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ABSTRACT ARTICLE INFORMATION 

Background: Climate-Smart Aquaculture (CSAq) practices present significant opportunity for the 
mitigation of climate-related challenges within the aquaculture sub-sector, particularly in the Lake Zone of 
Tanzania, where aquaculture and fisheries are central to household well-being.  

Aims: This study aimed to evaluate the impact of three CSAq practices—integrated farming, polyculture, 
and monoculture—on household income and food security. 

Methods: A cross-sectional study was conducted between November 2023 and February 2024, involving 
384 aquaculture households across the Mara and Mwanza regions. Data were analyzed using descriptive and 
inferential statistical methods, including chi-square and t-tests, to determine the influence of CSAq practices 
on economic and food security outcomes. 

Results: The findings revealed that integrated farming significantly enhanced both household income and 
food security, with participating households achieving a "Very Satisfactory" Household Food Security Index 
(HFSI) score. In Mara, where integrated farming was more prevalent, households reported significantly 
higher yields (3303 ± 155 kg) compared to those in Mwanza (2454 ± 146 kg; t = 4.96, p < 0.001). However, 
Mwanza exhibited significantly higher prices per kilogram (6719 ± 103 TSH) than Mara (5799 ± 122 TSH; 
t = -5.29, p < 0.001) attributed to superior market access and infrastructure. Polyculture practices, more 
frequently adopted in Mwanza (35.7%) than in Mara (21.8%), yielded variable impacts on income and food 
security. Chi-square analysis (χ² = 9.269, p = 0.010) indicated significant regional disparities in CSAq 
adoption, with Mara exhibiting higher adoption rates of integrated farming (69.3%) compared to Mwanza 
(56.0%). 

Conclusions: This study confirmed that integrated aquaculture-agriculture systems significantly improve 
household income and food security, while monoculture increases vulnerability. Regional variations indicate 
higher yields in Mara, associated with the widespread adoption of integrated farming, whereas Mwanza 
benefited from enhanced market access and elevated fish prices. Strengthening financial access, training 
programs, and institutional support is crucial for enhancing CSAq adoption. Key recommendations include 
the expansion of extension services, the improvement of market infrastructure, and the fortification of 
cooperative support systems to ensure sustainable aquaculture. 

Keywords: Climate-Smart Aquaculture (CSAq), Income, Food Security, Household Well-being, Tanzania’s 
Lake Zone. 
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1 INTRODUCTION 
Climate change poses significant challenges to ecosystems and 
livelihoods globally, with disproportionate effects on regions 
that rely heavily on natural resources for sustenance and 
economic activity. Tanzania’s Lake Zone, including regions 
such as Mwanza and Mara, is particularly vulnerable due to 
its dependence on aquaculture and fisheries as primary 
sources of both income and food security. Rising 
temperatures, erratic rainfall patterns, and increased climatic 

variability have led to declining fish production, 
compromised ecosystem health, and heightened risks for 
smallholder aquaculture farmers. In Lake Victoria, 
temperature fluctuations have become more pronounced, 
with maximum monthly temperatures ranging from 27°C to 
29°C, and July recording the lowest temperatures around 
15°C (Mdoe et al., 2025).  

More critically, water temperature variations directly affect 
the growth, health, and reproductive cycles of key aquaculture 
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species such as tilapia (Oreochromis niloticus) and African 
catfish (Clarias gariepinus). Cooler water temperatures slow 
fish metabolism, reduce feed efficiency, and ultimately 
decrease yields, while higher temperatures can increase disease 
prevalence and stress, further threatening production (Berg et 
al., 2021; Abd El-Hack et al., 2022). These environmental 
changes not only jeopardize the sustainability of aquaculture 
systems but also exacerbate pre-existing socio-economic 
challenges, including poverty, resource depletion, and food 
insecurity in the region (Tran et al., 2021; Ojo et al., 2024). 
Climate-induced risks have been found to significantly 
increase household food insecurity in Tanzania, reinforcing 
the need for climate-resilient agricultural and aquaculture 
systems (Kitole et al., 2024). 

Addressing these intertwined challenges aligns with several 
United Nations Sustainable Development Goals (SDGs), 
including SDG 1.1 (eradicate extreme poverty), SDG 2.1 
(end hunger and ensure access to nutritious food), and SDG 
13.1 (strengthen resilience and adaptive capacity to climate-
related hazards) (NU-CEPAL, 2019). Aquaculture, as one of 
the fastest-growing sub-sectors of agriculture, has the 
potential to play a dual role in Tanzania’s economy: 
enhancing nutritional outcomes and generating household 
income. However, traditional aquaculture practices, such as 
monoculture systems, are increasingly inadequate in 
addressing the climate-related risks faced by smallholder 
farmers. Monoculture systems, characterized by the 
cultivation of a single fish species, are highly vulnerable to 
disease outbreaks, environmental shocks, and market 
fluctuations, leading to unstable productivity and limited 
resilience (Okoko et al., 2020; United Nations Development 
Programme [UNDP], 2022).  

One such approach is Climate-Smart Aquaculture (CSAq), 
grounded from Climate-smart agriculture (CSA) introduced 
by FAO in 2010, aiming to enhance agricultural productivity 
while promoting resilience to climate change and reducing 
greenhouse gas emissions (Food Agriculture Organisation 
[FAO], 2013). Building on this framework, Climate-Smart 
Aquaculture (CSAq) has emerged as an extension of CSA, 
specifically tailored to the unique challenges and 
opportunities within aquaculture systems. CSAq integrates 
climate adaptation, mitigation, and sustainable resource 
management into aquaculture practices, emphasizing the 
need for environmentally sound, economically viable, and 
socially equitable solutions (Asiedu et al., 2017; Julius, 2023). 

CSAq encompasses a range of practices designed to optimize 
resource use and minimize environmental impacts while 
maintaining or enhancing productivity. Key strategies include 
integrated aquaculture-agriculture systems, polyculture, and 
Recirculating Aquaculture Systems (RAS). Integrated 
farming combines fish production with crop cultivation 
and/or livestock rearing, creating synergies that maximize 

resource efficiency, reduce waste, and improve environmental 
outcomes (Ajeigbe & Ganda, 2024). Polyculture systems, 
which involve farming multiple fish species, offer advantages 
in terms of diversifying outputs, mitigating risks associated 
with environmental shocks, and improving household dietary 
diversity. These approaches not only contribute to 
environmental sustainability but also enhance household 
income and food security, aligning with broader global 
sustainability goals (UNDP, 2022; Bhattacharyya et al., 
2020). 

In Tanzania’s Lake Zone, CSAq presents a critical 
opportunity to address the intertwined challenges of poverty, 
food insecurity, and climate vulnerability. However, despite 
its potential, the adoption of CSAq practices remains uneven 
and limited. Factors such as socio-economic disparities, 
limited access to training, resource constraints, and weak 
market linkages continue to hinder widespread 
implementation (Rukanda, 2018). Moreover, while CSAq is 
widely promoted in policy frameworks, empirical evidence on 
its localized socio-economic impacts, particularly in 
freshwater systems like Lake Victoria, is scarce. Existing 
studies primarily focus on marine aquaculture, theoretical 
models, or technical aspects such as fish feed management and 
disease control, leaving a gap in understanding the real-world 
impacts of CSAq on household income and food security in 
Tanzania’s inland regions (Sène-Harper et al., 2019; Mmanda 
et al., 2020; Rahman et al., 2021).  

This study seeks to address this gap by providing region-
specific empirical evidence on the socio-economic 
implications of CSAq practices in the Mwanza and Mara 
regions. These regions were selected due to their distinct 
aquaculture environments: Mwanza, with its established 
fisheries sector and better market integration, contrasts with 
Mara, where integrated farming is more prevalent, but market 
access is limited. By comparing these two regions, the study 
aims to examine how localized factors such as resource 
availability, market accessibility, and environmental 
conditions influence CSAq adoption and its impacts on 
household income and food security. The findings will 
provide valuable insights into the scalability and adaptability 
of CSAq practices across diverse socio-economic and 
ecological contexts in Tanzania, contributing to the 
development of targeted interventions to improve livelihood 
resilience and strengthen food systems in vulnerable 
communities. 

1.1 Theoretical review 
The Sustainable Livelihood Framework (SLF), developed by 
the Department for International Development (Department 
for International Development [DFID], 1999), is widely 
applied in analyzing how households utilize their assets, 
manage risks, and adopt livelihood strategies to enhance well-
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being. The framework identifies five key livelihood assets 
natural, human, financial, social, and physical capital that 
influence a household’s capacity to engage in productive 
activities. Additionally, SLF recognizes the role of 
vulnerability contexts (shocks, trends, and seasonality) and 
transforming structures and processes (institutions, policies, 
and regulations) in shaping livelihood strategies and 
outcomes.  

In the context of Climate-smart aquaculture (CSAq), SLF 
provides a structured lens to assess how smallholder farmers 
leverage their available assets to adopt CSAq practices 
(integrated farming, polyculture, and monoculture) while 
responding to environmental and economic shocks. 
Households with greater access to financial capital (credit, 
savings), physical capital (storage facilities, transport 
infrastructure), and human capital (education, skills training) 
are more likely to adopt integrated CSAq practices, leading to 
improved household income and food security. However, 
external shocks such as climate variability, fluctuating fish 
prices, and market access challenges create vulnerabilities that 
influence farmers’ decisions and outcomes. Similar 
approaches have been used in rural livelihoods studies, 
including Kitole & Sesabo (2024), who applied SLF to 
analyze tourism-driven livelihood strategies in Tanzania. 
Their study underscores how external shocks and institutional 
frameworks shape livelihood decisions, reinforcing SLF’s 
relevance in examining how CSAq adoption is influenced by 
household assets and broader socio-economic factors. 

Despite its strengths, SLF has limitations. Scholars argue that 
the framework does not adequately capture power relations, 
policy enforcement barriers, and macroeconomic factors that 
influence livelihood strategies (Natarajan et al., 2022). 
Furthermore, SLF assumes rational decision-making, 
overlooking behavioral and cultural factors in household 
adaptation strategies. To address these gaps, this study 
modifies the SLF framework by incorporating institutional 
and market-based factors that impact CSAq adoption, 
ensuring a more holistic understanding of income and food 
security outcomes in aquaculture-based livelihoods. This 
approach aligns with Kitole & Sesabo (2024), who 
emphasized the importance of policy and institutional 
interventions in supporting sustainable rural livelihoods. 

1.2 Conceptual framework 

This study adopts the Sustainable Livelihood Framework 
(SLF) to analyze how CSAq practices influence household 
income and food security in Tanzania’s Lake Zone. SLF 
provides a structured approach to understanding how 
households leverage their assets, respond to shocks, and 
navigate institutional and policy structures to achieve 
sustainable livelihoods (DFID, 1999). The modified 
framework in this study incorporates institutional and 

market-based factors to better explain the challenges and 
opportunities influencing CSAq adoption.  

Households' ability to adopt CSAq practices depends on 
access to livelihood assets, including natural (water, fish 
species), human (skills, education), financial (credit, savings), 
social (cooperative networks), and physical (storage, 
transport, and market infrastructure) capital. However, these 
assets alone do not determine outcomes—they are shaped by 
external and internal shocks, such as climate variability, 
fluctuating fish prices, and input costs, which affect resource 
availability and decision-making.  

The framework positions CSAq adoption as a key livelihood 
strategy, with households engaging in integrated aquaculture-
agriculture, polyculture, or monoculture. The livelihood 
outcomes (income and food security) are influenced by both 
the chosen CSAq practice and the enabling environment, 
which includes market access, extension services, aquaculture 
policies, and cooperative support. Studies such as Kitole & 
Sesabo (2024) highlight the role of institutional and policy 
interventions in shaping rural livelihoods, reinforcing the 
need for strong governance structures to enhance CSAq 
sustainability. 

This conceptual model modifies SLF by explicitly 
incorporating institutional barriers and policy interventions 
as key variables affecting CSAq adoption and its impact on 
livelihoods. Integrating these dimensions, the study provides 
a holistic framework for understanding the socio-economic 
dynamics of CSAq practices, ensuring that policy 
recommendations address both household-level constraints 
and structural challenges.  

 

Figure 1. Conceptual Framework model of the Study on 
CSAq Practices (Modified from SLF) 
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2 MATERIAL AND METHODS 
The study was conducted in Tanzania's Lake Zone, focusing 
on Mwanza and Mara regions along the southern shores of 
Lake Victoria. These regions are renowned for their 
significant contributions to aquaculture and fisheries, which 
play a pivotal role in enhancing food security and economic 
development in Tanzania (Nyboer et al., 2022). Lake 
Victoria, as one of the largest freshwater lakes globally, serves 
as a critical resource for aquaculture practices, providing 
livelihoods to many households. Figure 1 illustrates the map 
of Mwanza and Mara regions in relation to Lake Victoria. 

2.1 Sample procedures and sample size 

A cross-sectional survey design was employed, utilizing a 
multistage sampling technique to ensure a representative 
sample from the two regions. Initially, districts within 
Mwanza and Mara regions were purposively selected based 
on their prominence in aquaculture activities. From these 
districts, villages were selected based on the aquaculture 
database register provided by aquaculture extension officers 
from each council, ensuring a representative sample of 
aquaculture households. Random sampling was then applied 
within the selected villages to capture a broad aquaculture 
population. Subsequently, households were randomly 
sampled within the selected villages. The sample size was 
determined using Cochran’s formula to achieve statistical 
reliability with a 95% confidence level and a 5% margin of 
error:  

𝑛𝑛
0 = 𝑍𝑍

2𝑃𝑃(1−𝑃𝑃)
𝑒𝑒2    (𝐸𝐸𝐸𝐸1)

 

Whereby Z=1.96, representing the critical value for a 95% 
confidence level, P=0.5, the assumed proportion of the 
population practicing aquaculture =0.05, the allowable 
margin of error. Substituting these values in equation 1 the 
estimation will be; 

𝑛𝑛
0 = 

(1.96)20.5(1−0.5)
0.052  = 384

 

The final sample was distributed proportionally between the 
regions based on their population and aquaculture activity 
levels. Mara accounted for 202 households, while Mwanza 
included 182 households. In each selected village, 30 
households were surveyed. This sample size ensured robust 
data collection and representation of aquaculture households 
in the Lake Zone. 

For the purposes of this research, food security is 
operationally defined according to the Food and Agriculture 
Organization (FAO) as a condition in which all people, at all 
times, have physical, social, and economic access to 
sufficient, safe, and nutritious food that meets their dietary 

needs and food preferences for an active and healthy life. 
This definition encompasses three critical dimensions that 
are crucial for our analysis: 

i. Availability: This dimension assesses the presence and 
adequacy of food supplies within the regions, analyzed 
through data on local food production, imports, and 
availability in markets. 

ii. Access: This aspect evaluates both the economic means 
and physical capabilities of households to obtain food. 
It includes an analysis of income levels, market prices, 
and the proximity of food sources to assess how easily 
individuals can acquire the foods they need.  

iii. Utilization: Concerns about the proper dietary use of 
food, focusing on the nutritional quality and adequacy 
of the food consumed by individuals. This is measured 
through surveys on dietary diversity, meal frequency, 
and nutritional status of households. 

2.2 Data types, methods, and tools for 
data collection 

This study utilized a mixed approach method where by 
quantitative and qualitative data were used to collect data on 
climate-smart aquaculture (CSAq) practices, food security, 
and household socio-economic characteristics. Structured 
household questionnaires were administered using a 

Computer-Aided Personal Interviewing (CAPI) tool called 
KOBO-COLLECT, enhancing data accuracy and 
minimizing errors during data entry. The tool was pre-tested 
in a pilot study conducted in Busega District to ensure 
reliability, and enumerators underwent standardized training 
to maintain consistency and ensure uniform data collection 
across regions. Data collection focused on assessing CSAq 
practices adopted by households, food security indicators, 
and socio-economic variables such as income, education, and 
employment. The study emphasized three major CSAq 

 

Figure 2. Map of the study area 
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practices: integrated farming, monoculture, and polyculture, 
to explore their prevalence and impact.  

Qualitative data were collected through Key Informant 
Interviews (KIIs) to provide deeper insights into Climate-
Smart Aquaculture (CSAq) practices and their impacts on 
income and food security. A total of 39 key informants were 
purposefully selected for their expertise and relevance to the 
study's objectives. Participants included government officers, 
researchers, extension officers, private sector representatives, 
and aquaculture-based institutions, ensuring diverse 
perspectives. The interviews followed a semi-structured 
format, using an Interview Checklist with open-ended 
questions designed to explore themes such as the socio-
economic and contextual factors influencing CSAq practices. 

2.3 Study variables  

The variables analyzed in this study are categorized into key 
components that address food security and aquaculture 
practices. These variables provide a framework for 
understanding the impacts of Climate-Smart Aquaculture 
(CSAq) on household well-being. A detailed summary of the 
key variables is presented in Table 1.   

2.4 Data analysis  

Quantative data analysis was conducted using SPSS Version 
27 and Microsoft Excel to process, summarize, and interpret 
the collected data effectively. Descriptive statistics, including 
frequencies, percentages, and mean scores, were employed to 
provide a detailed overview of key variables such as 
household food security status, nutritional diversity, and the 
adoption of CSAq practices. Dimensional analysis was 
performed to calculate weighted scores for critical 
subcomponents, including food consumption, stability of 
food access, and nutritional diversity. These scores were 
rescaled to a 10 – 100 scale to enhance clarity and 
interpretability. Inferential statistical methods, specifically 
chi-square tests, were utilized to assess the associations 
between CSAq adoption and food security outcomes. This 
combination of descriptive and inferential approaches 
ensured a robust and comprehensive evaluation of the data. 

The qualitative data collected from Key Informant 
Interviews (KIIs) were analyzed using thematic analysis, a 
systematic and flexible approach for identifying, organizing, 
and interpreting patterns within qualitative data. This 
method was chosen for its ability to uncover diverse 
stakeholder perspectives and contextual nuances critical to 
understanding the socio-economic and environmental 
factors influencing household well-being. The analysis began 
with systematic coding of transcribed interviews to identify 
recurring patterns and insights related to income generation, 
food security, and the adoption of Climate-Smart 

Aquaculture (CSAq) practices. These codes were then 
grouped into broader themes. 

Thematic analysis was particularly effective in this study as it 
allowed for the integration of qualitative insights with 
quantitative findings, providing a richer and more 
comprehensive understanding of how CSAq practices impact 
household well-being. Focusing on key proxies’ income and 
food security this approach illuminated actionable themes 
that were directly relevant to policy and practice 
recommendations. It also offered clarity and depth in 
interpreting the socio-economic and environmental 
dynamics shaping CSAq adoption, enhancing the study's 
implications for sustainable development.  

2.5 Computational of indices  

In this study food and nutritional security are conceptualized 
as derivatives of three dimensions: food consumption, stability 
of food access, and nutritional diversity. These dimensions are 
aggregated to calculate an overall food security score using 
weighted methods, enabling multidimensional analysis. Each 
subcomponent was computed using a weighted arithmetic 
average formula (Eq. 2) and converted into a 10 – 100 scale 
for enhanced resolution: 

 

                   𝑌𝑌𝑗𝑗𝑗𝑗 =  ∑ 𝑊𝑊𝑖𝑖𝑖𝑖 . 𝑥𝑥𝑖𝑖𝑗𝑗𝑗𝑗𝑛𝑛
𝑖𝑖=1  (Eq. 2) 

 

Whereby yjk = score for household j in subcomponent k, Wij 
= weight assigned to question i in subcomponent k, xijk = 
scaled score for household j in question i of subcomponent 
k.To compute the overall food and nutritional security score, 
the weighted geometric mean formula was applied (Eq. 3): 

 

                      𝑌𝑌𝑗𝑗𝑗𝑗 =  ∏ 𝑥𝑥𝑖𝑖𝑗𝑗𝑗𝑗
𝑤𝑤𝑖𝑖𝑛𝑛

𝑖𝑖=1    (Eq. 3) 

 

These formulas enabled the calculation of scores for each 
household, categorized into four groups based on 
performance thresholds proposed by IFAD (2014) and the 
scales are, below 30: Very Unsatisfactory, 30–60: 
Unsatisfactory, 60–80: Satisfactory, above 80: Very 
Satisfactory. These satisfaction levels were derived using 
objective criteria based on standardized scoring thresholds 
proposed by IFAD (2014). The scores incorporate 
quantitative indicators of food security and nutritional 
diversity, minimizing subjective bias in household responses 
as indicated in Table 2.   

 



C.N. Mdoe et al.                                                                                                            Climate-Smart Aquaculture and Household Welfare in Tanzania’s Lake Zone                              

 

 
72  Nor. Afr. J. Food Nutr. Res. • Volume 9 • Issue 19 • 2025 

 
  
 
 

3 RESULTS AND DISCUSSION 

3.1  Socio-demographic and economic 
characteristics of the study 
participants  

The socio-demographic and economic characteristics (Table 
3) of respondents in Tanzania’s Lake Zone regions exhibit 
significant variations that shape the adoption of Climate-
Smart Aquaculture (CSAq) practices. The predominance of 
male participants (85.7%) is consistent with findings by 
Munguti et al. (2021), indicating that aquaculture continues 
to be a male-dominated sector. This disparity is often 

Table 2. Thresholds for Evaluating Food Security Status 
Based on Household Scores (IFAD 2014) 

S/No. Category Category Label 

1. Below 30 Very unsatisfactory 

2. 30 – 60 Unsatisfactory 

3. 60 – 80 Satisfactory 

4. Above 80 Very satisfactory 

 

Table 1. Key Variables Analyzed in the Study 

Category Variable Name Measurement Definition 

CSAq Practices CSAq Practice Adopted 
Specific aquaculture practices used, are categorized as “Integrated Farming, 
Monoculture, or Polyculture”. 

Household Experience in Food 
Security 

Food and Nutritional 
Security 

Household experience is categorized into "Very Unsatisfactory," "Unsatisfactory," 
"Satisfactory," and "Very Satisfactory." 

Frequency of Hunger 
Frequency of household members going to sleep hungry (e.g., Never, Once or Twice, 
Most Days). 

Food Sufficiency 
The proportion of households experiencing periods without enough food (e.g., one 
full day, more than two weeks). 

Food Consumption and 
Sufficiency 

Food Consumption 
Frequency 

Frequency of consuming seven food groups (e.g., grains, roots, dairy, meat) daily, 
weekly, or monthly. 

Food Group 
Consumption 

The proportion of households consuming food groups (e.g., grains, vegetables, dairy) 
every day. 

Stability of Food Access Stability in Food Access 
Duration of food instability, including periods without sufficient food for more than 
two weeks or missing meals. 

Household Nutritional 
Diversity 

Nutritional Diversity 
The proportion of households consuming a balanced variety of food groups (e.g., 
grains, fruits, vegetables) by frequency. 

Socio-Economic Variables 

Household Size Number of household members. 

Age Age of the household head. 

Education Education level of the household head. 

Employment Employment status of the household head. 

Housing Quality of housing based on construction materials. 

Asset Ownership Ownership of assets such as land, livestock, and durable goods. 

Gender Gender of the household head. 

Income Household income categories  
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attributed to socio-cultural norms that position aquaculture 
and fisheries as labor-intensive activities traditionally reserved 
for men. Additionally, limited access to resources, training, 
and decision-making opportunities further restricts female 
participation in the sector (Uduji & Okolo-Obasi, 2020). Age 
distribution further reveals a concentration of respondents 
within the 45-60 age group (45.6%), particularly in Mwanza, 
emphasizing the value of experience in aquaculture. However, 
this age pattern also suggests potential barriers for younger 
participants, who may face challenges such as limited access 
to resources or capital, as highlighted by Stankus, (2021). 
These socio-demographic dynamics underscore the 

importance of targeted strategies to promote inclusive 
participation and sustainability in CSAq adoption.   

Education levels further illustrate disparities, with Mwanza 
having a higher proportion of diploma and university 
graduates, which aligns with literature showing that higher 
education levels correlate with greater adoption of innovative 
aquaculture practices (FAO, 2024). The larger household 
sizes in Mwanza (47.3% above 5 members) may reflect socio-
economic pressures influencing labor availability and 
household dependence on aquaculture income. Fish farming 
as the primary income source for 49.5% of respondents, 
particularly in Mwanza, supports evidence that regions with 

Table 3. Socio-Demographic Characteristics of Respondents (n=384) 

Variable Category 
Mara Mwanza Total 

Pearson Chi-Square 
Tests 

Freq Per 
(%) 

Freq Per 
(%) 

Freq Per 
(%) 

Chi-square df Sig. 

Gender Female 37 18.3% 18 9.9% 55 14.3% 5.54 1 .019* 

Male 165 81.7% 164 90.1% 329 85.7% 
   

Age category 18 – 25 years 10 5.0% 0 0.0% 10 2.6% 63.255 4 .000* 

26 – 35 years 81 40.1% 30 16.5% 111 28.9% 
   

36 – 45 years 51 25.2% 29 15.9% 80 20.8% 
   

45 – 60 years 55 27.2% 120 65.9% 175 45.6% 
   

Above 60 years 5 2.5% 3 1.6% 8 2.1% 
   

Marital Status Single 28 13.9% 2 1.1% 30 7.8% 22.578 3 .000* 

Married 145 71.8% 152 83.5% 297 77.3% 
   

Widow/Widower 18 8.9% 14 7.7% 32 8.3% 
   

Divorced/Separated 11 5.4% 14 7.7% 25 6.5% 
   

Education level Primary  110 54.5% 59 32.4% 169 44.0% 43.353 5 .000* 

Secondary  49 24.3% 40 22.0% 89 23.2% 
   

Certificate  4 2.0% 1 0.5% 5 1.3% 
   

Diploma  13 6.4% 30 16.5% 43 11.2% 
   

University  13 6.4% 45 24.7% 58 15.1% 
   

Informal  13 6.4% 7 3.8% 20 5.2% 
   

Household size Below 3 3 1.5% 0 0.0% 3 0.8% 7.529 2 .023* 

3 – 5 members 127 62.9% 96 52.7% 223 58.1% 
   

Above 5 members 72 35.6% 86 47.3% 158 41.1% 
   

Primary source of 
income 

Both 52 25.7% 16 8.8% 68 17.7% 31.094 2 .000* 

Fish Farming 75 37.1% 115 63.2% 190 49.5% 
   

Off- fish farming 75 37.1% 51 28.0% 126 32.8% 
   

Extension Officer No 83 42.6% 88 50.9% 171 46.5% 2.541 1 0.111 

Yes 112 57.4% 85 49.1% 197 53.5% 
   

Training No 61 31.3% 72 41.6% 133 36.1% 4.244 1 .039* 

Yes 134 68.7% 101 58.4% 235 63.9%       

* The Chi-square statistic is significant at the .05 level. 
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greater access to resources and markets are more inclined to 
specialize in aquaculture (Jettah et al., 2024). 

Additionally, access to extension officers (53.5%) and 
training programs (63.9%) highlights the importance of 
capacity-building initiatives in promoting CSAq adoption. 
However, disparities in training access between regions 
emphasize the need for targeted support to bridge knowledge 
gaps and encourage uniform uptake of CSAq practices 
(Rukanda, 2018). These findings underscore the critical 
interplay of socio-demographic factors, education, and 
institutional support in unlocking the potential of CSAq 
practices for food security and economic resilience in 
Tanzania.  

The economic characteristics of respondents reveal significant 
differences in harvest outcomes and prices between the Mara 
and Mwanza regions as indicated in Table 4, underscoring 
regional disparities in aquaculture performance. Farmers in 
Mara produced significantly higher harvests (3303±155 kg) 
compared to Mwanza (2454±146 kg), with a difference of 
849 kg. Mara’s higher yields are attributed to favorable 
environmental conditions, including abundant water 
resources, less urban pollution, and greater land availability 
for aquaculture. Additionally, strong community-based 
farming practices and traditional knowledge contribute to 
efficient resource use and productivity (Nyboer et al., 2022; 
Rukanda, 2018). However, despite these advantages in 
production, Mara farmers face challenges in accessing 
lucrative markets due to logistical constraints and remoteness. 

In contrast, Mwanza farmers achieved higher prices per 
kilogram (6719±103 TSH) compared to Mara (5799±122 
TSH), thanks to superior market infrastructure, including 
cold storage facilities, ice flakes, and efficient transportation 
networks. Mwanza’s accessibility via direct flights and 
proximity to major urban centers reduces transportation costs 
and enhances market reach. The city’s strategic location near 
Burundi and Uganda facilitates cross-border trade, while its 
urban branding attracts high-value buyers from outside the 
region (Mulokozi et al., 2020; Munguti et al., 2024). This 
combination of infrastructure, market access, and branding 
gives Mwanza a competitive pricing advantage despite lower 
yields. This finding, supported by a highly significant t-
statistic (t = 4.96, p < 0.001), suggests that Mara may have 

more favorable conditions or better resource utilization for 
aquaculture productivity.  

The adoption of Climate-Smart Aquaculture (CSAq) 
practices across Tanzania’s Lake Zone regions demonstrates 
notable regional disparities, with integrated farming being the 
most prevalent practice overall, adopted by 63.0% of 
respondents. Mara shows a higher adoption rate of integrated 
farming (69.3%) compared to Mwanza (56.0%), which may 
reflect differences in access to inputs, technical knowledge, or 
infrastructure for implementing diversified aquaculture 
systems. Integrated farming is widely recognized for its ability 
to enhance productivity and resilience by combining fish 
farming with agriculture, effectively utilizing resources and 
minimizing environmental impacts (Chan et al., 2019). 

Polyculture adoption is more prominent in Mwanza (35.7%) 
than Mara (21.8%), with significant regional variation in 
CSAq adoption. This higher adoption rate in Mwanza is 
likely influenced by favorable environmental factors, such as 
optimal water temperatures and the availability of diverse, 
compatible fish species suited for polyculture systems. 
Additionally, Mwanza’s better market infrastructure and 
higher demand for varied fish species provide economic 
incentives for farmers to diversify production. The presence 
of extension services and training programs in Mwanza also 
facilitates the adoption of polyculture practices (Aloo et al., 
2017; Munguti et al., 2021). The significant chi-square result 
(χ² = 9.269, p = 0.010) underscores the regional variation in 
CSAq adoption, highlighting the role of local socio-economic 
and ecological factors in influencing farming choices.  

3.2 Economic impact of CSAq practices  

Significant regional disparities in the economic impact of 
Climate-Smart Aquaculture (CSAq) practices were identified 
in the study (Table 5), encompassing more than just income 
generation. While the findings from Mara and Mwanza show 
distinct differences in annual, seasonal, and monthly revenues 
integrated farming in Mara generated significantly higher 
income compared to other practices, with annual revenues 
reaching approximately 11,200,000 TZS, as opposed to 
7,500,000 TZS in Mwanza where polyculture and 
monoculture are more prevalent. These differences are part of 
a broader economic picture.  

Table 4. Economic characteristics of farmers involved (n=384) 

Variables Mara Mwanza Difference T-stat p-value 

Harvest amount (Kg) 3303 ± 155 2454 ± 146 849 4.96 < 0.001 

Price of your harvest per kg (TSH / Kg) 5799±122 6719±103 -920 -5.29 < 0.001 
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In addition to revenue disparities, the economic analysis 
considered the role of CSAq practices in fostering 
employment within the communities, reducing costs through 
more efficient resource use, and encouraging sustainable 
farming practices that contribute to long-term economic 
stability (Bisht et al., 2020; Abegunde & Obi, 2022). For 
instance, integrated farming not only increases revenue but 
also enhances resource utilization and lowers input costs over 
time. Furthermore, these practices may stimulate local 
economies by increasing demand for related goods and 
services, thus extending economic benefits beyond direct farm 
incomes (Imran et al., 2019; Mizik, 2021). As one 
aquaculture extension officer explained,   

“Integrated systems allow farmers to earn from multiple sources 
fish, vegetables, and livestock all year round, reducing risks and 
boosting their income.”  

(KII, Musoma DC, December 2024).  

These comprehensive economic impacts are underpinned by 
statistically significant disparities, with t-values indicating 
strong regional variations (p < 0.001), as detailed in Table 6. 
Such an expanded discussion of economic impacts provides a 
deeper understanding of how CSAq practices influence 

regional economic landscapes, highlighting their potential to 
contribute to broader economic development.  

The superior economic performance of integrated farming 
systems in Mara can be attributed to the diversification of 
agricultural products and reduced vulnerability to market and 
climatic fluctuations, suggesting that diversification within 
CSAq practices not only stabilizes but also enhances income 
(Rogerson 2018; Zheng et al., 2024). Additionally, the 
proximity of Mwanza to larger markets likely influences the 
relatively higher incomes from polyculture systems, 
benefiting from better market access and infrastructure. 

The economic implications of these findings are critical for 
policy and practice. The data supports the promotion of 
integrated and polyculture practices, which have proven 
effective not only in improving food security but also in 
increasing economic returns. Such insights are invaluable for 
policymakers, suggesting that investments in CSAq training, 
infrastructure, and market access can yield substantial returns 
(Alokpaï & Harris, 2024). Specifically, policies should focus 
on subsidizing initial investments in integrated farming and 
enhancing market access to maximize the economic benefits 
of CSAq (Mulokozi et al., 2020; Rahman et al., 2021b). 

Table 6. Annual, Seasonal, and Monthly Revenue from CSAq Practices Across Regions 

CSAq Practice Revenue Frame Mara (TSHS) Mwanza (TSHS) t-value p-value 

Integrated Farming (IAA) 

Annual 11,200,000 ± 1,500,000 7,500,000 ± 1,200,000 9.62 < 0.001 

Seasonal 5,600,000 ± 1,000,000 3,750,000 ± 800,000 8.34 < 0.001 

Monthly 1,500,000 ± 400,000 1,250,000 ± 350,000 3.72 < 0.001 

Polyculture 

Annual 5,600,000 ± 1,000,000 3,750,000 ± 800,000 8.34 < 0.001 

Seasonal 2,800,000 ± 500,000 1,875,000 ± 400,000 6.58 < 0.001 

Monthly 933,333 ± 166,667 625,000 ± 133,333 5.75 < 0.001 

Monoculture 

Annual 1,500,000 ± 400,000 1,250,000 ± 350,000 3.72 < 0.001 

Seasonal 750,000 ± 200,000 625,000 ± 175,000 2.88 < 0.001 

Monthly 250,000 ± 66,667 208,333 ± 58,333 2.34 < 0.001 

 

Table 5. Adoption of Climate-Smart Aquaculture (CSAq) Practices Across Regions (n=384) 

Variable Category 
Mara Mwanza Total Pearson Chi-Square Tests 

Freq Per (%) Freq Per (%) Freq Per (%) χ² df Sig. 

CSAq Practice adopted 

Integrated farming 140 69.3% 102 56.0% 242 63.0% 9.269 2 .010* 

Monoculture 18 8.9% 15 8.2% 33 8.6%    

Polyculture 44 21.8% 65 35.7% 109 28.4%       

Note. * The Chi-square statistic is significant at the .05 level 
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The economic analysis within this study confirms that CSAq 
practices, particularly integrated farming, significantly 
contribute to higher households’ incomes in Tanzania's Lake 
Zone. These practices, by enhancing both economic and food 
security, represent a sustainable pathway forward for the 
region's aquaculture sector. This economic advantage 
underscores the need for targeted interventions that promote 
these practices to foster broader socio-economic development 
(Rogerson 2018; Elpisah, 2023). Moreover, understanding 
the economic impacts of CSAq practices is pivotal for 
assessing their role in the sustainable development of 
Tanzania's Lake Zone regions, hence analysis focuses on how 
different CSAq practices influence the financial outcomes for 
households engaged in aquaculture, which is crucial for 
evaluating their viability and sustainability.  

3.3 Food consumption across regions  

Table 7 reveals notable differences in food consumption 
frequency between Mara and Mwanza regions, highlighting 
regional variations in dietary diversity. For grains, Mara leads 
with 73.3% of respondents consuming grain 'always,' while 
Mwanza follows with 63.3%, a significant difference (χ² = 
5.87, p = 0.015). This suggests that Mara residents have a 
higher reliance on grains in their daily diets compared to 
Mwanza, possibly due to regional differences in agricultural 
practices or food availability, as supported by findings from 

(Nyboer et al., 2022), who noted regional dietary variations 
linked to local crop production and food preferences in rural 
Tanzania. However, this higher reliance on grains in Mara 
may limit protein intake and reduce overall nutritional 
diversity, potentially leading to micronutrient deficiencies. In 
contrast, Mwanza’s higher consumption of protein-rich 
foods, such as meat and fish, may contribute to better 
nutritional outcomes, including improved dietary balance 
and nutrient intake (Eyayu et al., 2023; Mzula et al., 2021). 
An extension officer revealed this during the interviews,  

“Farmers practicing integrated farming often grow staple grains 
alongside fish, vegetables, and livestock, ensuring a steady supply 
for household consumption." 

(KII, Buchosa DC, February, 2024).  

For roots and tubers, although Mara (12.4%) leads in 'always' 
consumption, the difference is not as pronounced as in grains, 
and the statistical result (p = 0.073) is marginally above the 
0.05 threshold, indicating no strong regional difference in 
this food group (Figure 3). However, both regions show 
similar consumption patterns across monthly and weekly 
categories, aligning with trends reported by Eyayu et al. 
(2023), which emphasize the variability in root and tuber 
availability across different agricultural zones.  

 

Table 7. Food consumption intensity for dietary diversity (n=384) 

Food Group Frequency of 
Consumption N Mara (n=202) Mwanza (n=182) χ² p-value 

Grains 
Always 300 73.3% 63.3% 5.87 0.015 
Often 53 14.9% 16.0%   

Occasionally 31 11.9% 20.7%   

Roots and Tubers 
Always 35 12.4% 8.7% 3.22 0.073 
Often 198 47.5% 53.8%   

Occasionally 151 40.1% 37.5%   

Vegetables and Greens Fruits 

Always 186 46.5% 50.5% 0.34 0.845 
Often 106 28.7% 26.4%   

Occasionally 92 24.8% 23.1%   

Always 64 17.6% 15.8% 0.11 0.947 
Often 255 67.6% 65.3%   

Occasionally 65 14.8% 18.8%   

Meat and Fish 
Always 153 46.2% 38.7% 6.42 0.041 
Often 93 23.6% 24.8%   

Occasionally 138 30.2% 36.5%   

Dairy Products and Eggs 
Always 43 9.9% 12.4% 2.62 0.105 
Often 268 72.5% 67.3%   

Occasionally 73 17.6% 20.3%   

Nuts and Legumes  

Always 118 33.0% 28.7% 0.45 0.798 
Often 148 40.7% 36.6%   

Occasionally 118 26.4% 34.7%     
* The Chi-square statistic is significant at the .05 level. 
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On the other hand, meat and fish consumption show a 
significant difference, with Mwanza leading in 'always' 
consumption (46.2%) compared to Mara (38.7%), with the 
chi-square statistic reaching significance (χ² = 6.42, p = 0.041) 
(Figure 3). This suggests that meat and fish are more 
frequently consumed in Mwanza, likely reflecting differences 
in access to protein sources or local dietary preferences, 
consistent with findings by Mzula et al. (2021). 

These initial findings point to underlying differences in CSAq 
practices between the regions. Integrated farming practices in 
Mara, which include a strong focus on crop production 
alongside aquaculture, may explain the higher grain 
consumption. In contrast, Mwanza, with its emphasis on 
polyculture and monoculture systems, likely benefits from 
better access to fish and meat, underlining the region's 
capacity to leverage aquaculture for enhanced protein intake, 
as suggested by (Obiero et al., 2024). 

These patterns are not only reflective of the direct outcomes 
of CSAq practices but also interact with broader socio-
economic factors and market accessibilities that influence 
food availability and dietary preferences. For instance, the 
availability of grains in Mara could be bolstered by better 
integration of crop and fish farming practices, while 
Mwanza's proximity to major markets and water bodies 
might facilitate greater access to fish and meat, supporting the 

observed dietary trends, as documented in various studies 
(Ambikapathi et al., 2022; Muhie, 2022).  

Analyzing these food consumption trends in the context of 
CSAq practices, the study provides insights into how 
aquaculture can differentially impact food security across 
regions. This analysis not only highlights the importance of 
tailoring aquaculture practices to regional needs and 
capacities but also underscores the need for context-specific 
policies that enhance food security through diversified and 
integrated farming approaches. 

3.4 Food Security Index across adopted 
CSAq practices  

The findings highlight the Household Food Security Index 
(HFSI) across different Climate-Smart Aquaculture (CSAq) 
practices integrated farming, monoculture, and polyculture in 
the Mara and Mwanza regions of Tanzania’s Lake Zone. 
Integrated farming consistently recorded the highest mean 
HFSI scores, classified as "Very Satisfactory," demonstrating 
its effectiveness in improving food security through 
diversified and resilient production systems. Polyculture 
achieved "Satisfactory" scores, showcasing its contribution to 
food security by diversifying outputs and mitigating risks 
associated with single-species farming. In contrast, 
monoculture exhibited the lowest HFSI scores, categorized as 

 

Figure 3. Food Consumption Frequency by Region and Food Group 
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"Unsatisfactory," indicating its limited ability to address food 
security challenges in the context of climate and market 
vulnerabilities. The results of the Chi-square tests (p-value < 
0.05) further confirm that the differences in food security 
outcomes among the CSAq practices are statistically 
significant as indicated in Table 8. These findings underscore 
the importance of promoting integrated and polyculture 
farming systems as sustainable strategies to enhance food 
security in rural communities.    

Integrated farming, which combines tilapia and/or catfish 
farming with poultry, other livestock, and crop cultivation, is 

ranked as "Very Satisfactory" in both regions, with Mara 
achieving a slightly higher mean HFSI score of 84.2 
compared to Mwanza’s 81.4. This diversified approach 
provides a more stable source of food and income for rural 
households, enhancing overall food security and resilience. 
The integration of multiple farming activities allows 
households to buffer against the risks associated with 
environmental shocks and market fluctuations (Mulokozi et 
al., 2020; Mzula et al., 2021). Similarly, polyculture, which 
involves farming more than one fish species, was ranked as 
"Satisfactory" in both regions, with Mara scoring 69.5 and 
Mwanza 71.8. Polyculture contributes to food security by 
diversifying agricultural outputs and reducing vulnerabilities 
to diseases and environmental stresses, offering a balance 
between yield stability and market opportunities (Mulokozi 
et al., 2020). 

In contrast, monoculture farming, which focuses on growing 
a single fish species or crop, received the lowest HFSI scores 
48.7 in Mara and 43.9 in Mwanza ranking 'Unsatisfactory' in 
both regions. This is primarily due to the higher reliance on 
a single species, increasing susceptibility to environmental 
shocks and disease outbreaks. The lack of species 
diversification limits income streams and food variety, 
reducing household resilience to both market fluctuations 
and climatic changes (Sène-Harper et al., 2019; Nyamete, 
2021). Despite its simplicity, monoculture adoption remains 

low across both regions (8.6%), reflecting farmers' awareness 
of its inherent risks. These systems are particularly vulnerable 
to water quality fluctuations and climate variability, often 
leading to total stock loss in the event of disease outbreaks. 
The lack of diversification in monoculture practices limits not 
only economic stability but also household food security 
(Peart et al., 2021; Rahman et al., 2021a). This evidence 
underscores the importance of promoting CSAq practices, 
such as integrated farming and polyculture, as essential 
components of Tanzania's rural development strategies to 
strengthen food systems and improve resilience against 

climate change (FAO, 2024; Jettah et al., 2024) as indicated 
in Table 8. 

The bar plot in Figure 4 shows the Food Security Index across 
different CSAq practices Integrated Farming, Monoculture, 
and Polyculture highlight significant variations in food 
security outcomes based on these practices. Integrated 
Farming shows the highest mean score (82.8), categorized as 
"Very Satisfactory," which aligns with findings from studies 
that demonstrate the benefits of diversified farming systems 
in enhancing food security through improved resilience and 
productivity (Stankus, 2021)). Monoculture, with a lower 
score of 45.3, falls under the "Unsatisfactory" category, and 
shows an increased vulnerability to environmental shocks, 
lower nutritional diversity, and food insecurity risks (Ahmed 
et al., 2019; Lundeba et al., 2023), Polyculture, at 68.2, is 
classified as "Satisfactory" and shows that polyculture can 
promote food security by diversifying crop more than 1 
species usage in the aquaculture farming like catfish and 
tilapia thus reducing dependency on single outcomes and 
enhancing nutritional diversity (Neori et al., 2017; Thomas 
et al., 2021). These findings reinforce the notion that 
integrating multiple CSAq practices can contribute 
significantly to sustainable food security in agricultural 
systems. 

Table 8. Food Security Index Across CSAq Practices by Region 

Region CSA Practice Mean HFSI Standard Deviation Ranking χ² p-value 

Mara 

Integrated Farming (IAA) 84.2 4.1 Very Satisfactory  18.45 0.000* 

Monoculture 48.7 11.3 Unsatisfactory    

Polyculture 69.5 9.2 Satisfactory    

Mwanza 

Integrated Farming (IAA) 81.4 3.8 Very Satisfactory  20.67 0.000* 

Monoculture 43.9 9.8 Unsatisfactory    

Polyculture 71.8 11.7 Satisfactory    

Note. * The Chi-square statistic is significant at the .05 level. 
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3.5 Theoretical contribution  

This study advances the Sustainable Livelihoods Framework 
(SLF) by integrating Climate-Smart Aquaculture (CSAq) 
practices as key livelihood strategies, demonstrating their role 
in enhancing income, food security, and resilience in 
smallholder aquaculture. It refines SLF by distinguishing 
between internal (economic) and external (climatic) shocks, 
showing how these factors influence CSAq adoption. 
Additionally, the study strengthens SLF’s transforming 
structures and processes component by empirically 
demonstrating the role of policies, regulations, extension 
services, and market infrastructure in moderating CSAq 
effectiveness.   

Furthermore, it expands the concept of livelihood assets by 
emphasizing aquaculture-specific resources such as water 
access, fish breeding technology, and cooperative networks. 
Lastly, the study enhances understanding of the CSAq-
livelihood outcomes nexus by providing empirical evidence 
on how different CSAq strategies impact household income 
and food security, highlighting regional variations that 
underscore the importance of localized institutional support. 
Integrating these dimensions, this study extends the SLF’s 
applicability to aquaculture-based livelihoods, offering a more 
comprehensive theoretical foundation for analyzing climate-
smart rural development. 

4 CONCLUSIONS  
This study assessed the implication of Climate-Smart 
Aquaculture (CSAq) practices in integrated farming (IAA), 

polyculture, and monoculture on household income and food 
security in Mara and Mwanza, Tanzania’s Lake Zone, 
revealing that integrated farming provides the highest 
economic and food security benefits, while monoculture 
increases household vulnerability. Findings indicate regional 
disparities, with Mara achieving higher fish yields due to 
widespread integrated farming, whereas Mwanza benefits 
from higher market prices and better infrastructure. The 
study highlights the importance of access to financial support, 
training, and institutional policies in enhancing CSAq 
adoption, particularly for smallholder farmers. Addressing 
barriers such as limited infrastructure, weak cooperative 
structures, and policy enforcement gaps are critical for 
ensuring the long-term sustainability of CSAq practices. The 
study recommends expanding extension services, improving 
market linkages, increasing access to credit, and strengthening 
institutional frameworks to maximize the benefits of CSAq 
for rural livelihoods, enhance climate resilience, and promote 
food security in Tanzania’s aquaculture-dependent 
communities. 

Based on the study’s findings, the following key 
recommendations are proposed to enhance the adoption and 
impact of Climate-Smart Aquaculture (CSAq) practices on 
household income and food security in Tanzania’s Lake 
Zone: 

Firstly, promoting integrated aquaculture-agriculture systems 
should be prioritized, as they have been found to provide the 
highest economic and food security benefits. Policies should 
encourage farmers to adopt this practice by increasing access 

 

Figure 4. Food Security Index Across CSAq Practices with performance bands 
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to extension services, training, and financial incentives. Given 
that integrated farming yields higher fish production and 
diversified income sources, targeted programs should focus on 
scaling up adoption in both Mara and Mwanza regions. 

Secondly, region-specific interventions should be developed 
to address the different challenges and opportunities in Mara 
and Mwanza. While Mara exhibits higher fish yields due to 
widespread integrated farming, Mwanza benefits from 
stronger market access and infrastructure, leading to higher 
fish prices. To optimize CSAq benefits, Mwanza needs 
enhanced production capacity, while Mara requires improved 
market linkages and storage infrastructure to reduce post-
harvest losses and increase profitability. 

Thirdly, financial support and capacity-building programs 
should be strengthened to improve CSAq adoption, 
particularly among smallholder farmers. Limited access to 
credit, aquaculture inputs, and technical knowledge hinders 
the effectiveness of CSAq practices. Expanding microfinance 
opportunities, cooperative-based credit schemes, and 
structured training programs will enhance farmers’ ability to 
invest in sustainable aquaculture. 

Finally, strengthening institutional frameworks and policy 
enforcement is critical to ensuring the sustainability of CSAq 
practices. The study highlights gaps in aquaculture policies, 
weak cooperative structures, and inadequate extension 
services as key barriers to CSAq adoption. Government and 
stakeholders should focus on improving policy 
implementation, enhancing cooperative support systems, and 
investing in infrastructures such as ice flakes production 
centers, cold rooms for storage and transportation especially 
in Mara to make CSAq more viable and profitable. 

Limitations of the study and area for further 
research  

This study provides valuable insights into the implications of 
CSAq practices on household income and food security in 
Mara and Mwanza, Tanzania’s Lake Zone. However, it has 
certain limitations. First, the study relied on cross-sectional 
data, which captures findings at a single point in time and 
may not fully account for seasonal variations in aquaculture 
production and income fluctuations. Future research could 
adopt longitudinal studies to track CSAq adoption and its 
impacts over time. Additionally, while the sample size was 
statistically determined, the study was limited to two regions, 
Mwanza and Mara, which may affect the generalizability of 
the findings to other aquaculture-dependent areas in 
Tanzania. Expanding the geographical scope in future studies 
would provide a more comprehensive understanding of CSAq 
adoption patterns and regional disparities. 

Furthermore, the study employed descriptive and inferential 
statistical methods, which, while effective in identifying 

relationships between variables, do not establish causality. 
Advanced econometric models or experimental research 
designs could provide deeper insights into the causal effects of 
CSAq on income and food security. The study was also 
guided by the Sustainable Livelihoods Framework (SLF), 
which, although useful for analyzing household assets, shocks, 
and livelihood strategies, may not fully capture the influence 
of broader macroeconomic and policy factors. Future research 
could integrate institutional or behavioral economics 
frameworks to better understand policy impacts and farmer 
decision-making in CSAq adoption. Addressing these 
limitations will strengthen the body of knowledge on CSAq 
and support evidence-based policymaking for sustainable 
aquaculture development. 
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	1 Introduction
	Climate change poses significant challenges to ecosystems and livelihoods globally, with disproportionate effects on regions that rely heavily on natural resources for sustenance and economic activity. Tanzania’s Lake Zone, including regions such as Mwanza and Mara, is particularly vulnerable due to its dependence on aquaculture and fisheries as primary sources of both income and food security. Rising temperatures, erratic rainfall patterns, and increased climatic variability have led to declining fish production, compromised ecosystem health, and heightened risks for smallholder aquaculture farmers. In Lake Victoria, temperature fluctuations have become more pronounced, with maximum monthly temperatures ranging from 27°C to 29°C, and July recording the lowest temperatures around 15°C (Mdoe et al., 2025). 
	More critically, water temperature variations directly affect the growth, health, and reproductive cycles of key aquaculture species such as tilapia (Oreochromis niloticus) and African catfish (Clarias gariepinus). Cooler water temperatures slow fish metabolism, reduce feed efficiency, and ultimately decrease yields, while higher temperatures can increase disease prevalence and stress, further threatening production (Berg et al., 2021; Abd El-Hack et al., 2022). These environmental changes not only jeopardize the sustainability of aquaculture systems but also exacerbate pre-existing socio-economic challenges, including poverty, resource depletion, and food insecurity in the region (Tran et al., 2021; Ojo et al., 2024). Climate-induced risks have been found to significantly increase household food insecurity in Tanzania, reinforcing the need for climate-resilient agricultural and aquaculture systems (Kitole et al., 2024).
	Addressing these intertwined challenges aligns with several United Nations Sustainable Development Goals (SDGs), including SDG 1.1 (eradicate extreme poverty), SDG 2.1 (end hunger and ensure access to nutritious food), and SDG 13.1 (strengthen resilience and adaptive capacity to climate-related hazards) (NU-CEPAL, 2019). Aquaculture, as one of the fastest-growing sub-sectors of agriculture, has the potential to play a dual role in Tanzania’s economy: enhancing nutritional outcomes and generating household income. However, traditional aquaculture practices, such as monoculture systems, are increasingly inadequate in addressing the climate-related risks faced by smallholder farmers. Monoculture systems, characterized by the cultivation of a single fish species, are highly vulnerable to disease outbreaks, environmental shocks, and market fluctuations, leading to unstable productivity and limited resilience (Okoko et al., 2020; United Nations Development Programme [UNDP], 2022). 
	One such approach is Climate-Smart Aquaculture (CSAq), grounded from Climate-smart agriculture (CSA) introduced by FAO in 2010, aiming to enhance agricultural productivity while promoting resilience to climate change and reducing greenhouse gas emissions (Food Agriculture Organisation [FAO], 2013). Building on this framework, Climate-Smart Aquaculture (CSAq) has emerged as an extension of CSA, specifically tailored to the unique challenges and opportunities within aquaculture systems. CSAq integrates climate adaptation, mitigation, and sustainable resource management into aquaculture practices, emphasizing the need for environmentally sound, economically viable, and socially equitable solutions (Asiedu et al., 2017; Julius, 2023).
	CSAq encompasses a range of practices designed to optimize resource use and minimize environmental impacts while maintaining or enhancing productivity. Key strategies include integrated aquaculture-agriculture systems, polyculture, and Recirculating Aquaculture Systems (RAS). Integrated farming combines fish production with crop cultivation and/or livestock rearing, creating synergies that maximize resource efficiency, reduce waste, and improve environmental outcomes (Ajeigbe & Ganda, 2024). Polyculture systems, which involve farming multiple fish species, offer advantages in terms of diversifying outputs, mitigating risks associated with environmental shocks, and improving household dietary diversity. These approaches not only contribute to environmental sustainability but also enhance household income and food security, aligning with broader global sustainability goals (UNDP, 2022; Bhattacharyya et al., 2020).
	In Tanzania’s Lake Zone, CSAq presents a critical opportunity to address the intertwined challenges of poverty, food insecurity, and climate vulnerability. However, despite its potential, the adoption of CSAq practices remains uneven and limited. Factors such as socio-economic disparities, limited access to training, resource constraints, and weak market linkages continue to hinder widespread implementation (Rukanda, 2018). Moreover, while CSAq is widely promoted in policy frameworks, empirical evidence on its localized socio-economic impacts, particularly in freshwater systems like Lake Victoria, is scarce. Existing studies primarily focus on marine aquaculture, theoretical models, or technical aspects such as fish feed management and disease control, leaving a gap in understanding the real-world impacts of CSAq on household income and food security in Tanzania’s inland regions (Sène-Harper et al., 2019; Mmanda et al., 2020; Rahman et al., 2021). 
	This study seeks to address this gap by providing region-specific empirical evidence on the socio-economic implications of CSAq practices in the Mwanza and Mara regions. These regions were selected due to their distinct aquaculture environments: Mwanza, with its established fisheries sector and better market integration, contrasts with Mara, where integrated farming is more prevalent, but market access is limited. By comparing these two regions, the study aims to examine how localized factors such as resource availability, market accessibility, and environmental conditions influence CSAq adoption and its impacts on household income and food security. The findings will provide valuable insights into the scalability and adaptability of CSAq practices across diverse socio-economic and ecological contexts in Tanzania, contributing to the development of targeted interventions to improve livelihood resilience and strengthen food systems in vulnerable communities.
	1.1 Theoretical review
	The Sustainable Livelihood Framework (SLF), developed by the Department for International Development (Department for International Development [DFID], 1999), is widely applied in analyzing how households utilize their assets, manage risks, and adopt livelihood strategies to enhance well-being. The framework identifies five key livelihood assets natural, human, financial, social, and physical capital that influence a household’s capacity to engage in productive activities. Additionally, SLF recognizes the role of vulnerability contexts (shocks, trends, and seasonality) and transforming structures and processes (institutions, policies, and regulations) in shaping livelihood strategies and outcomes. 
	In the context of Climate-smart aquaculture (CSAq), SLF provides a structured lens to assess how smallholder farmers leverage their available assets to adopt CSAq practices (integrated farming, polyculture, and monoculture) while responding to environmental and economic shocks. Households with greater access to financial capital (credit, savings), physical capital (storage facilities, transport infrastructure), and human capital (education, skills training) are more likely to adopt integrated CSAq practices, leading to improved household income and food security. However, external shocks such as climate variability, fluctuating fish prices, and market access challenges create vulnerabilities that influence farmers’ decisions and outcomes. Similar approaches have been used in rural livelihoods studies, including Kitole & Sesabo (2024), who applied SLF to analyze tourism-driven livelihood strategies in Tanzania. Their study underscores how external shocks and institutional frameworks shape livelihood decisions, reinforcing SLF’s relevance in examining how CSAq adoption is influenced by household assets and broader socio-economic factors.
	Despite its strengths, SLF has limitations. Scholars argue that the framework does not adequately capture power relations, policy enforcement barriers, and macroeconomic factors that influence livelihood strategies (Natarajan et al., 2022). Furthermore, SLF assumes rational decision-making, overlooking behavioral and cultural factors in household adaptation strategies. To address these gaps, this study modifies the SLF framework by incorporating institutional and market-based factors that impact CSAq adoption, ensuring a more holistic understanding of income and food security outcomes in aquaculture-based livelihoods. This approach aligns with Kitole & Sesabo (2024), who emphasized the importance of policy and institutional interventions in supporting sustainable rural livelihoods.
	1.2 Conceptual framework
	This study adopts the Sustainable Livelihood Framework (SLF) to analyze how CSAq practices influence household income and food security in Tanzania’s Lake Zone. SLF provides a structured approach to understanding how households leverage their assets, respond to shocks, and navigate institutional and policy structures to achieve sustainable livelihoods (DFID, 1999). The modified framework in this study incorporates institutional and market-based factors to better explain the challenges and opportunities influencing CSAq adoption. 
	Households' ability to adopt CSAq practices depends on access to livelihood assets, including natural (water, fish species), human (skills, education), financial (credit, savings), social (cooperative networks), and physical (storage, transport, and market infrastructure) capital. However, these assets alone do not determine outcomes—they are shaped by external and internal shocks, such as climate variability, fluctuating fish prices, and input costs, which affect resource availability and decision-making. 
	The framework positions CSAq adoption as a key livelihood strategy, with households engaging in integrated aquaculture-agriculture, polyculture, or monoculture. The livelihood outcomes (income and food security) are influenced by both the chosen CSAq practice and the enabling environment, which includes market access, extension services, aquaculture policies, and cooperative support. Studies such as Kitole & Sesabo (2024) highlight the role of institutional and policy interventions in shaping rural livelihoods, reinforcing the need for strong governance structures to enhance CSAq sustainability.
	This conceptual model modifies SLF by explicitly incorporating institutional barriers and policy interventions as key variables affecting CSAq adoption and its impact on livelihoods. Integrating these dimensions, the study provides a holistic framework for understanding the socio-economic dynamics of CSAq practices, ensuring that policy recommendations address both household-level constraints and structural challenges. 
	2 Material and Methods
	The study was conducted in Tanzania's Lake Zone, focusing on Mwanza and Mara regions along the southern shores of Lake Victoria. These regions are renowned for their significant contributions to aquaculture and fisheries, which play a pivotal role in enhancing food security and economic development in Tanzania (Nyboer et al., 2022). Lake Victoria, as one of the largest freshwater lakes globally, serves as a critical resource for aquaculture practices, providing livelihoods to many households. Figure 1 illustrates the map of Mwanza and Mara regions in relation to Lake Victoria.
	2.1 Sample procedures and sample size
	A cross-sectional survey design was employed, utilizing a multistage sampling technique to ensure a representative sample from the two regions. Initially, districts within Mwanza and Mara regions were purposively selected based on their prominence in aquaculture activities. From these districts, villages were selected based on the aquaculture database register provided by aquaculture extension officers from each council, ensuring a representative sample of aquaculture households. Random sampling was then applied within the selected villages to capture a broad aquaculture population. Subsequently, households were randomly sampled within the selected villages. The sample size was determined using Cochran’s formula to achieve statistical reliability with a 95% confidence level and a 5% margin of error: 
	𝑛0 = 𝑍2𝑃(1−𝑃)𝑒2   (𝐸𝑞1)
	Whereby Z=1.96, representing the critical value for a 95% confidence level, P=0.5, the assumed proportion of the population practicing aquaculture =0.05, the allowable margin of error. Substituting these values in equation 1 the estimation will be;
	𝑛0 = 1.9620.5(1−0.5)0.052 = 384
	The final sample was distributed proportionally between the regions based on their population and aquaculture activity levels. Mara accounted for 202 households, while Mwanza included 182 households. In each selected village, 30 households were surveyed. This sample size ensured robust data collection and representation of aquaculture households in the Lake Zone.
	For the purposes of this research, food security is operationally defined according to the Food and Agriculture Organization (FAO) as a condition in which all people, at all times, have physical, social, and economic access to sufficient, safe, and nutritious food that meets their dietary needs and food preferences for an active and healthy life. This definition encompasses three critical dimensions that are crucial for our analysis:
	i. Availability: This dimension assesses the presence and adequacy of food supplies within the regions, analyzed through data on local food production, imports, and availability in markets.
	ii. Access: This aspect evaluates both the economic means and physical capabilities of households to obtain food. It includes an analysis of income levels, market prices, and the proximity of food sources to assess how easily individuals can acquire the foods they need. 
	iii. Utilization: Concerns about the proper dietary use of food, focusing on the nutritional quality and adequacy of the food consumed by individuals. This is measured through surveys on dietary diversity, meal frequency, and nutritional status of households.
	2.2 Data types, methods, and tools for data collection
	This study utilized a mixed approach method where by quantitative and qualitative data were used to collect data on climate-smart aquaculture (CSAq) practices, food security, and household socio-economic characteristics. Structured household questionnaires were administered using a Computer-Aided Personal Interviewing (CAPI) tool called KOBO-COLLECT, enhancing data accuracy and minimizing errors during data entry. The tool was pre-tested in a pilot study conducted in Busega District to ensure reliability, and enumerators underwent standardized training to maintain consistency and ensure uniform data collection across regions. Data collection focused on assessing CSAq practices adopted by households, food security indicators, and socio-economic variables such as income, education, and employment. The study emphasized three major CSAq practices: integrated farming, monoculture, and polyculture, to explore their prevalence and impact. 
	Qualitative data were collected through Key Informant Interviews (KIIs) to provide deeper insights into Climate-Smart Aquaculture (CSAq) practices and their impacts on income and food security. A total of 39 key informants were purposefully selected for their expertise and relevance to the study's objectives. Participants included government officers, researchers, extension officers, private sector representatives, and aquaculture-based institutions, ensuring diverse perspectives. The interviews followed a semi-structured format, using an Interview Checklist with open-ended questions designed to explore themes such as the socio-economic and contextual factors influencing CSAq practices.
	2.3 Study variables 
	The variables analyzed in this study are categorized into key components that address food security and aquaculture practices. These variables provide a framework for understanding the impacts of Climate-Smart Aquaculture (CSAq) on household well-being. A detailed summary of the key variables is presented in Table 1.  
	2.4 Data analysis 
	Quantative data analysis was conducted using SPSS Version 27 and Microsoft Excel to process, summarize, and interpret the collected data effectively. Descriptive statistics, including frequencies, percentages, and mean scores, were employed to provide a detailed overview of key variables such as household food security status, nutritional diversity, and the adoption of CSAq practices. Dimensional analysis was performed to calculate weighted scores for critical subcomponents, including food consumption, stability of food access, and nutritional diversity. These scores were rescaled to a 10 – 100 scale to enhance clarity and interpretability. Inferential statistical methods, specifically chi-square tests, were utilized to assess the associations between CSAq adoption and food security outcomes. This combination of descriptive and inferential approaches ensured a robust and comprehensive evaluation of the data.
	The qualitative data collected from Key Informant Interviews (KIIs) were analyzed using thematic analysis, a systematic and flexible approach for identifying, organizing, and interpreting patterns within qualitative data. This method was chosen for its ability to uncover diverse stakeholder perspectives and contextual nuances critical to understanding the socio-economic and environmental factors influencing household well-being. The analysis began with systematic coding of transcribed interviews to identify recurring patterns and insights related to income generation, food security, and the adoption of Climate-Smart Aquaculture (CSAq) practices. These codes were then grouped into broader themes.
	Thematic analysis was particularly effective in this study as it allowed for the integration of qualitative insights with quantitative findings, providing a richer and more comprehensive understanding of how CSAq practices impact household well-being. Focusing on key proxies’ income and food security this approach illuminated actionable themes that were directly relevant to policy and practice recommendations. It also offered clarity and depth in interpreting the socio-economic and environmental dynamics shaping CSAq adoption, enhancing the study's implications for sustainable development. 
	2.5 Computational of indices 
	In this study food and nutritional security are conceptualized as derivatives of three dimensions: food consumption, stability of food access, and nutritional diversity. These dimensions are aggregated to calculate an overall food security score using weighted methods, enabling multidimensional analysis. Each subcomponent was computed using a weighted arithmetic average formula (Eq. 2) and converted into a 10 – 100 scale for enhanced resolution:
	                   𝑌𝑗𝑘 = 𝑖=1𝑛𝑊𝑖𝑖 . 𝑥𝑖𝑗𝑘 (Eq. 2)
	Whereby yjk = score for household j in subcomponent k, Wij = weight assigned to question i in subcomponent k, xijk = scaled score for household j in question i of subcomponent k.To compute the overall food and nutritional security score, the weighted geometric mean formula was applied (Eq. 3):
	                      𝑌𝑗𝑘 = 𝑖=1𝑛𝑥𝑖𝑗𝑘𝑤𝑖   (Eq. 3)
	These formulas enabled the calculation of scores for each household, categorized into four groups based on performance thresholds proposed by IFAD (2014) and the scales are, below 30: Very Unsatisfactory, 30–60: Unsatisfactory, 60–80: Satisfactory, above 80: Very Satisfactory. These satisfaction levels were derived using objective criteria based on standardized scoring thresholds proposed by IFAD (2014). The scores incorporate quantitative indicators of food security and nutritional diversity, minimizing subjective bias in household responses as indicated in Table 2.  
	Results and Discussion
	3.1 Socio-demographic and economic characteristics of the study participants 
	The socio-demographic and economic characteristics (Table 3) of respondents in Tanzania’s Lake Zone regions exhibit significant variations that shape the adoption of Climate-Smart Aquaculture (CSAq) practices. The predominance of male participants (85.7%) is consistent with findings by Munguti et al. (2021), indicating that aquaculture continues to be a male-dominated sector. This disparity is often attributed to socio-cultural norms that position aquaculture and fisheries as labor-intensive activities traditionally reserved for men. Additionally, limited access to resources, training, and decision-making opportunities further restricts female participation in the sector (Uduji & Okolo-Obasi, 2020). Age distribution further reveals a concentration of respondents within the 45-60 age group (45.6%), particularly in Mwanza, emphasizing the value of experience in aquaculture. However, this age pattern also suggests potential barriers for younger participants, who may face challenges such as limited access to resources or capital, as highlighted by Stankus, (2021). These socio-demographic dynamics underscore the importance of targeted strategies to promote inclusive participation and sustainability in CSAq adoption.  
	Education levels further illustrate disparities, with Mwanza having a higher proportion of diploma and university graduates, which aligns with literature showing that higher education levels correlate with greater adoption of innovative aquaculture practices (FAO, 2024). The larger household sizes in Mwanza (47.3% above 5 members) may reflect socio-economic pressures influencing labor availability and household dependence on aquaculture income. Fish farming as the primary income source for 49.5% of respondents, particularly in Mwanza, supports evidence that regions with greater access to resources and markets are more inclined to specialize in aquaculture (Jettah et al., 2024).
	Additionally, access to extension officers (53.5%) and training programs (63.9%) highlights the importance of capacity-building initiatives in promoting CSAq adoption. However, disparities in training access between regions emphasize the need for targeted support to bridge knowledge gaps and encourage uniform uptake of CSAq practices (Rukanda, 2018). These findings underscore the critical interplay of socio-demographic factors, education, and institutional support in unlocking the potential of CSAq practices for food security and economic resilience in Tanzania. 
	The economic characteristics of respondents reveal significant differences in harvest outcomes and prices between the Mara and Mwanza regions as indicated in Table 4, underscoring regional disparities in aquaculture performance. Farmers in Mara produced significantly higher harvests (3303±155 kg) compared to Mwanza (2454±146 kg), with a difference of 849 kg. Mara’s higher yields are attributed to favorable environmental conditions, including abundant water resources, less urban pollution, and greater land availability for aquaculture. Additionally, strong community-based farming practices and traditional knowledge contribute to efficient resource use and productivity (Nyboer et al., 2022; Rukanda, 2018). However, despite these advantages in production, Mara farmers face challenges in accessing lucrative markets due to logistical constraints and remoteness.
	In contrast, Mwanza farmers achieved higher prices per kilogram (6719±103 TSH) compared to Mara (5799±122 TSH), thanks to superior market infrastructure, including cold storage facilities, ice flakes, and efficient transportation networks. Mwanza’s accessibility via direct flights and proximity to major urban centers reduces transportation costs and enhances market reach. The city’s strategic location near Burundi and Uganda facilitates cross-border trade, while its urban branding attracts high-value buyers from outside the region (Mulokozi et al., 2020; Munguti et al., 2024). This combination of infrastructure, market access, and branding gives Mwanza a competitive pricing advantage despite lower yields. This finding, supported by a highly significant t-statistic (t = 4.96, p < 0.001), suggests that Mara may have more favorable conditions or better resource utilization for aquaculture productivity. 
	The adoption of Climate-Smart Aquaculture (CSAq) practices across Tanzania’s Lake Zone regions demonstrates notable regional disparities, with integrated farming being the most prevalent practice overall, adopted by 63.0% of respondents. Mara shows a higher adoption rate of integrated farming (69.3%) compared to Mwanza (56.0%), which may reflect differences in access to inputs, technical knowledge, or infrastructure for implementing diversified aquaculture systems. Integrated farming is widely recognized for its ability to enhance productivity and resilience by combining fish farming with agriculture, effectively utilizing resources and minimizing environmental impacts (Chan et al., 2019).
	Polyculture adoption is more prominent in Mwanza (35.7%) than Mara (21.8%), with significant regional variation in CSAq adoption. This higher adoption rate in Mwanza is likely influenced by favorable environmental factors, such as optimal water temperatures and the availability of diverse, compatible fish species suited for polyculture systems. Additionally, Mwanza’s better market infrastructure and higher demand for varied fish species provide economic incentives for farmers to diversify production. The presence of extension services and training programs in Mwanza also facilitates the adoption of polyculture practices (Aloo et al., 2017; Munguti et al., 2021). The significant chi-square result (χ² = 9.269, p = 0.010) underscores the regional variation in CSAq adoption, highlighting the role of local socio-economic and ecological factors in influencing farming choices. 
	3.2 Economic impact of CSAq practices 
	Significant regional disparities in the economic impact of Climate-Smart Aquaculture (CSAq) practices were identified in the study (Table 5), encompassing more than just income generation. While the findings from Mara and Mwanza show distinct differences in annual, seasonal, and monthly revenues integrated farming in Mara generated significantly higher income compared to other practices, with annual revenues reaching approximately 11,200,000 TZS, as opposed to 7,500,000 TZS in Mwanza where polyculture and monoculture are more prevalent. These differences are part of a broader economic picture. 
	In addition to revenue disparities, the economic analysis considered the role of CSAq practices in fostering employment within the communities, reducing costs through more efficient resource use, and encouraging sustainable farming practices that contribute to long-term economic stability (Bisht et al., 2020; Abegunde & Obi, 2022). For instance, integrated farming not only increases revenue but also enhances resource utilization and lowers input costs over time. Furthermore, these practices may stimulate local economies by increasing demand for related goods and services, thus extending economic benefits beyond direct farm incomes (Imran et al., 2019; Mizik, 2021). As one aquaculture extension officer explained,  
	“Integrated systems allow farmers to earn from multiple sources fish, vegetables, and livestock all year round, reducing risks and boosting their income.” 
	(KII, Musoma DC, December 2024). 
	These comprehensive economic impacts are underpinned by statistically significant disparities, with t-values indicating strong regional variations (p < 0.001), as detailed in Table 6. Such an expanded discussion of economic impacts provides a deeper understanding of how CSAq practices influence regional economic landscapes, highlighting their potential to contribute to broader economic development. 
	The superior economic performance of integrated farming systems in Mara can be attributed to the diversification of agricultural products and reduced vulnerability to market and climatic fluctuations, suggesting that diversification within CSAq practices not only stabilizes but also enhances income (Rogerson 2018; Zheng et al., 2024). Additionally, the proximity of Mwanza to larger markets likely influences the relatively higher incomes from polyculture systems, benefiting from better market access and infrastructure.
	The economic implications of these findings are critical for policy and practice. The data supports the promotion of integrated and polyculture practices, which have proven effective not only in improving food security but also in increasing economic returns. Such insights are invaluable for policymakers, suggesting that investments in CSAq training, infrastructure, and market access can yield substantial returns (Alokpaï & Harris, 2024). Specifically, policies should focus on subsidizing initial investments in integrated farming and enhancing market access to maximize the economic benefits of CSAq (Mulokozi et al., 2020; Rahman et al., 2021b).
	The economic analysis within this study confirms that CSAq practices, particularly integrated farming, significantly contribute to higher households’ incomes in Tanzania's Lake Zone. These practices, by enhancing both economic and food security, represent a sustainable pathway forward for the region's aquaculture sector. This economic advantage underscores the need for targeted interventions that promote these practices to foster broader socio-economic development (Rogerson 2018; Elpisah, 2023). Moreover, understanding the economic impacts of CSAq practices is pivotal for assessing their role in the sustainable development of Tanzania's Lake Zone regions, hence analysis focuses on how different CSAq practices influence the financial outcomes for households engaged in aquaculture, which is crucial for evaluating their viability and sustainability. 
	3.3 Food consumption across regions 
	Table 7 reveals notable differences in food consumption frequency between Mara and Mwanza regions, highlighting regional variations in dietary diversity. For grains, Mara leads with 73.3% of respondents consuming grain 'always,' while Mwanza follows with 63.3%, a significant difference (χ² = 5.87, p = 0.015). This suggests that Mara residents have a higher reliance on grains in their daily diets compared to Mwanza, possibly due to regional differences in agricultural practices or food availability, as supported by findings from (Nyboer et al., 2022), who noted regional dietary variations linked to local crop production and food preferences in rural Tanzania. However, this higher reliance on grains in Mara may limit protein intake and reduce overall nutritional diversity, potentially leading to micronutrient deficiencies. In contrast, Mwanza’s higher consumption of protein-rich foods, such as meat and fish, may contribute to better nutritional outcomes, including improved dietary balance and nutrient intake (Eyayu et al., 2023; Mzula et al., 2021). An extension officer revealed this during the interviews, 
	“Farmers practicing integrated farming often grow staple grains alongside fish, vegetables, and livestock, ensuring a steady supply for household consumption."
	(KII, Buchosa DC, February, 2024). 
	For roots and tubers, although Mara (12.4%) leads in 'always' consumption, the difference is not as pronounced as in grains, and the statistical result (p = 0.073) is marginally above the 0.05 threshold, indicating no strong regional difference in this food group (Figure 3). However, both regions show similar consumption patterns across monthly and weekly categories, aligning with trends reported by Eyayu et al. (2023), which emphasize the variability in root and tuber availability across different agricultural zones. 
	On the other hand, meat and fish consumption show a significant difference, with Mwanza leading in 'always' consumption (46.2%) compared to Mara (38.7%), with the chi-square statistic reaching significance (χ² = 6.42, p = 0.041) (Figure 3). This suggests that meat and fish are more frequently consumed in Mwanza, likely reflecting differences in access to protein sources or local dietary preferences, consistent with findings by Mzula et al. (2021).
	These initial findings point to underlying differences in CSAq practices between the regions. Integrated farming practices in Mara, which include a strong focus on crop production alongside aquaculture, may explain the higher grain consumption. In contrast, Mwanza, with its emphasis on polyculture and monoculture systems, likely benefits from better access to fish and meat, underlining the region's capacity to leverage aquaculture for enhanced protein intake, as suggested by (Obiero et al., 2024).
	These patterns are not only reflective of the direct outcomes of CSAq practices but also interact with broader socio-economic factors and market accessibilities that influence food availability and dietary preferences. For instance, the availability of grains in Mara could be bolstered by better integration of crop and fish farming practices, while Mwanza's proximity to major markets and water bodies might facilitate greater access to fish and meat, supporting the observed dietary trends, as documented in various studies (Ambikapathi et al., 2022; Muhie, 2022). 
	Analyzing these food consumption trends in the context of CSAq practices, the study provides insights into how aquaculture can differentially impact food security across regions. This analysis not only highlights the importance of tailoring aquaculture practices to regional needs and capacities but also underscores the need for context-specific policies that enhance food security through diversified and integrated farming approaches.
	3.4 Food Security Index across adopted CSAq practices 
	The findings highlight the Household Food Security Index (HFSI) across different Climate-Smart Aquaculture (CSAq) practices integrated farming, monoculture, and polyculture in the Mara and Mwanza regions of Tanzania’s Lake Zone. Integrated farming consistently recorded the highest mean HFSI scores, classified as "Very Satisfactory," demonstrating its effectiveness in improving food security through diversified and resilient production systems. Polyculture achieved "Satisfactory" scores, showcasing its contribution to food security by diversifying outputs and mitigating risks associated with single-species farming. In contrast, monoculture exhibited the lowest HFSI scores, categorized as "Unsatisfactory," indicating its limited ability to address food security challenges in the context of climate and market vulnerabilities. The results of the Chi-square tests (p-value < 0.05) further confirm that the differences in food security outcomes among the CSAq practices are statistically significant as indicated in Table 8. These findings underscore the importance of promoting integrated and polyculture farming systems as sustainable strategies to enhance food security in rural communities.   
	Integrated farming, which combines tilapia and/or catfish farming with poultry, other livestock, and crop cultivation, is ranked as "Very Satisfactory" in both regions, with Mara achieving a slightly higher mean HFSI score of 84.2 compared to Mwanza’s 81.4. This diversified approach provides a more stable source of food and income for rural households, enhancing overall food security and resilience. The integration of multiple farming activities allows households to buffer against the risks associated with environmental shocks and market fluctuations (Mulokozi et al., 2020; Mzula et al., 2021). Similarly, polyculture, which involves farming more than one fish species, was ranked as "Satisfactory" in both regions, with Mara scoring 69.5 and Mwanza 71.8. Polyculture contributes to food security by diversifying agricultural outputs and reducing vulnerabilities to diseases and environmental stresses, offering a balance between yield stability and market opportunities (Mulokozi et al., 2020).
	In contrast, monoculture farming, which focuses on growing a single fish species or crop, received the lowest HFSI scores 48.7 in Mara and 43.9 in Mwanza ranking 'Unsatisfactory' in both regions. This is primarily due to the higher reliance on a single species, increasing susceptibility to environmental shocks and disease outbreaks. The lack of species diversification limits income streams and food variety, reducing household resilience to both market fluctuations and climatic changes (Sène-Harper et al., 2019; Nyamete, 2021). Despite its simplicity, monoculture adoption remains low across both regions (8.6%), reflecting farmers' awareness of its inherent risks. These systems are particularly vulnerable to water quality fluctuations and climate variability, often leading to total stock loss in the event of disease outbreaks. The lack of diversification in monoculture practices limits not only economic stability but also household food security (Peart et al., 2021; Rahman et al., 2021a). This evidence underscores the importance of promoting CSAq practices, such as integrated farming and polyculture, as essential components of Tanzania's rural development strategies to strengthen food systems and improve resilience against climate change (FAO, 2024; Jettah et al., 2024) as indicated in Table 8.
	The bar plot in Figure 4 shows the Food Security Index across different CSAq practices Integrated Farming, Monoculture, and Polyculture highlight significant variations in food security outcomes based on these practices. Integrated Farming shows the highest mean score (82.8), categorized as "Very Satisfactory," which aligns with findings from studies that demonstrate the benefits of diversified farming systems in enhancing food security through improved resilience and productivity (Stankus, 2021)). Monoculture, with a lower score of 45.3, falls under the "Unsatisfactory" category, and shows an increased vulnerability to environmental shocks, lower nutritional diversity, and food insecurity risks (Ahmed et al., 2019; Lundeba et al., 2023), Polyculture, at 68.2, is classified as "Satisfactory" and shows that polyculture can promote food security by diversifying crop more than 1 species usage in the aquaculture farming like catfish and tilapia thus reducing dependency on single outcomes and enhancing nutritional diversity (Neori et al., 2017; Thomas et al., 2021). These findings reinforce the notion that integrating multiple CSAq practices can contribute significantly to sustainable food security in agricultural systems.
	Theoretical contribution 
	This study advances the Sustainable Livelihoods Framework (SLF) by integrating Climate-Smart Aquaculture (CSAq) practices as key livelihood strategies, demonstrating their role in enhancing income, food security, and resilience in smallholder aquaculture. It refines SLF by distinguishing between internal (economic) and external (climatic) shocks, showing how these factors influence CSAq adoption. Additionally, the study strengthens SLF’s transforming structures and processes component by empirically demonstrating the role of policies, regulations, extension services, and market infrastructure in moderating CSAq effectiveness.  
	Furthermore, it expands the concept of livelihood assets by emphasizing aquaculture-specific resources such as water access, fish breeding technology, and cooperative networks. Lastly, the study enhances understanding of the CSAq-livelihood outcomes nexus by providing empirical evidence on how different CSAq strategies impact household income and food security, highlighting regional variations that underscore the importance of localized institutional support. Integrating these dimensions, this study extends the SLF’s applicability to aquaculture-based livelihoods, offering a more comprehensive theoretical foundation for analyzing climate-smart rural development.
	4 Conclusions 
	This study assessed the implication of Climate-Smart Aquaculture (CSAq) practices in integrated farming (IAA), polyculture, and monoculture on household income and food security in Mara and Mwanza, Tanzania’s Lake Zone, revealing that integrated farming provides the highest economic and food security benefits, while monoculture increases household vulnerability. Findings indicate regional disparities, with Mara achieving higher fish yields due to widespread integrated farming, whereas Mwanza benefits from higher market prices and better infrastructure. The study highlights the importance of access to financial support, training, and institutional policies in enhancing CSAq adoption, particularly for smallholder farmers. Addressing barriers such as limited infrastructure, weak cooperative structures, and policy enforcement gaps are critical for ensuring the long-term sustainability of CSAq practices. The study recommends expanding extension services, improving market linkages, increasing access to credit, and strengthening institutional frameworks to maximize the benefits of CSAq for rural livelihoods, enhance climate resilience, and promote food security in Tanzania’s aquaculture-dependent communities.
	Based on the study’s findings, the following key recommendations are proposed to enhance the adoption and impact of Climate-Smart Aquaculture (CSAq) practices on household income and food security in Tanzania’s Lake Zone:
	Firstly, promoting integrated aquaculture-agriculture systems should be prioritized, as they have been found to provide the highest economic and food security benefits. Policies should encourage farmers to adopt this practice by increasing access to extension services, training, and financial incentives. Given that integrated farming yields higher fish production and diversified income sources, targeted programs should focus on scaling up adoption in both Mara and Mwanza regions.
	Secondly, region-specific interventions should be developed to address the different challenges and opportunities in Mara and Mwanza. While Mara exhibits higher fish yields due to widespread integrated farming, Mwanza benefits from stronger market access and infrastructure, leading to higher fish prices. To optimize CSAq benefits, Mwanza needs enhanced production capacity, while Mara requires improved market linkages and storage infrastructure to reduce post-harvest losses and increase profitability.
	Thirdly, financial support and capacity-building programs should be strengthened to improve CSAq adoption, particularly among smallholder farmers. Limited access to credit, aquaculture inputs, and technical knowledge hinders the effectiveness of CSAq practices. Expanding microfinance opportunities, cooperative-based credit schemes, and structured training programs will enhance farmers’ ability to invest in sustainable aquaculture.
	Finally, strengthening institutional frameworks and policy enforcement is critical to ensuring the sustainability of CSAq practices. The study highlights gaps in aquaculture policies, weak cooperative structures, and inadequate extension services as key barriers to CSAq adoption. Government and stakeholders should focus on improving policy implementation, enhancing cooperative support systems, and investing in infrastructures such as ice flakes production centers, cold rooms for storage and transportation especially in Mara to make CSAq more viable and profitable.
	Limitations of the study and area for further research 
	This study provides valuable insights into the implications of CSAq practices on household income and food security in Mara and Mwanza, Tanzania’s Lake Zone. However, it has certain limitations. First, the study relied on cross-sectional data, which captures findings at a single point in time and may not fully account for seasonal variations in aquaculture production and income fluctuations. Future research could adopt longitudinal studies to track CSAq adoption and its impacts over time. Additionally, while the sample size was statistically determined, the study was limited to two regions, Mwanza and Mara, which may affect the generalizability of the findings to other aquaculture-dependent areas in Tanzania. Expanding the geographical scope in future studies would provide a more comprehensive understanding of CSAq adoption patterns and regional disparities.
	Furthermore, the study employed descriptive and inferential statistical methods, which, while effective in identifying relationships between variables, do not establish causality. Advanced econometric models or experimental research designs could provide deeper insights into the causal effects of CSAq on income and food security. The study was also guided by the Sustainable Livelihoods Framework (SLF), which, although useful for analyzing household assets, shocks, and livelihood strategies, may not fully capture the influence of broader macroeconomic and policy factors. Future research could integrate institutional or behavioral economics frameworks to better understand policy impacts and farmer decision-making in CSAq adoption. Addressing these limitations will strengthen the body of knowledge on CSAq and support evidence-based policymaking for sustainable aquaculture development.
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		ABSTRACT

		ARTICLE INFORMATION



		Background: Climate-Smart Aquaculture (CSAq) practices present significant opportunity for the mitigation of climate-related challenges within the aquaculture sub-sector, particularly in the Lake Zone of Tanzania, where aquaculture and fisheries are central to household well-being. 

Aims: This study aimed to evaluate the impact of three CSAq practices—integrated farming, polyculture, and monoculture—on household income and food security.

Methods: A cross-sectional study was conducted between November 2023 and February 2024, involving 384 aquaculture households across the Mara and Mwanza regions. Data were analyzed using descriptive and inferential statistical methods, including chi-square and t-tests, to determine the influence of CSAq practices on economic and food security outcomes.

Results: The findings revealed that integrated farming significantly enhanced both household income and food security, with participating households achieving a "Very Satisfactory" Household Food Security Index (HFSI) score. In Mara, where integrated farming was more prevalent, households reported significantly higher yields (3303 ± 155 kg) compared to those in Mwanza (2454 ± 146 kg; t = 4.96, p < 0.001). However, Mwanza exhibited significantly higher prices per kilogram (6719 ± 103 TSH) than Mara (5799 ± 122 TSH; t = -5.29, p < 0.001) attributed to superior market access and infrastructure. Polyculture practices, more frequently adopted in Mwanza (35.7%) than in Mara (21.8%), yielded variable impacts on income and food security. Chi-square analysis (χ² = 9.269, p = 0.010) indicated significant regional disparities in CSAq adoption, with Mara exhibiting higher adoption rates of integrated farming (69.3%) compared to Mwanza (56.0%).

Conclusions: This study confirmed that integrated aquaculture-agriculture systems significantly improve household income and food security, while monoculture increases vulnerability. Regional variations indicate higher yields in Mara, associated with the widespread adoption of integrated farming, whereas Mwanza benefited from enhanced market access and elevated fish prices. Strengthening financial access, training programs, and institutional support is crucial for enhancing CSAq adoption. Key recommendations include the expansion of extension services, the improvement of market infrastructure, and the fortification of cooperative support systems to ensure sustainable aquaculture.

Keywords: Climate-Smart Aquaculture (CSAq), Income, Food Security, Household Well-being, Tanzania’s Lake Zone.
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1 [bookmark: _Hlk191583988]INTRODUCTION

Climate change poses significant challenges to ecosystems and livelihoods globally, with disproportionate effects on regions that rely heavily on natural resources for sustenance and economic activity. Tanzania’s Lake Zone, including regions such as Mwanza and Mara, is particularly vulnerable due to its dependence on aquaculture and fisheries as primary sources of both income and food security. Rising temperatures, erratic rainfall patterns, and increased climatic variability have led to declining fish production, compromised ecosystem health, and heightened risks for smallholder aquaculture farmers. In Lake Victoria, temperature fluctuations have become more pronounced, with maximum monthly temperatures ranging from 27°C to 29°C, and July recording the lowest temperatures around 15°C (Mdoe et al., 2025). 

More critically, water temperature variations directly affect the growth, health, and reproductive cycles of key aquaculture species such as tilapia (Oreochromis niloticus) and African catfish (Clarias gariepinus). Cooler water temperatures slow fish metabolism, reduce feed efficiency, and ultimately decrease yields, while higher temperatures can increase disease prevalence and stress, further threatening production (Berg et al., 2021; Abd El-Hack et al., 2022). These environmental changes not only jeopardize the sustainability of aquaculture systems but also exacerbate pre-existing socio-economic challenges, including poverty, resource depletion, and food insecurity in the region (Tran et al., 2021; Ojo et al., 2024). Climate-induced risks have been found to significantly increase household food insecurity in Tanzania, reinforcing the need for climate-resilient agricultural and aquaculture systems (Kitole et al., 2024).

Addressing these intertwined challenges aligns with several United Nations Sustainable Development Goals (SDGs), including SDG 1.1 (eradicate extreme poverty), SDG 2.1 (end hunger and ensure access to nutritious food), and SDG 13.1 (strengthen resilience and adaptive capacity to climate-related hazards) (NU-CEPAL, 2019). Aquaculture, as one of the fastest-growing sub-sectors of agriculture, has the potential to play a dual role in Tanzania’s economy: enhancing nutritional outcomes and generating household income. However, traditional aquaculture practices, such as monoculture systems, are increasingly inadequate in addressing the climate-related risks faced by smallholder farmers. Monoculture systems, characterized by the cultivation of a single fish species, are highly vulnerable to disease outbreaks, environmental shocks, and market fluctuations, leading to unstable productivity and limited resilience (Okoko et al., 2020; United Nations Development Programme [UNDP], 2022). 

[bookmark: Asiedu]One such approach is Climate-Smart Aquaculture (CSAq), grounded from Climate-smart agriculture (CSA) introduced by FAO in 2010, aiming to enhance agricultural productivity while promoting resilience to climate change and reducing greenhouse gas emissions (Food Agriculture Organisation [FAO], 2013). Building on this framework, Climate-Smart Aquaculture (CSAq) has emerged as an extension of CSA, specifically tailored to the unique challenges and opportunities within aquaculture systems. CSAq integrates climate adaptation, mitigation, and sustainable resource management into aquaculture practices, emphasizing the need for environmentally sound, economically viable, and socially equitable solutions (Asiedu et al., 2017; Julius, 2023).

CSAq encompasses a range of practices designed to optimize resource use and minimize environmental impacts while maintaining or enhancing productivity. Key strategies include integrated aquaculture-agriculture systems, polyculture, and Recirculating Aquaculture Systems (RAS). Integrated farming combines fish production with crop cultivation and/or livestock rearing, creating synergies that maximize resource efficiency, reduce waste, and improve environmental outcomes (Ajeigbe & Ganda, 2024). Polyculture systems, which involve farming multiple fish species, offer advantages in terms of diversifying outputs, mitigating risks associated with environmental shocks, and improving household dietary diversity. These approaches not only contribute to environmental sustainability but also enhance household income and food security, aligning with broader global sustainability goals (UNDP, 2022; Bhattacharyya et al., 2020).

In Tanzania’s Lake Zone, CSAq presents a critical opportunity to address the intertwined challenges of poverty, food insecurity, and climate vulnerability. However, despite its potential, the adoption of CSAq practices remains uneven and limited. Factors such as socio-economic disparities, limited access to training, resource constraints, and weak market linkages continue to hinder widespread implementation (Rukanda, 2018). Moreover, while CSAq is widely promoted in policy frameworks, empirical evidence on its localized socio-economic impacts, particularly in freshwater systems like Lake Victoria, is scarce. Existing studies primarily focus on marine aquaculture, theoretical models, or technical aspects such as fish feed management and disease control, leaving a gap in understanding the real-world impacts of CSAq on household income and food security in Tanzania’s inland regions (Sène-Harper et al., 2019; Mmanda et al., 2020; Rahman et al., 2021). 

This study seeks to address this gap by providing region-specific empirical evidence on the socio-economic implications of CSAq practices in the Mwanza and Mara regions. These regions were selected due to their distinct aquaculture environments: Mwanza, with its established fisheries sector and better market integration, contrasts with Mara, where integrated farming is more prevalent, but market access is limited. By comparing these two regions, the study aims to examine how localized factors such as resource availability, market accessibility, and environmental conditions influence CSAq adoption and its impacts on household income and food security. The findings will provide valuable insights into the scalability and adaptability of CSAq practices across diverse socio-economic and ecological contexts in Tanzania, contributing to the development of targeted interventions to improve livelihood resilience and strengthen food systems in vulnerable communities.

1.1 [bookmark: _Hlk191584354]Theoretical review

The Sustainable Livelihood Framework (SLF), developed by the Department for International Development (Department for International Development [DFID], 1999), is widely applied in analyzing how households utilize their assets, manage risks, and adopt livelihood strategies to enhance well-being. The framework identifies five key livelihood assets natural, human, financial, social, and physical capital that influence a household’s capacity to engage in productive activities. Additionally, SLF recognizes the role of vulnerability contexts (shocks, trends, and seasonality) and transforming structures and processes (institutions, policies, and regulations) in shaping livelihood strategies and outcomes. 

In the context of Climate-smart aquaculture (CSAq), SLF provides a structured lens to assess how smallholder farmers leverage their available assets to adopt CSAq practices (integrated farming, polyculture, and monoculture) while responding to environmental and economic shocks. Households with greater access to financial capital (credit, savings), physical capital (storage facilities, transport infrastructure), and human capital (education, skills training) are more likely to adopt integrated CSAq practices, leading to improved household income and food security. However, external shocks such as climate variability, fluctuating fish prices, and market access challenges create vulnerabilities that influence farmers’ decisions and outcomes. Similar approaches have been used in rural livelihoods studies, including Kitole & Sesabo (2024), who applied SLF to analyze tourism-driven livelihood strategies in Tanzania. Their study underscores how external shocks and institutional frameworks shape livelihood decisions, reinforcing SLF’s relevance in examining how CSAq adoption is influenced by household assets and broader socio-economic factors.

Despite its strengths, SLF has limitations. Scholars argue that the framework does not adequately capture power relations, policy enforcement barriers, and macroeconomic factors that influence livelihood strategies (Natarajan et al., 2022). Furthermore, SLF assumes rational decision-making, overlooking behavioral and cultural factors in household adaptation strategies. To address these gaps, this study modifies the SLF framework by incorporating institutional and market-based factors that impact CSAq adoption, ensuring a more holistic understanding of income and food security outcomes in aquaculture-based livelihoods. This approach aligns with Kitole & Sesabo (2024), who emphasized the importance of policy and institutional interventions in supporting sustainable rural livelihoods.

1.2 [bookmark: _Hlk191584778]Conceptual framework

This study adopts the Sustainable Livelihood Framework (SLF) to analyze how CSAq practices influence household income and food security in Tanzania’s Lake Zone. SLF provides a structured approach to understanding how households leverage their assets, respond to shocks, and navigate institutional and policy structures to achieve sustainable livelihoods (DFID, 1999). The modified framework in this study incorporates institutional and market-based factors to better explain the challenges and opportunities influencing CSAq adoption. 

Households' ability to adopt CSAq practices depends on access to livelihood assets, including natural (water, fish species), human (skills, education), financial (credit, savings), social (cooperative networks), and physical (storage, transport, and market infrastructure) capital. However, these assets alone do not determine outcomes—they are shaped by external and internal shocks, such as climate variability, fluctuating fish prices, and input costs, which affect resource availability and decision-making. 

The framework positions CSAq adoption as a key livelihood strategy, with households engaging in integrated aquaculture-agriculture, polyculture, or monoculture. The livelihood outcomes (income and food security) are influenced by both the chosen CSAq practice and the enabling environment, which includes market access, extension services, aquaculture policies, and cooperative support. Studies such as Kitole & Sesabo (2024) highlight the role of institutional and policy interventions in shaping rural livelihoods, reinforcing the need for strong governance structures to enhance CSAq sustainability.[image: ]

[bookmark: Figure1]Figure 1. Conceptual Framework model of the Study on CSAq Practices (Modified from SLF)



This conceptual model modifies SLF by explicitly incorporating institutional barriers and policy interventions as key variables affecting CSAq adoption and its impact on livelihoods. Integrating these dimensions, the study provides a holistic framework for understanding the socio-economic dynamics of CSAq practices, ensuring that policy recommendations address both household-level constraints and structural challenges. 

2 MATERIAL AND METHODS

The study was conducted in Tanzania's Lake Zone, focusing on Mwanza and Mara regions along the southern shores of Lake Victoria. These regions are renowned for their significant contributions to aquaculture and fisheries, which play a pivotal role in enhancing food security and economic development in Tanzania (Nyboer et al., 2022). Lake Victoria, as one of the largest freshwater lakes globally, serves as a critical resource for aquaculture practices, providing livelihoods to many households. Figure 1 illustrates the map of Mwanza and Mara regions in relation to Lake Victoria.

2.1 [bookmark: _Hlk191585499]Sample procedures and sample size

A cross-sectional survey design was employed, utilizing a multistage sampling technique to ensure a representative sample from the two regions. Initially, districts within Mwanza and Mara regions were purposively selected based on their prominence in aquaculture activities. From these districts, villages were selected based on the aquaculture database register provided by aquaculture extension officers from each council, ensuring a representative sample of aquaculture households. Random sampling was then applied within the selected villages to capture a broad aquaculture population. Subsequently, households were randomly sampled within the selected villages. The sample size was determined using Cochran’s formula to achieve statistical reliability with a 95% confidence level and a 5% margin of error: 



Whereby Z=1.96, representing the critical value for a 95% confidence level, P=0.5, the assumed proportion of the population practicing aquaculture =0.05, the allowable margin of error. Substituting these values in equation 1 the estimation will be;



The final sample was distributed proportionally between the regions based on their population and aquaculture activity levels. Mara accounted for 202 households, while Mwanza included 182 households. In each selected village, 30 households were surveyed. This sample size ensured robust data collection and representation of aquaculture households in the Lake Zone.

For the purposes of this research, food security is operationally defined according to the Food and Agriculture Organization (FAO) as a condition in which all people, at all times, have physical, social, and economic access to sufficient, safe, and nutritious food that meets their dietary needs and food preferences for an active and healthy life. This definition encompasses three critical dimensions that are crucial for our analysis:

i. Availability: This dimension assesses the presence and adequacy of food supplies within the regions, analyzed through data on local food production, imports, and availability in markets.

ii. Access: This aspect evaluates both the economic means and physical capabilities of households to obtain food. It includes an analysis of income levels, market prices, and the proximity of food sources to assess how easily individuals can acquire the foods they need. 

iii. Utilization: Concerns about the proper dietary use of food, focusing on the nutritional quality and adequacy of the food consumed by individuals. This is measured through surveys on dietary diversity, meal frequency, and nutritional status of households.

2.2 Data types, methods, and tools for data collection

This study utilized a mixed approach method where by quantitative and qualitative data were used to collect data on climate-smart aquaculture (CSAq) practices, food security, and household socio-economic characteristics. Structured household questionnaires were administered using a Computer-Aided Personal Interviewing (CAPI) tool called KOBO-COLLECT, enhancing data accuracy and minimizing errors during data entry. The tool was pre-tested in a pilot study conducted in Busega District to ensure reliability, and enumerators underwent standardized training to maintain consistency and ensure uniform data collection across regions. Data collection focused on assessing CSAq practices adopted by households, food security indicators, and socio-economic variables such as income, education, and employment. The study emphasized three major CSAq practices: integrated farming, monoculture, and polyculture, to explore their prevalence and impact. [image: ]

[bookmark: Figure2]Figure 2. Map of the study area



Qualitative data were collected through Key Informant Interviews (KIIs) to provide deeper insights into Climate-Smart Aquaculture (CSAq) practices and their impacts on income and food security. A total of 39 key informants were purposefully selected for their expertise and relevance to the study's objectives. Participants included government officers, researchers, extension officers, private sector representatives, and aquaculture-based institutions, ensuring diverse perspectives. The interviews followed a semi-structured format, using an Interview Checklist with open-ended questions designed to explore themes such as the socio-economic and contextual factors influencing CSAq practices.

2.3 Study variables 

The variables analyzed in this study are categorized into key components that address food security and aquaculture practices. These variables provide a framework for understanding the impacts of Climate-Smart Aquaculture (CSAq) on household well-being. A detailed summary of the key variables is presented in Table 1.  

2.4 Data analysis 

Quantative data analysis was conducted using SPSS Version 27 and Microsoft Excel to process, summarize, and interpret the collected data effectively. Descriptive statistics, including frequencies, percentages, and mean scores, were employed to provide a detailed overview of key variables such as household food security status, nutritional diversity, and the adoption of CSAq practices. Dimensional analysis was performed to calculate weighted scores for critical subcomponents, including food consumption, stability of food access, and nutritional diversity. These scores were rescaled to a 10 – 100 scale to enhance clarity and interpretability. Inferential statistical methods, specifically chi-square tests, were utilized to assess the associations between CSAq adoption and food security outcomes. This combination of descriptive and inferential approaches ensured a robust and comprehensive evaluation of the data.

The qualitative data collected from Key Informant Interviews (KIIs) were analyzed using thematic analysis, a systematic and flexible approach for identifying, organizing, and interpreting patterns within qualitative data. This method was chosen for its ability to uncover diverse stakeholder perspectives and contextual nuances critical to understanding the socio-economic and environmental factors influencing household well-being. The analysis began with systematic coding of transcribed interviews to identify recurring patterns and insights related to income generation, food security, and the adoption of Climate-Smart Aquaculture (CSAq) practices. These codes were then grouped into broader themes.

Thematic analysis was particularly effective in this study as it allowed for the integration of qualitative insights with quantitative findings, providing a richer and more comprehensive understanding of how CSAq practices impact household well-being. Focusing on key proxies’ income and food security this approach illuminated actionable themes that were directly relevant to policy and practice recommendations. It also offered clarity and depth in interpreting the socio-economic and environmental dynamics shaping CSAq adoption, enhancing the study's implications for sustainable development. 

2.5 Computational of indices 

In this study food and nutritional security are conceptualized as derivatives of three dimensions: food consumption, stability of food access, and nutritional diversity. These dimensions are aggregated to calculate an overall food security score using weighted methods, enabling multidimensional analysis. Each subcomponent was computed using a weighted arithmetic average formula (Eq. 2) and converted into a 10 – 100 scale for enhanced resolution:



                    (Eq. 2)



Whereby yjk = score for household j in subcomponent k, Wij = weight assigned to question i in subcomponent k, xijk = scaled score for household j in question i of subcomponent k.To compute the overall food and nutritional security score, the weighted geometric mean formula was applied (Eq. 3):



   (Eq. 3)



These formulas enabled the calculation of scores for each household, categorized into four groups based on performance thresholds proposed by IFAD (2014) and the scales are, below 30: Very Unsatisfactory, 30–60: Unsatisfactory, 60–80: Satisfactory, above 80: Very Satisfactory. These satisfaction levels were derived using objective criteria based on standardized scoring thresholds proposed by IFAD (2014). The scores incorporate quantitative indicators of food security and nutritional diversity, minimizing subjective bias in household responses as indicated in Table 2.  



3 RESULTS AND DISCUSSION[bookmark: Table1]Table 1. Key Variables Analyzed in the Study

Category

Variable Name

Measurement Definition

CSAq Practices

CSAq Practice Adopted

Specific aquaculture practices used, are categorized as “Integrated Farming, Monoculture, or Polyculture”.

Household Experience in Food Security

Food and Nutritional Security

Household experience is categorized into "Very Unsatisfactory," "Unsatisfactory," "Satisfactory," and "Very Satisfactory."



Frequency of Hunger

Frequency of household members going to sleep hungry (e.g., Never, Once or Twice, Most Days).



Food Sufficiency

The proportion of households experiencing periods without enough food (e.g., one full day, more than two weeks).

Food Consumption and Sufficiency

Food Consumption Frequency

Frequency of consuming seven food groups (e.g., grains, roots, dairy, meat) daily, weekly, or monthly.



Food Group Consumption

The proportion of households consuming food groups (e.g., grains, vegetables, dairy) every day.

Stability of Food Access

Stability in Food Access

Duration of food instability, including periods without sufficient food for more than two weeks or missing meals.

Household Nutritional Diversity

Nutritional Diversity

The proportion of households consuming a balanced variety of food groups (e.g., grains, fruits, vegetables) by frequency.

Socio-Economic Variables

Household Size

Number of household members.



Age

Age of the household head.



Education

Education level of the household head.



Employment

Employment status of the household head.



Housing

Quality of housing based on construction materials.



Asset Ownership

Ownership of assets such as land, livestock, and durable goods.



Gender

Gender of the household head.



Income

Household income categories 





3.1 Socio-demographic and economic characteristics of the study participants 

The socio-demographic and economic characteristics (Table 3) of respondents in Tanzania’s Lake Zone regions exhibit significant variations that shape the adoption of Climate-Smart Aquaculture (CSAq) practices. The predominance of male participants (85.7%) is consistent with findings by Munguti et al. (2021), indicating that aquaculture continues to be a male-dominated sector. This disparity is often attributed to socio-cultural norms that position aquaculture and fisheries as labor-intensive activities traditionally reserved for men. Additionally, limited access to resources, training, and decision-making opportunities further restricts female participation in the sector (Uduji & Okolo-Obasi, 2020). Age distribution further reveals a concentration of respondents within the 45-60 age group (45.6%), particularly in Mwanza, emphasizing the value of experience in aquaculture. However, this age pattern also suggests potential barriers for younger participants, who may face challenges such as limited access to resources or capital, as highlighted by Stankus, (2021). These socio-demographic dynamics underscore the importance of targeted strategies to promote inclusive participation and sustainability in CSAq adoption.  [bookmark: Table2]Table 2. Thresholds for Evaluating Food Security Status Based on Household Scores (IFAD 2014)

S/No.

Category

Category Label

1.

Below 30

Very unsatisfactory

2.

30 – 60

Unsatisfactory

3.

60 – 80

Satisfactory

4.

Above 80

Very satisfactory



[bookmark: Table3]Table 3. Socio-Demographic Characteristics of Respondents (n=384)

Variable

Category

Mara

Mwanza

Total

Pearson Chi-Square Tests





Freq

Per (%)

Freq

Per (%)

Freq

Per (%)

Chi-square

df

Sig.

Gender

Female

37

18.3%

18

9.9%

55

14.3%

5.54

1

.019*



Male

165

81.7%

164

90.1%

329

85.7%







Age category

18 – 25 years

10

5.0%

0

0.0%

10

2.6%

63.255

4

.000*



26 – 35 years

81

40.1%

30

16.5%

111

28.9%









36 – 45 years

51

25.2%

29

15.9%

80

20.8%









45 – 60 years

55

27.2%

120

65.9%

175

45.6%









Above 60 years

5

2.5%

3

1.6%

8

2.1%







Marital Status

Single

28

13.9%

2

1.1%

30

7.8%

22.578

3

.000*



Married

145

71.8%

152

83.5%

297

77.3%









Widow/Widower

18

8.9%

14

7.7%

32

8.3%









Divorced/Separated

11

5.4%

14

7.7%

25

6.5%







Education level

Primary 

110

54.5%

59

32.4%

169

44.0%

43.353

5

.000*



Secondary 

49

24.3%

40

22.0%

89

23.2%









Certificate 

4

2.0%

1

0.5%

5

1.3%









Diploma 

13

6.4%

30

16.5%

43

11.2%









University 

13

6.4%

45

24.7%

58

15.1%









Informal 

13

6.4%

7

3.8%

20

5.2%







Household size

Below 3

3

1.5%

0

0.0%

3

0.8%

7.529

2

.023*



3 – 5 members

127

62.9%

96

52.7%

223

58.1%









Above 5 members

72

35.6%

86

47.3%

158

41.1%







Primary source of income

Both

52

25.7%

16

8.8%

68

17.7%

31.094

2

.000*



Fish Farming

75

37.1%

115

63.2%

190

49.5%









Off- fish farming

75

37.1%

51

28.0%

126

32.8%







Extension Officer

No

83

42.6%

88

50.9%

171

46.5%

2.541

1

0.111



Yes

112

57.4%

85

49.1%

197

53.5%







Training

No

61

31.3%

72

41.6%

133

36.1%

4.244

1

.039*



Yes

134

68.7%

101

58.4%

235

63.9%

 

 

 

* The Chi-square statistic is significant at the .05 level.



Education levels further illustrate disparities, with Mwanza having a higher proportion of diploma and university graduates, which aligns with literature showing that higher education levels correlate with greater adoption of innovative aquaculture practices (FAO, 2024). The larger household sizes in Mwanza (47.3% above 5 members) may reflect socio-economic pressures influencing labor availability and household dependence on aquaculture income. Fish farming as the primary income source for 49.5% of respondents, particularly in Mwanza, supports evidence that regions with greater access to resources and markets are more inclined to specialize in aquaculture (Jettah et al., 2024).

Additionally, access to extension officers (53.5%) and training programs (63.9%) highlights the importance of capacity-building initiatives in promoting CSAq adoption. However, disparities in training access between regions emphasize the need for targeted support to bridge knowledge gaps and encourage uniform uptake of CSAq practices (Rukanda, 2018). These findings underscore the critical interplay of socio-demographic factors, education, and institutional support in unlocking the potential of CSAq practices for food security and economic resilience in Tanzania. 

The economic characteristics of respondents reveal significant differences in harvest outcomes and prices between the Mara and Mwanza regions as indicated in Table 4, underscoring regional disparities in aquaculture performance. Farmers in Mara produced significantly higher harvests (3303±155 kg) compared to Mwanza (2454±146 kg), with a difference of 849 kg. Mara’s higher yields are attributed to favorable environmental conditions, including abundant water resources, less urban pollution, and greater land availability for aquaculture. Additionally, strong community-based farming practices and traditional knowledge contribute to efficient resource use and productivity (Nyboer et al., 2022; Rukanda, 2018). However, despite these advantages in production, Mara farmers face challenges in accessing lucrative markets due to logistical constraints and remoteness.[bookmark: Table4]Table 4. Economic characteristics of farmers involved (n=384)

Variables

Mara

Mwanza

Difference

T-stat

p-value

Harvest amount (Kg)

3303 ± 155

2454 ± 146

849

4.96

< 0.001

Price of your harvest per kg (TSH / Kg)

5799±122

6719±103

-920

-5.29

< 0.001





In contrast, Mwanza farmers achieved higher prices per kilogram (6719±103 TSH) compared to Mara (5799±122 TSH), thanks to superior market infrastructure, including cold storage facilities, ice flakes, and efficient transportation networks. Mwanza’s accessibility via direct flights and proximity to major urban centers reduces transportation costs and enhances market reach. The city’s strategic location near Burundi and Uganda facilitates cross-border trade, while its urban branding attracts high-value buyers from outside the region (Mulokozi et al., 2020; Munguti et al., 2024). This combination of infrastructure, market access, and branding gives Mwanza a competitive pricing advantage despite lower yields. This finding, supported by a highly significant t-statistic (t = 4.96, p < 0.001), suggests that Mara may have more favorable conditions or better resource utilization for aquaculture productivity. 

The adoption of Climate-Smart Aquaculture (CSAq) practices across Tanzania’s Lake Zone regions demonstrates notable regional disparities, with integrated farming being the most prevalent practice overall, adopted by 63.0% of respondents. Mara shows a higher adoption rate of integrated farming (69.3%) compared to Mwanza (56.0%), which may reflect differences in access to inputs, technical knowledge, or infrastructure for implementing diversified aquaculture systems. Integrated farming is widely recognized for its ability to enhance productivity and resilience by combining fish farming with agriculture, effectively utilizing resources and minimizing environmental impacts (Chan et al., 2019).

Polyculture adoption is more prominent in Mwanza (35.7%) than Mara (21.8%), with significant regional variation in CSAq adoption. This higher adoption rate in Mwanza is likely influenced by favorable environmental factors, such as optimal water temperatures and the availability of diverse, compatible fish species suited for polyculture systems. Additionally, Mwanza’s better market infrastructure and higher demand for varied fish species provide economic incentives for farmers to diversify production. The presence of extension services and training programs in Mwanza also facilitates the adoption of polyculture practices (Aloo et al., 2017; Munguti et al., 2021). The significant chi-square result (χ² = 9.269, p = 0.010) underscores the regional variation in CSAq adoption, highlighting the role of local socio-economic and ecological factors in influencing farming choices. 

3.2 Economic impact of CSAq practices 

Significant regional disparities in the economic impact of Climate-Smart Aquaculture (CSAq) practices were identified in the study (Table 5), encompassing more than just income generation. While the findings from Mara and Mwanza show distinct differences in annual, seasonal, and monthly revenues integrated farming in Mara generated significantly higher income compared to other practices, with annual revenues reaching approximately 11,200,000 TZS, as opposed to 7,500,000 TZS in Mwanza where polyculture and monoculture are more prevalent. These differences are part of a broader economic picture. 

In addition to revenue disparities, the economic analysis considered the role of CSAq practices in fostering employment within the communities, reducing costs through more efficient resource use, and encouraging sustainable farming practices that contribute to long-term economic stability (Bisht et al., 2020; Abegunde & Obi, 2022). For instance, integrated farming not only increases revenue but also enhances resource utilization and lowers input costs over time. Furthermore, these practices may stimulate local economies by increasing demand for related goods and services, thus extending economic benefits beyond direct farm incomes (Imran et al., 2019; Mizik, 2021). As one aquaculture extension officer explained,  [bookmark: Table5]Table 5. Adoption of Climate-Smart Aquaculture (CSAq) Practices Across Regions (n=384)

Variable

Category

Mara

Mwanza

Total

Pearson Chi-Square Tests





Freq

Per (%)

Freq

Per (%)

Freq

Per (%)

χ²

df

Sig.

CSAq Practice adopted

Integrated farming

140

69.3%

102

56.0%

242

63.0%

9.269

2

.010*



Monoculture

18

8.9%

15

8.2%

33

8.6%









Polyculture

44

21.8%

65

35.7%

109

28.4%

 

 

 

Note. * The Chi-square statistic is significant at the .05 level





“Integrated systems allow farmers to earn from multiple sources fish, vegetables, and livestock all year round, reducing risks and boosting their income.” 

(KII, Musoma DC, December 2024). 

These comprehensive economic impacts are underpinned by statistically significant disparities, with t-values indicating strong regional variations (p < 0.001), as detailed in Table 6. Such an expanded discussion of economic impacts provides a deeper understanding of how CSAq practices influence regional economic landscapes, highlighting their potential to contribute to broader economic development. [bookmark: Table6]Table 6. Annual, Seasonal, and Monthly Revenue from CSAq Practices Across Regions

CSAq Practice

Revenue Frame

Mara (TSHS)

Mwanza (TSHS)

t-value

p-value

Integrated Farming (IAA)

Annual

11,200,000 ± 1,500,000

7,500,000 ± 1,200,000

9.62

< 0.001



Seasonal

5,600,000 ± 1,000,000

3,750,000 ± 800,000

8.34

< 0.001



Monthly

1,500,000 ± 400,000

1,250,000 ± 350,000

3.72

< 0.001

Polyculture

Annual

5,600,000 ± 1,000,000

3,750,000 ± 800,000

8.34

< 0.001



Seasonal

2,800,000 ± 500,000

1,875,000 ± 400,000

6.58

< 0.001



Monthly

933,333 ± 166,667

625,000 ± 133,333

5.75

< 0.001

Monoculture

Annual

1,500,000 ± 400,000

1,250,000 ± 350,000

3.72

< 0.001



Seasonal

750,000 ± 200,000

625,000 ± 175,000

2.88

< 0.001



Monthly

250,000 ± 66,667

208,333 ± 58,333

2.34

< 0.001





The superior economic performance of integrated farming systems in Mara can be attributed to the diversification of agricultural products and reduced vulnerability to market and climatic fluctuations, suggesting that diversification within CSAq practices not only stabilizes but also enhances income (Rogerson 2018; Zheng et al., 2024). Additionally, the proximity of Mwanza to larger markets likely influences the relatively higher incomes from polyculture systems, benefiting from better market access and infrastructure.

The economic implications of these findings are critical for policy and practice. The data supports the promotion of integrated and polyculture practices, which have proven effective not only in improving food security but also in increasing economic returns. Such insights are invaluable for policymakers, suggesting that investments in CSAq training, infrastructure, and market access can yield substantial returns (Alokpaï & Harris, 2024). Specifically, policies should focus on subsidizing initial investments in integrated farming and enhancing market access to maximize the economic benefits of CSAq (Mulokozi et al., 2020; Rahman et al., 2021b).

The economic analysis within this study confirms that CSAq practices, particularly integrated farming, significantly contribute to higher households’ incomes in Tanzania's Lake Zone. These practices, by enhancing both economic and food security, represent a sustainable pathway forward for the region's aquaculture sector. This economic advantage underscores the need for targeted interventions that promote these practices to foster broader socio-economic development (Rogerson 2018; Elpisah, 2023). Moreover, understanding the economic impacts of CSAq practices is pivotal for assessing their role in the sustainable development of Tanzania's Lake Zone regions, hence analysis focuses on how different CSAq practices influence the financial outcomes for households engaged in aquaculture, which is crucial for evaluating their viability and sustainability. 

3.3 Food consumption across regions 

[bookmark: _Hlk192313674]Table 7 reveals notable differences in food consumption frequency between Mara and Mwanza regions, highlighting regional variations in dietary diversity. For grains, Mara leads with 73.3% of respondents consuming grain 'always,' while Mwanza follows with 63.3%, a significant difference (χ² = 5.87, p = 0.015). This suggests that Mara residents have a higher reliance on grains in their daily diets compared to Mwanza, possibly due to regional differences in agricultural practices or food availability, as supported by findings from (Nyboer et al., 2022), who noted regional dietary variations linked to local crop production and food preferences in rural Tanzania. However, this higher reliance on grains in Mara may limit protein intake and reduce overall nutritional diversity, potentially leading to micronutrient deficiencies. In contrast, Mwanza’s higher consumption of protein-rich foods, such as meat and fish, may contribute to better nutritional outcomes, including improved dietary balance and nutrient intake (Eyayu et al., 2023; Mzula et al., 2021). An extension officer revealed this during the interviews, [bookmark: Table7]Table 7. Food consumption intensity for dietary diversity (n=384)

Food Group

Frequency of Consumption

N

Mara (n=202)

Mwanza (n=182)

χ²

p-value

Grains

Always

300

73.3%

63.3%

5.87

0.015



Often

53

14.9%

16.0%







Occasionally

31

11.9%

20.7%





Roots and Tubers

Always

35

12.4%

8.7%

3.22

0.073



Often

198

47.5%

53.8%







Occasionally

151

40.1%

37.5%





Vegetables and Greens Fruits

Always

186

46.5%

50.5%

0.34

0.845



Often

106

28.7%

26.4%







Occasionally

92

24.8%

23.1%







Always

64

17.6%

15.8%

0.11

0.947



Often

255

67.6%

65.3%







Occasionally

65

14.8%

18.8%





Meat and Fish

Always

153

46.2%

38.7%

6.42

0.041



Often

93

23.6%

24.8%







Occasionally

138

30.2%

36.5%





Dairy Products and Eggs

Always

43

9.9%

12.4%

2.62

0.105



Often

268

72.5%

67.3%







Occasionally

73

17.6%

20.3%





Nuts and Legumes



Always

118

33.0%

28.7%

0.45

0.798



Often

148

40.7%

36.6%







Occasionally

118

26.4%

34.7%

 

 

* The Chi-square statistic is significant at the .05 level.





“Farmers practicing integrated farming often grow staple grains alongside fish, vegetables, and livestock, ensuring a steady supply for household consumption."

(KII, Buchosa DC, February, 2024). 

For roots and tubers, although Mara (12.4%) leads in 'always' consumption, the difference is not as pronounced as in grains, and the statistical result (p = 0.073) is marginally above the 0.05 threshold, indicating no strong regional difference in this food group (Figure 3). However, both regions show similar consumption patterns across monthly and weekly categories, aligning with trends reported by Eyayu et al. (2023), which emphasize the variability in root and tuber availability across different agricultural zones. 



On the other hand, meat and fish consumption show a significant difference, with Mwanza leading in 'always' consumption (46.2%) compared to Mara (38.7%), with the chi-square statistic reaching significance (χ² = 6.42, p = 0.041) (Figure 3). This suggests that meat and fish are more frequently consumed in Mwanza, likely reflecting differences in access to protein sources or local dietary preferences, consistent with findings by Mzula et al. (2021).[image: ]

[bookmark: Figure3]Figure 3. Food Consumption Frequency by Region and Food Group



These initial findings point to underlying differences in CSAq practices between the regions. Integrated farming practices in Mara, which include a strong focus on crop production alongside aquaculture, may explain the higher grain consumption. In contrast, Mwanza, with its emphasis on polyculture and monoculture systems, likely benefits from better access to fish and meat, underlining the region's capacity to leverage aquaculture for enhanced protein intake, as suggested by (Obiero et al., 2024).

These patterns are not only reflective of the direct outcomes of CSAq practices but also interact with broader socio-economic factors and market accessibilities that influence food availability and dietary preferences. For instance, the availability of grains in Mara could be bolstered by better integration of crop and fish farming practices, while Mwanza's proximity to major markets and water bodies might facilitate greater access to fish and meat, supporting the observed dietary trends, as documented in various studies (Ambikapathi et al., 2022; Muhie, 2022). 

Analyzing these food consumption trends in the context of CSAq practices, the study provides insights into how aquaculture can differentially impact food security across regions. This analysis not only highlights the importance of tailoring aquaculture practices to regional needs and capacities but also underscores the need for context-specific policies that enhance food security through diversified and integrated farming approaches.

3.4 Food Security Index across adopted CSAq practices 

The findings highlight the Household Food Security Index (HFSI) across different Climate-Smart Aquaculture (CSAq) practices integrated farming, monoculture, and polyculture in the Mara and Mwanza regions of Tanzania’s Lake Zone. Integrated farming consistently recorded the highest mean HFSI scores, classified as "Very Satisfactory," demonstrating its effectiveness in improving food security through diversified and resilient production systems. Polyculture achieved "Satisfactory" scores, showcasing its contribution to food security by diversifying outputs and mitigating risks associated with single-species farming. In contrast, monoculture exhibited the lowest HFSI scores, categorized as "Unsatisfactory," indicating its limited ability to address food security challenges in the context of climate and market vulnerabilities. The results of the Chi-square tests (p-value < 0.05) further confirm that the differences in food security outcomes among the CSAq practices are statistically significant as indicated in Table 8. These findings underscore the importance of promoting integrated and polyculture farming systems as sustainable strategies to enhance food security in rural communities.   [bookmark: Table8]Table 8. Food Security Index Across CSAq Practices by Region

Region

CSA Practice

Mean HFSI

Standard Deviation

Ranking

χ²

p-value

Mara

Integrated Farming (IAA)

84.2

4.1

Very Satisfactory 

18.45

0.000*



Monoculture

48.7

11.3

Unsatisfactory 







Polyculture

69.5

9.2

Satisfactory 





Mwanza

Integrated Farming (IAA)

81.4

3.8

Very Satisfactory 

20.67

0.000*



Monoculture

43.9

9.8

Unsatisfactory 







Polyculture

71.8

11.7

Satisfactory 





Note. * The Chi-square statistic is significant at the .05 level.





Integrated farming, which combines tilapia and/or catfish farming with poultry, other livestock, and crop cultivation, is ranked as "Very Satisfactory" in both regions, with Mara achieving a slightly higher mean HFSI score of 84.2 compared to Mwanza’s 81.4. This diversified approach provides a more stable source of food and income for rural households, enhancing overall food security and resilience. The integration of multiple farming activities allows households to buffer against the risks associated with environmental shocks and market fluctuations (Mulokozi et al., 2020; Mzula et al., 2021). Similarly, polyculture, which involves farming more than one fish species, was ranked as "Satisfactory" in both regions, with Mara scoring 69.5 and Mwanza 71.8. Polyculture contributes to food security by diversifying agricultural outputs and reducing vulnerabilities to diseases and environmental stresses, offering a balance between yield stability and market opportunities (Mulokozi et al., 2020).

In contrast, monoculture farming, which focuses on growing a single fish species or crop, received the lowest HFSI scores 48.7 in Mara and 43.9 in Mwanza ranking 'Unsatisfactory' in both regions. This is primarily due to the higher reliance on a single species, increasing susceptibility to environmental shocks and disease outbreaks. The lack of species diversification limits income streams and food variety, reducing household resilience to both market fluctuations and climatic changes (Sène-Harper et al., 2019; Nyamete, 2021). Despite its simplicity, monoculture adoption remains low across both regions (8.6%), reflecting farmers' awareness of its inherent risks. These systems are particularly vulnerable to water quality fluctuations and climate variability, often leading to total stock loss in the event of disease outbreaks. The lack of diversification in monoculture practices limits not only economic stability but also household food security (Peart et al., 2021; Rahman et al., 2021a). This evidence underscores the importance of promoting CSAq practices, such as integrated farming and polyculture, as essential components of Tanzania's rural development strategies to strengthen food systems and improve resilience against climate change (FAO, 2024; Jettah et al., 2024) as indicated in Table 8.

The bar plot in Figure 4 shows the Food Security Index across different CSAq practices Integrated Farming, Monoculture, and Polyculture highlight significant variations in food security outcomes based on these practices. Integrated Farming shows the highest mean score (82.8), categorized as "Very Satisfactory," which aligns with findings from studies that demonstrate the benefits of diversified farming systems in enhancing food security through improved resilience and productivity (Stankus, 2021)). Monoculture, with a lower score of 45.3, falls under the "Unsatisfactory" category, and shows an increased vulnerability to environmental shocks, lower nutritional diversity, and food insecurity risks (Ahmed et al., 2019; Lundeba et al., 2023), Polyculture, at 68.2, is classified as "Satisfactory" and shows that polyculture can promote food security by diversifying crop more than 1 species usage in the aquaculture farming like catfish and tilapia thus reducing dependency on single outcomes and enhancing nutritional diversity (Neori et al., 2017; Thomas et al., 2021). These findings reinforce the notion that integrating multiple CSAq practices can contribute significantly to sustainable food security in agricultural systems.

3.5 Theoretical contribution [image: D:\PHD STUDIES SUA REG 2022\FINDINGS MARCH 24\PAPER 4. PROXY INDICATORS OF CSAq\Manuscript folder\FROM NAJFNR 6.1.25\COMMENTS 3.2.25\2nd ROUND REVIEWER 2-21.2.25\Submitted 25.2.25 from Kitole\ACCEPTANCE LETTER\Rplot07ee.jpeg]
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This study advances the Sustainable Livelihoods Framework (SLF) by integrating Climate-Smart Aquaculture (CSAq) practices as key livelihood strategies, demonstrating their role in enhancing income, food security, and resilience in smallholder aquaculture. It refines SLF by distinguishing between internal (economic) and external (climatic) shocks, showing how these factors influence CSAq adoption. Additionally, the study strengthens SLF’s transforming structures and processes component by empirically demonstrating the role of policies, regulations, extension services, and market infrastructure in moderating CSAq effectiveness.  

Furthermore, it expands the concept of livelihood assets by emphasizing aquaculture-specific resources such as water access, fish breeding technology, and cooperative networks. Lastly, the study enhances understanding of the CSAq-livelihood outcomes nexus by providing empirical evidence on how different CSAq strategies impact household income and food security, highlighting regional variations that underscore the importance of localized institutional support. Integrating these dimensions, this study extends the SLF’s applicability to aquaculture-based livelihoods, offering a more comprehensive theoretical foundation for analyzing climate-smart rural development.

4 CONCLUSIONS 

This study assessed the implication of Climate-Smart Aquaculture (CSAq) practices in integrated farming (IAA), polyculture, and monoculture on household income and food security in Mara and Mwanza, Tanzania’s Lake Zone, revealing that integrated farming provides the highest economic and food security benefits, while monoculture increases household vulnerability. Findings indicate regional disparities, with Mara achieving higher fish yields due to widespread integrated farming, whereas Mwanza benefits from higher market prices and better infrastructure. The study highlights the importance of access to financial support, training, and institutional policies in enhancing CSAq adoption, particularly for smallholder farmers. Addressing barriers such as limited infrastructure, weak cooperative structures, and policy enforcement gaps are critical for ensuring the long-term sustainability of CSAq practices. The study recommends expanding extension services, improving market linkages, increasing access to credit, and strengthening institutional frameworks to maximize the benefits of CSAq for rural livelihoods, enhance climate resilience, and promote food security in Tanzania’s aquaculture-dependent communities.

Based on the study’s findings, the following key recommendations are proposed to enhance the adoption and impact of Climate-Smart Aquaculture (CSAq) practices on household income and food security in Tanzania’s Lake Zone:

Firstly, promoting integrated aquaculture-agriculture systems should be prioritized, as they have been found to provide the highest economic and food security benefits. Policies should encourage farmers to adopt this practice by increasing access to extension services, training, and financial incentives. Given that integrated farming yields higher fish production and diversified income sources, targeted programs should focus on scaling up adoption in both Mara and Mwanza regions.

Secondly, region-specific interventions should be developed to address the different challenges and opportunities in Mara and Mwanza. While Mara exhibits higher fish yields due to widespread integrated farming, Mwanza benefits from stronger market access and infrastructure, leading to higher fish prices. To optimize CSAq benefits, Mwanza needs enhanced production capacity, while Mara requires improved market linkages and storage infrastructure to reduce post-harvest losses and increase profitability.

Thirdly, financial support and capacity-building programs should be strengthened to improve CSAq adoption, particularly among smallholder farmers. Limited access to credit, aquaculture inputs, and technical knowledge hinders the effectiveness of CSAq practices. Expanding microfinance opportunities, cooperative-based credit schemes, and structured training programs will enhance farmers’ ability to invest in sustainable aquaculture.

Finally, strengthening institutional frameworks and policy enforcement is critical to ensuring the sustainability of CSAq practices. The study highlights gaps in aquaculture policies, weak cooperative structures, and inadequate extension services as key barriers to CSAq adoption. Government and stakeholders should focus on improving policy implementation, enhancing cooperative support systems, and investing in infrastructures such as ice flakes production centers, cold rooms for storage and transportation especially in Mara to make CSAq more viable and profitable.

Limitations of the study and area for further research 

This study provides valuable insights into the implications of CSAq practices on household income and food security in Mara and Mwanza, Tanzania’s Lake Zone. However, it has certain limitations. First, the study relied on cross-sectional data, which captures findings at a single point in time and may not fully account for seasonal variations in aquaculture production and income fluctuations. Future research could adopt longitudinal studies to track CSAq adoption and its impacts over time. Additionally, while the sample size was statistically determined, the study was limited to two regions, Mwanza and Mara, which may affect the generalizability of the findings to other aquaculture-dependent areas in Tanzania. Expanding the geographical scope in future studies would provide a more comprehensive understanding of CSAq adoption patterns and regional disparities.

Furthermore, the study employed descriptive and inferential statistical methods, which, while effective in identifying relationships between variables, do not establish causality. Advanced econometric models or experimental research designs could provide deeper insights into the causal effects of CSAq on income and food security. The study was also guided by the Sustainable Livelihoods Framework (SLF), which, although useful for analyzing household assets, shocks, and livelihood strategies, may not fully capture the influence of broader macroeconomic and policy factors. Future research could integrate institutional or behavioral economics frameworks to better understand policy impacts and farmer decision-making in CSAq adoption. Addressing these limitations will strengthen the body of knowledge on CSAq and support evidence-based policymaking for sustainable aquaculture development.

Acknowledgment: The authors expresse sincere gratitude to Prof. David G. Mhando, Dr. Tumaini Allan, Dr. Halima Mangi, Dr. Fausta Mapunda, Prof. Hozen K. Mayaya, Prof. Juvenal Nkonoki, Dr. Bonamax Mbasa, Bishop Dr. Msafiri Mbilu, family, and colleagues for their invaluable support and contributions to this work.

Source of funding: not applicable

Previous submissions: This study has not previously been submitted to another journal for publication.

Authors' Contribution: Christopher N. Mdoe: Conceptualization, Methodology, Data Collection, Data processing, Data Analysis, Manuscript Writing, handling all revisions, Correction and submission of all revisions. Christopher P. Mahonge: Supervision, Manuscript Review, Editing, Critical Revisions. Edwin E. Ngowi: Supervision, Data Validation, Manuscript Review, Editing, Critical Revisions.

Conflicts of Interest: The authors certify that they have no affiliations with or involvement in any organization or entity with any financial interest or non-financial interest in the subject matter or materials discussed in this manuscript.

Preprint deposit: Authors did not share this manuscript as a preprint deposit. 

[bookmark: _References_1]REFERENCES

[bookmark: Abd_ElHack]Abd El-Hack, M. E., El-Saadony, M. T., Nader, M. M., Salem, H. M., El-Tahan, A. M., Soliman, S. M., & Khafaga, A. F. (2022). Effect of environmental factors on growth performance of Nile tilapia (Oreochromis niloticus). International Journal of Biometeorology, 66(11), 2183-2194. https://doi.org/10.1007/s00484-022-02347-6  [ [] [] []

[bookmark: Abegunde]Abegunde, V. O., & Obi, A. (2022). The role and perspective of climate smart agriculture in Africa: A scientific review. Sustainability, 14(4), 2317. https://doi.org/10.3390/su14042317 [ [] []

[bookmark: Ajeigbe]Ahmed, N., Thompson, S., & Glaser, M. (2019). Global Aquaculture Productivity, Environmental Sustainability, and Climate Change Adaptability. Environmental management, 63(2), 159–172. https://doi.org/10.1007/s00267-018-1117-3  [Crossref] [PubMed] [Google Scholar] [Publisher]

Ajeigbe, K. B., & Ganda, F. (2024). Leveraging food security and environmental sustainability in achieving sustainable development goals: Evidence from a global perspective. Sustainability, 16(18), 7969. https://doi.org/10.3390/su16187969 [Crossref] [Google Scholar] [Publisher]

[bookmark: Alokpaï]Alokpaï, N., & Harris, J. (2024). How to “enable vegetable-rich diets environment in Mali”? An analysis of policies, stakeholders, and framings. Future of Food: Journal on Food, Agriculture and Society, 12(2), 10-23. https://doi.org/10.17170/kobra-202412202 [Google Scholar] []

[bookmark: Aloo2017]Aloo, P. A., Charo-Karisa, H., Munguti, J., & Nyonje, B. (2017). A review on the potential of aquaculture development in Kenya for poverty alleviation and food security. African Journal of Food, Agriculture, Nutrition and Development, 17(01), 11832–11847. https://doi.org/10.18697/ajfand.77.15585 [Crossref] [Google Scholar] [Publisher] 

[bookmark: Ambikapathi]Ambikapathi, R., Schneider, K. R., Davis, B., Herrero, M., Winters, P., & Fanzo, J. C. (2022). Global food systems transitions have enabled affordable diets but had less favourable outcomes for nutrition, environmental health, inclusion and equity. Nature food, 3(9), 764–779. https://doi.org/10.1038/s43016-022-00588-7 [Crossref] [PubMed] [Google Scholar] [Publisher]

Asiedu, B., Failler, P., & Beyens, Y. (2016). Enhancing aquaculture development: mapping the tilapia aquaculture value chain in Ghana. Reviews in Aquaculture, 8(4), 394–402. https://doi.org/10.1111/raq.12103 [Crossref] [Google Scholar] [Publisher] 

Asiedu, B., Adetola, J.-O., & Odame Kissi, I. (2017). Aquaculture in troubled climate: Farmers’ perception of climate change and their adaptation. Cogent Food & Agriculture, 3(1), 1296400. https://doi.org/10.1080/23311932.2017.1296400  [Crossref] [Google Scholar] [Publisher] 

[bookmark: Berg]Berg, L., Brendler-Lindquist, M., de Montgomery, E., Mittendorfer-Rutz, E., & Hjern, A. (2022). Parental Posttraumatic Stress and School Performance in Refugee Children. Journal of traumatic stress, 35(1), 138–147. https://doi.org/10.1002/jts.22708 [Crossref] [PubMed] [Google Scholar] [Publisher]

[bookmark: Bhattacharyya]Bhattacharyya, P., Pathak, H., & Pal, S. (2020). Climate-smart agriculture concepts, challenges, and opportunities. Springer Nature, 2(5), 205. http://www.springer.com/series/8059 [Crossref] [Google Scholar] [Publisher] 

[bookmark: Bisht]Bisht, I. S., Rana, J. C., & Pal Ahlawat, S. (2020). The Future of Smallholder Farming in India: Some Sustainability Considerations. Sustainability, 12(9), 3751. https://doi.org/10.3390/su12093751 [Crossref] [Google Scholar] [Publisher] 

[bookmark: Chan2019]Chan, C. Y., Tran, N., Pethiyagoda, S., Crissman, C. C., Sulser, T. B., & Phillips, M. J. (2019). Prospects and challenges of fish for food security in Africa. Global Food Security, 20, 17–25. https://doi.org/10.1016/j.gfs.2018.12.002  [Crossref] [Google Scholar] [Publisher] 

[bookmark: Charisiadou]Charisiadou, Stefania, Halling, C., Jiddawi, N., von Schreeb, K., Gullström, M., Larsson, T., & Nordlund, L. M. (2022). Coastal aquaculture in Zanzibar, Tanzania. Aquaculture (Amsterdam, Netherlands), 546(737331), 737331. https://doi.org/10.1016/j.aquaculture.2021.737331  [Crossref] [Google Scholar] [Publisher] 

Cochran, W. G. (1977). Sampling Techniques (3rd ed.). John Wiley & Sons. [Google Scholar] [Publisher] 

[bookmark: DFID]Department for International Development (DFID). (1999). Sustainable livelihoods guidance sheets. Retrieved from https://www.livelihoodscentre.org/documents/114097690/114438878/Sustainable+livelihoods+guidance+sheets.pdf/594e5ea6-99a9-2a4e-f288-cbb4ae4bea8b?t=1569512091877 [Crossref] [Google Scholar] [Publisher] 

[bookmark: Elpisah]Elpisah, E. (2023). Towards inclusive growth: Community-centered management strategies for SMEs. Golden Ratio of Community Services and Dedication, 3(1), 29–39. https://doi.org/10.52970/grcsd.v3i1.606 [Crossref] [Google Scholar] [Publisher] 

[bookmark: Eyayu]Eyayu, A., Getahun, A., & Keyombe, J. L. (2023). A review of the production status, constraints, and opportunities in East African freshwater capture and culture fisheries. Aquaculture International: Journal of the European Aquaculture Society. https://doi.org/10.1007/s10499-023-01071-1 [Crossref] [Google Scholar] [Publisher]

[bookmark: Food][bookmark: FAO2020]FAO. (2013). Climate-smart agriculture sourcebook. FAO. http://www.fao.org/3/i3325e/i3325e.pdf  [Publisher]

[bookmark: FAO2024]FAO. (2024). The contribution of small-scale fisheries to healthy food systems and sustainable livelihoods in the Southern African Development Community. FAO Open Knowledge Repository. https://doi.org/10.4060/cd0770en [Google Scholar] [Publisher] 

[bookmark: IFAD]IFAD. (2014). International Fund for Agricultural Development (IFAD). (n.d.). The multidimensional poverty assessment tool. Retrieved from https://www.ifad.org/documents/d/new-ifad.org/the-multidimensional-poverty-assessment-tool-pdf [Publisher] 

[bookmark: Imran]Imran, M. A., Ali, A., Ashfaq, M., Hassan, S., Culas, R., & Ma, C. (2019). Impact of climate-smart agriculture (CSA) through sustainable irrigation management on resource use efficiency: A sustainable production alternative for cotton. Land Use Policy, 88, 104113. https://doi.org/10.1016/j.landusepol.2019.104113 [Crossref] [Google Scholar] [Publisher] 

[bookmark: Jettah]Jettah, R. N., Mbasa, B., & Mdoe, C. N. (2024). Enhancing food and nutritional security through Gender-Disaggregated Analysis: A case study of Lake Victoria Shore, Tanzania. The North African Journal of Food and Nutrition Research, 8(17), 123–134. https://doi.org/10.51745/najfnr.8.17.123-134 [Crossref] [Google Scholar] [Publisher] 

Jones, K., Nowak, A., Berglund, E., Grinnell, W., Temu, E., Paul, B., Renwick, L. L. R., Steward, P., Rosenstock, T. S., & Kimaro, A. A. (2023). Evidence supports the potential for climate-smart agriculture in Tanzania. Global Food Security, 36(100666), 100666. https://doi.org/10.1016/j.gfs.2022.100666  [Crossref] [Google Scholar] [Publisher] 

[bookmark: Kitole_et_Sesabo_2024]Julius, O. O. (2023). Climate SMART best practices in aquaculture and fisheries with specific emphasis on Sierra Leone. In Sustainability Sciences in Asia and Africa (pp. 459–475). Springer Nature Singapore. https://doi.org/10.1007/978-981-19-7451-9_21 [Crossref] [Google Scholar] [Publisher]

Kitole, F. A., & Sesabo, J. K. (2024). Tourism-driven livelihood dynamics: A comprehensive empirical study of Mount Kilimanjaro National Park communities in Tanzania. International Journal of Geoheritage and Parks, 12(3), 416–433. https://doi.org/10.1016/j.ijgeop.2024.07.001 [Crossref] [Google Scholar] [Publisher] 

[bookmark: Kitole_et_al_2024]Kitole, F. A., Mbukwa, J. N., Tibamanya, F. Y., & Sesabo, J. K. (2024). Climate change, food security, and diarrhoea prevalence nexus in Tanzania. Humanities & Social Sciences Communications, 11(1). https://doi.org/10.1057/s41599-024-02875-z  [Crossref] [Google Scholar] [Publisher] 

Konfo, T. R. C., Chabi, A. B. P., Amoussouga Gero, A., Lagnika, C., Avlessi, F., Biaou, G., & Sohounhloue, C. K. D. (2024). Recent climate-smart innovations in agrifood to enhance producer incomes through sustainable solutions. Journal of Agriculture and Food Research, 15(100985), 100985. https://doi.org/10.1016/j.jafr.2024.100985 [Crossref] [Google Scholar] [Publisher] 

[bookmark: Lundeba]Lundeba, M., Mudege, N. N., & Siamudaala, V. (2023). Climate-smart aquaculture for smallholder fish farmers: Integrated fish and small livestock farming. WorldFish Report. [Google Scholar] [Publisher] 

Mdoe, C. N., Mahonge, C. P., & Ngowi, E. E. (2024). Mapping the trends, knowledge production, and practices of climate-smart aquaculture scholarship: Empirical insights from bibliometric analysis. Aquaculture (Amsterdam, Netherlands), 598(741939), 741939. https://doi.org/10.1016/j.aquaculture.2024.741939  [Crossref] [Google Scholar] [Publisher] 

[bookmark: Mdoe2025]Mdoe, C. N., Ngowi, E. E., & Mahonge, C. P. (2025). Mapping suitability for climate-smart aquaculture: Geospatial characterization in Tanzania's Lake Zone. Geomatica, 77(20), 100046. https://doi.org/10.1016/j.geomat.2024.100046 [Crossref] [Google Scholar] [Publisher]

[bookmark: Mizik]Mizik, T. (2021). Climate-Smart Agriculture on Small-Scale Farms: A Systematic Literature Review. Agronomy, 11(6), 1096. https://doi.org/10.3390/agronomy11061096  [Crossref] [Google Scholar] [Publisher] 

Mmanda, F. P., Mulokozi, D. P., Lindberg, J. E., Norman Haldén, A., Mtolera, M., Kitula, R., & Lundh, T. (2020). Fish farming in Tanzania: the availability and nutritive value of local feed ingredients. Journal of Applied Aquaculture, 32(4), 341–360. https://doi.org/10.1080/10454438.2019.1708836  [Crossref] [Google Scholar] [Publisher] 

[bookmark: Muhie]Muhie, S. H. (2022). Novel approaches and practices to sustainable agriculture. Journal of Agriculture and Food Research, 10(100446), 100446. https://doi.org/10.1016/j.jafr.2022.100446 [Crossref] [Google Scholar] [Publisher] 

[bookmark: Mulokozi]Mulokozi, D. P., Mmanda, F. P., Onyango, P., Lundh, T., Tamatamah, R., & Berg, H. (2020). Rural aquaculture: Assessment of its contribution to household income and farmers’ perception in selected districts, Tanzania. Aquaculture Economics & Management, 24(4), 387–405. https://doi.org/10.1080/13657305.2020.1725687  [Crossref] [Google Scholar] [Publisher] 

[bookmark: Munguti2021]Munguti, J. M., Kirimi, J. G., Kariuki, C. M., Mbaabu, P., Liti, D., Obiero, K. O., Kyule, D., Ogello, E. O., Khobondo, J., & Musalia, L. M. (2021). Role of aquaculture in climate-smart food production systems: A review. East African Agricultural and Forestry Journal, 85 (1-4) 176–186. [Google Scholar] [Publisher] 

[bookmark: Munguti2024]Munguti, J., Muthoka, M., Chepkirui, M., Kyule, D., Obiero, K., Ogello, E., ... & Kwikiriza, G. (2024). The Fish Feed Sector in Kenya, Uganda, Tanzania, and Rwanda: Current Status, Challenges, and Strategies for Improvement—A Comprehensive Review. Aquaculture Nutrition, 2024(1), 8484451. https://doi.org/10.1155/2024/8484451  [Crossref] [Google Scholar] [Publisher]

[bookmark: Mzula]Mzula, A., Wambura, P. N., Mdegela, R. H., & Shirima, G. M. (2021). Present status of aquaculture and the challenge of bacterial diseases in freshwater farmed fish in Tanzania; A call for sustainable strategies. Aquaculture and Fisheries, 6(3), 247–253. https://doi.org/10.1016/j.aaf.2020.05.003 [Crossref] [Google Scholar] [Publisher]

[bookmark: Natarajan]Natarajan, N., Newsham, A., Rigg, J., & Suhardiman, D. (2022). A sustainable livelihoods framework for the 21st century. World Development, 155(105898), 105898. https://doi.org/10.1016/j.worlddev.2022.105898  [Crossref] [Google Scholar] [Publisher] 

[bookmark: Neori]Neori, A., Shpige, M., Guttman, L., & Israel, A. (2017). Development of polyculture and integrated multi -trophic aquaculture (IMTA) in Israel: A review. Bamidgeh [The Israeli Journal of Aquaculture], 69. https://doi.org/10.46989/001c.20874 [Crossref] [Google Scholar] [Publisher] 

[bookmark: NU_CEPAL][bookmark: Nyamete]NU-CEPAL (2019). The 2030 agenda and the sustainable development goals: An opportunity for Latin America and the Caribbean. Goals, Targets and Global Indicators. https://hdl.handle.net/11362/40156 [Google Scholar] [Publisher]

Nyamete, F. (2021). Developing a context-specific climate-smart aquaculture framework for improving food security in Tanzania. Nelson Mandela-AIST’s Institutional Repository.https://doi.org/10.58694/20.500.12479/1312   [Crossref] [Google Scholar] [Publisher] 

[bookmark: Nyboer]Nyboer, E. A., Musinguzi, L., Ogutu-Ohwayo, R., Natugonza, V., Cooke, S. J., Young, N., & Chapman, L. J. (2022). Climate change adaptation and adaptive efficacy in the inland fisheries of the Lake Victoria basin. People and Nature (Hoboken, N.J.). https://doi.org/10.1002/pan3.10388 [Crossref] [Google Scholar] [Publisher]

[bookmark: Obiero]Obiero, K., Ogello, E., Munguti, J., Mboya, J., Kyule, D., Opiyo, M., Githukia, C., Ouko, K., Kembenya, E., Abwao, J., Matolla, G., Ani, J., Sambu, S., Cheserek, M., Ngeno, K., Khobondo, J., Meenakshisundaram, M., Tanga, C., & Yossa, R. (2024). Profiling and prioritizing climate‐smart aquaculture technologies, innovations, and management practices in Kenya. Aquaculture Research, 2024(1). https://doi.org/10.1155/2024/8843677 [Crossref] [Google Scholar] [Publisher] 

[bookmark: Ojo]Ojo, T. O. O., Adesiyan, O. F., Ige, A. O., Emenike, C. U., Kassem, H. S., Elhindi, K. M., Kitole, F. A., & Sesabo, J. K. (2024). The role of sustainable land management practices in alleviating household food insecurity in Nigeria. Frontiers in Sustainable Food Systems, 8. https://doi.org/10.3389/fsufs.2024.1414243 [Crossref] [Google Scholar] [Publisher] 

Okoko, N., Barare, M., Martim, J., Mogaka, J., Wayua, F., Kori, N., Mwangi, M., Owino, W., Nyaga, A., Amata, R., & Wasilwa, L. (2020). Climate smart agricultural technologies, innovations, and management practices: Training of trainers’ manual. Kenya Agricultural and Livestock Research Organization. [Google Scholar] [Publisher] 

[bookmark: Peart]Peart, J., Tran, N., Chan, C. Y., Maskaeva, A., Shoko, A. P., & Kimirei, I. A. (2021). A review of fish supply-demand in Tanzania. WorldFish Program Report: 2021-32. Retrieved from https://ideas.repec.org/b/wfi/wfbook/41006.html   [Google Scholar] [Publisher] 

[bookmark: Rahman_2021a]Rahman, M. S., Toiba, H., & Huang, W.-C. (2021a). The Impact of Climate Change Adaptation Strategies on Income and Food Security: Empirical Evidence from Small-Scale Fishers in Indonesia. Sustainability, 13(14), 7905. https://doi.org/10.3390/su13147905 [Crossref] [Google Scholar] [Publisher] 

[bookmark: Rahman_2021b]Rahman, M. T., Nielsen, R., Khan, M. A., & Ahsan, D. (2021b). Perceived risk and risk management strategies in pond aquaculture. Marine Resource Economics, 36(1), 43–69. https://doi.org/10.1086/711066 [Crossref] [Google Scholar] [Publisher] 

Rioux, J., Laval, E., Karttunen, K., & Lwakatare, M. (2017). Climate-smart agriculture guideline for the United Republic of Tanzania: A country-driven response to climate change, food and nutrition insecurity. Food and Agriculture Organization of the United Nations, 1–6. [Google Scholar] [Publisher] 

[bookmark: Rogerson]Rogerson, C. M. (2018). Innovation-driven local economic development: In search of best practice implementation for South Africa. EuroEconomica, 37(2), 21–34. [Google Scholar] [Publisher]

[bookmark: Rukanda]Rukanda, J. J. (2018). Evaluation of aquaculture development in Tanzania. United Nations University Fisheries Training Programme, Iceland. [Google Scholar] [Publisher] 

Scoones, I. (1998). Sustainable rural livelihoods: A framework for analysis (IDS Working Paper 72). Institute of Development Studies. [Google Scholar] [Publisher] 

[bookmark: Sène_Harper]Sène-Harper, A. L., Camara, S. M. E., & Matarrita-Cascante, D. (2019). Does diversification lead to livelihood security in fishing-farming communities? Insight from the Senegal river delta. Human Ecology: An Interdisciplinary Journal, 47(6), 797–809. https://doi.org/10.1007/s10745-019-00121-8 [Crossref] [Google Scholar] [Publisher]

[bookmark: Stankus]Stankus, A. (2021). State of world aquaculture 2020 and regional reviews: FAO webinar series. FAO Aquaculture Newsletter, 20(63), 17–18. [Google Scholar] [Publisher] 

[bookmark: Thomas][bookmark: Tran]Thomas, M., Pasquet, A., Aubin, J., Nahon, S., & Lecocq, T. (2021). When more is more: taking advantage of species diversity to move towards sustainable aquaculture. Biological reviews of the Cambridge Philosophical Society, 96(2), 767–784. https://doi.org/10.1111/brv.12677 [Crossref] [PubMed] [Google Scholar] [Publisher]

Tran, N., Chu, L., Chan, C. Y., Genschick, S., Phillips, M. J., & Kefi, A. S. (2019). Fish supply and demand for food security in Sub-Saharan Africa: An analysis of the Zambian fish sector. Marine Policy, 99, 343–350. https://doi.org/10.1016/j.marpol.2018.11.009 [Crossref] [Google Scholar] [Publisher] 

Tran, N., Shikuku, K. M., Peart, J., Chan, C. Y., Chu, L., Bailey, C., & Valdivia, R. (2022). A Review of economic analysis of climate change impacts and adaptation in fisheries and aquaculture. In SocArXiv. https://doi.org/10.31235/osf.io/zctxn [Crossref] [Google Scholar] [Publisher]

[bookmark: Uduji]Uduji, J. I., & Okolo-Obasi, E. N. (2020). Does corporate social responsibility (CSR) impact on development of women in small-scale fisheries of sub-Saharan Africa? Evidence from coastal communities of Niger Delta in Nigeria. Marine Policy, 118. https://doi.org/10.1016/j.marpol.2018.10.036 [Crossref] [Google Scholar] [Publisher]

[bookmark: _Hlk191653954][bookmark: UNDP]United Nations Development Programme (UNDP). (2022). Developing a climate-smart aquaculture toolkit for policymakers and investors. UNDP Report. [Publisher] 

[bookmark: WFP]WFP, V. A. M. (2008). Food consumption analysis: calculation and use of the food consumption score in food security analysis. Rome: United Nations World Food Programme [Google Scholar] [Publisher] 

[bookmark: WorldBank]World Bank. (2013). Fish to 2030: Prospects for fisheries and aquaculture. World Bank Reports, 83177. [Google Scholar] [Publisher] 

[bookmark: WorldBankbb]World Bank. (2023). Trends in global agricultural commodity prices: Food price inflation dashboard. Food Security Updates, 1–22. [Publisher] 

[bookmark: Zheng]Zheng, H., Ma, W., & He, Q. (2024). Climate-smart agricultural practices for enhanced farm productivity, income, resilience, and greenhouse gas mitigation: A comprehensive review. Mitigation and Adaptation Strategies for Global Change, 29, 28. https://doi.org/10.1007/s11027-024-10124-6 [Crossref] [Google Scholar] [Publisher] 





image1.png



image2.png



image3.png



image5.png



image50.png



image6.png



image60.png



image7.png



image70.png



image8.jpeg



image80.jpeg



image4.png



