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Abstract 

A field experiment was conducted during 2022–23 to 2024–25 at the AICRPDA Research Farm, Tamil 

Nadu Agricultural University, Kovilpatti, India, to evaluate climate-smart agri-horti systems 

integrating aonla (Phyllanthus emblica Gaertn.) and custard apple (Annona squamosa L.) with annual 

intercrops under rainfed conditions. The experiment, laid out in a split-plot design with three 

replications, included fruit tree species as main plots and blackgram (Vigna mungo L.), greengram 

(Vigna radiata L.), clusterbean (Cyamopsis tetragonoloba L.), and foxtail millet (Setaria italica L.) as sub-

plot treatments. Custard apple–based systems consistently produced higher fruit yield (2674–3306 kg 

ha⁻¹), intercrop biomass, and blackgram equivalent yield (1337–1653 kg ha⁻¹) than aonla-based 

systems (1980–2538 kg ha⁻¹ of fruit yield), and 891–1142 kg ha⁻¹ of blackgram equivalent yield of 

intercrops, respectively), primarily due to improved light availability and favourable canopy 

architecture. Clusterbean and foxtail millet recorded the highest intercrop yields, whereas pulse 

intercrops enhanced tree growth, soil nitrogen availability, and system sustainability through 

biological nitrogen fixation. Maximum rainwater use efficiency and land equivalent ratio were 

achieved under custard apple + clusterbean and aonla + foxtail millet combinations, indicating 

superior resource-use efficiency. Relative economic efficiency peaked in aonla + foxtail millet 

(341.2%), while the highest system profitability was recorded in custard apple + foxtail millet (₹352.4 

ha⁻¹ day⁻¹). Soil fertility improved significantly over the study period, with increases in soil organic 

carbon (1.05–1.76 g kg⁻¹), available nitrogen (9–11 kg ha⁻¹), and potassium (8–14 kg ha⁻¹), particularly 

under pulse-based systems, whereas available phosphorus in soil remained unchanged. The study 

demonstrates that integrating short-duration legumes and millets with perennial fruit trees enhances 

productivity, profitability, rainwater-use efficiency, and soil health, providing a resilient and 

sustainable strategy for intensifying rainfed agroecosystems. 

Keywords: agri-horti system; Aonla; custard apple; intercropping; Pulses; rainwater use efficiency; 

soil fertility; system productivity 

 

1. Introduction 

Agriculture plays a crucial role in India’s economy by supporting livelihoods, ensuring food 

security and contributing substantially to national income. However, agricultural production is 

increasingly constrained by climate change, manifested through rising temperatures, erratic rainfall 

pa�erns, and a higher frequency of extreme weather events. These climatic stresses have intensified 
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land degradation, posing a significant challenge to sustainable agricultural development. It has been 

reported that nearly 29% of India’s total geographical area (96.4 million ha) is affected by land 

degradation due to soil erosion, deforestation, salinity, wind erosion, overgrazing, frost action, and 

anthropogenic pressures such as mining, urbanization, and industrialization (Periasamy and 

Shanmugam, 2022). 

At the global level, agricultural expansion and intensification are among the major drivers of 

deforestation, contributing approximately 11% of total forest loss. These concerns highlight the need 

for land-use systems that enhance agricultural productivity while maintaining environmental 

integrity. Agroforestry, which integrates trees with crops and/or livestock, has emerged as a 

sustainable land-use option capable of addressing these challenges. Agroforestry systems operate 

across multiple spatial scales and are recognized for improving resource-use efficiency, ecological 

stability, and socio-economic resilience (Van Noordwijk, 2019; Cardinael et al., 2021). The inclusion 

of trees in agricultural landscapes modifies the microclimate by reducing temperature extremes, 

enhancing soil moisture retention, and mitigating the adverse impacts of climatic variability, thereby 

reducing production risks. 

Aonla (Phyllanthus emblica L.) is a hardy deciduous fruit tree native to the Indian subcontinent 

and well adapted to diverse agro-climatic conditions. Its tolerance to drought and poor soil fertility 

makes it particularly suitable for rainfed and marginal environments (Bhatia et al., 2022). The fruit is 

valued for its high nutritional and medicinal a�ributes, especially its exceptional vitamin C content 

and antioxidant properties (Singh et al., 2019). Owing to these characteristics, aonla-based 

agroforestry systems have gained a�ention for their potential to enhance farm income while 

promoting ecological sustainability. 

Custard apple (Annona squamosa L.), commonly known as sugar apple, is an important fruit crop 

of tropical and subtropical regions. In India, it is predominantly cultivated in semi-arid and rainfed 

areas where its low input requirement and adaptability to harsh climatic conditions make it an 

important livelihood crop for resource-poor farmers (ICAR, 2025). Custard apple fruits are rich in 

carbohydrates, vitamin C, dietary fibre, potassium, magnesium, and antioxidants, contributing to 

their growing recognition as functional foods. Additionally, various plant parts have been 

traditionally used for their pharmacological properties, including antioxidant, anti-inflammatory, 

antidiabetic, and antimicrobial activities (Verma et al., 2025). 

The global population is projected to reach 8.5 billion by 2030 and 9.7 billion by 2050, intensifying 

the demand for food production under limited natural resources (United Nations, 2022). This 

scenario necessitates diversification of cropping systems and the adoption of resilient production 

strategies capable of sustaining productivity under climate stress. Intercropping has been identified 

as an effective approach to improve land-use efficiency and resource utilization, particularly in 

orchard-based production systems. 

Intercropping involves the simultaneous cultivation of two or more crops on the same land unit 

in a defined spatial arrangement (Das et al., 2019). Fruit crops are perennial and require several years 

to reach full bearing capacity, during which substantial inter-row spaces remain underutilized. The 

introduction of suitable intercrops during this juvenile phase enhances resource-use efficiency, 

provides additional income, and improves soil health. Intercrops also act as cover crops, suppress 

weed growth, reduce soil erosion, and benefit from the irrigation and nutrient inputs applied to the 

orchard system (Bakshi et al., 2019). The incorporation of crop residues further improves soil organic 

ma�er content and nutrient cycling, contributing to long-term sustainability. 

In rainfed and dryland regions, agri-horticultural systems integrating compatible intercrops can 

improve water-use efficiency, conserve soil fertility, and stabilize farm income, thereby enhancing 

system resilience (Singh et al., 2020). The success of such systems depends on the selection of 

intercrops that minimize competition with fruit trees for water, nutrients, and light. Pulses and 

millets, owing to their short duration, drought tolerance, and low nutrient requirements, are 

particularly suitable for integration into orchard-based systems. Several studies have reported yield 
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advantages of intercropping over sole cropping due to improved overall system productivity (Willey, 

1979). 

Despite the recognized benefits of agroforestry and intercropping systems, scientific information 

on the integration of pulses and millets which are primarily grown as rainfed crops within aonla- and 

custard apple-based agri-horticultural systems is limited. Therefore, the present study was 

undertaken to evaluate the performance of selected intercrops under aonla- and custard apple-based 

agri-horti systems in terms of growth, yield, resource-use efficiency, and economic viability. 

2. Materials and Methods 

2.1.1. Site Specification and Characteristics 

The present study, on Climate-Smart Aonla and Custard Apple Agri-Horti Systems for 

Enhanced Yield and Soil Sustainability under Rainfed Conditions was conducted during December 

2022–23 to 2024–25 at the AICRPDA Research Farm, Agricultural Research Station, Tamil Nadu 

Agricultural University (TNAU), Kovilpa�i, Thoothukudi district, Tamil Nadu, India. The 

experimental site is located in the southern agro-climatic zone of Tamil Nadu, geographically 

positioned at 9.4646° N latitude and 77.7987° E longitude, with an altitude of approximately 90 m 

above mean sea level (Appendix A.1). 

The region experiences a semi-arid tropical climate, characterized by hot days and moderately 

cool nights. Based on thirty years of climatological data, the relative humidity ranges from 48.2 to 

80.3%. The mean maximum and minimum temperatures are 35.3 °C and 22.4 °C, respectively. The 

area receives an average annual rainfall of 732.7 mm, distributed over approximately 42 rainy days. 

The average evapotranspiration rate is 6.5 mm day⁻¹, with a mean sunshine duration of 6.9 hours 

day⁻¹ and an average wind velocity of 5.7 km h⁻¹. During the NEM where the cropping was done 

experienced with the mean maximum and minimum temperatures are 32.3 °C and 21.4 °C, 

respectively. The area receives an average seasonal rainfall of 407.4 mm, distributed over 

approximately 22 rainy days. The average evapotranspiration rate is 4.1 mm day⁻¹, with a mean 

sunshine duration of 5.5 hours day⁻¹ and an average wind velocity of 3.5 km h⁻¹. However, the 

weather parameters including soil moisture prevailed during the cropping periods was depicted in 

the (Appendix B) 

2.1.2. Soil Properties of the Experimental Site 

The soil of the experimental site sampled at a depth of 0–15 cm and the soil physico-chemical 

characteristics of the soil done as per the standard analytical procedures. It was found clayey in 

texture and slightly alkaline in reaction, with a pH ranging from 8.14 to 8.17 and non – saline (EC 0.10 

and 0.13 dS m⁻¹). The soil organic carbon content was in the range of 3.02 to 5.18 g kg⁻¹. Available 

nitrogen, phosphorus, and potassium contents were low, low and high with 160 to 168, 11.3 to 11.5 

and 434 to 446 kg ha⁻¹, respectively. The soil field capacity ranged from 33.9 to 35.8 per cent and a 

permanent wilting point of 14 per cent. 

2.1.3. Experimental Design and Treatments 

The experiment was laid out in a split-plot design with three replications. The main-plot 

treatments consisted of two horti-fruit tree species, namely aonla (Phyllanthus emblica L.) cv. NA-7 

(M₁) and custard apple (Annona squamosa L.) cv. APK-1 (M₂). The sub-plot treatments comprised 

four intercrops: blackgram (Vigna mungo L.) cv. VBN-11 (S₁), greengram (Vigna radiata L.) cv. VBN-

5 (S₂), cluster bean (Cyamopsis tetragonoloba L.) cv. Pusa Navbahar (S₃), and foxtail millet (Setaria 

italica L.) cv. CO-7 (S₄). Five years old Aonla and custard apple was maintained with spacing of 5.0 x 

5.0 m and the intercrops viz., Clusterbean sown at 45 x15 cm, Blackgram / greengram sown at 30 x 10 

cm and Foxtail millet with 22.5 x 10 cm. 
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The recommended dose of fertilizers applied was 12.5 kg N, 25 kg P₂O₅, and 12.5 kg K₂O ha⁻¹ for 

blackgram, greengram, and cluster bean; and 44 kg N and 22 kg P₂O₅ ha⁻¹ for foxtail millet. For 

custard apple, fertilizers were applied at 0.25:0.12:0.25 kg N: P₂O₅: K₂O tree⁻¹ year⁻¹ along with 50 kg 

FYM tree⁻¹ year⁻¹, while aonla received 0.25:0.16:0.30 kg N: P₂O₅: K₂O tree⁻¹ year⁻¹ along with 50 kg 

FYM tree⁻¹ year⁻¹ during the minth of Sept to Oct coincide with the onset of North East Monsoon. 

Each experimental plot had a gross area of 80 m² and a net plot area of 60 m². Standard agronomic 

practices were followed to raise a healthy crop, and all cultural operations were carried out uniformly 

across treatments. The intercropping geometry adopted in the experiment is illustrated in (Appendix 

C). 

2.2. Assessment Measures of Crop Performance 

2.2.1. Growth Characteristics and Yield of Intercrops 

Five plants were randomly tagged in each net plot for recording biometric observations. 

Observations on germination percentage, plant population per square metre, plant height (cm), days 

to first flowering, and leaf area index were recorded at appropriate crop growth stages. Grain and 

haulm yield of the intercrops were measured in kgs and expressed on a hectare basis following 

standard procedures. 

2.2.2. SPAD-502 Measurements 

SPAD-502 measurements were taken following the procedure described by Peng et al. (1993) 

using a chlorophyll meter (SPAD-502, Soil-Plant Analysis Development section, Minolta Camera Co. 

Ltd., Japan). Readings were recorded on the uppermost fully expanded leaves of five randomly 

selected plants at the flowering stage of the intercrops. The mean of these readings was computed for 

each plot and expressed as SPAD units. 

2.2.3. Light Interception (Lux Meter) 

Light intensity was measured using a hand-held lux meter between 10:30 and 11:00 a.m. at the 

flowering stage of the intercrops. In each plot, a single measurement was recorded above the fruit 

tree canopy. At ground level, light intensity readings were taken at five randomly selected locations 

and the mean value was computed. Based on the above-canopy and ground-level measurements, the 

percentage of light interception by the entire canopy was estimated. 

2.2.4. Crop Equivalent Yield (CEY): 

The yields of different intercrops were converted into equivalent yield of a single reference crop 

based on the prevailing market price of the produce. 

CEY (kg ha−1) = ∑( Yi×Pi/ Pr) 

where: 

Yi = Yield of the iᵗʰ intercrop (kg ha⁻¹) 

Pi = Market price of the iᵗʰ intercrop (₹ kg⁻¹) 

Pr = Market price of the reference (base) crop (₹ kg⁻¹) 

2.2.5. Land Equivalent Ratio (LER) 

The relative land area under sole crop that would be required to produce the equivalent yield 

under a mixed or an intercropping system at the same level of management 

LER = La + Lb = (Yab/ Yaa) + (Yba/Ybb) 

where, 

La and Lb are LER of crop a and crop b respectively; 

Yab : yield of crop a in intercropping; 

Yba : yield of crop b in intercropping; 
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Yaa : yield of crop a in pure stand ; 

Ybb : yield of crop b in pure stand 

2.2.6. Rainwater Use Efficiency: 

RWUE indicates the efficiency with which rainfall is converted into economic yield under 

rainfed conditions and is calculated as 

RWUE= Crop yield / Rainfall received 

where, 

 Crop yield (kg/ha or t/ha) 

 Rainfall (mm during the crop period) 

2.3. Assessment of Tree Parameters 

Four trees per treatment were randomly selected for recording observations on various growth 

parameters and fruit yield. Growth parameters were measured at the time of sowing of the intercrops, 

while fruit yield was recorded at the stage of fruit maturity. The methods adopted for measuring 

these a�ributes are described below. 

2.3.1. Tree Height (m)  

Tree height from base to tip of the tree was measured with the help of wooden rod and expressed 

in meters. 

2.3.2. Tree Diameter (cm) 

Tree diameter was measured in cm at breast height i.e., 1.37 m above the ground level with the 

help of tree caliper. 

2.3.3. Crown Spread (m2) 

The crown spread was measured in meters by holding the measuring tape beneath the canopy 

of the tree at points vertically under the tips of most extending branches from east to west and north 

to south directions. The average of the two was taken as crown spread. Crown spread was calculated 

using the following formula 

Crown spread = D1 + D2 / 2 

where; 

D1 = Crown spread in N-S direction (m) 

D2 = Crown spread in E-W direction (m) 

2.3.4. Fruit Yield Tree (kg) 

The total fruit harvested per tree was weighed and expressed as fruit yield kgha-1. 

2.4. Economic Analysis 

Gross and net returns were quantified for all the treatment combinations. The cost of inputs, 

labour wages and current market rate of farm produce were used for working out the economics. The 

benefit cost ratio for each treatment was also assessed by using the following formula. 

Gross return (Rs.ha-1) = Economic yield (kg ha-1) x Market value of the produce (Rs. kg-1) 

Net return (Rs.ha-1) = Gross return (Rs.ha-1) – Cost of cultivation (Rs.ha-1) 

Benefit: Cost ratio = Gross return (Rs. ha-1) / Cost of cultivation (Rs. ha-1) 

2.5. System Profitability (Rs/ha/day) 

System Profitability is the total net return realized per hectare area per year and divided by 365. 
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2.6. Relative Economic Efficiency 

Relative Economic Efficiency (REE) is an economic indicator used to compare the profitability of 

an intercropping system with that of a sole cropping system. It expresses how efficiently an 

intercropping system utilizes resources to generate additional net returns. Higher the economic 

efficiency be�er the system. REE is calculated as: 

��� = ��� – ���/�� 100 

where, 

DNR- Net return obtained under improved/diversified system 

ENR- Net return in the existing system. 

2.7. Statistical Analysis 

The data obtained from field observations and laboratory analyses were statistically analyzed 

using analysis of variance (ANOVA) following the procedure described by Gomez and Gomez (1984). 

The analysis was performed using R software. The standard error of difference (SEd ±) and critical 

difference (CD) at the 5 percent level of significance were computed to test the significance of 

treatment effects, while non-significant differences were denoted as NS. 

3. Results and Discussion 

3.1. Results of Component / Intercrops 

3.1.1. Plant Population and Height of Intercrops 

No significant difference was observed between the Aonla and Custard apple based systems of 

intercrops population. However, at harvest and it ranged from 12 to 42 plants m⁻², with significant 

variation among the intercrops. Foxtail millet recorded the highest population (40–41 plants m⁻²), 

followed by blackgram and greengram (30 plants m⁻² each). The variation in plant population may 

be a�ributed to differences in seed size, germination ability, early seedling vigour, and adaptability 

to rainfed conditions. Foxtail millet, owing to its small seed size, rapid germination, and strong early 

establishment, maintained a higher plant stand (Ramesh et al., 2023). In contrast, blackgram and 

greengram are more sensitive to soil moisture fluctuations during emergence, which may have 

resulted in comparatively lower plant populations (Sharmili & Manoharan, 2018). 

This section may be divided by subheadings. It should provide a concise and precise description 

of the experimental results, their interpretation, as well as the experimental conclusions that can be 

drawn. 

Plant height of intercrops responded positively under both Aonla and Custard apple based 

intercropping systems (Figure 5). The Custard apple based system recorded higher mean plant height 

(50.8 to 117.7 cm) than the Aonla based system (48.1 to 110.2 cm), likely due to its open and diffused 

canopy that enhances light penetration and reduces competition for moisture and nutrients (Singh et 

al., 2020; Bhadani et al., 2023). Among intercrops, foxtail millet a�ained the greater plant height (117.7 

cm), followed by cluster bean (61.8 cm), owing to rapid vertical growth, partial shade tolerance, and 

efficient resource use (Aravind et al., 2023). Clusterbean’s moderate shade tolerance and drought 

resilience further supported its growth under tree-based systems (Kushwah et al., 2017; Arif et al., 

2022). Blackgram recorded the lowest plant height (48.1 cm), possibly due to its sensitivity to 

competition for light and nutrients, especially under the Aonla canopy (Banerjee et al., 2021). The 

interaction effect showed that Custard apple + foxtail millet produced the maximum plant height 

(120.7 cm), followed by Aonla + foxtail millet, a�ributable to favorable canopy structure and 

complementary growth behavior (Aravind et al., 2023). The minimum height of 48.3 cm was observed 

in Aonla + blackgram, likely due to combined shading effects and poor adaptability of blackgram 

(Srivastav et al., 2023). 
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Custard apple based intercropping also promoted earlier flowering. Blackgram and greengram 

flowered earlier (32 to 33 days) under Custard apple than under Aonla (32 to 34 days), likely due to 

a moderated microclimate reducing stress and accelerating crop development (Basu et al., 2023). 

Clusterbean and foxtail millet flowered in 36 to 38 days under both the systems. 

 

Figure 5. Effect of Agri – horti system on growth parameters of intercrops: Plant height (cm). 

3.1.2. Leaf Area Index, SPAD Value and Light Intensity (%) 

Leaf Area Index (LAI) is a key physiological indicator of crop canopy development and radiation 

interception, with direct implications for photosynthetic performance, biomass production, and 

yield. Likewise, chlorophyll content, commonly assessed using SPAD readings, serves as an effective 

proxy for leaf nitrogen status and photosynthetic capacity, thereby influencing overall crop 

productivity. In the present investigation, neither LAI nor chlorophyll content exhibited significant 

variation between Aonla and Custard apple based agri-horti systems. Across the three years of study, 

LAI values ranged from 1.8 to 2.5 under the Aonla based system and from 1.9 to 2.6 under the Custard 

apple based system (Figure 6). Similarly, SPAD values varied from 27.3 to 31.2 in the Aonla system 

and from 27.9 to 31.5 in the Custard apple system (Figure 7). The absence of significant differences in 

LAI and chlorophyll content between the two agri-horti systems may be a�ributed to comparable 

availability of growth resources for the intercrops. Despite differences in canopy architecture, both 

tree-based systems likely ensured adequate light penetration, soil moisture, and nutrient supply, 

supporting normal leaf expansion and chlorophyll synthesis and thereby resulting in minimal 

variation in LAI and SPAD values (Asangi et al., 2019). 

 

Figure 6. Effect of Agri – horti system on LAI (Leaf Area Index) of intercrops . 
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Figure 7. Effect of Agri – horti system on SPAD value of intercrops. 

However, significant variation was observed among the intercrops with respect to LAI and 

chlorophyll content. Green gram and cluster bean consistently recorded higher LAI (2.5 to 2.6) across 

both agri-horti systems, irrespective of the tree species. The comparatively higher LAI in green gram 

and cluster bean may be a�ributed to their inherent growth characteristics, including profuse 

branching and rapid leaf expansion, which promote enhanced canopy development (Thirumal et al., 

2023; Hussain et al., 2022). Additionally, as leguminous crops, these intercrops benefit from biological 

nitrogen fixation, which supports sustained vegetative growth and greater leaf area development, 

even under partial shade conditions (Kebede, 2021). 

Chlorophyll content, as indicated by SPAD values, was highest in foxtail millet (31.2 to 31.5), 

which was statistically comparable to cluster bean (29.4 to 30.2) under both agri-horti systems. This 

response can be a�ributed to their efficient nitrogen uptake and utilization, resulting in enhanced 

chlorophyll synthesis and retention (Nadeem et al., 2018). Furthermore, foxtail millet, being a C4 crop, 

exhibits superior photosynthetic efficiency and greater chlorophyll stability, enabling it to maintain 

higher SPAD values under variable light environments typical of tree-based systems (Jiao Mao et al., 

2024). 

With respect to light availability (Figure 8), the Custard apple based agri-horti system allowed 

significantly greater light penetration (mean value of 66.7%) compared to the Aonla based system 

(mean value of 55.9%). This difference is likely associated with the relatively open and less dense 

canopy architecture of Custard apple trees. Enhanced light availability during the cropping period 

under the Custard apple system may have stimulated photosynthetic activity and chlorophyll 

retention in intercrops, thereby supporting higher LAI and SPAD values, particularly in light-

responsive crops as already reported by Asangi et al., 2019. 
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Figure 8. Effect of Agri – horti system on Light Intensity (%) of intercrops. 

3.1.3. Grain Yield and Blackgram Equivalent Yield of Intercrops 

The Aonla- and Custard apple based agri-horti systems exerted a significant influence on the 

grain and haulm / stover yields of the intercrops. Overall, higher mean intercrop yields were recorded 

under the Custard apple based system, where grain yields ranged from 850 to 3565 kg ha⁻¹ and haulm 

/ stover yields from 1731 to 6265 kg ha⁻¹. In comparison, the Aonla based system recorded grain yields 

of 830 to 3322 kg ha⁻¹ and haulm / stover yields of 1910 to 6490 kg ha⁻¹ (Figures 9 and 10). The superior 

intercrop productivity observed under the Custard apple based agri-horti system may be a�ributed 

to improved light availability and a more favourable microclimatic environment beneath the tree 

canopy (Jagdish, 2023). The relatively open canopy architecture of custard apple facilitates greater 

light penetration, which enhances leaf area development, chlorophyll content, and photosynthetic 

efficiency of intercrops, thereby supporting higher biomass accumulation and assimilate production 

and ultimately resulting in increased grain and haulm yields compared to the Aonla based system 

(Asangi et al., 2019). 

Among the intercrops, cluster bean produced the highest average grain yield (3322 to 3565 kg 

ha⁻¹) and haulm yield (5743 to 5952 kg ha⁻¹), irrespective of the fruit tree species, followed by foxtail 

millet, which recorded grain yields of 2155 to 2295 kg ha⁻¹ and haulm yields of 2625 to 2925 kg ha⁻¹. 

The lowest yields were obtained with blackgram. Overall, the Custard apple based system resulted 

in a 2.4 to 6.8% increase in grain yield and a 3.5 to 10.3% increase in haulm / straw yield over the 

Aonla based system. 

Interaction effects revealed that the Custard apple + cluster bean combination recorded the 

higher grain and haulm yields, which were statistically at par with the Aonla + cluster bean 

combination. These were followed by Custard apple + foxtail millet and Aonla + foxtail millet. The 

superior performance of cluster bean and foxtail millet based combinations under both agri-horti 

systems may be a�ributed to its higher shade tolerance and efficient utilization of nutrients and 

water, enabling stable productivity under varying light environments (Pannase et al., 2023). In 

contrast, the lowest yields were observed under Aonla + blackgram and Aonla + greengram 

combinations, which may be due to greater canopy shading, reduced photosynthetically active 

radiation, and increased interspecific competition, adversely affecting flowering, pod formation, and 

seed filling in these crops (Manoharan et al., 2023). 

 

Figure 9. Effect of Agri – horti system on grain Yield (kg/ha) of intercrops . 
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Figure 10. Effect of Agri – horti system on straw yield (kg/ha) of intercrops. 

The blackgram equivalent yield followed trends similar to those observed for individual 

intercrop yields. The Custard apple based agri-horti system recorded a higher mean blackgram 

equivalent yield (1143 kg ha⁻¹) compared to the Aonla based system yield of 1087 kg ha⁻¹. Among the 

intercrops, cluster bean registered the highest blackgram equivalent yield range of 1384 to 1485 kg 

ha⁻¹, followed by foxtail millet (1293 to 1377 kg ha⁻¹), while the lowest equivalent yield was recorded 

with blackgram (Figure 11). Interaction analysis further indicated that the Custard apple + cluster 

bean combination achieved the highest blackgram equivalent yield, reflecting optimal 

complementarity between tree canopy structure and intercrop growth (Hemalatha et al., 2025). 

Conversely, the lowest equivalent yields under Aonla + blackgram and Aonla + greengram 

combinations may be a�ributed to heightened interspecific competition and reduced photosynthetic 

efficiency, leading to lower yield realization. Similar observations have been found by Patle et al., 

2020. 

 

Figure 11. Effect of Agri – horti system on Blackgram Equivalent Yield (kg/ha) of intercrops. 

3.1.4. Rain Water Use Efficiency of Intercrops 

Rainwater Use Efficiency (RUE), expressed as the ratio of crop yield to total rainfall received 

during the cropping season, differed significantly among the intercrops evaluated. Cluster bean 

recorded the highest mean RUE (7.76 kg ha mm⁻¹) over the three years of experimentation (Figure 

12). The significantly higher RUE observed in cluster bean can be a�ributed to its superior capacity 

to convert available rainfall into economic yield. This crop possesses a well-developed root system 

and an efficient canopy architecture, which facilitate enhanced soil moisture extraction and reduced 

evaporative losses (Ramanjineyulu et al., 2024). Moreover, it’s relatively higher leaf area index and 

sustained chlorophyll content support efficient photosynthesis under rainfed conditions, thereby 
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improving biomass accumulation per unit of rainfall received. Among the agri-horti combinations, 

the Aonla + cluster bean system recorded a high RUE (7.24 kg ha mm⁻¹), likely due to complementary 

interactions between the tree and intercrop. Partial shading under the aonla canopy may have 

moderated soil temperature and minimized surface evaporation, resulting in improved soil moisture 

conservation and enhanced water uptake efficiency of cluster bean, ultimately leading to higher yield 

per unit of rainfall. These finding also corroborated with Kokila et al., 2024. 

 

Figure 12. Effect of Agri – horti system on Rain water use efficiency of intercrops. 

In contrast, greengram and blackgram exhibited markedly lower RUE values, each recording 

less than 2.0 kg ha mm⁻¹. The lower RUE in these crops may be a�ributed to their comparatively 

shallow root systems and limited tolerance to intermi�ent moisture stress under rainfed conditions. 

Restricted canopy development and reduced photosynthetic efficiency under suboptimal soil 

moisture further constrained effective utilization of rainfall, leading to lower yield realization per 

unit of rainwater received. Amarapalli, 2022 and Thakur et al., 2017 also found similar findings. 

3.2. Tree Component Results 

3.2.1. Growth Parameters of Aonla and Custard Apple 

Growth parameters of trees measured at key developmental stages were significantly influenced 

by cropping systems. In general observation from this trial, trees grown under agri–horti system 

(aonla or custard apple intercropped with annual crops) recorded higher tree height, stem girth, 

collar diameter, and canopy spread than those under sole planting, likely due to improved soil 

fertility, moisture conservation, and microbial activity that enhanced nutrient availability and 

biomass accumulation. Among fruit species, aonla consistently exhibited superior growth over 

custard apple, a�ributable to its vigorous growth habit, deeper root system, and be�er adaptation to 

rainfed conditions (Kour et al., 2019). Intercrop type further affected tree performance, with 

greengram / blackgram intercropping producing the maximum improvement in growth parameters 

of trees, owing to their short duration and nitrogen-fixing ability, particularly (Bernard et al., 2024; 

Rajarathinam et al., 2025). In contrast, foxtail millet intercropping resulted in the lowest growth 

values, possibly due to its rapid early growth and greater competition for water and nutrients. 

Overall, pulse-based intercropping enhanced tree vigour and sustainability in agri–horti systems 

under rainfed conditions (Sharmili et al., 2021). 

3.2.2. Height of Custard Apple and Aonla Tree 

Tree height of custard apple and aonla exhibited a positive response under intercropping 

systems throughout the experimental period (2022–23 to 2024–25). Overall, progressive increases in 

tree height were observed across successive years, with aonla and custard apple a�aining maximum 

heights of 508 cm and 391 cm, respectively, during 2024–25. This represented net height increments 
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of 132 cm in aonla and 108 cm in custard apple compared to the initial measurements recorded in 

2022–23 under Aonla / Custard apple + blackgram intercropping system (Figure 13). The sustained 

increase in tree height under intercropping may be a�ributed to favourable modifications in the soil–

plant environment induced by intercrops, including enhanced nutrient availability, increased soil 

biological activity, and improved soil moisture retention over time (Bhavanasi Dharani and Balram 

Pusam, 2020; Ileana, 2021). In addition, intercropping likely reduced soil surface evaporation and 

improved infiltration of rainfall received during the growing season, thereby creating a more 

favourable rhizosphere for continuous tree growth. 

 

Figure 13. Effect of Agri – horti system on tree height (cm). 

Among the intercrop treatments, the maximum height increment in both fruit species was 

recorded under the Aonla / Custard apple + blackgram system. This response may be associated with 

the leguminous nature of blackgram, which contributes to soil nitrogen enrichment through 

biological nitrogen fixation and improves soil organic carbon levels via root biomass and leaf li�er 

addition (Ajahanturon et al., 2025). This was followed by the Aonla / Custard apple + greengram 

combination, which resulted in height increments of 118 cm in aonla and 108 cm in custard apple. 

The beneficial effect of greengram intercropping can be a�ributed to its rapid early growth, relatively 

low nutrient demand, and efficient nitrogen contribution to the soil. Moreover, the faster 

decomposition of greengram residues likely enhanced nutrient recycling and soil moisture retention, 

with soil moisture levels reaching up to 12.03 per cent in greengram based systems. Similar findings 

also in agreement with the studies of Murtaza Hussain Shah et al., 2017. 

In contrast, trees grown under sole cropping exhibited comparatively lower height increments, 

recording of only 110 cm in aonla and 94 cm in custard apple over the same period. The least height 

increment in both fruit species was observed under intercropping with cluster bean or foxtail millet 

across the three years of study. This reduced growth may be a�ributed to the aggressive root systems, 

rapid biomass accumulation, higher water and nutrient requirements, and longer field duration of 

these crops, which intensified competition for resources with tree roots and consequently restricted 

height growth. Sathiya et al., 2025 and Kumar et al., 2024 found the same results. 

3.2.3. Stem Girth and Collar Diameter of Custard Apple and Aonla Tree 

Stem girth and collar diameter of both aonla and custard apple exhibited a positive response 

under intercropping systems throughout the experimental period (2022–23 to 2024–25). The observed 

improvements in these secondary growth parameters can be a�ributed to enhanced soil physical 

conditions, improved nutrient availability, and sustained assimilate supply promoted by compatible 

intercrops (Moreira et al., 2024). Intercropping improve soil structure and stimulate microbial 

activity, thereby facilitating be�er root proliferation and cambial activity, which is reflected in 
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increased stem girth and collar diameter (Dugassa et al., 2023). Across the study period, the aonla + 

intercrop systems recorded higher mean stem girth (28.1 to 32.0 cm) and collar diameter (58.6 to 69.3 

cm) compared to the corresponding custard apple + intercrop systems. This response may be 

a�ributed to the inherently vigorous growth habit of aonla and its stronger responsiveness to 

improved nutrient and moisture regimes created under intercropping conditions (Thimmegowda et 

al., 2022). 

The maximum progressive increments in stem girth and collar diameter were recorded under 

the aonla + blackgram and custard apple + blackgram combinations, with respective increases of 5.00 

cm and 9.10 cm in aonla, and 5.80 cm and 10.00 cm in custard apple, respectively (Figures 14 and 15). 

These increments were statistically comparable to those observed under greengram intercropping. 

The superior performance of these legume-based systems can be linked to effective biological 

nitrogen fixation and rapid residue decomposition, which enhance soil nitrogen availability and 

stimulate cambial activity responsible for radial stem growth (Akchaya et al., 2025). In addition, the 

shallow rooting pa�ern and short duration of blackgram / greengram reduce competition for water 

and nutrients, enabling greater assimilate allocation towards stem thickening. The symbiotic 

association of legume roots with Rhizobium spp. further enhances plant-available nitrogen, increases 

soil organic carbon, and improves soil structure, collectively creating a fertile soil environment that 

supports sustained secondary growth of tree stems (Ananda et al., 2022; Gou et al., 2023; Sahoo et al., 

2025). 

 

Figure 14. Effect of Agri – horti system on tree stem girth (cm). 

 

Figure 15. Effect of Agri – horti system on tree Collar diameter (cm). 

In contrast, under sole cropping conditions recorded comparatively lower increments, with 

increases of only 4.6 cm and 5.2 cm in aonla, and 6.20 cm and 7.90 cm in custard apple for stem girth 

and collar diameter, respectively, over the study period. Reduced radial growth under sole cropping 

may be a�ributed to limited organic ma�er inputs, lower microbial activity, and less efficient nutrient 

recycling, which collectively constrained secondary growth despite advancing tree age (Schmidt et 

al., 2025). The minimum increments in stem girth and collar diameter for both fruit species were 
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observed when intercropped with cluster bean or foxtail millet. This response may be due to their 

comparatively higher nutrient and water requirements and more extensive root systems. These 

findings underscore the importance of selecting compatible intercrops, as certain crop combinations 

may not confer the expected intercropping benefits when resource demands overlap (Erena and 

Melkamu, 2023). 

3.2.4. Canopy Spread (cm) of Custard Apple and Aonla Tree 

Canopy spread of aonla and custard apple exhibited relatively narrow variations across the 

experimental period (2022–23 to 2024–25). Canopy development was largely governed by species-

specific genetic architecture and long-term growth dynamics, with intercropping exerting only a 

moderating influence during the early to mid-bearing stages (Ma et al., 2024). Overall, aonla recorded 

a wider canopy spread in both directions, ranging from 306 to 356 cm in the north–south orientation 

and from 307 to 331 cm in the east–west orientation. These values corresponded to progressive 

increases of 54 to 81 cm and 65 to73 cm, respectively form the 2022-23 (Figures 16 and 17). The broader 

canopy development in aonla can be a�ributed to its naturally expansive branching pa�ern, deeper 

and more extensive root system facilitates efficient exploitation of soil moisture and nutrients, thereby 

supporting sustained lateral canopy expansion over successive seasons (Patel et al., 2025; Awasthi et 

al., 2025). 

 

Figure 16. Effect of Agri – horti system on tree canopy spread (cm) North -South . 

 

Figure 17. Effect of Agri – horti system on tree canopy spread (cm) East–West. 

The relatively greater progressive increase in aonla canopy spread also indicates higher 

morphological plasticity in response to the improved soil environment created under agri–horti 
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systems (Freitas and Silva, 2022; Mehta et al., 2025). In contrast, custard apple exhibited 

comparatively smaller canopy spreads, ranging from 227 to 242 cm in the north–south direction and 

from 213 to 238 cm in the east–west direction, with progressive increments of 31–59 cm and 21–42 

cm, respectively. This comparatively restrained canopy development may be a�ributed to its 

compact growth habit, sparse branching, and slower lateral shoot extension. Consequently, custard 

apple canopy expansion appears less responsive to short-term intercropping effects and more 

dependent on inherent growth characteristics and long-term developmental pa�erns (Bisht et al., 

2025; Aditya Gaurha et al., 2024). 

3.2.5. Fruit Yield of Custard Apple and Aonla Tree and Its Blackgram Equivalent Yield 

Custard apple consistently produced higher fruit yields than aonla across all intercropping 

systems during the three years study period. Average fruit yield of custard apple ranged from 2674 

to 3306 kg ha⁻¹, whereas aonla recorded comparatively lower yields of 1980 to 2538 kg ha⁻¹. The 

superior fruit productivity of custard apple may be a�ributed to its early bearing habit, higher flower-

to-fruit conversion efficiency, and lower sink limitation under rainfed conditions (Rathod et al., 2024). 

In addition, custard apple exhibits greater adaptability to seasonal fluctuations in soil moisture and 

efficiently partitions assimilates towards fruit biomass, resulting in higher productivity per unit area 

(Murali et al., 2024). 

The maximum fruit yield of 3306 kg ha⁻¹ was recorded under the custard apple + blackgram 

intercropping system, representing a 19.11% increase over custard apple grown as a sole crop. This 

treatment was statistically at par with the custard apple + greengram and significantly superior to 

other intercrop combinations (Figure 18). The enhanced performance under blackgram and 

greengram intercropping can be a�ributed to the short duration and shallow rooting pa�ern of these 

legumes, which minimize competition for water and nutrients while simultaneously improving soil 

nitrogen availability through biological nitrogen fixation. The resulting improvement in nutrient 

availability during critical flowering and fruit development stages, thereby enhancing fruit yield 

under rainfed conditions (Masina et al., 2024; Adam et al., 2025; Shen et al., 2024). Similarly, aonla 

intercropped with blackgram or greengram also exhibited a yield advantage over its associations 

with cluster bean and foxtail millet, which may be a�ributed to increased competition for soil 

moisture and nutrients under the la�er combinations, particularly during peak demand periods (Wei 

et al., 2025). 

 

Figure 18. Effect of Agri – horti system on tree fruit yield (kg/ha). 

The blackgram equivalent yield of the tree component yield also varied markedly among the 

systems. Custard apple based systems recorded higher equivalent yields, ranging from 1337 to 1653 

kg ha⁻¹, compared with 891 to 1142 kg ha⁻¹ in aonla based systems during the three-year period. The 

highest blackgram equivalent yield of 1653 kg ha⁻¹ was obtained under the custard apple + blackgram 

system, reflecting a 21.97% increase over the sole custard apple. This treatment was statistically 

comparable to custard apple + greengram and superior to all other intercrop combinations. The 
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higher equivalent yields observed under custard apple based agri–horti systems emphasize their 

superior economic efficiency, arising from both enhanced fruit productivity and the added economic 

value of the pulse intercrops. These results highlight the suitability of legume-based agri–horti 

systems, particularly those involving blackgram and greengram, for improving productivity and 

sustainability under rainfed conditions (Kalaimegam et al., 2025; Sathiya et al., 2025). 

 Similarly, aonla intercropped with blackgram or greengram recorded higher blackgram 

equivalent yields than its combinations with cluster bean and foxtail millet, further emphasizing the 

advantage of pulse-based intercropping. Overall, the findings demonstrate that legume-based 

intercrops create a mutually beneficial micro-environment that enhances fruit yield and system 

productivity, with custard apple showing a stronger positive response than aonla due to its higher 

physiological efficiency and growth behaviour under rainfed agro-ecosystems (Ileana, 2021; Janke et 

al., 2024). 

3.2.6. Rain Water Use Efficiency of Aonla and Custard Apple Tree 

 With respect to rainwater use efficiency (RWUE), the custard apple based agri–horti system 

recorded the highest mean RWUE, ranging from 5.69 to 7.02 kg ha mm⁻¹, with significantly higher 

values observed under the custard apple + blackgram combination and statistically comparable 

performance under the custard apple + greengram system (Figure 19). The superior RWUE of custard 

apple may be a�ributed to its deeper and more efficient root system, enhanced stomatal regulation, 

and be�er synchronization of vegetative and reproductive growth with rainfall events, enabling more 

effective conversion of available rainwater into economic yield (Kowitcharoen et al., 2025; Marappan 

et al., 2025). The markedly higher RWUE observed under the custard apple + blackgram system 

further reflects complementary interactions between the tree and the legume intercrop. The results 

also aligned with the studies of Maro�i et al., 2022; Franco-Navarro et al., 2022. Biological nitrogen 

fixation by blackgram improves soil nutrient availability, which in turn enhances photosynthetic 

efficiency and yield per unit of rainwater received (Qiu et al., 2022; Liu et al., 2022). 

 
Figure 19. Effect of Agri–horti system on rain water use efficiency for tree components (kg/ha mm-1). 

In contrast, the aonla-based agri–horti system recorded a comparatively lower mean RWUE, 

ranging from 4.29 to 5.45 kg ha mm⁻¹ during the experimental period (2022–23 to 2024–25). This lower 

efficiency may be a�ributed to a relatively weaker fruit yield response to rainfall in aonla compared 

to custard apple, resulting in reduced conversion of rainfall into economic yield and, consequently, 

lower RWUE values (Singh et al., 2019). 

3.3. Performance of Cropping System 

3.3.1. System Productivity Based on Blackgram Equivalent Yield (kg/ha): 

 System productivity in intercropping represents the combined yield advantage achieved by 

cultivating two or more components on the same land unit and reflects the efficiency with which 

available resources such as light, water, nutrients, and space are utilized relative to sole cropping. In 
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the present study, system productivity was expressed as blackgram equivalent yield (BEY), 

integrating the yield contributions of both intercrops and fruit trees. The results clearly demonstrated 

that custard apple based intercropping systems exhibited superior system productivity, with BEY 

values ranging from 1337 to 3019 kg ha⁻¹, whereas the aonla based systems recorded comparatively 

lower values, ranging from 891 to 2447 kg ha⁻¹ over the study period (Figure 20). The higher 

productivity observed under custard apple based systems may be a�ributed to enhanced light 

penetration, improved rainwater infiltration, and more efficient nutrient cycling, which together 

created a favourable microclimate for intercrop growth and yield expression (Vishwakarma et al., 

2024; Chandrakar et al., 2014). 

 

 

Figure 20. Effect of Agri – horti system on System productivity based on Blackgram Equivalent Yield (kg/ha). 

 Among the different intercropping combinations, custard apple + cluster bean recorded the 

highest system productivity (3019 kg ha⁻¹), representing a 55.71% increase over custard apple grown 

as a sole crop. The superior performance of this combination can be a�ributed to the cluster bean, 

being a vigorous legume with high biomass production potential, likely enhanced soil fertility and 

contributing substantially intercrop yield (Akchaya et al., 2025; Fuchs et al., 2024). This treatment was 

statistically at par with custard apple + foxtail millet, indicating comparable efficiency in resource 

utilization. Foxtail millet’s rapid early growth, efficient water-use efficiency, and ability to exploit 

residual soil moisture likely contributed to higher grain and biomass yields, thereby enhancing 

overall system productivity (Aravind et al., 2023). 

 A similar trend was observed in aonla-based systems, indicating that intercropping, 

irrespective of the tree species, improved land-use efficiency compared to sole cropping. However, 

the relatively lower productivity of aonla-based systems may be a�ributed to denser canopy 

architecture and greater competitive demand for light and nutrients, which constrained intercrop 

performance under these systems. 

3.3.2. Rain Water Use Efficiency for the Intercropping System 

Aonla and custard apple grown under different intercropping systems exerted a significant 

influence on rainwater use efficiency (RWUE). Across the agri–horti systems evaluated on the basis 

of system productivity, custard apple based intercropping systems recorded higher mean RWUE 

values, ranging from 3.06 to 6.50 kg hamm⁻¹, compared with 2.13 to 5.31 kg ha mm⁻¹ under aonla 

based systems. The superior RWUE observed in custard apple based systems may be a�ributed to 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 20 January 2026 doi:10.20944/preprints202601.1444.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202601.1444.v1
http://creativecommons.org/licenses/by/4.0/


 18 of 33 

 

favourable tree–crop interactions that enhanced rainfall utilization efficiency. In particular, the 

custard apple + cluster bean combination exhibited pronounced improvements in RWUE due to the 

cluster bean, being a drought-resilient legume, efficiently exploits surface soil moisture and improves 

soil structure and moisture retention through its root system thereby supporting improved tree 

growth and higher yield per unit of rainfall received (Ramanjineyulu et al., 2024; Munde et al., 2011). 

Among all combinations, custard apple + cluster bean recorded the highest average RWUE (6.50 

kg hamm⁻¹), representing a 52.9% increase over custard apple grown as sole crop. A similar trend of 

enhanced RWUE under intercropping was also observed in aonla-based systems, indicating the 

positive role of compatible intercrops in improving water-use efficiency under rainfed conditions. 

The substantial improvement in RWUE under intercropping systems compared to sole cropping 

highlights improved land and water-use efficiency. Intercrops provide effective ground cover, reduce 

evaporative losses, and enhance rainwater infiltration, thereby promoting be�er conservation and 

utilization of rainfall within agri–horti systems (Li et al., 2025). 

3.3.3. Land Equivalent Ratio (LER) for the Intercropping System 

Land Equivalent Ratio (LER) is a key index for evaluating land-use efficiency in intercropping 

systems, as it compares the productivity of component crops grown together with that of the same 

crops grown separately. In the present study, both aonla and custard apple based intercropping 

systems consistently recorded LER values exceeding 1.0, demonstrating superior land-use efficiency. 

This advantage can be a�ributed to complementary utilization of growth resources such as light, soil 

moisture, nutrients, and space by the tree and intercrop components (Lal et al., 2018). 

Among the treatment combinations, the custard apple + blackgram system recorded the highest 

mean LER of 2.00, indicating a 100% increase in land-use efficiency over sole cropping (Figure 21). 

This superior performance may be a�ributed to the complementary growth behaviour of the two 

components. The wider spacing, deeper root system, and relatively open canopy architecture of 

custard apple allow adequate light penetration, thereby sustaining higher photosynthetic efficiency 

of the intercrop and creating a favourable micro-environment. (Adam et al., 2025; Duchene et al., 

2017). Furthermore, biological nitrogen fixation by blackgram enhances soil fertility, indirectly 

supporting tree growth and productivity. These synergistic interactions resulted in markedly higher 

land-use efficiency compared with sole cropping (Sheelendra Kumar et al., 2020). 

 

Figure 21. Effect of Agri – horti system on System productivity based Land Equivalent Ratio. 

Similarly, the aonla + blackgram system achieved a high LER value of 1.90, reaffirming strong 

complementarity and improved resource-use efficiency under these agri horti systems over the three 
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years of experimentation. Owing to these synergistic effects, blackgram-based intercropping 

consistently resulted in higher fruit yield advantage, improved rainwater use efficiency, and the 

greatest LER values in both fruit-based systems during the study period. Collectively, the combined 

effects of improved microclimate, biological nitrogen fixation, and enhanced nutrient cycling 

contributed to superior land-use efficiency in intercropping systems compared with sole cropping 

(Mehta et al., 2020; Rhonda et al., 2020). 

3.3.4. Economics of Aonla- and Custard Apple–based Intercropping Systems 

The cost of cultivation, gross returns, net returns, and benefit–cost (B:C) ratio were estimated for 

all treatments over three consecutive years of experimentation. The cost of cultivation varied 

considerably among cropping systems due to differences in input requirements, intercrop 

management practices, labour intensity, and nutrient and plant protection needs. Overall, the cost of 

cultivation ranged from ₹30,425 to ₹66,350 ha⁻¹. The observed variation in economic performance of 

intercropping systems can be a�ributed to differences in input costs, system productivity, market 

value of intercrops, and overall resource-use efficiency (Table 1). 

The highest average cost of cultivation was incurred in the aonla / custard apple + clusterbean 

system (₹66,350 ha⁻¹), followed by the aonla / custard apple + foxtail millet system. In contrast, the 

lowest costs were recorded under sole fruit cropping, with custard apple (₹30,425 ha⁻¹) and aonla 

(₹31,417 ha⁻¹). The higher cultivation cost associated with cluster bean-based systems may be 

a�ributed to increased expenditure on seed, labour-intensive intercultural operations, and relatively 

higher nutrient and crop protection inputs. Similarly, foxtail millet based systems incurred additional 

costs due to intercrop management compared to sole fruit crops (Surendra et al., 2024; Maner et al., 

2024). 

Gross return analysis revealed that the custard apple + clusterbean system generated the highest 

three-year average gross returns (₹1,81,160 ha⁻¹), followed by custard apple + foxtail millet (₹1,72,460 

ha⁻¹). The superior gross returns under these systems can be a�ributed to the additive yield 

advantage obtained from simultaneous harvesting of fruit and intercrops from the same land unit. 

Clusterbean, being a high-value legume, contributes substantially to system income due to its high 

yield potential and favourable market price (Surendra et al., 2024). Likewise, foxtail millet, a low-

input and drought-tolerant crop, provides stable yields under rainfed conditions (Aravind et al., 

2023). In contrast, the lowest gross returns were obtained from sole cropping of aonla (₹53,460 ha⁻¹) 

and custard apple (₹80,240 ha⁻¹). Under sole systems, inter-row space remains underutilized for a 

substantial part of the year, resulting in lower productivity per unit area and reduced economic 

returns (Dharani and Mishra, 2020). 

Table 1. Effect on Aonla and custard apple based Agri-horti systems on Economics. 

Treatments 

Cost of 

cultivation 

(Rs./ha) 

Gross Income 

(Rs./ha) 
Net Income 

(Rs./ha) 
BCR 

202

4-

202

5 

202

3-

202

4 

202

2- 

202

3 

202

4-

202

5 

2023

- 

2024 

202

2- 

202

3 

202

4-

202

5 

202

3-

202

4 

202

2- 

202

3 

20

24-

20

25 

20

23-

20

24 

202

2- 

202

3 

Aonla alone 
335

00 

310

00 

297

50 

572

40 

5238

0 

507

60 

237

40 

213

80 

210

10 

1.7

1 

1.6

9 

1.7

1 

Aonla + 

Blackgram 

405

00 

382

50 

363

00 

124

440 

1180

20 

112

620 

839

40 

797

70 

763

20 

3.0

7 

3.0

9 

3.1

0 

Aonla + Green 

gram 

405

00 

382

50 

363

00 

123

360 

1154

40 

108

120 

828

60 

771

90 

718

20 

3.0

5 

3.0

2 

2.9

8 

Aonla +Cluster 

bean 

685

00 

662

50 

643

00 

157

560 

1425

60 

140

400 

890

60 

763

10 

761

00 

2.3

0 

2.1

5 

2.1

8 
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Aonla +Tenai 
466

00 

422

25 

400

00 

148

380 

1374

00 

134

460 

101

780 

951

75 

944

60 

3.1

8 

3.2

5 

3.3

6 

Custard apple 

alone 

315

00 

303

75 

294

00 

814

80 

8844

0 

708

00 

499

80 

580

65 

414

00 

2.5

9 

2.9

1 

2.4

1 

Custard apple + 

Black gram 

405

00 

382

50 

363

00 

152

100 

1585

20 

139

920 

111

600 

120

270 

103

620 

3.7

6 

4.1

4 

3.8

5 

Custard apple + 

Green gram 

405

00 

382

50 

363

00 

151

500 

1543

20 

133

920 

111

000 

116

070 

976

20 

3.7

4 

4.0

3 

3.6

9 

Custard apple + 

Cluster bean 

685

00 

662

50 

643

00 

189

480 

1850

40 

168

960 

120

980 

118

790 

104

660 

2.7

7 

2.7

9 

2.6

3 

Custard apple + 

Tenai 

460

00 

437

50 

418

00 

180

000 

1729

20 

164

460 

134

000 

129

170 

122

660 

3.9

1 

3.9

5 

3.9

3 

Likewise custard apple + foxtail millet system realized the highest average net income (₹1,28,610 

ha⁻¹), followed by custard apple + clusterbean (₹1,14,810 ha⁻¹). These systems generated additional 

net returns of ₹78,795 ha⁻¹ and ₹64,995 ha⁻¹, respectively, over sole custard apple cropping (₹49,815 

ha⁻¹). The superior net returns from the custard apple + foxtail millet system may be a�ributed to its 

optimal balance between moderate cultivation cost and consistently high combined yields, resulting 

in greater profit margins. Foxtail millet requires relatively lower investment. Although clusterbean-

based systems generated higher gross returns, their relatively higher cost of cultivation reduced net 

income, thereby explaining their lower profitability compared to foxtail millet–based systems. 

Correspondingly, the highest B:C ratio was recorded in the custard apple + foxtail millet system 

(3.93), closely followed by custard apple + blackgram (3.92) and custard apple + greengram (3.82). 

Higher B:C ratios in these systems indicate more efficient conversion of investment into economic 

returns (Ileana, 2021). Pulses and millet-based intercrops are characterized by lower input 

requirements, early maturity, and minimal competition with fruit trees, enabling higher profitability 

without proportionate increases in production costs (Laxmi et al., 2020). In contrast, relatively lower 

B:C ratios were observed in aonla + clusterbean (2.21) and custard apple + clusterbean (2.73), 

primarily due to higher input costs and market price fluctuations, despite higher gross returns. Sole 

cropping of aonla and custard apple resulted in the lowest profitability, with B:C ratios of 1.70 and 

2.64, respectively. The poor economic performance under sole fruit cropping reflects inefficient 

utilization of inter-row space and available resources, leading to lower returns per unit area (Naveen 

Kumar, 2020). This finding is further supported by earlier reports indicating that clusterbean alone 

exhibits a modest B:C ratio (1.21), underscoring its limited profitability when not integrated into more 

efficient agri–horti systems (Bajwan et al., 2023). 

3.3.5. System Profitability 

System profitability, expressed as net return per hectare per day (₹ ha⁻¹ day⁻¹), varied 

significantly among the intercropping systems and clearly reflected the economic advantage of agri–

horti diversification under rainfed conditions. Custard apple–based systems consistently recorded 

higher daily profitability than aonla-based systems. Among all treatments, custard apple + foxtail 

millet achieved the highest average system profitability (₹352.4 ha⁻¹ day⁻¹), followed by custard apple 

+ clusterbean (₹314.6 ha⁻¹ day⁻¹) and custard apple + blackgram (₹306.4 ha⁻¹ day⁻¹) (Figure 22). 
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Figure 22. Effect of Agri – horti system on system profitability. 

The superior profitability of the custard apple + foxtail millet system was primarily a�ributed to 

the short duration, early maturity, low cultivation cost, and efficient utilization of residual soil 

moisture by foxtail millet, resulting in rapid income generation and higher daily returns (Nadeem et 

al., 2020). Similarly, the favourable performance of the custard apple + blackgram system can be 

explained by its moderate input requirement, short crop duration, stable market price, and minimal 

competitive interaction with the tree component (Vishwakarma et al., 2024). 

In contrast, sole cropping of aonla and custard apple recorded the lowest profitability, yielding 

only ₹60.4 and ₹136.8 ha⁻¹ day⁻¹, respectively, due to underutilization of inter-row space and limited 

income generation over time. These results clearly demonstrate that integration of suitable intercrops 

substantially enhances daily economic returns and reinforces the economic sustainability of 

diversified agri–horti systems under rainfed conditions (Neetesh et al., 2023). 

3.3.6. Relative Economic Efficiency (REE) 

Relative Economic Efficiency (REE) quantifies the profitability of an intercropping system 

relative to sole cropping, reflecting the efficiency of resource use in generating additional net returns. 

In the present study, the choice of intercrop significantly influenced REE, with aonla-based systems 

outperforming custard apple–based systems. Among the treatments, aonla + foxtail millet recorded 

the highest REE (341.2%), indicating a more than threefold increase in economic efficiency over sole 

aonla cultivation. This was followed by aonla + clusterbean (264.7%) and aonla + blackgram (263.3%) 

(Figure 23). 

 

Figure 23. Effect of Agri – horti system on Relative Economic Efficiency. 

The exceptionally high REE of aonla + foxtail millet can be a�ributed to the crop’s short duration, 

low input requirement, high market acceptability, rapid ground coverage, and efficient rainfall 

utilization, resulting in higher grain yield at minimal cost (Gobikashri et al., 2025). Similarly, aonla + 
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clusterbean benefi�ed from the legume’s grain and haulm value, biological nitrogen fixation, and low 

competitive interaction, enhancing net returns (Hussain et al., 2022). The aonla + blackgram system 

also demonstrated high REE due to moderate management costs, stable market prices, and efficient 

early-season exploitation of soil resources without adversely affecting tree growth (Murmu et al., 

2022). These results highlight that integrating suitable intercrops with aonla substantially improves 

economic efficiency under rainfed conditions. 

3.3.7. Changes in Soil Fertility 

Baseline soil analysis at the initiation of the experiments during 2022–23, 2023–24, and 2024–25 

revealed pH values of 8.16, 8.17, and 8.15; organic carbon (OC) 3.02, 4.12, and 5.18 g/kg; available 

nitrogen (N) 160, 164, and 167 kg/ha; available phosphorus (P) 11.3, 11.1, and 11.3 kg/ha; and available 

potassium (K) 434, 435, and 438 kg/ha, respectively. Post-harvest analysis indicated a slight decline 

in soil pH (–0.21 to –0.35 units) (Figure 24), likely due to organic acid release from decomposing leaf 

li�er, intercrop residues, and root exudates, causing localized acidification under otherwise alkaline 

conditions (Zhang et al., 2021; Tang et al., 2025). 

 

Figure 24. Post-harvest status of soil pH from 2022-23 to 2024-25. 

In contrast, soil organic carbon exhibited consistent improvement, increasing by 1.05–1.76 g/kg 

at 2024-25 over initial values of 2022-23 (Figure 25). The enhancement in OC is a�ributed to 

continuous biomass inputs from tree li�er, pruned materials, root residues, and intercrop biomass, 

particularly from pulses, which contribute additional below-ground carbon and enhance soil 

biological activity through nitrogen fixation and nodulated root turnover (Rathore et al., 2022; Lorenz 

and Lal, 2022). 

 

Figure 25. Post-harvest status of soil OC (g/kg) from 2022-23 to 2024-25. 

Available nitrogen and potassium also increased over the three years, by 9 to11 kg/ha and 8 to 

14 kg/ha, respectively, with the most pronounced improvements observed in pulse-based 
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intercropping systems (Figures 26 and 28). The increase in N is primarily due to biological nitrogen 

fixation by leguminous intercrops such as blackgram and greengram, along with mineralization of 

N-rich residues and nodules, whereas the enhancement in K results from recycling of potassium-rich 

leaf li�er and plant residues (Murphy et al., 2017; Zhao et al., 2022). 

 

Figure 26. Post-harvest status of soil available N (kg/ha) from 2022-23 to 2024-25. 

 

Figure 28. Post-harvest status of soil available K (kg/ha) from 2022-23 to 2024-25. 

Available phosphorus, however, remained relatively stable across all intercropping systems, 

(Figure 27) indicating that native or applied P was either immobilized or utilized by crops without 

significant accumulation or depletion in the soil (Helfenstein et al., 2024). 

 

Figure 27. Post-harvest status of soil available P (kg/ha) from 2022-23 to 2024-25. 

5. Conclusions 

Integration of annual intercrops with Aonla and Custard apple under rainfed conditions 

significantly enhanced system productivity, economic returns, and resource-use efficiency. Custard 

apple–based systems consistently outperformed Aonla, owing to a more open canopy, improved 

light penetration, and favorable microclimatic conditions. Among intercrops, clusterbean and foxtail 
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millet achieved the highest grain, haulm, and blackgram equivalent yields, while pulses (blackgram, 

greengram) promoted tree growth, soil fertility, and nitrogen enrichment through biological fixation. 

Rainwater use efficiency and land equivalent ratio were maximized under Custard apple + 

clusterbean and Aonla + foxtail millet combinations, indicating efficient utilization of water and land 

resources. Relative Economic Efficiency peaked at 341.2% in Aonla + foxtail millet, highlighting 

substantial economic gains over sole cropping. Soil analysis revealed slight pH reduction, increased 

organic carbon, and improved nitrogen and potassium levels, particularly under pulse-based 

intercropping, whereas phosphorus remained stable. Overall, legume- and millet-based agri–horti 

systems enhanced crop-tree complementarity, system productivity, profitability, and sustainability 

under rainfed agro-ecosystems. 
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AICRPDA All India Coordinated Research Project on Dryland Agriculture, Hyderabad  

APK Aruppukottai 

CEY  Crop Equivalent Yield 

CO Coimbatore  

et al., Co workers  

kg ha⁻¹ Kilogram per hectare  

km h⁻¹ Kilometre per hour  

LAI  Leaf Area Index  

LER Land Equivalent Ratio 

mm day⁻¹ Millimetre per day  

N: P₂O₅: K₂O Nitrogen: Phosphorus: Potassium  

REE Relative economic efficiency 

RWUE  Rainwater Use Efficiency 

SPAD-502 Soil-Plant Analysis Development section, Minolta Camera Co. Ltd., Japan 

TNAU Tamil Nadu Agricultural University  

VBN Vamban  
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(a) (b) 

Figure 1. (a) Location map of the experimental field at AICRPDA Main centre, Kovilpa�i, Tamil Nadu, India. (b) 

Aerial view of AICRPDA Main centre research field. 
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2024-25 

Figure 2. Weather parameters including soil moisture content during the cropping periods from 2022-23, 2023-

24 and 2024-25. 

Appendix C 

 

Figure 3. Layout of Aonla and Custard Apple based Agri-Horti Systems. - Custard Apple; - 

Aonla ; …… Intercrops 

References 

1. Adam Muhammad Adam, Ken E. Giller, Leonard Rusinamhodzi, Frank Rasche, Eric Koomson, Carsten 

Marohn, Georg Cadisch, Enhancing the resilience of intercropping systems to changing moisture 

conditions in Africa through the integration of grain legumes: A meta-analysis, Field Crops Research, 

Volume 321, 2025, 109663, ISSN 0378-4290, h�ps://doi.org/10.1016/j.fcr.2024.109663. 

2. Aditya Gaurha, Dr. GD Sahu, Dr. Prabhakar Singh and Dr. SK Verma. Morphological characterization of 

indigenous custard apple (Annona squamosa L.) genotypes at Dharsiwa block of Chha�isgarh. Int. J. Adv. 

Biochem. Res. 2024;8(7):1029-1032. DOI: h�ps://doi.org/10.33545/26174693.2024.v8.i7m.1656 

3. Ajahanturon, Mohsin & Koly, Shifat & Shamsuzzoha, Md & Mallick, Supti & Das, Ronzon & Monira, 

Sirajam & Ali, Md & Saha, Ananya & Syfullah, Khalid. (2025). Influence of Spacing on Growth and Yield 

of Blackgram Varieties. Acta Botanica Brasilica. 04. 26-30. 10.51470/ABP.2025.04.03.26. 

4. Amarapalli Geetha (2022). Studies on the Effect of Water Stress on Root Traits in Green Gram Cultivars. 

Legume Research. 45(4): 422-428. doi: 10.18805/LR-4630. 

5. Ananda, M. R. Sheri Vaiahnav, Prathap Reddy Naide, N. V. Aruna, and. Vishwanath. 2022. “Long Term 

Benefits of Legume Based Cropping Systems on Soil Health and Productivity. An Overview”. International 

Journal of Environment and Climate Change 12 (9):299–315. h�ps://doi.org/10.9734/ijecc/2022/v12i930767. 

-0.5

0

0.5

1

1.5

2

2.5

3

3.5

0

50

100

150

200

250

43 44 45 46 47 48 49 50 51 52 1 2 3 4 5

Actual rainfall 2024-25 Normal rainfall Max. temp Min.temp Max. RH Min.RH Rainy days

Weather parameters during the cropping period 2024-2025

R
F

,
M

a
x

. 
T

, 
M

in
. 

T
 a

n
d

 R
H

R
a

in
y

 d
a

y
s

Standard week

10

15

20

25

30

35

40

43 44 45 46 47 48 49 50 51 52 1 2 3 4 5

 0- 15 cm 15-30 cm 30-45 cm

Soil moisture (%) during the cropping period 2024-2025

S
o

il
 m

o
is

tu
re

 (
%

)

Standard week

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 20 January 2026 doi:10.20944/preprints202601.1444.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202601.1444.v1
http://creativecommons.org/licenses/by/4.0/


 27 of 33 

 

6. Aravind, K., Vadivel, N., Kumar, G.S., Ravichandran, V. and Bharathi, C., 2023. Performance of foxtail 

millet based intercropping system for improving the productivity, sustainability and economics in western 

zone of tamil nadu under irrigated conditions. International Journal of Plant & Soil Science, 35(19), pp.1824-

1829. 

7. Arif, M., Kumar, A. and Pouroucho�amane, R., 2022. Pearl millet and cluster bean intercropping for 

enhancing fodder productivity, profitability and land use efficiency. Bangladesh Journal of Botany, 51(1), 

pp.103-112. 

8. Awasthi, O. P., Singh, I. S., & More, T. A. (2011). Performance of intercrops during establishment phase of 

aonla (Emblica officinalis) orchard. The Indian Journal of Agricultural Sciences, 79(8). 

9. Bakshi, P. “Intercropping in fruit orchards: A way forward for doubling the farmer’s income.” International 

Journal of Agriculture Sciences, ISSN (2019): 0975-3710. 

h�ps://www.bioinfopublication.org/jouarchive.php?opt=&jouid=BPJ0000217 

10. Banerjee, P., Venugopalan, V.K., Nath, R., Althobaiti, Y.S., Gaber, A., Al-Yasi, H. and Hossain, A., 2021. 

Physiology, growth, and productivity of spring summer black gram (Vigna mungo L. Hepper) as 

influenced by heat and moisture stresses in different dates of sowing and nutrient management conditions. 

Agronomy, 11(11), p.2329. 

11. Basu, S., Chakraborty, P.K., Nath, R. and Chakraborty, P.K., 2018. Thermal indices: Impact on phenology 

and seed yield of spring-summer greengram [Vigna radiata (L.) Wilczek] under different dates of sowing. 

J. Pharm. Phytochem, 2, pp.123-127. 

12. Bernard M. Yumbya, Onesmus M. Kitonyo, and Josiah M. Kinama. 2024. “Green Gram-Sorghum 

Intercropping: Effects on Crop Microclimate, Competition, Resource Use Efficiency and Yield in 

Southeastern, Kenya”. International Journal of Environment and Climate Change 14 (12):549–565. 

h�ps://doi.org/10.9734/ijecc/2024/v14i124644. 

13. Bhadani, M., Das, D.K., Rai, T.M. and Bhadani, S.K., 2023. Effect of Morphological Characteristics of Fruit 

Orchards on Soil Physio-chemical Properties. Int. J. Plant Soil Sci, 35(19), pp.173-178. 

14. Bhatia, Avinash Kumar, Kamal Sharma, K. S. Pant, Samanpreet Singh, Prem Prakash, Parveen Kumar, and 

Harish Sharma. “Economic profitability and carbon stock potential of cereals and pulses under harar and 

aonla based agroforestry systems in the low hill zone of Himachal Pradesh.” International Journal of 

Economic Plants 9, no. 2 (2022): 170-173. Doi: HTTPS://DOI.ORG/10.23910/2/2022.0461a 

15. Bhavanasi Dharani and Balram Pusam. 2020. Influence of Inter Cropping Systems on Physio Chemical 

Properties of Soil in Aonla (Emblica officinalis Gaertn L.) Plantation. Int. J. Curr. Microbiol. App. Sci. 9(11): 

3039-3043. doi: h�ps://doi.org/10.20546/ijcmas.2020.911.368 

16. Bhavanasi Dharani, and Saket Mishra. 2020. “Studies on Economic Feasibility and Suitability of Intercrops 

in Aonla (Emblica Officinalis Gaertn L.) Plantation”. Current Journal of Applied Science and Technology 

39 (32):156–162. h�ps://doi.org/10.9734/cjast/2020/v39i3231012. 

17. Bisht MS, Mahajan S, Chakraborty A, Sharma VK. A high-quality genome assembly of Annona squamosa 

(custard apple) provides functional insights into an emerging fruit crop. DNA Res. 2025 May 

28;32(3):dsaf007. PMID: 40371876; PMCID: PMC12116420. doi: h�ps://doi.org/110.1093/dnares/dsaf007 

18. Cardinael, Rémi, Georg Cadisch, Marie Gosme, Maren Oelbermann, and Meine Van Noordwijk. “Climate 

change mitigation and adaptation in agriculture: Why agroforestry should be part of the solution.” 

Agriculture, Ecosystems & Environment 319 (2021): 107555. h�ps://doi.org/10.1016/j.agee.2021.107555 

19. Chandrakar, Hem Lal, Komal Chandrakar, Manas Ujjaini, and K. C. Yadav. “The effect of fertilization on 

growth & yield of rain fed blackgram in custard apple based agri-horti-system with alley cropping pa�ern 

on vindhyan soil.” Int. J. Sci. Res. Publ 4 (2014): 2250-3153. 

20. Darpreet Kour, V. K. Wali, Parshant Bakshi, Deep Ji Bhat, B. Ces. Sharma, Vikas Sharma and Sinha, B. K. 

2019. Effect of Integrated Nutrient Management Strategies on Nutrient Status and Soil Microbial 

Population in Aonla (Emblica Officinalis Gaertn.) Cv. Na-7. Int. J. Curr. Microbiol. App. Sci. 8 (09): 1272-

1281. doi: h�ps://doi.org/10.20546/ijcmas.2019.809.146 

21. Das, Anup, Jayanta Layek, Subhash Babu, R. Krishnappa, M. Thoithoi Devi, Amit Kumar, D. P. Patel et al. 

“Division of Crop Production ICAR Research Complex for NEH Region Umiam–793 103, Meghalaya, 

India.” Technical bulletin (2019). 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 20 January 2026 doi:10.20944/preprints202601.1444.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202601.1444.v1
http://creativecommons.org/licenses/by/4.0/


 28 of 33 

 

22. Dhivyalakshmi Thirumal, Sharmili K., Praveena Katharine S., Silambarasan M., Dinesh Kumar P., 

Kousalya A. and Gobikashri N. (2023). Scientific Study on Vrikshayurvedic Farming in Greengram. 

Biological Forum – An International Journal, 15(5): 525-528. 

23. Erena, Melkamu. (2023). Intercropping as a multiple advantage cropping system: Review. International 

Journal of Research in Agronomy. 6. 44-50. h�ps://doi.org/10.33545/2618060X.2023.v6.i1a.167. 

24. Franco-Navarro, J. D., Padilla, Y. G., Álvarez, S., Calatayud, Á., Colmenero-Flores, J. M., Gómez-Bellot, M. 

J., Hernández, J. A., Martínez-Alcalá, I., Penella, C., Pérez-Pérez, J. G., Sánchez-Blanco, M. J., Tasa, M., & 

Acosta-Motos, J. R. (2025). Advancements in Water-Saving Strategies and Crop Adaptation to Drought: A 

Comprehensive Review. Physiologia plantarum, 177(4), e70332. h�ps://doi.org/10.1111/ppl.70332 

25. Freitas, J., & Silva, P. (2022). Sustainable Agricultural Systems for Fruit Orchards: The Influence of Plant 

Growth Promoting Bacteria on the Soil Biodiversity and Nutrient Management. Sustainability, 14(21), 

13952. h�ps://doi.org/10.3390/su142113952 

26. Fuchs, Kathrin, David Kraus, Tobias Houska, Michael Kermah, Edwin Haas, Ralf Kiese, Klaus Bu�erbach-

Bahl, and Clemens Scheer. “Intercropping legumes improves long term productivity and soil carbon and 

nitrogen stocks in sub-Saharan Africa.” Global Biogeochemical Cycles 38, no. 10 (2024): e2024GB008159. 

27. Gobikashri N, Kumar KU, Nivetha C, Punithkumar S, Kousalya A, Flora GJ, Dhivyalakshimi T, Jeyasingh 

RAI. A brief review on world of foxtail millet: From botanical characteristics to market trends. J Appl Biol 

Biotech. 2025;13(6):45-53 

28. Gomez, Kwanchai A., and Arturo A. Gomez. Statistical procedures for agricultural research. John wiley & 

sons, 1984. 

29. Gou X, Reich PB, Qiu L, Shao M, Wei G, Wang J, Wei X. Leguminous plants significantly increase soil 

nitrogen cycling across global climates and ecosystem types. Glob Chang Biol. 2023 Jul;29(14):4028-4043. 

Epub 2023 May 10. PMID: 37186000. doi: h�ps://doi.org/10.1111/gcb.16742. 

30. Hemalatha P., Ravi R., Krishnamoorthi S., Boominathan P., Selvanayaki S., Radha P., Baranidharan K., 

Divya M.P. (2025). Assessment of Yield Performance of Cluster Bean cultivars in Melia dubia-based 

Agroforestry Systems. Legume Research. 48(3): 485-489. doi: 10.18805/LR-5428. 

31. Himanshu Mehta, Pramod Kumar, Vinay Banyal, Nisha Sharma, Naveen Kumar, Driving sustainability in 

fruit-based cropping Systems: Intercropping impacts on growth, soil health, microbial dynamics and yield 

stability, Physiological and Molecular Plant Pathology, Volume 139, 2025, 102774, ISSN 0885-5765, 

h�ps://doi.org/10.1016/j.pmpp.2025.102774. 

32. Huaqing Liu, Xiaodong Gao, Changjian Li, Yaohui Cai, Xiaolin Song, Xining Zhao, Intercropping increases 

plant water availability and water use efficiency: A synthesis, Agriculture, Ecosystems & Environment, 

Volume 379, 2025, 109360, ISSN 0167-8809, h�ps://doi.org/10.1016/j.agee.2024.109360. 

33. Hussain, I., Ali, M., Ghoneim, A. M., Shahzad, K., Farooq, O., Iqbal, S., Nawaz, F., Ahmad, S., Bárek, V., 

Brestic, M., Al Obaid, S., Fahad, S., Danish, S., Taban, S., Akça, H., & Da�a, R. (2022). Improvement in 

growth and yield a�ributes of cluster bean through optimization of sowing time and plant spacing under 

climate change scenario. Saudi journal of biological sciences, 29(2), 781–792. 

h�ps://doi.org/10.1016/j.sjbs.2021.11.018 

34. ICAR–AICRP on Arid Zone Fruits case report “Post-Harvest Management of Custard Apple Enhanced 

livelihood of Tribal Communities in Southern Rajasthan” (ICAR, 2025) 

35. Ileana, D. (2021) “Custard Apple-Best Companion Fruit Crop for Mixed Fruit Cropping,” International 

Journal of Researches in Biosciences and Agriculture Technology. International Journal of Research in 

Bioscience & Agriculture Technology (IJRBAT). doi: h�ps://doi.org/10.29369/IJRBAT.2021.02.1.00030. 

36. Ishwarya Laxmi, A Krishna, A Madhavi Lata and A Madhavi. Evaluation of pulses and millets in agri-silvi 

system. J Pharmacogn Phytochem 2020;9(5S):243-249. 

37. Jagdish, 2023. Unleashing the potential of custard apple intercropping to double farmer’s income. 

AgriFarming. h�ps://www.agrifarming.in/unleashing-the-potential-of-custard-apple-intercropping-to-

double-farmers-income 

38. Janke, R. R., Menezes-Blackburn, D., Al Hamdi, A., & Rehman, A. (2024). Organic Management and 

Intercropping of Fruit Perennials Increase Soil Microbial Diversity and Activity in Arid Zone Orchard 

Cropping Systems. Sustainability, 16(21), 9391. h�ps://doi.org/10.3390/su16219391 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 20 January 2026 doi:10.20944/preprints202601.1444.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202601.1444.v1
http://creativecommons.org/licenses/by/4.0/


 29 of 33 

 

39. Jiao Mao, Shu Wang, Yuanmeng Xu, Mengyao Wang, Yuhan Liu, Jiangling Ren, Sichen Liu, Zhijun Qiao, 

Xiaoning Cao, Effects of Nitrogen Application Rate on Yield and Quality of Different Genotypes of Foxtail 

Millet, Phyton-International Journal of Experimental Botany, Volume 93, Issue 12, 2024, Pages 3487-3507, 

ISSN 0031-9457, h�ps://doi.org/10.32604/phyton.2024.057945. 

40. Julian Helfenstein, Bruno Ringeval, Federica Tamburini, Vera L. Mulder, Daniel S. Goll, Xianjin He, Edwin 

Alblas, Yingping Wang, Alain Mollier, Emmanuel Frossard, Understanding soil phosphorus cycling for 

sustainable development: A review, One Earth, Volume 7, Issue 10, 2024, Pages 1727-1740, ISSN 2590-3322, 

h�ps://doi.org/10.1016/j.oneear.2024.07.020 

41. Kalaimegam, Akchaya & Parasuraman, P. & Pandian, Kannan & Vijayakumar, Shanmugam & 

Thirukumaran, Kanthan & Firnass, M. & Rajpoot, Sudhir & Choudhary, Anil. (2025). Boosting resource use 

efficiency, soil fertility, food security, ecosystem services, and climate resilience with legume intercropping: 

a review. Frontiers in Sustainable Food Systems. 9. 10.3389/fsufs.2025.1527256. 

42. Kebede, E., 2021. Contribution, utilization, and improvement of legumes-driven biological nitrogen 

fixation in agricultural systems. Frontiers in Sustainable Food Systems, 5, p.767998. 

43. Kokila, A., C Nagarajaiah, D C Hanumanthappa, B Shivanna, Karan Sathish, and M Mahadevamurthy. 

2024. “Effect of Tree Canopy Cover on Soil Moisture Dynamics in Different Agroforestry Systems under 

Semi-Arid Condition”. International Journal of Environment and Climate Change 14 (9):485–495. 

h�ps://doi.org/10.9734/ijecc/2024/v14i94432. 

44. Koneti Aravind, N. Vadivel, G. Senthil Kumar, V. Ravichandran, and C. Bharathi. 2023. “Performance of 

Foxtail Millet Based Intercropping System for Improving the Productivity, Sustainability and Economics 

in Western Zone of Tamil Nadu Under Irrigated Conditions”. International Journal of Plant & Soil Science 

35 (19):1824–1829. h�ps://doi.org/10.9734/ijpss/2023/v35i193733. 

45. Kowitcharoen, L. & Wongs-Aree, Chalermchai & Setha, Su�hiwal & Komkhuntod, R. & Srilaong, Varit & 

Kondo, Satoru. (2017). Physiological changes of fruit and C/N ratio in sugar apples ( Annona squamosa L.) 

under drought conditions. Acta Horticulturae. 195-202. h�ps://doi.org/10.17660/ActaHortic.2017.1166.28. 

46. Kumar Rakesh, Pareek N.K., Rathore V.S., Nangia Vinay, Kumawat Amit, Kumar Arvind, Pareek Bheem, 

Meena Mamta (2024). Performance of Cluster Bean (Cyamopsis tetragonoloba) under Varying Levels of 

Irrigation and Nitrogen. Legume Research. 47(9): 1536-1542. doi: 10.18805/LR-4897. 

47. Kushwah Singh Artika, Rawat G.S., Gupta Sourav, Patil Devendra, Prajapati Neelima (2017). Production 

and profitability assessment of clusterbean (Cyamopsis tetragonoloba L. Taub.) based intercropping 

systems under different row arrangement. Legume Research. 40(5): 916-919. doi: 10.18805/LR-3809. 

48. Lal J, Meena RN, Kumar S, Meena R, Pal VK, Lawate P. Effect of Crop Diversification on Growth and Yield 

of Pearlmillet (Pennisetum glaucum L.) under Custard Apple (Annona squamosa L.) Based Rainfed Agri-

Horti System. J Pure Appl Microbiol. 2018;12(1):207-215. doi: h�ps://doi.org/10.22207/JPAM.12.1.26 

49. Li, Haiyan, Yuanbo Jiang, Yayu Wang, Bojie Xie, Guangping Qi, Minhua Yin, Yanxia Kang et al. “Water-

saving strategies in intercropping systems: Integrated effects of water regulation and planting pa�erns on 

root-canopy coordination and agricultural water productivity.” Industrial Crops and Products 233 (2025): 

121419. 

50. Lorenz, K., Lal, R. (2022). Soil Organic Carbon Sequestration. In: Soil Organic Carbon Sequestration in 

Terrestrial Biomes of the United States. Springer, Cham. h�ps://doi.org/10.1007/978-3-030-95193-1_3 

51. Ma, J., Li, G., Tian, J., Jia, Y., Chu, Y., Yue, H., Wang, H., & Li, X. (2024). Assessing and Quantifying the 

Carbon, Nitrogen, and Enzyme Dynamics Effects of Inter-row Cover Cropping on Soils and Apple Tree 

Development in Orchards. HortScience, 59(8), 1088–1096. h�ps://doi.org/10.21273/HORTSCI17779-24 

52. Maitra, Sagar & Sairam, Masina & Kalasare, Rajesh & Gaikwad, Dinkar & Raghava, Chabolu Venkata & 

Krishna, Tadiboina Gopala & Sahoo, Upasana. (2024). Role of Legume-based Intercropping System in Soil 

Health Improvement. 

53. Maner, KR, Dr. SS Bhosale, AB Jain, Dr. JR Kadam. Economics of production and disposal of Aonla in 

Sindhudurg district of Maharashtra. Int J Agric Extension Social Dev 2024;7(10):246-249. DOI: 

h�ps://doi.org/10.33545/26180723.2024.v7.i10d.1218 

54. Marappan K, Sadasivam S, Natarajan N, Arumugam VA, Lakshmaiah K, Thangaraj M, Giridhar Gopal M 

and Asokan A (2025) Underutilized fruit crops as a sustainable approach to enhancing nutritional security 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 20 January 2026 doi:10.20944/preprints202601.1444.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202601.1444.v1
http://creativecommons.org/licenses/by/4.0/


 30 of 33 

 

and promoting economic growth. Front. Sustain. Food Syst. 9:1618112. doi: 

h�ps://doi.org/10.3389/fsufs.2025.1618112. 

55. Maro�i, Ilaria & Whi�aker, Anne & Bahtiyarca, Reyhan & Ari Akin, Pervin & Ergün, Namuk & Dinelli, 

Giovanni. (2023). Intercropping Perennial Fruit Trees and Annual Field Crops with Aromatic and 

Medicinal Plants (MAPs) in the Mediterranean Basin. Sustainability. 15. 

h�ps://doi.org/10.3390/su151512054. 

56. Melkamu Dugassa. Intercropping as a multiple advantage cropping system: Review. Int J Res Agron 

2023;6(1):44-50. DOI: 10.33545/2618060X.2023.v6.i1a.167 

57. Moreira, Bruna, Alexandre Gonçalves, Luís Pinto, Miguel A. Prieto, Márcio Carocho, Cristina Caleja, and 

Lillian Barros. 2024. “Intercropping Systems: An Opportunity for Environment Conservation within Nut 

Production” Agriculture 14, no. 7: 1149. h�ps://doi.org/10.3390/agriculture14071149 

58. Munde, G. R., B. G. Hiwale, R. V. Nainwad, and R. M. Dheware. “Effect of intercrops on growth and yield 

of custard apple.” (2011): 29-31. 

59. Murmu, Suren, Gayatri Kumari Padhi, Paritosh Murmu, Debjit Roy, and Pratap Kumar Dhara. “Potential 

of Different Fruit-Based Agroforestry Models for Improving Livelihood in Humid and Subtropical Regions 

of India.” Indian J Ecol 49, no. 5 (2022): 1861-1869. 

 

60. Murphy-Bokern,D. and Peeters,A. and Westhoek,H., 9781780644981.0018, CABI, 

doi:10.1079/9781780644981.0018, (18–36), CABI, The role of legumes in bringing protein to the table., (2017) 

61. Murtaza Hussain Shah, Vaishnu Du�, S.J.A. Bhat, Zubair A. Dar and Mehraj ud din Khanday. 2017. 

Characteristics of Soil under Greengram-Plum based Agroforestry System in Kashmir Valley, India. 

Int.J.Curr.Microbiol.App.Sci. 6(5): 1615-1622. doi: h�ps://doi.org/10.20546/ijcmas.2017.605.176 

62. Nadeem, F., Ahmad, Z., Wang, R., Han, J., Shen, Q., Chang, F., Diao, X., Zhang, F. and Li, X., 2018. Foxtail 

millet [Setaria italica (L.) Beauv.] grown under low nitrogen shows a smaller root system, enhanced 

biomass accumulation, and nitrate transporter expression. Frontiers in Plant Science, 9, p.205. 

63. Nadeem, Faisal, Zeeshan Ahmad, Mahmood Ul Hassan, Ruifeng Wang, Xianmin Diao, and Xuexian Li. 

“Adaptation of foxtail millet (Setaria italica L.) to abiotic stresses: a special perspective of responses to 

nitrogen and phosphate limitations.” Frontiers in plant science 11 (2020): 187. 

64. Naveen Kumar, P. 2020. Effect of Intercropping on Fruit Crops: A Review. Int. J. Curr. Microbiol. App. Sci. 

9(12): 745-755. doi: h�ps://doi.org/10.20546/ijcmas.2020.912.090 

65. Nayana, H. N., & Umesh, K. & M S, Ramu. (2023). “Production and value addition of climate-smart millets: 

An economic analysis in eastern dry zone of Karnataka, India”. The Pharma Innovation. 12. 10.22271/tpi. 

2023.v12. i10Sy.23772. 

66. Neetesh, Prajapat. “Adoption of Improved Aonla Cultivation and Post-Harvest Practices among Rural 

Women of Udaipur District, Rajasthan.” PhD diss., MPUAT, Udaipur, 2023. 

67. Olivier Duchene, Jean-François Vian, Florian Cele�e, Intercropping with legume for agroecological 

cropping systems: Complementarity and facilitation processes and the importance of soil microorganisms. 

A review, Agriculture, Ecosystems & Environment, Volume 240, 2017, Pages 148-161, ISSN 0167-8809, 

h�ps://doi.org/10.1016/j.agee.2017.02.019. 

68. Pannase, S., Bagade, S.V., Sonawane, D.A. and Sondawale, P.A., 2024. Effect of Foxtail Millet Cultivars on 

Yield and Yield A�ributes under Different Sowing Windows. Journal of Scientific Research and Reports, 

30(6), pp.277-288. 

69. Patle, N., Upadhyaya, S., & Bansal, S. (2020). Production potential and economics of crop sequences for 

aonla (Emblica officinalis Gaertn.) based agrihorticultural system under rainfed condition. Indian Journal 

of Agroforestry, 18(2). h�ps://epubs.icar.org.in/index.php/IJA/article/view/103206 

70. Peng, Shaobing, Felipe V. Garcia, Rebecca C. Laza, and Kenneth G. Cassman. “Adjustment for specific leaf 

weight improves chlorophyll meter’s estimate of rice leaf nitrogen concentration.” Agronomy Journal 85, 

no. 5 (1993): 987-990. 

71. Periasamy, Shoba, and Ramakrishnan S. Shanmugam. “Agricultural Land Degradation in India.” In Impact 

of Agriculture on Soil Degradation I: Perspectives from Africa, Asia, America and Oceania, pp. 219-257. 

Cham: Springer International Publishing, 2022. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 20 January 2026 doi:10.20944/preprints202601.1444.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202601.1444.v1
http://creativecommons.org/licenses/by/4.0/


 31 of 33 

 

72. Qiu, Y., Wang, Z., Sun, D., Lei, Y., Li, Z., & Zheng, Y. (2025). Advances in Water and Nitrogen Management 

for Intercropping Systems: Crop Growth and Soil Environment. Agronomy, 15(8), 2000. 

h�ps://doi.org/10.3390/agronomy15082000 

73. Rajarathinam, P. K. Subrahmaniyan, S. Elamathi, R. Arulananth, R. Nageswari, S. Mathiyazhagan, R. 

Manimaran, and G. Sivakumar. 2025. “Integrated Nutrient Management Strategies for Red Gram, Sorghum 

and Blackgram-Based Intercropping Systems”. International Journal of Plant & Soil Science 37 (1):98–105. 

h�ps://doi.org/10.9734/ijpss/2025/v37i15256. 

74. Ramanjineyulu, M. Sainath Rao, T. Basavaraj, K. Akhila, and S. V. Vaishnavi. 2024. “Response of Integrated 

Nutrient Management on Growth and Yield of Cluster Bean (Cyamopsis Tetragonoloba L.) under Semi-

Arid Tracts of Andhra Pradesh, India”. European Journal of Nutrition & Food Safety 16 (9):1–10. 

h�ps://doi.org/10.9734/ejnfs/2024/v16i91521. 

75. Ramesh, P., Juturu, V.N., Yugandhar, P., Pedersen, S., Hemasundar, A., Yolcu, S., Chandra Obul Reddy, 

P., Chandra Mohan Reddy, C.V., Veerabramha Chari, P., Mohan, R. and Chandra Sekhar, A., 2023. 

Molecular genetics and phenotypic assessment of foxtail millet (Setaria italica (L.) P. Beauv.) landraces 

revealed remarkable variability of morpho-physiological, yield, and yield-related traits. Frontiers in 

Genetics, 14, p.1052575. 

76. Rhonda R. Janke & Daniel Menezes-Blackburn & Asma Al Hamdi & Abdul Rehman, 2024. “Organic 

Management and Intercropping of Fruit Perennials Increase Soil Microbial Diversity and Activity in Arid 

Zone Orchard Cropping Systems,” Sustainability, MDPI, vol. 16(21), pages 1-15, October. 

77. Ronit Verma, Deepak Rajpurohit, SK Jain, Devender Jain, S Ramesh Babu, Beerendra Singh, Kinjal Mondal, 

Jasvinder, Ranajit Patil and Shailendra Nath Saxena. Nutritional, phytochemical, and processing 

perspectives of custard apple (Annona squamosa): A comprehensive review. Int. J. Adv. Biochem. Res. 

2025;9(7):851-855. DOI: 10.33545/26174693.2025.v9.i7k.4845 

78. Sanjay Singh Rathore, Subhash Babu, Ahmed H. El-Sappah, Kapila Shekhawat, Vinod K. Singh, Rajiv K. 

Singh, P.K. Upadhyay, Raghavendra Singh, Integrated agroforestry systems improve soil carbon storage, 

water productivity, and economic returns in the marginal land of the semi-arid region, Saudi Journal of 

Biological Sciences, Volume 29, Issue 10, 2022, 103427, ISSN 1319-562X, 

h�ps://doi.org/10.1016/j.sjbs.2022.103427. 

79. Sathiya K., Nirmalakumari A., Rangasami Shri S.R., Vanitha C., Harisudan C., Ayyadurai P., Karthikeyan 

R., Ajaykumar R. (2025). Econometric Analysis and Intercropping Nutri-Cereals with Legumes (Urad Bean, 

Arhar) on Climate Resilience in North Eastern Zone of Tamil Nadu. Legume Research. 48(1): 117-123. doi: 

h�ps://doi.org/10.18805/LR-5399 

80. Sathiya, K., Nirmalakumari, A., Ayyadurai, P., Vanitha, C., Ramasamy, S.R.S., Satyanarayanan, G., 

Karthikeyan, R., Kathiravan, M., Sharavanan, P.T. and Vaithiyalingan, M., 2025. Performance of foxtail 

millet (Setaria italica (L.) P. Beauv.) based cropping system for rainfed agro ecosystems in Semi-Arid 

Tropics of India. 

81. Satish K Rathod, Dr. GG Jadhav, Rutuja N Deshmukh, Pranjali G Laharia and Pramod M Lalge. Effect of 

different growth substances on fruit set, yield and quality of custard apple (Annona squamosa L.). Int. J. 

Adv. Biochem. Res. 2024;8(10S):910-915. DOI: h�ps://doi.org/10.33545/26174693.2024.v8.i10Sk.2584 

82. Schmidt, Marcus & Veldkamp, Edzo & Corre, Marife. (2016). Tree-microbial biomass competition for 

nutrients in a temperate deciduous forest, central Germany. Plant and Soil. 408. 

h�ps://doi.org/10.1007/s11104-016-2923-0. 

83. Sharmili K., Yasodha M., Rajesh P. (2021). Millet and Pulses Based Intercropping: A Review . Agricultural 

Reviews. 42(2): 230-234. doi: 10.18805/ag.R-1981. 

84. Sharmili, K. and Manoharan, S., 2018. Studies on intercropping in rainfed li�le millet (Panicum 

sumatrense). International Journal of Current Microbiology and Applied Sciences, 7(2), pp.323-327. 

85. Sheelendra Kumar, Makhan Singh Karada, Jiwan Paudel and Singh, U. P. 2020. Effect of Nitrogen and 

Sulphur on the Performance of Blackgram (Vigna mungo L.) under Custard Apple (Annona squamosa L.) 

based Agri-Horti System. Int.J.Curr.Microbiol.App.Sci. 9(05): 3339-3345. doi: 

h�ps://doi.org/10.20546/ijcmas.2020.905.397 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 20 January 2026 doi:10.20944/preprints202601.1444.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202601.1444.v1
http://creativecommons.org/licenses/by/4.0/


 32 of 33 

 

86. Shen X, Liu Y, Li X and Li L (2024) Effect of intercropping with legumes at different rates on the yield and 

soil physicochemical properties of Cyperus esculentus L. in arid land. Front. Plant Sci. 15:1351843. doi: 

h�ps://doi.org/10.3389/fpls.2024.1351843. 

87. Singh, A. K., Singh, S., Saroj, P. L., Mishra, D. S., Singh, P. P., & Singh, R. K. (2019). Aonla (Emblica 

officinalis) in India: A review of its improvement, production and diversified uses. The Indian Journal of 

Agricultural Sciences, 89(11), 1773–1781. h�ps://doi.org/10.56093/ijas.v89i11.95288 

88. Singh, J., Marboh, E.S., Singh, P. and Poojan, S., 2020. Light interception under different training system 

and high-density planting in fruit crops. J. Pharmacogn. Phytochem, 9, pp.611-616. 

89. Singh, Paramveer, Ajay Bhardwaj, and Randhir Kumar. “Protected horticulture in India: An overview.” 

Sustainable Agriculture (2020): 295-317. 

90. Solaisamy, Manoharan & Baskar, K. & kumar v, Sanjiv & Manikandan, Muthiah & Guru, G. & Saliha, B. & 

Gajjala, Ravindra & K.A., Gopinath. (2023). Aonla based alternate land use system for climate resilience 

and sustainable income in rainfed vertisols of Tamil Nadu. Indian Journal of Dryland Agricultural Research 

and Development. 38. 28-31. 10.5958/2231-6701.2023.00014.X. 

91. Srivastav, A., Tomar, A., Shukla, H.O. and Agarwal, Y.K., 2022. Early growth performance of Aonla based 

agroforestry in Eastern UP. International Journal of Horticulture, Agriculture and Food Science, 6(3), pp.9-

13. 

92. Sujeet Kumar Patel, Vipin Kumar, Divyansh Mishra, Avdhesh Kumar, Prabhat Kumar, Durge Dansena, 

Imran Ali, Brijesh Patel, and Abhishek Sonkar. 2024. “Tree Canopy Architecture and Engineering: 

Physiological and Molecular Aspects”. Journal of Scientific Research and Reports 30 (4):89–94. 

h�ps://doi.org/10.9734/jsrr/2024/v30i41892. 

93. Surendra Rundla, S.C. Shrivastava, Hemant Kumar Lamba, Sudhir Singh, Kavita Nitharwal, and Deepak 

Yadav. 2024. “Analysis of the Cost of Cultivation and Returns for Cluster Bean in the Gird Region of 

Madhya Pradesh, India”. Journal of Experimental Agriculture International 46 (12):236–243. 

h�ps://doi.org/10.9734/jeai/2024/v46i123129. 

94. Swapnashree Sahoo, J. K. Singh, Anamika Nepali, and Swagat Ranjan Behera. 2025. “Improving Growth 

and Yield of Green Gram [Vigna Radiata (L.) Wilczek] With Optimum Sowing Time and Bio Input 

Applications”. International Journal of Plant & Soil Science 37 (9):341–352. 

h�ps://doi.org/10.9734/ijpss/2025/v37i95712. 

95. Tang, Shengnan & Tianfu, Han & Wang, Bin & Zhang, Junda & Zhu, Jie & Hassan, Waseem & Ren, Tianjing 

& Cai, Andong. (2025). Rhizosphere effect decreases soil pH in arid but not humid areas across global 

agricultural ecosystems. Farming System. 3. 100171. h�ps://doi.org/10.1016/j.farsys.2025.100171. 

96. Thimmegowda, M.N., Ramachandrappa, B.K., Vasanti, B.G., Savitha, M.S. and KM, P., 2022. Growth, yield 

and economics of amla (Emblica officinalis L.) based agri-horticultural system in Alfisols of semi-arid 

tropic. Environment Conservation Journal, 23(3), pp.439-449. 

97. Murali, Sai Prasanna G, Syed Irfan Ali. Effect of different supplemental pollination methods and pollen 

storage intervals on fruit yield of custard apple (Annona Squamosa L.) cultivar balanagar. Int J Res Agron 

2024;7(12):270-274. DOI: h�ps://doi.org/10.33545/2618060X.2024.v7.i12d.2143 

98. Van Noordwijk, Meine, ed. Sustainable development through trees on farms: agroforestry in its fifth 

decade. 2019.DOI: 10.1088/1755-1315/449/1/012001 

99. Vijaysingh Thakur, R.P. Patil, J.R. Patil, T.C. Suma and Umesh, M.R. 2017. Physiological Approaches for 

Yield Improvement of Blackgram under Rainfed Condition. Int.J.Curr. Microbiol. App. Sci. 6(11): 4114 4122. 

doi: h�ps://doi.org/10.20546/ijcmas.2017.611.482 

100. Vishwakarma, S.P., Singh, J.K., Sharma, P., Singh, A.K. and Kumar, N.M., 2024. Sulphur and boron 

application for enhanced yield of blackgram (Vigna mungo L.) under custard apple (Annona squamosa L.) 

based agroforestry system in Vindhyan region. Ecology, Environment & Conservation (0971765X), 7. 

101. Wei Wang, Meng-Ying Li, Yang Wang, Jian-Ming Li, Wei Zhang, Qin-Hui Wen, Shuang-Jin Huang, Guang-

Rong Chen, Shuang-Guo Zhu, Jing Wang, Fazal Ullah, You-Cai Xiong, Legume intercropping improves 

soil organic carbon stability in drylands: A 7-year experimental validation, Agriculture, Ecosystems & 

Environment, Volume 381, 2025, 109456, ISSN 0167-8809, h�ps://doi.org/10.1016/j.agee.2024.109456. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 20 January 2026 doi:10.20944/preprints202601.1444.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202601.1444.v1
http://creativecommons.org/licenses/by/4.0/


 33 of 33 

 

102. Willey RW (1979) Intercropping-its importance and research needs. Part-I Competition and yield 

advantages. Field Crop Abst 32 : 1—10 

103. Zhang Y, Han M, Song M, Tian J, Song B, Hu Y, Zhang J and Yao Y (2021) Intercropping with Aromatic 

Plants Increased the Soil Organic Ma�er Content and Changed the Microbial Community in a Pear 

Orchard. Front. Microbiol. 12:616932. doi: h�ps://doi.org/10.3389/fmicb.2021.616932. 

104. Zhao Y, Yan C, Hu F, Luo Z, Zhang S, Xiao M, Chen Z and Fan H (2022) Intercropping Pinto Peanut in 

Litchi Orchard Effectively Improved Soil Available Potassium Content, Optimized Soil Bacterial 

Community Structure, and Advanced Bacterial Community Diversity. Front. Microbiol. 13:868312. doi: 

10.3389/fmicb.2022.868312 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those 

of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) 

disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or 

products referred to in the content. 

 

 

 

 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 20 January 2026 doi:10.20944/preprints202601.1444.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202601.1444.v1
http://creativecommons.org/licenses/by/4.0/

