



The Impact of Moringa oleifera on Soil Fertility, Environmental Resilience, and Crop Productivity in Zambia: A Systematic Review for Smallholder Agricultural Systems

ABSTRACT
The production of crops in s
ub-Saharan Africa is increasingly hampered by declining soil fertility, erratic climate patterns, and limited access to synthetic inputs. This systematic review evaluates the agronomic and environmental impacts of Moringa oleifera in smallholder farming systems in Zambia. A total number of 60 peer-reviewed studies published between 2010 and July 2025 were examined using PRISMA 2020 guidelines and a combined thematic and quantitative synthesis approach. Results confirm that Moringa oleifera significantly enhances soil fertility, as evidenced by improved nitrogen (4.79%), phosphorus (0.72%), and potassium (3.44%) uptake. Soil organic matter increased by 15–30%, cation exchange capacity rose by up to 11.3%, and microbial enzyme activity improved by 25–50%. Environmental benefits such asan
 84% increase in moisture retention, a 36% reduction in surface runoff, improved pollinator biodiversity, and carbon fixation of 0.54–1.7 t C ha⁻¹ yr⁻¹. Yieldincreases
 of 10–40% were recorded across major crops such asMaize, Rice, and Tomato. These findings position Moringa oleifera as a multifunctional bio-input with significant potential for improving soil health, boosting crop productivity, and improving environmental resilience. Its implementation within agroecological frameworks offers a low-cost, climate-smart solution for resource-constrained smallholder systems, with major implications for policy, research, and practice.
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1.0 INTRODUCTION

Agriculture is the backbone of many developing economies, providing food, employment, and income for many countries in Africa. In Zambia,agriculture 
plays an essential role in the nation’s economic development, food security, and rural livelihoods.The sector contributes approximately 20% to the national Gross Domestic Product (GDP) and supports over 70% of the rural communities through employment and subsistence farming(FAO, 
2019). Smallholder farmerscontribute almost 80% of staple foods such asmaize, cassava, and millet. Besides its contribution, the sector faces constant challenges, such as low soil fertility, limited access to improved inputs, and increasing vulnerability to climate change, particularly erratic rainfall and prolonged droughts(Tembo 
et al., 2025).
As noted by Muyabe et al., (2024), these challenges have sparked debate on sustainable agricultural solutions that are accessible, affordable, and environmentally sound. Particularly, soil degradation poses a substantial barrier to sustainable productivity. About 33% of soils globallyare moderately to highly degraded due to soil erosion, nutrient depletion, acidification, and pollution (Smith et al., 2025). In Sub-Saharan Africa, soils are notably fragile, suffering from low fertility, continuous nutrient mining, and poor land management practices (FAO, 2019; Muyabe et al., 2025). The inaccessibility and high cost of chemical fertilizers further worsen these issues for smallholder farmers, creating an urgent need for low-cost, biologically based soil fertility management approaches.One approach attracting attention is the use of Moringa oleifera, a fast-growing, nutrient-rich tree known for its significant agronomic and ecological benefits. The plant originated in South Asia and is now grown widely in tropical and subtropical regions for its nutritional, medicinal, and soil-supporting properties. Its use in agroforestry systems and composting has revealed promising results in improving soil fertility, microbial activity, and water retention, as reported by studies from Kenya, Uganda, and Nigeria(Moyo et al., 2011).

Cultivation and utilization of Moringa oleifera are increasingly explored as part of integrated soil fertility and agroecological strategies, especially among smallholder farming communities in Zambia. As the countrymainly depends on rain-fed agriculture and the fragility of its soils, the integration ofMoringa into local farming systems,provides a strong opportunity for enhancing soil productivity and environmental resilience. However, despite several local trials, comprehensive and scientifically validated evidence on its agronomic and ecological impacts remains limited. This gap in consolidated knowledge limits the development of informed policy frameworks and hinders widespread adoption.

In an effort to address this gap, the review aims to critically assess the impact of Moringa oleifera on soil fertility, environmental sustainability, and crop productivity within smallholder systems. Specifically, the review seeks to: (1) evaluate its impact on soil fertility indicators; (2) explore its environmental benefits; and (3) assess improvements in crop yields attributed to Moringa-based soil amendments. The central research question is: How can Moringa oleifera be optimally used to enhance soil health, environmental outcomes, and crop productivity in smallholder farming systems?This systematic review compiles peer-reviewed literature published between 2010 and July 2025, aiming to identify consistent findings, highlight areas of variability, and point out research gaps. By doing that, it endeavours to provide a solid scientific basis for scaling up agroecological practices and guiding national strategies for climate-resilient, sustainable agriculture.

2. LITERATURE REVIEW

2.1 Introduction

Sustainable crop production is critical for global food security, especially in smallholder farming systems that face challenges such as limited resources and climate change. Important factors for maintaining sustainable agricultural practices and long-term productivity include soil fertility, and ecological balance. Due to mounting pressure on smallholder farmers to increase yields in the midst of scarce resources, organic and biologically active inputs, such as Moringa oleifera, are becoming reliable and cheap alternatives to costly synthetic agrochemicals. This paper critically reviews the role of Moringa oleifera in enhancing soil fertility, crop productivity, and offering environmental benefits, by mainly concentrating on its multipurpose contributions to smallholder agricultural systems.

2.2Role of Moringa oleifera in Soil Fertility

As a bio input, Moringa oleiferahelps in improving soil fertility via quick release of essential nutrients, like nitrogen (N), phosphorus (P), and potassium (K), during the decomposition process of its biomass. The rapid breakdown of biomass releases nutrients and makes them readily available for plant growth, development and productivity. Various rresearch has shownthat Moringa oleifera amendments help toincreas
e soil organic carbon content, stimulate soil microbial biomass, and improve soil pH. These parameters are essential in supporting long-term soil fertility(Moyo et al., 2011; Saini et al., 2016).The use of Moringa as an organic fertilizer has revealedincreased
 nitrogen uptake in crops, reflecting its role in nutrient cycling and soil enrichment(Saini et al., 2016). In addition, Moringa oleifera extracts act as bio-stimulants, which foster enzymatic activities in the rhizosphere, leading to improved efficiency in nutrient absorption(Ekene 
& Uchenna, 2023; Phiri et al., 2025). Thisvalidatesthe potential of Moringa as both a biological enhancer and soil amendment in improving soil fertility and supporting sustainable agricultural practices.

2.3 Biological Enhancement of Soil

Other than soil nutrient enhancement, Moringa oleiferas
eed cake and green biomass accelerate the breakdown of organic matter, which enhances therelease of nutrients into the soil. In addition to enhancing soil microbial communities, promoting enzyme activity and increasing microbial biomass,Moringa-based soil amendments stimulate root development and node formation in leguminous plants, thereby improving soil biological functions through the presence of antioxidants and cytokinins (Irshad et al., 2025; Moyo et al., 2011). These benefits are important, especially for improving soil structure and fertility in sandy or degraded soils(Palada
, 2021). Moringaus
e through such methods like mulching, liquid extracts, or incorporation into the root zone has been associated with better nutrient use efficiency, making it an essential product for sustainable agricultural land management.

2.4 Ecological Benefits of Moringa oleifera
Moringa provides important ecosystem services that enhance environmental sustainability, in addition to improving soil fertility. Its deep-root system helps in reducing soil erosion by reinforcing soil structure, while its broad canopy minimises evapotranspiration and enhancessoil
 moisture retention (Abdoul-Salam et al., 2021a). These benefits are significant especially in areas prone to soil degradation and water scarcity.The iintegrationMoringa oleifera into agroforestry systems improves soil fertility and biodiversity. This plant contributes to nitrogen enrichment and organic matter accumulation. It helps maintain soil fertility over time and reclamation of degraded soils. Incorporating Moringa in agroforestry also enhances carbon sequestration and improves microclimatic conditions, thereby, reducing the effects of climate change and strengthening farm resilience (Devkota & Bhusal, 2020; Muyabe et al., 2025; Tembo, 2025).

2.5 Enhancing Crop Productivity

The role of Moringa oleifera in crop productivity is linked to its ability to improve soil health. Moringa amendments create a conducive environment for healthy plant growth by enhancing nutrient cycling, increasing soil structure stability, and improving soil moisture retention. Some sstudies have revealed that the use ofMoringacompost and biochar leads to significant improvements in crop yields by increasing nutrient availability, promoting healthy root systems, and enhancing soil microbial activity (Ndede et al., 2022a).For smallholder farming systems, Moringa oleifera provides an affordable and sustainable alternative to chemical fertilizers, particularlyin areas where access to synthetic inputs is limited, and expensive. Integrating Moringa in intercroppingwith other crops enhances productivity by improving resource-use efficiency(Karthiga et 
al., 2022). This makes it a very useful addition to farming systems in nutrient-deficient soils, offering an affordable way of improving crop yields.

2.6 Integrated Benefits of Moringa oleifera for Sustainable Agriculture

Moringa oleifera offers multiple contributions to soil fertility, crop productivity, and environmental sustainability, making it a valuable resource for sustainable farming. Viaits influence on nutrient cycling, organic matter accumulation, and soil microbial activity, Moringaplays a significant role in improving soil health and enhancing long-term productivity(Abdoul-Salam et al., 2021b; Ekene & Uchenna, 2023). In addition, its ability to provide ecosystem services such as soil erosion control, soil moisture retention, and soil carbon sequestration helpssustain
 the environment(Abdoul-Salam et al., 2021c).By supporting both soil health and crop productivity, Moringa oleiferagives smallholder farmers a lasting solution to the challenges of low soil fertility and climate variability. The integration of Moringa into farming systems not only enhances productivity but also promotes environmental and economic sustainability, positioning it as a vital component of climate-smart agriculture.

2.7 Conceptual Framework
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Figure 1. Conceptual Framework 

The figure above (figure 1), shows a conceptual framework outlining the important pathways through which Moringa oleifera contributes to enhanced soil health, environmental resilience, and crop productivity in the context of smallholder agricultural systems. This conceptual framework begins with the strategic application of Moringa oleifera as an organic input.

Moringa oleifera is introduced into the farming system at the intervention level in various forms such as leaf biomass, composted materials, and seed cake residues. These inputs are incorporated through various practices like soil amendment, mulching, intercropping, and aqueous extract application. As a result, soil fertility is directly influenced through increasedsoil organic matter, improved essential macronutrients (N, P, K) availability, enhanced cation exchange capacity, and enhanced microbial activity and biomass.

The framework, thereafter, highlights improvements in soil physical conditions. This is because the integration of Moringa oleifera residues improves soil structure, porosity, and water-holding capacity, while reducing compaction. All these changes collectively contribute to improved soil functioning and sustainability, more especially in degraded or nutrient-poor smallholder farms.

In addition, soil erosion is mitigated through surface cover and root stabilization, while water retention and drought tolerance are enhanced due to improved organic matter content. Biodiversity as well as microclimatic regulation, benefit from the agroecological influence of Moringa oleifera in field margins and intercropping agricultural systems. Therefore, the cumulative effect of these pathways results in increased crop productivity. Further, eenhanced nutrient uptake, optimized water use efficiency, and improved soil-plant interactions lead to increased biomass and yield output, as well as a reduction in the reliance on synthetic inputs. This is significant in the context of smallholder farming systems where resource constraints often limit input use and adaptive capacity.

As such, this framework provides a systematic perspective on the integrative role of Moringa oleifera in supporting sustainable intensification and resilience-building in smallholder farming, positioning it as a viable agroecological material for climate-smart agriculture in Zambia.

2.8 Conclusion

This literature review has examined the impact of Moringa oleifera on soil fertility, crop productivity, and environmental sustainability in smallholder farming systems. It is evident that, tthrough its contributions to nutrient cycling, organic matter accumulation, and soil microbial activity, Moringa enhances soil health, which in turn fosters higher crop yields. The environmental benefits of Moringa, including soil erosion control, improved water retention, and enhanced resilience to climate change, makes it as a key species in sustainable agriculture. Therefore, the integration of Moringa oleifera into farming systems provides a promising path toward more resilient, sustainable, and productive agricultural systems in the face of global challenges such as climate change and resource scarcity.

3.0METHODOLOGY
3.1 Study Design
To keep the approach clear and thorough, this systematic review used the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines.Generally, this review centres on peer-reviewed studies, which were published between 2010 and July 2025, and particularly those that assess the impact of Moringa oleifera on soil fertility, environmental resilience, and crop productivity in smallholder farming systems in Zambia.

3.2 Literature Search Strategy
A thorough literature search was conducted across various databases, including Scopus, PubMed, Google Scholar, and Web of Science. The search terms included “Moringa oleifera,” “soil fertility,” “crop productivity,” “environmental resilience,” and “Zambia.” Boolean operators (AND, OR) were used to refine the search. Only studies published in English and peer-reviewed journals were included. The search was limited to studies that specifically addressed the impact of Moringa on soil and crop parameters.

3.3 Inclusion and Exclusion Criteria

Studies were included if they:

i. Focused on field trials or controlled experiments involving Moringa oleifera.

ii. Provided quantitative data on soil fertility indicators (e.g., nutrient levels, organic matter, microbial activity).

iii. Reported on crop yield improvements linked to Moringa applications.

iv. Addressed environmental impacts, such as erosion control and water retention.

Exclusion criteria consisted of:

i. Studies not focused on agricultural applications of Moringa.

ii. Reviews or meta-analyses without original data.

iii. Articles not published in peer-reviewed journals.

3.4 Data Extraction and Synthesis

Data were extracted using a standardized form, capturing key information such as study location, methodology, sample size, type of Moringa application, and measured outcomes (e.g., soil nutrient levels, crop yields). Both qualitative and quantitative data were combined. For quantitative data, effect sizes were calculated where possible to assess the magnitude of Moringa's impact on soil and crop parameters.

3.5 Statistical Analysis

The results of this review were analysed using Microsoft Excel through descriptive statistics. Data from 60 studies were organized and categorized by research focus, nutrient uptake, crop yield, and environmental benefits. Average effect sizes were calculated, and charts were used to show trends and outcome distributions. Thematic summaries were also created for qualitative data, helping to identify common patterns in the role of Moringa oleifera in improving soil fertility, crop productivity, and environmental resilience.
3.6 PRISMA FlowDiagram of the Systematic Review Process

This diagram illustrates the systematic review process, including the literature search, inclusion and exclusion criteria, and data extraction workflow.
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Figure 2.  PRISMA flow diagram visually presenting the screening process

3.7 Limitations

This review acknowledges potential limitations, including variability in study designs, measurement techniques, and environmental conditions across different studies. This heterogeneity may affect the generalizability of findings. Additionally, the reliance on published literature may introduce publication bias, as studies with significant results are more likely to be reported.

4.0 RESULTS AND DISCUSSION
This systematic review synthesizes findings from 60 peer-reviewed studies published between 2010 and July, 2025, concentrating on the impact of Moringa oleifera on soil fertility, environmental resilience, and crop productivity in smallholder farming systems in Zambia.
4.1 Quantitative Analysis of Moringa oleifera Impacts

4.1.1 Agronomic Functions of Moringa oleifera
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Figure 3: Distribution of Studies Examining the Agronomic Functions of Moringa oleifera(Source: Research results)

Figure 3, illustrates the distribution of studies examining the agronomic functions of Moringa oleifera. The most common was soil fertility and amendments, representing 36% (n=9 studies). The studies consistently demonstratedMoringa's effectiveness in enhancing nitrogen, phosphorus, and potassium availability, the essential nutrients for plant growth. The improvements in organic matter content and cation exchange capacity indicateMoringa's potential as a sustainable alternative to synthetic fertilizers. For example, Kumar et al., (2025)and Islam et al., (2021), noted that Moringa biomass significantly increases nutrient uptake, thereby improving overall soil health.

In the second category, plant growth promotion and yield enhancement 28% (n=7 studies), highlighted the positive effects of Moringa's cytokinin content on vegetative growth and crop yields. Aluko, (2020),reported yield improvements of 10-25% in crops such as maize and rice, particularly under drought conditions. This finding demonstratesMoringa’s capacity to mitigate yield losses in water-scarce environments.
Additionally, 20% (n=5 studies) scrutinized crop-specific interactions, revealing significant yield increases of 10-25% when Moringa was integrated with NPK or organic fertilizers. This supports research by Chanthanousone et al., (2022), which documented enhanced nutrient uptake and overall crop performance under moisture-stressed conditions.

The other 16% (n=4 studies) focused on agroforestry systems, emphasizing Moringa’s ecological benefits such as erosion control and biodiversity support. Mahaveerchand & Abdul Salam, (2024),revealed how Moringa’s extensive root system improves soil stability, while its canopy enhances on-farm biodiversity.

4.1.2 Environmental Impact of Moringa oleifera
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Figure 4: Distribution of Studies on Moringa oleifera's Environmental Impact(Source: Research results)

Figure 4, shows the distribution of studies on the environmental impact of Moringa oleifera, with 13 out of 18 reviewed studies (72.2%) concentrating on its potential in phytoremediation, environmental health, and water purification and treatment. The evidence demonstrates that Moringa seed extracts and defatted seed cake possess strong coagulating and antimicrobial properties, achieving turbidity reductions of up to 98% and significantly removing pathogens such as E. coli and Salmonella, through cationic proteins that promote flocculation and sedimentation(Ghebremichael et al., 2005). Furthermore, studies confirm that Moringa seed cake can remove up to 98% of copper and 82% of lead from contaminated water. Other biomass forms of Moringa have been shown to enhance soil microbial activity and water retention, contributing to phyto-stabilization and limiting pollutant mobility(Ghebremichael et al., 2005; Varkey, 2020). These findings collectively makeMoringa oleifera as a cost-effective, biodegradable, and ecologically compatible solution for environmental remediation, particularly in resource-limited farming systems.

4.1.3 Nutritional Enhancement and Fertilizer Role of Moringa oleifera
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Figure 5: Studies Examining Moringa oleifera as a Fertilizer and Nutrient Source (Source: Research results)

Figure 5, synthesizes evidence from 17 peer-reviewed studies examining the fertilizer and nutrient enhancement role of Moringa oleifera across several cropping systems. Of these, 52.9% (n = 9) investigated Moringa's function as an organic fertilizer, primarily in the form of leaf powder, seed cake, or composted biomass. These studies consistently reported improvements in soil fertility indices, including soil organic matter (SOM), cation exchange capacity (CEC), microbial activity, and moisture retention. The findings associate with results fromHemdan et al. (2021), who revealed significant enhancements in SOM, microbial biomass, and CEC following the application of Moringa seed cake and vermicompost in citrus orchards. Similarly, Rohim et al. (2023)discovered increased microbial respiration and aggregate stability in apple orchard soils treated with Moringa-based organic matter inputs.

Additionally, 23.5% (n = 4) of the reviewed studies compared Moringa-derived amendments with conventional synthetic fertilizers. In several instances, Moringa treatments resulted in equal or superior improvements in plant nutrient uptake and soil quality metrics. These outcomes support Maize-specific evidence reported by Waseem (Rind et al. (2024), who recorded significant increases in foliar nitrogen (up to 4.79%), phosphorus (0.72%), and potassium (3.44%) concentrations in maize (Zea mays) treated with foliar Moringa leaf extract. The enhanced nutrient assimilation further revealsMoringa's contribution to plant physiological performance through its rich phytochemical and mineral profile.

Furthermore, the remaining 23.5% (n = 4) of studies evaluated Moringa's role in micronutrient enrichment, particularly calcium, magnesium, and iron. These nutrients are essential for enzymatic functions and chlorophyll synthesis, which validatesMoringa's biofertilizer potential in both monoculture and agroforestry systems.

Therefore, the evidence presented confirms that Moringa oleifera exhibits a dual agronomic function by enhancing both soil fertility and plant nutrition. Its integration into smallholder farming systems offers a biologically sustainable alternative to synthetic inputs, particularly in low-input environments.

4.1.4 Publication Trends and Research Growth
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Figure 6: Increasing Research Interest in Moringa oleifera Over the Years (Source: 
Research results)
Figure 6, summarizes the increasing research interest in Moringa oleifera over the years. The data reveal a gradual increase in research activity, particularly in the last five years. From 2010 to 2013, only one study was published each year (1.7% annually), with slight increases in 2014 (2 studies, 3.3%) and 2015 (4 studies, 6.7%). A moderate rise occurred in 2021 with 3 studies (5%), followed by a significant increase to 18 studies (30%) in 2025. This trend is indicative of an expanding scholarly focus on Moringa's diverse benefits, particularly in addressing challenges such as soil degradation and rising fertilizer costs (FAO, 2019).
4.1.5 Annual Distribution of Articles by Academic Publisher
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Figure 7: Distribution of Published Studies Across Various Academic Publishers (Source: Research results)

Figure 7, presents the distribution of published studies across various academic publishers. ScienceDirect and Springer are the leading sources, with 18 articles (30%) and 17 articles (28.3%), respectively. This increasing output signifies a growing academic interest in Moringa oleifera's role within climate-smart agriculture frameworks, emphasising its relevance in promoting sustainable agricultural innovations (FAO, 2019).

4.2 Qualitative Analysis of Soil Fertility and Environmental Benefits

4.2.1 Soil Fertility and Health Indicators

Table 1: Soil Fertility Parameters Resulting from Moringa oleifera Applications.

	Element / Parameter
	Observed Change
	Effects/Source

	Nitrogen (N)
	N uptake increased through foliar and soil application of Moringa leaf extract

	Supported vegetative growth, chlorophyll formation, biomass in Maize(Rind et al., 2024).

	Phosphorus (P)
	P uptake and availability improved via MLE foliar application
	Improved P content and root uptake in Maize(Rind et al., 2024)

	Potassium (K)
	Root uptake and leaf content of K increased; exchangeable K improved with compost
	Increased K concentration in Maize leaves(Nasir et al., 2016; Rind et al., 2024)

	Organic Matter Content (SOM)
	SOM and organic carbon and C:N ratio increased 
	Enhanced soil fertility in general soil studies, e.g. compost/seed cake treatments(Hemdan et al., 2021)

	Cation Exchange Capacity (CEC)
	CEC increased with compost or Moringa seed cake amendments
	Higher CEC in soil(Hemdan et al., 2021)

	Exchangeable Nutrients (Mg, Ca, K, P)
	Mg, Ca, K, and P levels increased after soil amendment
	Boosted nutrient availability in orange orchards and millet(Hayuningtyas et al., 2024; Hemdan et al., 2021)

	Soil Physical & Chemical Properties
	pH, porosity, and structure improved with organic amendments
	Improved soil physical quality in Valencia orange orchards(Hemdan et al., 2021)

	Microbial Biomass & Activity
	Increased microbial and enzymatic activity with Moringa seed cake + vermicompost
	Increased activity in ‘Anna’ apple tree orchards(Rohim et al., 2023)

	Water & NutrientRetention


	Improved moisture-holding capacity and steady nutrient provision
	Facilitated water retention and nutrient supply in Valencia orange orchards(Hemdan et al., 2021)



Source: Research results.

Table 1 summarizes the effects of Moringa oleifera applications on soil fertility parameters and associated crop systems, with emphasis on maize and orchard-based systems. Studies indicate that Moringa leaf extract (MLE), when applied as a foliar spray or incorporated into the soil, promotes nitrogen and phosphorus uptake in Maize, leading to improved vegetative growth and biomass accumulation (Rind et al., 2024). Similar outcomes were observed for potassium uptake, where MLE or composted Moringa material improved potassium availability in maize leaves(Nasir et al., 2016). Although some soil improvements, such as increased organic matter content, cation exchange capacity, and microbial activity, were observed in orchard systems, their relevance to maize cultivation remains significant, in agroecological practices. Research by (Hemdan et al., 2021) and Rohim et al. (2023), confirmed that Moringa seed cake and compost enhance microbial biomass, improve soil structure, and promote better water retention. These properties contribute to a healthier soil environment conducive to sustained crop productivity. While most observed effects come from field studies involving Maize, Apples, Millet, or Oranges, the consistent improvement in soil nutrient availability and biological function suggests that Moringa amendments can be beneficial across various cropping systems.
4.2.2Environmental Benefits of Moringa oleifera
Table 2: Environmental Benefits of Moringa Oleifera into Agroecological Systems

	Environmental Function
	Observed Impact
	Effects 
	Source

	Soil Erosion Control
	Reduced run off by ~36% through hedgerow planting
	Soil detachment and erosion reduced by root anchorage and canopy cover 


	(Kamoto et al., 2023)

	Water Retention
	RAW increase up to ~84% (biochar)
	Soil aggregate stability, porosity, moisture-holding capacity improved by Biochar
	(Ndede et al., 2022b)

	
	
	
	

	Biodiversity Support
	8–27 insect species observed pollinating moringa flowers, including Apis spp., Xylocopa spp., hoverflies, butterflies
	Diverse pollinators attracted, supporting agroecosystem services and ecosystem resilience
	

	
	
	
	(Amin et al., 2018; Sowmiya et al., 2018)

	
	
	
	

	Carbon Sequestration
	Soil carbon accumulation ~0.54–1.7 t C ha⁻¹ yr⁻¹ in moringa agroforestry systems
	SOC stocks improved by aboveground and belowground biomass; contributes to climate mitigation and resilience
	(Abdoul-Salam et al., 2021b)

	
	
	
	


Source: Research results.

Table 2, highlights the environmental benefits arose from integrating Moringa oleifera into agroecological systems. Significant evidence shows that hedgerow planting with Moringa can reduce surface runoff by approximately 36%, primarily due to the plant’s extensive root system and canopy cover, which mitigate soil detachment and erosion(Kamoto et al., 2023). Besides that, Moringa-based biochar significantly improves water retention, with observed increases in readily available water (RAW) of up to 84%. These enhancements are attributed to improved soil structure, aggregate stability, and porosity(Ndede et al., 2022b).

Moringa oleifera also plays a vital role in supporting biodiversity, attracting 8–27 insect species, including Apis spp., Xylocopa spp., hoverflies, and butterflies. These pollinators contribute to ecosystem services such as pollination, thereby contributing to agroecosystem productivity and resilience(Abdoul-Salam et al., 2021b) . In terms of carbon sequestration, agroforestry systems incorporating Moringa have demonstrated the potential to accumulate between 0.54–1.7 t C ha⁻¹ yr⁻¹, both above and below ground. This contributes to increased soil organic carbon (SOC) stocks and positions Moringa as a valuable tool for climate mitigation and sustainable land management(Basra & Lovatt, 2016; Emmanuel & Emmanuel, 2011; Khan et al., 2023).In summary, these findings affirm the ecological importance of Moringa oleifera in enhancing environmental sustainability across smallholder farming systems.
4.2.3 Crop Yield Improvements
Table 3: Yield Improvements Across Various Crops Attributed to Moringa Applications.

	Maize 

Rice 

Tomato
	Increased about 18%
Increased by 25.4% under drought
Increased by 25%
	Moringa seed cake improved plant growth, nutrient uptake, and cob weight
Moringa leaf extract mitigated water stress and enhanced grain development
Foliar Moringa leaf extract enhanced fruit set, yield, and quality
	(Emmanuel & Emmanuel, 2011)

(Khan et al., 2023)
(Basra & Lovatt, 2016)



Source: Research results.

Table 3,presents the significant yield improvements across various crops attributed to Moringa applications. Yield increases ranged from 10% to 40%, indicatingMoringa's potential to enhance food security in smallholder farming systems. In Maize, a yield increase of about 18% was observed, while Rice cultivation saw a 25.4% yield improvement under drought conditions. Tomato yield increased by 25%, confirmingMoringa's agronomic value and effectiveness in boosting crop performance, as evidenced by studies from Basra & Lovatt (2016), Emmanuel & Emmanuel (2011), and Khan et al., 2023b).
4.2.4 Meta-Analysis Summary

Table 4. Summary of the Impacts of Moringa oleifera on Soil Fertility, Environmental Sustainability, and Crop Productivity
	Parameter Category
	Effect
	Treatment Type
	Source

	Nutrient Uptake 
	Foliar N content in maize increased to 4.79%
	Moringa leaf extract foliar spray
	(Rind et al., 2024)

	Phosphorus Uptake
	P content increased to 0.72% in maize
	Moringa leaf extract foliar spray
	(Rind et al., 2024)

	Potassium Uptake
	Leaf K concentration increased to 3.44%
	Moringa compost / seed cake
	(Nasir et al., 2016; Rind et al., 2024)

	Soil Organic Matter (SOM)
	SOM increased by 15–30%
	Moringa seed cake or compost
	(Hemdan et al., 2021)

	Cation Exchange Capacity (CEC)
	CEC increased by 2.8–11.3%
	Moringa pod husk + manure
	(Hemdan et al., 2021)

	Microbial Activity
	Enzyme activity increased by 25–50%
	Moringa + vermicompost or biochar
	(Rohim et al., 2023)


	Water Retention
	RAW improved by up to 84%
	Moringa-based biochar
	(Ndede et al., 2022b)

	Surface Runoff Reduction
	Surface runoff reduced by ~36%
	Moringa hedgerow planting
	(Kamoto et al., 2023)

	Pollinator Biodiversity
	8–27 insect species observed (e.g., Apis, Xylocopa, hoverflies)
	Moringa agroforestry system
	(Amin et al., 2018; Sowmiya et al., 2018)

	Carbon Sequestration
	0.54–1.7 t C ha⁻¹ yr⁻¹ accumulation
	Moringa-based agroforestry
	(Abdoul-Salam et al., 2021b)

	Crop Yield

	+10% to +40% across cereals, legumes and vegetables
	Moringa foliar spray or compost
	(Basra & Lovatt, 2016; Emmanuel & Emmanuel, 2011; Khan et al., 2023a)



Source: Research results.

The table above (table 4) presents the meta-analysis, and synthesizes evidence from various peer-reviewed studies on the impact of Moringa oleifera on soil fertility, environmental sustainability, and crop productivity. The rresults affirm that the application of Moringa oleifera, whether as foliar spray, compost, seed cake, or biochar, consistently enhance key soil and crop parameters across different agroecological zonation.

Foliar application of Moringa leaf extract resulted in notable improvements in plant nutrient uptake. For example, nitrogen content in maize leaves elevated to 4.79%, and phosphorus content to 0.72% (Rind et al., 2024). The uptake of ppotassium was also enhanced, with its concentration in the leaves reaching 3.44% following the application of Moringa compost or seed cake(Nasir et al., 2016; Rind et al., 2024). These findings illustrate the bioavailability and efficacy of nutrients that are provided by Moringa-based amendmentsin promoting nutrient assimilation in crops, especially under nutrient-deficient conditions.

The quality of soil indicators was also positively influenced. For example, soil organic matter increased by 15–30% following the use of Moringa seed cake or compost(Hemdan et al., 2021). This suggests a direct contribution to soil carbon pools and improved soil structure. Cation exchange capacity also improved by 2.8–11.3% with the combined application of Moringa pod husk and organic manure(Hemdan et al., 2021). In relation to biological soil health, enzymatic activity increased by 25–50% in treatments combining Moringa with vermicompost or biochar(Rohim et al., 2023). This finding suggests that Moringa supports microbial-mediated nutrient cycling, which is crucial for maintaining soil productivity under organic and low-input systems.

Further, aapplication of Moringa-based biochar improved soil water retention capacity, measured as readily available water, by up to 84% (Ndede et al., 2022a). Ssurface runoff was reduced by approximately 36% in Moringa hedgerow planting systems, indicating improved infiltration and erosion control potential(Kamoto et al., 2023). Agroforestry systems incorporating Moringa supported between 8 and 27 insect pollinator species, including Apis and Xylocopa, underscoring its role in enhancing on-farm biodiversity(Abdoul-Salam et al., 2021b). Finally, Moringa-based systems sequestered between 0.54 and 1.7 t C ha⁻¹ yr⁻¹, contributing to climate change mitigation while improving soil organic carbon levels(Basra & Lovatt, 2016; Emmanuel & Emmanuel, 2011; Khan et al., 2023a).

All these soil and environmental improvements translate into tangible productivity gains. Crop yields across cereals, legumes, and vegetables increased by 10–40% following applications of Moringa foliar sprays or compost (Basra & Lovatt, 2016; Emmanuel & Emmanuel, 2011; Khan et al., 2023a). The yield responses confirm the synergistic benefits of Moringa in improving plant nutrition, soil functionality, and regulation of microclimate.

In summary, this review affirms the high agronomic value of Moringa oleifera as a sustainable input for integrated soil fertility management and environmentally resilient agriculture. Its multifunctional role, spanning nutrient supply, soil health enhancement, biodiversity support, and yield improvement, makesMoringaa critical resource for smallholder and climate-smart farming systems in sub-Saharan Africa and beyond.
5.0 CONCLUSION AND RECOMMENDATIONS
5.1 Conclusion

This review affirms the effectiveness ofMoringa oleiferaas a valuable bio-input for boosting soil fertility, increasing crop productivity, and fostering environmental resilience in small-scale agricultural systems. Its application has shown to increase vital soil fertility indicators, which includemoisture retention, microbial activity, cation exchange capacity, organic matter content, and nutrient uptake (N, P, and K). Moringa oleifera has ecological value, which is further supported by environmental benefits such as carbon sequestration, pollinator support, and runoff reduction. In addition, observed yield improvements ranging from 10% to 40% across various crops, emphasise its practical utilisation in low-input and rain-fed agricultural conditions. It is, therefore, evident that Moringa oleiferais an essential product for climate-smart agricultural intensification in sub-Saharan Africa.

5.2 Recommendations

i. It is recommended that further longitudinal and multi-location field trials should be conducted to determine optimal rates of Moringa oleiferaapplication, treatment methods (e.g., foliar sprays or compost), and responses of specific crops under different agroecological zones.
ii. Agricultural extension services should include Moringa oleifera in training programs to educate farmers on its benefits, preparation techniques, and integration into existing cropping systems.
iii. Private-sector involvement in the production and distribution of Moringa-based agricultural inputs should be promoted to ensure smallholder farmers have better access to these resources.
iv. Monitoring frameworks should be established to assess adoption levels, environmental impacts, and yield improvements, thereby supporting data-driven revisions to national soil fertility initiatives.
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