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Abstract

Perennial horticultural systems offer significant potential for carbon sequestration in the semi-arid regions of
India, contributing to climate mitigation, ecological restoration, and rural livelihood enhancement. However, the
widespread adoption and effective management of these systems are hindered by numerous challenges. This paper
explores the multifaceted barriers to implementation, including high initial investments, delayed economic
returns, water scarcity, lack of technical expertise, insecure land tenure, and poor market infrastructure. It also
examines the role of policy frameworks such as the National Horticulture Mission (NHM), Sub-Mission on
Agroforestry (SMAF), and Mahatma Gandhi National Rural Employment Guarantee Act (MGNREGA) in
promoting tree-based farming. The importance of scientific monitoring through allometric models, soil carbon
sampling, and remote sensing technologies is emphasized to quantify sequestration benefits. The study concludes
by advocating for an integrated approach that combines policy support, research innovations, and carbon finance
mechanisms to overcome adoption barriers and scale climate-smart horticulture in semi-arid India.
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I.  Introduction:
Climate Change, Carbon Sequestration, and Agriculture

Climate change stands as one of the most significant existential threats faced by humanity in the 21st
century. Its wide-ranging impacts, including rising temperatures, altered precipitation patterns, increased
frequency of extreme weather events, and sea-level rise, have triggered serious concerns for ecological balance
and economic stability worldwide. For developing nations like India, where agriculture forms the backbone of the
economy and sustains the livelihoods of nearly half the population, the consequences of climate variability are
especially dire. The agrarian economy, heavily dependent on monsoon rainfall, faces systemic risks in the form
of declining crop yields, increasing pest infestations, soil degradation, and the growing uncertainty of water
resources.

The Intergovernmental Panel on Climate Change (IPCC) has repeatedly stressed that to avoid the most
catastrophic impacts of global warming, it is critical not only to reduce greenhouse gas (GHG) emissions but also
to develop effective carbon sinks that can absorb existing atmospheric carbon dioxide (CO2). In this context,
carbon sequestration—the natural or artificial process by which carbon dioxide is captured from the atmosphere
and stored in plants, soils, geologic formations, or the ocean—has emerged as a vital tool in climate mitigation
strategies.

Agricultural landscapes, particularly those under sustainable management, hold significant potential to
serve as carbon sinks. While conventional strategies often focus on afforestation or soil conservation in annual
cropping systems, a growing body of research suggests that perennial horticultural crops could serve as
powerful agents in carbon sequestration. These crops, with their permanent root systems, extensive canopy cover,
and ability to accumulate biomass over time, offer long-term carbon storage benefits. When cultivated in semi-
arid regions of India, which are increasingly vulnerable to climate extremes, these crops can transform degraded
lands into productive, climate-resilient ecosystems.

Understanding Semi-Arid Regions of India

Semi-arid regions constitute a significant portion of India’s agro-ecological landscape, occupying nearly
40 percent of the country's landmass. These areas are generally characterized by low rainfall ranging between
500-1,000 mm annually, high temperatures, prolonged dry seasons, and high evapotranspiration rates,
leading to a persistent water deficit. The states predominantly falling under this category include Rajasthan,
Gujarat, Maharashtra, Karnataka, Telangana, Andhra Pradesh, parts of Madhya Pradesh, Uttar Pradesh,
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and Tamil Nadu. Despite their ecological fragility, semi-arid zones are home to millions of people who rely on
agriculture as their primary livelihood.

The agricultural productivity in semi-arid regions is hampered by multiple constraints—poor soil
fertility, frequent droughts, minimal irrigation facilities, and limited access to inputs and markets. Moreover,
traditional cropping patterns in these areas, often dominated by rain-fed cereals or pulses, are not only vulnerable
to climate shocks but also contribute marginally to soil health and carbon capture. The degradation of vegetative
cover, especially due to overgrazing and excessive land exploitation, has further accelerated the process of
desertification and loss of soil organic matter (SOM).

However, it is precisely in these ecologically challenged areas that the introduction of perennial
horticultural crops holds immense promise. Due to their long life span, adaptability to dry climates, and
capacity to stabilize soils, these crops can act as transformative agents—enhancing food and income security,
restoring degraded ecosystems, and contributing to carbon sequestration.

Perennial Horticultural Crops: A Sustainable Choice

Perennial horticultural crops refer to a category of fruit, nut, and medicinal trees that remain productive over
multiple years, often several decades. These include species such as:

e Mango (Mangifera indica)

e Guava (Psidium guajava)

e Ber (Ziziphus mauritiana)

e Custard apple (Annona squamosa)

e Amla (Phyllanthus emblica)

e Tamarind (Tamarindus indica)

e  Citrus varieties (e.g., lime, orange, and lemon)

Unlike annual crops, which are harvested and replanted each season, perennials develop a deep and stable root
architecture, robust canopy, and continuous biomass accumulation over time. These physiological characteristics
make them exceptionally suited for carbon capture and storage, as they actively remove CO: from the
atmosphere during photosynthesis and store it as organic carbon in aboveground (leaves, stems, fruits) and
belowground (roots, rhizosphere) biomass.

Perennial systems have distinct advantages in the context of semi-arid climates. First, they are drought-

resilient, as their deep root systems can tap moisture from lower soil horizons that annuals cannot access. Second,
they reduce surface runoff and soil erosion, thereby conserving the precious topsoil that serves as a vital carbon
pool. Third, by continuously supplying organic litter through leaf fall and prunings, they enhance soil organic
carbon (SOC) levels, which is critical for maintaining soil fertility and moisture-holding capacity.
Furthermore, perennial horticulture is highly compatible with agroforestry models, which blend tree crops with
annuals or livestock in integrated systems. These models offer multifunctional benefits—they enhance food and
nutrition security, increase farmer incomes, support biodiversity, and stabilize the microclimate. For
instance, farmers in Maharashtra have reported success with mango-intercrop systems involving pigeon pea,
turmeric, or vegetables, which not only diversify income but also improve soil health and water use efficiency.

The Role of Perennials in Carbon Sequestration

The sequestration of carbon in horticultural systems occurs through three primary pathways:

1. Aboveground Biomass Accumulation

Perennial crops, by virtue of their long-term growth, accumulate substantial biomass in the form of trunks,
branches, leaves, and fruits. Each of these components acts as a reservoir of carbon. The Net Primary
Productivity (NPP) of trees is generally higher than that of annual crops, which enables them to sequester more
CO: per unit area over time. Studies show that well-maintained mango orchards, for instance, can sequester as
much as 3—4 tonnes of carbon per hectare per year, depending on the age and density of plantation.

2. Belowground Carbon Storage

Root systems contribute significantly to belowground carbon pools through root turnover, rhizodeposition, and
mycorrhizal associations. Deep-rooted trees like amla and tamarind can reach soil depths beyond 2-3 meters,
promoting carbon storage in deeper horizons where it remains stable for longer durations. Root litter, exudates,
and associated microbial activity create complex soil aggregates that protect organic carbon from microbial
decomposition.

3. Soil Organic Carbon (SOC) Enhancement

Leaf litter, pruning residues, and fallen fruits decompose over time and increase the organic matter content of the
soil. SOC is a key component of soil fertility, influencing water retention, nutrient cycling, and microbial diversity.
Enhanced SOC not only improves the productivity of degraded soils but also serves as a long-term carbon sink.
The build-up of humus—stable organic matter—in perennial systems is critical to climate resilience in semi-arid
regions.

DOI: 10.35629/6734-1309145152 WWW.ijesi.org 146 | Page



Carbon Sequestration Potential of Perennial Horticultural Crops in Semi-Arid Regions of India

Ecological and Livelihood Co-Benefits
Carbon sequestration through horticultural perennials is intrinsically linked with a broader range of ecological
services and socio-economic co-benefits:

. Improved Biodiversity: Perennial orchards provide habitat for pollinators, birds, and beneficial insects,
promoting a balanced ecosystem.

. Soil Health: Enhanced organic matter contributes to better nutrient availability and structure, reducing
the need for chemical fertilizers.

. Water Use Efficiency: Tree cover reduces evaporation and increases infiltration, thereby conserving
water—a critical factor in dryland agriculture.

. Economic Resilience: Trees offer stable income sources through fruits, medicinal extracts, and by-
products even in drought years when annual crops may fail.

. Carbon Finance: With appropriate monitoring and certification, farmers could tap into carbon credit

markets, receiving compensation for carbon stored through sustainable practices.

Strategic Importance for India’s Climate Goals

India is committed to reducing its emissions intensity and increasing carbon sinks under its Nationally
Determined Contributions (NDCs) to the Paris Agreement. Among the targets is the ambition to create an
additional carbon sink of 2.5-3 billion tonnes of CO- equivalent through forest and tree cover by 2030. Perennial
horticulture in dryland regions, with its dual advantage of carbon sequestration and livelihood enhancement, fits
perfectly into this national climate agenda.

In addition, the National Mission for Sustainable Agriculture (NMSA) and National Agroforestry Policy
(2014) recognize the role of tree-based farming systems in climate adaptation and mitigation. By promoting
perennial horticulture in semi-arid zones, India can simultaneously achieve the goals of land restoration, food
security, rural employment, and climate resilience.

Carbon Sequestration and Climate Action in Agriculture

Climate change, propelled largely by the excessive release of greenhouse gases (GHGs) into the atmosphere,
poses an existential threat to ecosystems and human livelihoods. Among the various GHGs, carbon dioxide (CO2)
is the most dominant, largely emitted through fossil fuel combustion, deforestation, and unsustainable land-use
practices. Agricultural systems, while contributing to emissions, also hold substantial potential to act as carbon
sinks through a process known as carbon sequestration—the long-term capture and storage of atmospheric
carbon into biomass and soils. Within the agricultural spectrum, perennial horticultural crops offer a promising
avenue for mitigating climate change through multiple sequestration mechanisms.

Perennial crops are particularly suited for semi-arid regions, where conventional annual cropping systems often
fail due to erratic rainfall, poor soils, and limited water availability. These crops not only survive under harsh
climatic conditions but also stabilize soils, regenerate degraded landscapes, and sequester carbon in both biomass
and soil pools. Understanding the precise mechanisms by which perennial horticultural crops sequester carbon is
essential for policy formulation, land-use planning, and the development of climate-resilient agricultural systems.

Mechanisms of Carbon Sequestration in Perennial Horticultural Crops

1. Above-Ground Biomass Accumulation

One of the most direct and measurable pathways of carbon sequestration in perennial crops is through the
accumulation of above-ground biomass, which includes stems, branches, leaves, and fruits. Through the process
of photosynthesis, perennial plants absorb atmospheric CO: and convert it into carbohydrates, which are stored
in plant tissues. Over time, as the crop matures, the volume of carbon-rich biomass increases substantially.
Compared to annuals that must be replanted each season and whose biomass is removed annually, perennials offer
the advantage of continual biomass accumulation year after year. Moreover, periodic pruning—often practiced
in orchard management—does not reduce net sequestration but rather contributes organic matter to the soil,
enhancing the overall carbon pool. Trees such as mango, amla, and custard apple can develop a dense canopy
and thick woody stems, storing large amounts of carbon in their above-ground parts over a productive lifespan of
30 to 50 years.

2. Below-Ground Biomass and Root Carbon Storage

Equally critical yet less visible is the carbon sequestered in the below-ground biomass of perennial crops. The
root systems of these trees are expansive and penetrate deep into the soil profile, often reaching depths unavailable
to annual crops. As roots grow, die, and regenerate, they leave behind root debris, exudates, and organic
residues that contribute to long-term soil carbon storage.

Perennials invest heavily in coarse and fine roots, which, after senescence, form a stable carbon pool that is less
prone to oxidation. This stable form of carbon, when stored in the subsoil layers, is less likely to be disturbed
and can remain in place for decades. Additionally, root exudates enhance microbial activity, forming symbiotic
relationships with fungi (like mycorrhizae) that further stabilize soil carbon. This is especially crucial in semi-
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arid regions, where moisture limitations hinder surface carbon decomposition but deeper roots facilitate carbon
input in protected subsurface environments.

3. Soil Organic Carbon (SOC) Accumulation

A third and profoundly impactful mechanism is the enhancement of Seil Organic Carbon (SOC) through the
decomposition of plant residues, leaf litter, and root biomass. The continuous addition of organic matter from
fallen leaves, twigs, and pruned branches enriches the topsoil, promoting the development of humus—a stable
organic matter fraction with high carbon content.

SOC plays a vital role not only in carbon sequestration but also in improving soil fertility, structure, water
retention capacity, and microbial health. Perennial crops, unlike tillage-intensive annuals, avoid soil
disturbance, which helps in minimizing the oxidation of stored carbon. Over time, such low-disturbance systems
foster carbon-rich, biologically active soils, especially when integrated with organic and regenerative practices.
Studies in dryland India have shown that fruit orchards maintained under organic mulching and minimal
tillage practices have SOC levels significantly higher than adjacent fallow or cereal crop fields. The presence of
a permanent canopy cover also reduces soil erosion and suppresses temperature fluctuations, further contributing
to SOC stability.

4. Microbial Activity and Soil Aggregation

Another often-overlooked yet crucial mechanism in perennial systems is the role of soil microbial activity and
the formation of soil aggregates. The organic inputs from perennial crops stimulate microbial communities—
bacteria, fungi, actinomycetes—that decompose organic matter and promote the binding of soil particles into
stable aggregates. These aggregates physically protect soil carbon from microbial decomposition, effectively
locking it into the soil matrix.

Moreover, root exudates—a mixture of sugars, amino acids, and organic acids released by roots—serve as an
energy source for rhizosphere microbes. Enhanced microbial biomass, in turn, contributes to nutrient cycling,
soil respiration, and carbon stabilization. Research indicates that perennial orchards have a higher microbial
biomass carbon (MBC) compared to annual cropping systems, especially in organically managed lands in semi-
arid zones.

Carbon Sequestration Estimates of Key Perennial Horticultural Crops

1. Mango (Mangifera indica)

Mango, a dominant horticultural crop in semi-arid states like Uttar Pradesh, Maharashtra, and Andhra Pradesh, is
well known for its ecological and economic significance. A mature mango orchard can sequester an estimated
2.5-3.5 tonnes of carbon per hectare per year, with contributions from both above-ground biomass and soil
carbon enrichment. Regular pruning and significant leaf fall ensure a steady addition of organic residues to the
soil.

Long-living and deep-rooted, mango trees enhance SOC content, particularly in soils with prior degradation.
Studies by ICAR (Indian Council of Agricultural Research) have demonstrated that 15-year-old mango orchards
exhibit SOC improvements of up to 30% compared to fallow lands. Moreover, mango intercropping with
legumes or cover crops can further enhance the total carbon stock by improving root-soil interactions.

2. Guava (Psidium guajava)

Guava is a hardy fruit species suitable for semi-arid and rain-fed conditions, especially in regions like Gujarat,
Rajasthan, and parts of Madhya Pradesh. Its rapid regeneration, high photosynthetic rate, and ability to withstand
water stress make it a viable crop for carbon capture. Per hectare sequestration rates for guava range from 1.2
to 2.0 tonnes of carbon annually.

Guava responds well to pruning, a management practice that not only rejuvenates the tree but also results in litter
addition, thereby enriching SOC levels. The relatively fast growth cycle of guava compared to other perennials
allows for early-stage biomass accumulation, making it a preferred option for short- to medium-term
sequestration goals.

3. Ber (Ziziphus mauritiana)

Ber, or Indian jujube, is a native, drought-resistant fruit tree well adapted to degraded soils and harsh climates.
It thrives in Rajasthan, Haryana, and Bundelkhand, where water scarcity limits most other horticultural crops.
Its carbon sequestration rate is estimated at 0.8—1.5 tonnes per hectare annually, depending on soil fertility,
irrigation, and management intensity.

Due to its resilience and minimal input requirement, ber is often used in agroforestry systems and wasteland
reclamation projects. Its root system plays a pivotal role in enhancing subsoil carbon, while its thick canopy and
small fruits contribute to surface litter. The use of ber in silvipasture models also adds to total carbon stock
through grass-legume understory.
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4. Custard Apple (Annona squamosa)

Custard apple is increasingly cultivated in drylands of Maharashtra and Telangana. Its dense foliage, fast growth,
and high litterfall potential make it an important carbon-sequestering species in degraded lands. Annual
sequestration estimates range from 1.5 to 2.2 tonnes of carbon per hectare, including significant contributions
to SOC through leaf fall and root decay.

The plant’s natural habitat in rocky, nutrient-poor soils enables it to serve as a pioneer species in restoring soil
productivity. When grown in mixed orchards with other species like amla or guava, the combined canopy coverage
enhances microclimatic conditions and contributes to long-term carbon storage.

5. Amla (Phyllanthus emblica)

Amla, also known as Indian gooseberry, is prized not only for its nutraceutical properties but also for its ability
to improve degraded soils and sequester atmospheric carbon. It is adaptable to semi-arid and shallow soils,
particularly in central India. Studies report that amla orchards sequester around 2.0-3.0 tonnes of carbon per
hectare annually.

With a lifespan exceeding 40 years, the tree accumulates both biomass and SOC steadily over time. Its evergreen
canopy, deep rooting, and slow decomposition of leaf litter are key to its carbon storage capacity. In organically
managed amla orchards, SOC improvements of over 35% have been observed within two decades of plantation
establishment.

Implications for Climate Policy and Land Use Planning

The demonstrated carbon sequestration capacities of these perennial crops have far-reaching implications for
India’s climate policy and land restoration goals. Under the Nationally Determined Contributions (NDCs)
to the Paris Agreement, India has pledged to create additional carbon sinks of 2.5-3 billion tonnes of CO:
equivalent through forest and tree cover by 2030. Scaling up perennial horticulture in semi-arid and degraded
lands offers a cost-effective and farmer-friendly pathway to achieving these goals.

Moreover, perennial crops align with key national programs such as:

. National Agroforestry Policy (2014)

. National Mission for Sustainable Agriculture (NMSA)
. Soil Health Management Scheme

. Paramparagat Krishi Vikas Yojana (PKVY)

The integration of carbon credit mechanisms, supported by remote sensing tools and carbon modeling
protocols, could incentivize farmers to adopt tree-based systems. Carbon farming projects, once linked to
international voluntary markets, can bring direct economic benefits to farmers for their sequestration services.
Challenges in Adoption and Management of Perennial Horticulture in Semi-Arid India

Perennial horticultural systems have emerged as an effective nature-based solution to mitigate climate change,
restore degraded lands, and secure rural livelihoods in semi-arid regions of India. These systems, integrating long-
living fruit-bearing trees with cropping, offer significant benefits in terms of carbon sequestration, soil fertility,
biodiversity, and resilience to climate extremes. However, despite their multi-dimensional advantages, the
adoption and effective management of such systems remain severely constrained in practice. A confluence of
socio-economic, institutional, technical, and infrastructural challenges prevents widespread implementation of
perennial horticulture in dryland regions. These constraints require in-depth examination to guide future policy
and practice.

Initial Investment and Delayed Economic Returns

One of the foremost challenges in adopting perennial horticulture is the high initial cost and delayed return on
investment. Unlike annual crops, perennial fruit trees such as amla, ber, custard apple, and guava take three to
five years to yield their first commercial harvest. During this gestation period, small and marginal farmers are left
without a tangible income stream, making it economically unviable without external support. The cost of planting
materials, pit digging, manuring, fencing, irrigation setup, and maintenance adds financial stress, particularly
for farmers in resource-poor semi-arid zones. Even when intercropping is practiced to generate short-term returns,
the perceived risk of investing in tree-based systems that take years to become profitable discourages adoption,
especially among risk-averse and indebted farmers.

Water Scarcity and Irrigation Limitations

Perennial horticultural crops, though more tolerant to drought once established, require consistent and adequate
water during their initial growth phases. In semi-arid regions where rainfall is sparse, erratic, and poorly
distributed, this becomes a major limitation. The establishment phase of fruit trees is particularly sensitive to
water stress, and the absence of assured irrigation infrastructure often leads to high mortality rates of saplings.
While government schemes promote drip irrigation and water-use efficiency measures, the actual
implementation at the farm level remains limited due to high installation costs, lack of technical support, and
unreliable electricity supply. The continued over-extraction of groundwater in these regions further exacerbates
water scarcity, making it difficult for farmers to maintain perennial plantations during prolonged dry spells.

DOI: 10.35629/6734-1309145152 WWW.ijesi.org 149 | Page



Carbon Sequestration Potential of Perennial Horticultural Crops in Semi-Arid Regions of India

Lack of Technical Knowledge and Extension Support

Another serious impediment to the expansion of perennial horticulture is the limited technical knowledge among
farmers regarding the scientific management of trees, especially in the context of carbon farming. Most
smallholders are unaware of the soil organic carbon benefits, root biomass contribution, and mulching,
pruning, and residue management practices that influence carbon sequestration. Moreover, there is often
insufficient guidance on species selection, spacing, nutrient management, and pest control specific to arid agro-
climatic zones. Agricultural extension systems in many states remain understaffed, undertrained, and
underfunded, particularly in remote semi-arid areas. As a result, the few success stories in carbon-smart
horticulture are often localized and fail to scale up due to a lack of structured training and awareness programs.

Land Tenure and Ownership Constraints

Land tenure insecurity remains a structural barrier in the adoption of long-term horticultural investments. A
significant portion of agricultural land in India, especially in dryland regions, is operated under informal or oral
lease arrangements. Tenant farmers, sharecroppers, and women cultivators often lack legal ownership or
recognized land rights, which prevents them from making long-term investments in perennial systems.
Without land security, there is little incentive to plant fruit trees that will mature only after several years.
Furthermore, in cases of joint ownership or inheritance disputes, tree planting is seen as a source of conflict,
as it may imply permanent claims over land. Until these tenure issues are addressed through clear policy reforms
and land digitization, the potential for perennial horticulture will remain underutilized.

Market and Infrastructure Gaps

The marketability of fruit produce from perennial trees is a crucial determinant of farmer participation.
However, many semi-arid regions lack efficient supply chains, storage infrastructure, and market access for
horticultural produce. Perishable commodities like guava, amla, or custard apple require cold chains, collection
centers, processing units, and rural roads to ensure timely marketing and fair pricing. In their absence, farmers
are forced to sell their produce to middlemen at lower prices, reducing profitability and discouraging further
investment. Additionally, price volatility, lack of grading and packaging facilities, and seasonal gluts pose
serious risks to smallholder incomes. The weak presence of farmer producer organizations (FPOs) and the lack
of public-private partnerships in rural marketing hinder the development of robust market ecosystems that can
support tree-based farming.

Policy Support and Implementation Bottlenecks

While India has introduced a range of policies and schemes that promote agroforestry and horticulture,
implementation gaps often dilute their effectiveness. Programs like the National Horticulture Mission (NHM),
Sub-Mission on Agroforestry (SMAF), and National Mission on Sustainable Agriculture (NMSA) have clear
guidelines for supporting perennial plantations, but budget allocations are limited, fund disbursement is delayed,
and monitoring is weak. Furthermore, state-level inconsistencies in rules governing tree felling, transport, and
sale of produce create regulatory hurdles. Many farmers are unaware of these schemes, or find the application
process too cumbersome, especially in areas with low literacy levels. The need for linking these programs with
climate finance mechanisms, such as carbon credit markets, has not yet been institutionalized, thus missing an
opportunity to incentivize carbon sequestration as a farm-level service.

Policy Interventions and Government Schemes Supporting Perennial Horticulture

Recognizing the strategic importance of tree-based systems in enhancing resilience and promoting environmental
sustainability, the Government of India has initiated several supportive schemes:

National Mission on Sustainable Agriculture (NMSA)

This mission promotes climate-resilient agriculture through integrated farming systems, soil health
management, and water-use efficiency. Within NMSA, agroforestry and horticultural development receive
targeted support to address semi-arid challenges.

National Horticulture Mission (NHM)

The NHM offers financial subsidies for planting materials, training, drip irrigation, and post-harvest
infrastructure. It plays a central role in expanding fruit crop coverage, especially in backward regions.
Sub-Mission on Agroforestry (SMAF)

Launched in 2016, SMAF promotes tree-based farming systems on farmlands to increase carbon sinks and
provide sustainable income. The scheme includes provisions for nursery development, training, and planting
support.

Mahatma Gandhi National Rural Employment Guarantee Act (MGNREGA)

Under MGNREGA, components such as farm bunding, compost pits, tree plantation, and water conservation
structures align well with agroforestry objectives. It provides critical wage support for labor-intensive
horticultural operations.
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These schemes provide a framework for promoting perennial horticulture, but their success depends on
integration, coordination among agencies, farmer awareness, and transparency in execution. Importantly,
carbon finance opportunities, including participation in voluntary carbon markets under Verified Carbon
Standards (VCS), can be harnessed to provide additional income for farmers engaged in carbon sequestration
activities.

Monitoring and Research for Effective Carbon Sequestration

For perennial horticulture to be recognized as a reliable tool for climate mitigation, it is essential to establish
robust monitoring and verification systems. Accurate estimation of carbon stocks and sequestration rates is
necessary for inclusion in carbon credit programs, climate policy, and sustainable development planning.
Allometric Equations and Biomass Estimation

Tree biomass can be estimated using species-specific allometric equations, which relate tree height, diameter,
and canopy to carbon content. These equations need to be localized for Indian agro-climatic conditions.

Soil Sampling and Carbon Analysis

Periodic soil sampling and laboratory testing determine the organic carbon content, essential for calculating
SOC stock changes over time. Composite sampling techniques across multiple layers ensure representativeness.
Remote Sensing and GIS Tools

Advances in satellite imagery and GIS mapping are increasingly being used to monitor changes in tree cover,
canopy density, and land use over time. These tools aid in tracking large-scale sequestration outcomes and
informing policy.

Modeling Tools like CENTURY and RothC

Process-based simulation models such as CENTURY, RothC, and CO2Fix simulate long-term carbon
dynamics under different management scenarios. These models help in forecasting carbon stock changes and in
evaluating the impact of interventions.

Institutes like ICAR (Indian Council of Agricultural Research), ICRISAT (International Crops Research
Institute for the Semi-Arid Tropics), and State Agricultural Universities are at the forefront of research in this
field. However, more region-specific and crop-specific datasets are required to standardize carbon values,
ensure validation of models, and align with international monitoring protocols such as those used by the IPCC
(Intergovernmental Panel on Climate Change).

Toward an Integrated Strategy for Overcoming Barriers

To ensure the successful adoption and sustained management of perennial horticultural systems for carbon
sequestration, a comprehensive and integrated approach is needed:

. Bridge Investment Gaps: Offer credit guarantees, soft loans, and performance-linked incentives for tree
crop establishment.

. Secure Water Access: Promote decentralized water harvesting, micro-irrigation kits, and solar-powered
pumps to support sapling growth.

. Strengthen Extension Services: Develop farmer training modules on agroecology, carbon management,
and post-harvest practices.

. Clarify Land Rights: Digitize land records and recognize tenure for tenant and women farmers to
encourage long-term investments.

. Boost Market Infrastructure: Facilitate FPOs, mobile procurement units, and cold chains for fruits
from dryland orchards.

. Leverage Carbon Finance: Create pathways for smallholders to access global and domestic carbon
markets through aggregation and certification.

II.  Conclusion

The integration of perennial horticultural systems in semi-arid regions of India holds transformative
potential for climate resilience, rural prosperity, and environmental restoration. However, their widespread
adoption is constrained by a web of economic, ecological, institutional, and infrastructural challenges. Farmers
face prohibitive upfront costs, long gestation periods, and uncertain market returns that disincentivize investment.
Water scarcity, particularly in the establishment phase of trees, further exacerbates these barriers, especially in
rain-dependent semi-arid regions. Additionally, insecure land tenure, limited access to extension services, and
fragmented markets undermine the long-term viability of such systems.

Despite these barriers, several government policies and schemes—such as the NHM, SMAF, and
MGNREGA—offer valuable support for tree-based agriculture. However, the effective implementation of these
schemes requires streamlining processes, enhancing institutional coordination, and increasing farmer awareness.
Furthermore, linking these practices with carbon markets through verified carbon standards can provide an
additional income stream for farmers, promoting widespread participation in carbon farming initiatives.
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The role of science in this transformation cannot be understated. Research institutions like ICAR and

ICRISAT must continue to generate region- and crop-specific data to refine carbon models and quantify
sequestration accurately. Techniques such as soil organic carbon sampling, allometric equations for biomass
estimation, and remote sensing must be mainstreamed for rigorous monitoring. Capacity-building programs for
farmers and policy reforms to clarify land rights are equally essential to create a supportive ecosystem for
adoption.

In conclusion, perennial horticulture offers a viable path toward sustainable development in semi-arid

India—but realizing its potential requires a holistic, inclusive, and science-driven approach. When appropriately
supported, perennial systems not only mitigate carbon emissions but also transform fragile landscapes into
productive, resilient ecosystems that empower rural communities.
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