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Land is being degraded rapidly worldwide. United Nations Convention to Combat
Desertification in 2015 has invited countries to formulate voluntary targets to
achieve Land Degradation Neutrality (LDN). Under the Paris Agreement, a legally
binding international treaty adopted in 2015, the world is transitioning toward
Carbon Neutrality (CN) with more mitigation actions. This paper intended to
review the concepts of land degradation, LDN along with CN emphasizing
the degradation types, approaches, models available to analyze, synergies,
economic aspects and challenges. The review explores approaches and models
available for achieving LDN and CN which are both synergistic, economically
efficient and could overcome the common challenges. Land degradation has to
focus beyond the traditional definitions to incorporate more persistent and the
difficult to restore degradation causes. Such complex land degradation requires
specialized LDN approaches. The level of degradation and restoration progress
could be analyzed using a variety of modeling approaches including economic
models. Approaches for LDN and CN can bring significant synergies for each
other. The approach proposed by the present study will provide a logical flow
for decision-making while minimizing time and effort and avoiding a piecemeal
approach. The approach therefore maximizes the output in relation to the inputs
thus enhancing sustainability.

KEYWORDS

land degradation, climate change, land degradation neutrality, carbon neutrality,
synergy

1 Introduction

The modern agricultural, industrial and urban development implies that the land is
continuously being degraded and that degradation could sometimes stay as a permanent state.
Land degradation is caused by a variety of reasons and traditionally associated with soil
erosion (Chalise et al., 2019) and desertification (Briassoulis, 2019). However, increasing levels
of chemicals and pollutants in the environment means that the degradation has wider spatial
and temporal dimensions. The nature of the materials that are added to the environment, their
behavior and sensitivity of the receiving environment will determine the severity of the
degradation, and the possibility of recovery. The level of degradation could be analyzed using
a variety of models ranging from simple map-based models to complex models that require
multiple data. The feasibility of recovery or restoration could be assessed by various economic
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tools. Degradation that is difficult to recover, unrecoverable or
unrestorable implies a large economic cost.

Emission of higher levels of greenhouse gases (GHGs) have
increased the humanity’s vulnerability to climate change. Global
actions have proposed mechanisms for carbon neutrality (CN) which
are nicely linked with the land degradation neutrality (LDN).
Assessment and modeling of carbon neutralizing options, their
feasibility from both technical and economic viewpoint will enable us
to recognize cost minimizing synergies for achieving LDN and
CN. Although land degradation is a local issue carbon dioxide is a
global pollutant. Properly implemented LDN actions therefore
generate global benefits. It is therefore worthwhile finding the
matching pairs that could achieve both LDN and CN.

The study intends to understand the degradation types at a deeper
level to recognize easy to remediate degradation types and more persistent
degradation types. This knowledge is further enhanced by models that
predict future outcomes resulting from the degradation. Among the
options available for achieving LDN and CN, the ones that maximizes the
economic efficiency can be chosen while understanding challenges. This
approach will provide a logical flow in making the decision while
minimizing the time and effort. The approach therefore maximizes the
output in relation to the inputs thus enhancing sustainability.

2 Methodology

Literature was searched using variety of search engines such as
google scholar and ScienceDirect with search words of the main topic
including Land Degradation, Land Degradation Neutrality and
Carbon Neutrality. Then for each term the following search words
were added; definitions, global actions, approaches, models,
economics, challenges. Then combinations of main topics including
LDN and CN were searched with the word synergy. After screening
the abstracts and contents of the articles, most significant sources of
information were selected and reviewed for analysis and synthesis.
Only the papers published in indexed peer-reviewed journals that are
included in Scopus database and book chapters from recognized
publishers were used. Eighty-four publications were found which were
relevant. Non-English articles and articles that do not focus on the
goal of the study were excluded. Then the results obtained from the
above search were synthesized, edited and presented under each topic.
Supplementary Figure S1 summarizes the review protocol.

3 Land degradation and its impact on
nature and humans

Land degradation is defined as a “reduction or loss of biological
or economic productivity and complexity of agroecological systems as
a consequence of land use, or from one or more processes that may
arise from human activities” (UNCCD, 2024). Land degradation
exerts severe negative impacts on global and regional economic and
social development and food security (Deng and Li, 2016; Chan et al.,
2023). Highly degraded areas cover about 29% of global land area
which is home to about 3.2 billion people (Le et al., 2016). Agricultural
lands and natural habitats are degraded due to various forms of land
degradation. For example, livelihood of two-third of the population
of India, are vulnerable due to land degradation (Mythili and
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Goedecke, 2016) and land degradation hotspots cover about 51% of
land area in Tanzania and 41% in Malawi (Kirui, 2016).

Analysis of causes of land degradation and their extents (Mythili
and Goedecke, 2016) adopting multidimensional perspective (Pravilie,
2021) help to design suitable policies to overcome the degradation.
Traditionally, land degradation is explained in relation to erosion by
water and by wind, salinization, and soil acidification and vegetation
degradation. However, more severe and permanent land degradation
could result from land pollution from a variety of chemicals and plastic.
Land degradation due to chemicals is a complex phenomenon which
requires understanding of system dynamics (Gunawardena, 2022).

Pesticides including insecticides, fungicides, herbicides,
rodenticides can lead to sterile soils (UNCCD), 2017; Tang et al., 2021).
These may also lead to depletion of soil biodiversity (Beaumelle et al.,
2023) and overall biodiversity in the landscape due to impairment of
pollination function (Hashimi et al., 2020). In addition, mixtures of
insecticides and herbicides could bring significant synergistic
ecotoxicological effects to the earthworms (Uwizeyimana et al., 2017)
in the presence of heavy metals. Heavy metals could bring a variety of
negative impacts on soil organisms (Liu et al., 2021) including
earthworms (Morgan and Morgan, 1992; Fourie et al., 2007).

Persistent organic pollutants (POPs) resulting from industrial
activities may be either directly dumped onto the land or land filled.
Sludge applications to crops is another source of POPs resulting from
industrial wastewaters (Arvaniti and Stasinakis, 2015). This may lead
to contamination of ecosystems, food chains, and water. The damages
resulting from landfills could be severe with large loads of
contaminants with future risk that may last for centuries (Weber et al.,
2011) due to their capacity to bioconcentrate, bioaccumulate, and
biomagnify. In addition, electronic waste recycling sites can also
generate complex mixtures of dioxin-related compounds which can
contaminate surface soils (Manz et al., 2001).

Mining activities, for example, coal (Dhyani et al., 2023), mineral
and metal mining cause land degradation. Increasing mining efforts
lead to generation of higher waste quantities per unit of useful
product which is disposed into tailing dumps (Slipenchuk et al.,
2019). Adverse effects of plastics and microplastics in soils (Rillig,
2012) are likely due to dumping of disused or abandoned plastic,
municipal wastewater effluents, landfilling with sewage sludge and
plastic used in agricultural activities (Chae and An, 2018; Hale et al,,
2020). Furthermore, microplastics can be bioaccumulated among
organisms (Yang et al., 2023).

Deforestation leads to land degradation and water depletion due
to the increased levels of soil erosion and associated nutrient depletion
and sediment transport (Chan et al., 2023). Land degradation could
result in significant loss of ecosystem services. Millennium ecosystem
assessment report defines land degradation as the long-term loss of
ecosystem services (Nkonya et al., 2016a).

4 International actions and
multilateral environmental
a?reements related to land and
climate change

The 1992 Earth Summit initiated three Rio Conventions on
climate change, desertification, and biodiversity. The United Nations
Framework Convention on Climate Change (UNFCCC) aims to
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prevent “dangerous” human interference with the climate system
(UNFCCC, 2024). The United Nations Convention to Combat
Desertification (UNCCD) is dedicated to combatting desertification
and mitigating the impacts of drought in countries facing severe
desertification or drought conditions (UNCCD, 1994).

Under the Paris Agreement, a legally binding international treaty
adopted in 2015, the world is transitioning toward CN with more
mitigation actions. In October 2015, the 12th Conference of the
Parties (COP12) of the UNCCD proposed a definition for land
degradation neutrality (LDN). In 2017, an LDN Scientific Conceptual
Framework was developed and endorsed by UNCCD Member States
(Cowie et al., 2018).

There have been several chemical-related multilateral environmental
agreements (MEAs) that have a relevance to land degradation including
the Basel Convention on the control of transboundary movements of
hazardous wastes and their disposal, Rotterdam Convention on the prior
informed consent procedure for certain hazardous chemicals and
pesticides in international trade and Stockholm Convention on persistent
organic pollutants. However, the linkages of these conventions with land
degradation have been less obvious.

During the UN Summit for the adoption of the post-2015
development agenda, an agreement on set of 17 Sustainable
Development Goals (SDGs) (UN, 2015) was made. Under SDG 15
Life on Land, target 15.3 intends to achieve a land degradation
neutral world while target 2.4 of SDG 2 encourages resilient
agricultural practices and gender equality over land resources is
emphasized under Target 5.a. Achieving LDN increases ecosystem
services and improves soil quality, contributing to several other
SDGs, including SDG 3 (good health and wellbeing), SDG 5 (gender
equality), SDG 6 (clean water and sanitation), SDG 11 (sustainable
cities and communities), SDG 12 (responsible consumption and
production), SDG 13 (climate action), SDG 14 (life below water), and
SDG 15 (life on land) (Feng et al., 2022). It is important to note here
that each SDG has synergies and trade-offs with other SDGs. On the
other hand, the key MEAs related to land and climate change are
reflected in several SDGs. For example, UNCCD is linked to seven
SDGs, UNFCCC is linked to nine SDGs, and chemical conventions
are linked to six SDGs (UNEP, 2016).

5 Land degradation neutrality

It is important to discuss the causes of land degradation and also
how to neutralize the impacts. Land degradation will effectively
reduce the useful amount of land available for ecosystems, biodiversity
and other living beings. For example, built up land or urban
infrastructure implies permanent loss of land and their ecosystem
services (Maes et al., 2015) where the concept of LDN is not applicable
or not achievable. Urban vegetation including vertical gardens and
roof top gardens may bring some nature that will improve the
greenery, but the loss of soil or permanent cover of soil will lead to
permanent loss of primary ecosystem services such as soil formation
(Jayakody et al., 2023). Increasing built-up land and pavements and
disturbed landscapes will reduce the water that is infiltrated to the
ground and increase the runoff and degrade further the quality of the
water that is added to the waterways (Kriech and Osborn, 2022).

Other transformed landscapes, such as agricultural and plantation
areas, when managed under organic conditions, imply higher
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ecosystem services. However, under chemically intensive conditions,
they imply a permanent loss of ecosystem services (Kremen and Miles,
2012) and non-achievement of LDN, since such chemicals act as stock
pollutants and tend to stay in the soil for a long period of time. When
the soils are contaminated with POPs, such soils cannot be restored
because effective removal of the POPs is extremely costly. Achieving
LDN in such contexts is therefore a non-attainable goal. Certain
pesticides that are classified under POPs could have contaminated
large extents of tropical soils before their ban under the
Stockholm Convention.

Materials considered as chemically inactive such as plastic will
be detrimental to earthworms and other soil microorganisms.
Microplastics and nanoplastics contaminated soil cannot be reversed
to the original situation and currently most agricultural soils are faced
with this problem due to the higher and higher use of plastic-based
materials in agricultural areas (Serrano-Ruiz et al., 2021; Scopetani
etal,, 2022). Such soils will be in a permanent degraded state and any
productivity will have to be achieved with very high level of externally
supplied inputs yet with uncertainty in outcomes. Extremely high
costs associated with of such type of LDN may not be cost effective
given the limited resources available in low-income tropical countries.
It is worth noting here that the investments in sustainable land
management (SLM) have been low in the developing countries where
the impact of land degradation are most crucial (Chen et al., 2022).

Even the most common type of land degradation caused by soil
erosion is assumed to be recoverable when the replacement is done for
the lost nutrients, organic matter and macro and microorganisms (Lal,
2015) known to occur in the original soil. However, due to uncertainty
of such information, it may not be fully recovered. For example,
information on types and numbers of soil microorganisms present in
a soil is extremely difficult to find and the replacement will
be incomplete.

6 Carbon neutrality, the need and
approaches

Carbon neutrality, a state of net zero carbon emission is proposed
to be achieved with decarbonization strategies. A hierarchical
approach has been defined to achieve this. The first in the list is
avoiding carbon intensive actions, the next is reduction of carbon
emitting activities by efficiency improvements. Replacing carbon
intensive activities with alternatives is the third option and finally,
offsetting any leftover emissions that are unavoidable is suggested
(Finkbeiner and Bach, 2021). Carbon neutrality can be defined for a
country, company, product, activity, or at individual level and the total
emissions emitted directly or indirectly has to be balanced by offset or
removal mechanisms (UNFCCC, 2021). Carbon neutrality has to
be achieved involving all sectors of the economy (Nkonya et al,
2016b). Figure 1 indicates options available for LDN and CN and
their interrelations.

Proper forest management can effectively improve the carbon
storage of the forests. Examples include different rotation periods
(Hektor et al., 2016), use of different tree species especially those with
high carbon storage potentials (de Morais et al., 2019), enriching with
lianas and climbers (Shukla et al., 2020) and different forest
management measures that could improve soil organic carbon (Ma
etal., 2021). Agricultural crops when grown under organic conditions,
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Contribution towards LDN

FIGURE 1
Approaches to achieve LDN and CN.

Approach

Contribution towards CN

will bring both LDN and CN benefits. Options such as agroforestry
will improve soil health, carbon sinks and bring additional benefits to
the farming communities. Water conservation will improve soil
biodiversity thus generating positive effects toward LDN while
reducing carbon footprints. Use of renewable energy will also reduce
the carbon footprint with lesser emissions deposited in land thus
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minimizing land pollution. Moreover, to achieve net-zero carbon
emissions and sustainable development, sequestration in terrestrial
and marine ecosystems must be promoted (Cheng, 2020). In addition,
deploying negative-emission technologies at large scale, promoting
regional low-carbon development and establishing a nationwide “green
market” have been proposed for China (Liu et al., 2022). Carbon sink
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technology is another option for CN. Carbon sink refers to the process
of absorbing carbon dioxide in the atmosphere through afforestation,
vegetation restoration and other measures. It generally consists of
terrestrial carbon sinks and ocean carbon sinks (Wu et al., 2022).

The above options indicate range of opportunities with differing
efficiency in addressing LDN and CN. As such, a combination of
approaches would be useful in addressing land degradation and
carbon emission issues in a given socioeconomic and
ecological landscape.

Increment of soil organic carbon (SOC) sequestration is
considered as a possible solution to mitigate climate change as well as
to reduce the land degradation. A study done by Minasny et al. (2017)
reports SOC stocks from 20 regions in the world. The top 1 m layer of
soil contains about 600 Gt of carbon and if SOC stocks are increased
by 0.4%, it can mitigate about 30% of global GHG emission. The study
reports mean SOC stocks for each country and how much SOC
sequestration rate is required to achieve the 0.4% initiative and also it
reports opportunities available to sequester more carbon. This finding
has been translated into an initiative named “4 per mille Soils for Food
Security and Climate” that was launched at the COP21 of the UNCCD
to increase global soil organic matter by 4 per 1,000 (or 0.4%) per year.
In order to encourage better management practices among farmers
that sequester more carbon, economic incentives could be provided

such as direct payments, tax concessions and emission trading tools.

7 Synergies between land degradation
neutrality and carbon neutrality

There are clear synergies between LDN and CN as indicated in
Figure 1. Synergistic implementation of the neutralities will reduce the
total cost and the need for many different expertise. LDN actions will
always result in multiple benefits including socioeconomic benefits.
Soil organic carbon is an indicator for LDN and therefore many
countries have established links between LDN and National
Determined Contributions (NDCs). There are several synergistic
sectoral impacts. Carbon neutrality will result in positive health
outcomes, poverty alleviation, and improvements in national and
global security and in the economy.

7.1 Carbon neutrality and health links

There are positive health outcomes from achieving CN. Achieving
CN by decarbonizing energy sector, for example, could result in
cleaner air which can bring large improvement to the human and
ecosystem health. Achieving a net-zero status by the year 2050 will
result in a decrease in pollutants like particulate matter (PM), ozone,
PM precursors, nitrous oxides (NO,), sulfur dioxide (SO,), and other
harmful air pollutants (Kerry and McCarthy, 2021).

7.2 Carbon neutrality and poverty link

Many of the climate extreme related costs are mostly borne by the
low-income countries and low-income communities (EPA, 2021).
Among thermal energy dependent countries, large amounts of NO;
and SO, are inevitable. Reductions of such pollutants will result in

Frontiers in Forests and Global Change

10.3389/ffgc.2024.1398864

significant productivity increases of the workforce as a result of health
improvements. It has been found that air pollutants can affect
educational attainment and thus could result in lowered labor
productivity (Zivin and Neidell, 2018). Extreme weather events can
also bring disruption of critical health care and such impacts are
mostly felt by low-income communities (Mach et al., 2019). Carbon
neutrality achieved through LDN provides cost effective solutions
for both.

7.3 Synergy between carbon neutrality and
economy

Projections from the USA economy shows that avoided damages
from fewer deaths, less damage to infrastructure, and fewer lost wages
could be $49 billion/year in 2050 if 1.5°C-compatible scenarios have
been adopted (Kerry and McCarthy, 2021). For India, net zero will
result in net increase in employment opportunities, creating about 15
million jobs beyond a baseline scenario by 2047. Households could
save as much as $9.7bn in energy costs by 2060 (ASPI, 2022).

7.4 Synergy between carbon neutrality and
security

LDN and CN together could establish national and global security.
Continuous disasters drain national financial and infrastructure
resources leading to national financial insecurity. More frequent
diversion of military assets and personnel to assist and recover the
disaster affected regions could result in risks to the national security
(Kerry and McCarthy, 2021). In addition, extreme climatic events
could bring additional conflicts within the same community and
between communities and between nations (Mach et al., 2019).

7.5 Enhancing synergies and minimizing
negative feedbacks

In order to enhance the synergies, it is important to adopt actions
at different levels. First, it is important to establish linkages within and
between biophysical, biogeochemical, and socioeconomic interactions.
Second, in order to identify the priority response actions and policy
responses, vulnerabilities need to be identified. Thirdly, exchanging
the knowledge among stakeholders at various levels and integrating
different knowledge systems (e.g., indigenous, citizen science), and
co-generating new knowledge, (Raymond et al., 2010; Reed et al,,
2011) are essential in fast tracking the response strategies. Finally,
innovation is needed to adapt with the changing circumstances (\Webb
etal., 2017).

When things operate in opposing directions, it implies negative
feedback mechanisms. It is therefore important to understand any
such negative feedbacks prior to proposing more resilient solutions.
Impacts of climate change could lead to desertification and
abandonment of lands. Climate change could accelerate land
degradation. For example, more frequent droughts, changes in soil
properties and vegetation growth can induce land degradation.
Therefore, mitigating climate change will inevitably mitigate
desertification, too (Reed and Stringer, 2015).
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In order to minimize land degradation and climate change
negative feedbacks, four core multi-level actions could be adopted.
These include, establishing links between land degradation and
climate change impacts, identifying most vulnerable systems,
improving knowledge and investigate policy options. Reducing
emissions from forest degradation and deforestation (REDD+)
projects offer a “triple-win,” encompassing climate change mitigation,
biodiversity conservation, and the well-being of local communities
(Siril et al., 2022).

7.6 Synergies among mulltilateral
environmental agreements related to land
and climate change

In 2016, the Intergovernmental Panel on Climate Change (IPCC)
agreed to create a special report on desertification, land degradation,
and climate change, which would complement the Sixth Assessment
Report (AR6). Coordination among the UNCCD, UNFCCC, and UN
Convention on Biological Diversity (UNCBD) has been improved to
identify and harness synergies in response to land degradation and
climate change (Chotte et al., 2019). There is further need to integrate
chemical related conventions to identify their linkages with land and
climate related conventions.

8 Modeling approaches for land
degradation neutrality and carbon
neutrality

Analysis of a complex problem is easily done with models as they
represent the reality in a manageable scale. Understanding the impacts
of land degradation and effectiveness of LDN and CN is best done
with modeling approaches since they are capable of characterizing
impacts that span across much wider spatial and temporal scales. The
simplest and the oldest type of models were soil erosion models which
provide considerable amount of information toward land degradation
from a conventional point of view.

The next type of models has been GIS based maps which are
mostly supported by remotely sensed data which provides useful
source of information on extents and the severity of land degradation
at national and global levels. For example, degradation hotspots
among major land cover types were identified using biomass
productivity as an indicator of land degradation (Le et al., 2016). This
type of information could be verified with ground-based
measurements (Anderson and Johnson, 2016).

Recent IPCC reports have illustrated a variety of scenarios,
pathways and models that explore future emissions, climate change
related impacts and risks, and possible mitigation and adaptation
strategies. Most common type of scenarios is Shared Socio-economic
Pathways (SSPs) that cover a range of possible future development of
anthropogenic drivers of climate change. Under this, the very high
GHG emission scenarios (SSP5-8.5) assume CO, emissions that
roughly double from current levels and the very low scenario (SSP1-
1.9) assumes CO, emissions declining to net zero around 2050 (IPCC,
2023). In addition, Representative Concentration Pathways (RCPs)
were used by the Working Group I and Working Group II of the IPCC
to assess regional climate changes, impacts and risks. There have been
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several models of combining land degradation, LDN and CN
scenarios around the world and Table | provides a summary.

Modeling approaches provide useful basis toward assessment of
degradation and restoration effectiveness. In order to design
restoration options, it is required to assess the status of degradation.
In order to assess the effectiveness of restoration efforts and level of
achievement of LDN and CN, there is the need for accurate
measurements. The assessment of degradation is, however, still based
on conventional approaches, taking mainly the soil erosion as the
main cause of degradation. Soil pollution aspects have rarely been
considered in modeling, which poses a greater challenge in restoring
majority of landscapes in the coming years.

9 Economics of land degradation
neutrality and carbon neutrality

Economics is about allocation of scarce resources with a view to
maximize economic efficiency. Environmental and social concerns
have become essential components of such analyses lately. Economic
efficiency implies maximizing net benefits or minimizing the cost. In
the context of LDN or CN, economic analysis becomes an important
decision-making tool in allocating scarce resources toward land
degradation and carbon emissions while selecting the most efficient
option. The essential first step of such an analysis is to identify and to
quantify the costs and benefits of each option and then estimate
monetary values (Mishra and Rai, 2014). Whenever the full range of
monetary estimates are not available, multicriteria analysis could
be adopted to overcome issues associated with monetary estimates
(Imbrenda et al., 2021). Cost benefit analysis is the most promising
approach in evaluating various options applying monetary estimates
since it can incorporate the temporal dimensions also to the analysis.
Monetary estimates related to LDN and CN could provide a strong
basis for implementing economic instruments such as taxes
and subsidies.

A variety of estimates available on land degradation is summarized
by Nkonya et al. (2016b) using various case studies across several
countries. Those studies highlight that preventing land degradation in
the first place is much cheaper than letting the damage happen and
repairing it later. On average, one USD investment toward restoration
of degraded land gives a return of five USD. This stand as a strong
incentive for taking action against land degradation (Nkonya
et al., 2016d).

10 Challenges

There are several types of challenges in achieving LDN and
CN. The complexities associated with understanding the land
degradation, uncertainties associated with carbon dynamics and
vulnerable socioeconomic situations in developing countries bring the
challenges that need to be addressed. First, identification of
degradation is a challenge when the complex nature of the current
degradation types is considered. For example, although the
traditionally considered degradation such as soil erosion are
prominent, and can be measured easily in the field context, most of
the chemical pollution related degradation are not visible to the naked
eye. Specific techniques, assessments and models are required to
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TABLE 1 Examples of land degradation and climate change related models.

Source
Chen et al.

(2023)

Model/s

Multi-objective land use and land cover (LULC)
optimization coupled model with CN objective
Integrated valuation of ecosystem services and
trade-offs (InVEST) model with IPCC inventory
methodology

Non-dominated sorting genetic algorithm-II
(NSGA-II) and patch-generating land use
simulation (PLUS) model

Types of scenarios

Four LULC scenarios: natural development
(ND), low carbon emissions (CE), high carbon
storage (CS), and carbon neutrality (CN)

10.3389/ffgc.2024.1398864

Findings
Compared to ND scenario, the LULC patterns

within the CE, CS, and CN scenarios exhibit
higher LULC values and contribute more to CN

Jones et al. (2023)

Integrated model—FABLE calculator

Four scenarios: status quo, improvements on

current trends, land sparing and land sharing.

Land use and agricultural sector are net carbon
sinks in both land sparing and land sharing

pathways,

Li et al. (2023)

Linear programming model (LPM), Markov,

future land use simulation (FLUS), emission

Four scenarios; natural development, spatial

planning, low-carbon emission, and high-

Optimized land use patterns in the low-carbon

scenarios will result in a greater reduction in

and simulated for 2020-2060

coefficients and InVEST carbon storage by 2035 carbon emissions and a larger increase in carbon
sinks than the spatial planning scenario
Liu et al. (2023) PLUS Three land-management scenarios developed Protecting and regenerating forests are more

effective than afforestation in lowland tropical

areas for storing carbon

Wang et al.

(2023)

Land use structure optimization (LUSO)

Carbon neutral scenario and baseline scenario

Under carbon neutral scenario, LULC is more
moderate, aggregation degree of the overall

landscape spreading degree is increased

Wang et al.

(2022)

PLUS

Coupled SSP and RCP scenarios (SSP119,
SSP245, and SSP585)

Zone-based management with LULC regulation

lead to CN

Udayakumara
and
Gunawardena

(2022)

InVEST sediment retention model; Digital

elevation model

Three scenarios: status quo, three land-use
intervention scenario with 3 Soil and water

conservation (SWC) intervention:

SWC for the watershed reduces the soil erosion
rate by 23%. Implementing SWC by farmers
requires payment transfers from the fertilizer

importing authority.

Williams et al.

(2021)

Modeling the entire U.S. energy and industrial

system with new analysis tools

Eight deep decarbonization scenarios: expand
renewable capacity 3.5-fold, retire coal, maintain
existing gas generating capacity, increase electric

vehicle and heat pump sales

Actions required in all pathways were similar

Nkonya et al.

(2016¢)

Uses Landsat data to examine land use change
and its impact on sediment loading in

hydroelectric power plants

Determining the returns to SLM

determine the degradation status and this becomes a challenge in
tropical developing countries.

Lack of relevant data could pose another challenge in modeling
(Baumgartner and Cherlet, 2016). Correct projections of land
degradation toward future requires a large amount of good quality
data and these are largely not available or difficult to generate in
developing countries. The most appropriate remedial measures are
also outcomes of science and technology for the most part and hence
expensive. This can be another challenge in identifying and prioritizing
suitable remedial measures. Importance of local traditional knowledge
can ease the situation to a certain extent, but the complex degradation
causes such as chemical pollutants have not yet generated a set of
traditional knowledge outcomes and cannot expect those to arise in
the near future.

It is important to recognize clearly whether we are moving in the
correct pathways in adopting remedial measures since some of
remedial measures would involve longer time frames. One should
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be able to recognize the milestones that ensure the movement in the
correct direction. In such contexts, modeling has a role to play and
lack of expertise and quality data will pose a challenge for the
developing countries.

There is an obligation toward implementation of NDCs under the
Paris agreement. However, LDN is not obligatory. Among the NDCs
also, there are voluntary components and non-voluntary components
which will only be implemented with financial assistance. The larger
the non-obligatory component, it is difficult to expect that land and
carbon neutralities are priorities of national governments and hence
may largely result in non-adoption. This is further exacerbated by the
frequent risks associated with many tropical Asian developing
countries for example, internal conflicts, financial crises, debt burdens,
poor governance (Khan and Al Shoumik, 2022) and disasters which
are often the result of climate change (Webb et al., 2017).

One of the biggest challenges is to establish and demonstrate
links between LDN and other sectors of the economy. For
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example, improved LDN and CN may generate forest outputs,
agricultural outputs, and better health outcomes as indicated
under the Section 7. The main subsequent challenge is to establish
quantitative links in physical terms and monetary terms between
LDN measures and associated benefits and CN measures and
associated benefits. For example, there is a monetary estimate
available for social cost of carbon, indicating how much global
damage is caused by a ton of carbon emitted to the atmosphere.
Similarly, one wunit of land degradation reversed could
be associated with some x units of agricultural or y units of forest
product improvements. Establishing such linkages for different
land use and ecosystem types would be a next challenge.
Establishing values for other sectors could help the decision
making in identifying the best LDN or CN measure that
contributes toward other overall of the economy.

11 Discussion

Assessment of degradation of land and proposing the level of
intervention needed to restore requires information at various levels.
First, the level of degradation and the type and level of restoration
need to be assessed. Biophysical assessments are the first level of
information which can also be model based. Secondly, it is required
to assess whether the society is willing to pay to full cost of restoration
by looking at full range of costs and benefits of the operation.
Economic analysis is important in this respect. Developing countries
in the tropical belt may be restrained by the information and the
expertise in making such judgments and therefore LDN may remain
as a distant prospect.

Carbon neutrality when achieved together with the LDN may
present a win-win case for the poor countries. However, when it is not
possible, countries may have to look for financial transfer mechanisms
that could provide support for achieving NDCs. This may require a
more detailed analysis with emphasis on each and every individual
NDC being subjected to an in-depth analysis under the local
socioeconomic and technical knowhow conditions.

It is worthwhile understanding the best approaches available both
biophysical and policy contexts. Carbon stored by forest tree planting
can generate carbon credits which can be sold in the Emissions
Trading System (ETS) market (van der Gaast et al., 2018). This is
further facilitated by carbon accounting standards that are available
and global agreements that are encouraging carbon related payments.
However, inclusion of forests in ETS schemes around the world has
been complicated due to issues of carbon leakage, permanence and
complexity of accounting. International initiatives such as 4 per mille
will face challenges during their implementation due to lack of data,
limitation of soil sinks and issues related to resource poor farmers and
small land holders (Lal, 2016).

Agroforestry involves establishing trees, mostly forest trees in
croplands and silvopastoral systems. It enhances carbon sequestration
(Zomer et al,, 2016) since number of trees in a unit area is higher and
it utilizes vertical space. Successful implementation of agroforestry
systems toward CN or LDN require careful selection of agroforestry
species, monitoring of carbon dynamics and finding suitable financing
mechanisms. In the city context, achieving both LDN and CN could
be possible with urban forestry and green infrastructure. Maintaining
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forest cover in urban contexts provides variety of ecosystem services
(Khan et al,, 2022) including human health benefits.

Complex problems such as climate change and land degradation
can be tackled by implementing a full spectrum of complementary
policies across multiple sectors rather than relying on any single policy
of single sector. Implementing LDN and CN simultaneously would
bring multiple benefits since it minimizes the effort and resources
required. In the future planning, LDN and CN can be inbuilt into
single projects so that it will minimize the efforts of experts, resources
and land requirement.

One of the limitations of the study is that majority of modeling
studies were available from limited locations. For example, mainland
China dominated the modeling studies in the literature. In order to
overcome these issues, it is essential that studies are conducted
covering a wider geographical context.

12 Summary and conclusion

This paper intended to review the concepts of land degradation,
LDN along with CN emphasizing the degradation types, approaches,
models available to analyze, synergies, economic aspects and
challenges. Different degradation types result in different
consequences including short- and long term and sometimes
persistent impacts. Understanding degradation as well as monitoring
the mitigation requires proper models that are built upon good quality
physical data and supported by quantitative economic analysis. Efforts
toward LDN and CN may generate multiple benefits across national
and global scales. In order to synergize LDN and CN actions with
current activities, such benefits need to be quantitatively linked with
necessary policy instruments.

The study highlights the need to go beyond the traditional
degradation types, the role of different approaches specially in
reaching synergies between LDN and CN in order to minimize costs.
Such synergies are best brought to light by meeting the challenge of
establishing and demonstrating links between LDN and other sectors
of the economy in a quantitative way using both physical terms and
monetary terms. One unit of land degradation or carbon neutrality
could be associated with some x units of another economic sector,
be it agriculture, human health, or national security and there is a
need to establish such linkages for different land use and ecosystem
types in a move toward a carbon neutral and land degradation
neutral earth.
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