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Abstract
Azolla is increasingly recognized as a low-cost, environmentally friendly input with the potential to enhance soil fertility, conserve moisture, and improve rice productivity. This study assesses farmers’ awareness, perceptions, and management practices regarding Azolla use in rice production within the Kitere Irrigation Scheme (KIS), to evaluate its integration into smallholder cropping systems and its implications for sustainable rice production. The study was conducted in Lilido, Chemchem, and Amboni villages during the short (September–February) and long (April–July) rainy seasons. Data were collected from 66 rice farmers using structured questionnaires and analyzed through descriptive and inferential statistics.
Results indicated that 97% of farmers were aware of Azolla and its benefits, particularly for improving soil fertility and conserving moisture. Approximately 76% reported that Azolla occurs naturally in their fields, while 74% indicated its presence for more than seven years. Although 23% observed that excessive mat formation can occasionally interfere with rice growth, overall perceptions remained positive. Fertilizer use varied among farmers, with average application rates of 123.6 kg DAP ha⁻¹ (≈24.8 kg P ha⁻¹) at planting and 126.0 kg urea ha⁻¹ (≈58.0 kg N ha⁻¹) for top dressing. Reported rice yields declined from 3.82 t ha⁻¹ in 2022/23 to 3.02 t ha⁻¹ in 2023/24, suggesting the presence of management-related constraints.
The findings highlight that although farmers recognize the value of Azolla, challenges such as unmanaged mat growth and inconsistent fertilizer application limit its effectiveness. Strengthening integrated Azolla management, including improved biomass regulation and optimized fertilizer use, could significantly enhance productivity, resource-use efficiency, and sustainability in smallholder irrigated rice systems.
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1.0 Introduction
Rice (Oryza sativa L.) is a major global staple crop, sustaining billions of people, particularly in Asia and Africa (Bin Rahman & Zhang, 2023). Demand for rice continues to rise due to population growth, urbanization, and changing dietary preferences (Gyimah-Brempong & Kuku-Shittu, 2016). Major producers such as China, India, Indonesia, and Bangladesh dominate global output (Bandumula, N., 2018). It thrives in diverse agro-ecological conditions, from the fertile plains of Asia to the expansive floodplains of Africa (Magubika et al., 2025). However, rice production faces significant constraints, including soil degradation, water scarcity, and climate variability (Lal, 2012). These challenges underscore the need for sustainable agricultural strategies that maintain productivity while minimizing environmental pressure.
Rice cultivation in Africa has expanded considerably over the past two decades to meet increasing food demand. In Sub-Saharan countries such as Tanzania, Nigeria, and Ghana, production has intensified; however, yields remain below global averages due to low adoption of improved technologies, inefficient fertilizer use, limited mechanization, and climate variability (Ibrahim et al., 2021; Senthilkumar et al., 2021). In Tanzania, rice plays a central role in food security and rural livelihoods, particularly among smallholder farmers in regions such as Mbeya, Morogoro, Shinyanga, and Tabora, as well as in irrigation schemes like the Kitere Irrigation Scheme (KIS) in Mtwara. Beyond food supply, rice contributes to household income, employment, and local value chains (Agbevade, 2018). Nigeria leads Sub-Saharan Africa’s (SSA) rice production, accounting for over 38% of the region's total, followed by Tanzania and Madagascar.  In 2020, Nigeria produced approximately 8 million tons, Tanzania produced 2.3 million tons. Rice consumption in SSA has surged due to population growth, urbanisation, and shifting dietary preferences (NGWOKE et al., 2025). 
Azolla, a fast-growing aquatic fern, has gained significant attention for its unique biological properties and potential role in sustainable agriculture and climate resilience. Agricultural systems benefit from Azolla integration because it effectively lowers emissions while improving environmental sustainability (Yang et al., 2025). An average of 35-50 % ammonia fixed by the cyanobacterium is released to the field,  and for this reason, Azolla is used as a biofertilizer in the rice fields (Thapa & Poudel, 2021).

Integrating Azolla, a nitrogen-fixing aquatic fern, offers a promising sustainable solution by enhancing soil fertility, improving nutrient-use efficiency, and suppressing weeds. However, limited technical knowledge constrains its effective use in KIS systems, highlighting the need for improved management strategies and farmer support.
2.0 Materials and Methods
2.1 Study Site 
The study was conducted at Kitere Irrigation Scheme (KIS), based on three villages: Lilido, Chemchem, and Amboni, in Mtwara Rural District. The geographical coordinates of the study site range between 10.1°S to 10.3°S and 39.1°E to 39.3°E. Mtwara experiences a tropical climate zone characterized of unimodal rainfall pattern, with a single maximum in October–April (Kabanda, T., 2018). The region receives an average annual rainfall ranging from 800 to 1,200 mm, which is important for the rice cultivation activities within Kitere Irrigation Scheme. These seasonal rainfall patterns, combined with irrigation practices, support the agricultural productivity of the area.

2.2 Data Collection
Data collection for this study was conducted through a survey across three selected villages Lilido, Chemchem, and Amboni within Kitere Irrigation Scheme (KIS). Structured interviews were administered to 66 rice farmers, sampled proportionally across the three villages, to gather comprehensive information on their awareness, practices, and experiences with Azolla application in rice production. The survey collected data on farmers’ demographics, land allocation patterns, crop choices, fertilizer application rates, sowing and harvesting practices, and rice yield history for the 2022/23 and 2023/24 seasons. It also explored farmers’ perceptions of Azolla’s impact on soil fertility and rice yield, as well as the challenges they face in managing Azolla and general farming practices in the region, ensuring a holistic understanding of the role of Azolla in local rice farming systems.

2.3 Data Analysis
Data analysis was performed using SPSS software to analyze the survey data. Descriptive statistics summarized demographic characteristics, farmers’ awareness and practices regarding Azolla application, and land allocation patterns for different crops. Inferential statistics, including chi-square and t-tests, were used to examine relationships among Azolla usage, fertilizer rates, and rice yield outcomes. The analysis explored associations between farmers’ knowledge of Azolla and productivity, identifying trends and patterns to inform recommendations for improving rice farming practices in the region. Statistical significance was tested at p < 0.05 to assess the strength of associations and draw meaningful conclusions on factors influencing Azolla adoption and rice production performance.

3.0 Results 
3.1 Socio-economic Characteristics and Farmers’ Awareness of Azolla
The survey revealed a high level of awareness of Azolla among rice farmers in Kitere Irrigation Scheme (Table 1). Approximately 97% of respondents reported being familiar with Azolla and its role in rice production systems. Farmers recognized several benefits associated with Azolla, including improved soil fertility, enhanced soil moisture retention, and suppression of weed growth. Most respondents indicated that Azolla occurs naturally in their rice fields. About 76% reported its presence in their paddies, and 74% stated that it has been present for more than seven years, suggesting that Azolla has become an established component of the local rice ecosystem.
Despite this widespread awareness, farmers demonstrated varying levels of practical knowledge regarding its management. Some respondents noted that excessive Azolla biomass can form thick mats on the water surface, which may interfere with rice seedling establishment and early crop growth.

3.2 Land Allocation Patterns
Land allocation patterns among surveyed farmers indicated that rice is the dominant crop cultivated within Kitere Irrigation Scheme. Most farmers allocated the largest proportion of their land to rice production due to its importance as both a staple food and a primary source of household income (Table 2). However, farmers also cultivated other crops such as maize, cassava, and legumes on smaller portions of their land. These crops serve as complementary food sources and contribute to household food security. The diversification of cropping systems helps reduce production risks associated with climate variability and market fluctuations.
Nevertheless, rice remains the central agricultural activity within the scheme, emphasizing the importance of improving rice productivity through sustainable management practices such as Azolla integration.
3.3 Rice Farming Practices
3.3.1 Rice Establishment Methods
The survey results(Table 3) indicated that farmers use a range of rice establishment practices. The most common method was transplanting, which farmers preferred because it allows better crop establishment and weed management. However, some farmers practiced direct seeding, particularly where labour availability was limited.
Field preparation typically involved land levelling and flooding of paddies before planting. Farmers relied on irrigation water supplied through the Kitere irrigation infrastructure, supplemented by seasonal rainfall during the cropping seasons.
3.3.2 Weed Management Practices
Some farmers at Kitere Irrigation Scheme reported that Azolla mats effectively suppress weeds in their rice fields, reducing growth by almost half and providing a natural, low-cost method of weed management that complements other traditional practices (Table 6.

3.4 Fertilizer Application Practices
Fertilizer use was common among rice farmers in Kitere Irrigation Scheme. The survey revealed that farmers typically applied diammonium phosphate (DAP) during planting and urea fertilizer as a top-dressing nutrient during crop growth.
The average application rate was 123.6 kg DAP ha⁻¹, equivalent to approximately 24.8 kg phosphorus ha⁻¹, while 126.0 kg urea ha⁻¹ was applied as top dressing, equivalent to approximately 58.0 kg nitrogen ha⁻¹.
Although farmers recognized the role of Azolla in improving soil fertility, most continued to rely heavily on inorganic fertilizers to maintain crop productivity. This finding suggests that Azolla is often used as a supplementary input rather than a primary nutrient source.
3.5 Rice Yield Trends
Average rice yields declined from 3.82 t/ha in 2022/23 to 3.02 t/ha in 2023/24 (Table 5). The second season also showed reduced variability, suggesting more uniform but lower yield performance across farms.
Several factors may have contributed to this decline, including fluctuations in rainfall, nutrient management practices, pest and weed pressure, and inconsistencies in Azolla management. Farmers reported that while Azolla contributes to soil fertility improvement, improper management—such as excessive mat formation—can negatively affect rice growth.
The observed decline in yields highlights the need for improved agronomic practices that effectively integrate Azolla with appropriate fertilizer management to enhance productivity.
3.6 Farmers’ Perceptions of Azolla Benefits and Constraints
Farmers generally expressed positive perceptions of Azolla as a beneficial component of rice farming systems. The majority believed that Azolla improves soil fertility, enhances moisture conservation, and reduces the need for chemical fertilizers.
However, several constraints associated with Azolla management were identified. About 23% of farmers reported that dense Azolla mats sometimes interfere with rice growth, particularly during early crop establishment. Other challenges included limited technical knowledge on proper Azolla management and lack of extension support.
Despite these challenges, farmers indicated a willingness to continue using Azolla due to its perceived benefits for soil fertility and crop productivity.

4.0 Discussions  

4.1 Farmers' Awareness of Azolla and Demographic Characteristics
The results indicate that farmers’ awareness of Azolla application in rice production within Kitere Irrigation Scheme is widespread and largely independent of demographic characteristics. Statistical analysis showed no significant association between gender and rice farming blocks (χ² = 2.41, p = 0.2998), villages (χ² = 1.2, p = 0.5452), or participation in irrigation schemes (χ² = 1.1, p = 0.2949). Similarly, the primary water sources used for rice cultivation showed no significant gender association (χ² = 1.39, p = 0.846). These findings suggest that both male and female farmers are similarly involved in rice farming activities and have comparable access to irrigation resources. Table 1 summarizes the distribution of respondents across farming blocks, villages, irrigation participation, and water sources. The absence of statistically significant associations indicates that awareness and engagement in rice production systems are not strongly shaped by gender differences within the study area.The high awareness of Azolla among farmers is likely linked to its natural occurrence in flooded rice ecosystems. Because Azolla often grows spontaneously in irrigated paddies, farmers encounter it frequently during rice cultivation. However, while farmers recognize the presence and benefits of Azolla, the survey findings suggest that deliberate management practices remain limited.
Table 1: Farmers' Awareness of Azolla Application in Rice Production Across Demographic and Farming Variables
	Variable
	Categories
	gender
	Total (%)
	Df
	χ² value
	p-value

	
	
	Male (%)
	Female (%)
	
	
	
	

	Names of blocks used for rice farming
	Block A
	28
	5
	33
	2
	1
	0.2998

	
	Block B
	3
	3
	7
	
	
	

	
	Block C
	46
	15
	61
	
	
	

	Names of villages studied
	Lilido
	14
	6
	20
	2
	1.2
	0.5452

	
	Chemchem
	56
	20
	76
	
	
	

	
	Amboni
	5
	0
	5
	
	
	

	Engagement in rice irrigation schemes
	Yes
	64
	20
	84
	2
	1.1
	0.2949

	
	No
	9
	6
	16
	
	
	

	Main source of water
	Rainfall
	11
	3
	14
	4
	1.39
	0.846

	
	Permanent river
	3
	0
	3
	
	
	

	
	Spring
	54
	22
	76
	
	
	

	
	Rainfall water harvest
	3
	2
	5
	
	
	

	
	Rainfall and spring
	2
	0
	2
	
	
	



4.2 Land Allocation for Various Crops
The distribution of land among different crops cultivated by surveyed farmers highlights variations in acreage allocation that reflect crop importance, production objectives, and diversification patterns (Table 2).
Results revealed that rice is the most widely cultivated crop, with an average land allocation of 1.84 acres (SD = 1.46) ranging from 0.5 to 10 acres among 66 farmers, indicating its dominance in the farming system. Maize is the second most allocated crop, with an average of 2.07 acres (SD = 1.11) and a range of 1 to 5 acres among 22 farmers.
Sesame follows with a mean allocation of 2.31 acres (SD = 1.28) across 8 farmers, suggesting moderate cultivation levels. Cassava, despite having only two observations, has the highest mean land allocation of 3 acres (SD = 1.5) with a range of 1 to 5 acres, indicating that some farmers dedicate relatively large portions of land to its cultivation.
Vegetables are grown on relatively small plots averaging 1.17 acres (SD = 0.56) among 9 farmers. Sorghum and cashew are cultivated by only two farmers each, with an average of 1 acre, while legumes have the least allocation with 0.5 acres recorded for a single farmer.
Overall, the variation in land allocation suggests that while rice remains the primary crop, other crops are cultivated on a smaller scale for diversification, household consumption, and supplementary income.
Table 2: Land Allocation for Various Crops Among Surveyed Farmers
	Land allocated (in acres) for;
	Observation (n)
	Mean
	Std. dev.
	Min
	Max

	Rice
	66
	1.84
	1.46
	0.5
	10

	Cashew
	2
	1
	0
	1
	1

	Cassava
	2
	3
	1.5
	1
	5

	Sorghum
	2
	1
	0
	1
	1

	Maize
	22
	2.07
	1.11
	1
	5

	
	
	2.31
	
	
	

	Vegetables
	9
	1.17
	0.56
	0.5
	2

	Legumes
	1
	0.5
	0
	0.5
	0.5



4.3 Rice Farming Practices and Fertilizer Management
The survey of 66 smallholder farmers in Kitere Irrigation Scheme provided detailed insights into rice farming practices, highlighting both the predominance of traditional methods and the variability in management approaches (Table 3). The findings reveal that rice cultivation is largely labor-intensive, with 97% of farmers relying on manual hand hoe tillage, while only 3% use tractors for land preparation. This strong reliance on manual practices underscores the labor demands of rice production in the study area and suggests potential constraints for adopting timely management interventions, such as structured Azolla integration.
4.3.1 Crop Establishment Practices
Transplanting emerges as the dominant method for rice establishment, with 77% of farmers transplanting seedlings across 76–100% of their farm area, whereas direct seeding is less common, with 75% of farmers not practicing it at all. Seedling age plays an important role in establishment success, and most farmers (61%) transplant seedlings aged 22–28 days, a practice generally considered optimal for vigorous tillering and uniform crop stands. Additionally, 83% of farmers employ straight-line planting, demonstrating that, despite limited mechanization, there is attention to structured field layout, which can facilitate weed control and nutrient management.
The cropping calendar shows that the majority of farmers (64%) sow rice between late December and early January, with harvesting primarily occurring from mid-April to mid-May (66%). A smaller proportion sow later in the season or harvest between late May and mid-June. These timing patterns influence both the effectiveness of nutrient application and the potential window for Azolla establishment.
Regarding varietal selection, the 2022/23 season was dominated by SUPA BC (54%), followed by Dakawa (34%) and SARO 5 (11%), reflecting farmer preferences for locally adapted, high-yielding varieties. Varietal choice is important for integrating Azolla, as growth habit, duration, and nutrient demand vary between varieties, potentially affecting the timing and magnitude of Azolla benefits.
Table 3: Rice Farming Practices Among Surveyed Farmers in 2022/23
	Variable
	Categories
	Frequency (n=66)
	Percent (%)

	Method of farm tillage
	Hand hoe
	63
	97

	
	Tractor
	2
	3

	Size of farm which sow rice seeds
	None
	47
	75

	
	<25%
	1
	2

	
	26–45%
	1
	2

	
	46–75%
	4
	6

	
	76–100%
	10
	16

	Size of farm established by planting seedlings
	None
	9
	14

	
	<25%
	1
	2

	
	26–45%
	3
	5

	
	46–75%
	2
	3

	
	76–100%
	49
	77

	Age of rice seedlings transplanted
	<21 days
	3
	5

	
	22–28 days
	34
	61

	
	29–40 days
	1
	2

	Rice seedlings transplanted in straight
lines
	Yes
	52
	83

	
	No
	11
	17

	Rice sowing date
	Late Dec to Early January

	44
	61

	
	Mid-January to mid feb
	44
	61

	
	Late Feb and above
	1
	2

	
	Early December
	7
	11

	
	Non 
	1
	2

	Rice harvesting date
	Mid-April to Mid-May
	40
	66

	
	Late May to Mid-June
	20
	33

	
	None
	1
	2

	Type of rice varieties grown in 2022/23
	SUPA BC
	35
	54

	
	Dakawa
	22
	34

	
	SARO 5
	7
	11

	
	None
	1
	2

	Fertilizer use
	Yes
	43
	66

	
	No
	22
	34

	Type of planting fertilizer used in rice farm for the preferred varieties
	DAP
	45
	71

	
	Urea
	13
	21

	
	None
	1
	2

	
	DAP and UREA
	2
	3

	
	MINJINGU
	2
	3

	Type of top-dressing fertilizer used in rice farm for the preferred varieties
	Urea
	41
	72

	
	DAP
	11
	19

	
	None
	1
	2

	
	DAP and UREA
	3
	5

	
	CAN
	1
	2



4.3.2 Fertilizer Use Patterns
Fertilizer use among farmers is widespread but heterogeneous. Sixty-six percent of farmers apply fertilizers, while 34% do not use any synthetic nutrient inputs. Among fertilizer users, Diammonium Phosphate (DAP) dominates planting applications (71%), followed by Urea (21%). A few farmers use combinations of DAP and Urea (3%) or Minjingu phosphate (3%). For top-dressing, Urea is the primary fertilizer (72%), with DAP applied by 19% of farmers, and minimal use of CAN or mixed fertilizers. Table 4 provides a summary of these qualitative patterns in fertilizer adoption and type, capturing the presence and type of fertilizers applied, whileTable 4 complements this information by presenting quantitative fertilizer application rates per hectare, which highlights significant variability among farmers. For planting, farmers applied an average of 123.6 kg DAP/ha (equivalent to 24.8 kg P/ha), with a standard deviation of 81.4 kg/ha, and rates ranging from 49.4 to 370.7 kg/ha. For top-dressing, the mean Urea application was 126.0 kg/ha (equivalent to 58.0 kg N/ha), with a standard deviation of 83.0 kg/ha, and rates spanning 49.4–370.7 kg/ha (Table 4).
Table 4: Fertilizer Application Rates for Planting and Top Dressing in Rice Farming
	Variable
	Observations
	Mean
	Std. Dev.
	Min
	Max

	Planting fertilizer amount (kg P/ha)
	56
	24.8 
	 16.4
	49.9
	 74.5 

	Top-dressing fertilizer amount (kg N/ha)
	53
	58.0 
	38.2
	 22.7 
	170.5


This high variability indicates inconsistent nutrient management, likely influenced by resource availability, access to inputs, differing perceptions of fertilizer requirements, and knowledge gaps regarding optimal application rates. Such inconsistency can directly contribute to the yield variability observed across smallholder farms, particularly when combined with unmanaged Azolla growth, irregular water management, and variable transplanting practices.

4.4 Rice Yield Trends
Average rice yields declined from 3.82 t/ha in 2022/23 to 3.02 t/ha in 2023/24 (Table 5). The second season also showed reduced variability, suggesting more uniform but lower yield performance across farms.
The decline in yield may be associated with variations in farm management practices and environmental conditions, which can influence crop productivity.
Table 5: Rice Yield (t/ha) in the 2022/23 and 2023/24 Seasons
	Variable
	Observations
	Mean
	Std. Dev.
	Min
	Max

	Yield in 2022/23
	64
	 3.82
	5.22
	 3.56
	 6.76

	Yield in 2023/24
	60
	3.02
	2.29
	 1.38
	 3.67



4.5 Farmers' Knowledge and Experiences with Azolla in Rice Farming
The results presented in Table 6 provide insights into farmers' knowledge and experiences with Azolla in rice farming. A vast majority (97%) of farmers reported being aware of Azolla, while only 3% had no knowledge of it.
Regarding Azolla availability, 76% of farmers reported having Azolla on their rice farms, while 24% did not observe its presence. Most farmers (74%) indicated that Azolla has existed on their farms for more than seven years, suggesting that the species has been established in the rice ecosystem for a considerable period.
Most farmers (92%) consider Azolla important in rice farming. The most frequently reported benefits include improving soil fertility and suppressing weeds (33%), followed by soil moisture conservation and weed suppression (10%), and other combined benefits such as reducing fertilizer costs and minimizing water loss.
However, 23% of farmers reported challenges associated with Azolla, mainly related to dense mat formation that hinders rice tillering at early growth stages.
These findings indicate that although Azolla is widely recognized and valued by farmers, improved management strategies are needed to maximize its benefits while minimizing potential negative effects on rice growth.
Table 6: Farmers' Knowledge and Experiences with Azolla in Rice Farming
	Variable
	Categories
	Frequency
	Percent (%)

	Knowledge about Azolla
	Yes
	62
	97

	
	No
	2
	3

	Azolla availability in rice farm
	Yes
	47
	76

	
	No
	15
	24

	Years Azolla existed in rice farm
	< 1
	1
	2

	
	1 to 3
	4
	7

	
	2 to 4
	2
	4

	
	> 7
	40
	74

	
	None
	7
	13

	Is Azolla important in rice farms
	Yes
	57
	92

	
	No
	5
	8

	Importance of Azolla in rice farms
	Improve soil fertility and suppress weed growth
	20
	33

	
	Conserve soil moisture and suppress weed
	6
	10

	
	Conserve soil moisture
	4
	7

	
	Conserve soil moisture, minimize water loss, and suppress weed growth
	3
	5

	
	Conserve soil moisture, minimize water loss, improve soil fertility and suppress weed growth
	1
	2

	
	Conserve soil moisture, minimize cost of fertilizer, suppress weeds
	2
	3

	Any problem caused due to presence of Azolla in rice farm
	Yes
	13
	23

	
	No
	43
	77

	If yes, mention problems caused by Azolla in rice fields
	Not applicable
	16
	55

	
	Azolla mat cover and hinder tillering at early stage
	9
	31

	
	Azolla mat covers rice plants at early stage
	2
	7

	
	Azolla mat covers the rice plants when there is high amount of water
	2
	7



4.7 Practical Implications and Sustainability Pathways
The findings of this study highlight key insights into sustainable rice production in smallholder irrigated systems such as the Kitere Irrigation Scheme (KIS). Although farmers are highly aware of Azolla and its ecological benefits, its practical integration into nutrient management remains inconsistent. Bridging this gap is essential to fully realize its potential.
Field observations and farmer responses show that Azolla is widely present in KIS paddies but is mostly used passively. Experimental results demonstrate that when deliberately managed and integrated with mineral fertilizer, it significantly improves productivity through enhanced nutrient-use efficiency via its symbiosis with Anabaena azollae (Bhuvaneshwari & Singh, 2015; Akhtar et al., 2020), contributing about 20–60 kg N ha⁻¹ per season (Ventura & Watanabe, 1993; Marzouk et al., 2024), which is especially important under rising fertilizer costs and declining soil fertility (Ibrahim et al., 2022; Djagba et al., 2022).
Beyond nutrient supply, KIS findings show Azolla’s multifunctional benefits in improving system performance. Well-managed Azolla reduced weed pressure by limiting light penetration (Senthilkumar et al., 2018), while farmers reported improved moisture retention, consistent with reduced evaporation and better water-use efficiency (Bocchi & Malgioglio, 2010). These effects promote more stable rice growth under variable water conditions, reinforcing Azolla’s role in climate-smart rice systems.
However, the study identifies key management limitations. Many farmers lack guidance on optimal biomass regulation, timing of incorporation, and water management, and in some KIS fields uncontrolled Azolla growth formed dense mats that hindered early rice establishment. This underscores the need for targeted extension support with clear recommendations on biomass levels, water depth, and timely incorporation. Integration with moderate mineral fertilizer proved essential, as experimental plots at KIS consistently outperformed farmer-managed fields, confirming that Azolla is most effective as a complement rather than a substitute nutrient source (Saito et al., 2023; Saito, 2019). Labour constraints and reliance on manual operations further limit efficiency, suggesting that small-scale mechanization such as two-wheel tractors and mechanical weeders, alongside cooperative equipment sharing, could improve timeliness and productivity (Takeshima et al., 2020; Takeshima & Mano, 2023). Strengthening participatory extension approaches, including farmer field schools and demonstrations, is also crucial for scaling adoption (Tanaka et al., 2015).


4.8 Management Gaps and the Potential of Azolla Integration in Rice Farming at Kitere Irrigation Scheme
The study further reveals a pronounced gap between current farmer practices and the agronomic potential demonstrated through experimental trials at KIS. Although Azolla is widely recognized and naturally present in farmers’ fields, its integration into nutrient management remains inconsistent and largely unmanaged. This disconnect between awareness and application represents a major constraint to improving productivity.
Survey findings show that farmers strongly associate Azolla with improved soil fertility, moisture retention, and weed suppression, aligning with scientific evidence on Azolla’s ecological functions in flooded rice systems. Through its symbiotic relationship with Anabaena azollae, Azolla contributes biologically fixed nitrogen and organic matter to the soil (Bhuvaneshwari & Singh, 2015), while its surface coverage suppresses weed emergence (Korsa et al., 2024).
Despite this, farmers rarely integrate Azolla intentionally into soil fertility practices, instead allowing it to grow naturally. Evidence from KIS shows that unmanaged Azolla results in either insufficient biomass or excessive mat formation, with dense mats sometimes hindering rice seedling establishment and ultimately reducing productivity.
Experimental trials at KIS clearly demonstrate the benefits of optimized Azolla integration. During the first season, plots combining Azolla with moderate nitrogen fertilizer achieved yields of approximately 4.4–4.5 t ha⁻¹, compared to farmer-reported averages of around 3.0 t ha⁻¹. This substantial yield gap underscores the potential gains achievable through improved management. In the second season, residual effects of Azolla incorporation were evident, with treated plots maintaining yields of about 3.0 t ha⁻¹ even without additional nitrogen fertilizer. This highlights Azolla’s role in enhancing soil organic matter and sustaining nitrogen availability over time (Marzouk et al., 2023; Seleiman et al., 2022).
The study identifies several key factors contributing to this gap. Fertilizer use among farmers is highly variable, leading to inconsistent nutrient availability, whereas experimental treatments applied calibrated nitrogen rates aligned with crop demand. Azolla biomass management is another critical factor, with experimental plots maintaining optimal biomass levels and timely incorporation to ensure efficient nutrient release. Water management also plays a significant role, as controlled water levels in experimental plots supported both rice and Azolla growth, unlike the variability observed in farmer fields.
Overall, integrating survey insights with experimental evidence highlights a clear pathway for improving rice productivity in KIS. The conceptual framework (Figure 1) illustrates this transition from current farmer practices to optimized Azolla-based systems, emphasizing opportunities to enhance nutrient-use efficiency, stabilize yields, and promote long-term sustainability.
Figure 1: Conceptual Framework for Optimizing Rice Productivity through Azolla Integration in Kitere Irrigation Scheme
[image: ]
While the current system is characterized by unmanaged Azolla growth and inconsistent fertilizer use, the optimized system involves deliberate Azolla establishment, regulated biomass incorporation, moderate nitrogen fertilization, and improved water management. These practices enhance nitrogen fixation, improve soil fertility, suppress weeds, and increase nutrient-use efficiency, ultimately leading to higher and more stable rice yields.
Bridging this management gap requires improved farmer training, targeted extension services, and participatory research approaches that translate experimental knowledge into practical field-level recommendations.
5. Conclusion
Azolla is widely recognized by farmers in Kitere Irrigation Scheme as a beneficial component of rice farming systems. Despite this awareness, its potential as a biological nitrogen source remains underutilized due to limited management knowledge and inconsistent integration with fertilizer practices.
Field experiments at Kitere demonstrated that deliberate Azolla integration with moderate nitrogen fertilizer significantly enhances rice productivity. Yields in experimental treatments exceeded 4 t ha⁻¹, compared with average farmer yields of about 3 t ha⁻¹, revealing a substantial productivity gap.
Furthermore, Azolla incorporation improves residual soil fertility by increasing organic matter and nitrogen availability for subsequent crops. These results underscore the importance of combining local knowledge with evidence-based management. Strengthened extension services, participatory trials, and farmer training can promote the adoption of Azolla-based practices, enhancing productivity, nutrient-use efficiency, and sustainability in smallholder rice systems.
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