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Abstract

Sections

Globalforestloss impacts climate, biodiversity and sustainable
development goals. Deforestation footprinting attributes forest loss
to commodity production and consumption, identifying global trends,
drivers and hot spots to inform zero-deforestation policies. In this
Review, we provide an overview of global deforestation footprinting
approaches and their trends. Major economies, including Brazil,
Indonesia, China, the United States and Europe, are responsible

for most commodity-linked deforestation, with agriculture-linked
deforestationin Brazil alone reaching over 12.8 million hectares
between 2005 and 2015. Agriculture isadominant driver of
deforestation. For example, 86% of global deforestation occurring

between2001and 2022 can be attributed to crop and cattle production.

Footprinting of commodity-linked deforestation has contributed to
the scope and implementation of supply chain regulation to mitigate
forest loss. For example, footprint estimates have been used in risk
assessments for EU and UK due diligence regulations. Although forest
loss to agriculture is relatively well documented, a lack of dataon
non-agricultural drivers — such as mining and mangrove clearance for
aquaculture — limits the scope of footprints in fully attributing total
global forest loss to human activities. Future research should focus on
methodological and data harmonization, transparency and sharing to
enable footprinting approaches to cover a wider range of deforestation
drivers.
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Introduction

Global deforestation is a primary driver of climate change. Globally,
deforestationand other disturbances are linked with global greenhouse
gas emissions of approximately 8.1 + 2.5 GtCO,e yr (ref.1). Deforesta-
tionis also a primary driver of biodiversity loss** and is closely linked
to broader sustainable development issues, including the human
rights** and livelihoods of rural® and indigenous communities™, and
the emergence of zoonotic disease®'. In turn, commodity production
for domestic consumption and international trade is identified as a
primary driver of global forest loss™>. However, despite recognition
of deforestation as a pressing concern, and the associated attention
by private sector and governmental actors, depletion of forests has
continued past planetary limits".

Environmental footprinting can provide an overview of global
responsibility, hot spots of concern, and trends in the links between
consumption andits environmental consequences. Examples of envi-
ronmental footprints include those covering greenhouse gases'",
water consumption and scarcity'®”, and biodiversity'®'?, among
others* % A deforestation footprint can provide a specific assess-
ment of anational or sectoral linkage to, or responsibility for, forest
loss. Although multiple kinds of information are required to support
mitigation actions across scales and supply chain stages, footprint-
ing approaches have supported private sector”, government®** and
civil society actors®. Such supportincludes identifying and monitor-
ing supply chain exposure, improving national accounts of environ-
mental risks and dependencies, and supporting impact-reduction
targets.

Inrecognition of the role of forests as critical in fighting climate
change”, many demand-side actors, such as major agricultural traders
and retailers, financial institutions and governments, have stepped
up policy action to remove deforestation from commodity supply
chains. Building upon voluntary action by the private sector, these
policy actions have — so far — had mixed success?. Central to both
voluntary and regulatory schemes are the data required to monitor
supply chainexposure to deforestation and evaluate the progress or
consequences of interventions?. In this context, deforestation foot-
printing canbe animportant tool. Yet there is no universally accepted
standard for conducting footprint assessments®. Furthermore, with
advances in computational and remote-sensing technologies®*?,
information availability has developed quickly. Thus, the evidence
base hasrapidly shifted and will continue to do so'>. Interpretation of
theresults of deforestation footprinting exercises therefore requires
an appreciation of their varying methods, underpinning data and
assumptions.

In this Review, we synthesize existing estimates of national level
deforestation footprints, drawing on evidence linking forest loss
through to commodity production and consumption via domestic,
regional and international trade. We focus on agricultural commodi-
ties as a key driver but also discuss other commodities influencing
deforestation. Presenting a historical timeline of methodological
developmentinthe context of anadvancing datalandscape, we sum-
marize points of commonality and differences between footprint-
ing approaches. We compare data originating from methods with
varying scope and purpose, focusing particularly on approaches that
provide global-level analyses, but also contrast these with aselection
of finer-resolution commodity-specific or nation-to-nation-specific
analyses. Finally, we reflect on the role of the research landscape
in supporting governance efforts and recommend areas of future
improvement and attention.

Quantifying deforestation and its drivers
Deforestation footprint estimates rely on definition and quantification
of the extent of deforestation, attribute forest loss to human produc-
tive activities, and distribute attribution of deforestation through
associated supply chains and consumption systems (Fig. 1). Each step
involves data collection, modelling and applies assumptions, which
influence the resulting estimates. Quantifying deforestation areaand
attribution to production and consumption, and how agriculture and
forestry, aquaculture and mining, and urbanization and infrastructure
influence deforestation are now discussed.

Quantifying deforestation area

Globalforest loss is inextricably linked to human activities, but quan-
tifying and attributing of forest loss to its drivers is not trivial. Firstly,
there is no universal definition of a forest or deforestation. Legisla-
tors in the EU** and UK>** have adopted the United Nations Food and
Agriculture Organization (FAO) forest definition®: “Land spanning
more than 0.5 hectares with trees higher than 5 meters and a canopy
cover of more than10 percent, or trees able to reach these thresholds
in situ”. However, this definition can differ from those used in many
remote-sensing products, such as Global Forest Watch (GFW), which
defines forest as “woody vegetation with a height of at least 5 meters
and a canopy density of at least 30 percent at 30 m resolution”®,

The FAO also does not consider conversion of natural forest to
managed forest plantations as deforestation. This omission contrasts
with standard-setting attempts by civil society, such as the Account-
ability Framework initiative, that do consider conversion of natural
forests to plantations as deforestation”. Similarly, the extent of forests
and deforestation captured by deforestation footprint estimates com-
monly vary (Fig.1). Such differences can greatly impact deforestation
estimates'”. For example, deforestation in Africa between 2011 and
2015is estimated at 4.8 Mha yr™ by the FAO, with GFW estimating only
2.8 Mha yr of forest loss in the same time period™.

Attributing deforestation to production

Furthermore, when forest is cleared, capturing the dynamics of what
replacesitis not straightforward. For example, if forest plantations
used for timber production replace primary forest then these can be
periodically cut and replaced, but remote-sensing products can still
record this as forest loss". Whether footprinting approaches account
for this periodic clearing in their deforestation measure varies. How-
ever, thisissue canbe particularly problematicintemperate and boreal
regions, where clearing in managed forests accounts for alarge share
of total forest loss".

Ahighlyinfluentialglobal assessment" geospatially attributed tree
cover loss to five categories of dominant drivers (Fig. 1). The assess-
ment defined asingle, dominant disturbance type within each 10 km?
pixel across the globe over the 2001-2015 time period. Overall, up to
76% of global tree cover lossis attributed to agriculture and forestry*®.
Only urbanization (estimated as a minor contributor to forest loss
of <1% globally) and commodity-driven loss (25%) are classified as
permanent drivers of loss (areas where no short-term tree regrowth
is likely). However, when applied to derived deforestation footprints,
thebroader classes of forestry (31%) and shifting agriculture (21%) are
also linked to economic activities within footprint quantifications™.

A complication in deforestation attribution is the potential lag
time between deforestation and emergent land-use change. Several
years can elapse between forest loss and productive land outputs
owing to crop maturation time or other land-use dynamics, such as
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a Defining and quantifying deforestation

Typical methods:
» Reported deforestation statistics
e Remote sensing
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Fig.1| Overview of the construction of deforestation footprints. a, Defining
and quantifying deforestation. The grey outer circle represents a 2022 global
tree cover loss estimate based on Global Forest Watch remote sensing'®. The
light blue circle represents global deforestation estimate based on reported
statistics from the United Nations Food and Agriculture Organization’s
2020 Forest Resources Assessment'*. The blue inner circle represents an
estimate of deforestation explicitly linked to agriculture and forestry 2022'%¢,
b, Attribution of deforestation to productive outputs. The relative contributions
to deforestation based on direct links of dominant drivers to productive-
output (inner circle) or commodity-specific land-use change (outer circle).
The dominant drivers shown include wildfire (W), urbanization (U), shifting
agriculture (SA), commodity deforestation (CD) and forestry (F). Yellow

b Attribution to productive outputs

 ‘Land-use transition’/’land balance’ models
« ‘Dominant driver’ of tree cover loss data
* Geospatial land-use layers

C Linking productive outputs to
consumption
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o Import/export records

o Material flow analysis
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represents forest plantations and/or forestry, dark pink represents cropland
and/or commodity deforestation, pale pink represents shifting agriculture, grey
represents urbanization and dark blue represents wildfire. The dashed black
arrow indicates estimates that are not directly comparable owing to the adoption
of alternative classifications. Data fromrefs. 11,104. ¢, Linking productive
outputs to consumption. The top five national deforestation footprints (based
on acomparative hybridized full consumption-based approach) are shown, error
barsrepresent distributions across comparative estimates (data from Table 1

and Supplementary Note 1). Deforestation footprints can help understand
deforestation drivers, hotspot locations and commodities of concern, and
monitor the progress of zero-deforestation commitments over time. MRIO,
multiregional input-output.

short-term use as pasture, before use for crops*’. Whether such lags
areaccounted for in footprint assessments varies.
Amortizationassumptions are also variably used”. These assump-
tions seek to spread out the initial deforestation event to attribute
impacts to production over subsequent years, to account for the fact
thatthe same parcel of land cangenerate economic outputs for anindef-
inite period. Furthermore, deforestation can be linked to agricultural
activities that do not necessarily lead to productive output and there-
fore might notappear within footprint accounts'. For example, defor-
estation associated withland speculation*?, economic boom-and-bust
cycles®, land conflicts* or fires spreading from agricultural land*®.

Linking deforestation to consumption

Once deforestation has been linked to economicdrivers, afinal stepin
footprinting is allocation to human consumption activities. Bilateral
tradeinformation can provide adirect deforestation footprint associ-
ated with trade in focal products*®. However, direct use of trade data
canmask true origins. For example, the Netherlandsis akey trade hub
for Europe, but many materials are not produced there". Therefore,
methods need tobe able to account for re-export (imports followed by
exporttoanother nation), and the processing and trade of intermediate
products. These methods typically use mass-based data and are con-
sidered estimates of apparent consumption**. However, insufficient
supply chain transparency*’ means that it is not always possible to fully

track commodities downstream, and more complex processing stages
and paths can be missed.

Full consumption approaches, where economy-wide models are
used, provide a solution. Monetary multiregional input-output (MRIO)
models*®*!, representing global intersectoral and international trans-
actions, are commonly applied. Hybrid models combining physical
and monetary approaches are also capable of resolving downstream
commodity trading and processing*®*.

Agriculture and forestry
Although agricultural commodities are the largest driver of tropical
forestloss™, forestry isidentified as a primary concernin temperate or
boreal regions". Forestry has beenincluded in several global footprint
analyses®****535* but estimates are complicated by uncertaintiesin
measuring permanent, natural forest loss as opposed to rotational
clearing". Aside from plantation forestry, selective logging of primary
forest for timberisalsoanimportantdriver of deforestation and forest
degradation®° that is also variably captured by footprinting meth-
ods. Clearcutting is captured by tree-cover loss datasets, but several
footprinting approaches®***** depend on FAO data for forest planta-
tion expansion or contraction, which will not cover selective logging
activities”.

As much as 69% of global forest loss driven by commercial agri-
culture is illegal deforestation®. lllegal deforestation activity can be
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missed or misattributed if not included in datasets used in footprint
analysis (such as the commonly used FAO records)*’. Furthermore,
illicit unreported activities, such as the production of narcotics, can
be important contributors to deforestation. For example, coca cul-
tivation increased by 43% (from ~150,000 ha to over 200,000 ha) in
Colombiabetween 2020 and 2021°° and, along with wider trafficking
activities®, increased the probability of deforestation®’. Quantifying
the connectionbetweenillegal activities and deforestation s difficult
because illegal production will rarely be captured within the (often
officially reported) datasets on which footprinting studies rely, but
such evidenceis nonetheless of great relevance to forest governance®'.

Aquaculture and mining

Aquaculture and mining are two important sectors associated with
deforestation® . In footprinting assessments so far, these drivers
can be subsumed, without specificity, under commodity-driven cat-
egories of forest loss* or not quantified at all. However, aquaculture is
akey driver of mangrove conversion®, with global losses of mangroves
estimated to be approximately 860,000 habetween 1990 and 2020,
Rates of mangrove loss in South and Southeast Asia are particularly
high®’°, However, although historically dominant, loss of mangroves
appears to have become aless important component of forest loss in
theseregions™.

Estimatesindicate that 326,400 ha of tropical forest were directly
lost to mining between2000 and 2019, with these impacts heavily con-
centrated in Indonesia, Brazil, Ghanaand Suriname”’. Assessments are
hampered by alack of transparency on mine locationand throughput”.
However, emerging datasets combining remote imagery and corpo-
rate disclosure information are closing this gap’> . Data coverage
for artesanal and small-scale mining is limited and uncertain””, yet
can account for a relatively large fraction of mining production”.
Mining canalsobelinked indirectly to deforestation (for example, via
energy infrastructure, in-migration and transport infrastructure)”,
but attributing values to such indirect impacts is challenging'>””. The
dynamic nature of mining lifecycles, along with varying inclusions of
mine features or mining areasin datasets, imparts further complexity in
estimates of the extent and impact of mining as a deforestation driver”.

Urbanization and infrastructure

Urbanizationalso drives deforestation. However, the coarse resolution
of data on the dominant drivers" of deforestation does not detect the
impacts of urbanization outside of major urban areas®. Another analy-
sisindicates that the relative impacts of urbanization and infrastructure
have been more substantial (explaining around 30% of deforestation)
earlierinforest transitionsin African and Asian regions, where rates of
deforestation were low but accelerating’.

Drivers of deforestation also interact with one another’. For exam-
ple,increased road connectivity opens corridors for expansion of other
industries that can drive land-use change. Similarly, roads can follow
prior agricultural or mining expansion”%%5!,

Ultimately, estimating deforestation footprints requires the colla-
tion of deforested area estimates, evidence of attribution to productive
sectors and data to map deforestation impacts through to consump-
tion. The science estimating agricultural- or forestry-linked footprints
has evolved rapidly and captures the main drivers of deforestation.
However, itis worth noting that even for these systems, uncertainties
can be high and data quality poor. In comparison, although drivers
beyond agricultural and forestry are clearly important, attribution
science remains relatively nascent compared with data sources

and approaches that allow agricultural or forestry footprints to be
established.

Estimating deforestation footprints

Estimates of deforestation footprints have evolved rapidly, frominitial
explorations and general attempts to correlate deforestation activi-
ties to trade, to approaches that use a variety of methods to estimate
commodity-specific footprints of specific trade and consumption
activities atever-higher resolution and accuracy. Agriculture and for-
estry account for most deforestation, thus the following discussion
of estimating footprints focuses on these sectors as those estimates
are most widespread.

Early developments

The term deforestation footprint started to appear in the literature
around 2007, in relation to the management of deforestation-linked
emissions®>®, The term was introduced (in the context that it still
applies) to conceptualize the connectionbetween consumption activi-
ties within a nation that can displace impacts overseas to production
or source regions. Although the wider drivers of deforestation — and
thelinkage between agriculture and forest loss — were well-established
before this time®**¢, the introduction of the term also coincided with
increased interest in quantifying connections among consumption,
trade and global forest loss®*%,

Initially, regression-model-based analyses explored interfaces
betweengeneralized export activity and agricultural land expansion®’,
then deforestation’®”’. Analyses of forestry products®®, beef®,
coffee” and soy’ then emerged, which all concluded that trade is akey
explanatory variable in deforestation activity. Concurrently, material
balance sheets emerged for commodities to explore the influence of
importand exports onlocal and overseas deforestation”. For example,
arelatively simple analysis of consumptive demand (production plus
imports, minus exports) used associated timber requirements as a
proxy for extraction to infer deforestation®. Another example for
Vietnam demonstrates that net reforestation was achieved from1992,
partly viathe displacement of forest extraction to other nations, which
resulted in overseas deforestation equating to 39% of the total forest
regrowth within Vietnam itself”” (Fig. 2).

Collectively, these early analyses laid the foundations for defor-
estation footprintingasitisnow considered. Importantly, most of these
approachesinclude amechanism —and associated data — to quantify
deforestation activity, which serves as a key component of deforesta-
tion footprinting. These early estimates’>®>* typically used national,
non-spatial, forest cover and deforestation statistics from the FAO’s For-
est Resources Assessment (FRA) (although some used remote-sensing
data’’), which are collated by the FAO based on estimates of forest
cover submitted via national reporting processes'*’.

Global deforestation footprinting

An early example of deforestation footprinting conducted at global
scale*® also made use of 2010 FRA data'” (Fig. 1). These deforesta-
tion statistics were explicitly attributed and quantitatively linked to
arange of associated production systems (including crops, livestock
production, logging, natural hazards and an unexplained category) via
astepwise land-use transition model, which apportioned responsibil-
ity for forest loss. Since the early 2010s, geospatial data influenced the
trajectory of deforestation footprinting. Of particular importance is
the global tree cover loss data from GFW'*>'°%, This dataset underpins
two seminal global deforestation-footprint estimates®** that — despite
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a Production and timber trade volumes for Vietnam based on FAO data
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Fig.2|The deforestation linked to timber production in Vietnam. a, Timber
production, export and import between 1987 and 2022. Data from the Global
Food and Agriculture Statistics of the United Nations Food and Agriculture
Organization (FAO)?*. b, Tree cover loss and deforestation data between 2001
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and 2022. Data fromrefs. 104,229. ¢, Deforestation footprints. Data fromref. 126
(see Supplementary Note 2 for further details). Despite reforestation efforts,
Vietnam has a notable and growing deforestation footprint linked to domestic
and overseas timber demand.

sharing acommon forest-loss dataset — offer diverging methods of
attributing deforestation to productive outputs from land.

The land balance approach. One global analysis® uses the GFW data
together with a land balance model*®. This analysis excluded GFW

data for non-tropical regions because of the challenges in separat-
ing permanent forest loss from temporary managed-forest rotation,
as well as excluding forest loss in existing plantations in Indonesia
and Malaysia'®. The land balance model is conceptually similar to
the land-use transition model discussed above*®. The land balance
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approach applies statistical (non-geospatial) estimation of gross
expansion of permanent pastures, croplands and forest plantations,
based on Global Food and Agriculture Statistics of FAO (FAOSTAT)'®
national-scale data (aside from Brazil and Indonesia where subnational
records are used) and remote-sensing data on cropland and grassland
loss'®. Forest loss is proportionally attributed to pasture, cropland
(and thenfurther toindividual crops) and forest plantations based on
relative expansion. This approach attempts to capture lags between
deforestationactivities and productive use of land, assuming a period
of 3 years (ref. 53).

The dominant driver approach. A second global analysis based on
the GFW dataset takes an alternative approach to attribution®. Similar
to the land balance analysis®, forest loss data are first combined with
bespoke oil palm and rubber plantation masks to account for areas that
would otherwise be included within deforestation estimates. Calcu-
lated forest lossis then allocated according to the geospatial dominant
drivers dataset". These data are used to assign forest loss to forestry,
urbanization, agriculture and other commodities, which includes
energy and mining in addition to crops. Compared with the land bal-
ance model®, this analysis provides estimates of non-tropical, in addi-
tion to tropical, forest loss linked to all productive economic output
(notjustagriculture)®. However, it also includes forest loss that is not
deforestation, particularly in the non-tropics where non-permanent
loss from forest management dominates. Another difference is the
absence of accounting for alagbetween deforestation and productive
outputs, with annual forest loss simply being linked to the equivalent
year’s data for productive output™.

The DeDuCE method. Latterly, animproved global attribution data-
set combines aspects of these methods and introduces additional
geospatial data®®. In the Deforestation Driver and Carbon Emission
(DeDuCE) model®, tree cover loss data (GFW'**'%%) is overlaid with
other datasets, providing spatio-temporal land-use (change) infor-
mation. Although the model aims to include awide range of available
commodity extents, most existing crop commodity datasets are
focused onthe tropics, including, for instance, soybeans across South
America'”, cocoa in Cote d’lvoire and Ghana'®®, and oil palm across
the tropics'® ™, Spatial datasets">'" for forestry and tree crops and
forest management status are also used to distinguish natural forest
loss from rotational clearing.

Within DeDuCE, a staged approach to attribution is adopted.
Where available, spatial and crop-specific information is used, oth-
erwise a land balance-equivalent approach®® (with FAO statistics on
crop expansion) isapplied. The inclusion of dominant-driver" data for
non-tropical areas also allows for inclusion of temperate and boreal
regions, though limited to forestloss identified as forest plantation or
agricommodity driven (to notinclude forest loss thatis not deforesta-
tion). Finally, forest plantation attribution is capped based on Global
Forest Resources Assessment 2020 statistics. Animportant distinc-
tion with the dominant drivers approach is that, owing to data gaps,
forestry-linked deforestation overall captures just the expansion of
dedicated tree plantations and not the broader phenomenon of log-
ging of natural forests for timber. Mixing both spatial and non-spatial
datawithin DeDuCE introduces additional uncertainties and potential
inconsistencies, and therefore the approach also provides a quality
score for each of its attribution estimates™. Further advances have uti-
lized subnational production statistics across the Amazon toimprove

attribution of deforestation to commodities™.

Linking deforestation to trade and consumption

Following attribution of deforestation to productive sectors, the final
component of deforestation footprinting entails linking attribution
through global (and domestic) supply chains to points of consump-
tive use. Although trade information can be used directly*, it is more
common for global footprint estimates to use modelling to account
for either apparent or full consumption, with the latter providing a
more comprehensive assessment of the role of economies in driving
deforestation.

In the early land-use transition model", both apparent and full
consumption methods were used via a physical material flow model
(LANDFLOW") and a monetary MRIO (Global Trade Analysis Project;
GTAP™), respectively. The former used time series data on crop and
livestock production, supply and utilization from FAOSTAT', inte-
grated into trade matrices to track physical quantities (and associated
deforestation estimates) through to apparent consumption (exclud-
ing more processed products downstream and those categorized as
other utilization outputs). The MRIO method attributed estimates of
deforestationto the appropriate economic sectors of the input-output
tables. A follow-on approach*° used equivalent deforestation attri-
bution methods but adopted a hybrid-trade model for downstream
attribution, with other utilization outputs from LANDFLOW being
adjoined to non-food-linked sectors within the EXIOBASE MRIO'?'%2,

Similarly, both the land balance and DeDuCE methodologies have
been linked to models of apparent and full consumption, applying
physical trade methods'**"** that use different assumptions to LAND-
FLOW, and the EXIOBASE MRIO™*'%, Linkage to consumption models
includesthe application of anamortization approach to reflect the fact
that productive output can reasonably be attributed back to earlier
deforestation (a 5-year amortization period is commonly adopted).
Latterly, these datasets have also been integrated into a hybridized
MRIO modelling framework as the basis of the Global Environmental
Impacts of Consumption (GEIC) indicator*>'*®, which uses physical
trade information combined with monetary MRIO data from either
EXIOBASE or GTAP.

In the dominant drivers® and another conceptually similar
approach'”, linkage is made to the appropriate industrial sectors
within Eora'?®, a monetary MRIO, with deforestation distributions
mapped according to the gross economic output of the sector. A fur-
ther contemporary example that also uses Eora combines this model
with estimates of deforestation derived from FAO FRA deforestation

statistics'®’.

Advances viaregional and sectoral analyses

The examples above have global coverage in terms of locations of pro-
duction, trade flows, commodities and/or economic sectors. How-
ever, this small number of truly global estimates are complemented
by national-scale estimates, often focusing on single or a handful of
commodities. For example, a regional-scale analysis™° provides an
apparent consumption-based approach for pastures, soybean, palmoil
and wood plantations in Argentina, Bolivia, Brazil, Paraguay, Indonesia,
Malaysia and Papua New Guinea. This approach uses attribution
methods®™" derived from remote-sensing information with physical
trade methods'* used for attribution downstream, and showed that the
production of the four commodities across the seven focal countries
accounted for 40% of total tropical deforestation —animpactincreas-
ingly driven by international trade. Another analysis" focuses on emis-
sions from deforestationin Brazil (rather than quantifying deforested
area), using remotely sensed deforestation estimates from Brazil’s
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PRODES system™?, which are linked to land-use and carbon-cycle mod-
elsbeforethe GTAP MRIO modelis used to distribute emissions through
toregions of final consumption. This analysis highlighted that 30% of
emissions linked to deforestationin Brazil were exported, with export
markets such as Russia and China increasingly responsible.

An advantage of regional or commodity-specific analyses is that
they canfocus more explicitly onthe characteristics of associated sup-
ply chains. For example, employing sectoral material-flow accounting
and network analysis provides an apparent consumption footprint of
four EU nations for palm oil from three producing regions™, demon-
strating a trend in palm oil consumption away from food and towards
biofuel. Focusing on asingle commodity and regional production also
facilitates the integration of three distinct deforestation-attribution
estimates, reflecting different methods for deforestation attribution
and different temporal perspectives (Supplementary Note 3).

Global analyses tend to operate at national scales; however, the
potential to derive more detailed connections between points of
production and consumption has become apparent. For example,
Trase — a data-led non-profit research programme promoting supply
chaintransparency for deforestation-linked commodities* — and its
high-resolution supply chain mapping approach' can provide defor-
estation estimates for selected commodities at subnational scales.
Trase combines trade, shipment and tax records, industry informa-
tion on storage and processing facilities, and optimization modelling
based on the costs or time of transport*>*°, An advantage of such a
fine-scale analysisisthatit can highlight discrete differences between
the deforestation footprints of consumers and actors, withinaregion
of production, that would otherwise be unapparent™>'. For example,
exports of Brazilian beef to China in 2020 — of which proportionally
more originates fromthe higher-risk Amazon biome — have adeforesta-
tion risk per tonne that is almost double (0.28 ha t versus 0.15ha t™)
that of exports to the EU*%"5,

The conceptually similar TRAcking Corporations Across Space
and Time (TRACAST) method®’ has also been applied for detailed
local exploration of deforestationembeddedintraded supply chains,
such as US imports of rubber from Sri Lanka'*® and avocados from
Mexico'. Such estimates depend on relatively intensive data col-
lection and processing activities that, coupled with a lack of global
availability of the data on which they depend*’, means that they are
often limited in scope and coverage. These approaches tend to focus
ondirect trade, but they have also been coupled to apparent and full
consumption-footprint assessments**'*, Localization of footprints has
alsobeenexplored at the demand end, with the derivation of city-scale
deforestation footprints based on the land balance deforestation
attribution approach'.

Footprinting methods have developed rapidly since the early
2010s. Although statistical data for attribution (either alone'®’ or in
combination with spatial data®) are still used, approaches now make
much more extensive use of remote-sensing data. Methods encom-
passing trade and consumption linkages have also developed, with the
introduction of hybrid models and advanced material flow accounts,
and the advent of subnationally specific datasets providing more
granular interrogation of the links among impact, supply and demand.

Comparing footprint estimates

Varying methods provide contrasting results, which is now discussed
through comparison of selected deforestation footprint estimates
(see Supplementary Datalfor anoverview of the compared methods).
Global footprinting analyses are the primary focus, as they allow for

comprehensive comparison of drivers and trends. However, a selec-
tion of regional analysesis also explored. Methodological differences
complicate comparisons as there are different time series, different
commodity and national scopes and granularity, different assumptions
adopted, and the scope of published information varies. For example,
thereis a2005-2018 time series available for footprint results derived
from the land balance footprint approach®?, a2001-2015 time series
for data derived from the use of dominant drivers attribution®,and a
2005-2022 time series available from the DeDuCE model'**.

Time series of deforestation footprint estimates are compared for
selected analyses and consumption-model variants for aset of nations
common across assessments (Fig. 3 and see Supplementary Note 4
for additional comparison for EU nations). This comparison excludes
deforestation linked to forestry as these are not included across all
variants (see Supplementary Note 5 for an additional comparison for
forestry). Land balance-based estimates exclude temperate and boreal
forest. The dominant drivers-based estimates, by contrast, include
temperate and boreal deforestation, but also include forest loss in
managed forested land, which is therefore not in alignment with FAO
or Accountability Framework initiative definitions. Estimates derived
from DeDuCE include global deforestation (including in temperate
andboreal regions), but are limited to permanent deforestation only>s,

Thedisparity between these estimates highlights the stronginflu-
ence the deforestation definition has on quantified footprints. For the
latest common year in the time series (2015), the full consumption
footprintderived from the dominant drivers approachis 5,767,064 ha,
which is much higher than the 2,652,253 ha estimate derived from
DeDuCE hybridized full consumption data'®* (Fig. 3a). Although the
dominantdrivers attribution methods allow for inclusion of the poten-
tialfor non-agricultural commodities (such as those from mining), and
use analternative MRIO model, most of this difference is explained by
alack of control for temporary forest loss®. The lowest estimates are
derived from the land balance dataset, which is restricted to tropical
deforestation, and are around 81% of DeDuCE results over the time
seriesforcommonyears, reflecting relatively limited agriculture-driven
deforestation outside the tropics™.

Forestry-linked footprints derived using the DeDuCE method
equate to only 12% of the dominant drivers approach across common
years (Supplementary Note 5). For example, in the dominant driv-
ers approach, the 2015 domestic deforestation footprint of Sweden
(associated with domestic forestry) was approximately 107,000 ha.
However, the DeDuCE method did not allocate any deforestation foot-
print to domestic forestry as the approach does not capture conver-
sion of natural to managed forests®. Thus, defining what constitutes
deforestation and having sufficient datatoidentify such deforestation
has important implications for estimating footprints and identifying
deforestation hot spots.

Consumption-model estimates sharing common deforestation-
attribution methods provide more consistent results. Results
derived from apparent consumption models are typically slightly
lower than those derived from MRIOs. For example, the appar-
ent consumption version of DeDuCE averages ~92% of the hybrid-
ized full consumption estimates for consumer nations (Fig. 3a).
Alarger full consumption footprintis unsurprising for commonnations
with developed economies, as such economies — by virtue of high
gross domestic product — generally display larger footprints when
all consumption activities are fully accounted for (Fig. 3a). Differ-
ences between models are more variable for individual national foot-
prints than when the footprints of countries are aggregated (Fig. 3b,c).
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Fig.3| Comparison of national deforestation footprints between global
analyses. a, Aggregated national deforestation footprints for nations common
to all global datasets: Brazil, Indonesia, China, Russia, India, USA, South Africa,
Germany, Japan, Australia, Italy, Turkey, France, South Korea, Mexico, Canada,
Sweden and Norway. b, The deforestation footprint for Germany (in hectares).

¢, The deforestation footprint for China (hectares). Data from refs. 39,104,125,126
(see Supplementary Note 1for additional details). Methodologies underpinning
footprint assessments can lead to markedly different quantifications of impact
and responsibility and complicate making comparisons of trends over time.
DeDuCE, Deforestation Driver and Carbon Emission.

For example, differences between full and apparent consumption for
Germany (Fig. 3b) are larger than for China (Fig. 3c). Overall, however,
the choice of consumptionapproach appearsto have asmallerimpact
on estimates than the assumptions used for deforestation estimation
and attribution (Fig. 3).

Comparison across footprint time series to identify common
trends is tempting but complicated. Increasing trends might indi-
cate increasing deforestation linked to consumption, which could
be concluded from the time series derived from the dominant driv-
ers approach (Fig. 3a-c). At face value, estimates derived using the
land balance and DeDuCE data conclude differently, suggesting slight
decreases in deforestation rates after 2005 followed by increases
between 2013 and 2018, and then further decline (Fig. 3a). However,
such comparisons are complicated by attribution differences. In par-
ticular, the dominant driver approach has no lags between conversion
and attribution, whereas the land balance and DeDuCE approaches
factor in both lags and amortization periods®****. The latter has a
smoothing effect and helps explain contrasts with the comparatively
variable and spiky results derived from the dominant drivers approach
(Fig. 3a). Despite these methodological differences, these methods
appear to agree in suggesting that deforestation footprints in China
have continued to increase since 2001 (Fig. 3¢).

A commonthemein environmental footprintingis theimportant
role of Europe and North America as key drivers of impact'*'®, which
also holds true for deforestation footprints to a degree. For example,
the United States and Germany appear relatively highin the total defor-
estation footprint rankings during the 2005-2015 time frame (Table1).
The different estimation approaches are in relative agreement on the
positioning of common nations in terms of their ranking. An example
ofinconsistent rankingis Russia, which ranks lower in the land balance
and DeDuCE full-consumption and dominant drivers approaches than
forapparent consumption approaches. Mexico is also ranked notably
higher by the dominant drivers approach than for land balance and
DeDuCE approaches.

Importantly, the various approaches show strong agreement that
domestic markets and consumption have animportantrolein national
deforestation footprints, and thus should not be overlooked'*'**.
Indeed, all comparison estimates (Table 1) indicate that Brazil — the
nation with highest deforestation rates — has a substantial consump-
tion footprint (around half of the total cumulative national footprints
shown). InIndonesiatoo, domestic consumption has animportantrole.

However, absolute estimates of the footprint share linked to
domestic versus overseas consumption can be heavily influenced by
the applied consumption model. For example, contrasting the DeDuCE
hybridized full consumption model with a global footprint estimate
based on a combination of Eora26 monetary MRIO' and FRA-based
deforestation estimates (Supplementary Note 6) demonstrates the con-
siderable variationin estimates of exported consumption (Table 2). For
instance, the Democratic Republic of Congo exports 30.1% of its foot-
print based on Eora-FRA-derived methods or 3.4% based on DeDuCe
hybridized methods. Although the Eora-FRA approach includes esti-
mates of deforestation attributed to sectors beyond agriculture and

forestry, it is the alternative consumption models applied that can
explain the difference in export-share estimates (Table 2).

Regulation is increasingly focused on reducing deforestation
associated with key forest-risk commodities, such as soy, beef or palm
oil'*, Therefore, comparing and contrasting estimates of individual
commodity-level detail is useful. Such detail can support regulatory
decisions to reduce deforestation through helping assess policy effi-
cacy viathe direct influence of changing practises linked to commaodi-
ties, and also identifying influential commodities and regions to guide
regulations. The land balance and DeDuCE approaches are currently the
only global estimates that provide commodity-specific deforestation
footprints. However, these estimates are in general agreement that
meat (cattle and buffalo), followed by oil palm and soybeans are the
top three agricultural drivers of global deforestation. That said, the
relative importance of other commodities differs between models
(Supplementary Note 7 and Supplementary Table 4).

Commaodity-specific footprints from global estimates can also
be compared to local and regional estimates. For example, Trase™*
estimates the total Brazilian beef-linked deforestation exported to
China in 2020 was 370,407 ha compared with the DeDuCE apparent
consumption estimate of 144,497 ha (ref. 104). Trase uses Lapig and
PRODES deforestation data>'", alternative attribution assump-
tions and truncates supply chain mapping to the point of firstimport.
Conversely, DeDuCE uses GFW deforestation data and accounts for
re-exports beyond point of firstimport, which contributes to the con-
trastin estimates. Inanother example, the TRACAST method”*"* sug-
geststhat of the 14,614 ha of Mexican deforestation between 2001 and
2017 linked to avocado production, 261 ha can be linked each year to
annual avocado imports in the USA, whereas DeDuCE estimates the
US apparent consumption at 637 ha per year (Supplementary Note 8).

Footprint analyses can be used to explore both direct and indi-
rect links between consumer and producer regions. For example,
afootprintanalysis of palm oil originating from Indonesia, Malaysiaand
Papua New Guinea that was distributed in Europe between 2000
and 2020 indicates that Spain and Italy had more direct links with
producing regions (for example, ~-57% of their palm oil equivalent
imports were directly from Indonesia) than Germany and France,
which were associated with deforestation via more indirect supply
chains (with only 16% and 25%, respectively, of imports directly from
Indonesia)™*. This analysis adopts an apparent consumption approach
and employs alternative deforestation estimates. Thus, based on esti-
mates specific to palm oil plantation concessions, a long-time series
estimation for national forest loss, and short-time series estimate
derived fromremote sensing, three annualized palm oil deforestation
footprint estimates for France of 318 ha, 7,450 haand 1,527 haare pro-
vided (Supplementary Table 2). By comparison, the DeDuCE apparent
consumptionapproach estimates that the annualized palm oil-linked
deforestation footprint of France was 4,723 ha (estimated across
2005-2020) (Supplementary Table 2). Comparison with a regional
analysis of the deforestation emissions footprint of beef and soy pro-
ductioninBrazil"™ also indicates that differing assumptionsinfluence
results regarding attribution (Fig. 4).
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Table 1| Ranked comparative contributions to global deforestation footprints

Nation/region Land balance — Land balance — Land balance — DeDuCE — apparent DeDuCE — Dominant
apparent . full consumption hybridized_ full consumption hybridizeq full drivers — full
consumption consumption consumption consumption
Rank % Rank % Rank % Rank % Rank % Rank %

Brazil 1 56.3 1 474 1 51.7 1 525 1 49.9 1 44.0

Indonesia 2 13.8 3 10.2 2 8.5 2 13.4 3 9.0 21.8

China 3 6.6 2 9.5 3 7.8 3 8.8 2 9.2 4 41

Russia 4 45 6 3.0 10 2.0 4 5.6 6 2.8 14 07

India 5 3.9 5 5.5 4.9 5 4.8 5 5.3 10 14

USA 6 2.4 4 6.8 4 71 6 4.2 4 8.2 3 8.5

South Africa 7 20 12 13 12 1.5 13 0.7 16 0.6 n 11

Germany 8 1.8 8 2.5 6 2.6 7 2.0 7 2.5 5 3.8

Japan 9 14 7 2.7 2.5 9 1.4 2.4 3.5

Australia 10 14 n 2.8 n 1.9 16 0.3 14 0.9 15 0.7

Italy n 1.3 10 17 8 2.3 8 14 9 2.2 9 1.8

Turkey 12 1.3 13 1.4 13 1.3 15 0.6 14 0.9 16 0.3

France 13 11 9 1.8 9 21 10 12 10 1.8 8 2.8

South Korea 14 1.0 14 1.2 15 1.2 12 1.0 12 11 13 0.8

Mexico 15 0.8 15 11 14 1.2 n 11 n 1.3 7 3.4

Canada 16 0.2 16 0.7 16 0.8 14 0.7 13 11 12 0.9

Sweden 17 0.2 17 0.3 17 0.3 17 0.2 17 0.3 17 0.2

Norway 18 0.1 18 0.2 18 0.3 18 0.1 18 0.3 18 0.2

Total hectares 22,909,373 26,128,642 26,043,245 29,939,538 32,751,226 76,987,296

The values relate to 2005-2015. Percentages are comparative contributions within, and total footprints for, the regions shown and not the total global deforestation footprint estimated.
DeDuCE, Deforestation Driver and Carbon Emission model. Dominant drivers full consumption values are based on tree cover loss data that do not control for permanent deforestation.

See Supplementary Note 1 for additional details.

Across deforestation approaches, the methods used to attribute
impacts to production and to distribute the impacts downstream to
consumption contribute to contrasting footprint results. The influence
of deforestation quantification steps appears to be particularly influen-
tialin determining absolute footprint values. Differing approaches —
although complicating intercomparisons — could offer alternative
insightsinto the complexinterplay between consumptionand impacts
onforests.

Supporting land-use governance

Overall, deforestation footprinting can help improve understand-
ing of deforestation dynamics and responsibilities to support the
complex task of effective land-use governance in a global context.
Besides commodity producers, a multitude of supply chain actors,
financiers, consumers, indigenous peoples, local communities and
civil society organizations influence production activity protocols
and the mitigation of environmental impacts'®. Relevant parties
geographically far from producer regions, who are under increas-
ing pressure to respond to sustainability and human rights issues?®®,
take measures that then become intertwined with domestic land-use
governance'***°, Despite progress in some areas, there has been mixed
success of these commitments?, For example, deforestation ratesin the
Amazondropped from historic highsin 2004 in response toimproved
law enforcement™'. However, policy changes between 2012 and 2022
led toincreases in deforestation rates, revealing substantial volatility

inresponse to changes in domestic policies®*". Likewise in Indonesia,
palm oil-linked deforestation decreased between 2012 and 2020"* —
potentially in response to corporate and public zero-deforestation
commitments, commodity prices, civil society pressure and forest
scarcity”’ — but observations in 2023 indicate it is rising again™*.
Given the recognized role of forests in mitigating climate change”,
many demand-side actors have enhanced policy action to remove
deforestation from their commodity supply chains'. For example,
the EU has approved a Regulation on Deforestation-Free Products
(EUDR)"™®, whereby supply chain operators must demonstrate due
diligence to ensure that their sourcing remains deforestation free.
Similarlegislationis being adopted in the UK'’, and might potentially
be adopted by the USA™®, Such policies have, at times, been accused
of being discriminatory™’, poorly conceived'® or invading producer
national sovereignty'®'. However, these policies are unlikely to disap-
pear and will remain an important component of the policy mix'®?,
making governance efforts for sustainable land useinherently complex.
Footprinting estimates and the underpinning datasets have
informed and influenced the introduction and scope of environmental
policies. For example, knowledge of the key drivers of deforestation and
their link to the EU based on the land balance method** supported the
inclusion of key commodities within the EUDR impact assessment'®’,
Similarly, the GEIC indicator has been cited by the UK Government and
non-government organizations responding to public consultation'¢*'**
during scoping of the UK’s regulation®. The indicator itself emerged
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from recommendations from the UK’s Global Resource Initiative'**',
indicating that governance processes can guide and by guided by
environmental footprinting. From the producer side, deforestation
footprinting might help inform negotiations linked to compensation
for biodiversity loss and damage'*®'*° by identifying consumer nations
who benefit from habitat destruction'®®, Identifying specific connec-
tions between places of production and consumption can also promote
opportunities for multilateral dialogue'°, such as those linked to Target
16 of the Convention on Biological Diversity'”.

The EUDR has committed to a benchmarking process where the
duediligencereporting requirementsimposed on supply chainactors
vary according to levels of perceived risk of deforestation occurring
in countries of supply chain origin'’>. Authorities enforcing regula-
tions nationally are also required to undertake risk-based checks'”.
Identification of commodity-linked deforestation hot spots, and
potentially the specificcommodity and derived-product supply chains
involved”, viafootprinting can supportsuch risk assessments. Intro-
ducing demand-side policy is coincident with commitments to monitor
andreview policy scope and effectiveness over time and, if necessary,
adjust accordingly'”. Changes in deforestation risk and downstream
exposure can be captured within footprinting, allowing this informa-
tion to support such monitoring. Information nested within foot-
printresults can also shed light on direct and indirect of supply chain
responsibilities™ and the extent to which existing policy mechanisms
are effective (Supplementary Note 7).

As footprinting has already informed policy development and
review, it has been demonstrated as fit for purpose in providing an
evidence base for identifying deforestation responsibility and guid-
ing policy prioritization processes. Footprint methods scale from
macroeconomic analyses, providing aglobal view of impacts, through
tofine-scalefootprinting (forexample, Trase and TRACAST), which pro-
vide insightinto specific supply chains, furtherillustrating their value
to governance, as well as public and private sector actors. For exam-
ple, global analyses can form the basis of indicator development for

national-scale monitoring linked to policy'®, whereas finer-scale infor-

mation can support assessments of national and regional exposure to
specific deforestation frontiers'”’.

Similarly, for companies trading materials with uncertain
provenance', tools such as Trase have proven effective in informing
deforestationrisk profiles"®. Global-scale deforestation footprint data
can also guide investment. For example, global footprints have been
applied intools for financial institutions, who invest in activities that
can be several steps removed from points of production’.

Given that footprint estimates can be complicated by the vary-
ing and non-standardized methodologies involved, it is important
that users of such datasets be aware of the associated uncertainties
to ensure successful policy implementation'. Data availability prob-
lems dictate the use of limiting assumptions within footprint assess-
ments, and geographic coverage of finer-resolution datasets remains
constrained by the lack of detailed publicly accessible supply chain
information*”'®', Efforts to increase the availability and quality of infor-
mation for use within trade-linked impact assessments need to ramp
up both in production landscapes, such as global crop maps**'®, and
onthe demand side, for example, filling gaps in trade data'®. Interna-
tional programmes also provide important avenues forimprovement.
For example, the Forest, Agriculture and Commodity Trade Dialogue
has aworkstream promoting traceability and transparency in supply
chains'®, as do activities such as the Forest Data Partnership'®.

Footprinting analyses are not without limitations, however. For
example, dataderived from trade modelling cannot replace geolocated
traceability, as mandated as part of the EUDR’s company-disclosure
processes’*®, which can identify supply chain connections to defor-
estation with higher granularity and confidence than model data'™ %,
Additionally, a consumption-based perspective is limited as not all
deforestation results in productive output®. Speculative land clear-
ing in response to market prices**"°° can complicate attribution, as
production might only be realized several years after initial market
demand signals, or not at all>. Even where footprint methods partly

Table 2 | Attribution of deforestation impacts to domestic or overseas consumers

Nation/region

FRA-based full consumption-Eora26 model (average 2010-2015)*

DeDuCE hybridized full consumption-GTAP-derived hybrid

of deforestation model (for 2014)°

impact Total annual deforestation Total exported Percentage exported Total annual Total exported Percentage
estimate (kha™) deforestation (kha™) deforestation deforestation (kha™) exported

estimate (kha™)

Brazil 1,538 135 8.8% 1,405 340 24.2%

DR Congo 1100 331 30.1% 542 18 3.4%

Indonesia 926 10 1.9% 772 437 56.6%

Angola 555 15 20.8% 69 12 17.9%

Paraguay 44 79 19.1% 303 80 26.4%

Tanzania 373 160 43.0% 67 20 30.4%

Cambodia 348 99 28.5% 63 22 34.3%

Myanmar 290 139 47.8% 110 64 57.7%

Argentina 223 65 29.0% 236 129 54.6%

Bolivia 212 4 19.5% 170 VAl A41.7%

2An approach' using United Nations Food and Agriculture Organization (FAO) Forest Resources Assessment (FRA) 2020 data combined with a monetary multiregional input-output, Eora26.
An approach using Deforestation Driver and Carbon Emission (DeDuCE) data combined with a hybrid physical-financial multiregional input-output based on the Global Trade Analysis
Project data (GTAP)'?°. DR Congo, Democratic Republic of Congo. Only the ten top ranking nations/regions in terms of footprint according to approach? are shown. For additional details,

see Supplementary Note 6.
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a Emission footprints of beef production

b Emission footprints of soy production
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Fig. 4 | Emissions from deforestation attributed to soy and beef production
inBrazil. a,b, Deforestation emissions from beef production (a) and soy
production (b), each showing a comparison of results from the Deforestation
Driver and Carbon Emission (DeDuCE) hybridized full consumption approach'**
(left) and an early footprinting approach™ (right). The top row shows the
distribution of the total deforestation emissions footprint across consumer

regions and the bottom row shows the share of deforestation emissions across
consumer regions. See Supplementary Note 3 for additional details. This
comparisonillustrates that differences between land-use models and how
deforestation is allocated between commodity drivers can drive contrasting
interpretations of deforestation drivers.

account for such effects by applying lags, such dynamics are highly
simplified. Moreover, certaincommodities candriveindirect land-use
change, such as with soy and cattle production in Brazil. Domestically
consumed beefplaces Brazil at the top in deforestation footprint rank-
ings from 2005 onwards (Table 1), yet export-oriented soy expansion
has contributed in driving pastures further into native ecosystems
since the early 2000s"*%2,

Footprintingattributes forest loss specifically to economic sectors
or products that operate as proximate drivers. Therefore, footprint-
ing provides restricted insight into broader dynamics of land-use
change or the appropriateness of land-use governance in deforesta-
tion hot spots'®™'*, Despite commodity-specific intervention being
part of the broader governance challenge'®, failing to acknowledge
the broader dynamics and solely focusing on a commodity can pre-
vent progress beyond specific supply chains'””. Relatedly, a nation or
supply chain actor making changes to its sourcing regions to lower
footprints might dolittle to affect overall rates of global deforestation

asother consumers —including domestic markets — or other produc-
tion systems may just be substituted. Ultimately, an over-focus on
nation-specific commodity drivers is unlikely to achieve objectives
to reduce deforestation across landscapes™® owing to issues such as
supply chain leakage'**°.

Supply chain actors and policymakers have shown an appetite
for footprint information and the associated insights on exposure
and attribution that it can provide to inform and to help monitor
zero-deforestation commitments. Alongside other datasets and
information, and in a context where deforestation rates continue to
be a critical barrier to sustainable development, there remains high
potential for deforestation footprinting to promote and help deliver
improved policy and practice.

Summary and future perspectives
Global analyses of deforestation footprints linking global forest loss to
production, international trade and consumption are few in number.
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Yet commodity-driven deforestation is a key driver of climate change
andbiodiversity loss. Despite methodological differences complicating
comparisons and leading to variation in estimates, available footprints
collectively highlight deforestation impacts driven by consumption.
Insome cases, for example, in Vietnam and China, growing footprints
suggest aworsening challenge for global deforestation commitments®”’
(Figs.1and 3c). Advancesin deforestation footprinting owing to the use
of near-time and high-resolution remote-sensing products®-** provide
opportunities to more robustly and accurately identify deforestation
drivers and hot spots, as well as to monitor landscape-scale changes
and the impact of policy and regulatory shifts designed to reduce
deforestation.

A fundamental limitation with deforestation footprints is data
availability. Therefore, making additional data and the full underpin-
ning datasets available would allow for more comprehensive compari-
son of approaches. Conducting deep intercomparisons of methods
and results will enable better communications of their differences,
enhance method developmentandincrease confidencein the robust-
ness of estimates. Such intercomparisons would enable the commu-
nity to consolidate around methods and develop harmonized best
practices that can help supportandinform policy decisions. However,
full methodological alignment is unwarranted as divergence in foot-
printing methods canshed light on different dynamicsif methods are
understood and communicated clearly.

Another priority is to reduce data gaps in forest management
and commodity maps. Existing divergence in deforestation foot-
prints partly results from varying assumptions driven by data gaps.
Forexample, global maps of specific crops distributions are lacking'®?,
and footprinting efforts depend on coarse analyses of deforestation
drivers, particularly in temperate regions'. Improved statistical
methods to promote a finer-scale understanding of where crops are
grown, as well as improved remote-sensing resources, are resource
intensive. Therefore, improvements require substantial investment
indata collection capacity and associated research methods.

Existing deforestation footprinting methods generally omit
non-agricultural land-use dynamics, such as the impacts of selective
logging, mining or aquaculture on forest loss. In addition, footprint-
ing provides arelatively narrow commodity view, thus itisimportant
to account for displacement of direct deforestation risk of a specific
commodity thatresults from expansion of another production system
elsewhere?®*?% or from land tenure issues***?%, For comprehensive
deforestation footprints better able to guide policy, these impacts
willneed tobeintegrated and accounted for within agriculture-based
footprint datasets. Increasing the geographic and commodity scope
of subnational footprint estimates — which can capture the dynam-
ics of deforestation and commodity expansion more granularly —
can contribute to advanced understanding of the role of trade and
consumption in shifting deforestation frontiers.

Another major priority relates to the social dimensions of land
use. Emerging policies often include commitments to preserving the
livelihoods of those supporting commodity supply chains® and whose
marginalization would undermine sustainable development?°®*%,
Frameworks to prevent deforestation also commonly include provi-
sions for protecting human rights?°>?, Yet analysis of social footprints
remains arelatively underdeveloped area of research, with data avail-
ability constraints owing to their dependence on primary information
that pertains to specific socioeconomic, governance and cultural
circumstances in regions of production®*", To overcome this gap,
collaboration between researchers and potential data holders —such

as public agencies or non-governmental organizations (NGOs) in
high-deforestation-risk productionregions — should be promoted to
consolidateand integrate regional information on humanrights griev-
ances and other social impacts (positive or negative), with artificial
intelligence providing potential opportunities to streamline complex
data collection and analysis®?.

Clearly, datasharing and transparency across arange of datasets
is coretomultiple priorities in deforestation footprinting. Regulation
to mandate transparency and data sharing (from public and private
sectors) could be avaluable mechanism to further improve data qual-
ity and overcome persistent gaps. Policies such as the EU’s Corporate
Sustainability Due Diligence Directive require companies to report
on how their operations impact human rights and the environment.
If extended globally, such policies could transform the availability of
global supply chain datasuitable for integration into footprint assess-
ments. As the role of footprinting in shaping or monitoring policy is
limited by decision-maker confidence in the estimates, such regula-
tory data policies could provide a positive feedback loop boosting
policymaker confidence in footprints.

Similarly, clearly communicating the results and methodological
differences of different footprinting approaches is key to optimizing
their role in supporting deforestation policy. Data analysis capacity
within decision-making bodies canbe low'***"*, therefore effective and
targeted communication of footprint datais critical. For example, the
dominant driver analysis® achieved strong uptake in the media®*?*",
facilitated by translation of datainto the accessible number of trees lost
metric. Interactive dashboards (such as those of the GEIC indicator'* or
for city-scale footprints®®) canalso enhance accessibility and facilitate
public and policy engagement. Likewise, data platforms and accom-
panyinginsights from Trase have helped NGO organizations hold gov-
ernmentsand supply chainactorsto accountover their connectionto
deforestation activities®”*'*, Enhanced attention on knowledge transla-
tionis fundamental to ensure that footprinting supports global policies
totackle deforestation through identifying the drivers, challenges and
solutions to deforestation.

Deforestation footprinting should also aim to co-evolve with rel-
evant environmental policies. For example, broadened definitions of
deforestation would allow for inclusion of other wooded lands, such
asmoresparsely wooded landscapes in the Brazilian Cerrado®”, as pro-
posed in the EUDR review process'” and advocated by NGOs?*, entail-
ing broader land-use classification data®*. Similarly, accounting for
ecological qualities of varying habitat types** could further support
development and application of biodiversity footprint metrics?***.
Ultimately, if policy adapts to apply broadened definitions of vegetation
coverage (or by putting more emphasis on forest degradation® or forest
ecosystemservices?®, such as the water cycle?”), thenmetrics based on
forestloss alone mightbecomeinsufficient,and further developmentsin
footprinting methods will be needed to supportsuchimproved actions.

Published online: 29 April 2025

References

1. Harris, N. L. et al. Global maps of twenty-first century forest carbon fluxes. Nat. Clim. Change
11,234-240 (2021).

2. Alroy, J. Effects of habitat disturbance on tropical forest biodiversity. Proc. Natl Acad. Sci. USA
114, 6056-6061(2017).

3. Barlow, J. et al. Anthropogenic disturbance in tropical forests can double biodiversity
loss from deforestation. Nature 535, 144-147 (2016).

4.  Jackson, B. & Decker Sparks, J. L. Ending slavery by decarbonisation? Exploring the nexus
of modern slavery, deforestation, and climate change action via REDD+. Energy Res.
Soc. Sci. 69, 101610 (2020).

Nature Reviews Earth & Environment


http://www.nature.com/natrevearthenviron

Review article

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Schilling-Vacaflor, A. & Gustafsson, M.-T. Integrating human rights in the sustainability
governance of global supply chains: exploring the deforestation-land tenure nexus.
Environ. Sci. Policy 154, 103690 (2024).

Angelsen, A. et al. Environmental income and rural livelihoods: a global-comparative
analysis. World Dev. 64, S12-S28 (2014).

Ferrante, L. & Fearnside, P. M. Brazil threatens Indigenous lands. Science 368, 481-482
(2020).

Silva-Junior, C. H. L. et al. Brazilian Amazon indigenous territories under deforestation
pressure. Sci. Rep. 13, 5851(2023).

Ellwanger, J. H. et al. Beyond diversity loss and climate change: impacts of Amazon
deforestation on infectious diseases and public health. An. Acad. Bras. Ciénc. 92,
20191375 (2020).

Brancalion, P. H. S. et al. Emerging threats linking tropical deforestation and the
COVID-19 pandemic. Perspect. Ecol. Conserv. 18, 243-246 (2020).

Curtis, P. G., Slay, C. M., Harris, N. L., Tyukavina, A. & Hansen, M. C. Classifying drivers
of global forest loss. Science 361, 1108-1111 (2018).

Pendrill, F. et al. Disentangling the numbers behind agriculture-driven tropical
deforestation. Science 377, eabm9267 (2022).

Richardson, K. et al. Earth beyond six of nine planetary boundaries. Sci. Adv. 9, eadh2458
(2023).

Kanemoto, K., Moran, D. & Hertwich, E. G. Mapping the carbon footprint of nations.
Environ. Sci. Technol. 50, 10512-10517 (2016).

Fernandez-Amador, O., Francois, J. F., Oberdabernig, D. A. & Tomberger, P. The methane
footprint of nations: stylized facts from a global panel dataset. Ecol. Econ. 170, 106528
(2020).

Hoekstra, A. Y. Water footprint assessment: evolvement of a new research field.

Water Resour. Manag. 31, 3061-3081(2017).

Lovarelli, D., Bacenetti, J. & Fiala, M. Water footprint of crop productions: a review.

Sci. Total Environ. 548-549, 236-251(2016).

Lenzen, M. et al. International trade drives biodiversity threats in developing nations.
Nature 486, 109-112 (2012).

Green, J. M. H. et al. Linking global drivers of agricultural trade to on-the-ground impacts
on biodiversity. Proc. Natl Acad. Sci. USA 116, 23202-23208 (2019).

Galloway, J. N. et al. Nitrogen footprints: past, present and future. Environ. Res. Lett. 9,
115003 (2014).

Lin, D. et al. Ecological footprint accounting for countries: updates and results of the
national footprint accounts, 2012-2018. Resources 7, 58 (2018).

Wiedmann, T. O. et al. The material footprint of nations. Proc. Natl Acad. Sci. USA 112,
6271-6276 (2015).

European Commission. Environmental footprint methods (EC, 2024); https://green-
business.ec.europa.eu/environmental-footprint-methods_en.

Dawkins, E., Moran, D., Palm, V., Wood, R. & Bjork, I. The Swedish footprint: a multi-model
comparison. J. Clean. Prod. 209, 1578-1592 (2019).

Department for Environment, Food and Rural Affairs. Carbon Footprint for the UK and
England to 2021 (DEFRA, 2024); https://www.gov.uk/government/statistics/uks-carbon-
footprint/carbon-footprint-for-the-uk-and-england-to-2019.

World Wide Fund UK. Thriving within our planetary means: reducing the UK's footprint
of production and consumption by 2030 (WWF, 2021); https://www.wwf.org.uk/sites/
default/files/2021-06/Thriving_within_our_planetary_means_full_report.pdf.

World leaders summit on ‘Action on forests and land use’ (UK Government, 2024); https://
www.gov.uk/government/publications/cop26-world-leaders-summit-on-action-on-
forests-and-land-use-2-november-2021/world-leaders-summit-on-action-on-forests-
and-land-use.

Lambin, E. F. et al. The role of supply-chain initiatives in reducing deforestation.

Nat. Clim. Change 8, 109-116 (2018).

Accountability Framework Initiative. Monitoring and verification (AFi, 2025);
https://accountability-framework.org/topics/monitoring-and-verification/.

Matustik, J. & Koci, V. What is a footprint? A conceptual analysis of environmental
footprint indicators. J. Clean. Prod. 285, 124833 (2021).

Finer, M. et al. Combating deforestation: from satellite to intervention. Science 360,
1303-1305 (2018).

Goetz, S. J. et al. Measurement and monitoring needs, capabilities and potential for
addressing reduced emissions from deforestation and forest degradation under REDD.
Environ. Res. Lett. 10, 123001 (2015).

European Union. Regulation (EU) 2023/1115 of the European Parliament and of the Council of
31May 2023 on the making available on the union market and the export from the union of
certain commodities and products associated with deforestation and forest degradation and
repealing regulation (EU) no 995/2010 (text with EEA relevance). OJ L Vol. 150 (EU, 2023).
Environment Act 2021 (UK Government, 2021); https://www.legislation.gov.uk/ukpga/
2021/30/schedule/17.

United Nations Food and Agriculture Organization. Global forest resources assessment
2020 — terms and definitions (UN FAO, 2018); https://openknowledge.fao.org/server/
api/core/bitstreams/531a9e1b-596d-4b07-b9fd-3103fb4d0e72/content.

World Resources Institute. Global forest review — key terms and definitions (WRI, 2024);
https://research.wri.org/gfr/key-terms-definitions.

Accountability Framework initiative. Deforestation and conversion (AFi, 2024);
https://accountability-framework.org/issues/deforestation-and-conversion/.

Singh, C. & Persson, U. M. Global patterns of commodity-driven deforestation and
associated carbon emissions. Preprint at https://doi.org/10.31223/X5T69B (2024).

39.

40.

4.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Hoang, N. T. & Kanemoto, K. Mapping the deforestation footprint of nations reveals
growing threat to tropical forests. Nat. Ecol. Evol. 5, 845-853 (2021).

Zu Ermgassen, E. K. H. J. et al. The origin, supply chain, and deforestation risk of Brazil's
beef exports. Proc. Natl Acad. Sci. USA 117, 31770-31779 (2020).

Cederberg, C., Persson, U. M., Neovius, K., Molander, S. & Clift, R. Including carbon
emissions from deforestation in the carbon footprint of Brazilian beef. Environ. Sci. Technol.
45,1773-1779 (20M).

Roebeling, P. C. & Hendrix, E. M. T. Land speculation and interest rate subsidies as a
cause of deforestation: the role of cattle ranching in Costa Rica. Land Use Policy 27,
489-496 (2010).

Junquera, V. & Grét-Regamey, A. Crop booms at the forest frontier: triggers, reinforcing
dynamics, and the diffusion of knowledge and norms. Glob. Environ. Change 57, 101929
(2019).

Aldrich, S., Walker, R., Simmons, C., Caldas, M. & Perz, S. Contentious land change in the
amazon’s arc of deforestation. Ann. Assoc. Am. Geogr. 102, 103-128 (2012).

Cattau, M. E. et al. Sources of anthropogenic fire ignitions on the peat-swamp landscape
in Kalimantan, Indonesia. Glob. Environ. Change 39, 205-219 (2016).

West, C. et al. Assessing tropical deforestation risk in Germany’s agricultural commodity
supply chains (Trase, 2022); https://doi.org/10.48650/PV1P-Q331.

UK Office for National Statistics. UK Trade in goods estimates and the ‘Rotterdam effect’
(ONS, 2015); https://webarchive.nationalarchives.gov.uk/ukgwa/20160106003022/
http://www.ons.gov.uk/ons/rel/uktrade/uk-trade/december-2014/sty-trade-rotterdam-
effect-.html.

Cuypers, D. et al. The impact of EU consumption on deforestation: comprehensive
analysis of the impact of EU consumption on deforestation (European Commission,
2013); https://pure.iiasa.ac.at/id/eprint/14868/1/1.%20Report%20analysis%200f%
20impact.pdf.

Gardner, T. A. et al. Transparency and sustainability in global commodity supply chains.
World Dev. 121, 163-177 (2019).

Miller, R. E. & Blair, P. D. Input-Output Analysis: Foundations and Extensions

(Cambridge Univ. Press, 2009).

Tukker, A. & Dietzenbacher, E. Global multiregional input-output frameworks:

an introduction and outlook. Econ. Syst. Res. 25, 1-19 (2013).

Croft, S. et al. Joint Nature Conservation Committee. Technical documentation for an
experimental statistic estimating the global environmental impacts of UK consumption
(JNCC, 2021); https://webarchive.nationalarchives.gov.uk/ukgwa/20220901105721mp_/
https://data.jncc.gov.uk/data/91efc19d-f675-426f-9333-ed0195¢cc729d/INCC-Report-
695-FINAL-WEB.pdf.

Pendrill, F., Persson, U. M., Godar, J. & Kastner, T. Deforestation displaced: trade in
forest-risk commodities and the prospects for a global forest transition. Environ. Res. Lett.
14, 055003 (2019).

Zhang, Q. et al. Global timber harvest footprints of nations and virtual timber trade flows.
J. Clean. Prod. 250, 119503 (2020).

Asner, G. P. et al. Selective logging in the Brazilian amazon. Science 310, 480-482
(2005).

Asner, G. P., Keller, M., Lentini, M., Merry, F. & Carlos, S. J. in Amazonia and Global
Change Geophysical Monograph Series (eds Keller, M. et al.) Vol. 186, 25-42 (American
Geophysical Union, 2022).

Keenan, R. J. et al. Dynamics of global forest area: results from the FAO Global Forest
Resources Assessment 2015. For. Ecol. Manag. 352, 9-20 (2015).

IDAT — illegal deforestation and associated trade risk (Forest trends, 2022); https://
www.forest-trends.org/idat/.

Brombacher, D., Garzon, J. C. & Vélez, M. A. Introduction special issue: environmental
impacts of illicit economies. J. lllicit. Econ. Dev. 3, 1-9 (2021).

United Nations Office on Drugs and Crime. Global report on cocaine 2023 — local
dynamics, global challenges (UNODC, 2023); https://www.unodc.org/documents/
data-and-analysis/cocaine/Global_cocaine_report_2023.pdf.

McSweeney, K. et al. Drug policy as conservation policy: narco-deforestation. Science
343, 489-490 (2014).

Davalos, L. M. et al. Forests and drugs: coca-driven deforestation in tropical biodiversity
hotspots. Environ. Sci. Technol. 45,1219-1227 (2011).

Aslan, A., Rahman, A. F., Robeson, S. M. & Ilman, M. Land-use dynamics associated with
mangrove deforestation for aquaculture and the subsequent abandonment of ponds.
Sci. Total. Environ. 791, 148320 (2021).

Arifanti, V. B., Novita, N., Subarno & Tosiani, A. Mangrove deforestation and CO, emissions
in Indonesia. IOP Conf. Ser. Earth Environ. Sci. 874, 012006 (2021).

Kiswanto, Setiawati, M. D., Wahyulianto, I. & Tsuyuki, S. in Towards Sustainable Natural
Resources: Monitoring and Managing Ecosystem Biodiversity (eds Rani, M., Chaudhary, B. S.,
Jamal, S. & Kumar, P.) 11-31(Springer, 2022); https://doi.org/10.1007/978-3-031-06443-2_2.
Dossou Etui, I. M. et al. Artisanal and small-scale gold mining and biodiversity: a global
literature review. Ecotoxicology 33, 484-504 (2024).

Hamilton, S. Assessing the role of commercial aquaculture in displacing mangrove
forest. Bull. Mar. Sci. 89, 585-601(2013).

Bhowmik, A. K., Padmanaban, R., Cabral, P. & Romeiras, M. M. Global mangrove
deforestation and its interacting social-ecological drivers: a systematic review and
synthesis. Sustainability 14, 4433 (2022).

Jayanthi, M., Thirumurthy, S., Muralidhar, M. & Ravichandran, P. Impact of shrimp
aquaculture development on important ecosystems in India. Glob. Environ. Change 52,
10-21(2018).

Nature Reviews Earth & Environment


http://www.nature.com/natrevearthenviron
https://green-business.ec.europa.eu/environmental-footprint-methods_en
https://green-business.ec.europa.eu/environmental-footprint-methods_en
https://www.gov.uk/government/statistics/uks-carbon-footprint/carbon-footprint-for-the-uk-and-england-to-2019
https://www.gov.uk/government/statistics/uks-carbon-footprint/carbon-footprint-for-the-uk-and-england-to-2019
https://www.wwf.org.uk/sites/default/files/2021-06/Thriving_within_our_planetary_means_full_report.pdf
https://www.wwf.org.uk/sites/default/files/2021-06/Thriving_within_our_planetary_means_full_report.pdf
https://www.gov.uk/government/publications/cop26-world-leaders-summit-on-action-on-forests-and-land-use-2-november-2021/world-leaders-summit-on-action-on-forests-and-land-use
https://www.gov.uk/government/publications/cop26-world-leaders-summit-on-action-on-forests-and-land-use-2-november-2021/world-leaders-summit-on-action-on-forests-and-land-use
https://www.gov.uk/government/publications/cop26-world-leaders-summit-on-action-on-forests-and-land-use-2-november-2021/world-leaders-summit-on-action-on-forests-and-land-use
https://www.gov.uk/government/publications/cop26-world-leaders-summit-on-action-on-forests-and-land-use-2-november-2021/world-leaders-summit-on-action-on-forests-and-land-use
https://accountability-framework.org/topics/monitoring-and-verification/
https://www.legislation.gov.uk/ukpga/2021/30/schedule/17
https://www.legislation.gov.uk/ukpga/2021/30/schedule/17
https://openknowledge.fao.org/server/api/core/bitstreams/531a9e1b-596d-4b07-b9fd-3103fb4d0e72/content
https://openknowledge.fao.org/server/api/core/bitstreams/531a9e1b-596d-4b07-b9fd-3103fb4d0e72/content
https://research.wri.org/gfr/key-terms-definitions
https://accountability-framework.org/issues/deforestation-and-conversion/
https://doi.org/10.31223/X5T69B
https://doi.org/10.48650/PV1P-Q331
https://webarchive.nationalarchives.gov.uk/ukgwa/20160106003022/http://www.ons.gov.uk/ons/rel/uktrade/uk-trade/december-2014/sty-trade-rotterdam-effect-.html
https://webarchive.nationalarchives.gov.uk/ukgwa/20160106003022/http://www.ons.gov.uk/ons/rel/uktrade/uk-trade/december-2014/sty-trade-rotterdam-effect-.html
https://webarchive.nationalarchives.gov.uk/ukgwa/20160106003022/http://www.ons.gov.uk/ons/rel/uktrade/uk-trade/december-2014/sty-trade-rotterdam-effect-.html
https://pure.iiasa.ac.at/id/eprint/14868/1/1.%20Report%20analysis%20of%20impact.pdf
https://pure.iiasa.ac.at/id/eprint/14868/1/1.%20Report%20analysis%20of%20impact.pdf
https://webarchive.nationalarchives.gov.uk/ukgwa/20220901105721mp_/https://data.jncc.gov.uk/data/91efc19d-f675-426f-9333-ed0195cc729d/JNCC-Report-695-FINAL-WEB.pdf
https://webarchive.nationalarchives.gov.uk/ukgwa/20220901105721mp_/https://data.jncc.gov.uk/data/91efc19d-f675-426f-9333-ed0195cc729d/JNCC-Report-695-FINAL-WEB.pdf
https://webarchive.nationalarchives.gov.uk/ukgwa/20220901105721mp_/https://data.jncc.gov.uk/data/91efc19d-f675-426f-9333-ed0195cc729d/JNCC-Report-695-FINAL-WEB.pdf
https://www.forest-trends.org/idat/
https://www.forest-trends.org/idat/
https://www.unodc.org/documents/data-and-analysis/cocaine/Global_cocaine_report_2023.pdf
https://www.unodc.org/documents/data-and-analysis/cocaine/Global_cocaine_report_2023.pdf
https://doi.org/10.1007/978-3-031-06443-2_2

Review article

70.

7.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91

92.

93.

94.

95.

96.

97.

98.

99.

100.

101

102.

103.

104.

Richards, D. R. & Friess, D. A. Rates and drivers of mangrove deforestation in Southeast
Asia, 2000-2012. Proc. Natl Acad. Sci. USA 113, 344-349 (2016).

Giljum, S. et al. A pantropical assessment of deforestation caused by industrial mining.
Proc. Natl Acad. Sci. USA119, 2118273119 (2022).

Maus, V. et al. A global-scale data set of mining areas. Sci. Data 7, 289 (2020).

Maus, V. et al. An update on global mining land use. Sci. Data 9, 433 (2022).

Jasansky, S., Lieber, M., Giljum, S. & Maus, V. An open database on global coal and metal
mine production. Sci. Data 10, 52 (2023).

Tang, L. & Werner, T. T. Global mining footprint mapped from high-resolution satellite
imagery. Commun. Earth Environ. 4,1-12 (2023).

Maus, V. et al. Global-scale mining polygons (version 2). PANGAEA https://doi.org/
10.1594/PANGAEA 942325 (2022).

Sonter, L. J. et al. Mining drives extensive deforestation in the Brazilian Amazon.

Nat. Commun. 8,1013 (2017).

Hosonuma, N. et al. An assessment of deforestation and forest degradation drivers in
developing countries. Environ. Res. Lett. 7, 044009 (2012).

Hanggli, A. et al. A systematic comparison of deforestation drivers and policy
effectiveness across the Amazon biome. Environ. Res. Lett. 18, 073001 (2023).

Pfaff, A. et al. Road investments, spatial spillovers, and deforestation in the Brazilian
Amazon. J. Reg. Sci. 47,109-123 (2007).

Busch, J. & Ferretti-Gallon, K. What drives deforestation and what stops it? A meta-analysis.
Rev. Environ. Econ. Policy 1, 3-23 (2017).

Fry, I. Reducing emissions from deforestation and forest degradation: opportunities and
pitfalls in developing a new legal regime. Rev. Eur. Comp. Int. Environ. Law 17,166-182
(2008).

Fry, I. More twists, turns and stumbles in the jungle: a further exploration of land use,
land-use change and forestry decisions within the kyoto protocol. Rev. Eur. Comp. Int.
Environ. Law 16, 341-355 (2007).

Geist, H. J. & Lambin, E. F. Proximate causes and underlying driving forces of tropical
deforestation: tropical forests are disappearing as the result of many pressures, both
local and regional, acting in various combinations in different geographical locations.
BioScience 52, 143-150 (2002).

Rudel, T. & Roper, J. The paths to rain forest destruction: crossnational patterns of
tropical deforestation, 1975-1990. World Dev. 25, 53-65 (1997).

Rudel, T. K. Tropical Forests: Regional Paths of Destruction and Regeneration in the Late
Twentieth Century (Columbia Univ. Press, 2005); https://doi.org/10.7312/rude13194.
Jorgenson, A. K. Consumption and environmental degradation: a cross-national analysis
of the ecological footprint. Soc. Probl. 50, 374-394 (2003).

Jorgenson, A. K. Unequal ecological exchange and environmental degradation:

a theoretical proposition and cross-national study of deforestation, 1990-2000.

Rural Sociol. 71, 685-712 (2006).

Barbier, E. B. Explaining agricultural land expansion and deforestation in developing
countries. Am. J. Agric. Econ. 86, 1347-1353 (2004).

Jorgenson, A. K., Dick, C. & Austin, K. The vertical flow of primary sector exports and
deforestation in less-developed countries: a test of ecologically unequal exchange
theory. Soc. Nat. Resour. https://doi.org/10.1080/08941920802334361 (2010).

Defries, R. S., Rudel, T., Uriarte, M. & Hansen, M. Deforestation driven by urban population
growth and agricultural trade in the twenty-first century. Nat. Geosci. 3, 178-181(2010).
Meyfroidt, P., Rudel, T. K. & Lambin, E. F. Forest transitions, trade, and the global
displacement of land use. Proc. Natl Acad. Sci. USA 107, 20917-20922 (2010).

Shandra, J. M., Leckband, C. & London, B. Ecologically unequal exchange and
deforestation: a cross-national analysis of forestry export flows. Organ. Environ. 22,
293-310 (2009).

Austin, K. The ‘Hamburger Connection’ as ecologically unequal exchange: a cross-national
investigation of beef exports and deforestation in less-developed countries. Rural Sociol.
75, 270-299 (2010).

Austin, K. Coffee exports as ecological, social, and physical unequal exchange:

a cross-national investigation of the java trade. Int. J. Comp. Sociol. 53, 155-180 (2012).
Austin, K. F. Soybean exports and deforestation from a world-systems perspective:

a cross-national investigation of comparative disadvantage. Sociol. Q. 51, 511-536 (2010).
Meyfroidt, P. & Lambin, E. F. Forest transition in Vietnam and displacement of
deforestation abroad. Proc. Natl Acad. Sci. USA 106, 16139-16144 (2009).

Mills Busa, J. H. Deforestation beyond borders: addressing the disparity between
production and consumption of global resources. Conserv. Lett. 6, 192-199 (2013).
Fearnside, P. M., Figueiredo, A. M. R. & Bonjour, S. C. M. Amazonian forest loss and the
long reach of China’s influence. Environ. Dev. Sustain. 15, 325-338 (2013).

Garzuglia, M. Food and Agriculture Organization of the United Nations. 1948-2018
Seventy years of FAO’s Global Forest Resources Assessment: historical overview and
future prospects (UN FAO, 2018).

Food and Agriculture Organization of the United Nations. Global Forest Resources
Assessment 2010 — main report (UN FAO, 2010); https://openknowledge.fao.org/server/
api/core/bitstreams/748a4f51-dcd5-49da-a52a-c00ebff17782/content.

Hansen, M. C. et al. High-resolution global maps of 21st-century forest cover change.
Science 342, 850-853 (2013).

Tree cover loss (Global Forest Watch, 2024); https://data.globalforestwatch.
org/documents/gfw::tree-cover-loss/explore.

Singh, C., Persson, U. M., Croft, S., Kastner, T. & West, C. D. Commodity-driven deforestation,
associated carbon emissions and trade 2001-2022. Zenodo https://doi.org/10.5281/
zenodo.10633818 (2024).

105.

106.

107.

108.

100.

10.

m.

12.

3.

4.

5.

1e.

n7.

8.

ne.

120.

121

122.

123.

124.

125.

126.

127.

128.

129.

130.

131

132.

133.

134.
135.

136.

Food and Agriculture Organization of the United Nations. FAOStat Database (UN FAO,
2024); https://www.fao.org/faostat/en/#data.

Li, W. et al. Gross and net land cover changes in the main plant functional types derived
from the annual ESA CCl land cover maps (1992-2015). Earth Syst. Sci. Data 10, 219-234
(2018).

Song, X.-P. et al. Massive soybean expansion in South America since 2000 and
implications for conservation. Nat. Sustain. 4, 784-792 (2021).

Kalischek, N. et al. Cocoa plantations are associated with deforestation in Cote d’Ivoire
and Ghana. Nat. Food 4, 384-393 (2023).

Gaveau, D. L. A. et al. Slowing deforestation in Indonesia follows declining oil palm
expansion and lower oil prices. PLoS ONE 17, e0266178 (2022).

Xu, Y. et al. Annual oil palm plantation maps in Malaysia and Indonesia from 2001 to 2016.
Earth Syst. Sci. Data 12, 847-867 (2020).

Descals, A. et al. High-resolution global map of smallholder and industrial closed-canopy
oil palm plantations. Earth Syst. Sci. Data 13, 1211-1231 (2021).

Du, Z. et al. A global map of planting years of plantations. Sci. Data 9, 141 (2022).

Lesiv, M. et al. Global forest management data for 2015 at a 100 m resolution. Sci. Data 9,
199 (2022).

Food and Agriculture Organization of the United Nations. Global Forest Resources
Assessment 2020 (UN FAQ, 2020); https://openknowledge.fao.org/handle/20.500.14283/
ca9825en.

Ribeiro, V. et al. Uncovering sub-regional drivers of deforestation in the Amazon: a tool
for targeted solutions (WWF, 2024); https://wwfint.awsassets.panda.org/downloads/
uncovering-sub-regional-drivers-of-deforestation-in-the-amazon.pdf.

Karstensen, J., Peters, G. P. & Andrew, R. M. Attribution of CO, emissions from Brazilian
deforestation to consumers between 1990 and 2010. Environ. Res. Lett. 8, 024005
(2013).

Ermolieva, T. et al. International Institute for Applied Systems Analysis. Land use
change agriculture program (IIASA, 2012); https://pure.iiasa.ac.at/id/eprint/10172/1/
X0O-12-001.pdf.

Corong, E. L., Hertel, T. W., McDougall, R., Tsigas, M. E. & van der Mensbrugghe, D.

The standard GTAP model, version 7. J. Glob. Econ. Anal. 2,1-119 (2017).

Fischer, G. et al. Extending land footprints towards characterizing sustainability of

land use (Umweltbundesamt, 2017); https://www.ecologic.eu/sites/default/files/
publication/2018/2527-2017-09-06_texte_79-2017_extended-land-footprint.pdf.
Bruckner, M. et al. Development of consumption-based land use indicators
(Umweltbundesamt, 2017); https://www.umweltbundesamt.de/sites/default/files/
medien/1410/publikationen/2017-09-06_texte_80-2017_synthesis-report.pdf.

Wood, R. et al. Global sustainability accounting — developing EXIOBASE for
multi-regional footprint analysis. Sustainability 7, 138-163 (2015).

Stadler, K. et al. EXIOBASE 3: developing a time series of detailed environmentally
extended multi-regional input-output tables. J. Ind. Ecol. 22, 502-515 (2018).

Kastner, T., Kastner, M. & Nonhebel, S. Tracing distant environmental impacts of
agricultural products from a consumer perspective. Ecol. Econ. 70, 1032-1040 (2011).
Kastner, T., Erb, K.-H. & Haberl, H. Rapid growth in agricultural trade: effects on global
area efficiency and the role of management. Environ. Res. Lett. 9, 034015 (2014).
Pendrill, F., Persson, U. M., Kastner, T. & Wood, R. Deforestation risk embodied in
production and consumption of agricultural and forestry commodities 2005-2018.
Zenodo https://doi.org/10.5281/zenodo.5886600 (2022).

Joint Nature Conservation Committee & Stockholm Environment Institute. The

global environmental impacts of consumption (GEIC) indicator (JNCC & SEI, 2024);
https://commodityfootprints.earth/.

Sun, L., Zhou, W., Zhu, X. & Xia, X. Deforestation embodied in global trade: integrating
environmental extended input-output method and complex network analysis.

J. Environ. Manage. 325, 116479 (2023).

Lenzen, M., Moran, D., Kanemoto, K. & Geschke, A. Building eora: a global multi-region
input-output database at high country and sector resolution. Econ. Syst. Res. 25, 20-49
(2013).

Mittempergher, D., Vergez, A. & Puydarrieux, P. Commerce international et déforestation:
méthode et calcul d’'une empreinte déforestation des nations. Rev. Déconomie Dév. 33,
5-53(2023).

Henders, S., Persson, U. M. & Kastner, T. Trading forests: land-use change and

carbon emissions embodied in production and exports of forest-risk commaodities.
Environ. Res. Lett. 10, 125012 (2015).

Persson, U. M., Henders, S. & Cederberg, C. A method for calculating a land-use change
carbon footprint (LUC-CFP) for agricultural commodities - applications to Brazilian beef
and soy, Indonesian palm oil. Glob. Change Biol. 20, 3482-3491(2014).

Terrabrasilis — geographic data platform (INPE, 2025); https://terrabrasilis.dpi.inpe.br/
en/home-page/.

Bausano, G., Masiero, M., Migliavacca, M., Pettenella, D. & Rougieux, P. Food, biofuels

or cosmetics? Land-use, deforestation and CO2 emissions embodied in the palm

oil consumption of four European countries: a biophysical accounting approach.

Agric. Food Econ. 11, 35 (2023).

What is Trase? (Trase, 2025); https://trase.earth/about.

Godar, J., Persson, U. M., Tizado, E. J. & Meyfroidt, P. Towards more accurate and

policy relevant footprint analyses: tracing fine-scale socio-environmental impacts

of production to consumption. Ecol. Econ. 112, 25-35 (2015).

Supply chains methodology (Trase, 2024); https://trase.earth/methodology/
supply-chains-methodology.

Nature Reviews Earth & Environment


http://www.nature.com/natrevearthenviron
https://doi.org/10.1594/PANGAEA.942325
https://doi.org/10.1594/PANGAEA.942325
https://doi.org/10.7312/rude13194
https://doi.org/10.1080/08941920802334361
https://openknowledge.fao.org/server/api/core/bitstreams/748a4f51-dcd5-49da-a52a-c00ebff17782/content
https://openknowledge.fao.org/server/api/core/bitstreams/748a4f51-dcd5-49da-a52a-c00ebff17782/content
https://data.globalforestwatch.org/documents/gfw::tree-cover-loss/explore
https://data.globalforestwatch.org/documents/gfw::tree-cover-loss/explore
https://doi.org/10.5281/zenodo.10633818
https://doi.org/10.5281/zenodo.10633818
https://www.fao.org/faostat/en/#data
https://openknowledge.fao.org/handle/20.500.14283/ca9825en
https://openknowledge.fao.org/handle/20.500.14283/ca9825en
https://wwfint.awsassets.panda.org/downloads/uncovering-sub-regional-drivers-of-deforestation-in-the-amazon.pdf
https://wwfint.awsassets.panda.org/downloads/uncovering-sub-regional-drivers-of-deforestation-in-the-amazon.pdf
https://pure.iiasa.ac.at/id/eprint/10172/1/XO-12-001.pdf
https://pure.iiasa.ac.at/id/eprint/10172/1/XO-12-001.pdf
https://www.ecologic.eu/sites/default/files/publication/2018/2527-2017-09-06_texte_79-2017_extended-land-footprint.pdf
https://www.ecologic.eu/sites/default/files/publication/2018/2527-2017-09-06_texte_79-2017_extended-land-footprint.pdf
https://www.umweltbundesamt.de/sites/default/files/medien/1410/publikationen/2017-09-06_texte_80-2017_synthesis-report.pdf
https://www.umweltbundesamt.de/sites/default/files/medien/1410/publikationen/2017-09-06_texte_80-2017_synthesis-report.pdf
https://doi.org/10.5281/zenodo.5886600
https://commodityfootprints.earth/
https://terrabrasilis.dpi.inpe.br/en/home-page/
https://terrabrasilis.dpi.inpe.br/en/home-page/
https://trase.earth/about
https://trase.earth/methodology/supply-chains-methodology
https://trase.earth/methodology/supply-chains-methodology

Review article

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

Zu Ermgassen, E. K. H. J. et al. Using supply chain data to monitor zero deforestation
commitments: an assessment of progress in the Brazilian soy sector. Environ. Res. Lett.
15, 035003 (2020).

SEI-PCS Brazil beef v2.2 supply chain map: data sources and methods (Trase, 2023);
https://resources.trase.earth/documents/data_methods/SEI_PCS_Brazil_beef 2.2._
EN.pdf.

Goldstein, B. & Newell, J. P. How to track corporations across space and time. Ecol. Econ.
169, 106492 (2020).

Cho, K., Goldstein, B., Gounaridis, D. & Newell, J. P. Hidden risks of deforestation in
global supply chains: a study of natural rubber flows from Sri Lanka to the United States.
J. Clean. Prod. 349, 131275 (2022).

Cho, K., Goldstein, B., Gounaridis, D. & Newell, J. P. Where does your guacamole come
from? Detecting deforestation associated with the export of avocados from Mexico to
the United States. J. Environ. Manage. 278, 111482 (2021).

Croft, S. A., West, C. D. & Green, J. M. H. Capturing the heterogeneity of sub-national
production in global trade flows. J. Clean. Prod. 203, 1106-1118 (2018).

Phillips, M. et al. World Resources Institute. Forest footprint for cities: methods

for estimating deforestation and associated CO, emissions embodied in products
consumed in cities (WRI, 2022); https://doi.org/10.46830/writn.20.00128.

Haddad, E. A. et al. Economic drivers of deforestation in the Brazilian legal Amazon.

Nat. Sustain. 7, 1141-1148 (2024).

Lenzen, M., Kanemoto, K., Moran, D. & Geschke, A. Eora26 (Eora, 2024); https://
worldmrio.com/eora26/.

Goldman, E., Weisse, M., Harris, N. & Schneider, M. World Resources Institute. Estimating
the role of seven commodities in agriculture-linked deforestation: oil palm, soy, cattle,
wood fiber, cocoa, coffee, and rubber (WRI, 2020); https://www.wri.org/research/
estimating-role-seven-commaodities-agriculture-linked-deforestation-oil-palm-soy-cattle.
Federal University of Goids. Lapig — Remote Sensing and Geoprocessing Laboratory
(UFG, 2024); https://lapig.iesa.ufg.br/.

Lambin, E. F. & Furumo, P. R. Deforestation-free commodity supply chains: myth or
reality? Annu. Rev. Environ. Resour. 48, 237-261(2023).

Munroe, D. K. et al. Governing flows in telecoupled land systems. Curr. Opin. Environ.
Sustain. 38, 53-59 (2019).

Paim, M.-A. Zero deforestation in the Amazon: the Soy Moratorium and global forest
governance. Rev. Eur. Comp. Int. Environ. Law 30, 220-232 (2021).

Nunes, F. S. M. et al. Lessons from the historical dynamics of environmental law
enforcement in the Brazilian Amazon. Sci. Rep. 14,1828 (2024).

Heilmayr, R. & Benedict, J. Indonesia makes progress towards zero palm oil deforestation
(Trase, 2022); https://doi.org/10.48650/50NG-RT71.

Angelsen, A., Dermawan, A. & Ladewig, M. Explaining the recent reduction of Indonesia’s
deforestation (Norwegian University of Life Sciences, 2025); https://nmbu.brage.unit.no/
nmbu-xmlui/handle/11250/3176540.

2023 Marks a surge in palm oil expansion in Indonesia (Nusantara Atlas, 2024);
https://nusantara-atlas.org/2023-marks-a-surge-in-palm-oil-expansion-in-indonesia/.
Carbon Disclosure Project. Time for transparency: deforestation- and conversion-

free supply chains (CDP, 2024); https://cdn.cdp.net/cdp-production/cms/reports/
documents/000/007/713/original/CDP_Global_Forests_Report_2024.pdf?1716207173.
European Commission. Regulation on deforestation-free products (EC, 2024);
https://environment.ec.europa.eu/topics/forests/deforestation/regulation-deforestation-
free-products_en.

Supermarket essentials will no longer be linked to illegal deforestation (UK Government,
2024); https://www.gov.uk/government/news/supermarket-essentials-will-no-longer-
be-linked-to-illegal-deforestation.

Schatz, B. S.2950 — 117th Congress (2021-2022): FOREST Act of 2021 (US Congress,
2021); https://www.congress.gov/bill/117th-congress/senate-bill/2950.

World Trade Organization. Joint letter — European Union proposal for a regulation

on deforestation-free products. submission by Indonesia and Brazil (WTO, 2022);
https://docs.wto.org/dol2fe/Pages/SS/directdoc.aspx?filename=q:/G/AG/
GEN213.pdf&Open=True.

Beattie, A. Why Brussels can't see the deforestation for the trees. Financial Times
https://www.ft.com/content/03ce886b-c110-45fd-bc56-0254daa75969 (17 July 2024).
Garrett, R. D., Grabs, J., Cammelli, F., Gollnow, F. & Levy, S. A. Should payments for
environmental services be used to implement zero-deforestation supply chain policies?
The case of soy in the Brazilian Cerrado. World Dev. 152, 105814 (2022).

Bager, S. L., Persson, U. M. & dos Reis, T. N. P. Eighty-six EU policy options for reducing
imported deforestation. One Earth 4, 289-306 (2021).

European Commission. Impact assessment minimising the risk of deforestation

and forest degradation associated with products placed on the EU market

(EC, 2021); https://environment.ec.europa.eu/system/files/2021-11/
SWD_2021_326_1_EN_impact_assessment_part1_v4.pdf.

House of Commons Environmental Audit Committee. The UK's contribution to

tackling global deforestation: Government response to the committee’s fourth report
(UK Government, 2024); https://committees.parliament.uk/publications/44020/
documents/218124/default/.

Department for Environment, Food and Rural Affairs. Consultation on implementing
due diligence on forest risk commodities — summary of responses and Government
response (DEFRA, 2022); https://assets.publishing.service.gov.uk/media/
62971d70d3bf7f03667c658d/due-diligence-uk-supply-chains-summary-of-
responses.pdf.

166.

167.

168.

169.

170.

7.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191

192.

193.

Global Resource Initiative. Final recommendations report (GRI, 2020); https://assets.
publishing.service.gov.uk/media/5ea6c001d3bf7f7b4cadb7fa/global-resource-
initiative.pdf.

Government response to the recommendations of the Global Resource Initiative

(UK Government. 2020); https://www.gov.uk/government/publications/global-resource-
initiative-taskforce-government-response/government-response-to-the-recommendations-
of-the-global-resource-initiative.

Nisi, N. & Roe, D. International Institute for Environment and Development. Who pays
the price for the loss and damage of nature? A dialogue on the role of unsustainable
consumption (IlED, 2024); https://www.iied.org/sites/default/files/pdfs/2024-05/
22421%iied.pdf.

Nisi, N. & Roe, D. International Institute for Environment and Development. Loss and
damage of nature and biodiversity: a tale of consumption, colonialism and communities
(IED, 2024); https://www.iied.org/sites/default/files/pdfs/2024-10/22586iied.pdf.
Assessing the G7's international deforestation footprint and measures to tackle it (The
Food and Land Use Coalition, 2022); https://www.foodandlandusecoalition.org/
wp-content/uploads/2022/09/Assessing-the-G7s-international-deforestation-footprint-
and-measures-to-tackle-it.pdf.

Convention on Biological Diversity. Target 16. Enable sustainable consumption choices
to reduce waste and overconsumption (CBD, 2024); https://www.cbd.int/gbf/targets/16.
European Commission. EUDR cooperation and partnerships (EC, 2025); https://green-
business.ec.europa.eu/deforestation-regulation-implementation/benchmarking-
partnerships_en.

The new EU deforestation-free products regulation: key obligations for EU member states
(Client Earth, 2023); https://www.clientearth.org/media/usrnmuaf/briefing_new-eu-
deforestation-reg_implications-for-member-states_may-2023.pdf.

Laroche, P. C. S. J. et al. Accounting for trade in derived products when estimating
European Union’s role in driving deforestation. Ecol. Econ. 224,108288 (2024).

Carbon Disclosure Project. CDP policy explainer on the EU deforestation regulation
(EUDR) (CDP, 2024); https://cdn.cdp.net/cdp-production/comfy/cms/files/
files/000/007/880/original/Cdp_Policy_Explainer_Deforestation_Regulation.pdf.
Department for Environment, Food and Rural Affairs. United Kingdom food security
report 2024 (DEFRA, 2024); https://www.gov.uk/government/statistics/united-kingdom-
food-security-report-2024.

Bellfield, H., Pereira, O., Gardner, T. & Lino, J. Risk benchmarking for the EU deforestation
regulation: key principles and recommendations (Trase, 2023); https://resources.
trase.earth/documents/Briefings/EU-deforestation-regulation-Key-principles-and-
recommendations.pdf.

Understanding soy deforestation risk in leather products (Trase & BSR, 2022);
https://cdn.sanity.io/files/n2jhvipv/production/37d0102a2331b1d06c502e9bb
772¢812a5664d98.pdf.

About Forest I1Q (ForestlQ, 2023); https://forestig.org/about.

Hancock, A. & Bounds, A. EU’s use of incorrect deforestation data 'risks blocking
imports’. Financial Times https://www.ft.com/content/ab2aabbc-8978-444b-844b-
3d0d70553266 (15 July 2024).

Valdiones, A. P. et al. Illegal deforestation and conversion in the Amazon and

Matopiba: lack of transparency and access to information. https://doi.org/10.13140/
RG.2.2.33356.54403 (WWF, 2021).

Fritz, S. et al. A comparison of global agricultural monitoring systems and current gaps.
Agric. Syst. 168, 258-272 (2019).

Shaar, K. Working paper — reconciling international trade data. https://www.econstor.eu/
bitstream/10419/206629/3/edited%20version%20Nov%202019.pdf (Leibniz Information
Centre for Economics, 2019).

FACT Dialogue. Forest, agriculture and commodity trade dialogue — a roadmap for action
(Forest, Agriculture and Commodity Trade Dialogue, 2022); https://www.factdialogue.
org/wp-content/uploads/2023/07/FACT-Dialogue-Roadmap-for-Action_en.pdf.

Our Approach. Forest Data Partnership (Forest Data Partnership, 2024); https://www.
forestdatapartnership.org/data-approach.

Kothke, M., Lippe, M. & Elsasser, P. Comparing the former EUTR and upcoming EUDR:
some implications for private sector and authorities. For. Policy Econ. 157, 103079
(2023).

Bager, S. L. & Lambin, E. F. How do companies implement their zero-deforestation
commitments. J. Clean. Prod. 375, 134056 (2022).

Marzano, K. Research Institute for Sustainability. Learning from digital transparency
initiatives in Brazil: a call for innovation and collaboration ahead of the EU forest-risk
commodities regulation (RIFS, 2023); https://publications.rifs-potsdam.de/rest/
items/item_6002780_3/component/file_6003428/content.

Baccas, D. & Warnatzsch, E. A. Awareness and engagement of listed companies in
combating deforestation and forest degradation in Brazil. Corp. Soc. Responsib. Environ.
Manag. 31, 3968-3987 (2024).

Miranda, J., Bérner, J., Kalkuhl, M. & Soares-Filho, B. Land speculation and conservation
policy leakage in Brazil. Environ. Res. Lett. 14, 045006 (2019).

Richards, P. D., Walker, R. T. & Arima, E. Y. Spatially complex land change: the indirect
effect of Brazil's agricultural sector on land use in Amazonia. Glob. Environ. Change Hum.
Policy Dimens. 29, 1-9 (2014).

Arima, E. Y., Richards, P., Walker, R. & Caldas, M. M. Statistical confirmation of indirect
land use change in the Brazilian Amazon. Environ. Res. Lett. 6, 024010 (2011).

de Wit, F. & Mourato, J. Governing the diverse forest: polycentric climate governance in
the Amazon. World Dev. 157, 105955 (2022).

Nature Reviews Earth & Environment


http://www.nature.com/natrevearthenviron
https://resources.trase.earth/documents/data_methods/SEI_PCS_Brazil_beef_2.2._EN.pdf
https://resources.trase.earth/documents/data_methods/SEI_PCS_Brazil_beef_2.2._EN.pdf
https://doi.org/10.46830/writn.20.00128
https://worldmrio.com/eora26/
https://worldmrio.com/eora26/
https://www.wri.org/research/estimating-role-seven-commodities-agriculture-linked-deforestation-oil-palm-soy-cattle
https://www.wri.org/research/estimating-role-seven-commodities-agriculture-linked-deforestation-oil-palm-soy-cattle
https://lapig.iesa.ufg.br/
https://doi.org/10.48650/50NG-RT71
https://nmbu.brage.unit.no/nmbu-xmlui/handle/11250/3176540
https://nmbu.brage.unit.no/nmbu-xmlui/handle/11250/3176540
https://nusantara-atlas.org/2023-marks-a-surge-in-palm-oil-expansion-in-indonesia/
https://cdn.cdp.net/cdp-production/cms/reports/documents/000/007/713/original/CDP_Global_Forests_Report_2024.pdf?1716207173
https://cdn.cdp.net/cdp-production/cms/reports/documents/000/007/713/original/CDP_Global_Forests_Report_2024.pdf?1716207173
https://environment.ec.europa.eu/topics/forests/deforestation/regulation-deforestation-free-products_en
https://environment.ec.europa.eu/topics/forests/deforestation/regulation-deforestation-free-products_en
https://www.gov.uk/government/news/supermarket-essentials-will-no-longer-be-linked-to-illegal-deforestation
https://www.gov.uk/government/news/supermarket-essentials-will-no-longer-be-linked-to-illegal-deforestation
https://www.congress.gov/bill/117th-congress/senate-bill/2950
https://docs.wto.org/dol2fe/Pages/SS/directdoc.aspx?filename=q:/G/AG/GEN213.pdf&Open=True
https://docs.wto.org/dol2fe/Pages/SS/directdoc.aspx?filename=q:/G/AG/GEN213.pdf&Open=True
https://www.ft.com/content/03ce886b-c110-45fd-bc56-0254daa75969
https://environment.ec.europa.eu/system/files/2021-11/SWD_2021_326_1_EN_impact_assessment_part1_v4.pdf
https://environment.ec.europa.eu/system/files/2021-11/SWD_2021_326_1_EN_impact_assessment_part1_v4.pdf
https://committees.parliament.uk/publications/44020/documents/218124/default/
https://committees.parliament.uk/publications/44020/documents/218124/default/
https://assets.publishing.service.gov.uk/media/62971d70d3bf7f03667c658d/due-diligence-uk-supply-chains-summary-of-responses.pdf
https://assets.publishing.service.gov.uk/media/62971d70d3bf7f03667c658d/due-diligence-uk-supply-chains-summary-of-responses.pdf
https://assets.publishing.service.gov.uk/media/62971d70d3bf7f03667c658d/due-diligence-uk-supply-chains-summary-of-responses.pdf
https://assets.publishing.service.gov.uk/media/5ea6c001d3bf7f7b4cadb7fa/global-resource-initiative.pdf
https://assets.publishing.service.gov.uk/media/5ea6c001d3bf7f7b4cadb7fa/global-resource-initiative.pdf
https://assets.publishing.service.gov.uk/media/5ea6c001d3bf7f7b4cadb7fa/global-resource-initiative.pdf
https://www.gov.uk/government/publications/global-resource-initiative-taskforce-government-response/government-response-to-the-recommendations-of-the-global-resource-initiative
https://www.gov.uk/government/publications/global-resource-initiative-taskforce-government-response/government-response-to-the-recommendations-of-the-global-resource-initiative
https://www.gov.uk/government/publications/global-resource-initiative-taskforce-government-response/government-response-to-the-recommendations-of-the-global-resource-initiative
https://www.iied.org/sites/default/files/pdfs/2024-05/22421iied.pdf
https://www.iied.org/sites/default/files/pdfs/2024-05/22421iied.pdf
https://www.iied.org/sites/default/files/pdfs/2024-10/22586iied.pdf
https://www.foodandlandusecoalition.org/wp-content/uploads/2022/09/Assessing-the-G7s-international-deforestation-footprint-and-measures-to-tackle-it.pdf
https://www.foodandlandusecoalition.org/wp-content/uploads/2022/09/Assessing-the-G7s-international-deforestation-footprint-and-measures-to-tackle-it.pdf
https://www.foodandlandusecoalition.org/wp-content/uploads/2022/09/Assessing-the-G7s-international-deforestation-footprint-and-measures-to-tackle-it.pdf
https://www.cbd.int/gbf/targets/16
https://green-business.ec.europa.eu/deforestation-regulation-implementation/benchmarking-partnerships_en
https://green-business.ec.europa.eu/deforestation-regulation-implementation/benchmarking-partnerships_en
https://green-business.ec.europa.eu/deforestation-regulation-implementation/benchmarking-partnerships_en
https://www.clientearth.org/media/u5rnmuaf/briefing_new-eu-deforestation-reg_implications-for-member-states_may-2023.pdf
https://www.clientearth.org/media/u5rnmuaf/briefing_new-eu-deforestation-reg_implications-for-member-states_may-2023.pdf
https://cdn.cdp.net/cdp-production/comfy/cms/files/files/000/007/880/original/Cdp_Policy_Explainer_Deforestation_Regulation.pdf
https://cdn.cdp.net/cdp-production/comfy/cms/files/files/000/007/880/original/Cdp_Policy_Explainer_Deforestation_Regulation.pdf
https://www.gov.uk/government/statistics/united-kingdom-food-security-report-2024
https://www.gov.uk/government/statistics/united-kingdom-food-security-report-2024
https://resources.trase.earth/documents/Briefings/EU-deforestation-regulation-Key-principles-and-recommendations.pdf
https://resources.trase.earth/documents/Briefings/EU-deforestation-regulation-Key-principles-and-recommendations.pdf
https://resources.trase.earth/documents/Briefings/EU-deforestation-regulation-Key-principles-and-recommendations.pdf
https://cdn.sanity.io/files/n2jhvipv/production/37d0102a2331b1d06c502e9bb772c812a5664d98.pdf
https://cdn.sanity.io/files/n2jhvipv/production/37d0102a2331b1d06c502e9bb772c812a5664d98.pdf
https://forestiq.org/about
https://www.ft.com/content/ab2aabbc-8978-444b-844b-3d0d70553266
https://www.ft.com/content/ab2aabbc-8978-444b-844b-3d0d70553266
https://doi.org/10.13140/RG.2.2.33356.54403
https://doi.org/10.13140/RG.2.2.33356.54403
https://www.econstor.eu/bitstream/10419/206629/3/edited%20version%20Nov%202019.pdf
https://www.econstor.eu/bitstream/10419/206629/3/edited%20version%20Nov%202019.pdf
https://www.factdialogue.org/wp-content/uploads/2023/07/FACT-Dialogue-Roadmap-for-Action_en.pdf
https://www.factdialogue.org/wp-content/uploads/2023/07/FACT-Dialogue-Roadmap-for-Action_en.pdf
https://www.forestdatapartnership.org/data-approach
https://www.forestdatapartnership.org/data-approach
https://publications.rifs-potsdam.de/rest/items/item_6002780_3/component/file_6003428/content
https://publications.rifs-potsdam.de/rest/items/item_6002780_3/component/file_6003428/content

Review article

194.

195.

196.

197.

198.

199.

200.

201.

=

202.

20

204.

205.

206.

207.

208.

209.

210.

21.

212.

213.

214.

215.

216.
217.

]

Barbier, E. B. & Tesfaw, A. Explaining forest transitions: the role of governance. Ecol. Econ.
19, 252-261(2015).

Kissinger, G., Herold, M. & De Sy, V. Drivers of deforestation and forest degradation:

a synthesis report for REDD+ policymakers (Lexeme Consulting, 2012); https://www.
forestcarbonpartnership.org/sites/fcp/files/DriversOfDeforestation.pdf_N_S.pdf.
Villoria, N., Garrett, R., Gollnow, F. & Carlson, K. Leakage does not fully offset soy
supply-chain efforts to reduce deforestation in Brazil. Nat. Commun. 13, 5476 (2022).
Bastos Lima, M. G. & Persson, U. M. Commodity-centric landscape governance as a
double-edged sword: the case of soy and the cerrado working group in Brazil. Front. For.
Glob. Change 3, 27 (2020).

Bastos Lima, M. G. & Schilling-Vacaflor, A. Supply chain divergence challenges a
‘Brussels effect’ from Europe’s human rights and environmental due diligence laws.
Glob. Policy 15, 260-275 (2024).

Bastos Lima, M. G., Persson, U. M. & Meyfroidt, P. Leakage and boosting effects in
environmental governance: a framework for analysis. Environ. Res. Lett. 14,105006 (2019).
Meyfroidt, P. et al. Focus on leakage and spillovers: informing land-use governance in a
tele-coupled world. Environ. Res. Lett. 15, 090202 (2020).

Forest declaration dashboard (Forest Declaration Assessment, 2025); https://dashboard.
forestdeclaration.org/.

Moffette, F. & Gibbs, H. K. Agricultural displacement and deforestation leakage in the
brazilian legal amazon. Land. Econ. 97, 155-179 (2021).

Meyfroidt, P., Vu, T. P. & Hoang, V. A. Trajectories of deforestation, coffee expansion and
displacement of shifting cultivation in the central highlands of Vietnam. Glob. Environ.
Change 23, 1187-1198 (2013).

Robinson, B. E., Holland, M. B. & Naughton-Treves, L. Does secure land tenure

save forests? A meta-analysis of the relationship between land tenure and tropical
deforestation. Glob. Environ. Change 29, 281-293 (2014).

Pacheco, A. & Meyer, C. Land tenure drives Brazil's deforestation rates across
socio-environmental contexts. Nat. Commun. 13, 5759 (2022).

Zhunusova, E. et al. Potential impacts of the proposed EU regulation on
deforestation-free supply chains on smallholders, indigenous peoples, and local
communities in producer countries outside the EU. For. Policy Econ. 143,102817 (2022).
Grabs, J.,, Cammelli, F., Levy, S. A. & Garrett, R. D. Designing effective and equitable
zero-deforestation supply chain policies. Glob. Environ. Change 70, 102357 (2021).
Newton, P. & Benzeev, R. The role of zero-deforestation commitments in protecting and
enhancing rural livelihoods. Curr. Opin. Environ. Sustain. 32,126-133 (2018).
Accountability Framework initiative. Core principles (AFi, 2020); https://
accountability-framework.org/fileadmin/uploads/afi/Documents/News/Core_
Principles-2020-5.pdf.

Mancini, L., Valente, A., Barbero Vignola, G., Sanyé Mengual, E. & Sala, S. Social footprint of
European food production and consumption. Sustain. Prod. Consum. 35, 287-299 (2023).
Weidema, B. P. The social footprint — a practical approach to comprehensive and
consistent social LCA. Int. J. Life Cycle Assess. 23, 700-709 (2018).

Naz, F. et al. Reviewing the applications of artificial intelligence in sustainable supply
chains: exploring research propositions for future directions. Bus. Strategy Environ. 31,
2400-2423 (2022).

European Court of Auditors. EU support to timber-producing countries under the FLEGT
action plan (ECA, 2015); https://www.eca.europa.eu/lists/ecadocuments/sr15_13/sr_flegt_
en.pdf.

How rich countries cause deforestation in poor ones. The Economist https://www.
economist.com/graphic-detail/2021/03/29/how-rich-countries-cause-deforestation-
in-poor-ones (29 March 2021).

Carrington, D. Average westerner’s eating habits lead to loss of four trees every year.
The Guardian https://www.theguardian.com/environment/2021/mar/29/average-
westerners-eating-habits-lead-to-loss-of-four-trees-every-year (29 March 2021).
Cities4Forests (Forest Footprint for Cities, 2025); https://www.forestfootprint.org/.
Thomson, A. & Calder, E. US supermarket products linked to tropical deforestation.
Global Witness https://globalwitness.org/en/campaigns/forests/products-in-us-
supermarkets-linked-to-deforestation-of-tropical-forests/ (26 March 2024).

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

Horton, H. Beef, soy and palm oil products linked to deforestation still imported into UK.
The Guardian https://www.theguardian.com/environment/2023/nov/06/beef-soy-palm-
oil-products-deforestation-imported-uk-climate (6 November 2023).

Rodrigues, A. A. et al. Cerrado deforestation threatens regional climate and water
availability for agriculture and ecosystems. Glob. Change Biol. 28, 6807-6822 (2022).
Bergua, S. et al. Why the New EU Deforestation Regulation Should Include ‘Other Wooded
Land’ (Deutsche Umwelthilfe, 2023); https://cecu.es/wp-content/uploads/2023/09/
RF_OWL_briefing_0923_low.pdf.

Hansen, M. C. et al. Global land use extent and dispersion within natural land cover using
Landsat data. Environ. Res. Lett. 17, 034050 (2022).

Dinerstein, E. et al. A ‘Global Safety Net' to reverse biodiversity loss and stabilize Earth’s
climate. Sci. Adv. 6, eabb2824 (2020).

Ball, T. et al. Quantifying the impact of the food we eat on species extinctions. Preprint at
https://doi.org/10.33774/coe-2024-f|5fk (2024).

Molotoks, A., Green, J., Ribeiro, V., Wang, Y. & West, C. Assessing the value of
biodiversity-specific footprinting metrics linked to South American soy trade. People Nat.
6, 1742-1757.

Corona, P., Di Stefano, V. & Mariano, A. Knowledge gaps and research opportunities in
the light of the European Union regulation on deforestation-free products. Ann. Silvic.
Res. 48, 87-89 (2023).

Faria, D. et al. The breakdown of ecosystem functionality driven by deforestation in a
global biodiversity hotspot. Biol. Conserv. 283, 110126 (2023).

Xu, X. et al. Deforestation triggering irreversible transition in Amazon hydrological cycle.
Environ. Res. Lett. 17, 034037 (2022).

Food and Agriculture Organization of the United Nations. FAOSTAT — forestry production
and trade (UN FAQ, 2024); https://www.fao.org/faostat/en/#data/FO.

Global Forest Watch. Vietnam deforestation rates and statistics (GFW, 2024); https://www.
globalforestwatch.org/dashboards/country/VNM?category=undefined.

Acknowledgements

The authors thank X. Rueda for their support. CW., TK., UM.P,, C.S., S.C. and G.R. thank the
GRADED project (German Federal Ministry for Economic Cooperation and Development

grant GS22 E1070-0060/029). U.M.P., T.K. and M.B.L. also thank the Belmont Forum BEDROCK

project (German Research Foundation DFG, grant no. KA 4815/2-1) for financial support.

Author contributions
C.W. performed the lead writing. A.D., U.M.P., TK., G.R., M.B.L. and C.S. researched data and

contributed to writing. All authors contributed to discussion, review and editing of the article.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains supplementary material available at

https://doi.org/10.1038/s43017-025-00660-3.

Peer review information Nature Reviews Earth & Environment thanks Paige Langer and the
other, anonymous, reviewer(s) for their contribution to the peer review of this work.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds exclusive rights to this
article under a publishing agreement with the author(s) or other rightsholder(s); author
self-archiving of the accepted manuscript version of this article is solely governed by the
terms of such publishing agreement and applicable law.

© Springer Nature Limited 2025

Nature Reviews Earth & Environment


http://www.nature.com/natrevearthenviron
https://www.forestcarbonpartnership.org/sites/fcp/files/DriversOfDeforestation.pdf_N_S.pdf
https://www.forestcarbonpartnership.org/sites/fcp/files/DriversOfDeforestation.pdf_N_S.pdf
https://dashboard.forestdeclaration.org/
https://dashboard.forestdeclaration.org/
https://accountability-framework.org/fileadmin/uploads/afi/Documents/News/Core_Principles-2020-5.pdf
https://accountability-framework.org/fileadmin/uploads/afi/Documents/News/Core_Principles-2020-5.pdf
https://accountability-framework.org/fileadmin/uploads/afi/Documents/News/Core_Principles-2020-5.pdf
https://www.eca.europa.eu/lists/ecadocuments/sr15_13/sr_flegt_en.pdf
https://www.eca.europa.eu/lists/ecadocuments/sr15_13/sr_flegt_en.pdf
https://www.economist.com/graphic-detail/2021/03/29/how-rich-countries-cause-deforestation-in-poor-ones
https://www.economist.com/graphic-detail/2021/03/29/how-rich-countries-cause-deforestation-in-poor-ones
https://www.economist.com/graphic-detail/2021/03/29/how-rich-countries-cause-deforestation-in-poor-ones
https://www.theguardian.com/environment/2021/mar/29/average-westerners-eating-habits-lead-to-loss-of-four-trees-every-year
https://www.theguardian.com/environment/2021/mar/29/average-westerners-eating-habits-lead-to-loss-of-four-trees-every-year
https://www.forestfootprint.org/
https://globalwitness.org/en/campaigns/forests/products-in-us-supermarkets-linked-to-deforestation-of-tropical-forests/
https://globalwitness.org/en/campaigns/forests/products-in-us-supermarkets-linked-to-deforestation-of-tropical-forests/
https://www.theguardian.com/environment/2023/nov/06/beef-soy-palm-oil-products-deforestation-imported-uk-climate
https://www.theguardian.com/environment/2023/nov/06/beef-soy-palm-oil-products-deforestation-imported-uk-climate
https://cecu.es/wp-content/uploads/2023/09/RF_OWL_briefing_0923_low.pdf
https://cecu.es/wp-content/uploads/2023/09/RF_OWL_briefing_0923_low.pdf
https://doi.org/10.33774/coe-2024-fl5fk
https://www.fao.org/faostat/en/#data/FO
https://www.globalforestwatch.org/dashboards/country/VNM?category=undefined
https://www.globalforestwatch.org/dashboards/country/VNM?category=undefined
https://doi.org/10.1038/s43017-025-00660-3

	The global deforestation footprint of agriculture and forestry

	Introduction

	Quantifying deforestation and its drivers

	Quantifying deforestation area

	Attributing deforestation to production

	Linking deforestation to consumption

	Agriculture and forestry

	Aquaculture and mining

	Urbanization and infrastructure


	Estimating deforestation footprints

	Early developments

	Global deforestation footprinting

	The land balance approach
	The dominant driver approach
	The DeDuCE method

	Linking deforestation to trade and consumption

	Advances via regional and sectoral analyses


	Comparing footprint estimates

	Supporting land-use governance

	Summary and future perspectives

	Acknowledgements

	Fig. 1 Overview of the construction of deforestation footprints.
	Fig. 2 The deforestation linked to timber production in Vietnam.
	Fig. 3 Comparison of national deforestation footprints between global analyses.
	Fig. 4 Emissions from deforestation attributed to soy and beef production in Brazil.
	Table 1 Ranked comparative contributions to global deforestation footprints.
	Table 2 Attribution of deforestation impacts to domestic or overseas consumers.




