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Abstract

Land degradation continues to be an enormous challenge to human soci-
eties, reducing food security, emitting greenhouse gases and aerosols, driv-
ing the loss of biodiversity, polluting water, and undermining a wide range
of ecosystem services beyond food supply and water and climate regulation.
Climate change will exacerbate several degradation processes. Investment in
diverse restoration efforts, including sustainable agricultural and forest land
management, as well as land set aside for conservationwherever possible,will
generate co-benefits for climate change mitigation and adaptation and more
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Desertification: land
degradation in arid,
semi-arid, and dry
sub-humid areas
(drylands)

broadly for human and societal well-being and the economy.This review highlights themagnitude
of the degradation problem and some of the key challenges for ecological restoration. There are
biophysical as well as societal limits to restoration. Better integrating policies to jointly address
poverty, land degradation, and greenhouse gas emissions and removals is fundamental to reducing
many existing barriers and contributing to climate-resilient sustainable development.
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1. DEGREE AND TRENDS IN DEGRADATION

The intensive use of land, with the extraction of wood, agricultural commodities, and water, has
until now been the dominant driver of degradation and desertification, as well as the associated
accelerating loss of terrestrial biodiversity and ecosystem functioning (1, 2). Approximately 70 to
75% of the ice-free land area is affected by human use, nearly 50% intensively so (Figure 1). The
global forest cover today is 32–43 Mkm2, whereas the prehuman forest cover has been estimated
as approximately 50–55Mkm2; approximately two-thirds of remaining forests are currently under
some form of management (1). Degradation negatively impacts people’s livelihoods in more than
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Land degradation:
a negative trend in
land condition caused
by direct or indirect
human-induced
processes, including
anthropogenic climate
change, expressed as
long-term reduction
or loss of at least one
of the following:
biological productivity,
ecological integrity, or
value to humans

Land use: the total of
arrangements,
activities, and inputs
applied to a parcel of
land; the term land use
is also used for social
and economic
purposes for which
land is managed (e.g.,
grazing, timber
extraction,
conservation, and city
dwelling)

Figure 1 (Figure appears on preceding page)

Regional and global trends in the principal land cover classes and production and diets as an example driver of land-use change. The
global map shows patterns of land systems (1); livestock low/high relates to low or high livestock density, respectively. The inset graphs
show (a) cropland, permanent pastures, and forest (used and unused) areas, standardized to total land area; (b) production in dry matter
per year per total land area; (c) and per capita diets—globally and for seven world regions between 1961 and 2014 [data from FAOSTAT
(http://faostat.fao.org)]. Figure adapted with permission from Reference 1, figure 1.3.

a quarter of the Earth’s ice-free land area, with possibly up to 3.2 (1.3–3.2) billion people affected
globally (3, 4). Approximately 500 (±120) million people live in or near desertification hotspots,
identified by a decline in vegetation productivity between the 1980s and 2000s, extending to
>9% of drylands (3, 4). Land degradation has social, political, cultural, and economic causes
(3). A particular challenge in providing solutions to halt and reverse degradation arises from
the majority of the people affected living in poverty in developing countries (3). However, the
impacts of degradation extend beyond the local land surface and societies, affecting marine
and freshwater systems, as well as people and ecosystems far away from the location of degra-
dation. For instance, land degradation is of great concern for oceans, manifested by the now
more than 500 dead coastal marine zones where excessive nutrient runoff from agriculture has
contributed to the collapse of coastal marine ecosystems (5). Climate change is expected to
exacerbate degradation, in particular through weather extremes (Section 3), and degradation also
contributes to climate change, chiefly through emissions of greenhouse gases and by reducing
the capacity of ecosystems to absorb atmospheric CO2. Avoiding, reducing, and reversing land
degradation needs to be part of climate change mitigation and adaptation strategies, with many
possible co-benefits for ecosystems and human societies.

2. DRIVERS OF DEGRADATION AND IMPACTS

Degradation occurs as a consequence of complex and highly dynamic interactions of natural
and socioeconomic drivers (3, 4). It is strongly associated with the conversion of natural into
managed land and the increase of use intensity in agricultural, freshwater, and forest systems.
Corresponding to changes in area under use is the rapidly increasing demand for food, feed,
fiber, energy, timber, and biomass, reflecting population growth and changes in consumption
patterns. Since 1961, crop production increased approximately 3.5-fold and production of animal
products 2.5-fold, which was made possible by a massive increase in fertilizer inputs (+800%) and
freshwater withdrawals (+100%) (1) (Figure 2). During the same period, population increased
from 3.0 to 7.8 billion people (in 2020), while per capita calorie intake increased by 32%, and
diet composition changed markedly. Per capita consumption of dairy products increased by
a factor of 1.2, and meat and vegetable oil consumption more than doubled (1). Currently
approximately one-quarter to one-third of the total potential net primary production on land is
used by humans, i.e., of the net primary productivity (NPP) that would prevail in the absence of
land use [estimated at approximately 60 GtC a−1 (6)] (see the IPCC Annex-I Glossary’s definition
of land use: https://www.ipcc.ch/srccl/chapter/glossary/). Approximately 50–60% of the total
agricultural (cropland and grazing) biomass harvest (approximately 6 GtC a−1) is consumed by
livestock (7). Annual forestry harvest has continuously increased since the early 1960s, and in
the first decades of the twenty-first century amounts to approximately 1 GtC a−1 (1, 8). In a
theoretical analysis based on the complete absence of land use and with current climate, land
ecosystems were estimated to store approximately twice as much as the current 450 GtC in
vegetation. Land conversions (i.e., replacement of forests with cropland and pastures) and land
management [i.e., harvesting of timber from managed forests or removal of herbaceous biomass
through grazing (9)] almost equally cause these differences. Although changes in carbon pool
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Land-use change: the
change from one
land-use category to
another

Restoration: the
process of assisting the
recovery of land from
a degraded state

Figure 2 (Figure appears on preceding page)

Selected land-use pressures and impacts. The map shows the ratio between impacts on biomass stocks of (red) land-cover conversions
[(LCC) i.e., land use–induced changes in vegetation cover] and of (blue) land management [(LM) i.e., changes that occur with land-cover
types; only changes larger than 30 gC/m2 displayed (9)], as compared to the biomass stocks of the potential vegetation (vegetation that
would prevail in the absence of land use, but with current climate). Yellow indicates a state where LCC and LM are of equal importance
for biomass stock changes. The inset graphs show (a) the global human appropriation of net primary production (HANPP) in the year
2005, in gC/m2/year (150). The sum of the three components represents the net primary productivity (NPP) of the potential
vegetation and consists of NPPeco, i.e., the amount of NPP remaining in the ecosystem after harvest; HANPPharv, i.e., NPP harvested
or killed during harvest; and HANPPluc, i.e., NPP foregone due to land-use change. The sum of NPPeco and HANPPharv is the NPP
of the actual vegetation (6, 150). (b) Trajectories of land-use intensification [cropland yields, fertilization, irrigated area, forestry harvest
per forest area, livestock density per agricultural area (http://faostat.fao.org)]. (c) Regional summary of the map showing standing
biomass of actual vegetation [SCact in kgC/m2 (light green)] and the impacts of LCC (red) and LM (blue). These three components sum
up to the potential biomass stocks in vegetation. Figure adapted with permission from Reference 1, figure 1.3.

sizes do not necessarily imply a loss of productivity, they nonetheless indicate a loss of ecological
integrity, including loss of biodiversity and altered ecosystem functioning and services (see the
sidebar titled A Short Reflection on Terminology).

Drivers of degradation include very short-term events [such as rainstorms causing erosion (10)]
as well as slow processes that accumulate over years and decades (such as nutrient losses or loss
in biodiversity), interacting with management and land-use change (see the IPCC Annex-I Glos-
sary’s definition of land-use change: https://www.ipcc.ch/srccl/chapter/glossary/). Both long-
and short-term drivers are altered by climate change, which impacts, e.g., productivity over weeks
to decades or leads to negative impacts of extreme weather, which can become more frequent in
the future. Long-term drivers also correspond to socioeconomic developments (e.g., land owner-
ship, technologies, and changes in country- or regional-level wealth). As a consequence, restora-
tion measures (Sections 4 and 5) work best if the short-term, often weather-driven impacts are
alleviated and the long-term impacts are addressed (see Sections 2.1–2.6 and 3.1–3.3; also see
Reference 11 for a discussion of the definition of restoration).

A SHORT REFLECTION ON TERMINOLOGY

Changes in land condition resulting solely from natural processes are not considered land degradation. By defin-
ing degradation as a negative trend, the baseline for the detection of degradation is the beginning of the period of
interest, rather than an arbitrary historical date. The interpretation of a negative trend in land condition has to be
subjective to a certain degree, especially when there is a trade-off between ecological integrity and value to humans.
For example, a land-use change that reduces ecological integrity but enhances food production at a specific location
is not necessarily degradation. SLM reduces the risk of land degradation and is consistent with sustainable forest
management (SFM), although the definition commonly used for SFM is somewhat more complex (3). Restoration’s
goal is reinstating ecological integrity, whereas land rehabilitation focusses more strongly on reinstating a level of
ecosystem functionality, where the goal is provision of goods and services rather than ecological restoration (125).
Land restoration explicitly acknowledges the multiple links that exist between biodiversity and multiple ecosystem
services and seeks to achieve an enhancement in all (148). This might be achieved by restoring natural water flow
regimes, the passive regrowth of natural vegetation (which can still be used at low intensity), or actively replanting
managed land with vegetation that consists of at least some of the dominant native species (148, 149). Examples of
land rehabilitation include the establishment of perennial grasses to stabilize slopes onmined land, or gypsum appli-
cation and subsoiling to address surface crusting and compaction in cropland.Addressing land degradation requires
a combination of restoration and rehabilitation practices to deliver multiple benefits for production, environment,
and sustainable development.
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Deforestation: the
conversion of forest to
nonforest land (and
can result in land
degradation)

2.1. Forests

Drivers of forest degradation include unsustainable forest exploitation such as illegal logging; ex-
tracting high-value species and leaving behind lower-value, damaged, and diseased trees; failure
to regenerate forests after harvest; conversion of natural forests to monoculture plantations; and
other forms of degradation that in severe cases can culminate in deforestation (see the sidebar ti-
tled A Short Reflection on Terminology). Climate change contributes to forest degradation; e.g.,
drought and heat stress increase regeneration failure and tree mortality. These climate change
impacts also amplify the impacts of forest mismanagement (12) (Section 3). However, climate
change impacts (including also the effects of increasing atmospheric CO2 concentration) can, in
cases where other factors are not limiting, also increase forest productivity, resulting in, for exam-
ple, faster tree growth (13) or elevating treelines in mountain regions (14).

The rate of deforestation has long dominated the debate about the role of forests in carbon
cycling and climate regulation, although estimates of changes in global forest area vary due to dif-
ferences in concepts (e.g., baselines and definitions) and methods (e.g., sampling or mapping using
different data sources). Still, at least in many tropical forest regions, the area of degraded forests
could well equal or even exceed the area of deforestation (15, 16); associated above-ground car-
bon losses have been estimated to increase estimates of gross deforestation losses by approximately
25% up to >600% (17), with additional, unknown amounts of carbon lost from soils. Globally,
less than 30% of the world’s forests are considered to be still intact (1), and less than 40% of forest
area has been estimated to contain old-growth forest [in Reference 18, forests identified to be
older than 140 years]. Different management practices, policies, and law enforcement can have
large impacts on the long-term maintenance of forest carbon stocks (including below-ground).
For instance, soil disturbance accompanying clear-cutting reduces soil carbon on average by ap-
proximately 10% with much larger losses in forest floor and organic soil horizons (19). Likewise,
residue removal or whole-tree harvest can also cause soil disturbance, and remove root, stump, or
bark biomass that would otherwise be part of soil organic matter cycling, including the formation
of recalcitrant carbon pools (19). Although harvested above-ground biomass and litter carbon re-
covers in regrowing vegetation, the impacts of forest management on soil processes are longer
term and much more difficult to quantify. Removal of deadwood as part of forest management
has also been associated with reducing habitat diversity for numerous species (20). Deadwood is
especially important as a living environment for insects and wood-inhabiting fungi but also affects
higher trophic levels through related food webs (20). Because forest degradation involves a decline
in productivity, in many regions, there is now recognition of the need for forest conservation and
rehabilitation and a transition to more sustainable forest management in production forestry (21).

2.2. Grasslands and Savannahs

Grasslands are widespread natural vegetation in tropical, subtropical, and temperate regions.
30% of the approximately 46% (±0.8%) of the global land area defined as drylands are grassy
ecosystems (22–24). These grasslands represent the key source of livelihoods for approximately
100 million to 200 million pastoralists around the world. Grasslands also provide essential sup-
porting, regulating, and cultural ecosystem functions and services. For instance, tropical grassy
ecosystems harbor approximately half of the vascular plant richness found in tropical forests,
and species richness for mammals, birds, and amphibians is also high. Likewise, isolated trees in
tropical savannahs support biodiversity in these ecosystems, as well as providing food and shelter
to humans (25). The lack of formal protection, therefore, is of concern; tropical grassy biomes
have a substantially lower proportion of protected areas than tropical forest, often with individual
areas under protection that are far too small (26). Likewise, formerly occupying approximately
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8% of the land surface, natural temperate grasslands are now reduced to a fraction of their original
area and are considered one of the most endangered biomes in the world (27, 28). Less than
5% of global temperate grasslands are protected (27).

The causes of grassland degradation are numerous and complex, combining both natural and
anthropogenic factors. For instance, dryland areas have high climatic variability, with periods of
dry and wet climates, and corresponding cycles of greening and browning, most famously in the
Sahel region (29, 30). This natural variability makes these regions vulnerable to widespread and
longer-term degradation as a result of human use. The key human drivers of grassland and savan-
nah degradation include expansion of cropped areas or conversion to intensive pasture systems
(Section 2.3) (27), reduced livestock mobility and overgrazing, and—in savannahs—fuelwood
extraction (4, 31). Ambiguous and insecure land tenure regimes combined with widespread
poverty and frequent marginalization of pastoralist communities across many grassland areas
(32) limit investment in their sustainable use and management, including access to veterinary
and rural advisory services, financial and insurance markets, as well as input and output markets.
Many sustainable land management (SLM) (3) practices require up-front investments that take
several years to pay back (both in pasture- and cropland-related SLM; see Tables 1 and 2).
Improved access to financial markets creates more possibilities for obtaining credit to invest in
SLM measures, and insurance can reduce associated risks. Similarly, better access to input and
output markets lowers the costs of applied inputs (e.g., fertilizer) and transportation (e.g., for
sales), ultimately increasing profit margins, which provides greater capacity for reinvestment
in SLM. These drivers of grassland degradation also limit the adaptive capacities of pastoral
communities, making them severely vulnerable to climate change, degradation, and continuing
marginalization in favor of crop production (4).

2.3. Intensively Managed Grazing Land

The global extent of land used for grazing is estimated to be 28–42 Mkm², the range being mainly
determined by differences in definitions. The extent of permanent pastures and meadows, the key
category for which global statistical data are available (http://faostat.fao.org; any grazing land
used for more than five consecutive years), spans 28 (33) to 34 Mkm², including extensively used
natural grasslands (Section 2.2), intensively managed pastures and meadows established in natural
grassland areas, as well as grassland that was established after deforestation.The latter is estimated
at 11.3 Mkm2 in 2000 (9) and can be assumed to be under intensive management schemes. Con-
verted grassland holds biomass stocks that are less than 10% of the potential biomass stock (9).

Grassland degradation is a widespread phenomenon, with overgrazing being a key driver, to-
gether with frequent wheel traffic, or overfertilization, all of which result in changes in sward
composition, reduction in yields, and deterioration of soils. Intensively used grasslands are rela-
tively species-poor (34); grazing systems are also particularly threatened by invasive plant species
(35). Using biological productivity (e.g., NPP; see the sidebar titled A Short Reflection on Termi-
nology) as an indicator, degradation in numerous grasslands across Europe, North America, and
Asia was found to be primarily caused directly by human activities, although climate change is also
a strong contributing factor (36) (Section 3).

Grasslands can act as carbon sinks, transferring carbon below-ground via their expansive root
systems.However, grazing impacts are complex. A meta-analysis of studies found that heavy graz-
ing decreases soil organic carbon content in grassland dominated by vegetation of the C3 photo-
synthetic pathway and increased soil organic carbon content in mixed and C4 photosynthetic-type
grasslands (37). Others have argued that carbon sinks or sources in grasslands depend heavily on
the previous land use, climate, and/or time since conversion (38). Additionally, intensively used
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Table 1 Overview of key sustainable landmanagement practices that contribute strongly to halting and reversing degra-
dation and with notable co-benefits for climate change mitigation and/or adaptation. Sources: see References 3, 4,
62, 67, 96, 147

Practice
Defi nition/example 

activities (Co-) Benefi t
Estimate potential

BarriersMitigationa Adaptationb

Agroforestry Mixed cropping or pasture 
systems with trees

Income diversifi cation: cash 
crops (e.g., fruit trees) and 
staple crops; shade from 
heat extremes; enhance 
carbon storage; habitat for 
biodiversity

0.1–5.7 2,300 Knowledge, outreach, 
required up-front 
investment together with 
time lag before payback

Improved 
cropland, 
livestock, 
grazing 
management

For example, improved crop 
varieties, crop rotation, use 
of cover crops, perennial 
cropping systems, agricultural 
biotechnology; optimized 
fertilizer application rate, 
type, timing; reduced tillage 
intensity and residue retention; 
adjust animal stocking density, 
feeding management, manure 
management

Enhance carbon storage; 
reduce erosion, pollution; 
enhance fertility; reduce 
greenhouse gas emissions

3–6.5 1 to larger 
than 25

Knowledge, outreach, 
access to land, fi nance, 
and technology; adequate 
rural advisory services

Agricultural 
diversifi cation

Mixed crop-livestock systems, 
mixed annual and perennial 
systems, mixed cereal and 
legume rotations

Income diversifi cation; 
habitat for biodiversity

Unknown >25 Knowledge, outreach, 
access to land, fi nance, 
and technology; adequate 
rural advisory services

Increased food 
productivity, 
especially in 
areas of large 
yield gaps

Sustainably closing existing yield 
gapsc, breeding of drought or 
heat-tolerant crop varieties

Free land for restoration: 
food demand to be met 
with less land and/or 
fewer animals, reduced 
greenhouse gas emissions

>13 3,000 Access to fi nance, 
technology, and markets

Integrated 
water 
management

Increase irrigation effi ciency Reduce competition for 
drinking water; reduce 
water pollution; reduce 
pressure on freshwater 
biodiversity

0.1–0.72 250 Access to fi nance, 
technology

Reduced 
deforestation/
degradation

Stop conversion of forests and 
savannahs into agricultural 
systems

Maintain carbon stocks 
and uptake potential; 
fl ood control; habitat for 
biodiversity

0.5–5.8 1–25 Government regulation; 
land-use zoning and 
planning; alternative 
income opportunities 
to forest-dependent 
communities; weak law 
enforcement to protect 
forests and dependent 
communities

Improved 
forest 
management

For example, improved tree 
varieties, mixed forests, reduced 
disturbance when harvesting, 
selective logging

Enhance forest carbon 
content; reduced risks from 
insects/pathogens; habitat 
for biodiversity

0.4–2.1 >25 Access to knowledge, 
technology

(Continued)
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Table 1 (Continued)

Practice
Defi nition/example 

activities (Co-) Benefi t
Estimate potential

BarriersMitigationa Adaptationb

Reforestation/
restoration

Foster natural forest regrowth or 
planting of mixed-species forests 
on former cropland or pastures 
that are naturally forested

Enhance forest carbon 
content; reduced risks from 
insects/pathogens; habitat 
for biodiversity

1.5–10.1 >25 Access to knowledge, 
fi nance and technology

Restoration/
reduced 
conversion 
of inland 
wetlands and 
peatlands

Remove drainage systems in 
former peatlands; create/
maintain natural dams

Enhance net carbon content 
(balance of CO2 uptake 
and CH4 emissions); fl ood 
regulation; habitat for 
biodiversity

0.6–2 Unknown Government regulation, 
restoration requirements; 
alternative income 
opportunities to wetland-
dependent communities; 
weak law enforcement 
to protect wetland and 
dependent communities

Fire 
management

Foster controlled burning; 
minimize risks of extreme 
wildfi res 

Reduce risk of large-scale 
forest (and property) loss 
and fi re-related ecosystem 
shifts; maintain ecological 
role of fi re

0.5–8.1 >6 Government regulation, 
restoration requirements

Biodiversity 
conservation

Protected area networks, habitat 
diversifi cation

Contribute to carbon 
uptake and storage; 
provide niche for 
pollinators and predators/
natural pest control; 
contribute to fl ood control 

0.9 Unknown Government 
regulation, restoration 
requirements; 
conservation law 
enforcement is often 
weak and missing 
compensation to 
affected communities

Biochar 
addition

Add biochar to agricultural soils Enhanced soil structure, 
water- and nutrient-
holding capacity and 
enhance long-term carbon 
storage

Mitigation estimate is net 
across supply chain from 
feedstock production to 
soil application, including 
avoided emissions and 
carbon sequestered.

0.03–6.6 
(Plausible 
to technical 
potential) 

0.5–2 
(Sustainable 
potential)

Up to 3,200 
unless 
arable land 
would be 
used for 
biochar 
feedstock 
production

Access to knowledge and 
technology

Co-benefi ts for:   Mitigation  Adaptation  Food security   Biodiversity 

aEstimated mitigation potential in Gt CO2-equivalent a–1

bEstimated adaptation potential in million people affected
cThe difference between yield potential and average farmers’ yield.  Can be reduced by changes in land management (such as irrigation, fertilization, pest 
control) but care must be taken to minimize environmental or societal side effects (e.g., pollution, water availability). 

grasslands are sources of ruminant methane (CH4) emissions as well as nitrous oxide (N2O) emis-
sions from excreta or fertilized pastures. Intensively managed grazing land is thus likely to be a
net greenhouse gas source.

2.4. Croplands

It is axiomatic that modern conventional agriculture is a driver of terrestrial and marine ecosys-
tem degradation as well as emissions of greenhouse gases. Since the Neolithic Revolution some
12,000 years ago, the upper 2mof soils are estimated to have lost almost 116GtC,of which 37GtC
have been attributed to croplands and associated vegetation cover classes (39). The replacement
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Table 2 Barriers that prevent governments, farmers, or foresters from adopting restoration/sustainable land manage-
ment practices

Barriers Relates to category Agent Importance Action

Perverse subsidies Institutional Government High Redirect to act on environmental
concerns

Diverse lobby groups Institutional Government High Dialog with lobbyists transparent
to public

Reliance on imports, trade
agreements

Institutional Government High Include environmental standards
in trade agreements

Lack of political incentives Institutional Government High Targeted political measures,
redirection of subsidies

Actual or perceived effects on
performance of
restoration/sustainable land
management practices

Human/social Farmer/forester High Communication and education;
rural advisory services

Actual or perceived lack of
financial benefit

Economic Farmer/forester High Communication and education,
financial incentives

Costs of adoption/lack of access
to credit

Economic Farmer/forester Moderate Investment support

Lack of access to input and
output markets

Economic Farmer/forester;
government

Moderate Financial incentives,
transportation infrastructure,
labeling

Hidden and transaction costs Economic/institutional Farmer/forester Moderate Simplification of regulations

Lack of infrastructure Technological/economic Farmer/forester Moderate/locally
contextual

Investment support

Uncertain land tenure Institutional Government;
farmer/forester

Moderate/locally
contextual

Appropriate regulations and
engagement with stakeholders

Lack of adequate spatial planning Institutional Government;
farmer/forester

Moderate/locally
contextual

Appropriate regulations and
engagement with stakeholders

Traditions, practices Human Farmer/forester Moderate/high Communication and engagement

Table adapted from Reference 141.

of natural vegetation, dominated by deep-rooted mixed perennial plants, with shallow-rooted an-
nual crops in monocultures, in combination with frequent disturbance of the soil profile through
tillage, is responsible for this massive loss of soil carbon. The proportion of soil carbon lost from
agricultural soils varies from approximately 20% to more than 60% (3). It is not known howmuch
of this carbon has been lost to the atmosphere rather than being redistributed to other parts of
a landscape via wind and water erosion (which could lead to burial and hence long-term carbon
storage). However, the large historic loss of soil carbon implies that agricultural systems have a
significant capacity to take up CO2 from the atmosphere and to store it in the form of soil carbon
with a wide range of co-benefits in addition to climate change mitigation (40).

Agricultural soils and practices are also amajor source ofCH4 andN2O.Within the agricultural
and forestry sector, annual emissions of CH4 andN2O together are similar (in CO2-equivalents) to
emissions of CO2 from net deforestation.Whereas ruminant livestock are the main source of CH4

from the agricultural sector, rice cultivation is the most important source of CH4 from agricul-
tural soils (41). Crop management and soil moisture are also important determinants of emissions
whereby waterlogging and soil compaction generally are associated with high CH4 emissions (42).
N2O emissions are generally associated with increased use of (mostly mineral) fertilizer, which (on
an expanding area of cropland) has been estimated to have contributed>80%of theN2O emission
increase since the 1860s (43).
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2.5. Wetlands and Peatlands

Wetlands play a vital role for a range of ecosystem services, such as flood control, water purifi-
cation, groundwater replenishment, and nutrient retention, and they are often hotspots of bio-
diversity. The total amount of carbon stored in wetlands and peatlands has been estimated at
approximately 1,500 GtC, approximately 30–40% of the global terrestrial carbon stock (44, 45).
Estimates of the current and recent areal extent of wetlands vary substantially, from under 2% to
over 20% of the global land area (46). This large variation is due to the lack of an accepted defini-
tion of wetlands and difficulties in linking definitions with data sources. Despite their importance,
wetlands are under severe stress and subject to degradation. Historical data on their areal extent
are highly uncertain, but an estimated 87% of the world’s wetlands were lost in the past 300 years,
54% since 1900 (47), and 35% since 1970 (48).

The most important human drivers of wetland decline are urbanization, drainage for agri-
cultural expansion, and increasing use of irrigation in agriculture causing wetlands to dry (48).
Climate change is projected to exacerbate the degradation of wetlands due to increasing evapo-
ration and increasing demand for irrigation, as well as enhancing fire risks (49) (Section 3). The
large amount of carbon stored in wetlands makes them exceptionally important in terms of future
climate change, and so preventing further degradation is an important priority for mitigation.
Wetland degradation can result in emissions of both CO2 and CH4 (3). Global CH4 emissions
have risen rapidly since 2007, with a further acceleration after 2014 (50). Approximately half of
the rise since 2007 comes from the increasing number of ruminant livestock,whereas the other half
has uncertain origins. One cause might be the high global temperatures since 2014, which have
accelerated emissions of CH4 from low-latitude wetlands (51), whereas emissions responses from
high-latitudewetlands aremore uncertain (52).Restoring already degradedwetlands can sequester
carbon on a century scale, albeit at an often relatively slow pace and possibly at the expense of in-
creased CH4 emissions (53), but with large potential to improve conditions for biodiversity (54).

2.6. Rivers

On the basis of estimated global blue water runoff (approximately 42,000 km3 a−1), a sustainable
level of human use may be 1,200–8,300 km3 a−1 (55), depending on the chosen criteria. Given
that at present humans withdraw approximately 2,500–3,200 km3 a−1, these numbers paint at
first sight a relatively encouraging picture. However, global averages hide the very large regional
and intra-annual variation in river runoff. Freshwater extraction typically takes place in regions
where freshwater is much scarcer than the global average (56). Only 37% of rivers longer than
1,000 km remain free-flowing over their entire length, often in very remote regions (57). The
building of dams alters habitats and results in biodiversity loss putting pressure on freshwater
megafauna by blocking fish migration, range contraction, and population decline. Changes in
river flow regimes, but also pollution inflow from agricultural fields, can increase algal biomass;
reduce invertebrate richness, abundance, and density; and alter organicmatter decomposition (58).
The availability and quality of freshwater is projected to continue to decline in the future due to
extraction for irrigation, drinking water, and energy, pollution, and increased shipping, with dam
building for irrigation expected to disproportionately impact South America, south and east Asia,
and the Balkan region (59).

3. DIRECT AND INDIRECT IMPACTS OF CLIMATE CHANGE

Although climate change has until now had relatively minor impacts on degradation, it is ex-
pected to become more important for degradation in the future (3, 4), exacerbating the effects of
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land-use change. Analyses of remotely sensed vegetation greenness (and vegetation browning) as
well as model-based studies found that climate change has contributed to degradation chiefly in
regions located around 15–45oS, although studies disagree regarding the exact region of impact
(36, 60, 61). Model-based estimates of NPP indicate that climate change is an important driver
of degradation in approximately 35–45% of the world’s degraded grasslands (36, 61). Attribu-
tion of climate change as a driver of degradation is made more difficult by concurrent increases
in atmospheric CO2 and the large regional variability in observed and projected climate trends.
In many regions, for example, leaf-area index and land ecosystem carbon uptake have increased
over recent decades, partly due to the CO2 fertilization effect (60, 62). Future climate change is
expected to accelerate degradation most strongly through weather extremes (heatwaves, drought,
floods) and associated episodic events such as wildfire and insect outbreaks (12), given that these
extremes override the positive impacts that might arise from trends in temperature, precipitation,
or CO2. The impacts of climate change are expected to be most negative in regions that are al-
ready under degradation pressures (11), but a substantial change in frequency and magnitude of
extremes can also trigger processes of degradation in currently intact ecosystems (3, 4).Moreover,
indirect climate change–related drivers, such as large-scale mitigation efforts on land, have also
raised concerns with respect to increasing degradation (1, 63).

3.1. Drought

The term drought describes a broad range of climatic situations characterized by low precip-
itation, low soil moisture, low levels of water in streams and lakes, or a shortage of water for
society at large. Droughts usually evolve relatively slowly, posing difficulties in identifying their
onset and end (64), although the rapid onset of flash droughts is also possible (65). Occurrence
of droughts does not automatically lead to land degradation, as the land productivity may recover
completely after the end of a drought event (4). Furthermore, drought impacts can be alleviated
by SLM practices, such as use of cover crops and mulching, supplementary irrigation if surface
or groundwater sources are available, or the selection of drought-tolerant crop and forest species
(66). However, if droughts increase in numbers and intensity, this can disrupt the ability of vege-
tation to recover (47), leading to degradation, particularly when coupled with unsustainable land
management. Climate change is projected to increase the frequency and severity of droughts in
many areas of the world (67, 68). In drylands, the land area annually experiencing droughts has al-
ready increased by approximately 50% since 1961 (69).Moreover, in many dryland areas, droughts
together with unsustainable landmanagement can amplify degradation, including increasing dust-
storm activity. Projections show that under the Shared Socioeconomic Pathway (SSP) SSP2 (a
“middle of the road” scenario), by 2050 approximately 1,152 million people in dryland areas alone
will be exposed to higher drought intensity and water stress at 2°C warming, whereas this num-
ber would be reduced to 974 million people under SSP1 (“sustainable” scenario) and increased to
1,267 million people in an SSP3 (“fragmented world”) projection by 2050 (70, 71). Increasing
droughts will cause stress to coastal and inland wetlands. Groundwater recharge is expected to re-
spond to climate changewith increases duringwet,winter periods and declines during dry, summer
periods; overall declines are expected in more arid locations (72). Higher temperature increases
result in higher projected numbers of people exposed to, and vulnerable to, water scarcity and
droughts (70, 71). The projected increases in drought severity can also increase the incidence and
extent of wildfires (73, 74). Responding to droughts proactively by increasing the resilience of
societies and ecosystems was found to be more efficient in limiting drought impacts than reactive
drought relief efforts, which are still widely practiced across the world (4).
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3.2. Wildfire

Vegetation fires are an important ecological feature of most land ecosystems and are used as a
management tool but also often negatively affect human societies through, e.g., losses of properties
and lives and local and long-range air pollution (75). Ignition sources, vegetation characteristics,
land use, fire management, and climate all play a role in determining the frequency, severity, and
spread of wildfires. Although wildfires that have coevolved with an ecosystem are not a degrading
feature, there is concern that a change in fire regimes caused by climate change could negatively
interfere with the integrity of an ecosystem, lead to changes in biome type, and cause increased risk
to the human populations living in fire-prone environments.The extreme fires in parts of Australia
during 2019–2020, which were associated with unprecedented drought and heat, were estimated
to impact >30% of the habitat area of 21 animal species threatened with extinction (76).Wildfires
in boreal regions, which have experienced overproportional warming, can accelerate permafrost
thaw and cause large carbon losses from vegetation and organic soils. Changes in fire regimes
can also contribute to a shift in vegetation composition, as more frequent fires, especially those
coinciding with drought or insect outbreaks, suppress seedling regeneration and push, for example,
closed forests toward more open forest-steppe systems (77, 78). Climate change–related forest
decline is observed in many regions, e.g., in the US Northwest and British Columbia, in which
drought and increasing fire frequency interact with additional stressors such as insect infestation
(79). Frequently burned sites across continents were found to have up to tenfold less soil organic
matter decomposing extracellular enzyme activity and up to 185% lower soil carbon and nitrogen
concentrations due to reduced biomass inputs and reduced tree abundance (80).

In a warmer, drier climate, fire risk will increase. Whether this will translate into larger areas
burnt or more intense fires depends greatly on location and on active (suppression, extinction)
and passive (landscape fragmentation, fuel reduction) management (81). Although investment in
adopting fire management practices under climate change can reduce wildfire impacts in popu-
lated regions, it seems unlikely that impacts from changes in fires on remote ecosystems can be
prevented.

3.3. Rainfall Extremes and Flood

Future changes in precipitation are generally more challenging to project than temperature in-
crease. But the intensification of the hydrological cycle as a result of warming of the atmosphere
is well understood, and the effect has been detected in climatic time series for several decades.
Theoretically, the intensification is assumed to be at least linearly linked to warming at a rate of
6–7% per degree K (the Clausius-Clapeyron response), but empirical evidence and model studies
indicate a steeper increase in precipitation intensity, particularly in dry regions (82, 83).

Rainfall-induced impacts operate at many spatial scales, from a single furrow in a field to an
entire region, and temporal scales, from a few minutes to multiple years. The impacts are also
seen both on-site, i.e., the rainfall and its impacts are at the same location, and off-site, where the
impacts happen downstream (3). Under current climatic conditions, erosion and nutrient leak-
age from agricultural land is substantial and an important cause of deterioration of marine and
terrestrial aquatic ecosystems (84, 85). Erosion from agricultural fields under conventional tillage
is often 2–3 orders of magnitude larger than the rate of soil formation. The increasing intensity
of rainfall expected from climate change will lead to increased erosion and nutrient loss from
croplands unless SLM practices are widely implemented (86).

The overall frequency of tropical cyclones may not change, or may even decrease with
continued climate change, but high intensity cyclones are expected to increase in number and
intensity as well as the amount and intensity of rainfall (87, 88). The combined effect of sea-level
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rise and more intensive hurricane activity is projected to increase flood damage dramatically (89).
In mountainous regions, landslides and other impacts of intensive rainfall are often the major
cause of climate-related loss of life and damage to property (90).

3.4. Bioenergy

Bioenergy refers to a range of energy products (electricity, liquid fuels, gas) derived from a diverse
range of biomass sources, such as crop and forest residues, dedicated energy crops, wood fuel,
greenwaste, and biosolids. Unsustainable harvesting of fuelwood for domestic use is a major cause
of land degradation, especially in tropical and dryland regions. Demand for bioenergy is antici-
pated to grow along with demand for other renewables, especially bioenergy linked with carbon
capture and storage (BECCS), which emerges in future scenarios as one of the few technologies
that can deliver carbon dioxide removal at required scales. Because most scenarios illustrating
pathways to meet a 1.5 or 2° temperature goal show heavy reliance on BECCS (91), bioenergy
could become an indirect climate change–related cause of degradation. Expansion of purpose-
grown energy crops such as canola, soy, miscanthus, or oil palm causes loss of carbon stocks in
biomass and soil, loss of soil fertility, and loss of biodiversity if it leads, directly or indirectly, to the
conversion of grassland or natural forest to cropland or plantations and/or to further environmen-
tally detrimental intensification of cropland management. Over an 80-year perspective, a recent
study (92) estimated for different forms of BECCS and a range of annual bioenergy production
potentials a land area requirement between 22 and 46Mkm2, with the upper end similar in magni-
tude to the entire remaining global forest area. Likewise, removal of residues that would otherwise
be retained on the soil surface increases the risk of soil erosion and depletes soil organic matter (93,
94). For strong climate change mitigation scenarios, the required expansion of land area for bioen-
ergy crops was found to have similarly negative impacts on terrestrial biodiversity as had unmiti-
gated climate change (95) due to the reduction in species’ ranges and pressure on protected areas.

4. CLIMATE CHANGE MITIGATION AND ADAPTATION CO-BENEFITS
ARISING FROM AVOIDING FURTHER DEGRADATION
AND INCREASING RESTORATION

Socioeconomic drivers of degradation such as population growth and increasing per capita de-
mand for ecosystem services are projected to continue into the future. Acting immediately and
simultaneously with regionally adjusted measures would enhance food, fiber, and water secu-
rity, help to curb loss of biodiversity, as well as alleviate and reverse land degradation, without
compromising the nonmaterial or regulating benefits from land ecosystems. Given the rapidly
increasing rate of climate change, drastically reducing net emissions of greenhouse gases and
other climate forcers is urgently required, while also adapting to unavoidable climate change.
Measures to achieve mitigation in land ecosystems with immediate positive synergies with con-
servation and adaptation are foremost a reduction in the conversion of forest and nonforest
(semi)natural ecosystems into intensively managed ecosystems, together with the restoration of
ecosystems with large carbon sequestration potential. Mitigating climate change by utilizing vast
land areas globally for the production of bioenergy (Section 3.3) or reforestation and afforestation
(Section 4.2), which is at present still integral to many climate change scenarios, is unsustain-
able (1, 63, 96; also see the IPCC Annex-I Glossary’s definition of reforestation and afforestation:
https://www.ipcc.ch/srccl/chapter/glossary/). However, numerous different analyses have be-
gun to highlight the large co-benefits that emerge when multiple societal and environmental tar-
gets are considered simultaneously (97–99), as discussed below.
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These analyses demonstrate that regionally adapted restoration activities have large potential
to support climate change mitigation while simultaneously reducing climate change impacts on
ecosystems and people, with added benefits for multiple ecosystem services. Suitable actions in-
clude, for example, a global reduction in the consumption of animal protein, with a more equitable
share between rich and poor countries; a reduction in the approximately 30% of food that is an-
nually lost and wasted; and lake and wetland restoration to assist with flood control and provide
water for supply, irrigation, fisheries, and tourism (100).Measuring and monitoring the success of
combined mitigation-adaptation approaches is nontrivial; multiple and very different indicators
need to be used that are cognizant of the agreements made in international conventions as well
as capturing local consequences (101). For instance, reductions in net greenhouse gas emissions
or atmospherically reactive precursors of climate forcers are in principle measurable, but these
measurements are often technically complex and expensive and require large investment in hu-
man power and instrumental infrastructure. Likewise, the reduction of negative impacts, which
reflects successful adaptation, could be quantified, e.g., in terms of enhanced assets and livelihoods;
in resources (food, water) security, health, cultural, or spiritual well-being; or in conservation and
biodiversity (101, 102). These categories span wide-ranging values, frommonetary profits to non-
tangible benefits. These are difficult to gauge and difficult to compare, which often prevents the
assessment of co-benefits or trade-offs (101, 103).

In both cases, the effectiveness of measures may only become evident years or even decades
after implementation, such as the carbon uptake of a restored forest (including the fate of wood
products or carbon losses through fire or insects) or the net carbon budget (CO2 versus CH4)
and catchment water balance in restored wetlands, which may take decades to centuries to semi-
equilibrate. Likewise, the benefits to biodiversity or the avoided damage to human societies, espe-
cially from extreme weather events (101), will accrue only over a long-term time period. There is
also increasing recognition that restoration and management of restored ecosystems will need to
be dynamically adopted in response to ongoing and unavoidable changes (101–103). When faced
with climate change, restoration will be about managing change, with a return to historical states
hard or impossible to achieve.

4.1. Principles of Sustainable Land Management and Contribution
to Restoration/Rehabilitation

Numerous options exist to create synergies between the management of agriculture and forest
vegetation and soils with the objective to reverse degradation (Table 1). SLM practices include
reduced tillage, residue retention, use of nitrogen-fixing cover crops or intercropping (e.g., alter-
nating rows of cereals and legumes in the same field), managing mixed-species and uneven-aged
forests, practices that aim to halt erosion, such as avoiding clear-cutting of forests, or the use of
organic amendments in agriculture such as mulches, compost, and biochar to increase soil car-
bon and nutrient content (3). As a co-benefit, these practices also enhance ecosystem carbon sinks
and food security as well as deliver multiple other co-benefits (63), with positive changes in areas
totaling globally greater than 10 Mkm2 (63).

In managed ecosystems, soils have received particular attention because of their crucial role
in regulating nutrient and water flows and fertility and because soil carbon can, in principle,
have long residence times. Proven and cost-effective methods exist that can be implemented
now to increase the soil carbon content of agricultural soils without compromising productivity
and food security (40). The shift from conventional agriculture, characterized by frequent tillage
and complete removal of vegetation for parts of the season, to regenerative (or conservation)
agriculture is particularly promising and universally applicable (104). Regenerative agriculture
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applies three principles: avoidance of soil disturbance, the use of cover crops or mulch to avoid
leaving the soil exposed, and diversification through complex/long crop rotations or inter-
cropping. Regenerative agriculture increased from 7.5% to 15% of global croplands between
2008/2009 and 2015/2016 (105). It now covers more than 70% of the cropland in the Southern
Common Market (MERCOSUR) region and 34% in North America, but only approximately
5% in Europe (106). In addition, on heavily contaminated or saline soils, energy crops such as
perennial grasses and short-rotation woody species including poplar and mallee can be strategi-
cally planted to improve soil conditions and contribute to phytoremediation (107, 108). Likewise,
perennial woody or herbaceous energy crops (e.g., grasses such as switchgrass or Miscanthus
species) can be grown where topsoil has been lost, as they are able to grow, albeit slowly, on low
fertility soils. Energy crops can enhance the biodiversity of degraded lands, especially if native
species are included and/or if perennial grasses and woody crops enhance habitat diversity in
what are otherwise large cropland monocultures (109).

Agroforestry, characterized by growing woody perennials with agricultural crops, animal graz-
ing, or a combination of both, has also been shown to enhance soil carbon content signifi-
cantly compared with more conventional agricultural systems, especially in the upper soil layers
(>30 cm), in which an overall increase of approximately 25% was detected in a meta-analysis of
field studies (110). This effect may be caused by changes in the quality and amount of litter in-
puts, root litter input into deeper soil layers, or changed microclimate (shade, windbreak). Yields
in agroforestry areas also tend to be higher when compared to the yields obtained if crops and
woody perennials were grown separately (111). This may arise from the reduced risks of complete
failure, complementary strategies in which growth periods of woody versus annual crops overlap
only a little, or from the shelter to crops provided by trees (111).Given that trees, shrubs, or hedges
provide very different habitat to agricultural crops or pure pasture, agroforestry is also beneficial
to conservation and enhancement of biodiversity—which in turn can be beneficial to production
by enhancing pollinator presence or biological pest control (111).

4.2. Reforestation/Afforestation Are Not Necessarily the Same as Restoration

Recent decades have seen reforestation in temperate regions while tropical deforestation contin-
ues unbated. Globally, the estimated forest carbon sink for 2001–2010 was approximately 40% in
intact old-growth forests and 60% in regrowing forests (18). Afforestation and reforestation are
considered relatively cost-effective climate change mitigation options (96). In addition to the car-
bon removal during tree growth,Churkina et al. (112) recently estimated a large potential for using
timber in construction, which decreases carbon emissions from concrete and steel production and
provides long-term carbon storage in wood. Yet international activities such as the Bonn Chal-
lenge (http://www.bonnchallenge.org), which aims to restore 3.5 Mkm2 of forested landscapes
by 2030, have also been criticized for potentially leading to wasteful usage of planted forests as
sources of bioenergy, further biodiversity loss, being detrimental to existing systems’ carbon stor-
age, and challenging food production if local environmental constraints or societal concerns are
not considered (96, 113). Forests planted in savannahs or other ecosystems with low tree cover will
critically damage these often highly species-diverse and carbon-rich ecosystems (113, 114).Hence,
replacing these ecosystems with forest will severely limit the intended climate change mitigation
benefits. Exotic monoculture plantations have little or no benefit for biodiversity, or they can
even be detrimental if the planted species becomes invasive (115). Furthermore, relying on forests
for long-term carbon sequestration is a risk, particularly for monocultures with high vulnerability
to storms, fire, or pest outbreaks (12, 116). Carbon sinks decline in all forests as they mature.
Biophysical surface exchange processes in tropical forests, with often large evapotranspiration
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rates, cause local cooling as a climate co-benefit. Reforestation in the boreal region must consider
the net climate effects of increased carbon storage, increased surface warming where evergreen
conifer foliage absorbs solar radiation (116), and cooling due to the formation of secondary
organic aerosols.

As with agricultural ecosystems, restoring forests from a multiple ecosystem service per-
spective rather than climate change mitigation alone is a more promising approach, which
requires consideration of multiple species and above- and below-ground functional diversity
(117). Successful examples of reversing forest degradation exist. In South Korea, for instance, as a
consequence of reforestation, total forest volume increased more than tenfold between 1973 and
2016, with significant co-benefits such as a 43% simulated increase in downstream water yields
across catchments and an 87% reduction in soil losses (3). Biodiversity and productivity in forests
are positively correlated globally (118). A global meta-analysis found that forest restoration can
increase biodiversity (mammals, birds, herpetofauna, invertebrates, and plants) by 15–84% and
vegetation structure (biomass, cover, stem density, and height or amount of leaf litter) by 36–77%
above degraded ecosystems—although values remained below those found in old-growth forests
(119). As with the beneficial aspect of different crop production systems, when combined with
a strong restoration focus (i.e., regrowth of natural vegetation and limited management), large
co-benefits exist from both an economic and nature conservation perspective (98, 116).

4.3. Role of Wild Animals

Discussions about restoration or renovation of ecosystems focus on vegetation type and habitat
structure, assuming that whole species assemblages would follow and with it a return to healthy
ecosystem functioning, especially where dominant natural species are replanted or natural re-
growth takes place (120, 121). These discussions mostly neglect the role of animals, despite their
essential role in shaping habitat structure, ecosystem productivity, and nutrient cycling (122). “Soil
engineers” such as earthworms and termites are well known for their role in decomposition of
litter and soil organic matter and nutrient turnover. Inoculating such types of soil animals into
degraded soils, or stimulating them through indirect measures (such as compost), has been found
to enhance important soil physical and chemical properties, especially related to restoring land
for crop production (121).

Furthermore, the presence or absence of large carnivores impacts type and density of prey
animals, including the abundance of herbivores and the type and amount of consumed green leaf
area. Large herbivores also influence ecosystem structure and function through physical impacts
such as trampling or pushing over trees (122). And animals have carbon to nitrogen ratios that
are lower than plant material; hence, the return of nutrients to soil in the form of animal feces
has quite different decomposition rates than plant litter. The overall impact on productivity (as an
important degradation measure) will likely differ between regions and ecosystem types.

Reintroducing large carnivores has so far mostly been viewed in terms of restoring natural food
webs and biodiversity. Wolves preying on moose in Northern American boreal forests were also
estimated to enhance NPP and net ecosystem carbon uptake by up to 30% via increased growth
of deciduous trees (which, as the preferred fodder of moose, are suppressed in their presence)
and enhanced tree leaf area index. Tree cover was observed to increase in the Serengeti National
Park following the recovery of the wildebeest population after the eradication of rinderpest (122).
However, predicting the trophic response (and hence its interaction with functioning) of restoring
carnivores (or large mammals) to ecosystems has been shown to be challenging (123), and assump-
tions about ecosystems simply returning to a historical state seem too simplistic given interactions
with climate change and episodic events such as fire.
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Land rehabilitation:
direct or indirect
actions undertaken
with the aim of
reinstating a level of
ecosystem
functionality

4.4. Economic Aspects

SLM and restoring and rehabilitating degraded lands are high-return actions from not only an
environmental but also an economic and social perspective. Practices that enhance soil carbon
and nutrients in principle should deliver the same yields with less input and hence be more
economically viable. A suite of case studies conducted in various settings across the world (124)
showed that each dollar invested into land restoration activities could yield between US$3 and $6
of societal economic returns, through both provisioning and nonprovisioning ecosystem services,
over a 30-year period (124). Sustainable cultivation of lignocellulosic energy crops provides a
financial return, while at the same time supporting the rehabilitation of degraded lands and
restoring productivity (125). Agroforestry not only reduces risks (having at least partial produc-
tion if one crop fails) but also delivers cash crops such as fruits and nuts; however, potentially
higher costs of harvest, storage, and transport need to be considered (111). Giger et al.’s (126)
analysis of the costs and benefits of individual SLM technologies showed that most of the SLM
technologies analyzed became profitable within three to ten years after continued application.
Overall, an increasing set of studies indicate that farming practices exist that reverse degradation
while still producing sufficient food for a growing human population.

Despite this strong economic justification, the adoption of SLM technologies and the initia-
tion of land restoration and rehabilitation activities remains insufficient to address the ongoing
land degradation around the world (4). There are numerous reasons for this. Firstly, an impor-
tant share of the economic benefits of restoration is in the form of nonprovisioning ecosystem
services, which benefit society as a whole, but individual land users cannot fully monetize these
benefits. This reduces the incentive to invest in land restoration. Secondly, even when the value
of private goods can be realized by land users, the benefits may accrue only after a long period
of time, while up-front costs may be prohibitively high, especially for the poor without access
to credit. Furthermore, continuing institutional barriers such as land tenure insecurity and lack
of access to rural advisory services, i.e., to the information and know-how about SLM and land
restoration technologies, pose formidable barriers to the wider adoption of SLM practices and
technologies. Establishing financial mechanisms for compensating land users for SLM and im-
proved delivery of ecosystem services, e.g., through payments for ecosystem services, could provide
a much-needed incentive for increased investment into land restoration and rehabilitation (111,
127, 128). In this context, redirection of misdirected subsidies is a crucial approach. For instance,
the European Court of Auditors highlighted that €66 billion spent within the common agricul-
tural policy between 2014 and 2020 did not achieve its goal of stopping agricultural biodiversity
loss (https://www.eca.europa.eu/en/Pages/DocItem.aspx?did=53892), a result supported by
Scown et al. (129), who estimated that subsidies in the CAP (common agricultural policy) sup-
ported high-pollution practices in agriculture and low nature-value farmland, as well as increasing
income inequality.

4.5. Lack of Restoration Scenarios for Climate Change/Biodiversity Projections

Scenario analysis is used to explore the future potential directions of uncertain drivers by combin-
ing qualitative storylines of alternative, socioeconomic development trajectories with models to
quantify projections of individual environmental indicators (1). Although scenario analysis is used
widely across the environmental sciences, there are very few examples of large-scale scenarios of
restoring degraded land. Wolff et al. (130) explored the consequences of achieving global land
restoration targets outlined in the United Nations Sustainable Development Goals (SDGs) and
by several multinational environmental agreements [the United Nations Framework Convention
on Climate Change (UNFCCC), the Convention on Biological Diversity (CBD), and the
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United Nations Convention to Combat Desertification (UNCCD)]. They found that meeting
these targets would require an increase in global tree cover of 4 million km² that would increase
forest carbon stocks by 50 Gt and protect 28% of the terrestrial surface with high biodiversity and
carbon values. However, increasing forest areas also led to the contraction and further intensifi-
cation of cropland and pastureland, in some scenarios causing negative impacts on many carbon
and biodiversity hotspots in the Americas, India, and Indonesia due to land-use displacement
(Section 4.2). This highlighted the importance of targeted land-management measures that are
consistent with policy targets of global restoration. Metzger et al. (131) provided guidelines on
how best to use the scenario method in support of restoration planning. They highlight (a) the
need for participatory approaches in defining targeted restoration outcomes with key actors
and promoting capacity building, (b) defining scenario methods according to multiple desired
outcomes and iteratively improving restoration interventions, (c) considering interactions among
variables using dynamic, and spatially explicit, multicriteria approaches, and (d) highlighting the
trade-offs and synergies between different restoration outcomes by identifying scenarios that
maximize benefits and minimize costs.

5. GOVERNANCE, POLICY, AND THE LIMITS TO RESTORATION

Governance is key in fostering restoration because of its social function in steering collective
behavior toward desired outcomes and decision-making by individuals, households, markets, or-
ganizations, and government (132). Effective main-streaming of mitigation and adaptation in sus-
tainable land and forest management needs to combine the advantages of centralized governance
(notably coordination, stability, compliance) with those of more horizontal structures (that allow
flexibility, autonomy for local decision-making, multistakeholder engagement, co-management)
(133). At the local level, integrated landscape planning aims to take a balanced approach to
property rights, wildlife and forest conservation, encroachment of settlements, and agricultural
production. Sustainable, bottom-up and place-based solutions build on existing governance
arrangements (134). Continuous, collaborative problem solving of multiscale decision-making
that employs experimentation and conflict resolution has been shown to build capacity for
resource self-management (135). Global leadership could advance such local initiatives.

5.1. Restoration and International Policy Targets and Objectives

Many synergies exist between restoration and key international policy areas that relate to
nature-based solutions for climate change mitigation and adaptation (UNFCCC), avoiding and
reducing degradation and restoring degraded land (UNCCD), and the CBD and its Aichi Biodi-
versity Targets. These measures also contribute to many SDGs, including 15 (through restored
landscapes and protected forests and biodiversity), 13 (through carbon capture and storage and
enhanced ecosystem resilience), and 1 (by increasing income from forest and agriculture sector).
Land degradation neutrality,1 target 15.3 of the SDGs, provides an incentive and framework
that encourages strategic actions to restore and rehabilitate degraded land, within the context
of integrated landscape planning and management, aimed at delivering multiple environmental
and development objectives (136). More than 120 countries have already committed to set

1The Parties to the UNConvention to Combat Desertification provide the following definition of land degra-
dation neutrality: “a state whereby the amount and quality of land resources, necessary to support ecosystem
functions and services and enhance food security, remains stable or increases within specified temporal and
spatial scales and ecosystems” (https://www.unccd.int/actions/achieving-land-degradation-neutrality).
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land degradation neutrality targets (https://www.unccd.int/actions/ldn-target-setting-
programme). Commitments under the Bonn Challenge and other voluntary restoration targets
in 2019 resulted in the aim of restoring a total of 230 million hectares of forest (137). However,
the commitments of approximately a quarter of countries are larger than the existing forest or
agricultural areas in those countries, which implies the need for enormous transformation in
current land-use practices and agricultural and forest economies (137; see also Section 4.2).

Restoration is also part of the CBD’s post-2020 biodiversity targets that are expected to be
agreed upon at the next UN CBD Conference of the Parties (COP) in China (which will take
place in 2021), and restoration measures could also be aligned with the goals of the Paris Agree-
ment. At least 66% of Paris Agreement signatories were found to include nature-based solu-
tions in some form in their Nationally Determined Contributions (NDCs). Approximately 30%
of government pledges in the NDCs are predicated on land-based measures to help achieve
their climate change mitigation and/or adaptation goals, but many of the measures are not yet
clearly defined (138). Although there is climate change mitigation potential in restoring forests
(and avoiding further deforestation), if done poorly, both land-based climate change mitigation
measures and restoration measures could backfire. As indicated in Sections 3.3 and 4.2, large-
scale deployment of bioenergy and afforestation/reforestation would have major negative im-
pacts on biodiversity and land degradation, if they were to lead to the conversion of natural
vegetation. Impacts could cascade through SDGs due to trade-offs between land for climate
mitigation versus food production, or between forest biomass-based livelihoods versus global
carbon storage with impacts on poverty alleviation. There is also, however, large scope for the
restoration of grasslands, drylands, coastal ecosystems (e.g., mangroves), and wetlands to con-
tribute to climate change mitigation and biodiversity, if the climate change risks to carbon uptake
(Section 3) are minimized (63). Enhancing synergies and reducing trade-offs can be achieved by
(a) policy decisions and implementation that consider cross-disciplinary scientific knowledge on
natural, economic, and societal aspects and (b) mapping and quantification of stakeholder choices
in relation to various ecosystem service choices (139).

5.2. Limits to Restoration

Soft barriers to restoration include human (cognitive and behavioral obstacles), social (under-
mined participation in decision-making and inequity), economic (market failures, perverse in-
centives, lack of domestic funds), institutional (mal-coordination of policies, government failures,
path-dependent institutions and a lack of cross-sectoral policy making), and technological (140).
Barriers specific to restoration may include a perceived lack of financial benefit, insufficient infor-
mation or education, prohibitive costs of adoption, lack of access to credit, systems of uncertain
land tenure, and lack of infrastructure or appropriate spatial planning (141) (Table 2). Many of
these barriers can be addressed. In principle, two strategies apply (141): the revision of policies
that impede restoration objectives and the introduction of targeted initiatives that could directly
help remove the key barriers. As one example, for the Brazilian Atlantic Forest, Strassburg et al.
(98) showed that a spatial prioritization of restoration efforts could deliver large co-benefits for
biodiversity conservation and carbon storage, at drastically lower costs compared to a nonsystem-
atic baseline approach. Nevertheless, the required efforts of coordination and societal and policy
coherence are massive.

However, even though nature and society have significant capacities, given the degree and rate
of environmental change some hard limits to restoration have been clearly identified in ecosys-
tems, such as species already committed to extinction, habitat loss due to sea-level rise even under
low levels of climate warming, or where tipping points may be unavoidable (e.g., climate-driven
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desertification or permafrost collapse). Successful restoration will, therefore, be much more about
managing change, with a return to a pristine historical ecosystem state in some places difficult or
impossible to achieve. In these cases, societal or institutional resistance to change has been too
large to enact necessary and forward-looking responses to a rapid environmental change (such as
climate change).Governance of ecosystems can be a hard limit to adaptation or restoration, unless
radical changes can be achieved (142, 143).

5.3. Dealing With Uncertain Futures

Given large uncertainties about the future (and a general lack of restoration scenarios) static goals
and policies that aim to achieve restoration (and sustainable development more generally) are
likely to fail. An example of this are the nature conservation measures that rely on the implemen-
tation of a fixed percentage and placement of protected areas. Future climate change will cause
shifts in species distributions and ranges that may go beyond the boundaries of static protected
areas and/or increase the number and frequency of episodic, forest stand-destroying events such
as wildfire or insect and pest outbreaks (12). However, the need for dynamic conservation strate-
gies was not considered in the Aichi Biodiversity Targets, nor is it being considered in the current
draft of the post-Aichi objectives (144). Rather than making fixed and irreversible decisions now,
alternative climate change mitigation and restoration pathways could explore the future outcomes
of decision-making when accounting for climate or socioeconomic developments, new knowledge
or technologies, and changing societal values (145). Coupled global-scale, socio-ecological mod-
els are emerging as tools to account for a full range of human decision-making processes, beyond
economic factors alone (146). These new models could be used to identify the environmental
and societal co-benefits of considering multiple ecosystem services as part of human agency. Such
models could also be linked to novel scenarios to illustrate alternative futures (Section 4.5). The
SSPs currently widely used in the global environmental change research community vary in their
challenges to climate change adaptation and mitigation, but do not specify challenges to nature
conservation, nor many of the critical drivers of ecosystem change. Projected outcomes of agri-
cultural or forest land-use change do not, therefore, capture whether crops, pastures, or forests
are managed sustainably. Given the challenges at hand, but also the multiple co-benefits from
restoration, applying new modeling methods to novel scenario frameworks would help to identify
plausible pathways that achieve multiple societal and political visions, while concurrently avoiding
further degradation.

6. CONCLUSION

Land degradation is a ubiquitous challenge to human societies, driven mostly by socioeconomic
factors. Climate change is expected to exacerbate degradation processes in many regions, while
degradation-related greenhouse gas emissions and the loss of carbon sink capacity in turn con-
tribute to climate change. Land-based solutions aimed only at greenhouse gas mitigation, such as
large-scale afforestation or bioenergy plantations, are at risk of contributing to land degradation
and can have other negative, unintended societal and environmental consequences.However,mul-
tiple strands of evidence show that degradation can be halted and reversed with appropriate land
management practices, which would deliver co-benefits for a range of sustainable development
objectives. Removing the existing barriers to their adaptation (such as financial incentives and the
redirection of perverse subsidies, access to knowledge and technology, enforcement of environ-
mental policies, appropriate spatial planning) requires multilevel governance supported by cross-
disciplinary scientific knowledge of natural, economic, and societal drivers and impacts. Carefully
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implemented and monitored over sufficient areas and in collaboration with local stakeholders,
land restoration measures should form the backbone of any global climate change mitigation and
sustainable development strategy.

SUMMARY POINTS

1. Land degradation exacerbates food insecurity; emits greenhouse gases and aerosols;
drives the loss of biodiversity; and undermines wide-ranging ecosystem services, includ-
ing access to clean drinking water and the regulation of air quality.

2. Climate change is expected to increase in importance as a driver of degradation in the
future, exacerbating the effects of land use and management.

3. Investment in diverse restoration efforts, and land set aside for conservation, can gen-
erate co-benefits for climate change mitigation and adaptation, economically and more
broadly for human and societal well-being.

4. Acting immediately and simultaneously with regionally adjusted measures to alleviate
and reverse land degradation would enhance food, fiber, and water security and help to
curb loss of biodiversity, without compromising the nonmaterial or regulating benefits
from land.

5. The highest priority is the reduction of deforestation and prevention of the loss of non-
forest (semi)natural ecosystems.

6. If done poorly, both land-based climate change mitigation measures and restoration
measures could backfire as a result of trade-offs between land for climate mitigation
versus food or conservation, or between forest biomass-based livelihoods versus global
carbon storage.

7. Restoration efforts can be strengthened by (a) enhancing policy decisions and imple-
mentation with cross-disciplinary scientific knowledge of natural, economic, and soci-
etal drivers and impacts and (b) acknowledging stakeholder perspectives in relation to
various ecosystem service choices.

8. Governance is key to fostering successful restoration if it supports the identification and
integration of the interests of all actors, but the degree of extant environmental change
commitments and the rate of change can pose hard environmental and social limits.

FUTURE ISSUES

1. Enhanced adoption of SLM technologies and the initiation of land restoration and re-
habilitation activities will require overcoming numerous societal and economic barriers
to provide the necessary incentive for increased investments in land restoration.

2. Given uncertain futures, and the often long time periods until fruition of restoration
measures, more targeted restoration scenarios are required that can be used jointly with
improved global-scale socio-ecological models to explore the co-benefits and negative
side effects of different options for restoration.
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3. Successful restoration activities will need to target both land management aspects, such
as more sustainable food and timber production, as well as demand aspects, such as re-
duced waste and loss and shifts in consumer choices.

4. Synergies exist between fostering restoration in international policies and goals related
to, for example, the Paris Agreement, land degradation neutrality targets, and the post-
2020 biodiversity targets.

5. The success of land restoration activities can be promoted by the provision of incentive
schemes such as payments for ecosystem services, although more research and experi-
mentation is needed to test other options, especially in nonforest ecosystems.

6. However, given the degree and rate of environmental change, hard limits to restoration
persist and successful restoration will be much more about managing change, because a
return to pristine historical ecosystem states will in some places be hard or impossible
to achieve.
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