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Forest restoration for climate change 

mitigation and adaptation
Daniel Kübler and Sven Günter

6.1  Introduction

Climate change mitigation is urgently required to meet the Paris Agreement goal 
to limit global warming to well below 2°C above preindustrial levels and to pursue 
efforts to limit the increase to 1.5°C (UNFCCC 2016). Land-​based options are key 
components of mitigation strategies. Griscom et al. (2017) identify 20 natural cli-
mate solutions (NCS) and estimate that this ensemble of conservation, restoration, 
and improved land management actions can contribute 37% of the cost-​effective CO2 
mitigation needed through 2030 to keep global warming under 2°C. Two-​thirds of 
this mitigation are offered by forest-​based NCS, and an important strategy within 
forest-​based NCS is forest restoration.

Reaching the Paris goal would significantly reduce climate risks globally, yet many 
regions would remain vulnerable. Moreover, the goal will not be reached under cur-
rent national mitigation ambitions as submitted under the Paris Agreement (IPCC 
2018). Hence the need for climate change adaptation.

There is increasing awareness in science, policy, and public opinion that forest 
restoration has the potential to contribute to climate change mitigation and adapta-
tion, that it can have co-​benefits for conservation, reversal of land degradation, and 
sustainable development (Anderegg et al. 2020; Arneth et al. 2019). Forest restora-
tion is now part of the global agenda. The Bonn Challenge and the UN Decade on 
Ecosystem Restoration, along with regional initiatives worldwide, aim to restore mil-
lions of hectares of degraded ecosystems and deforested landscapes.

Land-​based options face various implementation challenges. Alongside poten-
tial synergies with other approaches, forest restoration has potential trade-​offs. 
Depending on the scale of deployment, there are risks of adverse side effects, espe-
cially if there is competition for available land (IPCC 2019b). While there is broad rec-
ognition that forest restoration can contribute to both limiting and adapting to global 
warming, there is ongoing debate about the potential magnitude of this contribution, 
what trade-​offs are involved, and which specific measures should be prioritized.

This chapter assesses the relevance of forest restoration for climate change mitiga-
tion and adaptation. The various understandings of forest restoration (see Chapter 1) 
can be a challenge for evaluating its potential. This chapter applies the widely used 
framework of forest landscape restoration (FLR; Besseau et al. 2018). This includes 
reforestation and afforestation1 through active or passive approaches, agroforestry 
practices, silvopastoral systems, plantation establishment, and the restoration of de-
graded forests (Sabogal et al. 2015). It explicitly does not include afforestation on 
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136  Restoring Forests and Trees for Sustainable Development

areas that have been occupied historically by a non-​forested biome, such as grassland, 
savanna, non-​forested wetland, or peatland (Di Sacco et al. 2021).

Section 6.2 discusses the mitigation potential of forest restoration. It presents a se-
lection of current global estimates, focusing on four in particular to highlight varia-
tions; it then discusses how geographical differences and different forest restoration 
options lead to variations in estimates; and it looks at the role wood use plays in forest 
restoration for climate change mitigation. Section 6.3 presents an overview of risks 
that may limit the success of forest restoration mitigation, looking at natural, socioec-
onomic, and management-​related factors. Section 6.4 explores the potential of forest 
restoration for climate change adaptation, looking at how this can improve the adap-
tive capacity of people and of forests. Section 6.5 links adaptation and mitigation and 
looks at the synergies and trade-​offs this entails for people and for forests. Section 6.6 
sums up our findings and discusses their implications.

6.2  Potential of forest restoration to contribute to climate 
change mitigation

The potential of forest restoration to contribute to climate change mitigation can be 
assessed from multiple perspectives. We discuss existing estimates of the global miti-
gation potential of forest-​based NCS, some of which overlap with the concept of forest 
restoration. Illustrating four estimates in particular, we explore how differences in un-
derlying assumptions and understandings of forest restoration impact the outcomes. 
We then highlight the variability of mitigation potentials between geographic regions 
and different forest restoration options. We further discuss the role of wood use and 
its interplay with forest restoration and climate change mitigation.

6.2.1  Global estimates

Figure 6.1 shows a compilation of global mitigation potential estimates for forest-​
based NCS from recent, prominently published literature. Estimates vary between 
studies, as they depend on assumptions about contextual conditions regarding a 
number of biophysical and socioeconomic factors. We follow Roe et al. (2019) and 
differentiate between “technical potentials” (i.e., the amount possible with current 
technologies), “economic potentials” (i.e., mitigation at different carbon prices) and 
“sustainable potentials” (i.e., technical or economic mitigation constrained by food 
security and environmental considerations).

Multiple strategies fit under the category forest-​based NCS; Figure 6.1 shows esti-
mates for the climate mitigation potentials of the five most prominent of them. The 
NCS “reduce deforestation” and “reduce degradation” are outside of forest restora-
tion. The NCS “forest management” includes the restoration of existing degraded 
forests, that is, forest land remaining forest land (Smith et al. 2019), which is a part of 
FLR. The main focus, however, is to improve the climate change mitigation of existing 
natural production forests (Griscom et al. 2017; Roe et al. 2017); only a small share 
of its potential can be attributed to forest restoration. The NCS “agroforestry” is a 
component of FLR, but its potentials are possibly also included in some afforestation/​
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Forest restoration for mitigation, adaptation  137

reforestation estimates (Roe et al. 2019). For example, Griscom et al. (2017) include 
agroforestry systems that exceed 25% tree cover and all silvopastoralism in the re-
forestation pathway. Attributing the mitigation potential of agroforestry to forest res-
toration entails the risk of double counting. The NCS “afforestation/​reforestation” 
describes the conversion of non-​forest land to forest land. Forest restoration is fre-
quently equated with this category in public discussions about climate change miti-
gation. Estimates for this NCS are therefore highly relevant to assess the potential of 
forest restoration to limit global warming, and is hence where we turn our focus.

Figure 6.1 illustrates the considerable variation of estimates. For instance, the global 
mitigation potential for afforestation/​reforestation ranges from 0.0 to 10.1 GtCO2 yr−1 
for the 2020–​2050 period. To put this into perspective, IPCC (2018) estimates that 
the remaining carbon budget2 to limit warming to 1.5°C at a 66% probability is 420 
GtCO2. Current emissions deplete this budget by 42 ± 3 GtCO2 yr−1. Afforestation/​re-
forestation could thus contribute significantly to limiting warming, especially if esti-
mates at the upper limit can be realized.

Other forest-​based strategies have large mitigation potentials (Figure 6.1). Griscom  
et al. (2020) report that avoided deforestation has the largest mitigation potential  
for NCS in the tropics, with more than twice as much of the cost-​effective climate  

A�orestation/reforestation1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11

Agroforestry6, 7, 8, 12

Forest management1, 6, 7, 13

Reduce deforestation1, 2, 6, 7, 8, 14, 15, 16, 17, 18, 19

Reduce degradation14, 17, 20

0.0 2.5 5.0 7.5 10.0

Mitigation potential (GtCO2e yr–1)

Economic potential
Sustainable potential
Technical potential

Figure 6.1  Mitigation potential of forest-​based NCSs for 2020–​2050. Data were 
compiled following methods from Roe et al. (2019). The wide range of estimates is due 
to studies differing in basic assumptions on a number of biophysical and socioeconomic 
factors. Technical, economic, and sustainable potentials are differentiated by color. 
References: 1: Austin et al. (2020), 2: Busch et al. (2019), 3: Cook-​Patton et al. (2020), 
4: Dooley and Kartha (2018), 5: Fuss et al. (2018), 6: Griscom et al. (2017), 7: Griscom 
et al. (2020), 8: Hawken (2017), 9: Houghton et al. (2015), 10: Kreidenweis et al. (2016), 
11: Lenton (2010), 12: Dickie et al. (2014), 13: Sasaki et al. (2016), 14: Baccini et al. (2017), 
15: Busch and Engelmann (2017), 16: Carter et al. (2015), 17: Federici et al. (2015), 
18: Houghton and Nassikas (2018), 19: Smith et al. (2013), 20: Pearson et al. (2017).
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138  Restoring Forests and Trees for Sustainable Development

mitigation potential as the NCS with the second largest potential, reforestation. It  
is thus important that afforestation/​reforestation does not come at the expense of  
avoided deforestation. This could be the case if leakage occurs (see Section 6.3.2), for  
example, through the displacement of smallholders due to tree planting on marginal  
agricultural sites. In this context, agroforestry and forest management are attractive,  
despite their smaller mitigation potentials, because they have fewer trade-​offs with 
existing land uses, creating less competition for land (Griscom et al. 2020).

Table 6.1 briefly summarizes four recent studies that estimate reforestation and af-
forestation mitigation potential. Methodological variations and differences in prin-
ciple assumptions about land-​use constraints give a better understanding of the wide 
range in estimates.

The studies have important limitations. Bastin et al. (2019) and Griscom et al. 
(2017) assume a global shift toward plant-​based diets, making current grazing land 
in areas where forests naturally occur available for afforestation/​reforestation. Bastin 
et al. (2019) have been criticized for including afforestation on historically non-​
forested biomes (Veldman et al. 2019). Most studies presented in Figure 6.1 are lim-
ited by not considering certain factors, such as social and political constraints or the 
impacts of future climate change (Jia et al. 2019).

Table 6.1  Overview of methods and principal results of recent studies that report 
estimates for the climate change mitigation potential of afforestation and/​or reforestation

Busch et al. (2019) Austin et al. (2020) Griscom et al. 
(2017)

Bastin et al. 
(2019)

Modeling approach
Land-​use-​change 
modeling assuming 
that 1) reforestation 
is partly a response 
of land-​use decision 
makers to economic 
forces, and 2) responses 
to future changes in 
carbon prices will 
be the same as to 
past variations in 
agricultural prices.

Elaborate dynamic 
economic modeling 
considering aspects 
such as feedbacks 
between markets 
as well as future 
demand growth for 
agricultural products.

Bioclimatic modeling that maps areas 
where forest cover naturally occurs and 
that then removes certain areas (e.g., 
cropland and urban settlements) to 
estimate areas suitable for reforestation.

Scenario approach
Future forest area increase and associated mitigation were estimated 
for a business-​as-​usual (BAU) scenario and alternative scenarios. 
Additional mitigation above the BAU scenario was considered as the 
mitigation potential.

No scenario 
approach was 
used.

Geographic and temporal extent
Pantropical; for 
2020–​2050

Pantropical; for 
2025–​2055

Temperate and 
tropical; for 2030

Global; 
no specific 
timeframe

 

  

 

 

 

 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/book/58200/chapter/481598770 by BM

EL-R
esortforschung user on 10 O

ctober 2024



Forest restoration for mitigation, adaptation  139

Busch et al. (2019) Austin et al. (2020) Griscom et al. 
(2017)

Bastin et al. 
(2019)

Resulting reforestation areas and mitigation potentials
Under the BAU scenario, 
reforestation area was 
387.8 Mha, resulting 
in the removal of 102.5 
GtCO2 by 2050.
Additional mitigation 
compared to the BAU 
scenario over a period 
of 30 years under 
scenarios of payments 
for increased CO2 
removals at carbon 
prices of USD 20/​tCO2 
and USD 50/​tCO2 was 
5.7 and 15.1 GtCO2, 
respectively.

Relative to the BAU 
scenario, forest area 
increased by 415–​875 
Mha by 2055 at prices 
of USD 35–​USD 100/​
tCO2. However, these 
values are for the 
combined effect 
of a reduction 
in deforestation 
and increase in 
afforestation/​
reforestation.
Estimates for 
additional mitigation 
potentials compared 
to the BAU scenario 
were reported 
for afforestation/​
reforestation, resulting 
in 0.1–​2.6 GtCO2 yr−1 
for assumed initial 
carbon prices of 
USD 5–​USD 100/​tCO2 
and price growth rates 
of 1%–​3%.

A BAU baseline 
reforestation area 
was calculated 
by assuming a 
continuation of 
the historic mean 
forest “gain” rate for 
2000–​2012 (based 
on Hansen et al. 
2013) up to 2030. 
This resulted in 
mitigation of 1.1 
GtCO2 yr−1.
The maximum 
potential extent 
of reforestation 
was 678 Mha in 
2030. This resulted 
in additional 
mitigation of 
10.1 GtCO2 yr−1 
compared to the 
BAU baseline.
For cost-​
constrained 
mitigation at 
marginal costs 
of USD 10/​tCO2 
and USD 100/​
t CO2, additional 
potentials were 0.0 
and 3.0 GtCO2 yr−1, 
respectively.

It was estimated 
that a global 
area of 1,700–​
1,800 Mha of 
potential forest 
land is currently 
not under 
forest cover.
This corresponds 
to a global 
mitigation 
potential of 752.4 
GtCO2 if restored 
woodlands 
and forests in 
these areas were 
allowed to mature 
to a similar 
state of existing 
ecosystems in 
protected areas.
This study was 
not included in 
Figure 6.1 because 
no specific 
timeframe was 
provided for 
the estimate 
of mitigation 
potential.

These examples illustrate the importance of critically assessing mitigation potential 
and to reflect on how estimates are produced. This is especially the case for estimates 
at the upper limit, which are largely theoretical and typically do not consider eco-
nomic and political feasibility and constraints, nor issues of carbon permanence (see 
Section 6.3; Roe et al. 2019). Authors should be transparent about the assumptions 
behind these maximum potentials, which are frequently promoted in the literature. 
Moreover, they should be transparent in reporting potential minimum amounts and 
associated risks of failure. Despite these limitations, most studies agree that forest res-
toration can play an important role in climate change mitigation. What is lacking are 
clear, convincing implementation pathways.
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140  Restoring Forests and Trees for Sustainable Development

6.2.2  Contextual conditions

Conditions for forest restoration vary significantly between and within geographic 
regions. Variations in biophysical and socioeconomic settings not only present dif-
ferent challenges for designing restoration programs (see Chapter 5) but they also 
result in different mitigation potentials. Likewise, variations in forest restoration 
options, ranging from passive approaches relying on natural regeneration to active 
approaches such as native or exotic plantations or agroforestry, present different chal-
lenges and result in different potentials. Better understanding of how these variations 
impact outcomes is important for successfully implementing restoration programs 
that target climate change mitigation.

Geographic regions
It is notable that forest restoration, as a mitigation strategy, focuses more on tropical 
and subtropical regions than temperate and boreal regions. This can be explained by 
a number of factors. Carbon sequestration rates, in association with forest restora-
tion, exhibit large variations across the globe. For example, Cook-​Patton et al. (2020) 
report an over 100-​fold variation in potential aboveground carbon accumulation 
rates for the first 30 years of natural forest regrowth, with climatic factors explaining 
variation better than land-​use history. Trees grow quicker in the tropics, compared 
to temperate and boreal regions; tropical forests therefore have a higher carbon se-
questration rate per area (Lewis et al. 2019). This is the case for both natural regen-
eration (Cook-​Patton et al. 2020) and intensively managed plantations (Silva et al. 
2019). Additionally, land is relatively cheap and available in many places in the tropics 
(Lewis et al. 2019). Furthermore, increases in forest cover in tropical regions result 
in enhanced evapotranspiration, which causes additional cooling (IPCC 2019b). In 
contrast, increases in forest cover at high latitudes lead to the albedo effect, which 
can result in net warming despite the carbon sequestration of trees (Fuss et al. 2018; 
Veldman et al. 2019). Nevertheless, forest restoration has also been reported to be 
relevant for mitigation in temperate regions, with Russia, the United States, Canada, 
and China having large areas of tree restoration potential (Bastin et al. 2019; Roe 
et al. 2017).

For the tropical and subtropical regions, humid biomes generally show higher 
carbon sequestration rates in above-​ground biomass (AGB) and below-​ground bi-
omass (BGB) than dry biomes (Bernal et al. 2018). For secondary forests (i.e., nat-
ural regeneration) younger than 20 years, region-​specific average removal rates 
from the total plant biomass (i.e., AGB and BGB combined) ranged between 11.9–​
18.8 tCO2 ha−1 yr−1 for tropical humid forests and 10.3–​13.8 tCO2 ha−1 yr−1 for 
tropical dry forests. Differences were more pronounced for older secondary forests 
(20–​60 years); tropical humid forests of that age range had average rates between 5.2–​
17.3 tCO2 ha−1 yr−1 and dry forests 0.2–​3.5 tCO2 ha−1 yr−1. For planted forests and 
woodlots, differences between humid and dry regions were smaller. Excluding eu-
calyptus, average carbon sequestration rates from the total plant biomass across spe-
cies were around 27 and 20 tCO2 ha−1 yr−1, respectively, for humid and dry tropical 
regions. Eucalyptus reached relatively consistent average rates across regions, with 
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Forest restoration for mitigation, adaptation  141

40.7 tCO2 ha−1 yr−1 in humid regions and 38.8 tCO2 ha−1 yr−1 in dry regions (Bernal 
et al. 2018). Differences between tropical humid and dry forests in terms of mitigation 
potential are determined not only by carbon sequestration rates but also by the size of 
areas available for forest restoration (Cook-​Patton et al. 2020). However, studies com-
paring the potential extents of forest restoration in tropical and subtropical humid 
and dry regions are scarce. For Latin America, Chazdon et al. (2016) estimate that 
existing young secondary forests (≤ 20 years of age) cover an area of 108.8 Mha and 
42.5 Mha in humid and dry regions, respectively. Combining these estimates with 
aboveground carbon sequestration rates results in a net mitigation potential over 
four decades (2008–​2048), respectively, of 21.85 and 3.23 GtCO2 for humid and dry 
regions, if these secondary forests are permitted to regenerate naturally (Chazdon 
et al. 2016).

The described differences between regions should only be considered as approx-
imative. Ultimately, forest cover change is linked with development and restora-
tion options; strategies, feasibility, and mitigation potentials are largely influenced 
by socioeconomic contexts within geographical regions (see Chapter 10). This 
can range from subsistence-​driven land use in one region to commercially driven 
land use in another, leading to different stakeholder configurations and opportu-
nity costs for restoration. It is therefore important to tailor reforestation programs 
to specific contexts within each geographic region (IUCN and WRI 2014; see 
Chapter 5).

Forest restoration options
There is scientific debate not only on the total global mitigation potential of forest res-
toration but also on the relative contributions of different restoration options (e.g., 
Brancalion and Holl 2020; Lewis et al. 2019; Löf et al. 2019). Passive approaches 
relying on natural regeneration, active approaches such as native or exotic planta-
tions, and agroforestry differ in terms of temporal dynamics of carbon stocks and 
maximum carbon storage per area of restored forest land. Assessing the mitigation 
potentials of these options depends on methods employed, the timeframes con-
sidered, which carbon pools are included, and scenarios of use/​non-​use of wood 
products. For example, Bernal et al. (2018) report, based on an analysis of empirical 
data from the literature, that across the globe and for the first 20 years of growth, 
planted forests have the highest CO2 removal rates per unit land area from AGB and 
BGB combined (4.5–​40.7 t CO2 ha−1 yr−1), followed by mangrove tree restoration 
(23.1 tCO2 ha−1 yr−1), natural regeneration (9.1–​18.8 tCO2 ha−1 yr−1), and agrofor-
estry (10.8–​15.6 tCO2 ha−1 yr−1), with considerable overlap across these different res-
toration approaches. Similarly, Bonner et al. (2013) use a meta-​analytical approach, 
reporting significantly higher AGB growth rates in plantations than secondary for-
ests for young forests in the tropical region; these differences are less pronounced in 
older forests. The success of plantations, however, strongly depends on the selection 
of suitable species.

In stark contrast, in their commentary, Lewis et al. (2019) estimate for tropical and 
sub-​tropical regions that naturally regenerated forests would be six times better than 
agroforestry and 40 times better than plantations at storing above and belowground 
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142  Restoring Forests and Trees for Sustainable Development

carbon in the long term. These estimates are based on a number of assumptions. 
First, problems of permanence and leakage are ignored. It is assumed that natural 
regeneration is feasible in all areas with restoration opportunities and that carbon 
stocks of forests that naturally regenerate on disturbed land will be allowed to re-
cover to their previous high-​carbon state. This assumes that all direct and under-
lying drivers of deforestation, such as failures of governance, poverty, and economic 
development will disappear. Second, the substitution effect of wood harvested from 
plantations and agroforestry (see Section 6.2.3) is not considered. Third, to assess 
where restoration is likely to occur, an existing map of restoration opportunities is 
used (Laestadius et al. 2011). This map includes not only deforested areas but also 
degraded forests, which can store significant amounts of carbon. Based on this, the 
initial carbon stocks of restoration areas are then estimated. For agroforests and 
plantations, it is assumed that all initial carbon is lost during establishment, resulting 
in a negative carbon balance of these two options in some countries (Table S5 in 
Lewis et al. 2019).

Apart from this wide range of estimates, additional challenges remain in com-
paring restoration options. First, there is a positive site-​selection bias in many 
meta-​analyses comparing natural regeneration to active forest restoration (i.e., in 
contrast to studies on natural regeneration, studies on tree planting are conducted 
on sites that may or may not have regenerated without planting; Reid et al. 2018). 
Second, both plantations and natural regeneration are sensitive to site conditions; 
however, the relative contribution of different site-​specific factors differs between 
studies (Bernal et al. 2018; Bonner et al. 2013; Cook-​Patton et al. 2020). This con-
straint should be considered when estimating the global mitigation potential of 
forest restoration. Third, carbon stocks in plantations depend on the management 
regime. For example, Griscom et al. (2017) argue that increasing harvest rotation 
lengths in plantations from the economic optimum to the optimum for wood yield 
will not only increase timber production in the long run but also improve carbon 
stocks. They estimate that this has an unconstrained global mitigation potential of 
0.44 GtCO2 yr−1.

In addition to climate change mitigation, forest restoration measures usually 
consider additional goals, such as food security, poverty alleviation, and biodiver-
sity conservation (Besseau et al. 2018). This is especially true for the restoration of 
multifunctional mosaic landscapes, which provide the greatest opportunity for FLR 
(Laestadius et al. 2011). Their restoration paths can include agroforestry systems, 
productive forests, and protected forests (Stanturf et al. 2019); this requires a broad 
palette of methods adapted to local contexts to overcome conflicting aims for land use 
(Löf et al. 2019; see Sections 6.5.1 and 6.5.2). Studies that focus only on mitigation 
potential thus have limited value to inform policy and practice. Balancing co-​benefits 
and trade-​offs in global large-​scale forest restoration for climate change mitigation 
should play a greater role in the scientific debate. Instead of either–​or discussions be-
tween active and passive restoration and between native and exotic species, it would 
be advantageous to focus research on assessing which restoration approach is best 
suited for which context and on limiting its respective potential negative impacts (see 
Chapter 10).
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Forest restoration for mitigation, adaptation  143

6.2.3  Wood use, forest restoration, and climate change mitigation

Wood use can contribute to climate change mitigation by reducing emissions in other 
sectors. Carbon storage in long-​lived forest products (e.g., furniture or construction 
material) can substitute for emission-​intensive materials (e.g., cement or steel), and 
woody biomass used for energy can substitute for fossil fuel (FAO 2013; IPCC 2019b). 
There is a trade-​off when using wood products or woody biomass: unmanaged forests 
generally have higher carbon stocks, but their sequestration potential can eventually 
saturate (Arneth et al. 2019). In contrast, forests managed for wood production have 
lower carbon stocks, but due to the substitution effect they are carbon sinks that can be 
continuously used for mitigation if appropriate silvicultural practices are employed. 
This eventually leads to net savings, which can result in a positive net impact of wood 
production on atmospheric carbon (Jia et al. 2019). Accurately quantifying this im-
pact is complex, as it depends on many factors: the materials and/​or fuels substituted 
for, counterfactual assumptions on forest use, accounting timeframes, forest regrowth 
rates, and other site-​specific contexts (IPCC 2019b; Olsson et al. 2019). Critical meth-
odological differences in the literature result in a wide range of reported effects of wood 
substitution on greenhouse gas (GHG) emissions (Geng et al. 2017).

Global assessments of potential climate benefits of forest restoration typically do 
not include the substitution effect. This is likely due to the overall high uncertainty 
in the literature about the impact of wood use on GHG, but is also due to the fact that 
most substitution studies focus on nontropical countries, whereas forest restoration 
as a mitigation strategy generally focuses on the tropics. Ignoring the substitution ef-
fect can skew the outcomes of global assessments toward restoration options not pri-
marily aimed at wood production or poverty alleviation, such as passive restoration 
using natural regeneration (e.g., Lewis et al. 2019).

Two other aspects are important for the wood use discussion. First, the long-​term 
success of restoration depends on restored forests becoming an economic resource 
for local communities (Löf et al. 2019). Second, the demand for wood products has 
increased globally in line with growing populations and incomes; this trend is ex-
pected to continue in the coming decades (FAO 2020). Ignoring these two aspects 
risks exclusively focusing on ecological objectives. This could prevent the success of 
restoration efforts (Höhl et al. 2020), in turn negatively impacting climate change 
mitigation. Recognizing that wood production can have a positive impact on GHG 
emissions is important for forest restoration; it can increase the likelihood of suc-
cessful implementation. Forest restoration approaches aiming to reconcile wood pro-
duction, ecosystem enhancement, and socioeconomic development, such as FLR and 
“new generation plantations” (Silva et al. 2019), are thus promising.

6.3  Risks of forest restoration as a mitigation strategy

Forest restoration has the potential to remove large quantities of carbon from the at-
mosphere in the coming decades. However, carbon removals from forest restoration 
might not be realized as expected. This could lead to higher levels of global warming 
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144  Restoring Forests and Trees for Sustainable Development

if relying on future carbon removals from forest restoration to reach global mitigation 
targets delays actions for near-​term emission reductions (Dooley and Kartha 2018).

Factors that could prevent the successful deployment of forest restoration at scales 
relevant for climate change mitigation are discussed below, with a focus on natural and 
socioeconomic drivers of change and management-​related factors. These factors could 
increase the risk that future carbon removals from forest restoration will not be feasible 
for technical or biophysical reasons, or because society deems ecological and societal 
impacts as unacceptable or carbon storage is not permanent (Dooley and Kartha 2018).

6.3.1  Natural factors

Restored forests are subject to natural disturbances such as drought, fires, and pests, 
which could trigger future loss of carbon stored in vegetation and soils (Fuss et al. 
2018; IPCC 2019b). Climate change exacerbates this risk of sink reversal. Adaptation 
measures can decrease this risk (Section 6.4.2), but there are limitations (IPCC 
2019b). Climate-​driven tree mortality and disturbances change with time and are pro-
jected to increase with climate change (Figure 6.2; Anderegg et al. 2020). Additionally, 
temperature overshoot, that is, the temporary exceedance of a specified level of global 
warming (IPCC 2018), may lead to further disturbances by crossing important tip-
ping points (Dooley and Kartha 2018; Reyer et al. 2015).

The potential future losses of forest carbon through natural disturbances and ex-
treme events introduce considerable uncertainty in estimates of mitigation potentials  
of forest restoration (Arneth et al. 2019). For the tropics, Koch and Kaplan (2022)  

Constant risk

Increasing risk

2020 2100

21002020

Figure 6.2  Conceptual diagram of impacts on forest carbon from climate-​driven 
disturbance risk over time. The top of the diagram shows constant risk from disturbances 
at the landscape level; the bottom, increasing risk. Increasing risk impacts forest carbon 
much more severely. Disturbance events are illustrated in the circles and include fire, 
drought, biotic agents, and human disturbance. From Anderegg, W. R. L., A. T. Trugman, 
G. Badgley, et al. 2020. “Climate-​Driven Risks to the Climate Mitigation Potential of 
Forests.” Science 368 (6497). Reprinted with permission from AAAS.
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report that carbon stored by forest restoration is largely preserved under the entire  
range of potential future climates.

A climate-​driven increase in natural disturbances is not only a risk for restored for-
ests but also for other land uses. This could reduce the future potential for agricultural 
intensification (Dooley and Kartha 2018), leading to a greater demand for agricul-
tural land, thereby limiting land availability (Section 6.3.2).

These natural factors can impact land user preferences: risk-​averse land users 
tend to prefer annual crops over trees, and short-​rotation timber plantations over 
long-​term multipurpose mixed-​species forest restoration (Zhunusova et al. 2019). 
This constitutes an additional challenge for the implementation of large-​scale forest 
restoration.

6.3.2  Socioeconomic factors

Implementing forest restoration on a scale relevant for climate change mitigation 
requires large amounts of land. Projected changes in global forest area range from –​20 
to +​ 720 Mha between 2010 and 2100 (Jia et al. 2019). Land is needed for various 
demands, especially food production. Particularly over the last few decades, popula-
tion growth and changes of per capita consumption have led to increasing global de-
mand in food, feed, fiber, and energy. Projected increases in population and income 
as well as changes in consumption patterns will further increase global demands 
(IPCC 2019b). Hence, forest restoration will likely have to compete with agriculture, 
and alternative land-​based mitigation strategies (Delzeit et al. 2019; Fuss et al. 2018). 
Considering the various future land-​use demands is important to assess the risk of 
forest restoration as a mitigation strategy.

For agricultural land, projections from Integrated Assessment Models (IAMs) re-
sult in a wide range of potential land-​use futures for 2100 in the shared socioeco-
nomic pathways (SSP), with global agricultural land decreasing by 743 Mha at the 
lower (SSP1) and increasing by 1,080 Mha (SSP3) at the upper end (Popp et al. 2017). 
The IAMs identify agricultural productivity, consumption preferences, and popula-
tion development as the most influential drivers of change (Stehfest et al. 2019). If 
forest restoration is implemented on land used for food production, there is a risk that 
agricultural activities will be displaced to native forest areas, which would result in de-
forestation and additional CO2 emissions, that is, leakage (Holl and Brancalion 2020; 
Olsson et al. 2019).

For alternative mitigation measures, estimates for land-​use projections for 2100 
vary, but overall show an increase in land demand. Recent studies estimating the 
“sustainable potentials” for bioenergy result in projected land requirements ranging 
from 10 to 1,300 Mha (Smith et al. 2019). Additionally, the effective implementation 
of Reducing Emissions from Deforestation and Forest Degradation (REDD +​), which 
aims to reduce deforestation, would reduce future agricultural land expansion, fur-
ther increasing land competition (Tabeau et al. 2017).

Another major factor on land-​use demands relates to global diets and food waste. 
According to estimates, a global dietary change from meat and dairy to plant-​based 
foods could free 400–​2,500 Mha; a global reduction in food waste, as much as 700 Mha 
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146  Restoring Forests and Trees for Sustainable Development

(Smith et al. 2019). This change in consumption preferences is an influential driver 
in the IAM that leads to a reduction in projections of future global agricultural land 
(Stehfest et al. 2019). However, such demand-​side measures have proceeded slowly 
because of limited awareness and political support, in addition to the difficulties of 
eliciting behavioral change (Roe et al. 2019). Nevertheless, many of the prominent 
studies estimating large mitigation potentials (e.g., Bastin et al. 2019; Cook-​Patton 
et al. 2020; Griscom et al. 2017) assume a global shift toward plant-​based diets, which 
would make current grazing land and cropland used to produce fodder available for 
reforestation.

The wide range of possible future land-​use trajectories suggests that land competi-
tion is a significant risk for forest restoration as a mitigation strategy. If the optimistic 
assumptions are not met, future increases in land demand might lead to higher op-
portunity costs of land, which could be a significant barrier for the implementation 
and permanence of large-​scale forest restoration (Brancalion et al. 2019). These con-
cerns suggest that actual mitigation potential is at the lower end of reported estimates 
(Figure 6.1).

6.3.3  Management-​related factors

Forest restoration frameworks aimed at creating multifunctional landscapes, such as 
FLR, require a broad palette of methods, including both active and passive approaches 
(Löf et al. 2019; Stanturf et al. 2019). This raises the important issue of availability of 
regeneration material for active restoration. In many parts of the tropics, it is currently 
very challenging to produce large amounts of reproductive material for native species 
due to knowledge and infrastructure limitations (Onyekwelu et al. 2011, Chapter 11). 
The lack of high-​quality seeds and seedlings is an obstacle for the successful imple-
mentation of forest restoration with native species (Höhl et al. 2020; Löf et al. 2019). 
Consequently, reforestation with easily obtained non-​native species might be the only 
option available in some tropical regions. This option, however, has potentially ad-
verse ecological effects, such as the use of chemicals and fertilizers negatively impact-
ing local biodiversity.

Additionally, many projects set short-​term targets (number of planted trees) 
rather than considering whether restoration targets are achieved. This can result 
in a lack of long-​term management and subsequent restoration failure (Holl and 
Brancalion 2020).

6.4  Climate change adaptation

As climate change unfolds it is crucial for forest restoration strategies to develop an 
adequate adaptation response (Pramova et al. 2019). Climate change adaptation for 
forests generally comprises two distinct, but related, components (Ciccarese et al. 
2012; Locatelli 2011). The first, adaptation for forests, aims to strengthen forests’ ca-
pacity to deal with climate change impacts. The second, forests for adaptation, aims 
to use forests to strengthen society’s capacity to deal with climate change impacts. 
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In most forest restoration contexts the vulnerabilities of people and ecosystems are 
closely linked. This calls for an integrated socioecological adaptation perspective 
(Fedele et al. 2019; Pramova et al. 2019; Chapter 8).

6.4.1  For forests

Climate change significantly impacts environmental forest conditions and changes 
disturbance regimes, such as the frequency and intensity of storms, fires, and 
droughts as well as the spread of pests, disease, and invasive species (Section 6.3.1; 
Anderegg et al. 2020; Locatelli et al. 2015a). Changes in the frequency of wet or dry 
years may trigger increases or decreases in suitable land for long-​term tree cover 
(Holmgren et al. 2013). Altered temperatures and precipitation rates, extreme events, 
and increased atmospheric CO2 concentrations, as well as changes in plant-​pollinator 
interactions, may change forest structure, species composition, seedling establish-
ment, and tree growth and mortality rates (Anderson-​Teixeira et al. 2013; Locatelli 
et al. 2015a). While scientists and practitioners widely agree that site properties will 
change due to climate change, future conditions predicted for a given region are un-
certain. This uncertainty is a significant barrier for the effective implementation of 
adaptation measures (Jandl et al. 2019).

Forest restoration strategies need to provide desired ecosystem services not only 
under current climatic conditions but also under changing future conditions. There 
is wide consensus that a central adaptation strategy for forest restoration is to pro-
mote resilient ecosystems and forest landscapes (Stanturf et al. 2015), with resilience 
being “the capacity to cope with a hazardous event, trend or disturbance, responding 
or reorganising in ways that maintain their essential function, identity and struc-
ture” (IPCC 2019a, 822). Applying the concept of resilience in restoration practice 
is not straightforward, however, as there are numerous definitions in the literature. 
Three broad resilience conceptualizations are distinguished in forest science: engi-
neering resilience, ecological resilience, and social-​ecological resilience (Nikinmaa 
et al. 2020). The latter assumes that human and natural systems are coupled and 
focuses on the adaptive capacity of the social-​ecological system as a whole (Folke 
et al. 2002). Social-​ecological resilience is of particular importance in many forest 
restoration contexts where vulnerabilities of people and ecosystems are closely 
linked. For operationalization, the different resilience concepts can be considered as 
not mutually exclusive but rather complementary, with engineering resilience being 
nested within ecological resilience, which in turn is nested in social-​ecological resil-
ience (Nikinmaa et al. 2020).

Engineering resilience describes the ability of a given system to return to its 
equilibrium after a disturbance. This definition assumes that a stable state exists 
for that system (Nikinmaa et al. 2020). Engineering resilience can be fostered with 
buffering measures that focus on preventing perturbations (Locatelli et al. 2010). 
A prominent example is managing stand densities through the silvicultural inter-
vention of thinning, which decreases the risk of disturbances such as storms and 
fire (Spathelf et al. 2018). Further intervention examples include reducing fuel 
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148  Restoring Forests and Trees for Sustainable Development

loads in restored forests to reduce fire risk and phytosanitary treatments to prevent 
the spread of invasive species (Locatelli et al. 2015a; Stanturf et al. 2015). These 
interventions require intensive management; they become less effective and in-
creasingly costly with accelerating climate change (Locatelli et al. 2010; Nikinmaa 
et al. 2020).

Ecological resilience does not assume that a single steady state exists for a given 
system. Instead it assumes that disturbances can move the system from one state to 
another (Nikinmaa et al. 2020). This resilience can be fostered by measures that do 
not aim to resist changes but facilitate a natural ecosystem shift toward a new state that 
should be socially acceptable (Locatelli et al. 2010). In forest restoration, these meas-
ures tend to focus on the landscape-​level to reduce forest fragmentation and conserve 
genetic diversity; this can improve the resilience of species against climate change, 
thereby contributing to biodiversity conservation (Locatelli et al. 2015a). Increasing 
the diversity of tree species, planting material and age structures is one strategy to 
improve the adaptive capacity of planted forests (Locatelli et al. 2015a; Stanturf et al. 
2015). Measures to achieve this include increasing forest cover in climate refugia to 
improve the long-​term persistence of forest-​dependent species, and removing eco-
logical barriers to improve habitat connectivity with and seed dispersal from neigh-
boring forests (Ciccarese et al. 2012; Stanturf et al. 2017). This latter strategy can 
facilitate species migration along climatic gradients and within human-​modified 
landscapes (Brancalion et al. 2019).

Additionally, adaptation strategies for active forest restoration need to take pro-
jected climate change directions into account (Stanturf et al. 2017; Chapter 11). 
An important concept in this context is assisted migration, where species or repro-
ductive material from provenances that are better adapted to future climate condi-
tions are intentionally transferred to regions outside of their natural range (Spathelf 
et al. 2018).

6.4.2  For people

Increasing the resilience of local communities to climate change is an important 
target for forest reforestation. This is especially the case in the tropics: Erbaugh et al. 
(2020) estimate that over 1 billion people live on or near (within 8 km) land predicted 
to enable forest restoration from 2020 to 2050 if a moderate carbon-​tax incentive of 
USD 20 tCO2

−1 is implemented.
Forest restoration can improve the adaptive capacity of local communities in a 

number of ways. It can contribute to livelihood diversification by providing alter-
native sources of food, material, and income, especially in times when agriculture 
is affected by drought (Locatelli et al. 2015a; Chapter 8). It can reduce the impacts 
of extreme weather events: for example, mangrove forests can stabilize coastal areas 
against storms and flood events (Pramova et al. 2019); other examples include for-
ests’ ability to regulate microclimatic conditions to reduce heat wave exposure for 
urban populations and protection of agricultural crops in dryer areas (Brancalion 
et al. 2019; Locatelli et al. 2015a). Additionally, forest restoration can mitigate water 
supply risks for agriculture and other human uses by stabilizing catchment hydrology, 
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protecting water courses from siltation, enhancing rainfall infiltration into soils, regu-
lating water distribution across the year, reducing flooding during rainfall events, and 
improving water quality (Brancalion et al. 2019; Locatelli et al. 2015a). Depending 
on the contextual conditions, however, forest restoration can negatively impact water 
yields (Feng et al. 2016; Filoso et al. 2017).

6.5  Linking mitigation and adaptation

Mitigation and adaptation are two separate discourses in international and national 
policy and practice. They are usually governed by different institutions, as they have 
different objectives on different spatial and temporal scales (Locatelli et al. 2015b). In 
the land sector, however, the link between mitigation and adaptation is particularly 
clear as land use has great potential to prevent GHG emissions and reduce CO2 in the 
atmosphere (Section 6.2) and to increase the capacities of people and ecosystems to 
adapt to climate change (Section 6.4; Rizvi et al. 2015). Figure 6.3 illustrates this link 
in regard to forest restoration.

Forest-​based mitigation projects could reduce the risk of non-​permanence of 
carbon stocks by integrating complementary adaptation measures for people and 
ecosystems (Locatelli 2011). Moreover, both strategies share similar determinants, 
such as available technology and resources as well as credible information for policy-
makers (Arneth et al. 2019).

There have been recent calls in the land sector to integrate adaptation and mitiga-
tion strategies (Kongsager 2018; Locatelli et al. 2015b). This would reduce trade-​offs  
and competition for limited resources and lead to policy coherence between adapta-
tion and mitigation objectives as well as between climate change and development  
objectives. It could further contribute to vertical and horizontal policy structures that  
allow for effective mainstreaming of climate change into sectoral policies and cross-​ 
sectoral coordination, respectively (Arneth et al. 2019). In the following section,  

Society Impacts ImpactsClimate
change Forest restoration

Ecological
resilience (4)

Mitigation services (3)

Adaptation services for people (2)

Manages (1)

Figure 6.3  Conceptual framework of the integration of adaptation and mitigation into 
forest restoration (adapted from Locatelli et al. 2015a, 2015b). Forest restoration is 
managed by society (1) and contributes to the adaptation of people (2) and mitigation of 
climate change (3). Ensuring ecological resilience will result in forest restoration that is 
adapted to the impacts of climate change (4).
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150  Restoring Forests and Trees for Sustainable Development

potential synergies and trade-​offs between mitigation and adaptation as well as impli-
cations for forest restoration objectives are discussed.

6.5.1  Synergies and trade-​offs for people

A significant number of people in the tropics and subtropics depend on ecosystem 
services (ESS) from forests such as fuelwood, charcoal, fodder and non-​wood forest 
products for their livelihoods. Forest restoration has the potential to deliver these 
important provisioning ESS, which can contribute to strengthening and diversify-
ing local livelihoods and thus improves adaptation for people (Gregorio et al. 2020). 
Additionally, restored forests provide regulating ESS that enhance nutrient and water 
fluxes, regulate pollinators and pests, and thus increase the adaptive capacity of adja-
cent agricultural land against disturbances (Lamb 2018). Forest restoration projects 
have the potential to improve infrastructure and social services, strengthen local insti-
tutions, generate carbon payments, and provide jobs in nurseries and in the estab-
lishment and management of the restored forest (Gregorio et al. 2020). Nevertheless, 
forest restoration potentially results in adverse outcomes for local communities. For 
example, a recent global meta-​analysis reported that socioeconomic impacts of large-​
scale tree-​plantations were characterized as predominantly negative across a number 
of categories that describe changes to human well-​being (Malkamäki et al. 2018). 
Engaging local communities in decision-​making and implementation is crucial for 
the success of forest restoration projects. Lack of such engagement risks resistance 
and conflict (Coleman et al. 2021; Erbaugh et al. 2020; Höhl et al. 2020; Holl and 
Brancalion 2020). If reforested areas are not protected and maintained, if they are 
used for livestock grazing or are cleared for other land uses then forest restoration 
projects will fail.

This illustrates that forest restoration for mitigation or adaptation has to consider 
the needs of local communities. Chapter 8 of this book provides an in-​depth analysis 
of restoration for a resilient local development and discusses some of the potential 
trade-​offs and synergies that can influence whether a specific forest restoration pro-
ject will be a positive or negative resource for the local communities. For instance, 
forest restoration can compete with agriculture for available land, particularly if 
implemented at scales relevant for climate change mitigation (Section 6.3.2; Fuss et al. 
2018). This is an important potential trade-​off between mitigation and adaptation for 
people, as it could negatively impact local livelihoods, food security, and the long-​
term adaptive capacity of local communities. Agroforestry and trees on farms, strat-
egies included in restoration concepts such as FLR, are gaining recognition because 
they can provide direct benefits to local people and contribute to biodiversity conser-
vation (Somarriba et al. 2017).

6.5.2  Synergies and trade-​offs for forests

Forest restoration projects primarily focusing either on mitigation or on bolstering 
the adaptation of people to climate change have potential benefits for the adaptation 
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of forests to climate change. For example, establishing highly productive forests, plan-
tations, or agroforestry systems around intact forests as a buffer can reduce anthro-
pogenic pressures on native forests (Stanturf et al. 2017). Restored forests can also 
increase landscape connectivity and conserve biodiversity hotspots by aiding dis-
persal, migration, and gene flow among populations of plants and animals (Lamb 
2018). This can considerably improve the adaptive capacity of old-​growth forests 
and reduce their vulnerability to disturbances, thus contributing to carbon stock 
permanence.

However, tree planting that focuses on carbon storage and does not consider biodi-
versity can negatively impact ecosystem adaptation (Olsson et al. 2019). Native eco-
systems can be harmed if afforestation takes places in grasslands and savannahs that 
historically have not been under forest cover (Holl and Brancalion 2020; Veldman 
et al. 2019). Additionally in such ecosystems, tree planting, especially with exotic spe-
cies, can result in a reduction of soil organic carbon, which can partially negate addi-
tional carbon storage in biomass (Quiroz Dahik et al. 2021).

Restoration projects that primarily target mitigation can improve the permanence 
of carbon stocks by implementing adaptation measures to increase the resilience of 
restored forests against the impacts of a changing climate (Locatelli 2011; Stanturf 
et al. 2017). Restoration projects that primarily aim to increase the adaptive capacity 
of forests can result in increased or maintained carbon stocks; in that case, carbon 
payments could be an attractive additional funding opportunity. Nevertheless, forest 
restoration adaptation measures, such as introducing species that are more tolerant 
to future climate conditions or decreasing stand densities, can negatively affect the 
carbon sink capacity in the short-​term. On the long-​term, however, these measures 
lead to increased resilience and thus reduce the risk of future carbon loss (Jandl 
et al. 2015).

6.6  Conclusion

Forest restoration theoretically has the potential to globally sequester several GtCO2 
yr−1 over the coming decades, significantly mitigating climate change. To fully realize 
this potential, forest restoration will have to be deployed and maintained at a scale of 
several hundreds of millions of hectares. The feasibility of such large-​scale restoration 
is challenged by critical issues across local, national, and global levels as described in 
this chapter and in Chapter 10.

Implementing large-​scale forest restoration requires addressing the underlying 
economic and social drivers of deforestation and forest degradation (Stanturf et al. 
2019). These drivers have presented important barriers to sustainable development 
for decades. Although frequently framed as a win-​win solution, forest restoration 
has potential trade-​offs and adverse outcomes (Holl and Brancalion 2020). Restored 
forests can be a positive or a negative resource for livelihoods (see Chapter 8) and, 
consequently, can contribute to addressing socioeconomic drivers of deforestation 
and forest degradation or can exacerbate them. This underlines that putting forest 
restoration on the political agenda is not a guarantee for successful climate change 
mitigation.
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The design, implementation, and management of forest restoration should aim 
for climate-​resilient land-​use systems that combine production with conservation 
objectives, thereby contributing not only to climate change mitigation and adapta-
tion for people and forests, but also to biodiversity conservation and sustainable de-
velopment. This requires cross-​sectoral policy approaches; for many countries these 
still have to be established on national and regional levels. On the landscape level, 
integrated approaches, especially FLR, are well-​suited to achieve this by balancing co-​
benefits and trade-​offs between different goals. Integrating the different human and 
ecological dimensions and upscaling landscape-​level approaches to achieve global 
goals remains a challenge in FLR. This is partly due to the limited research on these 
highly complex aspects (Mansourian et al. 2020). Dewi et al. (2017) offer one of the 
first empirical approaches that systematically analyses portfolios of landscapes, but 
more research is required to address these challenges.

In view of the multiple interactions across sectors and scales and the need to over-
come land-​use conflicts and simultaneously address multiple interests and demands, 
it can be anticipated that effective mitigation contributions of forest-​based and resto-
ration measures on a global scale will take time, most likely more time than is available 
to meet the 1.5°C goal. Additionally, forest restoration, and the way it is implemented, 
cannot address all issues related to its large-​scale deployment. This includes, first and 
foremost, the need for a substantial future reduction in land demand by agriculture, 
which depends strongly on agricultural intensification, lower population growth, 
and/​or a global diet shift. The mitigation potential of forest restoration thus might 
not be as large as expected. Relying on future carbon removal from forest restora-
tion, or other land-​based negative emission technologies, instead of near-​term emis-
sion reductions to reach global mitigation targets, could lead to higher levels of future 
warming and/​or much higher costs to address climate change (Dooley and Kartha 
2018; Sanderson and O’Neill 2020). Hence, forest restoration cannot be a substitute 
for rapid and drastic actions to reduce GHG emissions, especially from fossil fuel 
combustion (Anderegg et al. 2020; Cook-​Patton et al. 2020; Griscom et al. 2017; Holl 
and Brancalion 2020), but it can be a worthwhile investment in sustainable land use 
aiming for multiple benefits including some, but not exclusively, climate change miti-
gation and adaptation effects.

Notes

	1.	  We follow IPCC’s 2014 definition of afforestation as the “direct human-​induced conversion 
of land that has not been forested for a period of at least 50 years to forested land through 
planting, seeding and/​or the human-​induced promotion of natural seed sources,” and re-
forestation as the “direct human-​induced conversion of non-​forested land to forested land 
through planting, seeding and/​or the human-​induced promotion of natural seed sources, 
on land that was forested but that has been converted to non-​forested land.” We distinguish 
this from the restoration of degraded forests, that is, forest land remaining forest land.

	2.	  A remaining carbon budget expresses the “estimated cumulative net global anthropogenic 
CO2 emissions from a given start date to the time that anthropogenic CO2 emissions reach 
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net zero that would result, at some probability, in limiting global warming to a given level, 
accounting for the impact of other anthropogenic emissions” (IPCC 2018).
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