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1 | INTRODUCTION

| Cécile Renier’ | Andrea Garcia' |

Abstract

The increased availability of remote sensing products and new legislative agen-
das are driving a growing focus on farm-level traceability and monitoring to
tackle commodity-driven deforestation. Here, we use data on land use change in
Brazil (1985-2021) from Mapbiomas to demonstrate how analyses of the drivers
of deforestation are sensitive to the scale of analysis: while pixel- or property-
level analyses identify proximate drivers of deforestation, analyses at larger scales
(subnational regions or countries) capture more complex land use dynamics,
including indirect land use change. We argue that initiatives which seek to moni-
tor and address commodity-driven deforestation—such as the European Union’s
deforestation due-diligence regulation and the World Business Council on Sus-
tainable Development’s Greenhouse Gas Protocol—must be conscient of these
wider land use dynamics. Only by measuring progress and defining success at
multiple scales can initiatives for sustainable commodity sourcing create the
right mix of incentives for addressing deforestation.
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land (Bellfield et al., 2023). The former, product expansion
approach (also known as “land balance”), is typically based

Agricultural expansion is the driver of more than 90%
of deforestation across the tropics (Pendrill et al., 2022),
a major source of anthropogenic carbon emissions and
biodiversity loss (Alroy, 2017; Friedlingstein et al., 2022).
Establishing who is responsible for this expansion—which
crops, which companies, and which consumers—is, how-
ever, not a straightforward task. The “driver” of defor-
estation may be determined either by evaluating which
products are expanding in planted area or by evaluating
which products are being grown on recently deforested

on agricultural statistics reported at the national or subna-
tional scale (Pendrill et al., 2019) while the latter, “spatially
explicit” approach, is typically based on remote sensing
products detecting land use change at the level of indi-
vidual farms or pixels, with the resolution of data ranging
from 250 m to 1 km for MODIS data down to 30 cm for
products such as WorldView-3.

In recent years, falling costs of remote sensing has led
to a boom in high-resolution land use data, which tips
the scale in favor of land use accounting and governance
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efforts at fine scale (Moran et al., 2020). In this arti-
cle, we caution that this shift in scale belies also a shift
in focus, which prioritizes the “proximate” or “direct”
drivers of deforestation over “indirect” or “underlying”
drivers, which are captured by analyses and monitoring
implemented at coarser scales.

Finally, we reflect on the implications for initiatives,
such as the World Business Council for Sustainable Devel-
opment’s Greenhouse Gas Protocol and the European
Union’s deforestation due-diligence (EU, 2023; WRI &
WBCSD, 2022a), which prioritize monitoring land use
change at the farm level. We argue that to be successful
in reducing deforestation, sustainable sourcing initiatives
should see pixel- or farm-level monitoring as only one
component within a bundle of monitoring and action at
multiple scales of resolution (i.e. from plots and farms to
subnational regions or at national scale).

We make our case using remote sensing data for Brazil
from Mapbiomas v7.1 (11). Mapbiomas offers a uniquely
detailed (i.e., crop-specific), long-term mapping of all land
uses in the country, thereby capturing the land use dynam-
ics of multiple commodities in a harmonized methodology
across 36 years (1985-2021). Specifically, we compare the
drivers of deforestation which are identified when aggre-
gating and analyzing the original data (30 X 30 m) at five
different observational scales: at the level of individual pix-
els, properties, municipalities, states, and the country as
a whole. By using a single common data source for our
analyses, we isolate the role of the scale of analysis (rather
than the type of underlying data, i.e., agricultural statistics
vs. remote sensing products) in attributing deforestation to
different drivers. Mapbiomas’ time series includes changes
in agriculture (including soybeans, pasture, sugarcane,
coffee, cotton, rice), tree plantations, and natural vege-
tation types (forests, savanna, and grasslands, and other
nonforest natural formations). We use the term “deforesta-
tion” as a shorthand when referring to the conversion of
natural vegetation, though they are not all strictly forested.
We note that pasture expansion is not only motivated
by its use for cattle ranching but also land speculation,
as pasture is one of the cheapest land uses to establish
post-deforestation. The soybean class does not distinguish
between fields with one or multiple harvests—soybeans
are often double-cropped with maize or cotton. Where the
post-deforestation land use (i.e., crops, pasture) could not
confidently be determined, pixels are classified as a “Land
Use Mosaic.”

When the data are aggregated beyond the pixel res-
olution, we identify the driver of deforestation using
the “product expansion” approach, as commonly adopted
in other studies and accounting standards for land use
change emissions (BSI, 2012; Pendrill et al., 2019; WRI &
WBCSD, 2022b). In the Supporting Information, we com-
pare our results across alternative approaches (Figure SI).

Product expansion attributes the loss of native vegetation
to expanding products based on their share of expansion
(Equation 1).

Arsp’y() (1)
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where PAF, , is the “product allocation factor,” the pro-
portion of agricultural expansion across the study time
period (yy, y;) which was due to each product p, in each
region r (where A, , , is the area of product p, in region r, in
year y). We ran the analyses for 1985—2021 and 2000—2021
for all regions, and for 2008-2021 when comparing prop-
erty and pixel-level results in Mato Grosso in the period
after the establishment of the Soy Moratorium. To convert
PAF, , from a proportion (0-1) of agricultural expansion
into an area of deforestation (in hectares), PAA, ,, we mul-
tiplied it by the area of native vegetation (NV) converted in
each region r (Equation 2).

PAA, , = PAF,, X (NV, NV, ) )

Byt

We calculated PAA, , separately for several scales of
region (property, municipality, state, and country) before
summing and comparing results at the national level
(PAN,, as a percentage of the total deforestation; Equa-
tion 3).

¥, PAA,,

PAN, =
P Y PpraA,,

X 100 (3)

The state-level results, for example, were calculated sep-
arately for each of Brazil’s 27 states to capture the land use
dynamic within each state, before being summed to build
a picture at the national level. For the calculation at the
scale of land management units (hereafter, “Property”),
we intersected Mapbiomas data with polygons of different
land tenure (Sparovek et al., 2019) to calculate PAF, , in
all polygons and land tenure classifications.Though we use
the shorthand “Property” to describe this scale of analy-
sis, we note that these data include polygons of multiple
land tenure types, including individual private properties,
legal reserves, undesignated public lands, and indigenous
territories. All analyses were done in R 4.1.3 (R Core Team,
2022) and Google Earth Engine (Gorelick et al., 2017).

2 | HOW SCALE AFFECTS THE
ATTRIBUTION OF LAND USE CHANGE
TO DIFFERENT DRIVERS

Though pasture is typically considered the main driver of
deforestation in Brazil (Barreto, 2021; Hénggli et al., 2023),
across both time periods (1985-2021 and 2000-2021), its
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FIGURE 1 Agricultural expansion in Brazil, 1985-2021 (A); the percentage of deforestation attributed to each expanding land use from

1985-2021 (B) and 2000-2021 (C). Plot A is reproduced as an area plot in Figure S2.

relative importance decreases as the scale of analysis gets
more coarse (Figure 1B and C). Mirroring this, the propor-
tion of deforestation attributed to soybeans is 3-4 times
greater when calculated at national- rather than pixel scale
(36% vs. 14% for 1985-2021 and 55 % vs. 14% for 2000-2021).
Sugarcane and forest plantations also emerge as major
drivers of deforestation at national scale (Figure 1B and C).
Analyses at coarser scales capture interactions and com-
petition between land uses, including indirect land use
change (WRI & WBCSD, 2022a)—where the expansion
of one land use (the “indirect” driver) displaces another,
which is the “proximate” or “direct” driver of deforesta-
tion (Arima et al., 2011; Bhan et al., 2021; Gasparri & de
Waroux, 2014; Hianggli et al., 2023). In this example, though
the net area of pasture in Brazil has been stable or declining
since the mid-2000s (Figure 1A), cattle pasture across the
south and central Brazil has been displaced by the expan-

sion of soy, sugarcane, and tree plantations; pasture has
shifted notably northward, expanding, in particular, at the
expense of forests in the Amazon biome (Andrade de Sa
et al., 2013; Arima et al., 2011; Barona et al., 2010; Barreto,
2021; McManus et al., 2016).

3 | HOW SCALE AFFECTS THE
SOLUTIONS TO LAND USE CHANGE

In recent decades, a series of governance efforts have
emerged to tackle deforestation. Prior to the 1990s, gov-
ernance of land use was the domain of domestic govern-
ments (Cashore, 2002), who set constraints on land use,
including the establishment of protected areas, recogni-
tion of indigenous territories, and rules for conservation on
private land—such as Brazil’s Forest Code, established in
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Governance approaches (top) are implemented at different scales and so address different drivers of land use change

(bottom), depending on the scale at which the drivers manifest. Proximate drivers include cattle ranching and soybean expansion in the

Brazilian Amazon. Indirect drivers include the expansion of soybeans, sugarcane, and tree plantations across Brazil. Underlying drivers

include land tenure uncertainty, which incentivizes land grabbing, and the demand for and investment in land-intensive products, such as

meat and biofuels.

1965 (Rajao et al., 2021). As globalization accelerated, pro-
duction and consumption became increasingly distanced;
with domestic policy seemingly failing to deliver products
with the standards demanded by international agendas
(e.g., on deforestation, farmer incomes, pollution, forced
labor), governance shifted toward nonstate actors and
from being place-based to flow-based (Sikor et al., 2013),
with a variety of voluntary governance initiatives orga-
nized around global value chains. Examples include the
rise of certification schemes, company standards, and zero
deforestation commitments (Lambin et al., 2018). In the
2000s, various subnational approaches to governing land
use emerged—REDD+ projects to incentivize subnational
action on climate change and biodiversity loss, and then
jurisdictional sourcing initiatives, which seek to expand
the horizons of companies, to look beyond their supply
chains and account for impacts in their sourcing regions
(Boshoven et al., 2021; Boucher & Elias, 2013; IDH, 2021;
Meyer & Miller, 2015). Most recently, flow-based legislative
efforts have also emerged, with the European Commis-
sion’s recently adopted due-diligence regulation seeking to
ensure that products imported into the EU do not come
from recently deforested land (EU, 2023).

These different governance structures seek to address
land use change at different levels and so target different
land use change processes (Figure 2). Supply chain com-
mitments focus on pixels (e.g., the Amazon Soy Morato-
rium; Gibbs et al., 2015; Heilmayr et al., 2020) or properties
(e.g., zero deforestation commitments in the cattle sector;

Gibbs et al., 2016), and so address “direct” or “proximate”
drivers of deforestation. The difference between pixel- and
property-level assessments and policy focus is well illus-
trated by the implementation of the Soy Moratorium. The
Moratorium prohibits the planting of soybeans on land
deforested after 2008 in the Amazon biome, though it is
monitored at the pixel level; farmers may thus plant soy-
beans on pasture and then clear land elsewhere within
their property (Gollnow et al., 2018). When comparing soy-
bean expansion in the state of Mato Grosso (the main soy-
bean producer in the Amazon) since 2008, the proportion
of deforestation attributed to soybeans is almost double
when analyzed at the property rather than the pixel level
(20.3% vs. 11.4%). Jurisdictional or landscape efforts help
capture regional and cross-commodity land use dynamics
(Boshoven et al., 2021), while legislative approaches can
govern land use change at multiple levels. They may target
areas at the pixel level (e.g., regulations prohibiting clear-
ing in riparian areas), constrain land use within properties
or protected areas, and enact regional land use planning.
For example, expansion of sugarcane in the Amazon has
been constrained by the Sugarcane Agroecological Zon-
ing, launched in 2009 and lifted in 2019 (Hernandes et al.,
2021). This policy prevented sugarcane from becoming a
proximate driver of deforestation, but did not address its
indirect role through the displacement of other agricul-
tural land uses (Hernandes et al., 2021). Finally, national
policies can also address the “underlying” drivers of defor-
estation, which ultimately fuel the proximate and indirect
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drivers of deforestation. Underlying drivers include land
tenure uncertainty (Azevedo-Ramos et al., 2020), capital
surpluses invested in agricultural frontiers (Richards &
Arima, 2018), and demand for land-intensive products,
such as livestock products and sugarcane ethanol biofu-
els. Governments can address land tenure issues through
land titling programs and assigning undesignated land to
conservation, reduce capital booms in agriculture through
taxes on windfall profits or redirecting investments to other
sectors, and modulate demand for land-intensive products
through nutritional and public procurement guidelines,
subsidies, quotas, and taxes.

4 | ACTION AT DIFFERENT SCALES IS
COMPLEMENTARY—AND NECESSARY

Because of their different characteristics, pixel, property,
jurisdictional, and national efforts can be complements
in governing land use change. Indeed, this complemen-
tarity is seen as a strength of polycentric governance
more generally (Ekroos et al., 2017; Ostrom, 2010). We
caution, however, that the growing emphasis on supply
chain sustainability initiatives risks narrowing attention
to property-level and proximate drivers of deforestation
(Figure 2). Two important recent initiatives which pri-
oritize monitoring and action at property-scale are the
European deforestation due-diligence regulation and the
Greenhouse Gas Protocol (EU, 2023; WRI & WBCSD,
2022a). The European Union due-diligence regulation,
passed in May 2023, requires that companies importing
deforestation-risk products (cocoa, coffee, beef, leather,
soybeans, palm oil, wood, and rubber) into the Euro-
pean Union demonstrate that these products do not arise
from land deforested after December 31, 2020. A corner-
stone of the regulation is the requirement for plot-level
traceability, launching a race for companies to trace and
measure compliance at the farm-scale (see Supporting
Information for more details). The race is also on for com-
panies to set climate mitigation targets using property-level
data. The Greenhouse Gas Protocol is the most widely
adopted greenhouse gas accounting standard for com-
panies. The protocol’s draft Land Sector and Removals
Guidance (i.e., the guidance on accounting of land use
change) distinguishes between “direct land use change,”
which is measured at farm or land management unit level,
and “statistical land use change” (such as the product
expansion methodology shown here) which is calculated
across sourcing regions (see Supporting Information for
more details). Though the protocol acknowledges the com-
plementarities of these two metrics, it currently requires
companies to select a single metric for scope 3 (i.e., sup-
ply chain emissions) reporting, with a clear tendency

for companies to switch to reporting direct land use
change emissions wherever traceability is sufficient (WRI
& WBCSD, 2022a).

The deforestation due-diligence regulation and Green-
house Gas Protocol are agenda-setting, defining for years-
to-come what success looks like for governments’ and
companies’ efforts to reduce deforestation and carbon
emissions—and they must therefore be conscient of the
incentives they create for action at different scales.

While the deforestation due-diligence regulation
includes text which calls for “cooperation [with producer
countries to] promote the development of integrated land
use planning processes, relevant legislation of producer
countries, multi-stakeholder processes, fiscal or com-
mercial incentives and other pertinent tools to improve
forest and biodiversity conservation”—that is, coordinated
action at landscape or jurisdictional level—the implemen-
tation of this article remains uncertain (FERN, 2023). The
European Union has thus far only committed to “develop
a comprehensive Union strategic framework for such
engagement”—still forthcoming at the time of writing in
February 2024. Our results suggest that this framework
is urgent and essential to ensure that property-level
traceability and monitoring are also complemented by
action at larger scales. Jurisdictions (either countries or
subnational regions) could be incentivized to adopt land
use planning and other landscape-level tools by counting
landscape-level efforts toward the European Union’s risk
benchmarking, which will be used to determine the level
of checks on imports from those regions (Supplementary
Information). Similarly, the Greenhouse Gas Protocol
could elevate statistical land use change to an obligatory
metric given equal importance with direct land use
change emissions. This would hold companies partially
accountable for land use change in the jurisdictions where
they source, and could accelerate corporate engagement
in landscape-level initiatives. These landscape initiatives
have been already identified as one of four pillars of
sustainable sourcing by the companies of the Consumer
Goods Forum (Forest Positive Coalition of Action, 2021)
and multi-stakeholder platforms such as the Cocoa and
Forests Initiative, though investment and action so far
lags behind the Corporate Sustainability Reporting (CSR)
rhetoric (zu Ermgassen et al., 2022).

Support for landscape-level action is all the more impor-
tant because the feasibility and reliability of large-scale
traceability remains unproven. The traceability required
for farm-level monitoring is extremely challenging, partic-
ularly in commodity-producing landscapes where diffuse
smallholder production, informal trading relationships,
multi-tier-supply chains, corruption, and illegality are
common (zu Ermgassen et al., 2022). It remains to be seen
whether reliable traceability systems can be set up which
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capture all commodity production, closing loopholes (mis-
labeling, laundering, fraud), which allow nonconformant
products to enter “green” supply chains (Grant et al., 2021).

5 | CONCLUSION

The increased availability of remote sensing products
and new legislative agendas are driving a growing
focus on farm-level traceability and monitoring to tackle
commodity-driven deforestation. Here, we used land use
change data for Brazil from 1985-2021 to demonstrate that
analyses of the drivers of deforestation are sensitive to the
scale of analysis—while property-level analyses identify
proximate drivers of deforestation, analyses at larger scales
(subnational regions or countries) capture more complex
land use dynamics, including indirect land use change. We
argue that initiatives which seek to address commodity-
driven deforestation must be conscient of this. Only by
measuring progress and defining success at multiple scales
can initiatives for sustainable commodity sourcing create
the right mix of incentives for addressing deforestation.
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