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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™), intercrop biomass, and blackgram equivalent yield (1337-1653 kg ha™') than aonla-based
systems (1980-2538 kg ha™ of fruit yield), and 891-1142 kg ha™ 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 (3352.4
ha day™). Soil fertility improved significantly over the study period, with increases in soil organic
carbon (1.05-1.76 g kg™), available nitrogen (9-11 kg ha!), and potassium (8-14 kg ha™), 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
patterns, 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 attributes, especially its exceptional vitamin C content
and antioxidant properties (Singh et al., 2019). Owing to these characteristics, aonla-based
agroforestry systems have gained attention 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
matter 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), Kovilpatti 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~!, with a mean sunshine duration of 6.9 hours
day™ and an average wind velocity of 5.7 km h'. During the NEM where the cropping was done
experienced with the mean maximum and minimum temperatures are 32.3 °C and 214 °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™, with a mean
sunshine duration of 5.5 hours day™ and an average wind velocity of 3.5 km h-l. 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™). 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™!, 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
(M) and custard apple (Annona squamosa L.) cv. APK-1 (Mz). The sub-plot treatments comprised
four intercrops: blackgram (Vigna mungo L.) cv. VBN-11 (S;), greengram (Vigna radiata L.) cv. VBN-
5 (Sz), cluster bean (Cyamopsis tetragonoloba L.) cv. Pusa Navbahar (S;), 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 P»Os, and 12.5 kg K,O ha™! for
blackgram, greengram, and cluster bean; and 44 kg N and 22 kg P,Os ha™ for foxtail millet. For
custard apple, fertilizers were applied at 0.25:0.12:0.25 kg N: P,Os: K;O tree™ year along with 50 kg
FYM tree™ year™, while aonla received 0.25:0.16:0.30 kg N: P,Os: K;O tree! year along with 50 kg
FYM tree! year! during the minth of Sept to Oct coincide with the onset of North East Monsoon.
Each experimental plot had a gross area of 80 m? 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
Q).

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) = y( YixPi/ Pr)
where:
Yi = Yield of the it" intercrop (kg ha™)
Pi = Market price of the it intercrop (X kg™)
Pr = Market price of the reference (base) crop (X kg™)

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,
e  Crop yield (kg/ha or t/ha)
e 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 attributes 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 (m?2)

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

Net return (Rs.ha) = Gross return (Rs.ha) — Cost of cultivation (Rs.ha)

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

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 better the system. REE is calculated as:

REE =DNR — ENR/EN 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= each). The variation in plant population may
be attributed 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 attained 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, attributable 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.

¥ .
} g - - i
- I-." | l '

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,
LAlIvaluesranged 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 attributed 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).

PR — - —
LA (Leaf Area Index)

S gl & 5.

5% 8

Figure 6. Effect of Agri — horti system on LAI (Leaf Area Index) of intercrops.
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Heatmap SPAD Value Across Treatments and Years
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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 LAl in green gram
and cluster bean may be attributed 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 attributed 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.

gt ey (%) — Separs Rty by Tesr
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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™! and haulm
/ stover yields from 1731 to 6265 kg ha™. In comparison, the Aonla based system recorded grain yields
of 830 to 3322 kg ha™! and haulm / stover yields of 1910 to 6490 kg ha! (Figures 9 and 10). The superior
intercrop productivity observed under the Custard apple based agri-horti system may be attributed
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™) and haulm yield (5743 to 5952 kg ha™), irrespective of the fruit tree species, followed by foxtail
millet, which recorded grain yields of 2155 to 2295 kg ha™' and haulm yields of 2625 to 2925 kg ha.
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 attributed 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).
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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™') compared to the Aonla based system yield of 1087 kg ha-'. Among the
intercrops, cluster bean registered the highest blackgram equivalent yield range of 1384 to 1485 kg
ha™, followed by foxtail millet (1293 to 1377 kg ha™'), 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 vyield, 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 attributed to heightened interspecific competition and reduced photosynthetic
efficiency, leading to lower yield realization. Similar observations have been found by Patle et al.,
2020.

Dumbbell Plot — 2024-25 vas Pooled BEY (green increase, red decreasea)
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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™) over the three years of experimentation (Figure
12). The significantly higher RUE observed in cluster bean can be attributed 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™), 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™. The lower RUE in these crops may be attributed to their comparatively
shallow root systems and limited tolerance to intermittent 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, attributable to its vigorous growth habit, deeper root system, and better 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 attaining 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 attributed 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.

L e e T

i

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 litter
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 attributed 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 attributed 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 (202223 to 2024-25). The observed
improvements in these secondary growth parameters can be attributed 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 better 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
attributed 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 pattern 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).

1

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 attributed to limited organic matter 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 t073 cm, respectively form the 2022-23 (Figures 16 and 17). The broader
canopy development in aonla can be attributed to its naturally expansive branching pattern, 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).

Canopy spread (cm) North-South

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

Canopy spresd (cm) Last-Weat

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 2142
cm, respectively. This comparatively restrained canopy development may be attributed 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 patterns (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™, whereas aonla recorded comparatively lower yields of 1980 to 2538 kg ha™'. The
superior fruit productivity of custard apple may be attributed 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™! 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 attributed to the short duration and shallow rooting pattern 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 attributed to increased competition for soil
moisture and nutrients under the latter combinations, particularly during peak demand periods (Wei
et al, 2025).

Fruit Yield
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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™!, compared with 891 to 1142 kg ha™! in aonla based systems during the three-year period. The
highest blackgram equivalent yield of 1653 kg ha-! 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™, 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 attributed to its deeper and more efficient root system, enhanced stomatal regulation,
and better 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 Marotti 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 ef al., 2022; Liu et al., 2022).

- L

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™ during the experimental period (2022-23 to 2024-25). This lower
efficiency may be attributed 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!, whereas the aonla based systems recorded comparatively
lower values, ranging from 891 to 2447 kg ha™ over the study period (Figure 20). The higher
productivity observed under custard apple based systems may be attributed 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).

Blachgram Equivalent Yield (kgha)

- " - -

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?), representing a 55.71% increase over custard apple grown
as a sole crop. The superior performance of this combination can be attributed 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 attributed 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~, compared with 2.13 to 5.31 kg ha mm™ under aonla
based systems. The superior RWUE observed in custard apple based systems may be attributed to
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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™™), 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 better 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 attributed 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 attributed 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 330,425 to 366,350 ha'. The observed variation in economic performance of
intercropping systems can be attributed 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 (366,350 ha™!), followed by the aonla / custard apple + foxtail millet system. In contrast, the
lowest costs were recorded under sole fruit cropping, with custard apple (330,425 ha™') and aonla
(331,417 ha™'). The higher cultivation cost associated with cluster bean-based systems may be
attributed 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 (31,81,160 ha™), followed by custard apple + foxtail millet (31,72,460
ha™'). The superior gross returns under these systems can be attributed 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 (353,460 ha™)
and custard apple (380,240 ha'). 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.

Cost of Gross Income Net Income
cultivation (Rs./ha) (Rs./ha) BCR
Rs./ha
Treatments 202 | 202 | 202 | 202 | 2023 | 202 | 202 | 202 | 202 | 20 | 20 | 202
4- 3- 2- 4- - 2- 4- 3- 2- | 24- | 23- | 2-
202 | 202 | 202 | 202 | 2024 | 202 | 202 | 202 | 202 | 20 | 20 | 202
5 4 3 5 3 5 4 3 25 | 24 3

335 | 310 | 297 | 572 | 5238 | 507 | 237 | 213 | 210 | 1.7 | 1.6 | 1.7

Aonla alone 00 00 50 40 0 60 40 80 10 1 9 1

Aonla + 405 | 382 | 363 | 124 | 1180 | 112 | 839 | 797 | 763 | 3.0 | 3.0 | 3.1
Blackgram 00 50 00 | 440 20 620 | 40 70 20 7 9 0

Aonla + Green 405 | 382 | 363 | 123 | 1154 | 108 | 828 | 771 | 718 | 3.0 | 3.0 | 2.9
gram 00 50 00 | 360 40 120 | 60 90 20 5 2 8

Aonla +Cluster 685 | 662 | 643 | 157 | 1425 | 140 | 890 | 763 | 761 | 23 | 2.1 | 2.1
bean 00 50 00 | 560 60 400 | 60 10 00 0 5 8
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Aonla +Tenai 466 | 422 | 400 | 148 | 1374 | 134 | 101 | 951 | 944 | 3.1 | 3.2 | 3.3
00 25 00 | 380 00 460 | 780 | 75 60 8 5 6

Custard apple 315 | 303 | 294 | 814 | 8844 | 708 | 499 | 580 | 414 | 25 | 29 | 24
alone 00 75 00 80 0 00 80 65 00 9 1 1

Custard apple+ | 405 | 382 | 363 | 152 | 1585 | 139 | 111 | 120 | 103 | 3.7 | 4.1 | 3.8
Black gram 00 50 00 | 100 20 920 | 600 | 270 | 620 | 6 4 5

Custard apple+ | 405 | 382 | 363 | 151 | 1543 | 133 | 111 | 116 | 976 | 3.7 | 4.0 | 3.6
Green gram 00 50 00 | 500 20 920 | 000 | 070 | 20 4 3 9

Custard apple+ | 685 | 662 | 643 | 189 | 1850 | 168 | 120 | 118 | 104 | 2.7 | 2.7 | 2.6
Cluster bean 00 50 00 | 480 40 960 | 980 | 790 | 660 | 7 9 3

Custard apple+ | 460 | 437 | 418 | 180 | 1729 | 164 | 134 | 129 | 122 | 39 | 39 | 39
Tenai 00 50 00 | 000 20 460 | 000 | 170 | 660 | 1 5 3

Likewise custard apple + foxtail millet system realized the highest average net income (31,28,610
ha™), followed by custard apple + clusterbean (31,14,810 ha'). These systems generated additional
net returns of 378,795 ha™ and 264,995 ha™!, respectively, over sole custard apple cropping (349,815
ha™'). The superior net returns from the custard apple + foxtail millet system may be attributed 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 (X ha? day™), 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 (3352.4 ha™' day™), followed by custard apple
+ clusterbean (%314.6 ha™ day™) and custard apple + blackgram (3306.4 ha™! day!) (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 attributed 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 260.4 and %136.8 ha™! day™, 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 attributed 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 benefitted 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
litter, intercrop residues, and root exudates, causing localized acidification under otherwise alkaline
conditions (Zhang et al., 2021; Tang et al., 2025).

Status of soil pH from 2022-23 to 2024-25
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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 attributed to
continuous biomass inputs from tree litter, 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).
Status of soil OC (g/kg) from 2022-23 to 2024-25
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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 toll 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 litter and plant residues (Murphy et al., 2017; Zhao et al., 2022).

" Status of soil Available N (kg/ha) from 2022-23 to 2024-25
165 1200
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Blackgram Green gram Clusterbean  Tenal  apple alone apple + Black  apple + apple + apple +
. . " gram _ Greengram Clusterbean  Tenai
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Figure 26. Post-harvest status of soil available N (kg/ha) from 2022-23 to 2024-25.
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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).
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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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CEY Crop Equivalent Yield
Cco Coimbatore
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LER Land Equivalent Ratio
mm day™ Millimetre per day
N: P,0s: KO 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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Figure 1. (a) Location map of the experimental field at AICRPDA Main centre, Kovilpatti, Tamil Nadu, India. (b)
Aerial view of AICRPDA Main centre research field.
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2024-25

Weather parameters during the cropping period 2024-2025
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Figure 2. Weather parameters including soil moisture content during the cropping periods from 2022-23, 2023-

24 and 2024-25.
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