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Coconut-based cropping systems are vital to the coastal rural economy, which faces challenges like
declining soil fertility, low productivity, pest invasions, and climate change. The study conducted in the
eastern Indian state of Odisha investigated strategies for sustainable intensification in coconut
through multi-storied and intercropping, reinforced with soil test-based fertilizer management
(STBFM). Multi-storied cropping with STBFM (T6) recorded significantly higher coconut equivalent
yield (33,407 nuts ha™") and net income (USD 4344.67 ha™") annually. Correlation study revealed the
importance of magnesium, calcium, and copper in enhancing system productivity and profitability.
Multi-storied cropping with and without STBFM recorded the highest sustainability yield index (0.91
and 0.86). Nutritional composition was higherin T6 (energy — 110,632 Kcal, fat—902 g, carbohydrates
—22,344 g, and iron—5190 mg). The Present study highlights the need for the adoption of multi-
storied/intercropping with judicious nutrient management for reinvigorating sustainable coconut
farming at landscapes, besides ensuring smallholders’ nutritional security in eastern Indian states.

Coconut-based cropping systems are integral to the coastal agrarian economy
and rural subsistence in Odisha, India. These systems, however, face
numerous challenges such as declining soil fertility, pest and disease invasions,
and climate change impacts. Climate change has disrupted traditional farming
practices due to irregular rainfall patterns and unseasonal storms" specifically
in coastal areas. The coconut tree (Cocos nucifera L.) cultivated globally which
offers multiple advantages such as food, nutrition, livelihood security etc. Yet,
when it is grown as a monocrop, the efficiency of land use is markedly lower as
canopy and solar radiation utilization is not being potentially exploited™.

Odisha contributes significantly to India’s coconut production, but
despite the extensive cultivation, the potential for productivity is yet to be fully
realized’. This is often attributed to suboptimal nutrient management and
monocultural practices’. Soil Test-Based Fertilizer Management (STBFM)
has emerged as a promising strategy, advocated for a balanced application of
chemical fertilizers, organic amendments, and biofertilizers to improve soil
health and crop yields’. Multi-storied cropping and intercropping are
innovative approaches that are garnering interest for their ability to maximize
land use and diversify cropping systems™. These approaches have been
demonstrated to enhance resource use efficiency, decrease pest and disease
incidence, and improve overall farm productivity and resilience™".

The monocropping of coconut results in poor land area utilization,
estimated at 22%, canopy space at 30%, and solar radiation at 45%”*'". In a
monocropping system, production is poor, and resource loss is

considerable'”. In most coconut-growing locations, intercropping is a com-
mon method to increase land use efficiency. In order to maximize land usage
and crop diversification, coconut can be grown alongside more than 100
different crops and systems™". Smallholder farmers may face economic
challenges due to the significant investment required to establish a crop until
it reaches bearing age. On the other hand, intercropping offers advantages
over monocropping in terms of crop output through the complementary
interaction between intercrop components and the competition levels for
environmental resources". Intercropping is more efficient than monocrop-
ping because the plants use environmental resources differently and com-
plement each other’s use of those resources, resulting in increased yield”".
Farmers can benefit from intercropping because it is more agronomically
sound than monocropping'. The root system of the mature coconut palm is
primarily found within a 1.8-m radius of the base, with 95% of the roots
located between 0 and 120 centimeters beneath the soil surface. An earlier
study by Perfecto’ revealed that intercropping can enhance soil fertility,
water retention, and soil temperature. This study delves into the exploration
of various coconut-based cropping systems, examining their potential to
deliver a harmonious combination of productivity, sustainability, and eco-
nomic viability. It also focuses on the adoption of Soil Test-Based Fertilizer
Management (STBFM), multi-storied cropping, and intercropping as
innovative agronomic practices aimed at reinvigorating the coconut farming
landscape and nutritional security in Khorda district of Odisha (Fig. 1).
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Fig. 1 | Location of the experimental area. The figure shows the geographical location of Khorda district, Odisha, India, where the on-farm coconut-based cropping system

trials were conducted between 2021 and 2023 (Fig. 1).

Therefore, the present investigation was focused on the key objectives
viz., Identifying sustainable practices for coconut farming, assessing the
economic viability of coconut-based farming systems, and analyzing the
correlation between soil chemical properties and coconut equivalent yield.

Results

Comparative analysis of coconut equivalent yield under various
cropping systems

The Soil Test-Based Fertilizer Management (STBFM) in coconut cultivation
(T2) recorded the maximum yield of 3802.67 nutsha™" followed by the
conventional method of coconut cultivation without STBFM (T1)
(2130 nuts ha™). Intercropping in coconut with STBFM (T5) recorded
highest yield of 11,971.52 nuts ha™*; while without STBEM (T3) resulted ina
yield of 7782.36nutsha’, while with STBFM (T5) recorded
11,971.52 nutsha™" (Fig. 2). Similarly, multi-storied systems with and
without STBFM (T6 and T4) yielded 13,362.99 and 8058.10 nuts ha ',
respectively. Traditional cultivation of sole coconut without STBEM (T1)
resulted in lowest coconut equivalent net income (CENI) of USD
296.21 ha™! with a BCR of 1.58, whereas implementing STBFM in coconut
cultivation (T2) significantly improved the CENI to USD 660.49 ha™" witha
BCR of 1.85 (Fig. 3). Intercropping and multi-storied systems without
STBFM (T3 and T4) led to higher CENI of USD 1810.10 and USD
1961.56 ha™' with BCRs of 1.97 and 2.06, respectively. Notably, these sys-
tems combined with STBEM (T5 and T6) showed the higher economic
returns, with T5 yielding a CENI of USD 3402.69 ha™' and a BCR of 2.50,
and T6 achieving the highest CENT of USD 4344.67 ha™' and a BCR of 3.21.

Interpretation of the correlation matrix
The heatmap analysis revealed significant associations between various soil
parameters and coconut equivalent yield. Among them, magnesium (Mg),

calcium (Ca), and copper (Cu) exhibited the strongest positive correlations
with yield, suggesting a potential link between higher concentrations of
these nutrients and increased crop productivity. Organic carbon (OC) and
boron (B) also demonstrated notable positive correlations with coconut
equivalent yield (Fig. 4). In contrast, manganese (Mn) showed a slight
negative correlation with yield. Other parameters such as soil pH, electrical
conductivity (EC), phosphorus (P), potassium (K), and zinc (Zn) were
found to have moderately positive correlations with yield.

Multivariate analysis of soil properties affecting coconut yield
In the principal component analysis (PCA) of soil parameters and their
relationship to coconut equivalent yield, the first two principal components
(Diml and Dim2) accounted for 31.5% and 22.4% of the variance,
respectively. This indicated that over 50% of the total variation in the data is
explained by these two components. The biplot (Fig. 5) showed the pro-
jection of soil variables onto these principal components. Exchangeable Ca,
Mg, and K were closely aligned with Dim1, suggesting that these nutrients
played a significant role in coconut yield.

One-way analysis of variance comparison of various coconut-
based cropping systems on coconut equivalent yield

A one-way analysis of variance (ANOVA) was conducted to compare the
effect of different coconut-based cropping systems on the equivalent yield of
coconuts (Table 1). The treatments included variations in inter- and multi-
storied cropping approaches, both with and without STBFM. The ANOVA
revealed a statistically significant difference in coconut equivalent yields
(COEY) between the treatments, with an F-statistic value of 38.47 and a
p-value less than 0.000001 (F 5, 12) = 38.47, p < 0.000001). Post hoc com-
parisons using Tukey’s HSD test indicated that the mean yield for the multi-
storied treatment with STBFM (T6 = 33,407.47 nuts ha ") was significantly
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Fig. 4| Correlation heatmap between coconut equivalent yield and soil parameters. The heatmap shows Pearson correlation coefficients among soil nutrients and coconut
equivalent yield.
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Table 1 | One-way analysis of variance comparison of various coconut-based cropping systems on coconut equivalent yield

Source Sum of squares

Degrees of freedom

F-value

Pr(>F)

C (Treatment) 1.809885e + 09 5.0

38.471957 5.562985e-07

Residual 1.129062¢ + 08 12.0

F-statistic is approximately 38.47, and the corresponding p-value is very small (approx. 5.56e-07), which indicates that there are significant differences between the treatments.

higher than all other treatments (Fig. 6). The subsequent highest yields were
recorded in intercropping with STBFM (T5 = 29,928.80 nuts ha™), fol-
lowed by the multi-storied without STBFM (T4 = 20,145.25 nuts ha™),and
intercropping without STBFM (T3 = 19,455.89 nuts ha™"). The treatments
involving only coconut cultivation, with (T2 =9506.66 nutsha™") and
without STBFM (T1 = 5325 nuts ha '), had the lowest yields.

Sustainability yield index

The Sustainability yield index (SYI) revealed that coconut-based multi-
storied cropping systems with or without STBFM recorded the highest
sustainable yield index (0.91 and 0.86, respectively) and promise to be a
scalable and sustainable approach to significantly enhance productivity,
profitability, and climate resilience of coconut-based cropping systems in
similar agro-ecologies in India (Fig. 7). Conversely, the lowest SYI was
observed in the sole coconut without STBFM (T1).

Analysis of nutritional availability from various coconut-based
cropping systems

The nutritional benefit analysis (Fig. 8) revealed that multi-storied cropping
in coconut with STBFM (T6) provided highest energy (110,632 Kcal), fat
(902 gm), carbohydrates (22,344 gm), and iron (5190 mg); whereas, the
Intercropping + coconut with STBFM (T5) provided maximum protein
(3156 gm), fiber (4916 gm), and calcium content (44,137 mg) to households
ha™', annually. However, the sole coconut system, with or without STBEM,
ie, Tl and T2, provided the least support to households in terms of
nutrition, which was limited to only energy, i.e., 10520 and 21,508 Kcal,
respectively, and carbohydrates, i.e., 609 and 1246 gm ha™’, respectively.

Discussion
The study on coconut equivalent yield and economic returns highlighted
the significant positive impact of STBFM and diversified cropping

systems. The increased yields under intercropping and multi-storied
systems, especially when integrated with STBFM, demonstrated
improved efficiency in land use and nutrient management. The findings
are consistent with Bari & Rahim'®, who investigated three medicinal
plants in a coconut-based agroforestry system and found significant
effects on yield. Intercropping and multi-storied systems, particularly in
combination with STBFM, have shown remarkable efficiency in opti-
mizing land use and potentially improving microclimatic conditions in
coconut cropping systems'”"*. Integrated farming enhances income and
nutritional security for small farmers through resource integration and
increased productivity®"”. Shinde et al.”’, revealed the success of ‘Lakhi
Baug,” a multi-storied coconut-based cropping system, which has dou-
bled farmer incomes in the Konkan region by integrating nutmeg, cin-
namon, black pepper, and fruit crops. These results highlighted the
substantial economic benefits of integrating advanced cultivation tech-
niques with STBFM in coconut farming'’. The results are also consistent
with Bari and Rahim'®, who investigated coconut-based agroforestry
systems which generated higher returns due to additional contributions
from fruit crop (coconut+ guava) having the highest benefit-cost
ratio (BCR).

The correlation interpretation showed that nutrients such as Mg, Ca,
and Cu are vital for enhancing coconut productivity, consistent with
previous findings regarding their key roles in photosynthesis, enzyme
activation, and nutrient transport’"*’. The positive relationship between
organic carbon and yield indicated that OC significantly contributes to
soil fertility, enhancing nutrient retention and biological activity”’. Boron
is an essential element for cell wall integrity and reproductive develop-
ment, justifying its role in yield enhancement™. The negative correlation
with Mn suggested that while this micronutrient is essential, its deficiency
and toxicity can limit plant growth, particularly in specific soil pH
conditions™. Moderate correlations with pH, EC, P, K, and Zn highlighted
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Fig. 7 | Sustainability yield index (SYI) under various coconut-based cropping
systems. This figure presents the SYI values for each treatment.

the complex interactions between soil chemistry and nutrient availability.
Notably, pH affects the solubility and uptake of most nutrients, and its
connection to yield reflects the soil’s role in fostering optimal nutrient
availability and microbial activity’®. The PCA results highlighted that
exchangeable Ca, Mg, and K are the most influential soil parameters
affecting coconut yield variability””. These findings are in line with the
study of Kueklang et al.,” who reported that these nutrients are essential
for coconut palm growth and fruit development. The alignment of the
coconut equivalent yield with Exch. K and Avail. Zn on the biplot sug-
gested that these nutrients may be particularly critical for yield
optimization”. This indicated the multifaceted nature of soil fertility and
its complex relationship with crop yield***".

The ANOVA results showed that the coconut-based cropping
system and the use of STBEM significantly affect coconut yield. The
superior performance of T6 and T5 demonstrated the synergistic effect
of combining STBFM with multi-storied and intercropping systems,
likely due to enhanced nutrient use, space efficiency, and improved soil
health. These findings align with Bhol et al.””, an investigation conducted
in Puri district of Odisha during 2012-2013 to study the composition,
structure, and role of coconut (Cocos nucifera L.) based farming systems.
The study found that among the farming systems studied, the 0.8-hec-
tare coconut-based agroforestry system was identified as the most viable
land use. This may be due to the enhanced nutrient utilization efficiency,
better space utilization that these methods provide, and potential

Treatments

Fig. 8 | Nutritional availability per hectare of land area under different treat-
ments. The bar graph compares the content of energy, protein, fat, carbohydrates,
calcium, iron, and fiber in terms of nutritional availability per hectare per annum
across different treatments.

improvements in soil health” . The higher SYI values in multi-storied
systems reflected their potential as scalable and climate-resilient models
for enhancing productivity and sustainability in coconut-based farming.
The combination of STBEM with system diversification further ampli-
fied these benefits by improving nutrient recycling, resource use effi-
ciency, and soil health. The study conducted by Farsanashamin and
Anilkumar® to investigate the influence of the STBFM approach (basin
management of coconut with in situ green manuring, recycling of palm
waste, FYM application @ 50 kg + 5kg ash + 25 g Azospirillum per
palm per year combined with the application of 75% of RDF of NPK each
for the component crops viz. noni, banana, and long pepper) found
beneficial for spreading awareness of the multi-storied cropping system
in coconuts in coastal sandy soil about its productivity, profitability, and
sustainability. The study indicated that adopting multi-storied cropping
or intercropping in addition to the STBFM approach in a coconut-based
system improves the overall nutritional security of the households as
compared to a sole coconut cropping system and could be a viable and
effective means of supplying food, nutrition, and financial stability to the
expanding Indian population®”. Considering the many advantages and
agricultural sustainability, intercropping systems can be deemed
appropriate for ensuring small-scale farmers’ food and livelihood
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Fig. 9 | Diverse agricultural practices in coconut cultivation. This figure illustrates
the different coconut-based cropping systems evaluated in the study: a Multi-storied
cropping system with various plant species. b Soil Test-Based Fertilizer Management

(STBEM) applied to coconut. ¢ Intercropping methods utilized between rows of
coconut. d Harvested yield.

security”’. Similarly, several studies highlighted the importance of
multiple cropping in supplementing the farm income by growing
additional crops valued financially, such as minor export crops, vege-
tables, fruit crops, grains, and tuber crops, as it ensures the nation’s food
security™*”.

The present study demonstrated the importance of introducing
multi-storied cropping in coconut-based production systems like inter-
cropping comprising pulses and vegetables, and/or multi-storied crop-
ping comprising pineapple, banana, turmeric, tomato, brinjal, etc.
Similarly, the study highlighted the significance of soil test-based fertilizer
management (STBFM) in coconut-based production systems, which can
sustainably boost yield and economic returns from coconut homesteads.
Amongall the treatments, the multi-storied cropping system with STBFM
(T6) showed the highest COEY (33,407 nuts ha™'), energy (110,632 Kcal),
fat (902gmha™' annum™), carbohydrates (22344 gmha™' annum™'),
iron (5190 mgha™' annum ™) and also recorded the highest net income
(USD 4344.67 ha™") and benefit-cost ratio (3.21). Correlation analyses
further revealed that specific soil nutrients, particularly magnesium, cal-
cium, and potassium, were positively associated with the coconut-based
system productivity. The outcomes of this research underscore the
potential of sustainable management practices in transforming the live-
lihoods of coconut farmers. The study findings indicate that scaling out
multi-storied cropping or intercropping at the landscape level, with
STBEM, improves the nutritional availability and security of households.
This approach ensures environmental health promotion, food security,
and sustainable agricultural development. The study also feeds into
developing suitable policy guidelines for sustainable and lasting impacts
on the livelihoods of smallholder farmers across similar agroecologies
in India.

Future research should concentrate on the long-term sustainability of
the proposed cultivation methods in the coconut-based cropping system,
their impact on soil health over time, and the exploration of different
intercropping combinations suited for various climatic conditions. It is

essential to examine how different coconut-based cropping systems adapt
to climate variability and contribute to carbon sequestration. Evaluating
the carbon storage potential of various intercropping and multi-storied
systems can provide insights into their role in mitigating climate change.
Additionally, studies should investigate how these practices influence
greenhouse gas emissions and their overall carbon footprint. Considering
our findings, we propose several strategic actions to foster sustainable
practices for developing coconut-based livelihoods in Odisha. These
actions are intended to enable a transition to more sustainable, productive,
profitable, and environment-friendly management practices in coconut-
based cropping systems across similar agroecologies. This requires
extensive advocacy and scaling through capacity building and policy
development for Farmers.

Methods

The investigation was carried out during 2021-23 in the Khorda district
of Odisha, India, which is located at 20.1301° N latitude and 85.4788° E
longitude along the Bay of Bengal. The study area was spread across 600
households in the Khorda district. However, the paper presents the
findings from the strategic on-farm research conducted across 18
farmers’ fields.

The experiment followed a randomized block design (RBD) with three
replications, where each replication represented a different farmer’s field. Six
treatment combinations were evaluated to assess the performance of
coconut-based cropping systems.

The treatments included sole coconut cultivation with and without
STBEM, coconut intercropped with brinjal, tomato, chilli, cauliflower,
radish, and amaranth, with and without STBFM (Fig. 9). Multi-storied
coconut-based systems involved cultivating banana, pineapple, turmeric,
and ginger, with and without STBFM. Strata-wise species arrangements
were followed in multi-storied cropping systems, where coconut formed the
upper canopy, banana occupied the middle stratum, while pineapple, tur-
meric, and ginger formed the lower canopy. Treatments ranged from no
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Table 2 | Experimental treatment combination

Treat. No Treatment details Crop details Soil test-based fertilizer
recommendations
N P K Zn B
T Coconut without STBFM Coconut - - - - -
T2 Coconut with STBFM Coconut** 600 800 800 14 14
T3 Intercropping: Coconut Without STBFM + Brinjal, Tomato, Chilli, Cauliflower, Coconut = = - - -
Radish, Amaranthus
Brinjal, Tomato, Chilli, Cauliflower, Radish, - - - - -
Amaranthus
T4 Multi-storied Cropping System: Coconut Without STBFM + Banana, Coconut, Banana, Pineapple, Turmeric - - - - -
Pineapple, Turmeric, Ginger Ginger
T5 Intercropping: Coconut With STBFM + Brinjal, Tomato, Chilli, Cauliflower, Coconut** 600 800 800 14 1.4
Radish, Amaranthus
Brinjal* 80 40 60 2 0.10
Tomato* 100 60 60 2 100
Chilli* 24 16 20 2 0.10
Cauliflower* 60 24 32 2 0.10
Radish* 20 20 30 2 0.10
Amaranthus* 24 16 16 2 0.10
T6 Multi-storied Cropping System: Coconut with STBFM + Banana, Pineapple, Coconut** 600 800 800 14 14
Turmeric, Ginger
Banana** 1000 200 1000 1 0.1
Pineapple* 202 759 60.6 0 2
Turmeric* 76 30 48 2 0.10
Ginger* 20 10 10 2 0.20
STBFM - Soil Test-Based Fertilizer Management, * Kg/acre, **gm/plant, Coconut variety —Sakhigopal Local.
fertilizer application to precise nutrient management based on soil tests,
ith fertili lied ifi d di th d . Parameter Method Reference
with fertilizers applie at. specific r:ates epending on the crop and cropping  eagured
system. Treatment details, including fertilizer doses and crop species, are
presented in Table 2 pH The soil pH was measured by a glass electrode usinga 41
. . . soil-water suspension ratio of 1:2
Coconut Equivalent Yield (COEY): Measured in nuts per hectare P
EC The soil electrical conductivity (EC) was measuredbya 41
calomel electrode using a soil-water suspension ratio of
_ Y. XP.)+ (Y. xXP 1:2 after settling the sample overnight using an
COEY(nuts ha 1) = &, ) P LF ) (1) EC meter
¢ Organic Soil samples were ground to pass through a 0.25-mm 42
carbon sieve for organic carbon analysis by Walkley-Black
Where: method
Y; = Yield of intercrop (kg ha™"), P; = Price of intercrop (US kg ™), Exchangeable  Exchangeable bases viz., K, Ca, and Mg were 43
Y. = Yield of coconut (nuts ha™), P, = Price of coconut (USD nut™") ~ bases dﬂfr{nmei‘h usang the neutral normal ammonium
Coconut Equivalent Net Income (CENI): Measured in currency dedr ey
(USD) Available P Available P in acidic soils was estimated by using Brays = 44
! extractant no 1- 0.03 M NH,F in 0.025 M HCL 45
Available P in alkaline soils was estimated by using
B . . . sodium bicarbonate (NaHCO;) of pH 8.5 as an
CENI(USD) = Coconut Equivalent Yield (COEY) X Price of coconut extractant for soils respectively,
2 Available Available micronutrients viz., Fe, Cu, Mn, and Zn were ~ 46
micronutrients _extracted by DTPA reagent of pH 7.3
Sustainability Yield Index (SYI): The SYI was COmpllted as per the Available Available Boron was extracted by hot water 47
formula followed by Gokhale et al.*’ Boron
Available S Measured using 0.15% calcium chloride (CaCl,) asan 48

(Y -o)
Y

SYI = (3)

max

o is standard deviation (nutsha™"), Y is average coconut equivalent yield
(nutsha™) and Yy, is the maximum coconut equivalent yield in all
experimental years (nuts ha™).

The methodology followed for estimating various parameters as
furnished below.

extractant

Macro and micronutrients were measured on microwave plasma atomic emission spectroscopy
whereas boron and sulphur were measured on inductively coupled plasma-optical emission spec-
troscopy (ICP-OES).

Soil samples were collected from each coconut-based cropping system
using a systematic sampling approach. Sampling was performed at a depth
of 0-30 cm. Care was taken to avoid contamination from surface debris,
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Fig. 10 | Average monthly rainfall of Khorda dis- 410
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vegetation, or other external sources. The collected samples were then air- References

dried and powdered with a wooden hammer to pass through a 2-mm sieve
and stored in a plastic container for chemical analysis. Average monthly
rainfall data for the years 2021-2023 were collected and analyzed to
understand the climatic conditions during the study period (Fig. 10). Sta-
tistical analysis was performed to compare the treatment effects on coconut
yield, income, and soil parameters. Analysis of variance (ANOVA) and
post-hoc tests (Tukey’s Honestly Significant Difference (HSD) test to
identify significant differences among the treatments) were conducted to
determine significant differences among treatments. Statistical software [R
software 4.3.2 version] was used for data analysis.

Principal component analysis (PCA) was carried out as described by
Dunteman®, Jolliffe” and Krzanowski’'. The PCAs were determined as a
linear combination of 14 soil parameters, comprising, soil pH, electrical
conductivity, micro and macro nutrients.

Following the scaling of the data, principal components were derived to
transform the original variables into a new coordinate system. The principal
components (P) are linear combinations of the » original variables (X),
where the coefficients a;; represent the loadings of the original variables on
the principal components. The principal components can be expressed as
follows:

Pi=apX +apX+———————— +a Xy 4)

Py=aX tapXy+———————— g Xy ©)

Here, P1 represents the first principal component, which captures the
maximum variance in the data, and a;; X; +a;, X5 + -------- + a; Xy are
theloadings of the first principal component on each of the original variables
X1, X2,....Xk. Similarly, P2 is the second principal component, 421,
a22,...,a2k are the corresponding loadings, and so on.

This study was conducted in accordance with the institutional ethical
guidelines of the International Crops Research Institute for the Semi-Arid
Tropics (ICRISAT) and the Department of Mission Shakti, Government of
Odisha. Field activities were carried out with prior informed consent from
participating farmers. As no human or animal subjects were involved,
formal ethics committee approval was not required.

Data availability

All data generated or analyzed during this study are included in this pub-
lished article.

Code availability

Data analysis for this study was performed using R software (version 4.4.2).
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