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1. Introduction

Land degradation, defined by the United
Nations Convention to Combat
Desertification (UNCCD) as the reduction
or loss of the biological or economic
productivity and complexity of rainfed
cropland, irrigated cropland, or rangeland,
pasture, forest, and woodlands, represents
one of the most pressing global
environmental and socio-economic crises
of the 21* century. Currently, degradation
affects over 25% of the Earth's total land
area, directly impacting the livelihoods of
billions of people, predominantly in
developing economies. The resulting
annual economic cost, attributable to the
loss of ecosystem services, is estimated at
hundreds of billions of U.S. dollars. This
pervasive challenge undermines global
efforts to achieve food security, exacerbates
poverty, contributes significantly to climate
change by releasing soil carbon, and
accelerates biodiversity loss.

The gravity of this global issue led to the

establishment of Land Degradation

Neutrality (LDN) as a specific target,
Target 15.3, within the United Nations
Sustainable Development Goals (SDGs).
LDN is conceptually defined as a state in
which the amount of healthy, productive
land resources necessary to support
ecosystem services and food security
remains stable or increases within specified
spatial and temporal scales (UNCCD,
2017). This aspirational target requires a
fundamental shift in land management
philosophy, moving from a purely
extractive model to one based on
sustainability and restoration. LDN is
essentially a spatial balancing act: it seeks
to balance anticipated losses from
degradation (hotspots) with planned gains
from  restoration and  sustainable
management (bright spots), aiming for a
net-zero or net-positive change in the health
of land resources.

Achieving this complex state of neutrality
necessitates a strategic, targeted approach.
This article posits that the successful

implementation of the LDN agenda
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depends on placing soil health at the core of
all policy and intervention strategies. The
soil, a finite, non-renewable resource over
human timescales, is the foundation of
terrestrial ecosystems. It provides crucial
ecosystem services, including nutrient
cycling, water storage, and acts as the most
significant terrestrial carbon sink. When
soil health declines, as evidenced by
erosion, compaction, nutrient depletion,
and loss of Soil Organic Carbon (SOC), the
land system's functional capacity collapses,
leading directly to land degradation.
Therefore, the LDN imperative translates
into an SOC imperative and a soil
functional imperative. The strategy must be
two-fold:

a. Prevention: Proactively protecting
currently productive soils from
further degradation.

b. Restoration: Actively rebuilding
the productivity of already degraded
soils by focusing on the
enhancement of critical soil
properties (physical, chemical, and
biological).

1. The Centrality of Soil in Land

Degradation and Restoration

Soil, often called the skin of the Earth, is a
complex and finite natural resource critical
to sustaining human life and terrestrial
ecosystems. Its functionality is intrinsically

linked to its ability to provide essential
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ecosystem services, including biomass

production, nutrient cycling, water
purification and storage, and climate
regulation through carbon sequestration.
The process of land degradation
fundamentally reflects the deterioration of
soil health and its functional capacity,
which is typically slow to reverse and
highly costly to repair.

1.1.Manifestations and Mechanisms of

Soil Degradation
Land degradation is a multifaceted process
manifesting through the decline of three
key soil property domains:

a. Physical  Degradation:  This
primarily involves soil erosion and
compaction. Erosion, driven by
water and wind, selectively removes
the fertile topsoil enriched with fine
particles, clay minerals, and organic
matter. This leads to reduced
rooting depth and overall water-
holding capacity. Compaction,
often caused by heavy machinery,
decreases  soil  porosity and

increases bulk density, severely

restricting water infiltration and
root penetration, thereby increasing
runoff and increasing the risk of
erosion.
b. Chemical Degradation: This

includes nutrient depletion, where

the concentration of essential
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elements (N, P, K, S) and

micronutrients (Zn, Mn, Cu, Fe)

falls below the critical level
required for optimal plant growth.

Equally damaging are processes

such as salinisation (an increase in

soluble salts, indicated by a high

Electrical ~ Conductivity  (EC),

sodification (excess sodium), and

acidification (a drop in pH). These

chemical  imbalances  disrupt
nutrient availability, creating toxic
environments that stress soil
organisms and cultivated crops.

c. Biological Degradation: The loss
of Soil Organic Carbon (SOC) is the
single most critical biological
indicator of degradation. Intensive
tillage accelerates the oxidation of
SOC into COg, depleting the soil's
organic matter pool. This decline
cripples the soil's structure,

diminishes its capacity to hold water
and nutrients, and reduces the
diversity and activity of the soil
microbiome. A  reduction in
microbial biomass and functional
diversity 1impairs decomposition
and nutrient cycling processes.
1.2.Restoring Soil Health as the LDN
Imperative

Restoring degraded land, therefore, is

synonymous with rebuilding soil health by
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targeting these three domains. A high and
stable SOC content, a resilient aggregate
structure, a balanced pH and EC, and a
robust biological community characterise a
healthy soil.

Key Soil Properties and the LDN
Framework:

The commitment to LDN requires
measurable metrics. The UNCCD's LDN
monitoring framework mandates explicitly
the use of Soil Organic Carbon (SOC)
Stock as one of its three core global
indicators. SOC is prioritised because:

a. It is directly linked to soil fertility
(chemical and biological health).

b. Itacts as a primary binding agent for
soil aggregates (physical health).

c. It serves as a massive terrestrial
carbon sink, linking LDN directly to
climate change mitigation (SDG
13).

Advanced techniques, such as soil
spectroscopy and remote sensing, are
becoming indispensable for rapidly and
cost-effectively measuring a suite of critical
soil properties (including SOC, EC, pH, and
available nutrients like P, K, S, Zn, Mn, Cu,
and Fe), enabling targeted, precision
restoration interventions at scale. By
strategically focusing on practices that
enhance SOC and improve the soil's
capacity to regulate water and nutrients, we

move toward achieving a net-positive
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balance in land health, the foundational
objective of LDN.
2. Soil-Centred Restoration and

Management Strategies for LDN

Achieving LDN requires the widespread
adoption of Sustainable Land Management
(SLM) practices that directly address the
drivers of soil degradation. These practices
focus on minimising soil disturbance,
maximising organic matter return, and
optimising the efficient use of water and
nutrients. Three cornerstone soil-centred
strategies are detailed below.
2.1.Conservation Agriculture (CA)
Conservation Agriculture is a
transformative farming system defined by
three  interconnected principles that
collectively  enhance the  physical,
chemical, and biological dimensions of soil
health:

a. Minimum Soil Disturbance (No-
Till/Reduced  Tillage): This
practice is key to maintaining soil
aggregate stability and minimising
the rapid oxidation and loss of Soil
Organic Carbon (SOC). By
avoiding mechanical shearing of
soil aggregates, no-till preserves
macropores, which are vital for
enhancing water infiltration rates
and minimising runoff, thereby
acting as a primary erosion control

measure.
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b. Permanent Soil Cover:
Maintaining a continuous layer of
crop residues or living cover crops
(mulch) protects the soil from the
kinetic energy of rainfall, which
causes dispersion and crusting. This
cover significantly conserves soil
moisture, moderates soil
temperature, and provides a
continuous surface input of organic
material, which is essential for
feeding soil biota and supporting
SOC accumulation.

c. Crop Rotation/Diversification:
Varied rooting patterns and nutrient
demands from diverse crops help
alleviate compaction and improve
the distribution of nutrients
throughout the soil profile. The
incorporation of legumes into the
rotation is critical for biological
nitrogen fixation (BNF), reducing
the need for high-energy nitrogen
fertilisers and improving overall
nutrient balance (e.g., N content).

The adoption of CA leads to

demonstrable improvements in soil

structure, increased SOC stocks, and
greater water-use efficiency, directly

countering the physical and biological
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Figure 1: Conceptual Model of Soil Health Improvement under Conservation Agriculture

degradation aspects of the LDN 2.2.Agroforestry Systems

challenge. Agroforestry, the intentional integration

Table 1: Key Principles and Benefits of

of trees and shrubs with crops and/or
Conservation Agriculture in the Context of LDN

livestock, represents a potent bio-

engineering solution for soil restoration
Minimum Tillage | Preserves Prevents e - . .
soil dmifo: and stabilisation, particularly in
structure; maintains .
’ marginal or degraded lands.
reduces SOC stock g g
SOC loss (LDN
via i) a. Soil Stabilisation and Hydrology:
oxidation.
Permanent Soil Controls Reverses land Deep tree root systems provide
Cover erosion, productivity
conserves decline (LDN mechanical reinforcement to the soil
moisture, Indicator). . .
— profile, dramatically reducing the
increases .
i risk of mass movement and
T, stabilising soil against deep erosion.
Crop Improves Enhances
Diversification nutrient ecosystem The presence of trees alters the
balance, resilience; ) ) )
enhances sustains long- microclimate and improves the overall
soil term . .
biodiversity, | productivity. hydrological cycle, leading to greater
zr.ld — SOC accumulation and enhanced water
1Sease
pressure. use efficiency compared to treeless

monocultures.
Nutrient Cycling and Acquisition:

Trees function as natural nutrient
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pumps, accessing nutrients and water
from deeper soil horizons unavailable to
shallow-rooted annual crops. These
nutrients are brought to the surface
through litterfall and decomposition,
thereby improving the availability of
macro- and micronutrients (such as P
and K) in the topsoil. Furthermore,
leguminous trees contribute
significantly to the soil's N capital
through symbiotic BNF.
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improving soil tilth and water-holding
capacity, and reducing bulk density.

Precision and Efficiency: INM
advocates for site-specific nutrient
management (SSNM), which is
essential for  correcting specific
chemical degradation issues. Using
diagnostics such as soil testing for pH
and EC allows for targeted application
of lime or gypsum to address

acidification or salinisation,

respectively. The principle is to apply

By lsteniug  greder il o the right amount of inorganic fertiliser

imEey Rlomes SNERIT to supplement organic sources, thereby

STy AT e iy maximising Nutrient Use Efficiency

effective at reversing erosion and e .
(NUE) and minimising environmental

substantially increasing overall SOC Fsarogysis, Bvari ot Resiag,

sequestration potential.

Table 2: Mechanisms of Soil-centred Strategies in
Reversing Degradation

2.3.Integrated Nutrient Management
(INM)

INM is a holistic strategy that seeks to

sustain crop  productivity  while

. . Agrofor | Erosion, Deep SOC
protecting  the environment by estry Biological, rooting, | increase
optimising the combined use of all Cligiaieall N- ¢, Eilp

fixation, | and K
nutrlent sources. continuo | availabil
us ity
litterfall. | improve
a. SOC and Soil Structure d.
Conserv | Physical Reduced | Aggrega
Enhancement: The rigorous use of ation (Erosion/Com | tillage, | te

. Agricult | paction), permane | stability,

organic resources (farmyard manure, ure Biological nt cover, | increase

residue d water
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directly contributes stable Carbon to the gt EP’;md
igher
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) ) INM Chemical Balance | Optimal
forming stable soil aggregates, (Nutrient duse of | $\text{p

organic | H}$ and
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depletion, pH | and 1ECs
imbalance) inorgani | sustaine
c inputs; | d levels
SSNM. | of P, K,
S.

3. Policy and
Frameworks for LDN

Implementation

The technical feasibility of soil-centred
restoration strategies must be
complemented by robust policy and
institutional frameworks to ensure scalable
and sustained adoption. Achieving LDN is
not merely a technical challenge but a
complex socio-economic and governance
task that requires alignment across
multiple governmental sectors.

3.1. Governance and National
LDN Alignment

The commitment to LDN originates at the
global level but is realised through
decisive national action. Countries that are
signatories to the UNCCD are mandated to
formulate National LDN Targets, which
are voluntary but critically important for
establishing baselines and setting specific,
time-bound goals. These targets compel
governments to:

a. Mainstream SLM: Integrate soil
health objectives into broader national
development plans, including those for
agriculture, food security, climate change
adaptation, and biodiversity conservation.
b. Legal and Institutional Reforms:

Review and reform land tenure laws to
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provide long-term security to land users, as
insecure tenure is a significant disincentive
for investment in soil-restorative practices
like agroforestry, which require long time
horizons.

c. Cross-Sectoral Coordination:
Establish formal mechanisms to ensure
collaboration between ministries
(Agriculture, Environment, Finance) to
prevent policy contradictions and
maximise the co-benefits of LDN efforts.
3.2. Economic Incentives and
Sustainable Financing

The transition to soil-restorative practices
like Conservation Agriculture (CA)
involves initial costs and a potential lag
before full economic benefits are realised,
necessitating supportive financial policy.
Effective mechanisms include:

a. Direct Financial

Offering

Support:
subsidies  for  procuring
specialised equipment (e.g., no-till
seeders) and inputs (e.g., cover crop
seeds). This lowers the initial barrier to
adoption for smallholder farmers.

b. Payment for Ecosystem Services
(PES): Developing schemes where public
or private entities compensate farmers for
the environmental services derived from
their soil management. The emergent
Voluntary Carbon Market (VCM) offers a
financial

significant opportunity,

providing farmers with revenue based on
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verifiable increases in Soil Organic
Carbon (SOC) stocks —a direct link
between soil health and climate finance.

c. Risk Mitigation and Credit
Access: Providing contingency planning
and index-based crop insurance that
rewards  climate-resilient  practices.
Furthermore, policies must facilitate
access to affordable credit for rural
populations to finance the upfront capital
required for SLM investments.

3.3. Data-Driven Monitoring
and Adaptive Management

Robust monitoring is non-negotiable for
LDN accountability and effective policy
adaptation. The UNCCD framework relies
on tracking the three key indicators: land
cover, land productivity, and SOC stock.

o Leveraging Spectral Technology: The
user's area of research, the integration of
remote sensing and soil spectroscopy, is
paramount for this component. Remote
sensing provides wide-area  spatial
monitoring of land cover change and
productivity trends. Crucially, Proximal
and Mid-Infrared (NIR-MIR) Soil
Spectroscopy, combined with advanced
machine learning, offers a rapid, low-cost,
and non-destructive method for routinely
measuring essential soil properties (e.g.,
SOC, EC, pH, P, K, S, Zn, Mn, Cu, Fe) at
a high spatial density. This allows for:
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a. Accurate Baseline Establishment:
Creating precise maps of the current soil
health status.

b. Targeted Intervention:
Identifying  specific  "hotspots"  of
degradation requiring immediate attention.
c. Verification and Reporting:
Providing verifiable data for national SOC
inventory reporting and supporting

participation in carbon markets.

This data-driven approach enables
adaptive governance, where policies and
on-the-ground strategies are continuously
adjusted based on scientific evidence of
what works and where degradation
pressures persist. By institutionalising this
feedback loop, the LDN process remains
dynamic and effective in a changing

environment.

Table 3: Policy and Technological Tools for LDN
Implementation and Monitoring

Policy National Provides | Focuses
LDN the national
Targets political | resources
(SDG 15.3) | mandate | on
and preservin
structure | g SOC
for and land
action. productiv
ity.
Finance | Payment for | Incentivi | Compens
Ecosystem ses the ates for
Services voluntary | the long-
(PES) adoption | term
of SLM investme
practices | nt
by required
farmers. | for SOC
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restoratio
n.
Technol | Remote Monitors | Tracks
ogy Sensing large- the
(Satellite scale extent of
Imagery) land healthy
cover land
and resources
productiv | (LDN
ity Indicator

trends. 1 &2).
Provides | Verifies

Technol | Soil

ogy Spectroscop | rapid, changes
y and accurate, | in SOC,
Machine and cost- | pH, EC,

effective | P, and K
measure | for LDN
ment of | reporting

Learning

soil and
propertie | carbon
S. markets.

5. Conclusion

Achieving Land Degradation Neutrality
(LDN) is not merely a land-use policy
objective; it is an imperative for global
sustainability, food security, and climate
resilience. As demonstrated, the success of
the LDN framework is intrinsically tied to
the successful implementation of soil-
centred restoration and management
strategies. By focusing on the fundamental
health of the soil — specifically through the
enhancement of Soil Organic Carbon
(SOC) stocks, soil structure stability, and
biological diversity — we directly address
the physical, chemical, and biological
drivers of degradation.

The wide-scale adoption of proven
Sustainable Land Management (SLM)
practices, including Conservation
Agriculture (CA), Agroforestry, and
Integrated Nutrient Management (INM),
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offers a viable and scalable pathway. These
systems work synergistically to minimise
soil loss, maximise water use efficiency,
and sequester atmospheric carbon, thereby
delivering crucial co-benefits beyond LDN,
such as climate change mitigation and
enhanced biodiversity.
However, realising LDN requires moving
beyond technical solutions. It demands
strong policy frameworks that translate
global targets into actionable national
plans, supported by financial mechanisms
(such as PES and carbon markets) that
incentivise farmers and land managers to
shift towards soil-friendly practices.
Crucially, the future of LDN monitoring
and reporting will depend on advanced
technologies, such as integrating remote
sensing and spectral data to accurately,
rapidly, and cost-effectively estimate key
soil health indicators (SOC, pH, EC, etc.).
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