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SUMMARY

Restoring forests is key to addressing the climate and biodiversity crises and can benefit forest-dependent
communities. However, frequent social and ecological trade-offs between these goals pose significant chal-
lenges for forest restoration efforts. Our understanding of how to maximize positive social and ecological
restoration outcomes is hindered by the absence of a social-ecological theory of forest restoration. We
present a new analytical ‘‘sustainable forest transitions’’ framework to study the joint social and ecological
outcomes of reforestation drivers. Our framework advances forest transition theory, the main existing frame-
work for understanding reforestation drivers, by incorporating social outcomes and a wider set of ecological
outcomes, paying particular attention to interactions between drivers and the sociopolitical contexts in which
they operate. Advances in data availability, computing power, and causal inferencemethods allow our frame-
work to be operationalized. Doing so could inform forest restoration actions that maximize benefits for
climate, biodiversity, and forest-dependent communities.
INTRODUCTION

Restoring forests is key to addressing the climate and biodiver-

sity crises1,2 and supporting the sustainable development of

Indigenous peoples and local communities (IPLCs).3–5 Key inter-

national sustainability agreements, including the United Nations

(UN) Sustainable Development Goals,6 the Paris Agreement,7

the Bonn Challenge,8 the New York Declaration on Forests,9

and the UN Decade on Ecosystem Restoration10 emphasize

the importance of forest restoration in addressing current envi-

ronmental problems. The new Global Biodiversity Framework

of the Convention on Biological Diversity also includes a target

to ensure that 30% of degraded ecosystems globally are under

effective restoration by 2030.11 These agendas have catalyzed

unprecedented political and financial commitments to reverse

forest declines and calls to prioritize forest-dependent commu-

nities.12,13

Forest restoration efforts face formidable challenges, how-

ever, particularly in meeting the scale and scope of these
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This is an open access article under the
ambitious global targets.14 Diverse actors within the global

forest restoration movement prioritize different but interrelated

goals or dimensions5,15–17 (Figure 1): (1) social, economic,

and political benefits, equity and secure land and resource

rights for IPLCs living on lands undergoing reforestation and

(2) environmental benefits that maintain or enhance biodiver-

sity and mitigate climate change by sequestering carbon.

Critically, to meet these objectives, restoration needs to be

long-lasting and should not displace deforestation to other

regions. However, frequent trade-offs between social and

environmental goals have posed significant challenges for

the design and implementation of forest restoration efforts at

scale.15,18

To design effective forest restoration interventions,

improved frameworks, theories, and models that combine an

understanding of where and why forest gains occur with their

associated social and ecological outcomes is essential. How-

ever, such knowledge is hindered by the fragmentation of

research across disciplines,19 including (1) ecology, which
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Figure 1. Sustainable forest transition
dimensions and potential trade-offs across
different dimensions
Our social dimension includes poverty and well-
being, livelihoods, equity, and rights to land and
resources. Our ecological dimension includes
forest gains (natural and planted), biodiversity, and
carbon sequestration for climate change mitiga-
tion. Our temporal and spatial dimensions
consider the temporal and spatial scales over
which social and ecological changes occur.
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has focused on identifying ecologically effective restoration

practices (see, e.g., Erbaugh and Oldekop20) and mapping

priority areas for biodiversity restoration (see, e.g., Strassburg

et al.21); (2) land system science, which has explored the com-

plex pathways of land use change and increases in forest

cover (see, e.g., Meyfroidt et al.22); and (3) environmental

social science, which has revealed the interdependencies

between people and forests, and analyzed how different pol-

icies, institutions, and market forces can support more envi-

ronmentally effective and socially just forest restoration.23,24

Each branch of research provides important insights into spe-

cific aspects of forest restoration, but in isolation is insufficient

to fully understand the system of drivers, conditions, and in-

teractions that influence social-ecological forest dynamics

and outcomes.19

Despite a growing focus on combining disciplinary perspec-

tives to inform forest restoration (see, e.g., Scheidel and Ging-

rich and Erbaugh and Oldekop19,20), we still lack a comprehen-

sive theory of forest restoration that adequately captures the

dynamics and multiple outcomes of forest restoration in varying

contexts.25 Forest transition theory, the one existing concep-

tual framework for understanding social and policy drivers of

forest gain (including both natural forest regeneration and

purposeful forest restoration) is insufficient to guide current

restoration policy and practice because it does not encompass

the social outcomes of drivers of forest gain, nor more nuanced

ecological outcomes beyond forest area and biomass

stock.24,25

To help address this theoretical gap, we introduce a new

analytical framework of ‘‘sustainable forest transitions’’ to bet-

ter understand the ecological and social outcomes (both pos-

itive and negative) of reforestation drivers and draw lessons

for policy and practice. Implementing our framework will

help build empirical evidence that could explain the processes

and conditions simultaneously driving lasting improvements in

forest cover and social benefits for local populations. We
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begin by discussing the limitations of

existing forest transition theory and

how research on forest livelihoods, for-

est governance, and forest restoration

can add important insights to our un-

derstanding of the processes, drivers,

and joint social and ecological out-

comes of forest gains. We then intro-

duce our new analytical framework

that incorporates these insights and

discuss how advances in the availability
and analysis of social and ecological data can be leveraged to

operationalize our framework.

FOREST TRANSITION THEORY

Forest transition theory emerged from studies exploring histori-

cal land use changes in several high-income countries. These

studies proposed that trends in forest cover shift from declines

to stable periods of low forest cover to net increases as countries

undergo agricultural and forestry intensification and relocation,

industrialization, and urbanization.26,27 Extensions to this work

assessed comparable trajectories in low- and middle-income

countries and broadly classified drivers into two pathways.28,29

The first pathway, often called the economic development

pathway,28 describes forest transitions driven by social, eco-

nomic, and technological changes in the agricultural, industrial,

and service sectors. These changes transform and spatially

restructure a country’s or region’s agricultural production sys-

tems, pulling labor away from agriculture in rural areas and to-

ward urban areas (nationally and internationally), while techno-

logical advances enable the intensification of agriculture. In

turn, these changes make farming on marginal land less profit-

able, leading to abandonment and regeneration of forests on

agriculturally unproductive land.27 A classic example of this

pathway includes the forest transition in Puerto Rico that was

driven by industrial transformation on the island in the period af-

ter World War II.30

The second pathway, often called the forest scarcity

pathway,28 characterizes responses to environmental degrada-

tion and declines in the stocks and flows of forest-derived

ecosystem services. Forest transitions driven by responses to

forest resource scarcity are often the result of actively encour-

aged reforestation, forest restoration, and afforestation initia-

tives including tree plantations, on private, collective, and public

lands (see, e.g., Hua et al.31). These processes are supported

by a series of regulatory- and market-based policies and
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interventions, including tenure reforms to provide land rights to

communities and the establishment of legally protected

areas.32,33 Both pathways often combine and are affected by

national and international labor and commodity markets, the

development of national and regional policies (e.g., agricultural

development programs), infrastructure (e.g., roads) and, more

recently, international forest restoration pledges and voluntary

biodiversity and carbon offset markets.34

STRENGTHS AND WEAKNESSES OF FOREST
TRANSITION THEORY

Forest transition theory is the most comprehensive theoretical

framework for understanding the drivers of forest gains at

global, national, and regional scales. However, the ability of

forest transition theory to inform forest restoration agendas in

specific socioecological systems is limited because it does not

adequately consider the social outcomes of forest transition

drivers,24 ecological outcomes beyond simple measures of

forest area or biomass stock, or the spatial and temporal hetero-

geneity in these outcomes.25 A more nuanced consideration of

social and ecological outcomes would allow forest transition

theory to better inform restoration practice.

Forest transitions often result from multiple drivers that

interact in space and time and across scales, from the local to

the global.35 For example, Nepal’s forest transition resulted

from both national forest decentralization policies and interna-

tional outmigration driven by international labor markets.32,36

Forest transitions also combine complex dynamics across

spatial and temporal scales. Several studies have shown that

although a pattern of net forest gain might be apparent at na-

tional or regional scales, forest change patterns at more local

scales (i.e., within countries or regions) can be highly heteroge-

neous and characterized by contrasting deforestation and refor-

estation fronts. These heterogeneous patterns of forest loss and

gain have, for example, been shown to characterize forest

transitions in parts of Central America37 and Vietnam.38 Forest

transitions are also not necessarily linear processes, and forest

recovery rates can vary over time.29,39 However, what defines

forest transitions in principle is that they are driven by broader

structural changes to societies that lead to changes in land use

that persist long term.28,29

As a land system theory, the forest transition model focuses

predominantly on forest area change, neglecting social out-

comes and more nuanced ecological outcomes. Although the

importance of considering the social impacts of forest transitions

was highlighted in historical studies,40 and there is a developing

field of research into the political, livelihood, and equity implica-

tions of transition processes,25,41,42 forest transition theory and

most empirical analyses continue to focus primarily on forest

area outcomes (see, e.g., Sloan et al.43). Failing to consider the

social outcomes from forest gain and their drivers could result

in policies or interventions that exacerbate social injustices and

worsen living conditions for local communities.5,16,17,41 Further-

more, focusing solely on forest outcomes overlooks the complex

interactions and interdependencies between people and forests

at the local scale. Such interactions could act to reinforce or

reduce forest gains resulting from other drivers (e.g., contrasting

migration effects in Nepal36 and Mexico44), meaning that the
traditional transition pathways alone may be insufficient to fully

understand the processes leading to forest gains in practice.25

A narrow focus on forest area or even biomass stock neglects

other critical forest characteristics, such as forest type (natural

or planted), species and genetic diversity, and age, which are

key determinants of the benefits that new forests provide to local

populations and biodiversity. As such, current forest transition

theory insufficiently differentiates transitions driven by the sub-

stitution of natural old-growth forest with intensively managed

plantations and the potential socio-ecological implications of

this theory (although applied research is increasingly doing

so45). The insufficient consideration of social outcomes and

more nuanced forest characteristics is a critical gap, given that

the key objectives of the global forest landscape restoration

agenda are to improve human well-being, conserve biodiversity,

and mitigate climate change.

These limitations, combined with the focus in forest transition

theory on historical forest cover, emphasize the need for a more

comprehensive and updated theory that explicitly incorporates

social and more detailed ecological outcomes. Such a theory

is essential to guide research on current restoration challenges

and inform practice that is both ecologically effective and so-

cially just. Below, we turn to the body of literature on forests

and livelihoods, forest governance, and restoration social sci-

ence to identify how to incorporate social outcomes and path-

ways into an analytical framework to support the development

of such a theory.

THE IMPORTANCE OF INCORPORATING SOCIAL
OUTCOMES INTO FOREST TRANSITION THEORY

Decades of research on forest livelihoods and forest governance

as well as the emerging field of restoration social science have

revealed the complex interactions and interdependencies be-

tween people, forests, and governance institutions. Insights

from these fields reveal how and where social outcomes and

forest governance fit into forest transition dynamics and the

importance of incorporating these factors into theory.

Research on forests’ contribution to rural livelihoods has

shown the crucial role that forests can play in poverty alleviation

by studying how forest’s provisioning services (e.g., timber,

wood fuel, and non-timber forest products) can support com-

mercial and subsistence livelihoods of rural communities.4,46

For example, the Centre for International Forestry Research’s

(CIFOR’s) flagship Poverty Environment Network (PEN) study

surveyed around 8,000 rural households across 24 low- andmid-

dle-income countries. The PEN study found that forest resources

account for almost 22% of rural households’ income, with a

higher share for poorer households.47 As such, forest transitions

and their drivers can significantly affect local people’s livelihoods

and well-being. These changes, in turn, can alter land-use be-

haviors in ways that can promote or discourage reforestation.

In parallel, research on forest governance has demonstrated

the importance of forest management rights as an important fac-

tor influencing both forest change and human well-being. Forest

governance, whether community-based, bottom-up (e.g., com-

munity forests managed by IPLCs48), or state-led, top-down

governance (e.g., government-managed protected areas49)

can affect the benefits that rural communities can gain from
One Earth 8, May 16, 2025 3
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Figure 2. Sustainable forest transition analytical framework linking drivers, contexts, and outcomes at multiple scales and across time
Drivers (A) interact (B) and are moderated (C) by socioeconomic, political and biophysical contexts to affect social and forest ecological outcomes (D) that
accumulate at different scales (E).
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forests and the direction and extent of forest change. For

example, research by the world’s largest research program on

forest governance, the International Forestry Resources and In-

stitutions (IFRI) network, has used data from almost 800 forests

managed by IPLCs in over 20 countries to show that the devolu-

tion of forest management rights to IPLCs is often associated

with improvements in local livelihoods as well as forest condi-

tion.50,51 Research by IFRI demonstrates that local governance

can be an important driver of forest transitions. Meanwhile, na-

tional policies and programs moderate the relationship between

drivers, forests, and people within these local settings.

Moving beyond a traditional focus on ecological processes

and designing ecologically effective restoration interventions,

forest restoration research is increasingly considering the social

justice and land rights implications of restoration interven-

tions.16,18,52,53 For example, tree plantations linked to restoration

efforts in India have been shown to have had very limited effects

on local livelihoods.54 Research has also shown that certain

drivers tend to result in certain types of forest gain. For example,

the legal recognition of Indigenous Territories in Brazil has been

linked to secondary forest regrowth that has distinct potential

social and ecological outcomes.55 This understanding adds

nuance to forest transition theory and helps practitioners to iden-

tify restoration interventions that aremore likely to be socially just

and deliver themultiple objectives of the global forest restoration

agenda.

The above work on forest livelihoods and forest governance

has been critical in developing our understanding of the interac-

tions between forests, people, governance institutions, and the

social impacts of restoration interventions. However, much of

this evidence comes from local case studies or cross-sectional

studies, such as CIFOR’s PEN study and IFRI’s research pro-

gram, which limits the scope for understanding long-term

changes and dynamics at scale.56 Furthermore, the restoration
4 One Earth 8, May 16, 2025
literature has seldom considered socio-ecological dynamics

beyond the focal areas of interest, such as teleconnections, dis-

placed impacts, or effects across scales (see, e.g., Wiegant

et al.57). The greater availability of high-resolution, longitudinal

environmental and social data (described below), coupled with

improved computing power and novel methods of analysis,

enable the expansion of this work across broad spatial and tem-

poral scales and its incorporation in a more comprehensive

framework of forest transitions.

A NEW FRAMEWORK TO UNDERSTAND AND STUDY
SUSTAINABLE FOREST TRANSITIONS

Our sustainable forest transitions framework significantly ex-

tends the current forest transition theory and its relevance to cur-

rent restoration challenges by incorporating social outcomes

and more nuanced ecological outcomes. Our framework also in-

corporates direct and indirect drivers of forest gain, relative ef-

fects that vary over space, interactions between drivers, and

themoderating influence of social, political, and biophysical con-

texts. Our framework organizes drivers, outcomes, and contexts

into a multi-tier system operating across spatial scales and time

(Figure 2) and explicitly promotes consideration of the four key

dimensions highlighted as being critical for successful forest

restoration in international agendas (Figure 1).

Our framework groups outcomes into the broad categories of

social and forest ecological outcomes. Social outcomes incor-

porate the specific dimensions of poverty and well-being, liveli-

hoods, equity, and land and resource rights. Forest ecological

outcomes include forest area gains (natural and planted), biodi-

versity, and climate change mitigation through carbon storage.

We selected these dimensions as they are central goals of the

global forest restoration agenda.5,16–18,53 Although researchers

may not have access to data to assess all these dimensions,
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we hope the framework encourages a more nuanced analysis of

outcomes of forest transitions drivers, beyond the traditional

focus on forest area. In addition, researchers may choose to

add other outcomes of interest (e.g., food security, climate resil-

ience) if data are available.

Our framework includes the drivers linked to economic

development and resource scarcity conceptualized in the orig-

inal forest transition model but re-organizes drivers into two

new pathways (Figure 2A). We refer to pathways as a distinct

set of drivers that produce a distinct sequence of outcomes.

Pathway 1 corresponds to drivers that principally affect social

outcomes with forest ecological outcomes as a secondary ef-

fect. For example, outmigration can affect rural livelihoods and

land use, with reforestation resulting as an indirect effect from

agricultural abandonment. Pathway 2 captures drivers that

principally target forest ecological outcomes, with social out-

comes resulting as secondary effects. Many drivers in pathway

2 include initiatives that can positively or negatively affect com-

munity rights to forests and resources, which can have signifi-

cant impacts on social outcomes (e.g., by facilitating or restrict-

ing the use and sale of forest products for subsistence and

commercial purposes). Rights to land and forest resources in

our framework can therefore be considered both distinct out-

comes (e.g., outcomes driven by specific policies such as tenure

reforms48) and as drivers of change (e.g., in the case of commu-

nity forests32).

Our framework explicitly acknowledges key interactions: the

two pathways do not act in isolation but interact with each other

(Figure 2B) and moderate context-specific social, political, and

biophysical factors. Such interactions can amplify or weaken

the effect of different drivers and produce spatial heterogeneity

in outcomes (Figure 2C). The importance of context is illustrated,

for example, by the contrasting effects of cash transfers and rural

credit programs on deforestation in different regions of Brazil.58

Finally, our framework considers both temporal and spatial

scales, which can now be better understood thanks to advances

in the availability of longitudinal and high spatial resolution data

(see below). Spatial variation in the outcomes of forest transition

drivers can influence how outcomes accumulate andmanifest at

larger scales. For instance, community forestry may be effective

at improving both forest cover and human well-being in places

that have strong institutions and lower levels of poverty (see,

e.g., Oldekop et al.32), but this positive effect may only be

apparent at the local scale and may be averaged out when

measuring outcomes at broad scales (e.g., at the scale of

provinces or countries). Similarly, displacement of deforestation

may only become apparent when considering patterns of

forest gains and losses over broad spatial scales (see, e.g.,

Meyfroidt et al.38). For this reason, our framework explicitly calls

for combining research at multiple spatial scales (e.g., local,

regional, or national) to explore how outcomes and the relative

importance of different drivers vary across scales (Figure 2E).

OPERATIONALIZING THE ANALYTICAL FRAMEWORK

To our knowledge, no single study of forest transitions has yet

integrated all components of our framework. Therefore, to illus-

trate how our framework could be applied in practice to unify

these different components, we present a hypothetical example
from Nepal. To inform our hypothetical case study we draw on

evidence from case studies, from Nepal and elsewhere, on the

individual effect of migration32 and community forests36 on

forest cover and poverty.

In a first step (Figure 2A), we identify key forest transition

drivers and categorize them into the two pathways. In Nepal,

key drivers associated with the country’s forest transition include

high international outmigration rates that have transformed rural

landscapes (according to the 2010 census, one in three house-

holds had someone working abroad36) and the large and long-

standing community forest management program (�25% of

Nepal’s forests are managed by local communities32). Interna-

tional migration will likely affect forest cover changes through

changes in socioeconomic well-being outcomes (e.g., remit-

tances) that affect agricultural decisions (pathway 1). Community

forests are principally targeted toward forest conservation and

restoration and likely impact socioeconomic well-being through

subsistence and commercial livelihood benefits (pathway 2).

In a second step (Figure 2B), we consider whether and

how these drivers interact when operating simultaneously. For

example, outmigration has been linked to lower levels of com-

munity engagement in local forest management institutions in

Mexico.59 Outmigration in Nepal might, therefore, interact

similarly with community forest management institutions and

influence the effect of community forest management on forests

and social outcomes. We should also consider how context-

specific social, political, and biophysical factors might moderate

the effects of a particular driver (e.g., outmigration) on both social

and forest ecological outcomes (Figure 2C). Contextual factors

operating across a range of scales may be important drivers of

heterogeneity and should be considered; these could range

from macroeconomic trade policies or subsidies that influence

local land use and labor, to micro-scale biophysical factors,

such as slope and soil quality.60 In Nepal, for example, where

much of the agricultural production takes place on steep hill-

sides, slope is a key moderator of outmigration’s effect on forest

gains.36

In a third step (Figure 2D), we assess the mechanisms through

which indirect effects occur—how social changes resulting from

drivers in pathway 1 affect forests. In Nepal, the effect of outmi-

gration on forests is mediated through changes in population

density and agricultural activity.36 Finally, it is important to

consider scale-dependent effects (Figure 2E). Both community

forests and international outmigration are widespread in Nepal

but are also spatially determined; migration is particularly high

in central and western Nepal,36 whereas community forest man-

agement is particularly prominent across themiddle hills range of

the country.32 Whether international migration or community for-

ests lead to the largest amounts of forest gain at national scales,

or whether outcomes vary depending at what scale data are

aggregated remains to be explored.

Our framework can be used to ask both reverse causal ques-

tions (what explains outcome Y?) and forward causal questions

(does driver X cause outcome Y?)61 and can also be informed by

qualitative data and qualitative causal approaches.62 Reverse

causal questions are important for exploratory analyses, hypoth-

esis generation, and theory development. In contrast, forward

causal questions are important for hypothesis testing and attrib-

uting causation, often in the context of policy evaluation.
One Earth 8, May 16, 2025 5
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Reverse causal questions can be answered using a series of

regression models. The patterns and drivers of observed forest

gains can be identified by regressing forest gain and social

outcomes against predictors, including suspected drivers, inter-

actions between them, and potentially important contextual

factors.

Quasi-experimental approaches, which use statistical methods

to simulate randomized controlled trials using observational data,

can be applied to answer forward causal questions. Over the past

15 years, these methods have been increasingly applied to eval-

uate the impacts of environmental policies63,64 but have seldom

been used to analyze forest gains, compared to efforts to estimate

forest loss (but see Andam et al.,33 Oldekop et al.,36 Benzeev et

al.,55 and Baragwanath et al.65). For example, statistical match-

ing – a statistical pre-processing step to select more comparable

units of analysis, has been used to assess deforestation and

poverty outcomes of protected areas and community forests in

different country-level analyses (e.g., Oldekop et al.32 and Ferraro

et al.66). Other quasi-experimental methods, such as regression

discontinuity analyses, which use thresholds in time series data

to define treatment assignment, and the synthetic control, which

uses a weighted combination of control units for analyses where

the pool of potential controls is limited (e.g., West et al.67), are

also becoming more prevalent.

A key advantage of quasi-experimental methods in the

context of our framework is that they can be used to under-

stand relative effects (which one of the multiple drivers oper-

ating at the same time and place has the largest effect) and

extended to better understand the contextual factors that

moderate or mediate outcomes.66,68 Moderators affect the

causal relationship between drivers and outcomes. Under-

standing them is essential to understanding how the same

drivers can yield different effects, and interact differently, in

different places (see points B and C in Figure 2). For example,

access to roads and agricultural suitability have been shown

to moderate the impact of protected areas on deforestation

and poverty alleviation in contrasting ways.66 Mediators

explain the mechanism through which drivers affect outcomes

(Figure 2D). In the context of our framework, analyzing medi-

ators can help understand the indirect forest or social out-

comes of different drivers.

ADVANCES IN THE AVAILABILITY OF FOREST AND
SOCIAL DATA

Applying our framework to better understand the social and

ecological outcomes of forest transitions requires the analysis

of high-resolution data on the social and ecological characteris-

tics of the study region across multiple time periods. In recent

years, two key advances facilitate the study of forest transitions.

The first is improvements in remote sensing capacity and the

availability of secondary data products that enable researchers

to capture forest changes more accurately and more frequently

at regional (see, e.g., Vancutsem et al.,69 Sousa Jr. et al.70) and

global scales.71 The second is data products that allow re-

searchers to distinguish between different types of forest gains,

including plantations and tree crops,72–75 although recent,

consistent, and comprehensive global data on plantation extent

are still lacking.76
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Datasets used to measure poverty and well-being, typically

used in development economics, are being used increasingly

to study the social outcomes of environmental policies. For

example, census data and representative household surveys

(e.g., the World Bank’s Living Standards Measurement Study,

and the US Agency for International Development’s [USAID] De-

mographic and Health Survey [DHS; note that with the restruc-

turing of USAID implemented by the second Trump administra-

tion, the DHS program has been put on hold]) are available for

multiple time periods in many countries and can be used to

construct panels or pseudo-panels to measure poverty and

well-being changes over time.77 As such, these data can be

used to evaluate the effects of forest transition drivers on human

well-being (see, e.g., den Braber et al.78 for an example using

deforestation outcomes).

In the last 5 years, we have also seen the release of high-res-

olution gridded poverty and well-being datasets that facilitate

analyses in previously data-poor areas. For example, Chi

et al.79 and Sherman et al.80 have used machine learning algo-

rithms to relate representative household survey data to popula-

tion estimates and characteristics from satellite imagery (e.g.,

nightlights), to predict wealth and economic development at

relatively high spatial resolutions (e.g., 2.4 km2) for much of the

world. A key advantage of gridded social data is that it can be

easily aggregated to match the unit of analysis (e.g., Figure 3),

the scale of an intervention of interest, or to align with lower-res-

olution datasets. However, most of these datasets do not

currently measure changes over time (but see Kummu et al.81)

and are themselves models, which presents some analytical dif-

ficulties.

New social datasets have also been released that capture, or

proxy, potential drivers of forest transitions, and important socio-

economic and political contexts. These include high-resolution,

gridded data on areas managed by Indigenous people83

(Figure 3), net migration82 (Figure 3), and agricultural gross do-

mestic product.84 This adds to the existing data on population

(e.g., WorldPop), accessibility (e.g., travel times to urban cen-

ters85), and forest governance data (e.g., protected areas86).

By integrating these new gridded social and governance data

with forest cover change and other biophysical data, scholars

can simultaneously (1) incorporate multiple drivers of deforesta-

tion and/or reforestation beyond forest sector policies and (2)

evaluate forest transitions across different spatial scales over a

long period of time. It is important to note, however, that many

broad-scale social datasets have limitations and uncertainties,

and it is important to recognize these when selecting datasets

and interpreting analyses.

Some critical data also remain missing or difficult to access.

Consistent data on the composition and biodiversity of forest

species continue to be a challenge. However, citizen science-

based efforts, such as eBird can be used to assess biodiversity

outcomes of certain species over large geographical scales (see,

e.g., Cazalis et al.87). The absence of systematic and accessible

data on forest restoration projects and Payments for Ecosystem

Services schemes in many countries constitutes a serious gap,

preventing independent assessments of the social and environ-

mental impacts of restoration projects and interventions. This is

particularly concerning given that such projects are often linked

to carbon and biodiversity offset markets that have been



A

D E

B C

Figure 3. Combining new global datasets within the sustainable forest transitions framework enables broad-scale evaluations of the
multiple drivers and outcomes of reforestation
(A) Forest and poverty outcomes are mapped at the global scale, combining new, tree height-based estimates of forest gain from 2000 to 2020,62 with high-
resolution estimates of the Human Development Index (HDI) for 2019,80 summarized within a 3,700-km2 hex grid. This highlights where tree cover is expanding in
places with low to mid-human development (<0.7), where the need for sustainable forest transitions is particularly pronounced.
(B–E) The focus here is on two places, mid-Central America (B and D) and Nepal (C and E), which demonstrates how new social datasets, in this case migration82

(B and C) and Indigenous Territories83 (D and E), can be used to assess the relative effects of suspected drivers on both forest cover and poverty.
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insufficiently evaluated and, in some cases, criticized for gener-

ating adverse social and/or environmental outcomes.67
CONCLUSION

In this paper, we advance a new framework to understand the

social and ecological outcomes of forest gain drivers. Our frame-

work significantly extends the current forest transition theory,

integrating insights from research on forest livelihoods, gover-

nance, and restoration to incorporate social outcomes and

ecological outcomes beyond forest area gain, and paying

much greater attention to interactions between forest gain

drivers and the social and political contexts in which they oper-

ate. Advances in data availability and methodological tools

enable the application of our framework to analyze the drivers

and outcomes of forest gains across temporal and spatial

scales.

The empirical application of our framework could improve

the understanding of (1) how synergies and trade-offs be-

tween social and ecological outcomes are distributed across

time and space; (2) which current forest gain drivers, including

key national and global environmental policies, lead to joint

positive social and ecological outcomes (i.e., synergies); and

(3) how different social and political contexts act to amplify

or weaken forest gain drivers or moderate their well-being

outcomes. This understanding would provide evidence on

the processes and conditions under which increasing forest

cover can also deliver social benefits for local populations.

Empirical evidence generated from application of our frame-

work could help improve the design and targeting of forest

restoration interventions to increase their efficiency as well

as the odds that they deliver the promised benefits for people,

climate, and biodiversity, at scales envisioned by ambitious

global targets.
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18. Löfqvist, S., Kleinschroth, F., Bey, A., de Bremond, A., DeFries, R., Dong,
J., Fleischman, F., Lele, S., Martin, D.A., Messerli, P., et al. (2023). How so-
cial considerations improve the equity and effectiveness of ecosystem
restoration. Bioscience 73, 134–148. https://doi.org/10.1093/biosci/
biac099.

19. Scheidel, A., and Gingrich, S. (2020). Toward sustainable and just forest
recovery: research gaps and potentials for knowledge integration. One
Earth 3, 680–690. https://doi.org/10.1016/j.oneear.2020.11.005.

mailto:johan.oldekop@manchester.ac.uk
mailto:johan.oldekop@manchester.ac.uk
http://www.trase.earth/
https://glp.earth/
https://doi.org/10.1126/science.aax0848
https://doi.org/10.1038/d41586-019-01026-8
https://doi.org/10.1111/rec.12894
https://doi.org/10.1111/rec.12894
https://doi.org/10.1016/j.worlddev.2019.104647
https://doi.org/10.1111/rec.13574
https://doi.org/10.1098/rsos.201218
https://doi.org/10.1098/rsos.201218
https://doi.org/10.1002/ldr.3014
https://doi.org/10.1111/gcb.15498
http://refhub.elsevier.com/S2590-3322(25)00074-0/sref17
http://refhub.elsevier.com/S2590-3322(25)00074-0/sref17
http://refhub.elsevier.com/S2590-3322(25)00074-0/sref17
http://refhub.elsevier.com/S2590-3322(25)00074-0/sref17
http://refhub.elsevier.com/S2590-3322(25)00074-0/sref17
https://doi.org/10.1093/biosci/biac099
https://doi.org/10.1093/biosci/biac099
https://doi.org/10.1016/j.oneear.2020.11.005


ll
OPEN ACCESSPerspective
20. Erbaugh, J.T., and Oldekop, J.A. (2018). Forest landscape restoration for
livelihoods andwell-being. Curr. Opin. Environ. Sustain. 32, 76–83. https://
doi.org/10.1016/j.cosust.2018.05.007.

21. Strassburg, B.B.N., Iribarrem, A., Beyer, H.L., Cordeiro, C.L., Crouzeilles,
R., Jakovac, C.C., Braga Junqueira, A., Lacerda, E., Latawiec, A.E., Balm-
ford, A., et al. (2020). Global priority areas for ecosystem restoration. Na-
ture 586, 724–729. https://doi.org/10.1038/s41586-020-2784-9.

22. Meyfroidt, P., Roy Chowdhury, R., de Bremond, A., Ellis, E.C., Erb, K.-H.,
Filatova, T., Garrett, R.D., Grove, J.M., Heinimann, A., Kuemmerle, T., et al.
(2018). Middle-range theories of land system change. Glob. Environ.
Change 53, 52–67. https://doi.org/10.1016/j.gloenvcha.2018.08.006.

23. Erbaugh, J.T., Pradhan, N., Adams, J., Oldekop, J.A., Agrawal, A., Brock-
ington, D., Pritchard, R., and Chhatre, A. (2020). Global forest restoration
and the importance of prioritizing local communities. Nat. Ecol. Evol. 4,
1472–1476. https://doi.org/10.1038/s41559-020-01282-2.

24. Kull, C.A., Bartmess, J., Dressler, W., Gingrich, S., Grodzicki, M., Jasikow-
ska, K., Lapniewska, Z., Manourian, S., Nguyen, V.T.H., Persson, J., et al.
(2024). Pitfall for the sustainability of forest transitions: evidence from
Southeast Asia. Environ. Conserv. 23, 1–11. https://doi.org/10.1017/
S0376892924000079.

25. Persson, J. (2024). On the brink of transition. From pathways to methodo-
logical heuristics for improved causal analysis of forest transition research.
Land Use Policy 147, 107376. https://doi.org/10.1016/j.landusepol.2024.
107376.

26. Mather, A.S. (1992). The forest transition. Area 24, 367–379. https://www.
jstor.org/stable/20003181.

27. Mather, A.S., and Needle, C.L. (1998). The forest transition: a theoretical
approach. Area 30, 117–124. https://www.jstor.org/stable/20003865.

28. Rudel, T.K., Coomes, O.T., Moran, E., Achard, F., Angelsen, A., Xu, J., and
Lambin, E. (2005). Forest transitions: towards a global understanding of
land use change. Glob. Environ. Change 15, 23–31. https://doi.org/10.
1016/j.gloenvcha.2004.11.001.

29. Meyfroidt, P., and Lambin, E.F. (2011). Global forest transition: prospects
for an end to deforestation. Annu. Rev. Environ. Resour. 36, 343–371.
https://doi.org/10.1146/annurev-environ-090710-143732.

30. Rudel, T.K., Perez-Lugo, M., and Zichal, H. (2000). When fields revert
to forest: Development and spontaneous reforestation in post-war
Costa Rica. Prof. Geogr. 53, 386–397. https://doi.org/10.1111/0033-
0124.00233.

31. Hua, F., Wang, X., Zheng, X., Fisher, B., Wang, L., Zhu, J., Tang, Y., Yu,
D.W., and Wilcove, D.S. (2016). Opportunities for biodiversity gains under
the world’s largest reforestation programme. Nat. Commun. 7, 12717.
https://doi.org/10.1038/ncomms12717.

32. Oldekop, J.A., Sims, K.R.E., Karna, B.K., Whittingham, M.J., and Agrawal,
A. (2019). Reductions in deforestation and poverty from decentralized for-
est management in Nepal. Nat. Sustain. 2, 421–428. https://doi.org/10.
1038/s41893-019-0277-3.

33. Andam, K.S., Ferraro, P.J., and Hanauer, M.M. (2013). The effects of
protected areas on ecosystem restoration: a quasi-experimental design
to estimate the impact of Costa Rica’s protected area system on forest re-
growth. Conserv. Lett. 6, 317–323. https://doi.org/10.1111/conl.12004.

34. Andres, S.E., Standish, R.J., Lieurance, P.E., Mills, C.H., Harper, R.J., But-
ler, D.W., Adams, V.M., Lehmann, C., Tetu, S.G., Cuneo, P., et al. (2022).
Defining biodiverse reforestation: Why it matters for climate change miti-
gation and biodiversity. Plants, People, Planet 5, 27–38. https://doi.org/
10.1002/ppp3.10329.

35. Gingrich, S., Lauk, C., Krausmann, F., Erb, K.-H., and Le No€e, J. (2021).
Changes in energy and livestock systems largely explain the forest transi-
tion in Austria (1830-1910). Land Use Policy 109, 105624. https://doi.org/
10.1016/j.landusepol.2021.105624.

36. Oldekop, J.A., Sims, K.R.E., Whittingham,M.J., and Agrawal, A. (2018). An
upside to globalization: International migration drives reforestation in
Nepal. Glob. Environ. Change 52, 66–74. https://doi.org/10.1016/j.gloenv-
cha.2018.06.004.

37. Redo, D.J., Grau, H.R., Aide, T.M., and Clark, M.L. (2012). Asymmetric for-
est transition driven by the interaction of socioeconomic development and
environmental heterogeneity in Central America. Proc. Natl. Sci. Acad.
USA 109, 8839–8844. https://doi.org/10.1073/pnas.1201664109.

38. Meyfroidt, P., Vu, T.P., and Hoang, V.A. (2013). Trajectories of deforesta-
tion, coffee expansion and displacement of shifting cultivation in the Cen-
tral Highlands of Vietnam. Glob. Environ. Change 23, 1187–1198. https://
doi.org/10.1016/j.gloenvcha.2013.04.005.

39. Sloan, S. (2022). Reforestation reversals and forest transitions. Land Use
Policy 112, 105800. https://doi.org/10.1016/j.landusepol.2021.105800.
40. Mather, A.S., Fairbairn, J., and Needle, C.L. (1999). The course and drivers
of the forest transition: The case of France. J. Rural Stud. 15, 65–90.
https://doi.org/10.1016/S0743-0167(98)00023-0.

41. Pichler, M., Bhan, M., and Gingrich, S. (2021). The social and ecological
costs of reforestation. Territorialization and industrialization of land use
accompany forest transitions in Southeast Asia. Land Use Policy 101,
105180. https://doi.org/10.1016/j.landusepol.2020.105180.

42. Kull, C.A. (2017). Forest transitions: a new conceptual scheme. Geogr.
Helv. 72, 465–474. https://doi.org/10.5194/gh-72-465-2017.

43. Sloan, S., Meyfroidt, P., Rudel, T.K., Bongers, F., and Chazdon, R. (2019).
The forest transformation: Planted tree cover and regional dynamics of
tree gains and losses. Glob. Environ. Change 59, 101988. https://doi.
org/10.1016/j.gloenvcha.2019.101988.

44. Garcı́a-Barrios, L., Galván-Miyoshi, Y.M., Valsieso-Pérez, I.A., Masera,
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Z., Robinson, C.J., Watson, J.E.M., Zander, K.K., Austin, B., Brondizio,
E.S., et al. (2018). A spatial overview of the global importance of Indige-
nous lands for conservation. Nat. Sustain. 1, 369–374. https://doi.org/
10.1038/s41893-018-0100-6.

84. Ru, Y., Blankespoor, B., Wood-Sichra, U., Thomas, T.S., You, L., and Kal-
velagen, E. (2023). Estimating local agricultural gross domestic product
(AgGDP) across the world. Earth Syst. Sci. Data 15, 1357–1387. https://
doi.org/10.5194/essd-15-1357-2023.

85. Weiss, D.J., Nelson, A., Gibson, H.S., Temperley, W., Peedell, S., Lieber,
A., Hancher, M., Poyart, E., Belchior, S., Fullman, N., et al. (2018). A global
map of travel time to cities to assess inequalities in accessibility in 2015.
Nature 553, 333–336. https://doi.org/10.1038/nature25181.

86. UNEP-WCMC and IUCN (2024). The World Database on Protected Areas
(UNEP-WCMC). www.protectedplanet.net.

87. Cazalis, V., Princé, K., Mihoub, J.-B., Kelly, J., Butchart, S.H.M., and Ro-
drigues, A.S.L. (2020). Effectiveness of protected areas in conserving
biodiversity. Nat. Commun. 11, 4461. https://doi.org/10.1038/s41467-
020-18230-0.

https://doi.org/10.1016/j.forpol.2021.102591
https://doi.org/10.3386/w19614
https://doi.org/10.1111/cobi.14071
https://doi.org/10.1111/conl.1218
https://doi.org/10.1111/cobi.13448
https://doi.org/10.1073/pnas.2221346120
https://doi.org/10.1073/pnas.1011529108
https://doi.org/10.1073/pnas.1011529108
https://doi.org/10.1126/science.ade3535
https://doi.org/10.1073/pnas.1307712111
https://doi.org/10.1126/sciadv.abe1603
https://doi.org/10.3390/rs12172735
https://doi.org/10.3389/frsen.2022.856903
https://doi.org/10.5194/essd-13-1211-2021
https://doi.org/10.1038/s41893-022-00904-w
http://refhub.elsevier.com/S2590-3322(25)00074-0/sref74
http://refhub.elsevier.com/S2590-3322(25)00074-0/sref74
https://doi.org/10.1038/s41586-023-06642-z
http://refhub.elsevier.com/S2590-3322(25)00074-0/sref76
http://refhub.elsevier.com/S2590-3322(25)00074-0/sref76
http://refhub.elsevier.com/S2590-3322(25)00074-0/sref77
http://refhub.elsevier.com/S2590-3322(25)00074-0/sref77
http://refhub.elsevier.com/S2590-3322(25)00074-0/sref77
http://refhub.elsevier.com/S2590-3322(25)00074-0/sref77
https://doi.org/10.1038/s41559-024-02458-w
https://doi.org/10.1073/pnas.2113658119
https://doi.org/10.3386/w31044
https://doi.org/10.1038/s41597-025-04487-x
https://doi.org/10.1038/s41597-025-04487-x
https://doi.org/10.1038/s41562-023-01689-4
https://doi.org/10.1038/s41893-018-0100-6
https://doi.org/10.1038/s41893-018-0100-6
https://doi.org/10.5194/essd-15-1357-2023
https://doi.org/10.5194/essd-15-1357-2023
https://doi.org/10.1038/nature25181
https://www.protectedplanet.net
https://doi.org/10.1038/s41467-020-18230-0
https://doi.org/10.1038/s41467-020-18230-0

	Sustainable forest transitions: A new analytical framework to understand social and ecological outcomes of reforestation
	Introduction
	Forest transition theory
	Strengths and weaknesses of forest transition theory
	The importance of incorporating social outcomes into forest transition theory
	A new framework to understand and study sustainable forest transitions
	Operationalizing the analytical framework
	Advances in the availability of forest and social data
	Conclusion
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Acknowledgments
	Author contributions
	Declaration of interests
	References


