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Impact of slope gradient on tree
biomass, carbon sequestration,
and ecological functions in
Rayagada District, Odisha, India
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Kulaswami Jagannath Jena3, Pravu Charan Lenka4,
J. M. S. Tomar1 and M. Madhu1

1Indian Council of Agricultural Research (ICAR)-Indian Institute of Soil and Water Conservation,
Dehradun, India, 2Indian Council of Agricultural Research (ICAR)-Indian Institute of Soil and Water
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University of Agriculture and Technology, Bhubaneswar, Odisha, India
The Eastern Ghats of Odisha are ecologically fragile, facing land degradation, soil

erosion, and livelihood insecurity. This study evaluates the carbon sequestration

potential of 12 multipurpose tree species planted across slope gradients (upper,

middle, and bottom) in 3 eco-villages of Rayagada district using a 1-acre family

farmmodel. Results after 9 years revealed significant variations in the 1-acre farm

model, with bottom slopes exhibiting the highest tree density (82 trees), average

height (4.27 m), crown spread (4.5 m), and carbon sequestration (73.1 Mg CO2).

Among species, A. occidentale and M. indica contributed the highest carbon

stocks (7.27 and 6.97 Mg) and sequestration potential (26.70 and 25.59 Mg CO2,

respectively), while S. glauca and C. siamea showed superior biomass (631.6 and

627.1 kg tree−1) after 9 years of plantation. The integrated 1-acre family farm

model system produced carbon stock of 42.1 Mg acre−1, sequestered a total of

154.5 Mg CO2 acre−1, released 112.4 Mg oxygen acre−1, and generated carbon

credits worth Indian Rupee (INR) 256437. Tree-based systems improved soil

organic carbon and reduced bulk density and sustained crop yields and farm

income (₹1.1–1.13 lakh per farmer) after 9 years of plantation. Overall, the findings

demonstrate that slope-specific tree planting enhances ecological restoration,

carbon sequestration, and livelihood resilience and provide a basis for eco-

village–based agroforestry models to advance climate-smart development in the

Eastern Ghats.
KEYWORDS

agroforestry, biomass accumulation, carbon sequestration, Eastern Ghats restoration,
eco-village model, slope gradient, terracing, tree growth performance
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Introduction

The Eastern Ghats, a discontinuous mountain chain along the

eastern coast of India, extend from West Bengal in the north to

Tamil Nadu in the south, covering an area of nearly 75,000 km². The

region harbors rich biodiversity, with tropical dry and moist

deciduous forests, and supports vital ecosystem services, including

carbon sequestration, water regulation, and provision of forest

produce. The average annual rainfall in the region ranges between

1200 and 1500 mm. The Eastern Ghats are intersected by four major

river systems—Mahanadi, Godavari, Krishna, and Kaveri—that

drain into the Bay of Bengal. The area is also mineral-rich, with

limestone, bauxite, and iron ore deposits, but unsustainable

extraction has resulted in significant ecological degradation (Reddy

et al., 2010; Das et al., 2023; Behera et al., 2024; The Hindu, 2023).

In southern Odisha, the Eastern Ghats are dominated by hilly

rainfed uplands characterized by steep slopes, shallow soils, and

high rainfall variability (Das et al., 2023). Traditionally, tribal

communities practiced shifting cultivation supplemented with

food gathering from forests, which sustained a diverse and

nutritious food basket consisting of millets, upland paddy, pulses,

oilseeds, and indigenous rice varieties (Ramakrishnan, 1992).

However, commercial forest exploitation, mining, and soil erosion

have led to a decline in soil fertility, reduced agricultural

productivity, and loss of agrobiodiversity (Kumari, 2015; Jinger

et al., 2024a, 2024b). Furthermore, climate variability—owing to

erratic monsoons, delayed onset of rains, and intense rainfall events

—has disrupted agriculture activities and resulted in increased crop

failure rates (Mall et al., 2007). This large-scale degradation has

exacerbated food insecurity and livelihood vulnerability among

tribal households and has heightened the need for sustainable

land-use solutions (Mohapatra, 2022; Das et al., 2023). Protecting

this fragile ecosystem is crucial for checking land degradation and

creating carbon for meeting the targets (2.5–3.0 billion Mg C) of the

Paris Agreement (MoEFCC, 2015).

Eco-villages, integrating ecological restoration with livelihood

security, have been proposed as a pathway for sustainable

development in developing countries like India (Das et al., 2023;

Kaushik, 2024). Agroforestry, a core component of eco-villages, when

strategically integrated, has the potential to restore ecosystem

functions and provide numerous ecosystem services, particularly in

the hilly agro-ecosystem (Jose, 2009; Montagnini and Nair, 2004;

Jinger et al., 2022). Trees in agroforestry capture atmospheric CO2 and

store it in biomass and soils (Nair et al., 2009). Moreover, agroforestry

also contributes to sustainable food and nutrition security, particularly

in rainfed and degraded landscapes (Swamy and Puri, 2005; Jinger

et al., 2023). Models such as the 1-acre family farm, which integrates

trees, crops, and livestock to ensure food, nutrition, and livelihood

security while enhancing carbon sequestration, are increasingly being

adopted in rural areas, reflecting the practical potential of eco-village

approaches (Das et al., 2023). The performance of trees and carbon

stocks on degraded land is, however, dependent on site-specific

conditions such as slope, aspect, and soil moisture. These variations

underscore the importance of adopting slope-position–based planting

strategies to optimize ecological restoration and livelihood outcomes
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(Yuan et al., 2019; Chen et al., 2021; Wang et al., 2025; Jinger et al.,

2025). While agroforestry in India has been widely studied for its role

in carbon sequestration, livelihood support, and slope-specific

performance of tree species, it has received limited attention due to

inadequate long-term and terrain-focused studies. This gap is

particularly relevant in the Eastern Ghats, where undulating terrain

strongly governs vegetation performance and ecological outcomes.

There is an urgent need to synthesize data from local field

experiments for more accurate and robust estimation of biomass

and soil organic carbon (SOC) storage (Cardinael et al., 2018a).

Understanding these variations can provide valuable guidance for

designing site-specific agroforestry interventions, especially in the

context of land degradation neutrality and climate change

mitigation in Odisha (UNCCD, 2018).

The present study investigates how slope position influences

growth, biomass production, and carbon sequestration of selected

tree species within the 1-acre family farm model. We hypothesize

that differences in soil moisture, nutrient availability, and

microclimate across slopes lead to differences in growth, biomass,

and carbon storage, with certain species performing better. The

overall aim of the study is to generate evidence for designing 1-acre

family farm models that support climate resilience, ecological

restoration, biodiversity conservation, and livelihood resilience in

the Eastern Ghats region.
Materials and methods

Study area

The study was conducted in three villages, Maligaon, Durukhal,

and Dandabad, of the district Rayagada in the Eastern Ghats of

Odisha. The District Rayagada is located between 19°20′35′′ and
19°22′38′′ N latitude and 83°0′0′′ E and 83°1′37′′ E longitude. The

elevation of the site ranged between 716 and 1099 m amsl. These

villages represent diverse topographical and environmental

conditions, providing a suitable landscape to analyze the impact

of slope position on tree growth, biomass accumulation, and carbon

sequestration. The region experiences an average annual rainfall of

1521.5 mm with a tropical to subtropical climate with red and

lateritic soil types. To assess the effect of slope position, three

distinct slope categories having equal length along the slope were

selected: upper slope characterized by steep gradients, lower soil

moisture, and higher erosion risks; middle slope characterized by

moderate soil moisture and nutrient availability; and bottom slope

characterized by gently sloping land with higher soil moisture

retention and organic matter accumulation. The pH of soil

ranged from 5.7 to 6.2. Each 1-acre plot was converted to bench

terraces for effective soil and moisture conservation.
Experimental design

A field-based experimental approach was employed on a

farmer’s field to study the growth behavior, biomass production,
frontiersin.org
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and carbon sequestration performance of twelve tree species

commonly found in Odisha. For this purpose, a 1-acre family

farm model (1 acre = 4,000 m²/0.4 ha area) that integrates

multipurpose trees and crops was designed and established on

farmers’ fields in each of three selected villages during the year

2015. The tree species selected for the study include Acacia

auriculiformis (Acacia), Emblica officinalis (Amla), Anacardium

occidentale (Cashew), Cassia siamea (Chakunda), Annona

squamosa (Custard apple), Bixa orellana (Jafra), Pongamia

pinnata (Karanja), Mangifera indica (Mango), Moringa oleifera

(Moringa), Azadirachta indica (Neem), Carica papaya (Papaya),

and Simarouba glauca (Simarouba). Species were selected based on

their local adaptability, economic significance, and ecological

benefits as per expert consultation.

The slope of the experimental plots ranged from 0% to 90% and

the steep slopes were converted to six terraces per farm for

facilitating crop cultivation along with the multipurpose tree

species. The study covered 15 1-acre family farm models

distributed across three villages with five farmers in each village.

Within each farm, three slope positions—upper, middle, and lower

—were identified and planted with a fixed number of tree species

(Tables 1, 2) to assess slope-wise variations in biomass and carbon

accumulation. Each farm was considered a true replicate, as all

farms were established under the same design and species

composition but located on independent holdings with distinct

slope gradients.

Randomization was achieved by randomly selecting farm plots

within each village and assigning slope-based sampling positions

within each plot. In total 170 trees belonging to 12 species were

planted on each farmer’s field in a 1-acre area (4000m2). A.

occidentale and M. indica were the most prevalent species

planted, with an average of 30 trees per 1-acre family farm,

followed by B. orellana and C. siamea with 15 trees each per

family farm. The rest of the species have relatively lower counts,

with 10 trees each per family farm. Management practices were

standardized across farms to minimize confounding effects of

individual farmer influence, ensuring experimental independence.
Growth and biomass

Growth performance indicators, including height, diameter at

breast height (DBH), survival rate, and canopy spread, were

measured after 9 years. Biomass was estimated using non-

destructive sampling techniques (Hairiah et al., 2011) using the

generalized biomass Equation 1 given by Nath et al. (2019):

AGB =   0:18D2:16� 1:32 (1)

Where, AGB = above ground biomass and D = diameter at

breast height (cm)

The above equation was adopted since species-specific biomass

equations were not available for several species in our dataset.

Moreover, the equation has been developed and validated for a wide

range of tropical tree species under environmental conditions

comparable to our study area. Below-ground biomass carbon was
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estimated indirectly using a root-to-shoot ratio of 0.26 (IPCC

(Intergovernmental Panel on Climate Change), 2006).
Carbon sequestration and carbon credit

The total carbon stock from vegetation was computed by

multiplying the estimated biomass with 0.47 (Andreae and

Merlet, 2001; IPCC (Intergovernmental Panel on Climate

Change), 2006). The equivalent CO2 (CO2e) was estimated by

multiplying total carbon storage values obtained from biomass

with a factor of 3.67 (Pearson et al., 2007); biomass only and soil

carbon sequestration were not included. The calculation of the

oxygen (O2) release included multiplying the stored carbon by 2.67

as per the following formula (Equation 2):

Net O2 release (Mg acre−1year−1)

= Net C sequestration   (Mg acre−1year−1) �  (
32
12

) (2)

The equivalent CO2 values of the stored biomass were used to

determine the overall carbon credit for a given land use. Certified

carbon credits were determined based on net CO2 from trees. These

carbon credits, measured, were estimated by multiplying the net

CO2 sequestration (Mg CO2-eq acre–1) by the value of C credits,

where one C credit is equivalent to one Mg of CO2. The credit value

was set at US$ 20, corresponding to INR 83 per US$ (1 US$ = INR

83). The carbon credit valuation of US$ 20 per Mg CO2e is based on

2024 voluntary market prices for carbon credits (QCIntel, 2024)

and the carbon tax benchmark of Singapore in 2024 (Singapore

Ministry of Finance, 2024) reported under Verified Carbon

Standard (VCS) and Gold Standard projects (World Bank, 2023;

ICVCM, 2024). However, carbon credit valuation is highly dynamic

and depends on several factors, such as market demand, project

certification, monitoring, verification, and permanence. Additional

uncertainties arise from leakage risks, that is, displacement of

emissions to non-project areas, and verification costs, which can

range from 10% to 25% of gross carbon revenue. The sequestered

carbon in biomass is also influenced by management and

disturbance risks like fire, harvesting, outbreaks of insect pests,

diseases, and so forth. Thus, the estimated value provides only an

indicative economic potential, and actual returns would depend on

successful registration under a recognized carbon standard and

sustained ecosystem management.
Soil analysis

Soil samples were collected from the rhizosphere zone at 0–30

cm depths across slope positions in all villages. Samples were air-

dried, ground, and passed through a 2-mm sieve for analysis. SOC

and bulk density were determined according to Walkley and Black

(1934) and Blake (1965), respectively. SOC stock was computed up

to 30 cm soil depth (Cardinael et al., 2018b) using the following

equation:
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TABLE 1 Growth performance, oxygen released and carbon credits generated by the different tree species in 1-acre family farm model after 9 years of plantation.

Mean crown
spread (m)

Mean above
ground
biomass
(kg tree−1)

Mean below
ground biomass

(kg tree−1)

Total biomass
(kg tree−1)

O2 released
(Mg acre−1)

Carbon credits
generated (INR

acre−1)

4.2 ± 0.013g 496.2 ± 0.76b 129.0 625.2 7.8 17903

4.4 ± 0.014e 346.8 ± 0.83h 90.2 437.0 5.5 12516

4.5 ± 0.007bc 409.5 ± 0.32f 106.5 515.9 19.4 44322

6.0 ± 0.044a 497.7 ± 0.56ab 129.4 627.1 11.8 26934

4.5 ± 0.005cd 351.7 ± 0.51h 91.4 443.1 5.6 12691

4.5 ± 0.016de 445.7 ± 1.36e 115.9 561.6 10.6 24120

3.9 ± 0.004h 457.0 ± 1.18d 118.8 575.8 7.2 16492

3.9 ± 0.001h 392.5 ± 0.47g 102.1 494.6 18.6 42488

4.5 ± 0.004cd 320.9 ± 1.38j 83.4 404.4 5.1 11579

4.5 ± 0.015b 483.6 ± 2.95c 125.7 609.3 7.6 17447

3.3 ± 0.013i 329.5 ± 1.01j 85.7 415.1 5.2 11886

4.4 ± 0.013f 501.3 ± 1.00a 130.3 631.6 7.9 18086

re not significantly different at P < 0.05 according to Tukey’s honestly significant difference test.
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Species
Number of

trees
Mean height

(m)
Mean DBH

(cm)

A. auriculiformis 10 5.3 ± 0.00b 34.4 ± 0.024b

E. officinalis 10 3.4 ± 0.02j 29.2 ± 0.033h

A. occidentale 30 3.6 ± 0.01h 31.5 ± 0.011f

C. siamea 15 5.5 ± 0.01a 34.5 ± 0.018ab

A. squamosa 10 3.4 ± 0.01j 29.4 ± 0.020h

B. orellana 15 3.5 ± 0.02hi 32.7 ± 0.046e

P. pinnata 10 4.8 ± 0.03d 33.2 ± 0.040d

M. indica 30 3.5 ± 0.01i 30.9 ± 0.017g

M. oleifera 10 4.8 ± 0.02e 28.1 ± 0.056j

A. indica 10 4.9 ± 0.01c 34.1 ± 0.097c

C. papaya 10 3.9 ± 0.03g 28.5 ± 0.040i

S. glauca 10 4.6 ± 0.01f 34.6 ± 0.032a

Cell values are mean ± SD. Treatment means with similar superscripted letters within a column
 a
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SOC   stock   (Mg   acre−1) = SOC   ( % )�
Bulk   density   (Mg  m−3)� Soil   depth   (cm)� 0:4
Yield and economics

Crop yields were recorded in five randomly selected farmers’

fields per village in all three villages for major crops—mango,

vegetables, cashew, millets, paddy, and pulses grown under the 1-

acre farm model during the year 2024. Yield was expressed on a per-

farmer basis. Farm income was estimated by multiplying yield with

local market prices. The average annual income per farmer was

calculated separately for each village to compare economic

performance across sites.
Statistical analysis

For statistical analysis, comparative assessments were conducted

across species and slope positions to identify patterns and trends. The

collected data were subjected to statistical analyses using R software.

Analysis of variance was employed to determine whether significant

differences existed in growth performance among species and across

slope positions. Where significant differences were observed, post-hoc

tests (Tukey’s HSD) were conducted to identify specific differences

between groups (Gomez and Gomez, 1984).
Results and discussion

Growth performance

The analysis for different tree species revealed that height growth

was highest in C. siamea (5.5 m), followed by A. auriculiformis with

an average height of 5.3 m. E. officinalis and A. squamosa showed the

lowest mean height (3.4 m). In terms of DBH, S. glauca had the

highest DBH of 34.6 cm, followed by C. siamea (34.5 cm),

A. auriculiformis (34.4 cm), and A. indica (34.1 cm). C. papaya

showed the lowest DBH of 28.5 cm (Table 1). C. siamea has the

largest crown spread at 6.0 m, suggesting that it requires more space

and resources than other species, while other species like E. officinalis,

A. occidentale, A. squamosa, B. orellana, A. indica and M. oleifera

showed consistent spread of 4.5 m. (Table 1). The superior growth of
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C. siamea, A. auriculiformis, andA. indicamay be due to their genetic

traits or their adaptability and resource-use efficiency, which is

consistent with earlier findings of Jaiswal and Singh (2015) and

Swamy and Puri (2005), highlighting their fast growth under varied

site conditions. In contrast, the poor performance of E. officinalis and

A. squamosa suggests their sensitivity to competition. Korwar et al.

(2006) also observed that E. officinalis can thrive under a variety of

conditions but may struggle in heavily competitive environments.

C. siamea largest crown spread indicates its competitive advantage for

trapping light and photosynthesis and can result in more growth,

which is also reflected in terms of good height growth of the species.

Wang et al. (2025) also revealed significant differences in DBH

among different forest types in China.

The analysis across different slope positions (upper, middle, and

bottom) reveals significant variations (Table 2). The growth

performance of tree species varied significantly across different

slope positions. The bottom slope recorded the larger mean tree

height (4.27 m) and largest crown spread (4.5 m). On the contrary,

upper slopes recorded lower mean height (3.74 m) and crown

spread (4.5 m). The DBH across slopes showed less variation, with

values ranging from 31.4 cm (bottom) to 32.1 cm (middle). The

greater number of taller trees on the bottom slope may be attributed

to greater soil moisture retention and nutrient availability in the

lower slope, which typically receives runoff from higher elevations

(Liu et al., 2020; Chen et al., 2021). Previous studies have also

reported that bottom slopes tend to accumulate nutrients washed

down from higher slopes, which helps in promoting better plant

growth (Yuan et al., 2019). This increase in soil moisture can

prolong the growing season in trees (Al-Seekh and Mohammad,

2009). The least growth performance on the upper slope may be due

to the harsher environment, as they often experience higher water

runoff, leading to a shallow soil profile and less water available for

plant growth. Additionally, greater wind exposure and higher

temperatures at upper slopes increase evapotranspiration (Ebel,

2013; Wang et al., 2018).

The interaction effect of species × village and species × slope on

growth performance (Table 3) revealed that C. siamea attained the

maximum height and crown spread (5.9–6.1 m) across all villages

and slope positions, highlighting its superior adaptability and

growth potential under diverse site conditions. A. auriculiformis

also exhibited better performance, particularly in Maligaon and at

the bottom slope, with an average height of 5.26 m. Comparing

slope positions, the average DBH across villages and slope positions

(Table 4) was highest in S. glauca, followed closely by C. siamea,
TABLE 2 Growth performance of tree species by slope position from 1-acre family farm model after 9 years of plantation.

Slope
Total

number
of trees

Mean
height (m)

Mean DBH
(cm)

Mean
crown

spread (m)

Mean above
ground biomass

(kg tree−1)

Mean below
ground biomass

(kg tree−1)

Total biomass
(AG+BG)
(kg tree−1)

Upper 30c 3.74 ± 0.03c 31.8 ± 0.052 4.3 ± 0.016c 417.9 ± 1.52b 108.7 526.6

Middle 58b 4.05 ± 0.03b 32.1 ± 0.065 4.4 ± 0.013b 429.4 ± 1.87a 111.6 541.0

Bottom 82a 4.27 ± 0.02a 31.4 ± 0.071 4.5 ± 0.024a 410.2 ± 1.99c 106.7 516.9
Cell values are mean ± SD; Treatment means with similar superscripted letters within a column are not significantly different at P< 0.05 according to Tukey’s honestly significant difference test.
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A. indica, and A. auriculiformis. In contrast, C. papaya and M.

oleifera recorded the lowest DBH values, particularly on the bottom

slope, reflecting their sensitivity to competition. The observed

variations in height and DBH across slope positions may be

attributed to differences in microclimate, soil depth, and moisture

availability, as slope gradients directly affect vegetation performance

by altering soil fertility and water dynamics (Chen et al., 2021). C.

siamea showed larger crown spread at the bottom slope (Table 5),

indicating favorable growth and better soil moisture retention on
Frontiers in Agronomy 06
these slopes, which is also supported by Al-Seekh and Mohammed

2009 and Liu et al. (2020). Furthermore, species with larger crown

spread intercept rainfall and prevent soil erosion, and therefore,

species like C. siamea, A. indica, A. occidentale, E. officinalis may be

recommended for reducing soil erosion in bottom slopes. The

results further align with the study of Li et al. (2025) and Wang

et al. (2025), who revealed that elevation influences tree growth both

directly and indirectly through its interactions with slope, crown

competition index (CCI), and tree canopy height (CH).
TABLE 3 Mean height (m) growth of different tree species across villages and slopes by the different tree species from 1-acre family farm model after
9 years of plantation.

Species
Village Slope

Maligaon Durukhal Dandabad Upper Middle Bottom

A. auriculiformis 5.26 ± 0.004b 5.25 ± 0.004b 5.25 ± 0.004b 5.25 ± 0.003b 5.26 ± 0.003b

E. officinalis 3. 40 ± 0.022jk 3.41 ± 0.021ijk 3.36 ± 0.053jk 3.31 ± 0.016k 3.46 ± 0.037j

A. occidentale 3.56 ± 0.011h 3.57 ± 0.011h 3.56 ± 0.011h 3.55 ± 0.011hi 3.55 ± 0.010hi 3.58 ± 0.012h

C. siamea 5.43 ± 0.018a 5.47 ± 0.021a 5.44 ± 0.018a 5.47 ± 0.019a 5.44 ± 0.014a

A. squamosa 3.24 ± 0.023jk 3.36 ± 0.025jk 3.35 ± 0.020jk 3.28 ± 0.016k 3.45 ± 0.018j

B. orellana 3.56 ± 0.023h 3.53 ± 0.021h 3.4 ± 0.035jk 3.49 ± 0.035hij 3.47 ± 0.017ij 3.69 ± 0.018g

P. pinnata 4.84 ± 0.043cde 4.81 ± 0.048cde 4.83 ± 0.042cde 4.59 ± 0.021e 4.99 ± 0.034c

M. indica 3.50 ± 0.013hij 3.52 ± 0.012hi 3.50 ± 0.013hij 3.44 ± 0.011j 3.48 ± 0.012ij 3.57 ± 0.012h

M. oleifera 4.75 ± 0.033e 4.77 ± 0.021de 4.69 ± 0.027ef 4.75 ± 0.016d

A. indica 4.90 ± 0.013c 4.89 ± 0.013cd 4.88 ± 0.013cde 4.93 ± 0.003c 4.93 ± 0.006c 4.78 ± 0.027d

C. papaya 3.94 ± 0.048g 3.97 ± 0.049g 4.08 ± 0.047g 3.97 ± 0.028f

S. glauca 4.58 ± 0.025ef 4.59 ± 0.022ef 4.53 ± 0.023f 4.52 ± 0.018e 4.60 ± 0.019e
Cell values are mean ± SD. Treatment means with similar superscripted letters within a column are not significantly different at P < 0.05 according to Tukey’s honestly significant difference test.
TABLE 4 Mean diameter (cm) at breast height (DBH) by different tree species across villages and slopes after 9 years of plantation.

Species
Village Slope

Maligaon Durukhal Dandabad Upper Middle Bottom

A. auriculiformis 34.38 ± 0.044b 34.5 ± 0.043ab 34.31 ± 0.038bc 34.4 ± 0.041b 34.5 ± 0.027b

E. officinalis 29.14 ± 0.061i 29.24 ± 0.051i 29.26 ± 0.058i 29.1 ± 0.045k 29.3 ± 0.046jk

A. occidentale 31.5 ± 0.019g 31.5 ± 0.020g 31.5 ± 0.020g 31.5 ± 0.016g 31.5 ± 0.016g 31.6 ± 0.025g

C. siamea 34.4 ± 0.031ab 34.5 ± 0.035ab 34.5 ± 0.026ab 34.5 ± 0.021b 34.5 ± 0.025b

A. squamosa 29.3 ± 0.037i 29.4 ± 0.033i 29.1 ± 0.034i 29.3 ± 0.033jk 29.4 ± 0.020j

B. orellana 32.7 ± 0.081ef 32.9 ± 0.081e 32.3 ± 0.074f 32.4 ± 0.064f 32.6 ± 0.087ef 33.1 ± 0.073d

P. pinnata 33.2 ± 0.072d 33.2 ± 0.065d 33.3 ± 0.071d 32.8 ± 0.047e 33.5 ± 0.023c

M. indica 30.9 ± 0.030h 31.0 ± 0.030h 30.9 ± 0.028h 30.9 ± 0.023hi 31.0 ± 0.033h 30.8 ± 0.029i

M. oleifera 28.0 ± 0.095k 28.2 ± 0.102jk 28.3 ± 0.094jk 28.1 ± 0.056m

A. indica 33.9 ± 0.172c 34.3 ± 0.164b 34.4 ± 0.164b 33.4 ± 0.148c 34.6 ± 0.065ab 34.5 ± 0.176ab

C. papaya 28.5 ± 0.072j 28.4 ± 0.068j 28.5 ± 0.068j 28.5l ± 0.040m

S. glauca 34.6 ± 0.053ab 34.7 ± 0.056a 34.6 ± 0.056ab 34.4 ± 0.038b 34.7 ± 0.045a
Cell values are mean ± SD; Treatment means with similar superscripted letters within a column are not significantly different at P < 0.05 according to Tukey’s honestly significant difference test.
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Biomass, carbon stock, and CO2
sequestration

The analysis for different tree species after 9 years revealed the

highest above ground biomass of 501.3 kg tree−1 was recorded in S.

glauca, followed by C. siamea and A. auriculiformis, while M.

oleifera had the lowest biomass of 320.9 kg tree−1 (Table 1).

Below ground biomass also followed the similar trend. In M.

indica, the biomass was 392.5 kg tree−1, which is lower than

reported values from different Indian states (776.9 to 1574 kg

tree−1, Ganeshamurthy et al., 2019). However, A. occidentale and

M. indica recorded the highest total (above + below) ground carbon

stocks (7.27 and 6.97 Mg, respectively), sequestering 26.70 and
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25.59 Mg CO2, respectively, indicating their potential for carbon

storage (Figure 1). M. oleifera and C. papaya recorded the lowest

values of total (above + below ground) carbon stocks (1.90 and 1.95

Mg) and 6.98 and 7.16 Mg CO2. Overall, the results underscore the

importance of selecting species with high carbon sequestration

potential, such as A. occidentale and M. indica, which are widely

grown by farmers. By promoting species with higher carbon

sequestration potential and ensuring adequate planting densities,

agroforestry practices can play a crucial role in mitigating climate

change (Kanime et al., 2013). After 9 years, a total of 42.1 Mg of

carbon stock was recorded with carbon sequestration of 154.5 Mg

from a 1-acre area (family farm model, Figure 2). The higher carbon

stocks in A. occidentale andM. indica can be attributed to the higher
FIGURE 1

Species specific total (above + below ground) carbon stocks (CS) and total (above + below ground) CO2 sequestration (CDS) in 1-acre family farm
model after 9 years of plantation. Error bars indicate LSD (P < 0.05).
TABLE 5 Mean crown spread (m) by the different tree species across villages and slopes after 9 years of plantation.

Species
Village Slope

Maligaon Durukhal Dandabad Upper Middle Bottom

A. auriculiformis 4.2h ± 0.024i 4.3 ± 0.019hi 4.1 ± 0.023i 4.1 ± 0.017h 4.2 ± 0.019h

E. officinalis 4.1 ± 0.006efg 4.7 ± 0.005defg 4.7 ± 0.041cdefg 4.5 ± 0.005ef 4.4 ± 0.028fg

A. occidentale 4.5 ± 0.012cd 4.5 ± 0.014cd 4.5 ± 0.012c 4.5 ± 0.014e 4.5 ± 0.012de 4.5 ± 0.012de

C. siamea 5.9.0 ± 0.071b 6.0 ± 0.082a 6.1 ± 0.079a 5.2 ± 0.038b 6.5 ± 0.018a

A. squamosa 4.5 ± 0.009cde 4.5 ± 0.009cde 4.5 ± 0.007cdef 4.5 ± 0.007e 4.5 ± 0.007e

B. orellana 4.5 ± 0.019defg 4.5 ± 0.019cd 4.5 ± 0.038defg 4.3 ± 0.035g 4.5 ± 0.017e 4.6 ± 0.019d

P. pinnata 3.9 ± 0.008j 3.9 ± 0.007j 3.9 ± 0.007j 3.9 ± 0.006i 3.9 ± 0.003i

M. indica 3.9 ± 0.002j 3.9 ± 0.002j 3.9 ± 0.002j 3.9 ± 0.002i 3.9 ± 0.002i 3.9 ± 0.002i

M. oleifera 4.5 ± 0.007cde 4.5 ± 0.007cde 4.5 ± 0.007cdefg 4.5 ± 0.004e

A. indica 4.6 ± 0.027c 4.6 ± 0.026c 4.5 ± 0.025cde 4.5 ± 0.006e 4.7 ± 0.006c 4.4 ± 0.032g

C. papaya 3.3 ± 0.024k 3.4 ± 0.022k 3.4 ± 0.022k 3.3 ± 0.013j

S. glauca 4.4 ± 0.022fg 4.4 ± 0.019efg 4.3 ± 0.025gh 4.4 ± 0.020g 4.3 ± 0.017g
Cell values are mean ± SD; Treatment means with similar superscripted letters within a column are not significantly different at P < 0.05 according to Tukey’s honestly significant difference test.
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density of both species (30 trees). Furthermore, the variation in

biomass among different species could be attributed to the genetic

character, size and growth habit, growth rate, site quality,

management practices, and its interaction with below ground

crops (Oelbermann et al., 2004; Swamy and Puri, 2005; Kanime

et al., 2013). The results further align with findings of Montagnini

and Nair (2004) and Yohannes and Sewnet (2024).

Comparing different slope positions after 9 years of plantation

(Table 2), the highest total biomass per tree (541 kg) was observed at

the middle slope, which was followed by the upper slope (526.6 kg).

Trees at the bottom slope showed the lowest biomass (576.9 kg).

Total carbon stock and carbon dioxide sequestration were highest

(15.8 and 58.0 Mg, respectively) on the bottom slope. The upper

slope had significantly lower values of total carbon and CO2

sequestration (7.4 and 27.2 Mg, respectively), which confirms that

slope position is a critical driver of carbon storage, as lower slopes

receive better soil moisture and organic matter (Clark and Clark,

2000; Laumonier et al., 2010; Huynh et al., 2023; Wang et al., 2025).

Li et al. (2025) also underscores the importance of elevation in

shaping the biomass carbon sink balance of mountain forests. The

total carbon stock for the 1-acre farm model was 42.1 Mg acre−1,

which sequestered 154.5 Mg CO2 acre
−1 after 9 years of plantation

(Figure 2). Despite of higher biomass at the middle slope, higher

values of total carbon stock and carbon dioxide sequestration

were recorded at the bottom slope. The difference in C stock

between different slopes might be attributed to variations in

planting density, which is in accordance with the findings of

Montagnini and Nair (2004), who reported that the quantity of

carbon sequestered varies by climate, soil, planting density, and

system management. The values for carbon stock obtained in our

study (42.1 Mg acre−1 equivalent to 105.25 Mg ha−1) are within the

range (12–228 Mg C ha−1 with an average of 95 Mg C ha−1)

reported by Albrecht and Kandji (2003) in different agroforestry

systems. Further, our results are in accordance with the findings of

Tadesse et al. (2008); Agbeshie and Abugre (2021); Santosh et al.
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(2025), and Wang et al. (2025), who also reported higher biomass

and carbon stocks on lower slopes (Table 6). However, our results

contradict the findings of Laumonier et al. (2010); Thapliyal et al.

(2024), and Gauni et al. (2025).

The analysis across different villages revealed that total

aboveground carbon stock and carbon dioxide sequestration

showed slight variation across the three study villages (Figure 3).

The average aboveground carbon stock was 42.28 Mg acre−1 after 9

years of plantation in Durukhal, 42.02 Mg acre−1 in Maligaon, and

41.99 Mg acre−1 in Dandabad, while corresponding CO2

sequestration values were 155.16, 154.21, and 154.49 Mg acre−1,

respectively. These values indicate a high degree of consistency

across sites, suggesting that similar environmental and climatic

conditions prevailing across the three villages, as well as comparable

species composition and management practices. The uniformity

observed in the present study is also consistent with reports that

areas with similar soil and rainfall regimes tend to exhibit stable

carbon accumulation across agroforestry systems (Kanime et al.,

2013; Jinger et al., 2023). This consistency strengthens the case for

scaling tree-based eco-village models in the Eastern Ghats, as

carbon sequestration outcomes appear robust across different

locations. It also suggests that slope position, rather than village-

level factors, may be the more critical driver of carbon storage

differences, as shown earlier in this study and supported by other

slope–vegetation studies (Chen et al., 2021).

Interaction effects of species × village and species × slope after 9

years of plantation (Table 7) revealed that A. indica had a

significantly higher total biomass in Durukhal (618.3 kg tree−1)

compared to Dandabad (603.8 kg tree−1). Overall, the biomass

performance on the upper slope was poor, and the majority of

species performed best at the middle and lower slopes. S. glauca had

the highest biomass, of 637.7 kg in the bottom slope, while, A. indica

exhibited good performance in the middle slope (635.5 kg tree−1).

The total (above + below ground) biomass carbon stock and CO2

sequestration data revealed distinct variations in species
FIGURE 2

Distribution of Total (above + below ground) carbon stocks and total (above + below ground) CO2 sequestration by trees at different slopes in 1-
acre family farm model after 9 years of plantation. Total represents the AGCS and AGCDS in Mg acre−1. sError bars indicate standard error of mean.
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contributions across slope positions (Figure 4). However, not many

variations were observed in different villages in term of biomass

carbon stock and CO2 sequestration (Figure 5). A. occidentale

(2.42–2.43 Mg C) and M. indica (2.31–2.34 Mg C) consistently

recorded the highest aboveground carbon stocks across slopes,

corresponding to CO2 sequestration values of 8.88–8.93 Mg and
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8.48–8.58 Mg, respectively. Similar results were reported by Agboka

et al. (2025) in cashew plantations in Togo across different climatic

zones, indicating significant carbon storage potential. C. siamea

showed notable slope-driven variation, with its carbon stock

doubling from 1.47 Mg in the middle slope to 2.95 Mg in the

bottom slope, resulting in a sequestration increase from 5.40 Mg to
FIGURE 3

Total (above + below ground) carbon stocks and total (above + below ground) CO2 sequestration (AGCDS) by trees in three different villages from 1-
acre family farm model after 9 years of plantation. Error bars indicates standard error of mean.
TABLE 6 Comparative summary of slope/topography effects on aboveground biomass (AGB) and carbon stocks across selected studies (India, China,
SE Asia, Africa).

Region/
country

Species/forest
type

Age
(years)

Slope/altitude
Aboveground

biomass and carbon
Notes Reference

Odisha, India
Multipurpose
agroforestry species
(mixed plantations)

9 years
Upper, Mid, Lower
slopes (400–600 m)

Total biomass:89.6 Mg ha−1

and 42.1 Mg ha−1 C

Biomass and C stocks highest
in lower slopes, lowest in
upper slopes

Current study

India (Garhwal
Himalayas)

Quercus floribunda
forests

Natural
stands

2100–2700 m, N & S
aspects

387–677 Mg ha−1 and 246–
425 Mg ha−1 C

Higher biomass & carbon on
southern slopes, values
increase with altitude

Thapliyal
et al., 2024

Central
Himalaya, India

Community-managed
forests (Oak, Pine,
Rhododendron mix)

Mixed
ages

Elevation zones: Low
(1200–1500 m), Mid
(1500–1800 m), High
(2100–2400 m)

Total C: 169.5–185.6 Mg C
ha−1, Tree C: 136.8–153.7 Mg
ha−1; SOC: 26–29.9 Mg ha−1

Tree biomass contributed >
80% of total C; highest stocks
at high elevation due to
dense oak forests

Gauni et al.,
2025

Xishuangbanna,
SW China

Betula alnoides, Pinus
kesiya, Altingia excelsa,
Bennettiodendron
leprosipes plantations

42–67
years

Gentle slopes (5°–25°)
vs. Steep slopes (25°–
50°)

SOC stocks and biomass
significantly higher on gentle
slopes; variation by species
(e.g., Betula > Pinus)

Slope and species strongly
regulate SOC & biomass
accumulation

Wang et al.,
2025

SE Asia
(Sumatra,
Indonesia)

Hill dipterocarp forest
(natural)

Old
growth

300–800 m, slope facets
208–654 Mg ha−1 and 135–
240 Mg ha−1 C

Strong within-landscape
variation, higher biomass on
ridges/upper slopes than
valleys

Laumonier
et al., 2010

Africa (Ghana)
Mixed species
(reclamation plantation)

–
Upslope, Mid,
Downslope

17.7–21.7 Mg ha−1 and 8.8–
10.9 Mg ha−1 C

Midslope > Downslope >
Upslope; SOC and nutrients
highest in midslope

Agbeshie and
Abugre, 2021

Africa (Ethiopia,
highlands)

Mixed agroforestry &
natural

Variable
1800–2500 m, slope
facets

40–120 Mg ha−1 and 20–60
Mg ha−1 C

Steeper slopes showed lower
AGB due to soil erosion

Tadesse et al.
(2008)

Nepal
Landscape level in
different forest types

Variable
0–10, 10–20, 20–30,
30–40

94–135 Mg C/ha
SOC:48–107

Carbon stocks decrease with
increasing slope

Santosh et al.
(2025)
Values are taken directly from the cited studies; stand age and slope/altitude classes are included where reported. Present study values are converted to common units for comparison.
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10.83 Mg CO2. This trend supports earlier findings that species

performance is closely tied to slope position, which governs

microclimatic factors such as soil depth, runoff, and water

retention (Chen et al., 2021; Muhammad et al., 2025). Species

such as M. oleifera and C. papaya, although showing lower

overall carbon stocks, displayed better performance on bottom

slopes, highlighting their preference for moisture-rich conditions.

Similar observations were made by Huynh et al. (2023), who

reported higher biomass and carbon stocks on lower slopes in

tropical plantations. These results underscore the importance of

designing slope-sensitive, multi-layered agroforestry systems that
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combine high-density species (e.g., cashew, mango) with fast-

growing and slope-adapted trees (e.g., C. siamea, A. indica). Such

diversification can optimize both carbon sequestration and

ecological services, including soil stabilization and nutrient cycling.
Oxygen released and carbon credit

All the species were assessed for their oxygen release capacity

and the corresponding carbon credits generated (Table 1). Overall,

112.4 Mg of oxygen were released from the 1-acre farmer model,
FIGURE 4

Species specific total (above +below ground) carbon stocks (CS) and total (above + below ground) CO2 sequestration (CDS) from trees at different
slopes in 1-acre family farm model after 9 years of plantation. Error bars indicates standard error of mean.
TABLE 7 Mean Total (above + below ground) biomass (kg tree−1) of different tree species across villages and slopes after 9 years of plantation.

Species
Village Slope

Maligaon Durukhal Dandabad Upper Middle Bottom

A. auriculiformis 623.6 ± 1.72b 628.2 ± 1.68ab 623.8 ± 1.5c 624.5 ± 1.59b 625.8 ± 1.06b

E. officinalis 435.6 ± 1.94i 438.7 ± 1.65i 436.6 ± 1.85i 434.3 ± 1.43k 439.7 ± 1.48jk

A. occidentale 516.3 ± 0.68g 515.8 ± 0.71g 515.6 ± 0.71g 514.6 ± 0.57g 515.3 ± 0.56g 517.9 ± 0.89g

C. siamea 626.3 ± 1.23b 629.1 ± 1.38ab 626 ± 1.03ab 626.3 ± 0.82b 627.6 ± 0.98b

A. squamosa 441.9 ± 1.19i 444.3 ± 1.06i 443.3 ± 1.09ij 440.9 ± 1.06jk 445.4 ± 0.64j

B. orellana 558.4 ± 3.02ef 567.8 ± 3.03e 558.7 ± 2.74f 553.9 ± 2.37f 557.3 ± 3.21ef 573.7 ± 2.76d

P. pinnata 574.9 ± 2.67d 577.5 ± 2.45d 575.1 ± 2.66d 562.1 ± 1.76e 589.6 ± 0.87c

M. indica 494.2 ± 1.03h 496.4 ± 1.04h 493.2 ± 0.97h 494.8 ± 0.81hi 497.6 ± 1.14h 491.4 ± 1.02i

M. oleifera 406.5 ± 2.97k 404.1 ± 3.19k 402.6 ± 2.94k 404.3 ± 1.74m

A. indica 605.9 ± 6.62c 618.3 ± 6.34b 603.8 ± 6.31b 587 ± 5.72c 633.5 ± 2.57ab 628.7 ± 6.77ab

C. papaya 413.9 ± 2.27k 417.9 ± 2.15k 413.5 ± 2.16jk 415.2 ± 1.27l

S. glauca 629.4 ± 2.1ab 634 ± 2.22a 631.4 ± 2.2ab 625.6 ± 1.48b 637.7 ± 1.79a
Cell values are mean ± SD. Treatment means with similar superscripted letters within a column are not significantly different at P < 0.05 according to Tukey’s honestly significant difference test.
* No common symbol of values under village indicate significant difference at p value 0.05.
* No common symbol of values under slope indicate significant difference at p value 0.05.
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which generated carbon credits of INR 256464 acre−1. Comparing

different species for oxygen release and carbon credit generation

(Table 1), A. occidentale (19.4 Mg, INR 44322) and M. indica (18.6

Mg, INR 42488) were the top performers. C. papaya, M. oleifera,

and E. officinalis exhibited lower values, contributing less than 6 Mg

of oxygen. Highest values in A. occidentale and M. indica is due to

their greater density and biomass accumulation, whereas C. papaya,

M. oleifera, and E. officinalis showed comparatively lower

contributions. These results reaffirm the importance of

integrating high-density, multipurpose species for maximizing

ecological and economic co-benefits in agroforestry systems

(Montagnini and Nair, 2004). Overall, the 1-acre tree-based

farming model released nearly 112.4 Mg of oxygen while

generating carbon credits worth over INR 256437. A sensitivity

analysis (± 25%) was conducted to account for price fluctuations

commonly observed in voluntary markets. Accordingly, the

potential range of carbon value of a 1-acre tree-based farming

model for a period of 9 years lies between ₹192328 (–25%) and

₹320546 (+25%). This range reflects market variability and provides

a more realistic estimate of possible financial outcomes under

changing carbon price scenarios.

The analysis across different slope positions (upper, middle, and

bottom) revealed variations in both oxygen release and carbon

credit generation (Figure 6). The bottom slope contributed the

highest share, releasing 53.2 Mg of oxygen and generating INR

121353 in carbon credits. This was followed by the middle slope

with 39.4 Mg of oxygen and INR 89853 and the upper slope with

19.82 Mg and INR 45230, respectively. The cumulative output

across all slopes was 112.4 Mg of oxygen and INR 256437 in

carbon credits. These results suggest a positive relationship

between slope position and oxygen release and carbon credit

generation, with the bottom slope exhibiting the highest

productivity and environmental benefits. Slope gradient was
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found to be a critical determinant of release of oxygen. The

bottom slope, with better soil moisture retention and nutrient

accumulation, recorded nearly three times higher oxygen release

and carbon credits compared to the upper slope. Similar slope-

driven variations in carbon sequestration have been reported in

tropical and subtropical landscapes, where lower slope positions

accumulate more biomass and carbon due to favourable micro-

environmental conditions (Chen et al., 2021; Liu et al., 2020). This

highlights the ecological advantage of prioritizing plantations in

mid- and lower slope areas to optimize restoration outcomes.

The village-wise comparison of oxygen release and carbon credit

generation across Maligaon, Durukhal, and Dandabad villages

(Figure 7) revealed consistent values. Durukhal village released the

highest oxygen of 113.2 Mg and generated carbon credits worth INR

258481. Maligaon and Dandabad also showed similar results, with the

release of 112.5 and 112.4 Mg of oxygen while generating carbon

credits of INR 256646 and INR 256503, respectively. The overall

average across the three sites was 112.7 Mg of oxygen. Interestingly,

village-wise comparisons revealed minimal variation in oxygen release

and carbon credits, suggesting that environmental conditions across

the study sites were broadly similar. This consistency reinforces the

robustness of the eco-village model, showing that slope position exerts

greater influence than village-level differences in shaping ecosystem

service outcomes, a trend also observed in earlier studies where

topographic position was found to be a stronger determinant of

biomass and carbon dynamics than site-level variations (Clark and

Clark, 2000; Chen et al., 2021).
Soil fertility

The organic carbon content varied across different villages and

slope positions (Table 8). Maligaon recorded the highest organic
FIGURE 5

Species specific total (above + below ground) carbon stocks (AGCS) and total (above + below ground) CO2 sequestration in different tree species in
three different villages from 1-acre family farm model after 9 years of plantation. Error bars indicate standard error of mean.
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carbon content, with an average of 1.23%, followed by Dandabad

(1.14%) and Durukhal (1.06%). Among the slopes, not much

difference was observed among slopes planted with trees. However,

in control plots, the lower slope exhibited higher organic carbon

content compared to the middle and upper slopes. Slope locations

impact spatial distribution of moisture, light, air, and tree stands and

have an impact on soil physicochemical properties. (Nuchel et al.,

2019). This higher organic carbon at a lower slope may be attributed

to the interaction of hydrological and erosional processes along the
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slope gradient. Upper slopes often see more runoff and soil erosion,

which remove fine particles and organic matter, resulting in lower

biomass output due to reduced soil moisture and nutrient retention.

Tree plantation, however, helped in enhancing SOC content in soil,

whichmay be attributed to the addition of leaf litter and fine roots by

the plantation. The interaction effect of village × slope revealed

higher organic carbon (1.24%) in village Maligaon in the middle

slope, suggesting that it may have better soil organic matter

accumulation compared to the other villages. The least organic
FIGURE 7

Village-wise comparison of oxygen release and carbon credit generation by in 1-acre family farm model after 9 years of plantation.
FIGURE 6

Slope-wise distribution of oxygen release and carbon credit generation in 1-acre family farm mode after 9 years of plantation. Total represents the
oxygen release and carbon credit generation in Mg acre−1.
frontiersin.org

https://doi.org/10.3389/fagro.2025.1692849
https://www.frontiersin.org/journals/agronomy
https://www.frontiersin.org


Mishra et al. 10.3389/fagro.2025.1692849
carbon (1.04%) was observed in Durukhal village in the middle slope,

indicating the need for improved soil management practices to

enhance carbon retention. Enrichment of SOC was observed in

plots planted with trees as compared to control plots (without trees),

indicating a positive effect of leaf litter on SOC. The differences in

organic carbon content in various slopes and villages may be due to

the addition of varying amounts of leaf litter, fine roots, and land

topographic position resulting in differential moisture regimes and

light conditions (Venkatesh et al., 2005; Kaushal et al., 2020). The

bulk density (BD) values varied across different villages and slopes

(Table 8). Soils in village Durukhal recorded the highest average bulk

density at 1.31 Mg m−3, followed by Dandabad (1.29 Mg m−3) and

Maligaon (1.27 Mg m−3). Across the three slopes, the bottom slopes

showed the highest bulk density value of 1.32 Mgm−3, while the least

was recorded in the middle slopes (1.26 Mg m−3). Zhao et al. (2025);

Gauni et al. (2025), and Santosh et al. (2025) also reported

differences in SOC stocks at different elevations. The interaction

effect of village × slope revealed the highest values in the bottom

slope in Maligaon village, while the least value was recorded in

Maligaon village in the upper slope. The differences in bulk density

between villages and slopes may be attributed to the initial

differences of bulk density which can be seen from control plots.

Overall, there was a slight reduction in bulk density, which may be

attributed to the addition of organic matter through leaf litter, fine

root production and turnover, and other related biological processes

(Seobi et al., 2005; Udawatta et al., 2009). Decrease in BD and

compaction under trees was also reported by Kaushal et al. (2016).

The soil carbon stocks in 0–30 cm soil depth varied across the

different villages and slope positions (Table 8). Maligaon exhibited

the highest soil carbon stock, with an average of 18.7 Mg acre−1,

followed by Dandabad (17.6 Mg acre−1) and Durkhal (16.7 Mg

acre−1). The upper slopes showed the highest average (18.0 Mg

acre−1) compared to the middle and bottom slopes. The fluctuations

in soil carbon stock are determined by soil depth and climate

gradient. Comparing villages and slopes, Maligaon showed the

highest average soil carbon stock (19.9 Mg acre−1) at the bottom

slope. In contrast, Dandabad had higher soil carbon stocks across the

upper slope (19.1Mg acre−1) and middle slope (17.2Mg acre−1). This

trend further suggests that the lower slopes in Maligaon may benefit

from greater organic matter deposition and reduced erosion,

contributing to higher soil carbon accumulation. Overall, the soil

carbon reserves are higher than the IPCC’s (2003) estimate of 31 Mg

C ha−1 for the dry tropics. This finding is consistent with previous

research that emphasizes the accumulation of organic carbon in

lower slopes due to sedimentation and reduced runoff. Muhammad

et al. (2025) and Gao et al. (2025) also reported that elevation

indirectly influences SOC stocks and forest regeneration in Kalam

Temperate Forest in Pakistan.
Yield of different crops and total income

The average yield of M. indica was significantly higher (26.4 q

farmer−1) in the farmers’ field of Durukhal village and was on par

with Maligaon village farmers’ plot (26.2 q farmer−1). Significantly
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lowerM. indica yield (24.4 q farmer−1) was recorded in the farmers’

fields of Dandabad village. However, there were no significant yield

differences recorded for all other crops, such as vegetables (5.94–

7.22 g farmer−1), A. occidentale (4.40–4.46 q farmer−1), millets

(4.68–5.10 q farmer−1), paddy (16.60–19.40 q ha−1), and pulses

(2.64–3.00 q farmer−1) in three villages. Therefore, the total farmers’

income (1.11–1.13 lakhs farmer−1) from all the crops were also non-

significant in all three villages (Table 9). The yield analysis indicates

that mango productivity varied significantly across villages, with

Durukhal and Maligaon recording higher yields compared to

Dandabad. This variation can be attributed to differences in soil

fertility, slope position, and microclimatic factors, as fruit trees are

highly responsive to site-specific resource availability (Nayak et al.,

2020). Conversely, yields of vegetables, cashews, millets, paddy, and

pulses showed no significant variation, suggesting that integration

of trees in the eco-village model does not compromise staple crop

performance. Similar observations have been reported in tree-based

systems where crop productivity remained stable under well-

managed agroforestry practices (Jose, 2009). Farm income across

the three villages was statistically similar, despite differences in

mango yield, highlighting the role of diversified production systems

in stabilizing household earnings. This resilience stems from the

combination of fruit, food grains, pulses, and vegetables, which

together buffer farmers against risks of climate variability and

market fluctuations (Jinger et al., 2023). The stable income

pattern further emphasizes the potential of agroforestry-based

eco-village models in enhancing livelihood security while

contributing to ecological restoration in fragile landscapes such as

the Eastern Ghats. These findings reinforce the argument that site-

specific management of high-value perennials like mango, coupled

with stable yields of food crops, can ensure both economic viability

and food security.
Limitations and future perspectives

The results for above- and below-ground biomass are for a short

monitoring period, and litter and deadwood carbon pools, which
Frontiers in Agronomy 14
contribute to total ecosystem carbon, are not included in the study.

Excluding these minor components may lead to a slight

underestimation of total carbon stocks. Further, the study was

limited to three villages, and results cannot be generalized across

the Eastern Ghats. The future research needs to be focused on long-

term monitoring of tree biomass and carbon dynamics (vegetation

+ soil) for a more comprehensive assessment of carbon

sequestration potential. Soil health and socio-economic impact

assessments also need to be included for further studies. There is

also a need to upscale the 1-acre family farm model with policy

support and carbon credit incentives.
Conclusions

This study underscores the significance of tree plantations in

varying slope positions for sustainable development and restoration

of degraded lands in the Eastern Ghats region of Odisha. The

findings indicate that tree growth, biomass accumulation, yield,

carbon sequestration potential, and total income vary across species

and slope positions, emphasizing the need for site-specific

afforestation strategies. A. occidentale and M. indica ,

demonstrated promising carbon sequestration abilities due to

higher population, thereby making them viable candidates for

large-scale plantation in addition to their economic returns. S.

glauca, C. siamea, A. auriculiformis, and A. indica, due to higher

biomass production (per tree), can be a potential species for

enhancing carbon sequestration. The middle and bottom slopes

generally exhibited higher biomass and carbon sequestration

potential, suggesting their suitability for targeted reforestation

efforts. Resilient species such as A. indica and B. orellana could be

strategically planted on upper slopes where conditions are more

challenging, while other moisture-loving species could be focused

on mid and lower slopes. This targeted approach is likely to improve

vegetation coverage, enhance root structure establishment, and

reduce soil loss through both physical stabilization and organic

matter accumulation. Conversely, species like M. oleifera, which

exhibited lower growth metrics, may require more focused
TABLE 9 Yield (q) of different crops and total income of farmers from three different eco-villages after 9 years of plantation.

Village Vegetable M. indica
A.

occidentale
Millets Paddy Pulses

Total
yield

Income (INR)
(Rs. Lakhs)

Dandabad 7.22 ± 0.69 24.40 ± 1.14b 4.40 ± 0.25 5.10 ± 0.53 16.60 ± 1.52 2.97 ± 0.19 60.69 ± 2.18 1.12 ± 0.01

Durkhal 5.94 ± 1.01 26.40 ± 1.14a 4.42 ± 0.24 4.70 ± 0.45 19.40 ± 1.67 3.00 ± 0.25 63.86 ± 2.31 1.13 ± 0.01

Maligaon 6.32 ± 1.57 26.20 ± 1.30a 4.46 ± 0.17 4.68 ± 0.34 17.40 ± 1.95 2.64 ± 0.36 61.70 ± 1.06 1.11 ± 0.04

F stat 1.64NS 4.23* 0.09NS 1.40NS 3.51NS 2.63NS 3.51NS 1.21NS

p value 0.23 0.04 0.91 0.28 0.06 0.11 0.06 0.33

MSE 1.32 1.43 0.05 0.20 2.97 0.08 3.74 0.00

SE(m) 0.51 0.54 0.10 0.20 0.77 0.12 0.86 0.01

SE(d) 0.73 0.76 0.14 0.28 1.09 0.17 1.22 0.02

CV(%) 17.68 4.66 5.05 9.28 9.68 9.60 3.12 2.17
Cell values are mean ± SD; treatments with the same letter grouping are not significantly different; NS, nonsignificant; INR Rs. 1 Lakh = INR 105 = INR 0.1 Million.
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management practices to improve their health and productivity.

Given Odisha’s vulnerability to erosion and its monsoonal climate,

the findings of this study have practical implications for slope

stabilization efforts in the region. Continued research and

monitoring will be essential to adapt strategies that enhance the

ecological and economic value of forested areas in the studied

villages. By adopting sustainable vegetation-based solutions,

policymakers and practitioners can work towards balancing

conservation efforts with community-driven development

initiatives in the region. Additionally, integrating these species

into degraded landscapes could significantly contribute to

regional and national climate change mitigation goals.
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