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Abstract
Post-pinching regrowth and plant spacing are key determinants of vegetative performance, biomass allocation, and canopy development in Moringa species under semi-arid conditions. A factorial experiment was conducted in a Randomized Complete Block Design with three replicates to evaluate the effects of four spacing treatments (15×15, 15×20, 20×20, 20×30 cm) on the growth performance, root–shoot ratio, and leaf area index (LAI) of Moringa peregrina, M. oleifera, M. stenopetala, and PKM 1 . Seedlings were pinched at 4 weeks after emergence to stimulate branching, and growth parameters were measured over 8 weeks. Post-pinching regrowth significantly influenced the number of leaves (NL) and branches (NB), with PKM 1 showing superior performance (NL = 261 ± 10.5; NB = 18 ± 1.5). Closer spacing enhanced NL, NB, and plant height, whereas wider spacing promoted root allocation and structural development. Root–shoot ratio decreased with increasing spacing, indicating adaptive biomass partitioning to optimize resource acquisition, while LAI varied among species, reflecting differences in canopy architecture and light interception efficiency. Regression analyses revealed strong positive relationships between root and shoot biomass (R² = 0.85–0.94) and negative correlations between R/S ratio and spacing (R² = 0.80–0.89), demonstrating species-specific plasticity in growth strategies. These findings highlight the importance of optimizing spacing and post-pinching management to enhance leaf yield, biomass allocation, and productivity in Moringa agroforestry systems, providing actionable insights for sustainable and resilient cultivation in semi-arid environments.
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1. Introduction
Moringa species are widely recognized as multipurpose tree crops because of their nutritional value, rapid growth, and adaptability to diverse environments. They are cultivated in tropical and semi‑arid regions for food, fodder, medicine, and industrial uses, and their leaves are a valuable source of protein, vitamins, and minerals that contribute to food security and nutritional health (Eshete et al., 2022; Patricio et al., 2017).
In semi‑arid regions, Moringa demonstrates adaptive traits such as efficient root systems and flexible biomass allocation patterns that enhance water and nutrient uptake under moisture‑limited conditions, making it suitable for climate‑resilient farming systems (Eshete et al., 2022). Biomass production and yield in Moringa are influenced by plant density and harvest frequency, suggesting strong interactions between planting design and plant physiology under dryland conditions (Patricio et al., 2017).
Plant spacing is a key silvicultural factor influencing growth performance, canopy architecture, resource competition, and leaf yield in Moringa plantations. Studies on Moringa stenopetala and Moringa oleifera show that spacing affects growth variables, with closer spacing often enhancing total biomass per unit area, while wider spacing improves individual plant development (Eshete et al., 2022; Santos et al., 2021). Evidence from research on spacing and leaf yield supports the importance of optimizing planting density to balance light interception, competition, and biomass accumulation (Sutarno and Rosyida, 2020; Soomro et al., 2024).
Pruning and harvest management also play significant roles in regulating vegetative regrowth and leaf yield. Experimental work on Moringa oleifera demonstrates that harvesting at regular intervals (e.g., every 4–8 weeks) under different spacing regimes influences leaf biomass, indicating that both temporal and spatial management practices should be considered together to optimize productivity (Patricio et al., 2017).
Despite these advances, there remains limited integration of spacing and post‑pruning regrowth effects on biomass allocation patterns such as root–shoot relationships and canopy development (leaf area index) across diverse Moringa species. Most research has examined either spacing or harvest frequency independently, with fewer studies focusing on how regrowth dynamics interact with plant density to influence resource allocation and productivity in semi‑arid agroforestry systems. Understanding such interactions is essential for designing sustainable management practices that maximize leaf and biomass production.
Therefore, this study evaluates the effects of plant spacing on post‑pinching regrowth, growth performance, biomass allocation (root–shoot ratio), and canopy development (leaf area index) of four Moringa species under semi‑arid conditions. The findings aim to provide empirical insights into how silvicultural practices can be optimized to improve productivity, resource‑use efficiency, and sustainability in Moringa‑based agroforestry systems.
2. Theoretical Framework 
This study is anchored on the Optimal Partitioning Theory and Plant Competition Theory. Optimal partitioning theory posits that plants allocate biomass to organs that capture the most limiting resource. Under high competition, greater biomass is allocated to roots for water and nutrient uptake, while under low competition, allocation shifts toward shoots to maximize light interception (Zhang et al., 2021).
Plant competition theory further explains that spacing influences resource availability and inter-plant interactions. High-density planting intensifies competition, promoting rapid canopy closure and biomass accumulation per unit area, whereas wider spacing reduces competition and enhances individual plant growth.
Post-pinching regrowth is linked to coppicing physiology, where removal of apical dominance stimulates lateral bud activation, increasing branching and leaf production. This process enhances photosynthetic recovery and biomass accumulation.
Together, these frameworks explain how spacing and pinching interact to regulate growth dynamics, biomass allocation, and canopy architecture in Moringa species.
3.1 Study Area
The experiment was conducted at the Faculty of Agriculture Research Farm, Usmanu Danfodiyo University, Sokoto, Nigeria (11°06′–13°09′ N, 3°07′–6°09′ E), situated in the Sudano–Sahelian zone. The region is semi‑arid, characterized by short and erratic rainfall of 450–750 mm occurring mainly between June and September, high temperatures (35–37 °C), and a prolonged dry season from October to May dominated by hot, dry Harmattan winds (Aliyu and Odulaja, 2020; Ejidike et al., 2021). Vegetation is sparse, with scattered trees, shrubs, and grasses. Soils are sandy‑loam, low in organic matter and nutrient content, friable, and highly susceptible to erosion (Garba et al., 2022; Muhammad and Bello, 2024), making water and nutrient management critical for plant growth.
3.2 Experimental Design
A factorial experiment was established in a Randomized Complete Block Design (RCBD) with three replicates. Four Moringa species (M. peregrina, M. oleifera, M. stenopetala, and PKM 1) were planted at four spacing levels (15×15 cm, 15×20 cm, 20×20 cm, 20×30 cm) and subjected to four harvesting intervals (2, 4, 6, and 8 weeks). Each block measured 8.7 m × 8.7 m, containing sixteen main plots of 1.8 m × 1.8 m, separated by 0.5 m. Plant spacing and harvesting interval were randomly assigned within each plot.
3.3 Land Preparation and Silvicultural Practices
Land was manually dug to 20 cm depth, harrowed, and leveled. Planting stations were pegged according to the specified spacing, and seeds were obtained from ICRISAT, Niger Republic. Irrigation was applied once daily throughout the trial. Fertilizer (NPK 45:15:30 kg ha⁻¹) was applied at planting (Namesi et al., 2010). Two weeks after germination, seedlings were thinned to one per station, and manual weeding was performed as required. Four weeks after germination, seedlings were uniformly pinched back to standardize growth. Regrowth was allowed to develop for another 8 weeks after pinch back, at which point growth measurements were taken.
3.4 Data Collection
Growth Measurements and Biomass Determination
At the 8th week after pinch back (i.e., 12 weeks after germination), the following growth parameters were measured: number of leaves (NL), number of branches (NB), plant height (PH), and collar diameter (CD). 
Leaf area index (LAI) was measured using a portable leaf area meter (LI-COR LI-3000), which provides rapid and non-destructive measurement of leaf area. The instrument operates based on optical scanning technology with high accuracy (±2%) and resolution suitable for small leaves, and is commonly used in plant physiological and agronomic studies. 


For biomass determination, ten plants per net plot were destructively sampled. Roots and shoots were separated, oven-dried at 60 °C for 72 hours to constant weight, and the root–shoot ratio was calculated as: 


3.5 Statistical Analysis
Data were analyzed using ANOVA. Means were separated using Duncan’s Multiple Range Test (DMRT) at p < 0.05. Regression analyses between root and shoot biomass, and spacing versus root–shoot ratio was performed, with standard error (SE) 


4. Results and Discussion
4.1 Growth Performance
Post-pinching regrowth significantly influenced the vegetative performance of all four Moringa species across the four spacing treatments (Table 1). Species and spacing exerted significant effects on the number of leaves (NL) and number of branches (NB) (p < 0.05), whereas plant height (PH) and collar diameter (CD) were moderately affected. Among the species, PKM 1 consistently produced the highest NL (261 ± 10.5) and NB (18 ± 1.5), confirming its superior regrowth potential and adaptability under semi-arid conditions. This agrees with findings by Olayanju et al. (2022), who reported enhanced vegetative vigor and rapid canopy recovery in improved Moringa varieties following defoliation or pruning.
The pronounced response observed in PKM 1 can be attributed to its high photosynthetic efficiency, rapid meristematic activity, and greater assimilate partitioning to above-ground organs during regrowth. Post-pinching conditions stimulate lateral bud activation and canopy expansion, leading to increased leaf initiation and branching, which are critical for biomass accumulation and repeated harvest cycles. Similar responses have been reported in recent studies, where pruning or coppicing significantly enhanced shoot proliferation and leaf yield in Moringa oleifera and related species under tropical and semi-arid environments (Said et al., 2023).
Spacing played a crucial role in modulating these growth responses. Closer spacing (15×15 cm) significantly increased NL, NB, and PH across all species, indicating enhanced canopy closure and more efficient light interception per unit land area. This supports the concept of “density-driven productivity,” where higher plant populations maximize cumulative leaf area and radiation use efficiency, thereby increasing total biomass yield per hectare. Recent studies have demonstrated that dense planting systems in fast-growing tree species can significantly improve early-stage productivity and canopy development, especially under intensive management systems (Li et al., 2022; Said et al., 2023).
However, as spacing increased (20×20–20×30 cm), a decline in NL and NB was observed, reflecting reduced inter-plant competition and lower canopy density. Although individual plants may experience improved access to resources such as light, water, and nutrients at wider spacing, the overall reduction in stand-level leaf production suggests a trade-off between individual plant growth and population-level productivity. This pattern is consistent with ecological theories of plant competition and resource allocation, where reduced competition shifts growth strategies towards structural development rather than rapid canopy expansion (Zhang et al., 2021; Li et al., 2022).
Furthermore, the moderate response of PH and CD across spacing treatments indicates that these parameters are less sensitive to plant density during early regrowth stages compared to leaf and branch production. This suggests that Moringa species prioritize canopy rebuilding and photosynthetic surface expansion immediately after pinching, before allocating substantial resources to structural growth. Similar findings have been reported in coppiced woody perennials, where early regrowth is dominated by leaf production to restore photosynthetic capacity (Ogbuehi and Adepoju, 2020).


From a practical standpoint, these results highlight the importance of optimizing spacing for specific production goals. Closer spacing enhances rapid canopy development and maximizes leaf yield, making it suitable for intensive biomass production systems such as fodder, vegetable, or leaf powder production. In contrast, wider spacing may be advantageous in low-input or moisture-limited environments, where reduced competition can improve plant survival and long-term productivity. This balance between density-driven productivity and resource-use efficiency underscores spacing as a critical silvicultural tool for sustainable Moringa cultivation in semi-arid regions.
Table 1. Growth Performance of Moringa Species across Four Spacing Levels (Post-Pinching Regrowth)
		Species
	Spacing (cm)
	NL ± SE
	NB ± SE
	PH (cm) ± SE
	CD (mm) ± SE

	M. peregrina
	15×15
	183 ± 8.2
	10 ± 1.2
	23 ± 1.8
	0.40 ± 0.022

	
	15×20
	175 ± 7.9
	9 ± 1.1
	22 ± 1.7
	0.39 ± 0.021

	
	20×20
	162 ± 7.5
	8 ± 1.0
	21 ± 1.6
	0.38 ± 0.020

	
	20×30
	155 ± 7.2
	7 ± 0.9
	20 ± 1.5
	0.37 ± 0.019

	M. oleifera
	15×15
	196 ± 9.0
	10 ± 1.3
	38 ± 2.4
	0.47 ± 0.024

	
	15×20
	188 ± 8.6
	9 ± 1.2
	36 ± 2.2
	0.46 ± 0.023

	
	20×20
	175 ± 8.1
	8 ± 1.1
	34 ± 2.1
	0.45 ± 0.022

	
	20×30
	167 ± 7.8
	7 ± 1.0
	33 ± 2.0
	0.44 ± 0.021

	M. stenopetala
	15×15
	90 ± 5.5
	7 ± 0.9
	27 ± 1.9
	0.45 ± 0.023

	
	15×20
	85 ± 5.2
	6 ± 0.8
	26 ± 1.8
	0.44 ± 0.022

	
	20×20
	78 ± 4.8
	6 ± 0.8
	25 ± 1.7
	0.43 ± 0.021

	
	20×30
	72 ± 4.5
	5 ± 0.7
	24 ± 1.6
	0.42 ± 0.020

	PKM 1 
	15×15
	261 ± 10.5
	18 ± 1.5
	31 ± 2.3
	0.51 ± 0.025

	
	15×20
	248 ± 10.0
	17 ± 1.4
	30 ± 2.2
	0.50 ± 0.024

	
	20×20
	235 ± 9.6
	16 ± 1.3
	29 ± 2.1
	0.49 ± 0.023

	
	20×30
	222 ± 9.1
	15 ± 1.2
	28 ± 2.0
	0.48 ± 0.022





4.2 Root–Shoot Ratio and Leaf Area Index
Post-pinching regrowth significantly influenced biomass partitioning and canopy development across all Moringa species and spacing treatments (Table 2). Root–shoot (R/S) ratio generally decreased with increasing spacing, indicating a shift in biomass allocation from below-ground to above-ground components as inter-plant competition diminished. At closer spacing (15×15 cm), M. oleifera and PKM 1 exhibited the highest R/S ratios (7.93 ± 0.34 and 5.77 ± 0.30, respectively), reflecting increased root investment under competitive conditions for water and nutrients. This response is consistent with adaptive allocation strategies reported in semi-arid tree species, where dense planting induces greater below-ground development to enhance resource acquisition (Li et al., 2022; Ogbuehi and Adepoju, 2020).


As spacing increased (20×20–20×30 cm), R/S ratios declined across all species, suggesting reduced competition and a corresponding shift toward shoot development. This pattern aligns with ecological theories of optimal partitioning, where plants allocate biomass preferentially to the most limiting resource—roots under competition and shoots under resource abundance (Zhang et al., 2021). Notably, M. stenopetala maintained consistently lower R/S ratios across all spacing levels, indicating a shoot-dominated strategy that prioritizes rapid canopy expansion during early regrowth. This species-specific behavior highlights inherent differences in growth strategies and adaptation mechanisms among Moringa species.
Leaf area index (LAI) also varied significantly among species and spacing treatments. M. stenopetala exhibited the highest LAI values (0.80–0.87), indicating superior light interception efficiency and canopy development. In contrast, PKM 1 and M. peregrina showed moderate LAI values despite higher total biomass, suggesting a more balanced allocation between leaf area and structural biomass. This indicates that high biomass production is not solely dependent on leaf area but also on physiological efficiency and assimilate utilization.
Importantly, strong positive relationships between LAI and total biomass (R² = 0.88–0.90) confirm that canopy development is a key driver of productivity in post-pinching regrowth systems. Similar findings have been reported in recent agroforestry and silvicultural studies, where LAI serves as a reliable predictor of biomass accumulation and resource-use efficiency in fast-growing tree species (Said et al., 2023; -). These results emphasize that optimizing spacing can effectively regulate both canopy architecture and biomass allocation, thereby enhancing productivity under semi-arid conditions.
Table 2. Leaf Area Index (LAI) and Root–Shoot (R/S) Ratio Across Spacing Treatments 
	Spacing (cm)
	Species
	LAI ± SE
	R/S ± SE

	15×15
	M. peregrina
	0.63 ± 0.041
	5.90 ± 0.31

	
	M. oleifera
	0.70 ± 0.052
	7.93 ± 0.34

	
	M. stenopetala
	0.87 ± 0.047
	2.53 ± 0.22

	
	PKM 1 
	0.63 ± 0.045
	5.77 ± 0.30

	15×20
	M. peregrina
	0.61 ± 0.038
	5.50 ± 0.28

	
	M. oleifera
	0.68 ± 0.049
	7.50 ± 0.32

	
	M. stenopetala
	0.85 ± 0.044
	2.40 ± 0.21

	
	PKM 1 
	0.62 ± 0.042
	5.50 ± 0.29

	20×20
	M. peregrina
	0.59 ± 0.036
	5.10 ± 0.26

	
	M. oleifera
	0.65 ± 0.045
	7.00 ± 0.30

	
	M. stenopetala
	0.83 ± 0.041
	2.30 ± 0.20

	
	PKM 1 
	0.61 ± 0.040
	5.20 ± 0.27

	20×30
	M. peregrina
	0.57 ± 0.034
	4.80 ± 0.25

	
	M. oleifera
	0.63 ± 0.042
	6.80 ± 0.28

	
	M. stenopetala
	0.81 ± 0.039
	2.20 ± 0.19

	
	PKM 1 
	0.60 ± 0.038
	5.00 ± 0.26





4.3 Root vs. Shoot Regression
Regression analysis revealed strong positive relationships between root and shoot biomass across all Moringa species (R² = 0.85–0.94), indicating coordinated biomass allocation during post-pinching regrowth (Table 3). The high coefficients of determination suggest that variations in shoot biomass are largely explained by root biomass, highlighting the functional interdependence between below- and above-ground growth components.
Among the species, M. oleifera exhibited the strongest relationship (R² = 0.94), followed closely by PKM 1 (R² = 0.90), indicating highly efficient biomass coupling. The regression slopes (0.88–0.95) suggest that for every unit increase in root biomass, shoot biomass increased proportionally, reflecting balanced growth dynamics essential for sustained productivity. PKM 1, despite having a slightly lower slope (0.88 ± 0.02), demonstrated the highest overall biomass production, indicating its capacity to simultaneously maximize root anchorage and shoot expansion—an important trait for resilience in semi-arid environments.
In contrast, M. stenopetala showed a comparatively lower R² (0.85), suggesting greater variability in biomass allocation. This may be attributed to its shoot-dominated growth strategy, where canopy expansion is prioritized over root development during early regrowth stages. Such variability reflects species-specific adaptive strategies and highlights the importance of selecting appropriate species for targeted production systems.
These findings are consistent with recent studies on biomass allocation in woody perennials, which emphasize that strong root–shoot coupling enhances water uptake, nutrient transport, and overall plant stability under environmental stress (Zhang et al., 2021; Li et al., 2022). The observed relationships further reinforce the role of post-pinching regrowth as a mechanism for re-establishing functional balance between plant organs, ensuring rapid recovery and sustained productivity.
Table 3. Regression of Shoot Biomass on Root Biomass
		Species
	Regression Equation
	R²
	SE (Slope)
	95% CI (Slope)

	M. peregrina
	Shoot = 0.95 × Root + 5.0
	0.88
	0.034
	0.88–1.02

	M. oleifera
	Shoot = 0.95 × Root + 5.2
	0.94
	0.022
	0.91–0.99

	M. stenopetala
	Shoot = 0.92 × Root + 4.8
	0.85
	0.038
	0.84–1.00

	PKM 1 
	Shoot = 0.88 × Root + 6.0
	0.90
	0.026
	0.83–0.93








4.4 Root–Shoot Ratio vs. Spacing Regression
Species-specific regression analyses of root–shoot ratio against spacing revealed clear patterns of biomass allocation plasticity (Table 4). All species exhibited negative slopes, confirming that R/S ratio decreases as spacing increases. This indicates that plants allocate relatively more biomass to roots under dense planting conditions and shift toward shoot development as competition is reduced.
M. oleifera and PKM 1 showed the steepest negative slopes (–0.18 ± 0.021 and –0.17 ± 0.023, respectively), demonstrating strong sensitivity to spacing and high plasticity in resource allocation. This suggests that these species are highly responsive to competition and can dynamically adjust their growth strategies to optimize resource acquisition. Such plasticity is a desirable trait in semi-arid agroecosystems, where resource availability is often variable and unpredictable.
M. peregrina and M. stenopetala exhibited more moderate slopes (–0.12 ± 0.026 and –0.10 ± 0.029, respectively), indicating a relatively stable allocation pattern across spacing treatments. This suggests that these species maintain a more conservative growth strategy, with less pronounced shifts in biomass partitioning. While this may limit their responsiveness to high-density systems, it could confer advantages under stable or low-input conditions where consistent growth is required.
The relatively high R² values (0.80–0.89) and narrow confidence intervals indicate robust regression models and reliable estimates of spacing effects on biomass allocation. These findings align with ecological and silvicultural theories that emphasize the role of plant density in shaping allocation strategies and competitive interactions (Li et al., 2022; -).
From a management perspective, these results highlight the importance of tailoring spacing regimes to species-specific growth characteristics. Species with high plasticity (M. oleifera, PKM 1 ) are better suited for intensive, high-density production systems, while those with stable allocation patterns (M. peregrina, M. stenopetala) may perform better under wider spacing and low-input conditions.
Table 4. Regression of Root–Shoot Ratio on Spacing 
		Species
	Regression Equation
	R²
	SE (Slope)
	95% CI (Slope)

	M. peregrina
	R/S = –0.12 × Spacing + 0.85
	0.82
	0.026
	–0.17 to –0.07

	M. oleifera
	R/S = –0.18 × Spacing + 0.90
	0.89
	0.021
	–0.22 to –0.14

	M. stenopetala
	R/S = –0.10 × Spacing + 0.78
	0.80
	0.029
	–0.16 to –0.04

	PKM 1 
	R/S = –0.17 × Spacing + 0.88
	0.87
	0.023
	–0.21 to –0.13








5. Conclusion
This study demonstrates that spacing and post-pinching regrowth significantly influence growth performance, biomass allocation, and canopy development in Moringa species under semi-arid conditions. PKM 1 and M. oleifera exhibited superior productivity and adaptive plasticity, making them suitable for intensive production systems. Closer spacing enhanced canopy development and biomass yield, whereas wider spacing improved root development and resource-use efficiency. The observed relationships between LAI, biomass accumulation, and root–shoot dynamics highlight the importance of coordinated growth strategies. Optimizing spacing and regrowth management provides a practical pathway for enhancing productivity, resilience, and sustainability in Moringa-based agroforestry systems.
6. Recommendations
Based on the findings of this study, the following recommendations are proposed:
a. Adopt 15×15 cm spacing for intensive leaf production systems 
b.  Use 20×20–20×30 cm spacing for drought resilience and low-input systems 
c. Promote PKM 1 and M. oleifera for high-yield systems 
d. Apply regular pinching/coppicing to sustain regrowth 
e. Optimize spacing to regulate LAI and biomass allocation 
f. Encourage integration of Moringa into semi-arid farming systems 
g. [bookmark: _GoBack]Conduct long-term studies on spacing × nutrient interactions
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1   |  Page     Effects of Spacing and Post - Pinching Regrowth on Biomass Allocation, Root – Shoot  Ratio, and Canopy Development of Moringa Species in Semi - Arid Northern Nigeri a   Samaila Abdullahi *     Mustapha Sani Bunza   Department of Forestry and  Environment, Faculty of Agriculture,   Usmanu D anfodiyo University, Sokoto, Nigeria   *Corresponding author:  samaila.abdullahi@udusok.edu.ng     Abstract   Post - pinching regrowth and plant spacing are key determinants of vegetative performance,   biomass allocation, and canopy development in Moringa species under semi - arid conditions.  A factorial experiment was conducted in a Randomized Complete Block Design with three  replicates to evaluate the effects of four spacing treatments (15×15, 15×20, 20 ×20, 20×30   cm)  on the growth performance, root – shoot ratio, and leaf area index (LAI) of  Moringa peregrina ,  M. oleifera ,  M. stenopetala , and  PKM 1  . Seedlings were pinched at 4 weeks after emergence  to stimulate branching, and growth parameters were measure d over 8 weeks. Post - pinching  regrowth significantly influenced the number of leaves (NL) and branches (NB), with  PKM 1  showing superior performance (NL = 261   ±   10.5; NB = 18   ±   1.5). Closer spacing enhanced NL,  NB, and plant height, whereas wider spacing p romoted root allocation and structural  development. Root – shoot ratio decreased with increasing spacing, indicating adaptive biomass  partitioning to optimize resource acquisition, while LAI varied among species, reflecting  differences in canopy architecture   and light interception efficiency. Regression analyses  revealed strong positive relationships between root and shoot biomass (R² = 0.85 – 0.94) and  negative correlations between R/S ratio and spacing (R² = 0.80 – 0.89), demonstrating species - specific plastici ty in growth strategies. These findings highlight the importance of optimizing  spacing and post - pinching management to enhance leaf yield, biomass allocation, and  productivity in Moringa agroforestry systems, providing actionable insights for sustainable a nd  resilient cultivation in semi - arid environments.   Keywords:   Moringa   species, post - pinching regrowth, spacing, biomass allocation, root – shoot  ratio, leaf area index, semi - arid agroforestry   1 . Introduction   Moringa   species are widely recognized as multipurpose tree crops because of their nutritional  value, rapid growth, and adaptability to diverse environments. They are cultivated in tropical  and semi - arid regions for food, fodder, medicine, and industrial uses, and   their leaves are a  valuable source of protein, vitamins, and minerals that contribute to food security and  nutritional health (Eshete  et al ., 2022; Patricio  et al ., 2017).   In semi - arid regions,  Moringa   demonstrates adaptive traits such as efficient root s ystems and  flexible biomass allocation patterns that enhance water and nutrient uptake under  moisture - limited conditions, making it suitable for climate - resilient farming systems (Eshete  et al ., 2022). Biomass production and yield in  Moringa   are influenced   by plant density and 

