assessments encompassing the social and 

119 environmental dimensions to obtain a more holistic view of the farms' sustainability 

120 performance (Bueno et al. 2009).

121 Developing a farm sustainability assessment tool ensures sustainable farming practices (Bueno 

122 et al., 2000; Lazard et al., 2011). Such a tool can measure the impact of various farming 

123 practices on a farm's sustainability and identify areas for improvement. It also enables the 

124 comparison of different farms' sustainability and the evaluation of the environmental, 
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125 economic, social, and technical impacts associated with different farming approaches. When 

126 creating a farm sustainability assessment tool, it is essential to consider the specific needs of 

127 the farm and the desired outcomes of the assessment. Existing frameworks and tools, such as 

128 those proposed by Rey-Valette et al. (2008) and Efole et al. (2017), are valuable resources for 

129 developing an effective assessment tool.

130 The main objective of this work was to gain a localized understanding of the sustainability 

131 status of fish farms in the West African context rather than conducting a global assessment. 

132 This approach is consistent with previous work (Chia et al., 2009; Lazard, 2014), highlighting 

133 the significance of adapting sustainability assessments to local environments' unique 

134 characteristics and requirements. By explicitly examining the contributions of tilapia farms to 

135 sustainable development at the local level, this work aims to provide valuable insights for 

136 improving the sustainability of aquaculture practices in the region.

137

138 2. Materials and methods
139 We have developed sustainable indicators for assessing the sustainability of fish farms, with a 

140 focus on the contribution of tilapia farms to local sustainable development. The approach 

141 employed a co-construction methodology to identify and validate the most relevant indicators, 

142 providing an overview of the farms' sustainability.

143
144 2.1. Dimension, principles, and indicators
145 Identifying sustainable development principles is crucial for assessing the contribution of 

146 aquaculture activities to the sustainability of territories (Rey-Valette et al. 2007a). These 

147 principles encompass the socioeconomic and environmental aspects of the territories, aligning 

148 with the definition of sustainable development provided by Bueno et al. (2009). These 

149 principles and indicators were validated using the co-construction approach (Rey-Valette et al. 

150 2009; 2010; Lazard et al. 2014). An interdisciplinary team of sociologists, economists, 

151 environmentalists, and aquaculturists conducted a field survey to analyse fish farms' economic, 
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152 social, and environmental sustainability dimensions. Subsequent meetings with fish farmers 

153 and institutional partners were held to validate the principles and select the most relevant 

154 indicators for the specific context of fish farming in Senegal (Mbaye et al., 2022). Through a 

155 co-construction approach, seven environmental, seven social, and five economic indicators 

156 were selected to monitor tilapia farms' sustainability (Table 1). 

157

158 2.2. Sustainability barometer
159 Assessing the sustainability of fish farms involves associating reference values or thresholds 

160 with specific indicators (Lancker and Nijkamp, 2000). The co-construction of the 19 indicators 

161 to evaluate the sustainability of African tilapia farms was based on their importance and 

162 feasibility of measurement. Scaling the fish farm indicators for assessment allows for the 

163 evaluation of the impact of specific practices on fish health (Opiyo et al., 2019), the level of 

164 waste produced (Lee et al., 2022), and the impact of the farm on local wildlife (Nol et al., 2004; 

165 Ndiaye et al., 2019). The sustainability tool covers fish health and welfare indicators, 

166 environmental management, and social responsibility. The overall sustainability of the fish farm 

167 was assessed using a set of twenty indicators, each rated on a scale from 1 to 5, representing 

168 "poor" to "very good" sustainability (Table 2). 

169

170 Then, the interdisciplinary team and the data provided by the national statistical agencies (Faye 

171 et al., 2021) allow the validation of the co-construct indicators. The assessment also included a 

172 sustainability diagnosis method, categorizing the farm as sustainable, near sustainable, 

173 approaching sustainable, far from sustainable, or unsustainable based on the obtained ratings. 

174 Additionally, estimates provided by scientists were used to determine the impact of indicators 

175 such as water management, sales strategy, and diversity of farm products on sustainability 

176 (Table 2). [insert Table 2]

177
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178 2.3. Farms selection
179 The farm selection was carried out based on records obtained from two governmental agencies 

180 promoting aquaculture and second agriculture, i.e., Agence Nationale de l'Aquaculture (ANA) 

181 and Agence Nationale d'Insertion et de Développement Agricole (ANIDA). A list of 95 farms 

182 from these Senegalese governmental agencies provided details on the type of infrastructure, 

183 surface area, and/or volume of each farm, as well as a typology of farm infrastructure in each 

184 area, including tanks, cages, and ponds (N’Souvi et al., 2021). 

185 Three selection criteria for the farms' selection were adopted. (i) Production capacity was 

186 considered to include farms with varying output levels, ranging from small-scale to large-scale 

187 operations. (ii) Farms with enhanced technology were included to understand the sustainability 

188 implications of advanced farming practices and assess their potential benefits or challenges. 

189 (iii) Representativeness of eco-geographical areas was also a key consideration to ensure that 

190 the selected farms were spread across various agroecological zones in Senegal. 

191 These criteria aimed to ensure the representativeness of farms with enhanced technology and 

192 consistent production across different regions (Bueno et al., 2009). Out of the pool of 95 farms 

193 existing and recorded by Senegalese governmental agencies, 15 farms were selected for 

194 interviews based on criteria previously stated. This represents 16 % of the total number of farms 

195 in Senegal. The farms are classified based on their location as farms in the North (FN), central 

196 region (FC), and in the South (FS), with an identification number. 

197

198 2.4. Surveys
199 The surveys were conducted in two stages. The first stage involved validating the measurable 

200 inputs, while the second stage focused on validating the indicators. To establish the validated 

201 indicators, an interview survey sheet (Asiedu and Nunoo 2013) was used to gather all the 

202 measurable inputs after the co-construction stage to avoid bias, as done before the participatory 

203 approach (Deme et al., 2019). The inputs were collected from each of the five farms included 
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204 in the study. In addition to the measurable inputs, additional information was gathered to gain 

205 a comprehensive understanding of the activities and outcomes of each farm, allowing for a 

206 thorough assessment of the data provided by the farmers (Mbaye et al., 2022). A group 

207 comprising the interdisciplinary team, farm managers and employees conducted the interviews, 

208 ensuring a well-rounded perspective during the assessment process.

209 2.5. Farm sustainable assessment
210
211 The measurements of each indicator were classified on a scale of five levels, with five being 

212 the “most sustainable” and one being the “least sustainable” (whereas 2: Unsustainable, 3: 

213 Moderately sustainable, 4: Sustainable). The points obtained for each indicator were compiled 

214 to establish a ranking between the farms for the three dimensions considered, i.e. economic, 

215 social, and environmental, regarding their sustainability. The indicators were weighted equally, 

216 with no weighting given to any one indicator (Chia et al., 2009). The points obtained were 

217 added to get a value out of 95, the maximum value reachable. The ranking was based on the 

218 total value obtained from the farm. On the other hand, an overview was also made according to 

219 the three dimensions defined. The average point obtained in each dimension was calculated for 

220 each farm (Brummett et al., 2008).

221

222 3. Results

223 Result by farm

224 The present study comprehensively evaluated only eight aquaculture farms (FN1-FN4, FC1-

225 FC2, FS1-FS2) on fifteen farms chosen at the beginning to assess their performance across 

226 environmental, social, and economic dimensions. The farms were scored on a range of 

227 indicators within each dimension, and a final ranking was established based on the cumulative 

228 scores.
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229 The environmental assessment focused on critical aspects of sustainable aquaculture, including 

230 water management, integration with other products, waste management, production efficiency, 

231 and using hormones, antibiotics, and chemicals. The farms were also evaluated on their use of 

232 non-indigenous species and the frequency of escape events. FC2 achieved the highest subtotal 

233 score of 28, indicating superior environmental stewardship, followed closely by FN2 and FN3 

234 with subtotals of 24. Conversely, FS1 and FS2 demonstrated the least favourable environmental 

235 performance with subtotals of 15 and 11, respectively.

236 The social assessment scrutinized the farms' labour practices, including the number of direct 

237 workers, qualifications in aquaculture, salary levels, occupational safety, and compliance with 

238 working hour regulations. It also considered the gender diversity of the workforce and the farms' 

239 contribution to local markets. FC1 secured the top position in this category with a subtotal of 

240 26, reflecting a strong commitment to social responsibility. FN2 and FN3 followed with 

241 subtotals of 24 and 21, while FS1 and FS2 again ranked lower with subtotals of 16 and 17.

242 The economic assessment gauged the farms' financial health, sales strategies, product diversity, 

243 job creation efficiency, and risk management capabilities. In this category, FC2 again excelled 

244 with a subtotal of 21, showcasing a robust economic foundation. FN1 and FN2 ranked third and 

245 seventh, respectively, with subtotals of 15 and 8. FS1 and FS2 trailed with subtotals of 8 and 

246 10, indicating room for improvement in their economic performance.

247 The aggregate scores from all three dimensions were used to determine the overall ranking of 

248 the farms. FC2 maintained its lead with a total score of 69, underscoring its well-rounded 

249 performance across all indicators. FC1 and FN2 followed with total scores of 55 and 52, 

250 respectively. In contrast, FS1 and FS2 ranked last with total scores of 39 and 38, highlighting 

251 the need for strategic interventions to enhance their overall performance.

252
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253 Result by type of farm

254 The study also evaluated the performance of aquaculture farms, distinguishing between three 

255 types: state-owned farms, intensive private farms, and extensive private farms. The assessment 

256 was conducted across environmental, social, and economic indicators, with a final ranking 

257 based on the cumulative scores for each farm type, including state farms.

258 Intensive private farms, particularly FC2, achieved the highest subtotal score of 28 in 

259 environmental management, indicating efficient water management, waste management, and 

260 low chemical usage. State farms, represented by FC1, also performed well, suggesting that 

261 public ownership does not preclude strong environmental practices. Extensive private farms, 

262 such as FN2 and FN3, showed competitive environmental performance with subtotals of 24, 

263 highlighting the potential for sustainability across different farm types.

264 In the social aspect, state farms like FC1 ranked first with a subtotal of 26, reflecting a 

265 commitment to social responsibility that may be facilitated by public oversight and resources. 

266 Intensive private farms, such as FC2, followed closely with a subtotal of 20, indicating that 

267 private intensive operations can also maintain high social standards. Extensive private farms, 

268 including FN2, demonstrated strong social performance with a subtotal of 24, suggesting that 

269 social indicators are also a priority for extensive operations.

270 Economically, intensive private farms like FC2 led with a subtotal of 21, showcasing effective 

271 funding, sales strategies, and risk management. State farms, represented by FC1, also performed 

272 well with a subtotal of 12, indicating that public ownership does not necessarily hinder 

273 economic performance. Extensive private farms, such as FN1, achieved a subtotal 13, 

274 demonstrating that economic viability is achievable across farm types, possibly through 

275 adaptation to local market conditions and economies of scale.
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276 The total scores indicate that intensive private farms, like FC2, excel in overall performance 

277 with a total score of 69, suggesting a well-rounded approach to environmental, social, and 

278 economic sustainability. State farms, such as FC1, ranked second with a total score of 55, 

279 highlighting the potential for public entities to perform competitively. Extensive private farms, 

280 like FN2, ended in the ranking with a total score of 52, underscoring the sustainability of 

281 extensive operations.

282
283 [insert Table 4 and Figure 2]

284 4. Discussion
285
286 The Senegalese case study has revealed that one of the main challenges fish farmers face is the 

287 limited availability of high-quality fingerlings. According to the information reported by the 

288 interviewed farmers, the production of state hatcheries (state farm type) was significantly 

289 limited to meet the farmers' needs. To overcome this shortage of fingerlings, farmers directly 

290 source them from dedicated breeding ponds or purchase them from other farmers. However, it 

291 is important to note that these fingerlings are often of mixed populations rather than being 

292 monosex. This significantly impacts the low productivity and yields within the farms. This issue 

293 arises due to resource constraints, which prevent the consistent and timely sorting of fingerlings. 

294 As a result, some fish farmers end up with a mixture of males and females instead of the desired 

295 mono-sex male population (Senghor et al., 2019).

296 Another crucial challenge fish farmers face in developing a sustainable and thriving fish 

297 farming sector is the limited availability of high-quality fish feed (Baldé et al., 2020). For many 

298 years, the availability of quality fish feed has been a persistent problem in Senegal and across 

299 sub-Saharan Africa. While food manufacturers have access to a wide range of agricultural 

300 ingredients and by-products that can be utilized in high-quality fish feed formulations, the 

301 formulas currently available in the market do not meet the specific requirements of fish farmers 

302 (Ndiaye et al., 2022). As a result, they often resort to importing fish feed from distributors based 
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303 in Western countries or closer to North African nations. The inadequate availability of quality 

304 fish feed further contributes to the limitation of farm intensification efforts. Intensification 

305 requires a substantial supply of high-quality feed to maximize yields and profitability, offsetting 

306 investment costs. However, due to the lack of suitable feed options, fish farmers face challenges 

307 in achieving the desired levels of intensification on their farms. Economic and social factors 

308 drive it will face additional obstacles due to fluctuations in availability and the rising cost of 

309 the key ingredient in fish feed: fishmeal. These challenges will further hinder the efforts to 

310 achieve intensified fish farming practices in the region (Ndiaye et al., 2022).

311 Regarding government support, public authorities provide limited financial assistance to fish 

312 farming, including help building ponds, supplying fingerlings and brood stock, providing feed 

313 occasionally, and offering monitoring and advice. However, this support is low (< 10%) vs total 

314 production cost for intensive and extensive farms stated above. For state farms, hatchery type, 

315 almost all the charges (90%) to support their operations are provided by the government. This 

316 highlights a fact that should prompt us to question the support provided by the government for 

317 this sector. Most investments in the aquaculture industry go towards the operational costs of 

318 government agencies and state-owned farms. However, these entities struggle to meet just one-

319 tenth of the fish feed and fingerlings demand. This situation raises concerns about the 

320 effectiveness of government support for developing this sector.

321

322 Three distinct types of farms can be identified from our study. The “state farms” (Hatchery 

323 types) the extensive and intensive farms. State farms, categorized as hatchery types, have 

324 production objectives centred on providing fingerlings. They employ highly trained personnel 

325 who receive substantial remuneration, higher than those received in the other types of fish 

326 farms, with equivalent qualifications. These farms also demonstrate diversity in their 

327 workforce, with a significantly larger proportion of female employees. The significant working 
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328 capital needed to support their operations was public. The FN1 farm symbolizes this type of 

329 farm, and its production objectives are less focused on commercialization, instead aiming to 

330 support the activity compared to the two other types of farms. It represents 10% of the farms. 

331 They have limited species diversification, focusing on domestic fish species whose 

332 reproduction is controlled, unlike extensive farms with a more comprehensive multitrophic 

333 diversification. On the other hand, extensive farms prioritize diversification in their production 

334 objectives. They rely on project-based initiatives for financing, with working capital dependent 

335 on project outcomes and government support. These farms have relatively low production 

336 output, primarily focusing on the local market. Employment opportunities are limited, and 

337 female employees are generally absent. Typically, extensive farms consist of two to four ponds 

338 at most and are locally owned with limited financial resources. These types of farms represent 

339 more than half of the farms and are present in the North (FN2), the central region (FC1), and 

340 the South (FS1 and 2), where they are almost extensive. Unlike intensive farms, these farms 

341 have relatively low production output, primarily supplying the local market. Intensive farms 

342 have production goals centred on exports and supplying restaurants. They primarily employ 

343 male workers who receive average levels of remuneration. The workload in these farms is high, 

344 reflecting their intensive production practices. Intensive farms have substantial financing, 

345 allowing the establishment of permanent structures such as raceways or tanks. Either domestic 

346 or foreign owners with significant financial resources own them. These farms demonstrate the 

347 highest productivity levels, achieving self-sufficiency in fingerlings and feed. However, they 

348 receive limited governmental support. However, beyond this financial autonomy, intensive 

349 farms benefiting from project support financed by foreign donors (FC2 and FN4) have 

350 significantly higher economic results than those resistant to foreign and local donors (FN3). On 

351 the other hand, the latter compensates its income with intense diversification of its activities.

352
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353 To mitigate production costs and generate additional income, it is suggested that fish farming 

354 be harmoniously integrated with other traditional activities (Ndiaye et al., 2020). This 

355 integration can help create a more sustainable and economically viable approach to fish 

356 farming; by combining tilapia farming with rice cultivation or market gardening, farms can 

357 utilize fish waste as fertilizer for crops, creating a sustainable production cycle (Hoq et al., 

358 1999; Gilles et al., 2008; Ayinda et al., 2017). This highlights the resilience of fish farmers, 

359 who should be supported through initiatives to promote and enhance their practices. One such 

360 initiative could involve promoting and implementing strategic and well-thought-out species 

361 associations, such as rice-fish farming, horticulture-aquaculture integration, and poultry-fish 

362 farming.

363 Chia et al. (2009) state that sustainable development leads to transformative productive and 

364 organizational practices, creating new research objectives and situations that necessitate 

365 methodological renewal. This transformation is a reference, constraint, and performative action 

366 for all economic activities. Consequently, each production system must address the question of 

367 sustainability in its operations, aiming to manage natural resources effectively to meet human 

368 needs while preserving or enhancing environmental quality and conserving natural resources 

369 (TAC/CGIAR, 1989). Achieving a comprehensive estimation of sustainability requires a clear 

370 definition of the dimensions and a robust methodology.

371 While the various dimensions considered in sustainability assessments are often consistent, 

372 assigning a dimension to an indicator with multidimensional effects can be challenging 

373 (Brehmer et al., 2011). The level of integration with other products was used to consider 

374 environmental aspects and highlight the efficient use of resources (waste) to produce different 

375 products, generating additional economic benefits (Ndiaye et al., 2019; Sheikh et al., 2021). 

376 The farms' sustainability assessment with ratings allows for quick identification of the 
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377 sustainable activity segment and helps identify the dimensions of fish farms that require 

378 improvement. 

379 Each indicator weighed the terms of sustainability, although this is not always the practice case. 

380 The weight of indicators varies depending on the perception of the communities. Therefore, 

381 there is a need to improve the tool by incorporating a weighting system that allocates the weight 

382 and relevance given by local actors to each indicator. This necessitates a preliminary ranking 

383 allocation for all indicators and dimensions.

384 For almost half of the selected farms for this study, the data were patchy, incomplete, 

385 unrealistic, or missing. This highlights the challenges faced in acquiring data in specific 

386 contexts, mainly when farmers are reluctant to provide specific information, especially related 

387 to economic aspects. Farmers may hesitate to disclose specific income-related data due to 

388 concerns about potential repercussions from state agencies. To address this challenge, it is 

389 crucial to establish collaboration and involve farmers in the preliminary stages of the study 

390 (Barreteau et al., 2013; Roque et al., 2022). The co-design approach has proven effective in 

391 developing sustainable indicators for fish farms. It helps tailor the indicators to the specific 

392 context of the fish farm, making them relevant and applicable. Furthermore, involving 

393 stakeholders in the indicator development process increases the likelihood of their acceptance 

394 and utilization in decision-making (Andalecio, 2010).

395 While Chary et al. (2022) suggest that farm-scale models can be valuable tools for improving 

396 the sustainability of fish farming, our study takes a more localized and participatory approach. 

397 It emphasizes the importance of working closely with local stakeholders to develop tools that 

398 are relevant and applicable to their specific context. This study's ad hoc monitoring tool 

399 exemplifies a localized approach to sustainability monitoring for tilapia farms in West Africa 

400 and other low-income countries.

401
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402 5. Conclusion
403
404 The sustainability-monitoring tool, developed through our collaborative approach, provides a 

405 practical means of assessing the performance of tilapia farms and identifying areas for 

406 improvement. It also offers valuable insights into the characteristics of tilapia farming in sub-

407 Saharan countries. The co-construction approach underscores the importance of collaboration 

408 between scientists and stakeholders in developing efficient field surveys. Prerequisites to allow 

409 small-scale farmers in West African countries to overcome challenges and promote sustainable 

410 aquaculture practices are to improve access to finance through, e.g. microcredit, (ii) provide 

411 enough technical support, and (iii) ensure access to fish markets. Thus, further research should 

412 focus on the long-term impacts of the sustainability interventions implemented in the tilapia 

413 farming sector, involving the effectiveness of access to finance, technical support, and fish 

414 markets in promoting sustainable practices and improving the livelihoods of small-scale 

415 farmers. Collaboration and knowledge sharing among stakeholders can significantly contribute 

416 to developing and refining sustainable aquaculture practices. While this seems straightforward 

417 in theory, it requires the successful implementation of specific, medium-term practice 

418 programs. Additionally, we recommend promoting sustainable aquaculture in low-income 

419 countries where small-scale farming is prevalent, and food sovereignty should be a 

420 governmental priority.

421
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619 Tables

620 Table 1: Sustainability indicators used in our study are divided into three dimensions 
621 (Environmental, Social and Economic) and various sustainability Principles.
622

Dimension Principle Indicators
Water management

Production per surface
Waste managementEnsure the efficient use of natural resources

Level of integration with other products
Use of hormones, antibiotics, and chemicals

Use of non-indigenous speciesEn
vi

ro
nm

en
ta

l

Protect biodiversity and respect animal well-
being Number of escape events/year

Number of direct workers
Workers with aquaculture qualificationStrengthen the integration of aquaculture in 

local development Average salary
Number of occupational accidents

Daily hours worked/national legislationContribute to community development and 
poverty alleviation Presence of women workers

So
ci

al

Contribute to food security and healthy 
nutritional needs

Rate of production commercialized in local 
markets

Funding and autonomy
Diversity of farm products
Job-producing efficiency

Strengthen financial management of 
enterprises

Sales strategy

Ec
on

om
ic

Strengthen risk assessment and crisis 
management capabilities Risk prevention and management system
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624 Table 2: Selected indicators and their scaling according to the thresholds and data value available in fish farm literature review and Senegalese 
625 Statistics National Agency (ANSD, 2017), sp.: fish species reared. 1When a farm does not meet the criteria of the previous class; it is brought 
626 back to one class. 2Sensors in ranked priority: 1-oximeter, 2-thermometer, 3-pH-meter, 4-Automate Monitoring System (AMS). 3SMIG: "Salaire 
627 minimum interprofessional garanti" guaranteed minimum wage at the survey date in Senegal. Data collection was done between 2013-2018. 
628 4Funding refers to the initial Investment in infrastructure, e.g., building ponds and locals, providing sensors. A darker shade on the colour scale 
629 indicates a higher level of sustainability for the indicator: 1 “least sustainable” to 5 “most sustainable

Caption Least sustainable Unsustainable Moderately sustainable Sustainable Most sustainable
Scales1 1 2 3 4 5
Environmental indicators      
Water management2 50 % of staff trained 100% of staff trained 2 + use of 2 sensors 2 + use of 3 sensors 4 + AMS

Level of integration with other products 1 sp. produce 2 sp. produced 3 sp. produce 3 sp. + Use effluents for 
crops 4 sp. + farmed land animals

Waste management Effluents untreated Mechanical filtration of 
effluent Settling ponds Concrete wetlands, including 

crops Settling ponds and wetlands

Production per surface (tons ha-1) 0-3 3-5 5-8 8-12 < 12

Use of hormones, antibiotics, and chemicals 5 4 3 2 1
Use of non-indigenous species 4 3 2 1 0
Number of escape events/year 4 3 3 1 0
Social indicators     
Number of direct workers < 3 3 to 5 5 to 8 8 to 10 > 10 
Workers specialized in 
qualification (%) < 20 20-40 40-60 60-80 80-100

Average salary (in SMIG)3 < 2 2-3 3-4 5-5 > 5 
Number of occupational 
accidents (Year-1) > 20 15-20 20-30 30-40 < 50

Daily hours worked/national legislation < 1.5 1.5-1.3 1.3-1.2 1.2-1.1 1.1-1.0
Presence of women workers (%) 0-10 10-20 20-30 30-40 < 50 
Rate of production commercialized in local 
markets (%) 0-20 20-40 40-60 60-80 80-100

Economic indicators     

Funding and Autonomy4 100% funding from the 
state

50% funding from the 
state Own funding 3 + produce fingerlings 4 + supply own feed

Sales strategy no sales strategy sale at farm 2 + sales at the local market 2 + sales at restaurants 3 + sales according to market 
demand

Diversity of farm products 1 2 3 4 > 4
Job-producing efficiency (ton per job) < 0.5 0.5-1 1-2.5 2.5-5 > 5 
Risk prevention and management system Not existing Existing but has expired Existing but no proof of its Existing and properly 4 + renew regularly
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application applied
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631 Table 3: Selected farm characteristics and ownership in different aquaculture systems. 
632 Information about the characteristics of farms, including their location, aquaculture system, and 
633 ownership. The owner's origin categorizes the ownership, whether local or national and, in one 
634 case, foreign. FN1-4, FC1-2, FS1-2; F=farm, N=North, C=Center, S=South, numbers 1, 2, 3 
635 and 4 were the farm identifier in the area N, C, S.

ID 
Farms Area

Locati
on

Type
System Owner Owner 

origin

FN1 Urba
n Inland Intensive, aerated static ponds and 

raceways State Nationa
l

FN2 Rura
l

Inland Extensive aerated static ponds Family Nationa
l

FN3 Urba
n

Inland Intensive aerated static ponds Private Nationa
l

FN4 Rura
l Costal Intensive, aerated tanks and inshore-

sheltered cages
Village 

association
Nationa

l

FC1 Rura
l Inland Extensive, minimal exchange ponds Private Nationa

l

FC2 Urba
n Costal Intensive, inshore-sheltered cages Private Foreign

er

FS1 Rura
l

Inland Extensive, ponds Private Nationa
l

FS2 Urba
n

Inland Extensive, ponds Private Nationa
l

636
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637 Table 4: Assessment of sustainability: comparative analysis of environmental, social, and 
638 economic indicators. The analysis presents several environmental (7), social (7), and economic 
639 (5) indicators for eight selected farms. The results indicate that FC2 Farm ranks highest. FN1-
640 4, FC1-2, FS1-2; F=farm, N=North, C=Center, S=South, number 1, 2, 3; 4 indicate the 
641 identification number allocated to the farm in the area N, C, or S. A darker shade on the colour 
642 scale indicates a higher level of sustainability for the indicator. ex: exequo. 
643

Farm FN1 FN2 FN3 FN4 FC1 FC2 FS1 FS2
Environmental indicators 
Water management 4 1 2 3 1 4 1 1
Level of integration with other 
products 2 3 4 4 4 5 2 1

Waste management 2 3 3 1 3 1 1 1
Production per surface 3 1 1 1 1 5 1 1
Use of hormones, antibiotics, and 
chemicals 3 5 5 5 5 4 1 1

Use of non-indigenous species 3 5 4 5 5 4 4 1
Number of escape events/year 5 5 5 5 5 5 5 5

Subtotal 22 23 24 24 24 28 15 11
Rank 6 5 2 2 ex 2 ex 1 7 8

Social indicators
Number of direct workers 2 2 2 2 1 3 2 2
Workers with aquaculture qualification 5 4 2 2 1 3 1 1
Average Salary 2 1 1 2 1 2 1 1
Number of occupational accidents 5 5 5 5 5 5 5 4
Daily hours worked/national 
legislation 5 3 4 5 5 1 1 3
Presence of women workers 2 1 1 3 1 1 1 1
Rate of production commercialized in 
local markets 5 5 5 5 5 5 5 5

Subtotal 26 21 20 24 19 20 16 17
Rank 1 3 4 ex 2 6 4 8 7

Economic indicators
Funding and autonomy 1 1 3 2 2 5 1 3
Sales strategy 3 3 3 3 3 5 2 2
Diversity of farm products 3 2 5 3 5 3 1 1
Job-producing efficiency 3 1 1 1 1 4 3 1
Risk prevention and management 
system 5 1 1 4 1 4 1 3
Sub-total 15 8 13 13 12 21 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
644
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645
646 Figure 1: Location of tilapia selection farms within the study framework (in red line). These 
647 farms mainly concentrate on the country's north (green) coastline and centre part (yellow). 
648 FN1-4, FC1-2, FS1-2; F = farm, N = North, C = Center and S = South. Numbers 1, 2, 3, and 4 
649 indicate the identification number allocated to the farm in areas N, C, or S.
650

651
652
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653

654
655 Figure 2: Mean value of the ranking 1 to 5 of each of the three dimensions of sustainability for 
656 each farm, i.e., using environmental (green circle), social (red circle) and economic (blue circle) 
657 indicators. FN1-4, FC1-2, FS1-2; F = farm, N = North, C = center and S = South. Numbers 1, 
658 2, 3 and 4 indicate the identification number allocated to the farm in areas N, C, or S. In this 
659 graph, we observe the average results for each dimension obtained across different types of 
660 farms. The state-owned farm, represented by FN1, is shown alongside intensive farms, which 
661 are primarily located on the left side of the graph and include FC2, FN4, and FN3. Extensive 
662 farms are predominantly positioned on the right side of the graph, encompassing FN2, FC1, 
663 FS1, and FS2. This visual representation allows for a comparative analysis of the mean values 
664 across various dimensions for these distinct farming methods, offering insights into the 
665 performance and characteristics of state-owned, intensive, and extensive aquaculture 
666 operations.
667
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