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The integration of trees into diverse land-use systems holds potential for India 
to meet nationally determined contribution (NDC) targets under the Paris 
Climate Agreement. With a target of sequestering 2.5–3 billion tons of CO2 
equivalent by 2030, the study focused on the widespread and economically 
viable eucalyptus-based agroforestry, practiced widely in various planting 
geometries tailored to meet industrial end-use requirements. In this context, 
a detailed study was conducted to quantify the influence of five planting 
geometries [3  m  ×  3  m, 6  ×  1.5  m, 17  ×  1  ×  1  m (paired row) and two boundary 
plantations (east–west and north–south directions) at 2  m away from tree 
to tree] of eucalyptus on intercrops [dhaincha (Sesbania aculeata)—barley 
(Hordeum vulgare L.) rotation] biomass, soil properties, and carbon stock of 
the system during 2009–2016. Results revealed that biomass accumulation of 
different tree components was 62.50%–74.09% in stem; 6.59%–9.14% in branch; 
3.18%–5.73% in leaves; 12.20%–20.44% in stump roots; and 1.71%–3.48% in fine 
roots across the planting geometries. The mean carbon content of the stem, 
branch, leaves, and roots was 49.00, 47.00, 43.00, and 49.00%, respectively. 
Over the 8-year period, geometry of 3  ×  3  m performed better in terms of 
total biomass production (344.60  Mg  ha−  1 by tree biomass and 62.53  Mg  ha−1 
by intercrops). The independent parameter, DBH2H (DBH: diameter at breast 
height and H: tree height), was found to be a very good predictor of dry weight, 
followed by DBH alone. Among various functions (linear, allometric, logistic, 
Gompertz, Chapman, and exponential), the best-fit equation was allometric, 
i.e., B  =  300.96  ×  DBH2H0.93 (adjusted R2  =  0.96) for eucalyptus based on universal 
model adequacy and validation criteria. The carbon sequestration rate was 
maximum (20.79  Mg C ha−1 year−1) in 3  ×  3  m followed by 17  ×  1  ×  1  m. The total 
carbon stock of eucalyptus-based system (tree + crop + soil) varied significantly 
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under different planting geometries and sole crop rotation (dhaincha–barley). 
The higher carbon stock (237.27  Mg  ha−1) was obtained from 3  ×  3  m spacing and 
further partitioning carbon stock in trees—166.29  Mg  ha−1, crops—25.01  Mg  ha−1 
and soil—45.97  Mg  ha−1. The paired row spacing (17  ×  1  ×  1  m) yielded higher 
crop yield and net returns (Rs. 600,475  ha−1), underscoring wide spacing’s role 
in system productivity and sustainability. Tree-based systems were valuable 
components of agriculture, advocating for their widespread adoption to reduce 
CO2 emissions and generate income through carbon credits. These findings will 
provide crucial insights into sustainable land-use practices and advance India’s 
commitment toward adaptation of climate change mitigation strategies.

KEYWORDS

biomass equations, validation, destructive sampling, agroforestry, biomass 
productivity, carbon stock

1 Introduction

In the agriculture, forestry, and land-use sectors (covering an area 
of 22 million km2), emissions contribute around 23% of the annual 
greenhouse gas output (Lynch, 2019; Masson-Delmotte et al., 2021). 
As an imperative to intensify agriculture for a projected global 
population of 10 billion by 2050 looms, emissions from this sector are 
set to rise (Masson-Delmotte et al., 2021; Pathak et al., 2021). The 
recent IPCC (2021) emphasizes the urgent need to curb emissions, 
highlighting the alarming increase in atmospheric carbon dioxide 
(CO2) concentration from 278 ppm (pre-industrial) to 415 ppm 
(Masson-Delmotte et al., 2021). From 1850 to 2015, land-use change 
released an estimated 145 ± 16 Pg of CO2 into the atmosphere, which 
is a substantial factor in the modification of global biogeochemical 
cycles (Houghton and Nassikas, 2017; Hong et al., 2018). Land-use 
change, particularly the conversion of forests to agriculture, has not 
only resulted in significant carbon emissions but has also led to the 
depletion of up to 60% of soil organic carbon (Aryal et al., 2022). 
Terrestrial ecosystems play a crucial role in offsetting 29% of 
anthropogenic carbon emissions by removing 3.2 ± 0.6 Pg of carbon 
annually through biomass and soil storage (Yue et al., 2020). In this 
context, agroforestry systems (AFSs), which combine trees with 
seasonal crops, emerge as strategic solutions, enhancing biomass and 
soil carbon storage while addressing climate change and economic 
uncertainties (Lorenz and Lal, 2014; Babu et al., 2020; Jhariya et al., 
2021; Yadav et al., 2021; Jhariya et al., 2024).

Agroforestry increases carbon stocks in biomass or enhances 
soil through higher root production, rhizodeposition, and litter 
fall (Lorenz and Lal, 2014; Kumar et  al., 2023). Watson et  al. 
(2000) reported a 3.1 Mg C ha−1  year−1 increase in carbon 
sequestration when converting agricultural land to agroforestry. 
Ajit et al. (2016) reported carbon sequestration rates for different 
tree species ranging from 0.39 to 15.91 Mg C ha−1 year−1. Notably, 
Zomer et al. (2016) estimated a substantial 11.1 Pg C stored in 
tree biomass in agroforestry systems, highlighting the significant 
role of agroforestry in carbon sequestration and underscoring its 
importance in mitigating climate change. Agroforestry is 
projected to contribute around 27 Mg CO2 eq ha−1 year−1 based 
on 56 peer-reviewed publications (Kim et al., 2016). Despite these 
benefits, quantifying carbon stocks faces challenges, leading to 

uncertainties in mapping (Chave et al., 2014; Kuyah et al., 2016). 
In India, several fast-growing tree species, such as eucalyptus, 
poplar, acacia, leucaena, Gmelina arborea, Anthocephalus 
cadamba, Melia dubia, and others, are extensively utilized for 
various purposes owing to their short rotation, rapid growth, and 
industrial demand. In addition to their industrial applications, 
these trees can also contribute to carbon sequestration, given 
their high annual rates ranging from 0.25 to 19.14 Mg C 
ha−1 year−1 (Dhyani et al., 2016). The necessity for precise biomass 
equations is crucial for informing climate change policies, wood 
demands, and achieving the carbon sequestration goals (Ajit 
et al., 2011; Chave et al., 2019). Eucalyptus, a globally prominent 
tree with 700+ varieties, spans 90 countries, covering nearly 22 
million hectares. Constituting 8% of the world’s plantation area, 
it ranks third after Pinus and Cunninghamia species (Food, 2010). 
Brazil leads with 5.7 million hectares, followed by China 
(4.5 million hectares) and India (3.9 million hectares). Introduced 
to India 250 years ago, eucalyptus gained popularity for its fast 
growth, adaptability, and diverse uses, covering 4 million 
hectares. In India, around 10% of global eucalyptus plantations 
exist, with approximately 0.15 million hectares added annually 
(Juhari, 2017). Eucalyptus is preferred for wood industries and 
farmers due to its adaptability, economic viability, and ecological 
soundness. In agroforestry plantations, the success of integrating 
crops with tree-based systems hinges on planting geometry and 
tree density, which strategically influence light, moisture, and 
nutrient availability. Linear or block planting is a common 
approach, initially incorporating intercropping for the first 
2–3 years to reap benefits such as reduced tree establishment 
costs, income generation during the unproductive phase, and 
efficient resource use (Garrity, 1994; Deshmukh et  al., 2023). 
Promoting agroforestry, especially with fast-growing species like 
eucalyptus, can mitigate climate change impact and build resilient 
farming communities (Chavan et  al., 2023), with eucalyptus 
being planted in various geometries and densities ranging from 
1 m × 1 m to 6 m × 1.5 m, accommodating 999–10,000 trees per 
hectare. Several studies, Ajit Rai et al. (2006), Prasad et al. (2010), 
Luna et  al. (2014), and Ajit et  al. (2016), highlighted the 
significant influence of tree density and planting geometries on 
biomass production.

https://doi.org/10.3389/fsufs.2024.1386035
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org


Chavan et al. 10.3389/fsufs.2024.1386035

Frontiers in Sustainable Food Systems 03 frontiersin.org

Despite these advantages, diminishing crop yields often lead to the 
discontinuation of intercropping, causing farmers to perceive their 
land as unproductive and divert attention from the tree crop (Chavan 
and Dhillon, 2019; Chavan et al., 2022a). This underscores the critical 
need for well-defined planting geometry in agroforestry systems, 
ensuring optimal spacing to mitigate adverse effects on intercrop 
growth and yield (Khan and Chaudhry, 2007; Sirohi et al., 2022). 
Although eucalyptus-based agroforestry systems hold promise, there 
remains a knowledge gap regarding the influence of different 
eucalyptus planting geometries on intercrop biomass, soil properties, 
and carbon stock dynamics. Understanding the impact of planting 
geometry on crop yield, soil quality, biomass partitioning, and carbon 
stocks is essential for maximizing the benefits of agroforestry systems 
(Chavan et al., 2022b; Jinger et al., 2022; Rathore et al., 2023). Based 
on the existing literature and the preliminary findings outlined in the 
study, it is hypothesized that different planting geometries of 
eucalyptus will have varying effects on intercrop biomass production, 
soil properties, and carbon stock dynamics within the agroforestry 
system. We  expect these optimized agroforestry systems to boost 
economic stability and income, especially in saline soil conditions. 
Dhaincha was chosen as a green manure crop to mitigate soil salinity, 
followed by barley, a widely cultivated salinity-tolerant crop in 
northwestern India. Eucalyptus was selected for its versatility in 
growing in problematic soils, such as saline ones. Consequently, a 
dhaincha–barley cropping system was established under eucalyptus-
based agroforestry. Therefore, keeping in view, a long-term study was 
planned in eucalyptus to understand the effect of various planting 
geometry on intercrops, soil quality, biomass, carbon sequestration, 
and biomass equations. The findings on optimization of agroforestry 
practices will help practitioners, policymakers, and researchers toward 
sustainable and climate-resilient agriculture.

2 Materials and methods

2.1 Study site

The field experiment was set up during 2008–2009 in five spacing 
geometries [three spacing geometries of 3 m × 3 m, 6 × 1.5 m, and 
17 × 1 × 1 m (paired row) at a uniform density of 1,111 trees ha−1 and two 
boundary plantations (east–west and north–south directions) at 2 m 
away from tree to tree with a density of 200 trees ha−1] at CCS Haryana 
Agricultural University, Hisar, India (29° 10′ N latitude and 75° 43′ E 
longitude at an elevation of 215 m above mean sea level; Figures 1, 2). 
The experimental area comes under a sub-tropical semiarid climate 
with four distinct seasons, namely, autumn (February to March), hot 
and dry summer (April to June), hot and humid monsoon (July to 
September), and winter (October to January). The annual average 
rainfall of the area ranges from 350 to 400 mm, with >70% of it received 
between July and September. The maximum temperature ranges from 
40°C to 45°C in May and June, whereas in December and January, 
temperature ranges from 0°C to 20°C and falls to 0°C.

The experimental site was sandy loam in texture, having a pH of 
8.30 and high soil electrical conductivity of 7.90 ds m−1. The soil 
contained 0.23% organic carbon, 109.00 kg ha−1 of available nitrogen, 
9.80 kg ha−1 of available phosphorus, and 327.20 kg ha−1 of available 
potassium at the time of planting.

Annual crops, Sesbania aculeata (Dhaincha) in Kharif (June to 
October) and Hordeum vulgare (Barley) in Rabi (November to 
February), were intercropped under three planting geometries and 
two boundary plantations of eucalyptus. Dhaincha cultivation in the 
kharif season was discontinued due to a significant reduction in 
biomass production, rainfall variability, and increased shade, so it was 
kept fallow during kharif for the rest of the years. At 8 years of age, the 
mature eucalyptus trees under various planting geometries were 
harvested to quantify biomass and carbon stock and develop 
allometric equations.

2.2 Destructive sampling and biomass 
models

2.2.1 Field sampling of trees
A total of 70 eucalyptus trees from five planting geometries (16 

from three planting geometries and 11 from two boundary 
plantations) were destructively harvested at the age of 8 years of 
planting, separated, sorted, sub-sampled, dried to constant weight at 
63°C (Beets and Garrett, 2018), and weighted for biomass 
components [leaf, branch, bole, stump root (stump, coarse root, and 
fine root)] to extrapolate total component-wise dry biomass and 
fitting of models. The heights of selected trees were measured with 
the help of a measuring tape after being measured in meters (m) with 
an error of ±0.1 mm. The diameter at breast height (DBH) was also 
recorded with the help of an aluminum caliper in centimeters (m). 
The biomass of harvested trees was divided into two categories, i.e., 
aboveground biomass (stem, branch, and leaf) and belowground 
biomass (stump and fine–coarse roots) by using standard 
methodologies given by Snowdon et  al. (2002) and Newaj et  al. 
(2014). In case of fine and coarse root biomass, monoliths 
(50 cm × 50 cm × 50 cm) were randomly laid out at 1 m and 2 m away 
from the tree base in five planting geometries with five replications. 
The monolith sampling was done in the month of March 2017. After 
complete washing, the roots were filtered with 0.5-mm sieve and 
sorted into fine and coarse roots. All live and dead roots were sorted 
out and placed on soaking paper for a few minutes to minimize the 
water content. The root samples were dried at 63°C to a constant 
weight and then weighed. Furthermore, based on the monolith 
volume (50 cm3), total fine coarse roots (FCR) biomass was 
determined and extrapolated to hectare (Mg ha−1) and single trees 
(kg tree−1).

2.2.2 Construction and validation of biomass 
modeling

To construct accurate tree growth models, a combination of 
theoretical principles and practical observations relies on two distinct 
datasets—one for model estimation and another for validation. In the 
absence of an independent dataset for validation, the original datasets 
(derived from destructively harvested trees) were randomly split into 
two exclusive sets, comprising 80% for model estimation and 20% for 
validation, ensuring a pseudo-independent approach (Ajit 
et al., 2011).

 a. Model estimation: Regression analysis was employed to 
explore relationships between dependent variables (tree 
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biomass) and independent variables [DBH, height, DBH2H, 
DBH2, DBH2HWD, log (DBH)]. Total biomass data from 
harvested eucalyptus in five planting geometries were 
collectively analyzed to identify statistically and practically 
efficient independent variables. Once the superior independent 
variable was identified, various model forms, including linear, 
power (allometric), logistic, Gompertz, Chapman, and 
logarithmic, were applied to assess prediction efficiency.

 b. Model validation: Validating a model consists of comparing its 
predictions with actual observations independent of those used 
for its fitting. Model validation consists of two aspects that are 
discussed in the following subheads:

i. Model optimization: The estimates of the parameter along 
with Wald confidence interval (95%), asymptotic standard 
errors (ASE), Akaike information criterion corrected 
(AICc), mean square error (MSE), and adjusted R2 
(Gujarati, 1995) were used for judging the adequacy of the 
fitted model estimated by deploying the standard 
methodology (Ajit et al., 2011).

ii Model diagnostics: Residual diagnostics includes plotting 
of probability plot of residuals, autocorrelation plots of 
residuals, plot of residuals against their expected values, 
and plot of residuals against independent variables 
(Ajit, 2008).

FIGURE 1

View of the study area at CCS Haryana Agricultural University, Hisar (India).
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2.3 Carbon sequestration of crops, trees, 
and soil

2.3.1 Crop biomass
The crop biomass was determined by the quadrat method in 

replicated quadrates of 1 m2 each from the center of the tree rows of 
various spacing geometries. In case of boundary plantation (east–west 
and north–south directions), quadrate basis (1 m2) crops were 
harvested at the distances of 0–3, 3–6, 6–9, 9–12, 12–15, and 15–18 m 
from the tree lines on four aspects (northern and southern in east–
west and eastern and western in north–south boundary plantation) in 
three replicates and averaged to get crop biomass per hectare basis.

The harvested green fodder yield was weighed in kg plot−1 and 
converted to Mg ha−1. The random multiple samples of 500 g were 
taken from fresh biomass, air-dried, and further kept in an oven at a 
temperature of 60°C for 72 h. Based on the dry matter content of these 
samples, the green fodder biomass was converted into dry fodder 
biomass (Mg ha−1).

 
Dry matter content Weight of oven dry sample

Weight of fres
 

  

  
%� � �

hh sample 
�100

 
Dry fodder biomass Fresh fodder yield dry matter content

 
   

�
�

100

whereas in case of barley, a quadrate basis crop was harvested and 
threshed with the help of a mini-plot-thresher; the clean grain 
obtained was weighed to record grain yield (kg per net plot), which 
was then converted using appropriate conversion factor and reported 
as grain yield (Mg ha−1). The remaining straw after threshing was 
weighed as a straw yield per net plot and then converted to hectare 
basis (Mg ha−1).

2.3.2 Carbon content (tree and crop)
The study calculated carbon stock by multiplying dry biomass and 

the number of trees per hectare with their corresponding carbon 
values. Carbon content in all tree components was determined from 
oven-dried and ground samples, which were analyzed using a 
CHNS-O analyzer after passing through a 1.0 mm sieve. For each 
treatment, five trees (stem, root, leaves, and branch) were considered 
for carbon content estimation. Crop carbon was calculated using a 
reference value of 40% based on Stewart (1993).

2.3.3 Soil chemical properties
Soil samples were collected at depths ranging up to 90 cm (0–15, 

15–30, 30–45, 45–60, 60–75, and 75–90 cm) to determine soil 
chemical properties. However, the mean value of six soil depths was 
considered. The soil pH and EC were measured using a pH meter and 
a conductivity meter in 1:2 soil-to-water ratio (Jackson, 2005). The soil 
available nitrogen (N), phosphorus (P), and potassium (K) were 
determined by the alkaline potassium permanganate distillation 
(Subbiah and Asija, 1956), Bray’s method (Bray and Kurtz, 1945), 
and ammonium acetate extractant method (Jackson, 2005), 
respectively.

2.3.4 Soil organic carbon (mg  ha−1)
Random soil samples were collected in three replicates from the 

surface soil (0–15 cm) before planting trees and after 8 years of 
planting (0–90 cm) from five different geometries to determine bulk 
density and soil organic carbon (SOC). The bulk density of the soil 
was determined using metal core samplers of known volume. The soil 
samples were oven-dried at 105 ± 10°C for 48 h, and the bulk density 
of soil in g cm−3 was calculated by dividing the oven dry weight of the 
sample by the volume of the core sampler (Cresswell and Hamilton, 
2002; Halli et al., 2022). The Walkley–Black method (Walkley and 
Black, 1934) was used to determine the SOC content. Samples were 
also collected from a control field for comparison.

FIGURE 2

Overview of planting geometry of experimental plot of eucalyptus-based agroforestry.
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Soil organic carbon stock (Mg ha−1) = soil organic carbon 
(%) × depth (cm) × bulk density (g/cm3).

2.3.5 System carbon sequestration potential over 
rotation

The total system carbon sequestration potential (Mg C ha−1) was 
computed as per the crop rotation in eucalyptus-based agroforestry 
systems. The formula is followed as:

 

Total carbon sequestration Mg C ha
tree carbon crop carbo

  

  

� 1� �
� � nn
soil carbon

�
 

2.3.6 Economics of system
The economic analysis was carried out by comparing various 

agroforestry systems with sole annual crops that cover one cycle 
of eucalyptus harvest. The costs associated with establishing the 
plantation were categorized into establishment cost (A), covering 
expenses incurred during the initial year of planting (including 
planting material, transportation, land preparation, 
transplanting, and plant protection). Operational cost (B) 
encompassed subsequent years’ expenses for crop and tree 
maintenance, irrigation, fertilizer application, crop seeds, 
hoeing, weeding, and inter-row cultivation to prevent unwanted 
vegetation during non-crop periods. The interest rate on working 
capital (A + B) was set at 9%. Other factors, such as management 
cost (10%) and risk cost (10%), along with year-wise existing 
rental value of land, were included for the estimation of financial 
analysis. The cost–benefit parameters used for comparing the 
systems were net returns, net present value (NPV) at a 12% 
discounting rate, internal rate of return (IRR), and benefit–cost 
ratio (BCR). The calculation of LEV has been done using the 
Faustmann model that combines annual revenue flow from 
intercropping production and final timber harvest of eucalyptus 
trees (Klemperer, 2003; Guo et al., 2006). The value (price) of 
trees was determined by referencing the Haryana Forest 
Development Corporation’s purchase list for eucalyptus, which 
is fixed on girth basis. Concurrently, the price of crops was 
computed based on the market rates prevailing in the respective 
years. The costs and income from intercropping and trees were 
also calculated. The economic viability of different planting 
geometries for eucalyptus-based food systems was assessed using 
standard methodology, aligning with previous research 
methodologies outlined by Chavan and Dhillon, 2019 and Chavan 
et al. (2022b).

Net present value: NPV was estimated as under:
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where B represents benefits in the year t, C the costs in year t, r the 
selected discount rate, and n the number of years.

Benefit–cost ratio (BCR): Discounted benefits were divided by the 
discounted costs to obtain the BC ratio. BCR can be  expressed 
as follows:
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where B represents the benefits in the year t, C the costs in year t, 
r the selected discount rate, and n the number of years.

Internal rate of return (IRR): Internal rate of return is defined as 
that rate of discount that equates the present value of a stream of net 
benefits with the initial investment outlay, or IRR, which is that rate at 
which the PNV of cash flow is zero.

2.4 Statistical analysis

The experiment was laid out in a randomized block design with 
five treatments (planting geometry) and five replications. Crop yield, 
tree biomass, tree carbon, soil carbon, and growth parameters in 
eucalyptus-based agroforestry were assessed using one-way ANOVA 
at the 5% significance level, followed by a post-hoc test of the least 
significant difference using the OPSTAT statistical software (Panse 
and Sukhatme, 1954; Sheoran et al., 1998). Five planting geometries 
were considered as fixed effects and replications as random effects. For 
carbon content in various components of eucalyptus trees and the rate 
of carbon sequestration in trees, one-way ANOVA followed by Tukey’s 
post-hoc test was conducted. Randomly harvested 70 trees of 
eucalyptus from five planting geometries were used to develop 
component-wise biomass models by using Sigma Plot version 14, 
involving computations of descriptive statistics, equation fitting, graph 
plotting for residual diagnostics, and model validation.

3 Results and discussion

3.1 Growth of eucalyptus

Tree growth is a function of age, spacing, and site quality. The 
growth of trees at various spacing differed considerably over 8 years of 
rotation (Figure  3). In the present study, maximum tree height 
(22.84 m) was found in 3 × 3 m, followed by east–west boundary 
system (21.06 m), while the east–west boundary plantation exhibited 
16% more DBH than the other planting geometries of eucalyptus 
under study. The mean annual increment for height and DBH ranged 
from 2.28 to 2.86 m year−1 and 2.22 to 3.13 cm year−1 in different 
spacing, respectively. The decrease in tree diameter over low density 
may be  attributed to a higher number of trees per unit area. 
Physiologically, tree grows more laterally in the absence of 
competition. Earlier studies reported that wider spacing facilitated 
higher DBH (Bernardo et al., 1998; De Oliveira et al., 2018). However, 
tree spacing affected considerably the MAI of height (2.28–
2.86 m year−1) and DBH (2.28–2.86 m year−1) in our study, and it is in 
agreement with previous studies (Prasad et al., 2010, 2012), while in 
another study (Ajit et al., 2016), they reported that trees with closer 
spacing gain more height growth than DBH. However, Ajit et  al. 
(2016) reported a higher MAI of 3.14–3.62 m for height and 3.22–
3.88 cm for DBH at 8 years of rotation of eucalyptus in Central India. 
Hence, higher tree density (tree ha−1) leads to more competition for 
resources (light, water, and nutrients), which have several manifold 
phenotypic effects on an individual tree as well as the stand of tree. 
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Moreover, empirical data indicate that increased competition resulting 
from higher tree density significantly impedes the development of the 
trees within the plantation (Binkley et al., 2004). This suggests that 
high stocking rates may lengthen the time necessary to produce trees 
of appropriate size for sawing and/or plywood production.

3.2 Soil properties as influenced by 
eucalyptus

By integrating woody perennials into agricultural landscapes, soil 
health, an essential natural resource for sustainable agroecosystems, 
can be  significantly improved. Trees contribute to soil nutrient 
improvement through mechanisms like biological nitrogen fixation, 
nutrient retrieval, reduced nutrient losses, and enhanced release from 
organic matter (Uthappa et al., 2015; Fahad et al., 2022; Jinger et al., 
2023). The extent and nature of these changes depend on factors such 
as tree species, planting geometry, litter production, crop rotations, 
and soil type.

The impact of different eucalyptus planting geometries on soil 
chemical properties after an 8-year rotation is given in Table 1. Soil pH 
reduction was more pronounced in tree-based cropping systems 

compared to sole cropping, with an average 5% decrease at 8 years. Soil 
EC reduction was highest in 3 m × 3 m spacing (21.16%), followed by 
6 m × 1.5 m (17.44%) compared to control. Block and boundary 
plantations showed a 54 and 48% reduction, respectively, while control 
had a 45% reduction. This pH and EC decline may be attributed to 
organic acids from decomposed litter and twigs, aligning with 
previous studies (Gupta and Sharma, 2008; Uthappa et  al., 2015; 
Bhardwaj et al., 2017; Sultan et al., 2023). When compared to initial 
values, the EC has decreased from 7.90 ds m−1 to 3.39 ds m−1 in 3 × 3 m 
and 3.55 ds m−1 in 6 × 1.5 m in eucalyptus-based agroforestry systems. 
This research suggests that implementing agroforestry practices on 
saline soil can lead to a decrease in electrical conductivity (EC) over 
an 8-year period. Consequently, this approach may contribute to the 
reclamation of saline soils, making them suitable for the cultivation of 
agricultural crops.

The study emphasized the significant influence of planting 
geometries on soil nutrients, viz., available nitrogen (N), phosphorus 
(P), and potassium (K). The 3 m × 3 m spacing exhibited the highest 
values for available N (124.97 kg ha−1), P (16.83 kg ha−1), and K 
(332.67 kg ha−1), surpassing other geometries (Table 1). The increase 
in available P under eucalyptus was linked to pH reduction, promoting 
organic acids’ release and subsequently enhancing phosphorus 

FIGURE 3

Tree height (A) and DBH (B) under different planting geometries of eucalyptus-based agroforestry.

TABLE 1 Soil chemical properties and soil carbon stock under different planting geometries of eucalyptus (soil depth: 0–90  cm).

Planting 
geometry (m)

pH EC (dS 
m−1)

Available 
nitrogen 
(kg  ha−1)

Available 
phosphorus 

(kg  ha−1)

Available 
potassium 

(kg  ha−1)

SOC (%) Total soil 
carbon stock 

(Mg  ha−1)

3 m × 3 m 7.83 3.39 124.97 16.83 332.67 0.35 45.97

6 m × 1.5 m 7.92 3.55 116.93 15.70 317.60 0.29 39.96

17 m × 1 m × 1 m 8.01 3.89 112.07 12.77 311.55 0.28 38.52

E–W boundary 8.03 4.01 109.47 12.50 294.43 0.28 39.27

N–S boundary 8.21 4.15 106.92 11.76 289.42 0.26 35.75

Control 8.40 4.30 101.17 11.70 279.73 0.24 34.23

Mean 8.07 3.88 111.92 13.54 304.23 0.28 39.52

CD (p = 0.05) 0.17 0.06 2.49 1.27 5.08 0.002 0.57

At the time of planting 8.30 7.90 109.00 9.80 327.20 0.23 30.45
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solubility. These findings are consistent with Bhardwaj et al. (2017), 
highlighting the positive impact of tree-based systems on soil 
enrichment through litter addition, root biomass recycling, and 
reduced organic matter oxidation. The findings are also in line with 
Singh (1975) and George (1982), who reported that eucalyptus 
plantations (1,111 tree ha−1) contributed 3.30 Mg ha−1 to 6.21 Mg ha−1 
of leaf litter at 3- to 9-year-olds, which undergoes decomposition and 
mineralization, thus releasing a substantial amount of nutrients into 
the soil. Overall, this study reinforces the understanding of increased 
nutrient levels in tree-based agricultural systems.

This study also investigated the impact of tree spacing on soil 
organic carbon (SOC%), and soil carbon stock (Mg C ha−1). Results 
revealed significant variations among different tree spacings, with the 
highest SOC (0.35%) observed in the 3 × 3 m spacing, followed by 
6 m × 1.5 m (0.29%) and 17 × 1 × 1 m (0.28%) spacing, while dhaincha–
barley sole cropping exhibited the lowest SOC (0.24%). Comparing 
tree-based systems to control (sole cropping), SOC increased by 
45.83% in 3 × 3 m, 20.83% in 6 × 1.5 m, 16.63% in 17 × 1 × 1 m, 15.83% 
in east–west, and 8.33% in north–south boundary plantations of 
eucalyptus. The maximum total SOC stock (45.97 Mg ha−1) was 
reported in 3 × 3 m, followed by 6 m × 1.5 m (39.96 Mg ha−1), whereas 
the lowest was recorded in dhaincha–barley crop rotation, i.e., control 
(34.23 Mg ha−1). In the present study, eucalyptus planting geometry 
with dhaincha–barley crop rotation stored 34.30% more carbon stock 
than control (sole cropping). The elevated percentage of soil organic 
carbon in agroforestry systems is linked to the input of litter fall, 
pruned materials, and the extensive rhizospheric root network of trees 
(Chaudhari et  al., 2015; Kumar et  al., 2018; Singh et  al., 2023a,b; 
Anbessa and Utaile, 2024; Keerthika et al., 2024; Uthappa et al., 2024). 
Microclimate improvements, including changes in temperature, 
humidity, soil moisture, and light facilitated by trees, may contribute 

to higher SOC content. However, the complex interactions among 
soils, climate, trees, and their management, along with the chemical 
composition of leaf litter, determine soil carbon content (Lal, 2005). 
The findings underscore the potential of agroforestry systems in 
improving soil health by increasing organic matter content and 
optimizing soil parameters for carbon sequestration (Salunkhe et al., 
2023). The substantial SOC stock recorded in tree-based systems 
highlights the positive impact of agroforestry on long-term soil 
sustainability and carbon sequestration.

3.3 Biomass modeling in eucalyptus

3.3.1 Descriptive statistics and selection of 
independent parameters

Tree height (20.03 m), DBH (20.87 cm), and total biomass 
(274.46 kg tree−1) under five planting geometries differed significantly. 
Variation was found to be  high for the biomass components and 
ranged from 33.17 (aboveground biomass) to 46.06% (roots; Table 2). 
Ajit Rai et al. (2006), Rojo Alboreca et al. (2015), and Ajit et al. (2016) 
also reported variation in biomass components in eucalyptus. There 
was a moderate correlation between height (0.68) and total biomass; 
however, a strong positive correlation was observed between DBH 
(0.93) and total biomass. Kuyah et al. (2013) also reported that DBH 
was strongly and significantly correlated with above- and belowground 
biomass. The other parameters of statistics, such as skewness, kurtosis, 
and S-W normality test, proved that the datasets were derived from a 
normally distributed population. The negative skewed (−0.35) and 
kurtosis values (−0.74) were found for height and DBH in eucalyptus. 
This negative value indicated that distribution slightly flatter than a 
normal curve with the same mean and standard deviation. Kuyah 

TABLE 2 Summary statistics of growth attributes for complete datasets of eucalyptus.

Parameter DBH 
(cm)

Height (m) Component-wise biomass of eucalyptus (kg tree−1)

Stem Branch Leaves AGB BGB Total 
(AGB  +  BGB)

Number of harvested trees 70 70 70 70 70 70 70 70

Range 12.05 11.40 304.32 39.31 19.94 348.49 89.01 416.41

Minimum 15.45 14.01 79.60 8.43 5.26 95.43 18.67 114.16

Maximum 27.50 25.41 383.92 47.74 25.20 443.92 107.68 530.57

Mean 20.87 20.03 191.82 23.25 11.99 227.06 47.40 274.46

SE mean 2.98 2.36 64.27 8.35 4.86 75.32 21.83 94.41

Standard deviation 0.36 0.28 7.68 1.00 0.58 9.00 2.61 11.28

Coefficient of variation (%) 14.26 11.78 33.51 35.90 40.57 33.17 46.06 34.40

Correlation with total biomass 0.93 0.68 0.97 0.93 0.79 0.99 0.91 1.00

Variance 8.85 5.57 4131.17 69.68 23.66 5673.46 476.67 8913.75

Skewness 0.25 −0.35 0.63 0.83 0.75 0.63 0.89 0.66

SE skewness 0.287 0.287 0.287 0.287 0.287 0.287 0.287 0.287

Kurtosis −0.74 0.05 0.44 0.74 0.04 0.39 0.22 0.30

SE kurtosis 0.566 0.566 0.566 0.566 0.566 0.566 0.566 0.566

Shapiro–Wilk test 0.98 0.98 0.97 0.95 0.94 0.97 0.93 0.96

SW significance 0.21 0.51 0.09 0.01 0.00 0.06 <0.001 0.04

AGB, aboveground biomass; BGB, belowground biomass.
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et al. (2013) also reported negative skewness for height and DBH in 
biomass studies in eucalyptus.

The accuracy of a biomass equation depends on the selection of 
appropriate independent variables to develop best-fit equations. In 
this study, various combinations of independent (effect) variables 
[viz., DBH, Height, DBH2H, DBH2 × WD × H, DBH2, and ln (DBH)] 
were tried and plotted against the total biomass of eucalyptus to testify 
the accuracy and efficiencies in the prediction of biomass. On the basis 
of model adequacy criteria, DBH2H was found to be  a better-fit 
independent variate than DBH alone. It was further confirmed that 
D2H, i.e., inclusion of height as an additional interpreter variable to 
DBH, increases the R2 for eucalyptus (Zewdie et al., 2009; Luna et al., 
2014; Tewari, 2016) and other mixed tree species equations (Chave 
et al., 2001; Bastien-Henri et al., 2010).

3.3.2 Model fitting and validation of biomass 
equation

The destructive biomass sampling method is a prerequisite for 
precise and accurate modeling of tree biomass. Therefore, the 
sufficient number of field measurements is the precondition for 
developing biomass estimation models and for evaluating the biomass 
estimation results (Deo, 2008). In our study, 70 trees were randomly 
selected and harvested with a DBH range of 15.45–27.50 cm and 
measured component-wise to develop biomass equations. To obtain a 
good regression equation, at least 25 trees should be selected randomly 
from a wide range of DBH (de Gier, 2003).

Total biomass and DBH2H relationship for eucalyptus trees 
were investigated by fitting six regression functions such as 
allometric, logistic, Chapman, Gompertz, linear, and exponential 
(Table  3). Among the six fitted models, allometric model, i.e., 
biomass = 300.96 × DBH2H0.93 (adjusted R2 of 0.96) was the best-fit 
over the others. Global model characteristics like adjusted R2, F 
ratio, and AIC cannot guarantee model adequacy. Graphical 
examination of residuals (primarily studentized residuals) was 
used to evaluate the best-fit regression models in Figure  4 for 

independence, homogeneity, constant variance, and normality. 
There was also a detailed residual diagnosis for allometric function. 
Scatter plot of studentized residuals vs. predicted total biomass was 
clearly portrayed the homogeneity of variance over the entire range 
of predicted total biomass. Autocorrelation plots showed no 
relationships among allometric function residuals. Autocorrelation 
plot residuals were randomly distributed at zero slope and scattered 
within the confidence limit. The residuals’ independence was 
further shown. The quintile–quintile and probability plots showed 
that residuals were regularly distributed. Error term variance was 
constant too. Based on these statistical criteria, allometric model 
was best of six regression functions fitted. The results of biomass 
models in eucalyptus are consistent with the prior findings 
(Tandon et  al., 1988; Dhanda and Singh, 1990; Tewari, 2016). 
However, these researchers did not do residual diagnosis and 
validation, which raises the question of reliability. The research 
conducted by earlier researchers (Ajit Rai et al., 2006; Kuyah et al., 
2013; Ajit et al., 2016; Ounban et al., 2016) has demonstrated the 
superiority of allometric models in estimating biomass using 
residual diagnostic and validation criteria.

3.4 Carbon sequestration potential of 
eucalyptus-based agroforestry

3.4.1 Crop yield and biomass of dhaincha–barley 
crop rotation

Data pertaining to dhaincha–barley crop rotation under different 
planting geometries are presented in Tables 4, 5. During the Kharif 
season, dhaincha was planted in the initial 2 years of the study. The 
presence of moderate to dense shade, arising from various plant 
geometries of eucalyptus, led to a significant decrease in the green 
biomass of dhaincha. A notable  24.75% reduction in yield was 
observed in the 3 × 3 m spacing, whereas the least reduction was noted 
in the boundary plantation (2%–6%). A similar result was obtained by 

TABLE 3 Parameter estimates of various functions fitted to total biomass of eucalyptus.

Models Functional form Parameter Estimate ASE AICc RMS R2

Allometric Y = a × Xb
a 300.96 2.82

359.37 410.10 0.96
b 0.93 0.02

Logistic
Y = a/(1 + exp. (−

(X–c)/b))

a 644.88 55.49

367.73 462.51 0.95b 0.53 0.05

c 1.07 0.10

Chapman
Y = a × (1–exp. 

(−b × X))c

a 11,734.45 143,595.3

361.77 418.08 0.95b 0.02 0.28

c 0.94 0.14

Gompertz
Y = a × exp. (−exp 

(−(X–c)/b))

a 837.76 130.4

364.52 438.07 0.95b 1.05 0.17

c 1.02 0.17

Linear Y = a + b × X
a 18.22 7.55

359.38 413.20 0.95
b 281.59 7.94

Exponential Y = a × exp. (b × X)
a 116.52 4.473

392.686 721.327 0.92
b 0.89 0.0324

Y, biomass of components; X, DBH2H.
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Prasad et al. (2010) in eucalyptus in that they reported 48%–53% loss 
in the post-rainy season.

In the rabi season, barley was sown (every year) up to the 
harvesting of trees. In block spacing, the average higher grain yield of 
barley was obtained in paired row spacing (2.41 Mg ha−1), followed by 
6 m × 1.5 m (2.12 Mg ha−1) and 3 × 3 m (1.75 Mg ha−1) spacing over a 
period of 8 years. Barley experienced an average yield loss of 8.92–
39.0% under 1–4 years of plantation, and it further increased from 
44.21 to 64.48% (fifth–eighth year of plantation) under block 

plantation of eucalyptus over control (sole cropping). The highest 
yield loss of 70.29% was recorded in 3 × 3 m at 8 years of planting. 
However, 20.21% higher yield in barley yield was observed when row 
spacing increased from 3 × 3 m to 6 m × 1.5 m spacing, and it further 
increased up to 36.71% in 17 × 1 × 1 m spacing at 8 years of rotation. 
This may be due to the fact that low light intensity intercepts decrease 
the rate of photosynthesis, affect directly the relative growth rate, 
reproductive, and ripening phases of crops, and ultimately lead to a 
loss of yield (Luna et al., 2009).

FIGURE 4

Plots of residual against the values of predicted and explanatory variates of total biomass of eucalyptus (clubbed data).
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In boundary plantation, the maximum grain yield (2.59 Mg ha−1) 
was observed in the north–south in comparison to the east–west 
boundary plantation (2.42 Mg ha−1) but was less than control 
(3.24 Mg ha−1). The observation on barley crops under 8 years of 
plantation revealed that crop growth was severely affected near tree 
line (up to 6 m away), but growth increased and further improved 
with proceeding away from tree line in all four aspects of boundary 
plantation (data are not presented). Studies by Dhillon et al. (1979, 
1982) revealed a maximum reduction in yield of wheat (64%), rice 
(58.4%), and potato (42.6%) near the tree baseline of the boundary 
plantation of eucalypt near the base line. In the present study, crops 
performed better in north–south planting of eucalyptus over other 
planting geometries. Similar trend was also observed in the straw 
yield of barley under various spacings of eucalyptus. Distance from 
tree line also played a noteworthy role in the yield of annual crops. 
Furthermore, the yield of crops increased with the increase in 
distance from the boundary tree lines. The results demonstrated in 
boundary plantation match with other studies by Singh and Kohli 
(1992), Kidanu et al. (2005), and Yadava (2010). Biomass and yield 
of dhaincha and barley crops were significantly affected due to 
various spacing geometries of trees. The magnitude of crop yield loss 
in the eucalyptus-based cropping system increased with the age of 
the trees due to increased competition for resources (light, moisture, 
and space) and subsequently hampered the growth and yield of 
agricultural crops. Increased competition with age is due to the 
increased size of the trees and their ability to mop up greater 
resources at the expense of crops (Dhyani and Tripathi, 1998; Prasad 
et al., 2010). The yield reduction was found to be higher in Kharif 
season as compared to the Rabi season. Tree density or spacing 
geometry of eucalyptus affects annual crop yield severely (Ahmed, 
2004; Prasad et al., 2010, 2012).

Manipulation of planting geometry under agroforestry provides 
opportunity to choose appropriate crop combinations for higher yield 
and profitability. Therefore, modified planting geometry may help to 
reduce the yield reduction losses under tree-based agroforestry 
systems. Crop performance under eucalyptus was testified with 
various crop combinations by the number of authors throughout the 
country as well as the globe (Prasad et al., 2010; Kumar et al., 2013; 
Gill et al., 2016; Dhillon et al., 2018; Nyaga et al., 2019).

3.4.2 Biomass production and carbon stock of 
eucalyptus

Biomass plays a crucial role in the global carbon cycle and has 
emerged as an imperative solution for reducing climate change. Such 
region-specific periodic measurement studies on biomass 
accumulation can be used further to establish the value of agroforestry 
practice (Eamus et al., 2000). In this study, planting geometry had 
strong influence on total biomass production and partitioning among 
components under eucalyptus (Table 6).

The biomass production was recorded higher under 3 × 3 m 
(344.60 Mg ha−1) and 17 × 1 × 1 m (323.12 Mg ha−1) planting geometry, 
whereas the lowest (56.17 Mg ha−1) was found in north–south 
boundary plantation. However, the tree biomass was statistically at par 
between 3 × 3 m and 17 × 1 × 1 m spacing at 8 years of rotation. The 
annual biomass accumulation was maximum (43.04 Mg ha−1 year−1) 
in 3 × 3 m, followed by 17 × 1 × 1 m (40.39 Mg ha−1  year−1) and 
6 m × 1.5 m (28.11 Mg ha−1  year−1) in block plantation. The 
aboveground biomass ranged from 42.73 to 279.17 Mg ha−1, whereas 
belowground biomass ranged from 13.43 to 65.43 Mg ha−1. George 
(1982) and Tandon et  al. (1988) reported 301.50 Mg ha−1 and 
302.1 Mg ha−1 at 8- to 9-year eucalyptus plantation, respectively. In 
addition to this, the growth of eucalyptus under block plantation was 
not as like in widely spaced trees, but biomass production was huge 
due to the high number of trees. This is a general rule that the number 
of trees per unit area gives a higher yield, and it is in accordance with 
earlier studies (Prasad et al., 2010; Forrester et al., 2013; Ajit et al., 
2016). In agroforestry, tree biomass is enhanced due to management 
practices as compared to forest and sole plantation. However, the 
contribution of different tree components in total tree biomass was: 
62.50%–74.09% of stem; 6.59%–9.14% of branch; 3.18%–5.73% of 
leaves; 12.20%–20.44% of roots; and 1.71%–3.48% of fine–coarse roots 
(Figure 5). The biomass portioning in the study is in similar line with 
earlier literature (Pande et al., 1987; Tandon et al., 1988; Prasad et al., 
2010), where they reported approximately 70% biomass accumulated 
in eucalyptus stem/bole. Kuyah et  al. (2012) reported that the 
contribution of different components to the total AGB was 73.7%, 
22.3%, and 4.0% in stem, branch, and leaves, respectively. In case of 
eucalyptus, higher tree density helps to initiate self-pruning; 
ultimately, the percentage contribution of branches and leaves will 

TABLE 4 Green biomass production of dhaincha (Mg  ha−1) under different planting geometries of eucalyptus.

Planting 
geometry

Green biomass of Dhaincha (Mg  ha−1)

1  year 2  years 3  years 4  years 5  years 6  years 7  years 8  years Total

3 m × 3 m 44.00 ± 0.58 62.10 ± 1.14 – – – – – – 106.10 ± 1.47

6 m × 1.5 m 46.67 ± 0.22 64.70 ± 0.31 – – – – – – 111.40 ± 1.03

17 m × 1 m × 1 m 51.70 ± 0.57 68.80 ± 1.06 – – – – – – 120.50 ± 0.50

East–West 

boundary 67.41 ± 0.35 64.89 ± 0.58
– – – – – – 132.31 ± 0.34

North–South 

boundary 69.00 ± 0.34 67.91 ± 0.51
– – – – – 136.91 ± 0.80

Control (sole 

crop)
70.53 ± 0.47 70.48 ± 0.38 – – – – – – 141.01 ± 0.82

Mean 58.21 66.28 – – – – – – 124.71

C.D. (p = 0.05%) 1.44 2.03 – – – – – – 1.078

Dhaincha was not cultivated due to drastic reduction in the yield from 3 to 8 years.
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be lower in compact spacing than in boundary plantation. Eucalyptus 
grows better under competition in stands (blocks), whereas tree tends 
to become heavily branched if planted wide apart, especially 
on boundaries.

Carbon accumulation in trees is in prime focus due to climate 
change mitigation measures. The percentage carbon concentration in 
different components of eucalyptus trees differed from 43% to 49% 
(Figure 6). The mean carbon content of the stem, branch, leaves, and 
roots in the present study was 49.00%, 47.00%, 43.00%, and 49.00%, 
respectively. Matthews (1993) compiled the carbon content of 
eucalyptus tree, which was 47.2%–49.5% in various parts. Ribeiro 
et al. (2015) also reported that the average carbon content in the stem, 
branch, leaf, and root compartments was 44.6%, 43.0%, 46.1%, and 
37.8%, respectively. The highest amount of aboveground, 
belowground, and total carbon was estimated to be 134.29, 32.00, and 
166.29 Mg ha−1 in 3 × 3 m, followed by 133.82, 21.98, and 
155.80 Mg ha−1 in 17 × 1 × 1 m (paired row), respectively, while the 
lowest were 20.47, 6.57, and 27.03 Mg ha−1 in north–south boundary 
planting at 8 years of rotation (Table  7). An average carbon 
sequestration rate was 12.79 Mg C ha−1  year−1 in five spacing 
geometries (Figure 7). In boundary plantation, carbon sequestration 
rate was 6.78 and 3.38 Mg C ha−1 year−1 in east–west and north–south 
plantation, respectively, at 8 years of rotation, which was lower than 
block plantation. Therefore, block plantation of eucalyptus 
sequestrated four times more carbon than boundary plantation of 
eucalyptus after 8 years of rotation.

Recent studies suggest that agroforestry systems (AFSs) have a 
higher carbon sequestration potential (Pandey, 2002; Nair et al., 2010; 
Ajit et al., 2016; Dhyani et al., 2016; Zhou et al., 2017; Chavan et al., 
2022a,b). Zhou et al. (2017) observed an average sequestration rate of 
eucalyptus was 19.53 Mg C ha−1 year−1 in China. Ajit et al. (2016) also 
reported carbon sequestration rates for various tree species under 
agroforestry ranging from 0.39 to 15.91 Mg C ha−1 year−1. Specifically, 
carbon stock in AFSs can vary widely, with estimates ranging from 
0.29 to 15.21 Mg ha−1 year−1 aboveground and 30–300 Mg C ha−1 up to 
a depth of 1 meter in the soil (Nair et al., 2010). In India, agroforestry 
systems have been estimated to sequester between 0.25 and 19.14 Mg 
C ha−1 year−1 for tree components and between 0.01 and 0.60 Mg C 
ha−1 year−1 for crop components (Pandey, 2002; Dhyani et al., 2016). 
There are several studies reporting either the lower or higher side of 
carbon sequestration rate. Hence, several factors, such as type, 
structure, and function of agroforestry, climate, planting geometry, 
soil type, socio-economic factors, management techniques, end-use, 
etc., significantly affect the carbon sequestration potential (Albrecht 
and Kandji, 2003; Tian et al., 2005) at different plantation. Among 
several factors, choice of planting density is a primary silvicultural 
decision in agroforestry, which reflects the trade-off between 
individual tree size and total biomass production, affecting the type, 
quantity, and quality of products throughout the rotation (Forrester 
et al., 2013).

3.4.3 Biomass and carbon stock of 
eucalyptus-based agroforestry (tree + crop + 
soil)

Under various planting geometries of eucalyptus, the total 
biomass varied from 137.37 to 407.13 Mg ha− 1 in dhaincha–barley 
crop rotation (Table 7). Over the 8-year period, spacing geometry of 
3 × 3 m performed better in terms of total biomass production T
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(407.13 Mg ha− 1), contributed by tree biomass (344.60 Mg ha− 1) and 
crop biomass (62.53 Mg ha− 1). Irrespective of spacing geometry, mean 
total biomass of eucalyptus was 285.79 Mg ha−1, whereas in control 
(treeless system), biomass production was only 101.87 Mg ha−1. It is 
interesting to point out that 80.61 and 49.93% biomass was contributed 
by tree components under block and boundary plantations, 
respectively over 8 years of rotation. Furthermore, eucalyptus-based 
cropping system exhibited 27.70% reduction in crop biomass over 
control (sole cropping). Toky et al. (1989) reported that 68% biomass 
was contributed by the trees in agri-hortisilvicultural system; these 
findings support the present investigation.

In the present study, carbon stock (Mg C ha−1) among various 
carbon pools indicates that vegetation stock (aboveground biomass 
followed by belowground biomass) and soil carbon contributed 
toward aggregate carbon pools (i.e., system total carbon) under 
various planting geometries at 8 years of study (Table 8).

The total carbon stocks of eucalyptus-based cropping systems 
(including trees, crops, and soil) exhibited significant variation across 
different planting geometries and sole crop rotations 

(dhaincha–barley). The findings clearly indicate that integrating tree 
components into sole cropping can enhance carbon stock by two to 
three times. Notably, the highest carbon stock (237.27 Mg ha−1) was 
observed in the 3 × 3 m spacing, with the breakdown showing 
166.29 Mg ha−1 in trees, 25.01 Mg ha−1 in crops, and 45.97 Mg ha−1 in 
soil (Figure 8). Moreover, the total carbon stock in the system was 
notably influenced by tree density and planting geometry. In close-
planted systems (block) and boundary plantation systems, trees 
contributed an average of 66.94 and 35.92%, crops contributed 13.32 
and 29.57%, and soil contributed 19.73 and 34.51% of the total carbon 
stock, respectively. In contrast, in the control (sole crop), crops 
accounted for 54.34% and soil for 45.66%, respectively.

Du et al. (2015) reported similar findings in a eucalyptus-based 
cropping system in China. They found a total carbon content of 
156 Mg C ha−1, with aboveground and belowground components 
(understory, root, and soil carbon) contributing 43.1 and 59.9%, 
respectively, in trees aged 6–7 years. The understory (shrub and 
herbaceous material), litter, and fine roots individually comprised 
<2% of the total carbon, while the soil contained between 53 and 94% 

TABLE 6 Tree biomass production (Mg  ha−1) under different planting geometries of eucalyptus.

Planting 
geometry

Aboveground biomass (Mg  ha−1) Belowground biomass (Mg  ha−1) Total 
biomass 
(Mg  ha−1)Stem Branch Leaves Total Stump FCR Total

3 m × 3 m 241.06 ± 31.5 26.17 ± 2.4 11.93 ± 2.2 279.17 ± 35.8 58.90 ± 7.5 6.54 ± 0.03 65.43 ± 7.5 344.60 ± 43.3

6 m × 1.5 m 152.14 ± 17.9 20.55 ± 1.9 9.31 ± 0.7 182.01 ± 20.10 35.50 ± 3.1 7.39 ± 0.02 42.89 ± 3.1 224.91 ± 23.2

17 m × 1 m × 1 m 239.41 ± 23.7 27.48 ± 3.01 11.27 ± 1.6 278.16 ± 27.7 39.42 ± 4.7 5.53 ± 0.03 44.96 ± 4.7 323.12 ± 32.2

E–W boundary 80.28 ± 5.12 7.40 ± 0.7 3.57 ± 0.4 91.25 ± 5.9 18.73 ± 1.1 2.31 ± 0.08 21.03 ± 1.1 112.28 ± 6.9

N–S boundary 35.10 ± 1.48 4.41 ± 0.2 3.22 ± 0.3 42.73 ± 1.5 11.48 ± 0.4 1.95 ± 0.04 13.43 ± 0.39 56.17 ± 1.8

Mean 149.60 17.20 7.86 174.66 32.81 4.74 37.55 212.21

C.D. (p = 0.05) 40.118 4.849 2.858 46.075 9.278 0.116 9.231 54.898

Bold depicts the total biomass produced. In order to highlight the total biomass in a system, it has been made bold.

FIGURE 5

Tree biomass accumulations in various components of eucalyptus tree under various planting geometries.
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of the total carbon. Zhou et  al. (2017) highlighted the significant 
carbon sequestration potential of eucalyptus, noting that the total 
ecosystem carbon pool varied between 167.66 and 234.04 Mg C ha−1 
in eucalyptus stands aged 7–10 years. Additionally, Luna et al. (2016) 
reported aboveground carbon stocks ranging from 14.38 to 408.97 Mg 
C ha−1 in eucalyptus plantations with a 3 × 3 m spacing in Hoshiarpur, 
Punjab. Consequently, the reported carbon stock values, encompassing 
contributions from trees, crops, and soil, ranging from 95.20 to 
237.27 Mg C ha−1, align closely with findings from other studies 
conducted in India and abroad.

Therefore, the integration of eucalyptus in annual crops increased 
the carbon stock of sole cropping by 2.8 times in block planting 
(3 × 3 m, 6 m × 1.5 m, and 17 × 1 × 1 m) and 1.5 times in boundary 
plantation after 8 years of age. These results further indicate that, 
owing to the fast growth and adaptability of eucalyptus, it can produce 
adequate quantity of biomass carbon rapidly. Moreover, eucalyptus is 

a fast-growing tree species with high potential of biomass carbon 
sequestration than poplar.

3.5 Economics of eucalyptus-based 
agroforestry system

Eucalyptus is the most preferred species under agroforestry 
plantations in India due to the assured market, highly lucrative returns 
from trees, and supportive government policies, attracting farmers in 
a big way (Ramesh et al., 2023; Thumbar et al., 2023). The cost of 
cultivation under different planting geometries varied from Rs. 
425,001 ha−1 (boundary plantation) to Rs. 548,231 ha−1 (17 × 1 × 1 m). 
The returns from agroforestry systems during the first year were 
negative due to higher initial investment costs (Table 9). A similar 
finding was also reported by Prasad et al. (2010) for eucalyptus and 

TABLE 7 Dry biomass production of (Mg  ha−1) dhaincha–barley crop rotation under eucalyptus-based agroforestry system.

Planting geometry Tree biomass (Mg  ha−1) Crop biomass (Mg  ha−1) Total 
biomass 
(Mg  ha−1)AGB BGB Total Dhaincha Barley Total

3 m × 3 m 279.17 ± 35.8 65.43 ± 7.5 344.60 ± 43.3 26.52 ± 0.6 36.01 ± 0.6 62.53 ± 0.5 407.13 ± 43.6

6 m × 1.5 m 182.01 ± 20.10 42.89 ± 3.1 224.91 ± 23.2 27.84 ± 0.2 40.45 ± 0.7 68.29 ± 0.6 293.20 ± 23.3

17 m × 1 m × 1 m 278.16 ± 27.7 44.96 ± 4.7 323.12 ± 32.2 30.12 ± 0.3 48.19 ± 0.70 78.31 ± 0.8 401.43 ± 31.6

East–West boundary 91.25 ± 5.9 21.03 ± 1.1 112.28 ± 6.9 33.46 ± 0.2 44.65 ± 0.8 78.11 ± 0.8 190.39 ± 6.51

North–South boundary 42.73 ± 1.5 13.43 ± 0.39 56.17 ± 1.8 34.23 ± 0.4 46.97 ± 0.4 81.2 ± 0.3 137.37 ± 1.67

Control (sole crop) – – – 35.25 ± 0.4 66.61 ± 0.4 101.86 ± 0.70 101.86 ± 0.67

Mean 174.66 37.55 212.21 31.23 47.14 78.38 255.23

C.D. (p = 0.05) 46.07 9.23 54.89 0.31 1.86 2.24 44.22

Bold depicts the total biomass produced. In order to highlight the total biomass in a system, it has been made bold.

FIGURE 6

Carbon content in various components of eucalyptus tree. The error bar denotes the standard error. There is no statistically significant difference 
among the mean values that are with the same alphabets based on Tukey’s test (p  <  0.05).
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Singh and Mavi (2016) for poplar. A discount rate of 12% was used to 
calculate the economic analysis of different criteria. A higher gross 
return (Rs. 11,487,06 ha−1) was obtained for 17 × 1 × 1 m (paired row 
spacing), followed by 3 × 3 m (Rs. 936,295 ha−1). Out of total returns, 
eucalyptus trees contributed higher percentage, which was 81, 77, and 
73% in 3 m × 3 m, 17 m × 1 m × 1 m, and 6 m × 1.5 m, respectively, 
whereas trees in boundary plantation contributed <50% of total gross 
returns (Figure 9). The net income from tree-based cropping system 
ranged from Rs. 303,158 ha−1 to Rs. 600,475 ha−1 in block plantations, 
Rs. 100,838 ha−1 to Rs. 189,132 ha−1 in boundary plantations, and Rs. 
37,830 ha−1 in the control (sole cropping).

In the present study, the highest net present value (NPV) was 
obtained from paired row spacing (Rs. 194,953 ha−1), as more 

space permitted higher crop yields than other planting 
geometries, whereas very less (Rs. 4,346 ha−1) in the control. The 
mean NPV of the north–south and east–west boundary 
plantations were Rs. 54,080 ha−1 and Rs. 25,843 ha−1, respectively. 
Higher internal rate of return, IRR (36%), and B:C ratio (1.59) 
were recorded in paired row system with dhaincha–barley crop 
rotation over 8 years of rotation (Table  9). In the boundary 
plantation, east–west boundary plantation under dhaincha–
barley crop rotation exhibited high IRR and B:C ratios of 35% 
and 1.21, respectively. The reduction in crop yield under different 
geometries was highly compensated for by trees under various 
cropping systems. This compensation mechanism underscores 
the resilience and adaptive capacity of agroforestry practices, 

FIGURE 7

Rate of carbon sequestration (Mg C ha−1 year−1) in trees under various planting geometries of eucalyptus. The error bar denotes the standard error. 
There is no statistically significant difference among the mean values that are with the same alphabets based on Tukey’s test (p  <  0.05).

TABLE 8 Carbon stock (Mg  ha−1) of dhaincha–barley crop rotation under eucalyptus-based agroforestry system.

Planting 
geometry

Tree carbon stock (Mg  ha−1) Crop carbon stock (Mg  ha−1) SOC stock 
(Mg  ha−1)

Total 
carbon 

(Mg  ha−1)AGC* BGC Total Dhaincha Barley Total

3 m × 3 m 134.29 ± 17.2 32.00 ± 3.7 166.29 ± 20.9 10.61 ± 0.3 14.40 ± 0.2 25.01 ± 0.2 45.97 ± 1.2 237.27 ± 21.9

6 m × 1.5 m 87.41 ± 6.7 20.97 ± 1.5 108.38 ± 11.2 11.14 ± 0.1 16.18 ± 0.3 27.32 ± 0.3 39.96 ± 0.9 175.66 ± 11.3

17 m × 1 m × 1 m 133.82 ± 13.4 21.98 ± 2.3 155.8 ± 15.5 12.05 ± 0.1 19.28 ± 0.3 31.32 ± 0.3 38.52 ± 1.2 225.64 ± 11.7

East–West 

boundary
43.93 ± 2.9 10.28 ± 0.5 54.21 ± 3.4 13.38 ± 0.1 17.86 ± 0.3 31.24 ± 0.3

39.27 ± 0.9
124.72 ± 3.4

North–South 

boundary
20.47 ± 0.7 6.57 ± 0.2 27.03 ± 0.7 13.69 ± 0.2 18.79 ± 0.1 32.48 ± 0.1 35.75 ± 0.6 95.26 ± 1.2

Control (sole 

cropping)
– – – 14.10 ± 0.2 26.64 ± 0.2 40.74 ± 0.3 34.23 ± 1.0 74.97 ± 0.72

Mean 83.98 18.36 102.34 12.49 18.86 31.35 38.65 155.59

C.D. (p = 0.05) 22.14 0.057 26.45 0.12 0.75 0.62 0.69 21.36

AGC, aboveground C; BGC, belowground C; soil organic carbon up to 90 cm soil depth.
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where trees play a pivotal role in augmenting overall system 
productivity and sustainability.

In paired row spacing, the gross return from crops was the 
highest compared to other planting geometries and controls. This 
is because of less competition for light, nutrients, and moisture, 
resulting in high returns from the system. The findings of the study 
are in agreement with Johar’s (2017) multilayer agroforestry model 
of eucalyptus for 6-year rotation in north–western India. Dwivedi 
et  al. (2016) reported similar findings in eucalyptus boundary 
plantations at 8 years of rotation in Saharanpur, Uttar Pradesh. In 

general, Singh et al. (2017) reported that farmers were unable to 
sacrifice meager crop yields in lieu of much higher returns from 
trees in block plantations at the end of rotation. The increased 
spacing between tree rows helps to enhance crop yield and permits 
cropping until harvesting. In the study, 17 × 1 × 1 m paired row 
spacing exhibited superior performance over other planting 
geometry. It further emphasizes the role of wide spacing in 
agroforestry systems, which is considered a crucial strategy for 
integrating different annual crops, minimizing the risk of crop yield 
loss, and addressing farmers’ concerns.

TABLE 9 Details of the economic evaluation of various planting geometries of eucalyptus-based cropping systems.

Particulars Eucalyptus-based agroforestry (Rs ha−1)* Control 
(sole crop)

3  m  ×  3  m 6  m  ×  1.5  m 17  m  ×  1  m  ×  1  m East–west 
boundary

North–South 
boundary

Cost of cultivation 523,256 534,532 548,231 425,001 425,001 335,087

Returns from system

Trees (eucalyptus) 777,770 611,050 880,000 290,000 225,000 –

Dhaincha (Kharif) 10,000 10,900 11,200 9,051 8,945 13,100

Barley (Rabi) 175,525 215,740 257,506 298,855 297,724 359,817

Total returns (Rs. ha−1) 963,295 837,690 1,148,706 597,855 531,668 372,917

Net income (Rs. ha−1) 440,039 303,158 600,475 172,854 106,668 37,830

NPV @ 12% 

discounting (Rs. ha−1)
139,663 69,819 194,953 54,080 25,843 4,346

B:C ratio 1.44 1.21 1.59 1.21 1.10 1.02

IRR (%) 30 22 36 35 24 –

LEV (Rs ha−1) 764,456 382,161 1,067,089 296,008 141,454 23,790

*When the study was conducted the exchange rate of US dollar to Indian Rupees (INR) was 67.17.

FIGURE 8

Total carbon stock (Mg  ha−1) of dhaincha–barley crop rotation in eucalyptus-based agroforestry system (3  ×  3  m) over a rotation of 8  years.
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Agroforestry is recognized as a crucial tool for climate change 
adaptation and mitigation, aiding countries in meeting their net-zero 
targets. However, accurately estimating biomass and carbon 
sequestration in agroforestry presents practical challenges. Destructive 
sampling, necessary for precise field-based estimation, demands 
significant time, labor, and financial resources. This approach’s labor-
intensive nature often limits spatial coverage to small sample plots, 
potentially overlooking biomass variability across the landscape. 
Moreover, biomass estimates can be  influenced by seasonal 
fluctuations, challenging the accuracy of single-time sampling. 
Measurement techniques must be precise to avoid errors that could 
skew results. Additionally, variability in allometric equations used for 
biomass estimation introduces uncertainties. These practical 
difficulties underscore the complexity of agroforestry research and 
emphasize the need for careful planning and execution in biomass and 
carbon sequestration studies.

4 Conclusion

The study demonstrated the significant impact of planting 
geometry of eucalyptus trees on biomass and yield of annual fodder 
crops, thereby helping to reduce yield losses in tree-based agroforestry 
system. Additionally, the study reported the impact of planting 
geometry on carbon stock in trees, crops, and soil, with the 3 × 3 m 
spacing resulting in the highest carbon stock (237.27 Mg ha−1). The 
block and boundary plantation systems contributed differently to 
carbon stock, with the block system having a higher contribution from 
trees (66.94%) and the boundary system having a higher contribution 
from soil (34.51%). Integrating eucalyptus in annual crops increased 
carbon stock, with block planting showing a 2.8 times increase and 
boundary plantation showing a 1.5 times increase after 8 years of age. 
Paired row spacing (17 × 1 × 1 m) in eucalyptus agroforestry systems 
had higher crop yields and returns (Rs 600,475 ha−1), highlighting the 

importance of wide spacing for system productivity and sustainability. 
However, further research is needed to evaluate the long-term 
sustainability of these systems and their potential to mitigate climate 
change. Overall, the study provided valuable insights into the 
promising role of eucalyptus-based agroforestry systems, offering a 
pathway toward enhanced carbon sequestration and sustainable 
land-use practices in agricultural landscapes.
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