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Abstract

This dissertation examines the complex relationship between environmental regulation incorporat-
ing trade restriction policy, agricultural expansion, including deforestation, and transport infras-
tructure. It is composed of three essays that investigate these dynamics using the combination of

structural and reduced form approaches.

The first chapter, “Costly Regulation, Minimal Results: The EU’s Deforestation Regulation Ef-
fect on Global Soy Trade”, analyzes the impact of the European Union Deforestation Regulation
(EUDR). The EUDR aims to reduce deforestation by restricting market access to soy products
that are deforestation-embodied in the EU market. The primary concern is that such restrictions
could shift the soy trade to unregulated markets. To shed light on this issue, we employ a gravity
model, treating the EUDR compliance costs as additional trade costs for exports to the EU. We find
that stricter compliance costs reallocate soy exports from South America toward non-EU markets,
mainly China, and divert the EU imports towards North America. Under the counterfactual scenario
in which South America does not comply with the regulation, EU consumers face even larger price
increases, while South American countries experience minimal terms-of-trade losses. Our analysis
suggests that trade reallocation to an unregulated market could potentially dilute the impact of the

EUDR, making it less effective in directly reducing deforestation linked to soy production.

The second chapter, “Exports and Deforestation: A Commodity-Level Analysis”, quantifies the
extent to which international demand for agricultural commodities drives deforestation. Using
panel data for 138 countries and 18 commodity groups during 2001-2022, we estimate commodity-
specific elasticities of deforestation with respect to exports. To address the potential endogeneity
between exports and supply-driven deforestation, we instrument exports with an export share-
weighted average of destination-market import demands, constructed from a gravity model of

bilateral trade. We find that a 10% increase in exports of agricultural commodities increases



commodities-associated deforestation by 2.96%. We also find heterogeneous effects across com-
modities and regions, with the largest effects for perennial and tree crops, livestock, soybeans, and
sugar crops. Back-of-the-envelope calculations suggest that increases in international demand ac-
count for approximately 53 million hectares of agricultural expansion into forests between 2001

and 2022, corresponding to 49% of the observed forest-to-agriculture conversion.

The third chapter, “Domestic Market Access and Cropland Expansion in Brazil”, examines how
improvements in domestic market access shape agricultural production and land use across Brazil-
ian municipalities over 2015 to 2023. We construct a measure of domestic market access from
Dijkstra least-cost routing on Brazil’s road, rail, and waterway networks. We find that a 10% im-
provement in domestic market access raises production value by 0.6 to 0.8% and expands the area
under temporary crops by about 0.5%. By contrast, we find no robust long-run change in land
productivity, measured as value per harvested hectare. The pattern points to an extensive-margin
response in which a better transport network expands the cultivated area. We find heterogeneous
effects across municipalities. In the North, greater market access is associated with declining value
per hectare alongside area expansion, consistent with cultivation moving onto marginal frontier

land, while in the Cerrado biome, it raises production value and harvested area.
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Chapter 1

Costly Regulation, Minimal Results: The
EU’s Deforestation Regulation Effect on

Global Soy Trade



1.1 Introduction

The European Union Deforestation Regulation (EUDR) prohibits the trade of seven commodities
(including their derivatives)—namely, palm oil, cattle, soy, cocoa, coffee, rubber, and wood—
collectively known as forest risk commodities (FRCs), in the EU market unless they meet three
criteria: being deforestation-free, compliant with source country legislation, and covered by a due
diligence statement (European Union 2023). These requirements act as a non-tariff measure (NTM)
to trade with an environmental objective by imposing deforestation-free production and traceability
obligations on suppliers- a very similar NTM under the WTO’s Technical Barriers to Trade (TBT)/
Sanitary and Phytosanitary (SPS) agreements. The regulation supports the EU’s international cli-
mate change commitments, such as the EU Green Deal and the Paris Agreement. The implementa-
tion of the EUDR is anticipated to reduce tropical deforestation by 71.92 thousand hectares per year
(the equivalent of ~101 thousand football pitches, which is 0.72% of annual global deforestation),
avoiding the emissions of 32 million tons of carbon per year (~0.09% of annual global emissions)

(KPMG 2023).

The EUDR can also inherit the well-documented ambiguity of NTM’s trade effects. Technical bar-
riers can either disrupt or facilitate trade, with effects being heterogeneous across products, measure
types, country-pairs, and even with empirical design (Li and Beghin 2012; Santeramo and Lam-
onaca 2019). In particular, regarding environmental technical measures in food and agricultural
products, several multi-country evidence points towards trade reducing effects (Santeramo and La-
monaca 2019; Fontagné, Kirchbach and Mimouni 2005). Globally, the environmental TBTs have
been expanding rapidly, increasing the coverage of 3% to 16% of world trade between 2010 and
2020, and on average, reducing trade with effects varying by sector and exporter characteristics
(Santeramo, Lamonaca and Emlinger 2025). Together, this motivates understanding EUDR com-
pliance in the context of a technical barrier that can have potentially sizable and heterogeneous

effects across soy products and trading partners.

Beyond trade effects, the EUDR’s unilateral and market access reduction approach to curb defor-

estation has raised concerns about its effectiveness. The studies of climate policy and environ-



mental trade policies have consistently shown that the carbon and market leakage effects, whether
occurring within or across borders, undermine policy effectiveness, creating tension between en-
vironment and trade goals (e.g., Aichele and Felbermayr 2015; Shapiro 2021; Villoria et al. 2022).
In the soy sector, Villoria et al. (2022) reveal that within-border displacement of deforestation is a
notable risk in Brazil, as exports exposed to restrictions in one sub-region shift deforestation pres-
sures elsewhere within the country. More broadly, the global commodity market often reallocates
deforestation pressure, particularly when relatively smaller destination markets implement regula-
tory measures (Muradian et al. 2025). Given that the EUDR 1is a new regulation, it is important to

assess whether its market access restrictions can truly reduce deforestation.

We analyze the impact of the proposed EU trade restrictions on the soy sector, using separate grav-
ity models of soybeans, soybean oil, and soybean cake. We focus on the soy sector because (i)
soybean expansion is an important driver of deforestation in South America, particularly Brazil
(Song et al. 2021); (ii) the EU is the second-largest global importer of soybeans, accounting for
9.88% of global exports, and the largest importer of soybean meals—which constitutes 23.82% of
global soy trade—with approximately 24% of global exports (Comtrade 2024); (iii) the EU’s con-
sumption accounts for 32.80% of the deforestation associated with soybean production (Pendrill et
al. 2022; European Union 2023). We estimate the trade elasticity of each product and simulate the
EUDR implementation by modeling the EUDR compliance costs as increased trade frictions, con-
sistent with the NTM literature’s treatment of technical measures as ad valorem tariff-equivalent
frictions (e.g., Fontagné et al. 2005; Santeramo and Lamonaca 2019; Santeramo et al. 2025). We
develop two scenarios: one in which all countries comply with the EUDR, and another in which
three major deforestation-risk countries- Brazil, Argentina and Paraguay (BAP)- do not comply.
These countries account for 59.3%, 6%, and 4.4% of deforestation-linked to soybean production,
respectively (Persson et al. 2024). We estimate the counterfactual trade flows under these scenarios
using the procedure developed by Anderson, Larch and Yotov (2018), which holds supplies and ex-
penditures constant while allowing domestic and bilateral trade to adjust in response to changes in
multilateral resistances stemming from the compliance costs. This approach enables us to evaluate

the EUDR’s effects on trade flows and price indexes.



Three key findings emerge from our analysis. First, the EUDR is largely ineffective at reducing soy
exports from the focus countries. This is because the EU accounts for only a small share of exports
from BAP (~8%), while demand from China is strong. Any entry restriction into the EU faced by
BAP is offset by increased Chinese imports, while the EU can substitute with soy originating in the
US and Canada. As a result, deforestation-embodied trade shifts from the EU to China. Second,
the EU incurs a significant increase in soy prices, as much as 51%. In contrast, China and other
Asian countries benefit from lower prices. Third, major exporters see no change in their terms of

trade.

Our study makes two main contributions. First, we provide direct evidence of trade reallocation
in the soy sector under the EUDR. Specifically, we show that soy trade shifts from the EU market
to China, pointing towards little to no change in deforestation pressure and supporting the min-
imal cross-border leakage revealed by Villoria et al. (2022). Moreover, this points towards the
domestic leakage patterns identified by Villoria et al. (2022) when sub-regions within a country
(i.e., BAP) that are directly exposed to EU demand may shift deforestation pressure to sub-regions
exposed to Chinese demand. This finding reinforces concerns raised in research (e.g., Aichele
and Felbermayr 2015; Copeland, Shapiro and Taylor 2022; Villoria et al. 2022) about the limited
effectiveness of unilateral trade policies covering relatively smaller markets. Second, our anal-
ysis highlights the broader challenges of using trade restrictions to achieve environmental goals,
contributing to the literature of environmental-trade relations (Shapiro 2021; Felbermayr, Peterson
and Wanner 2024). This issue underscores two tensions in the multilateral trade system: concerns
from deforestation-risk countries about the discriminatory nature of the EUDR restrictions, and
policy trade-offs between environmental objectives and market access (Larch and Wanner 2017;
Farrokhi and Lashkaripour 2024). The experience with the EU’s REACH suggests that, over time,
stringent European technical regulations can diffuse as trading partners harmonize to retain market
access (Cha and Koo 2021), but the short run is characterized by compliance burdens and trade

reallocation; the very dynamics we document for soy under the EUDR.



1.2 The EUDR, the global soy market and implication to defor-
estation

The EUDR—Regulation (EU) 2023/1115 adopted on June 2023, and postponed to come into effect
on December, 2025—repeals the EU Timber Regulation (EUTR) and goes beyond timber (wood)
legality standards by including the six additional agricultural commodities (including their deriva-
tives based on Harmonized System (HS) of classification): oil palm, cattle, soy, cocoa, coffee, and
rubber (European Union 2023). The EUDR prohibits the trade of products whose supply chain is
linked to either deforestation or forest degradation and mandates due diligence for tracing the ori-
gin of their products and providing evidence that they are sourced from non-deforested land. The
regulation applies directly to the soy processors and supply companies that must verify the lack
of deforestation along the supply chain, using geospatial data, land tenure documents, and compli-
ance records with local laws. Enforcement of the regulation is the responsibility of the EU member
states, which must establish robust monitoring and evaluation mechanisms, requiring the com-
panies to submit due diligence statements and maintain traceability throughout the supply chain.
When companies are found to breach diligence statements, the member state can charge penalties
up to at least 4% of the annual turnover, confiscate the soy products or revenue, impose a temporary
exclusion from public procurement, and impose a temporary prohibition from placing soy products
on the EU market. Further, member states will conduct checks based on the risk benchmarking
of the country of origin, including document reviews and field inspections. For example, major
soy-producing South American countries, such as Brazil, Argentina, Paraguay, and Bolivia, fall
under the standard risk category, and the member states conduct compliance checks at least 3% of

companies sourcing soy products from these countries annually.

Four soy products based on the HS codes are subject to the EUDR: HS 1201 (soybeans whether or
not broken), HS 120810 (Soybean flour and meal), HS 1507 (Soybean oil and its fractions, whether
or not refined, but not chemically modified) and HS 2304 (oilcake and other solid residues, whether
or not ground or in the form of pellets, resulting from the extraction of soybean oil). Soybeans ac-

count for 64.91% (USD 90.97 billion) of these products, followed by 0.36%, 10.34%, and 24.39%,
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Figure 1.1: Global trade flows of soy market.

Notes. (a) Soybean (HS1201) trade flow which share 64.91% of total soy trade. (b) Soybean
oil (HS1507) trade flows which shares 10.34% of total soy trade. (c) Soybean flour and meal
(HS120810) trade flows which share 0.36% of total soy trade. (d) Soybean oil cake (HS2304)
trade flows which shares 24.39% of total soy trade. Trade flows are based on cumulative values
from 2021 to 2023. The values in the brackets represent the average export and import values
over the same period. The left side of the plots indicates exporters, while the right side indicates
importers. Source: UN Comtrade Database (Comtrade 2024).

respectively.

The global soybean market is characterized by three important features: (1) The increased produc-
tion of soybeans is largely attributed to expanded land area. Between 2010 and 2021, the global
harvested area for soybeans increased by 20.59%, leading to an 18% rise in production. This growth
was driven primarily by land expansion (85%) and, to a lesser extent, yield improvements (15%)
(Cassman and Grassini 2020). In Brazil, soybean production increased ninefold between 1990 and

2020, with much of this expansion occurring at the expense of natural ecosystems such as the Ama-



zon and Cerrado (Umburanas et al. 2022; Fehlenberg et al. 2017). (2) The global soybean market
represents one of the largest and most concentrated agricultural commodity trades, dominated by
three major players: the US, Brazil, and China (Gale, Valdes and Ash 2019). Brazil and the US
collectively account for over 80% of global soybean exports, while China alone imports more than
60% of global soybean imports, as illustrated in Figure 2.2. Although a relatively minor player in
raw soybean and soybean oil imports, at 9.88% and 10.34%, respectively, the EU remains the lead-
ing importer of the global soybean meal and oilcake market, representing 32.16% of the imports
(see table 4.1 for details on the EU’s trade share). In addition, the soybean oil market is relatively
fragmented than the soybean cake and soybeans market, balancing market leverage among multi-
ple sources and destinations. (3) Few companies control the global soy supply chain (Heron, Prado
and West 2018; Gouveris 2024). In Brazil, six multinational corporations—Archer Daniels Mid-
land (ADM), Bunge, Cargill, Louis Dreyfus Company (LDC), Glencore, and Amaggi—together
were responsible for 56.6% of soy exports and 66.3% of export-related soy deforestation risk over
2008 and 2017 (Ermgassen et al. 2020). These companies play a pivotal role in shaping supply

chains and compliance with regulations.

The EUDR has faced criticism despite its aim to reduce tropical deforestation. Producer countries
argue that the regulation is imposed unilaterally, ignoring their forest protection efforts (Noordwijk,
Leimona and Minang 2025; Fisher et al. 2024). The regulation’s data-intensive compliance is a ma-
jor challenge, especially for multinational companies that struggle to trace commodity origins. For
instance, although about 95% of soy from the Amazon and Cerrado in 2020 was deforestation-free,
verifying this for EU compliance remains difficult (Vasconcelos et al. 2023). Similar administrative
burdens for data verification of foreign emissions are a central concern in the EU’s Carbon Border
Adjustment Mechanism (CABM) debate (see Bellora and Fontagné 2023), highlighting that data
collection costs matter a lot for environmental-cum-trade regulations. Such rules may also exclude
smallholder farmers, including indigenous and local communities, as collecting geospatial data and
land-tenure documents is costly and complex (Biirgi and Oberlack 2023; Noordwijk et al. 2025;
Fisher et al. 2024), with mapping costs estimated at $30—$40 per plot (Gilbert 2024). Finally, since

the EU represents a small share of the global soybean market, its influence is limited. This could



result in segregated supply chains, with compliant soy sent to the EU and non-compliant ones sold

elsewhere, leading to no change in deforestation (Oliveira et al. 2024; AgUnity 2023).

1.3 Data and Empirical Strategy

1.3.1 Data

To conduct empirical analyses, we construct a panel dataset for 90 countries (see appendix A1) cov-
ering 2007-2022. We choose this period because the data on effective applied tariffs are available
only after 2007 onward and the bilateral and domestic sales data needed to construct intranational
trade flows are available through 2022. Our data cover four key components: (i) international
trade flows, (i1) intra-national trade flows, (ii1) effectively applied tariffs, and (iv) standard gravity

variables.

International trade flows. We compile a dataset on bilateral trade flows for soy products using the
CEPII-BACI database, which is recognized for its detailed and reliable dataset. The BACI database
offers several key advantages: (i) it provides data at the product level, categorized using Harmo-
nized System (HS) codes, and (ii) it is more reliable than raw data from Comtrade as it reconciles
mirror figures to address discrepancies and improve accuracy (Gaulier and Zignago 2010). For
soybeans, the data is constructed using HS code 1200100 for the period before 2012, and HS codes
120110 and 120190 for the period from 2012 onward. Similarly, the trade flows for soybean oil
are based on HS codes 150710 and 150790, while those for soybean cake are based on HS code
230400.

Intra-national trade flows. Following Villoria (2025), we estimate intranational trade quantity as
production minus exports plus stock variation, using the FAOSTAT Food Balance Sheets database
(FAOSTAT 2024). We convert intranational trade quantities to values using prices from the World
Bank’s Pink Sheet (World Bank 2025). Because the International Trade and Production Database
for Estimation (ITPDE) (Larch, Shikher and Yotov 2025) includes only soybean intranational trade

flows, our soybean intranational trade values correlate with ITPDE’s at 0.95.



Effectively applied tariffs. We use bilateral effectively applied tariff rates obtained from the ITC
MacMap database, which ensures accurate representation of tariff rates applied to a particular im-
port during the study period (International Trade Centre 2024). If a preferential tariff exists, it is
used as the effectively applied tariff, otherwise the most favored nation (MFN) applied tariff is

used.

Standard gravity variables. In addition to trade and tariff data, we include variables capturing ge-
ographic and historical relationships between trading partners. These variables—such as distance,
shared language, contiguity, and colonial ties—are sourced from CEPII’s gravity database, which is
a standard reference for gravity model analyses in international trade (Conte, Cotterlaz and Mayer

2023).

Table 1.1 presents summary statistics for our dataset, which covers 90 countries as both exporters
and importers, resulting in 129600 observations. In our sample, average tariff rates are approxi-
mately 10.6% for soybeans, 8.8% for soybean oil, and 4.2% for soybean cake. Figure 1.2 displays
the average tariffs imposed by EU countries on major exporters from 2007 to 2022. Notably, EU
tariffs on soybean and soybean cake imports from Brazil, Argentina, Paraguay, and the USA are
zero, and tariffs on soybean oil are also very low. Additionally, about 2.9% of country pairs in the

sample share a border, 8.2% share a common language, and 3% have colonial ties.

Table 1.1: Summary statistics of variables used in the study

Variable Mean or Proportion Standard Deviation Minimum Maximum
Year - - 2007 2022

Soybean (000” USD) 16442.776 486355.389 0.000 35442703.415
Soyoil (000’ USD) 5576.757 194287.663 0.000 26468744.300
Soycake (000” USD) 9865.004 311705.833 0.000 40749116.550
Tariff Soybean 0.106 0.684 0.000 7.574
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Figure 1.2: Import-weighted tariffs (%) by all countries and EU countries.
Variable Mean or Proportion Standard Deviation Minimum Maximum
Tariff Soybean oil ~ 0.088 0.179 0.000 1.900
Tariff Soybean cake 0.042 0.102 0.000 0.715
Distance (KM) 7496.085 4761.858 7.000 19845.000
Contiguity 2.9% - 0.000 1.000
Common Language 8.2% - 0.000 1.000
Colonial Ties 3.0% - 0.000 1.000

Notes: The total number of observations is 129600 (90 exporters * 90 importers * 16 years).

Source: Own illustration based on trade data from the BACI database (Gaulier and Zignago 2010)
and tariffs data from the ITC MacMap (International Trade Centre 2024).

Note: The spikes in import-weighted tariffs for all countries for soybean oil in 2017-2020 reflect
increased tariffs by India from 4% in 2016 to 36% in 2020.
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1.3.2 The EUDR simulation

We conduct the EUDR simulation by employing a conditional equilibrium framework based on
Anderson et al. (2018). This approach estimates conditional counterfactuals that keep sales and
expenditures of each country unchanged, with the change in trade pattern driven directly from
compliance costs and indirectly from shifts in trade patterns with third countries via multilateral
resistance terms (see appendix Al.4 for the decomposition). Further, we model the EUDR as a
destination-specific measure that raises the marginal cost of delivering soy from origin to the EU.
As the legal obligation falls on ‘operators’ (importers, traders, and processors), these firm-level
expenditures can be passed on to upstream and downstream depending on marketing structure, cre-
ating an effective ad valorem (iceberg) wedge on the EU-bounded flow. In a structural gravity
framework, what matters for bilateral trade is this price wedge, which we represent in the form of
‘tariff-equivalent”. Our focus is the EUDR’s effectiveness in mitigating soybean-related deforesta-
tion by examining economic pressure faced by high-risk countries, particularly Brazil and other
South American countries. If these countries experience unfavorable changes in export potential,
price indexes, producer prices, and terms of trade, it suggests that compliance pressures can in-
centivize anti-deforestation practices. The methodology for measuring these effects is described

below:
Step 1: Estimation of Armington elasticities

We estimate separate gravity models for soybeans, soybean oil, and soybean cake. Our empirical

model employs the PPML-gravity specification (see appendix 2 for details), as shown in below:

X%t = exp(7;; + V;t + ij + 77 log(1 + Tisjt))gfjh (D

where s indexes the soy products, with s € {soybean, soyoil, soycake}. X}, is the exports of soy
products country ¢ to country j at time ¢ and 7,3, is the corresponding effectively applied ad valorem
tariff rate. ~;;, v;; and y;; are exporter-year fixed effects, importer-year fixed effects and country-

pairs fixed effects, respectively. The purpose of using effectively applied tariffs is two-fold: first,

11



to estimate Armington elasticities; and second; to incorporate an ad valorem tariff-equivalent of
the EUDR compliance cost on the EU imports, which facilitates counterfactual computations in
the absence of separate non-tariff elasticities. Following Anderson et al. (2018) and Fontagné,
Guimbard and Orefice (2022), the elasticity estimation of any price shifter (i.e. tariff) in the gravity

model can be used to recover Armington elsticities which are 1 — 77 is our case.
Step 2: Estimation of baseline trade costs

Using the trade elasticities derived from equation (1), we estimate the country-pair fixed effects,
exporter fixed effects, and importer fixed effects. We then fit these fixed effects, taking the base

year 2022, as shown in equation 6. For the ease of notation, we omit product superscripts, s:

Xy = exp(nlog(l + ;) + 3% + 77 1 57 2)
Using the expenditure, sales and PPML fixed effects, we recover OMR and IMR consistent with
the structural gravity terms, as demonstrated by Fally (2015). The PPML ensures that the fixed
effects adjust so that corresponding multilateral resistances are consistent with tariff elasticity. A
unique feature of the PPML is that fitted expenditures (or sales) equal observed expenditures (sales),

resulting in: Zj Xij = Z]- Xij = YBLN and > Xij =X = EJBLN-

(2

To construct baseline OMR and IMR, we normalize all the fixed effects relative to Australia, de-
noted as Fy. According to Yotov et al. (2016), the reference country should be the one that is
presumably not significantly affected by the counterfactual shock. This idea is to make the “rel-
ative” counterfactual changes in multilateral resistances closer to their “absolute” counterparts as

possible.

~ _BLN E
o] = Dexp(—37HY), (3)

~ BLN F. ~
“Lexp(—3"M. @)
Eq

)

T

9
[
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Practically, many country pairs involve zero trade flows. For such pairs, exp(7;;) is not available.
To recover the fixed effects of all country pairs, we conduct the regression using equation (5) for
those with available country pair fixed effects. We then estimate all v parameters and predict

exp(7;;) for the missing country pair fixed effects.

exp(%j) = exp[% + *}/j + Y2 ll'l(D]ST’Z]) + ’)/3CNTG” + ’74LANG” + ’75OLNY;]] . 51‘]" (5)
Therefore, the baseline trade cost is estimated as below:

[tﬁo]BLN exp(7;;) exp(y1 log(1 + 75)), if X;; > 0 for at least one period, ©
ij -

exp( ;) exp(51 log(1 4 755)), if X;; = 0 for all periods.

Step 3: Construction of scenarios and counterfactuals

We estimate counterfactual trade costs by adding ad valorem tariff-equivalent to unilateral EUDR

compliance costs on the tariffs for the exports to the EU countries in equation (6):

eicr_ | RO Rl loglL 4 75T)
ij =
exp(%;;) exp(71 log(1 + 7571)).

where TgF L' = 7,;4EUDR_AV E,;. Under the baseline condition of the year 2022, the EUDR_AV E;;
is zero, meaning there is no effect of the EUDR trade restriction. We model EUDR as an ad val-
orem compliance wedge on EU-bound imports, consistent with structural gravity practice of rep-
resenting policy change as ad valorem trade-cost changes (Larch, Tan and Yotov 2021). We assign
EUDR_AV E; gy from external estimates on scenario-specific price-wedge at the EU border, in

the spirit of price-wedge/tariff-equivalent AVE discussed by Kravchenko et al. (2022) and Bellora
and Fontagné (2023).
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We simulate two scenarios for the implementation of the EUDR. In the first scenario, all countries
comply with the regulation, which we will refer to as the “compliance” scenario hereafter. We
assume that compliance costs impose trade frictions to enter the EU market. According to the EU
impact assessment paper (European Commission 2021), the estimated compliance costs for soy
range from 32.3 to 478.7 million euros. Adding these compliance costs to the EU’s imports, the
rough estimate of the increase in expenditure lies between 0.29% and 4.29% (Rabobank 2023).
Additionally, the European Feed Manufacturers’ Federation (FEFAC) projects that procurement
costs for EUDR-compliant soy meal will rise by 5-10%, potentially leading to a similar increase
in the price index of the soybean cake in the EU (European Feed Manufacturers’ Federation (FE-
FAC) 2024). Further, the suppliers may incur additional costs to demonstrate and transition to
deforestation-free production. We model this as an increase in trade costs of a magnitude equiva-
lent to the estimated increase in price or expenditure. We choose a conservative middle value trade
cost increase of 6%, equivalent to an increase in a 6% ad valorem tariff, to simulate the compliance

scenario as shown below:

0.06, ifj € EU andi ¢ EU
EUDR_AVEZ™ = (8)

0, otherwise

In the second scenario, termed “non-compliance” scenario hereafter, the EU market is closed to
selected deforestation-risk tropical countries- Brazil, Argentina, and Paraguay. These countries are
chosen because they are the largest suppliers of soy to the EU, accounting for 39.05%, 11.53%,
and 1.14% of total EU soy imports, respectively (see appendix table A4.1), and are also major
contributors to deforestation. An analysis conducted by Singh and Persson (2024) using a four-year
attribution window for deforestation measurement, identifies Brazil as the largest contributor, with
59.3% of global soybean-related deforestation, followed by Bolivia (15.5%), Argentina (6.0%),
and Paraguay (4.4%) in 2020. However, the EU’s share in the exports of Brazil, Argentina, and
Paraguay is only 8.06%. If these countries expect that compliance costs outweigh their benefits

from compliance, it is possible that exporters may shift to alternative markets. This economic logic
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is consistent with the analytical model proposed by Gilbert (2024), which illustrates that producers
will invest in the EUDR compliance only when the European premium exceeds their compliance
costs plus the logistic costs of selling to non-EU markets. We model the second scenario for an
increase in trade costs to a prohibitive level, effectively shutting down exports to the EU market as

shown below:

p

H,, ifie {BRA,ARG,PRY}, j € EU
EUDR_AVEG™™ = €0.06, ifi¢ {BRA, ARG, PRY,EU}, j € EU &)

0, otherwise

\

where H, is a product-specific prohibitive wedge. In our counterfactual gravity estimation, a
5000% AVE shuts down the export of soybeans to the EU market, while a lower AVE (~700%)
shuts down the export of soybean oil and cake. This is reasonable because the trade elasticity of

soybeans is lower than that of soybean oil and cake.
Step 4: Estimate conditional gravity

Using counterfactual bilateral trade costs from equation (7), we estimate counterfactual fixed effects
with the constrained regression in equation (10), holding trade costs fixed and allowing fixed effects

to adjust for changes in multilateral resistance due to compliance costs.

——CFL
Xy =exp[y{F + 497 +0log [t 1T st0 =1 (10)

) ?

With the estimated counterfactual fixed effects and trade cost, the counterfactual trade flows are

predicted as:

CFL _ oL ~CFL , ~CFL 1
ij _[tij ] exp[7y; + 7 . (11)

Step 5: Estimate and report effects
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. . . . .. XCFL
We measure compliance-induced change in export from country ¢ to country j in percent as: (—Xg I —
ij

1) * 100%. A positive value - when i is the non-EU country and j is an EU country- indicates an

increase in exports from ¢ to j while a negative value indicates a decrease in exports.

As suggested by Anderson et al. (2018), welfare change in the conditional scenario is equivalent

to change in price index, as calculated below:

~ ~ —1 ~

R VCFL VBLN PBLN

Wi = ( ~ZCFL> ( jBLN) - jCFL’Vi’ (12)
B B P

where, the output is kept exogenous in the ‘conditional’ scenario, i.e. Y;0F'F

_ yBLN PpBLN jg
7 * (2

estimated using equation (4), while ]SZ-CF L is estimated analogously using the corresponding coun-

terfactuals. However, it is possible only after obtaining the power transformation of the IMRs. We

estimate the elasticity of substitution (o) from the tariff elasticity (7;) as o = 1 — 4.

Further, as discussed in Anderson et al. (2018), this procedure allows the estimation of the changes
in producer prices p;; between the baseline and counterfactual scenarios. These are derived from
the change in outward MRTs implied by the estimates 7~ and 7. Within the structural gravity

framework, these price changes and terms of trade can be calculated as:

P [exp(%f’“)]” 13)

i = ﬁ[BLN} - exp(:}/iBLN)

(2

TOT, = (14)

b
P,
1.4 Results

1.4.1 Tariffs represent a significant trade cost in soy market

Table 1.2 reports the estimated effects of tariffs on the soy product trade flows for the period 2007—
2017. We exclude post-2018 trade flows from the trade elasticity estimation to avoid endogeneity

arising from China’s retaliatory tariffs on the US soybean export to China. This would also represent
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normal market responses. Our results reveal trade elasticities of -1.883, -6.394, and -6.227 for
soybean, soybean oil, and soybean cake, respectively. Our soybean tariff elasticity (-1.883) is
comparable to Fontagné et al. (2022) ’s estimate of -1.254. The estimate is lower than Dhoubhadel,
Ridley and Devadoss (2023)’s estimate of -5.83, but higher than the estimates reported by Ridley
and Shirin (2024) (-0.879). For soybean oil, our estimate (-6.394) is slightly higher than Ridley and
Shirin (2024)’s finding of -5.338. However, our soybean cake elasticity (-6.227) is somewhat lower
than Fontagné et al. (2022)’s estimate of -11.92. Using these estimates, we recover Armington
elasticities, shown in appendix 3. The elasticity of substitution is lower for soybeans than for
processed soy products. A plausible explanation could be that processed products (oil and cake)
have many substitutes and available across countries, but soybeans are relatively homogeneous
that limits rapid reallocation across sources. Therefore, countries respond with more substitution

in processed products despite smaller changes in trade costs relative to soybeans.

Table 1.2: Effects of import tariffs on soy products using PPML estimates

Soybean Soybean Oil Soybean Cake
Log(1 + Tariff) -1.883 -6.394* -6.227*

(1.253) (2.667) (2.993)
Observations 26619 26651 20748
R-squared 0.995 0.991 0.990
Exporter-Year FE X X X
Importer-Year FE X X X
Pair FE X X X

+p<0.1,* p<0.05, ** p<0.01, *** p<0.001
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Note: The dependent variables are the unidirectional value (1000 USD) of exports. Standard errors
clustered at the country-pairs level. All estimations include exporter-year, importer-year, and pair
fixed effects. Inclusion of country-pair fixed effects drop large number of observations due to

persistent zero trade flows between country-pairs.

1.4.2 China, including the rest of the world, absorbs trade restriction im-

posed on BAP

The trade reallocation effects, as shown in Figure 2.5, Figure 2.5 and Figure 2.6.2, are higher
for non-compliance. Under compliance, the trade relationship could possibly remain the same
as it is. Under non-compliance, soybean exports to China increase substantially: Brazil by 12%
and Paraguay by 16.7%. The soybean oil exports to China from Brazil, Argentina, and Paraguay
increased by 2.9%, 0.8%, and 22.5%, respectively. The largest changes appear in soybean cake
exports. Brazil’s soybean cake exports to China surge by 1184.3%, Argentina’s increase by 679.5%,
and Paraguay’s increase by 562.5%. Further, all three countries also experience an increase in their

exports to the rest of the world.

1.4.3 The US and Canada export increase substantially to the EU if restric-

tions target BAP

In the non-compliance scenario, there is a significant shift of exports to the EU market from the
US and Canada. US soybean exports to the EU rise by 198.2%, while Canadian exports increase
by 118.2%. Soybean oil exports from both countries grow by about 22-23%. The most dramatic
changes are seen in soybean cake exports, with US exports soaring by 968.5% and Canadian exports
by 549.1%. This surge is driven by the EU’s large share of the global import market (32.16%, or
USD 10,989.3 million), with Brazil and Argentina the top suppliers of soybean cake to the EU with

around 65% share of the EU imports.
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Figure 1.3: Trade reallocation effect of the EUDR in soybean trade.
Notes. The figure shows the percentage change in exports under compliance and non-compliance
scenarios, from the countries and regions in the rows to China, the EU, and the rest of the world
(ROW), relative to a baseline without the EUDR. Red denotes a reduction in exports; blue denotes
an increase. ROSA: Rest of South America, ROE: Rest of Europe.



Compliance Non-compliance
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Figure 1.4: Trade reallocation effect of the EUDR in soybean oil trade.
Notes. The figure shows the percentage change in exports under compliance and non-compliance
scenarios, from the countries and regions in the rows to China, the EU, and the rest of the world
(ROW), relative to a baseline without the EUDR. Red denotes a reduction in exports; blue denotes
an increase. ROSA: Rest of South America, ROE: Rest of Europe.
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Figure 1.5: Trade reallocation effect of the EUDR in soybean oilcake trade.
Notes. The figure shows the percentage change in exports under compliance and non-compliance
scenarios, from the countries and regions in the rows to China, the EU, and the rest of the world
(ROW), relative to a baseline without the EUDR. Red denotes a reduction in exports; blue denotes
an increase. ROSA: Rest of South America, ROE: Rest of Europe.



1.4.4 The EU faces rising prices and declining terms of trade

As illustrated in Figure 1.6, the EU would bear substantial expenditure loss if BAP do not comply
with the EUDR. Among the three products, the EU experiences the highest welfare losses in soy-
beans, followed by soybean cake and soybean oil. In the soybean trade, EU expenditure losses can
reach $18,179.84 million, accompanied by average price increases of 60.26%. The EU could face
expenditure losses to $1357.54 million for soybean oil and from $16481.93 million for soybean
cake. The economic burden is disproportionately concentrated among major European importers,
which have larger relative shares of imports (see appendix figure A4.2). Spain, the Netherlands,
Italy, and Germany face the most significant expenditure losses in soybeans. Similarly, these coun-
tries, along with Poland, France, Denmark, and Belgium, experience the highest expenditure losses
in soybean cake and soybean oil. Most EU countries experience expenditure losses, increases in
producer prices, and increases in price indices but experience decreases in terms of trade (see ap-
pendix AS5.1(d)). This indicates that the EU lacks sufficient market leverage to benefit from import

restrictions, as it remains heavily dependent on imports.

1.4.5 Import restrictions could boost demand for soy products from target
countries

Our analysis reveals no significant change in total exports from target countries under either sce-
nario (see figure A5.4). This results reflects the short-run nature of our simulation, which holds
total output and expenditures constant and assumes zero supply elasticity. Notably, the decline
in producer prices for Brazil, Argentina and Paraguay points to increased export competitiveness
driven by lower prices. We further confirm this by keeping supply constant for each country but
allowing expenditures to change. Under these conditions, we find significant export growth (see
figure A5.3). Soybean exports increased by 7.4% for Brazil, 3.1% for Argentina, and 4.8% for
Paraguay, directly resulting from lower producer prices in these countries. The effects emerged
pronounced in soybean cake exports, with increases of 69.6% for Argentina, 106.3% for Brazil,
and a surge of 93.2% for Paraguay. Moreover, soybean oil exports showed minimal growth across

these countries, increasing by less than 0.5%.
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Figure 1.6: Expenditure loss faced by EU27 under the EUDR simulation.
Notes. Expenditure loss is reported in million USD, measured relative to the baseline without the

EUDR. The percents in parenthesis denote average of change in price index in the EU countries.
CFL EBLN

The expenditure loss is measured as [=-— — ——].
h Pi

(3

1.4.6 BAP face decrease in price index of soybean, but some declines in terms

of trade

Figure 1.7 illustrates the effects of the EUDR on exporting countries. In the soybean and soybean
oil, BAP experiences declines in price indexes and producer prices, however they see little to no
change in terms of trade. However, for soybean cake, BAP see increase in price index and decrease
in terms of trade illustrates the effects of the EUDR on major soy traders. In soybeans and soybean
oil, BAP experiences a decline in price indexes and producer prices; however, it sees little to no
change in terms of trade. In soybean cake, Paraguay and Argentina see an increase in price index

and producer price, while Brazil sees a decrease in both prices.
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Figure 1.7: Changes in indices under compliance and non-compliance scenarios.
Notes. Changes are measured relative to a baseline without the EUDR. Quartile is measured at the
scenario-product level for each index. (a) percentage change in welfare. (b) percentage change in
producer price. (c) percentage change in price index. (d) percentage change in terms of trade.
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1.5 Sensitivity checks

Our exercise is purely an ex-ante assessment of the regulation based on the 2022 base year. For
credibility and robustness, we (i) check the effects of compliance AVEs. For example, in the com-
pliance case, we impose a 6% AVE compliance cost, which yields a tentatively similar increase in
the EUDR price index (see figure A5.1(b)). This verifies that our compliance scenario represents
what we simulate. For the non-compliance scenario, our chosen AVE estimates effectively shut
down exports from BAP to the EU, as evidenced by Figures 2.5, 2.5, and 2.6.2. (ii) We report
sensitivity over plausible lower and upper bounds of 2% and 10% AVE and Armington elasticities
at the lower and upper bounds of the 95% confidence intervals. Across these ranges, the qualitative
results are stable (see appendix A6): EU substitution toward compliant suppliers and diversion of
displaced South American volumes to non-EU destinations. Higher AVEs predictably amplify EU

price index increases and welfare losses, but do not overturn the direction of reallocation.

1.6 Discussions

Our analysis indicates that the EUDR faces notable limitations in reducing exports that drive trop-
ical deforestation linked to the soy sector. The direct competitors to South American soy exporters
are the US and Canada, which are largely deforestation-free producers and redirect their exports
to the EU under the EUDR implementation. As a result, the soy supply restricted from BAP is
reallocated to China. These patterns align with the well-documented effects of the NTMs: trade
reduction between compliant and non-compliant pairs, while facilitating trade among compliant
origins (Fontagné et al. 2005; Santeramo and Lamonaca 2019; Santeramo et al. 2025). Particu-
larly, the trade reallocation we observe is a canonical response to unilateral NTMs implemented
by importers that are not the dominant buyer for targeted exporters: restricted supply absorbed by

third markets, while the import market under the compliance turns to compliant suppliers.

With the EUDR in place, the trade pattern indicates two segregated supply chains: first, the EU can

import verifiable deforestation-free soy from North America and, to a limited extent, from South
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America, where supplies are already deforestation-free.! Actually, this partial compliance of South
America represents the distributional consequences. Smallholders and smaller firms would lose
access to the EU market. Nevertheless, this compliance supply chain represents a small fraction
of the total supply chain (~15%). Consequently, with the changed composition of the destination
market, the pressure on deforestation in South America does not necessarily decrease. Even with
full compliance of South American soy targeted at the EU market, particularly from Brazil, it does
not guarantee a reduction in deforestation, as long as the demand pressure for soy from the non-
EU market remains constant. Evidence of substantial domestic leakage within Brazil, on the order
of 43-50%, suggests that reductions in deforestation in some locations can be offset by increases

elsewhere (Villoria et al. 2022).

Second, a conventional supply chain serving the non-EU market (notably China) without compli-
ance requirements. The increasing reliance of South America on the Chinese market may further
erode the EU’s leverage in promoting environmental compliance in the future. Understanding the
long-term consequences of these trade reallocation patterns is therefore important. In our baseline
EUDR simulation, producer prices in BAP fall, and constrained volumes are reallocated toward
China. Over longer horizons, the net effect on production and land use in high-risk areas depends
on the magnitude and persistence of the price signal, supply elasticities, and how fully China/ROW)
absorb displaced flows. Because the EU accounts for a relatively small share of BAP exports, an
EU-only signal may be too weak to induce contraction; if China’s demand expansion keeps pro-
ducer prices near baseline, output could be sustained, and deforestation pressures may persist or

even rise, raising the prospect of a fragmented global soy market less responsive to EU regulations.

The economic implications for the EU are substantial. Certain EU members, such as the Nether-
lands, Poland, Spain, Germany, France, and Italy, bear disproportionate burdens, reflecting dif-
ferences in import dependency, processing capacity, and supply chain integration. Gilbert (2024)

discusses that this creates a “European premium’ over world prices, with compliance costs directly

!Brazil’s soy sector has long-running zero-deforestation efforts. In the Amazon, the Soy Moratorium- implemented
by firms handling ~90-95% of exports- was associated with a 57% reduction in direct soy-deforestation in treated
municipalities; in the Cerrado, several traders have adopted ZDCs but implementation and coverage remain incomplete
(Gollnow et al. 2022).
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passed to EU consumers. Further, the loss is also pronounced in soybean cake, despite its lower
share in global soy trade, which is due to the higher elasticity of substitution for soybean cake. This
result is consistent with the studies by Branger and Quirion (2014) and B6hringer, Rosendahl and
Storresten (2017), which show that higher trade elasticities increase trade reallocations. According
to Noordwijk et al. (2025), the EUDR may cause “collateral damage” to unintended stakeholders.
For example, in our analysis, restrictions on BAP increase welfare losses in the US and Canada due

to an increase in the price index.

The EUDR, similar to non-tariff measures, appears as both a trade catalyst and a barrier. For forest-
risk countries, it functions as a trade barrier, as these countries will be under higher scrutiny and
compliance costs could rise. However, the EUDR can catalyse trade within the EU; this provides
an opportunity for soy producers and producers of substitute products, such as other vegetable oils
and cake, from EU countries. This is evidenced by increased producer prices for soy products in
EU countries (see appendix figure A5.1). Trade between compliers (most likely North American
exporters) and the EU also rises. This finding is in line with Santeramo et al. (2025), which

highlights that the EU TBT has the capacity to redirect imports towards compliant origins.

Our findings on the consequences of the EUDR simulation underscore the limitations of a purely
demand-side regulatory. A more effective approach would combine demand-side and supply-side
measures, including direct forest conservation incentives, carbon payments, and Contingent Trade
Agreements (CTAs) that penalize exporters based on changes in forest cover. Muradian et al.
(2025) argue that territorial approaches, such as Brazil’s Amazon Soy Moratorium and the Action
Plan for the Prevention and Control of Deforestation in the Legal Amazon (PPCDAm), have been
more effective in reducing deforestation by aligning with local public governance. In contrast, the
EUDR’s focus on value chain interventions fails to address underlying drivers of deforestation,
such as weak governance and land speculation. Harstad (2024b) also emphasizes the importance
of balancing depth and breadth in environmental agreements. The EUDR, as a “deep-but-narrow”
policy, imposes strict deforestation-free requirements on imports but applies only to the EU market.
A “broader-but-shallow” agreement involving multiple major importers with less ambitious regu-

lations could reduce leakage and achieve greater global impact. For instance, a CTA between the
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EU and the US could potentially reduce agricultural expansion in Brazil by up to 27% compared

to unrestricted free trade scenarios (Harstad 2024a; Harstad 2024c).

1.7 Conclusion

The EUDR is the EU’s first regulatory initiative to curb tropical deforestation through trade restric-
tions on the soy sector. We fitted the gravity model, taking the base year 2022, and assessed the
effects of the EUDR under two scenarios: one in which exporters comply with the regulation and
another in which BAP do not export soy to the EU. We chose these three countries for the non-
compliance scenario because they have faced significant forest loss directly attributable to soybean
expansion, are characterized by weak environmental governance, and hold a substantial share of
global soy production. Our results show that restrictions on South American exports redirect soy
flows toward China, while EU imports are substituted by US and Canadian suppliers. The EU
experiences expenditure losses due to increased prices arising from compliance costs, leading to
deteriorated terms of trade. The expenditure losses are even more severe when South American
countries do not comply with the EUDR. Conversely, South American countries face declining soy
price indices and producer prices with no change in terms-of-trade effects. These findings suggest
that the EU lacks sufficient market leverage to incentivize pro-forest land use decisions in major

South American soy producers.

We acknowledge some limitations in our study. Our results are under “conditional” equilibrium
in the sense of Anderson et al. (2018), which captures short-run and static trade reallocation and
price index effects of the EUDR. This model falls short in offering a discussion on long-run en-
vironmental impacts, including endogenous output responses in major producing countries, EU
domestic supply responses, and cross-commodity substitution in the vegetable oils complex (e.g.,
palm, sunflower, rapeseed). Importantly, the model also abstracts from substitution from soybeans
toward other oilseeds, which could, for example, shift deforestation from tropical soy production
areas to oil palm regions such as Indonesia. If Chinese demand contracts in the future and does not

fully absorb the restricted supply, production by South American producers could contract, leading
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to increased avoided deforestation relative to our short-run benchmarks. Modeling these chan-
nels requires a multi-sectoral equilibrium framework with endogenous supply responses, which
is beyond the scope of this paper. Finally, we do not model heterogeneous compliance capacity
(e.g., partial compliance by larger firms with exclusion of smaller producers) or subnational leak-
age dynamics within Brazil; as a result, country-level “avoided deforestation” inferences should be
interpreted cautiously. A subregional trade—land-use model linking destination-specific demand to
producing meso-regions would be better suited to assess how EUDR-induced demand shifts affect

frontier expansion versus consolidated, low-forest areas.

While our study focuses on the soy sector, future research should also examine the trade realloca-
tion and the possible deforestation leakage for commodities covered by the EUDR, such as palm
oil, rubber, cattle, cocoa, coffee, and wood products. Further evidence and robust measurements
of environmental effectiveness are warranted, particularly in measuring deforestation leakage and
indirect land use changes. Furthermore, governance and implementation challenges, such as trace-
ability and interactions with local governance, deserve research attention to ensure the regulation’s

SUCCESS.
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Chapter 2

Exports and Deforestation: A

Commodity-Level Analysis
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2.1 Introduction

Agricultural expansion is a leading driver of tropical deforestation (Curtis et al. 2018; Hosonuma
et al. 2012; Pendrill et al. 2022). Agricultural deforestation matters because of its ecological,
climatic, and public-health consequences (Giam 2017; Snyder 2010; Chaves et al. 2020). Specif-
ically, a large share of global biodiversity resides in tropical forest, and the loss of these forests’
loss accelerates biodiversity decline (Giam 2017; Alroy 2017). Regarding climate, deforestation
intensifies warming and drying of local weather (e.g., Lee and Lo 2021; Werth and Avissar 2005;
Lawrence and Vandecar 2015) and also disrupts rainfall patterns, which can directly reduce agri-
cultural productivity (Lawrence and Vandecar 2015). These climatic impacts extend beyond de-
forested areas and alter distant climate, which is also known as eco-climatic teleconnections (e.g.,
Snyder 2010; Garcia et al. 2016; Serrdo et al. 2025). Deforestation is further linked to respi-
ratory and cardiovascular diseases in populations near burning or clearing sites—documented in
the Brazilian Amazon and Indonesian Borneo, where fire-season smoke dramatically raises hospi-
tal admissions for respiratory illness among communities within hundreds of kilometers of active
clearing (Damm et al. 2024; Du, Li and Zou 2024). Deforestation is also linked to higher malaria
incidence in nearby communities (Chaves et al. 2020; Arisco et al. 2024; Berazneva and Byker
2017). These externalities make it important to understand the economic forces that convert forests

into agricultural land.

International demand for agricultural commodities is one such force. International agricultural
trade is associated with approximately one-quarter to one-third of tropical deforestation and re-
lated emissions linked to agriculture and forestry (Pendrill, Persson, Godar, Kastner, Moran, et al.
2019; Pendrill, Persson, Godar and Kastner 2019; Persson, Henders and Kastner 2014; Henders,
Persson and Kastner 2015). Cattle, soy, oil palm, cocoa, coffee, and rubber account for much of
the deforestation embodied in trade, with hotspots in South America, Southeast Asia, and parts of
Africa (Zu Ermgassen et al. 2020; Pendrill, Persson, Godar and Kastner 2019; Singh and Persson
2024; Goldman et al. 2020).

Three strands of research have shaped our understanding on how trade and markets affect forests,
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and our contribution builds directly on them. The first uses spatially explicit accounting and
tele-coupling frameworks to trace the deforestation and emissions embodied in the production and
trade of forest-risk commodities (Pendrill, Persson, Godar, Kastner, Moran, et al. 2019; Pers-
son et al. 2014; Henders et al. 2015; Zu Ermgassen et al. 2020). This literature identifies the
commodities and supply chains with the largest forest footprints and shows how consumption in
one region is linked to forest loss in another. By construction, however, it documents physical
flows and associations rather than the causal response of forest loss to a change in trade. A second
strand estimates the causal effect of aggregate trade exposure—through trade liberalization, re-
gional trade agreements, or world prices in structural models—on land use and forest loss (Abman
and Lundberg 2020; Farrokhi et al. 2025; Jeddi and DePaula 2026). This work shows that trade
openness raises forest pressure where countries hold a comparative advantage in agriculture, and
that higher world prices for land-intensive sectors reallocate land toward those sectors and toward
land-abundant exporters (Farrokhi et al. 2025). These studies, however, operate at the level of
aggregate trade or modeled equilibria and do not recover how forest loss responds to realized ex-
ports of individual commodities. A third strand identifies the causal effect of commodity prices on
clearing, particularly for a single country or crop (Berman et al. 2023; Lundberg and Abman 2021;
Harding, Herzberg and Kuralbayeva 2021; Braganga 2018; Wilcox, Just and Ortiz-Bobea 2025).
This literature has established that higher output prices increase deforestation and that the response
is shaped by agro-climatic suitability, governance, and credit conditions; prices, however, move
for many reasons other than foreign demand, and the evidence remains largely confined to specific
hotspots in Brazil, Indonesia, Southeast Asia, and parts of Africa, reflecting data and identification
challenges (e.g., Burgess et al. 2012; Du et al. 2024; Carreira, Costa and Pessoa 2024; Braganga
2018; Wilcox et al. 2025; Abman and Lundberg 2020; Balboni et al. 2022; Richards and Arima
2026).

This literature lacks a commodity-specific elasticities of deforestation with respect to export de-
mand, that is comparable across commodities and regions at a global scale. To our knowledge,
no previous study has recovered commodity- and region-specific elasticities of deforestation with

respect to exports. Framing the question at the commodity level is deliberate as demand-side forest
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regulation, the European Union Deforestation Regulation (EUDR), imposes due-diligence obliga-
tions on a defined list of forest-risk commodities (cattle, cocoa, coffee, oil palm, rubber, soy, and
wood) rather than on trade in general (European Parliament and of the Council 2023). A regula-
tion that is commodity specific requires evidence that on an estimate of how much deforestation
a marginal unit of export demand carries for each commodity and region. The estimates can also

inform the EUDR’s risk-benchmarking of commodity-region pairs.

To estimate the elasticities, we assemble data on 18 agricultural commodity groups for 138 coun-
tries from 2001 to 2022. Deforestation data come from the DeDuCE model (Singh and Persson
2024), which spatially allocates tree-cover loss to specific commodities. Bilateral trade flows of
493 products, categorized into 18 commodity groups, are sourced from the CEPII-BACI database.
Exports and deforestation are jointly determined and driven by common domestic policies. To aid
identification, we instrument exports with a measure of foreign demand that is uncorrelated with
supply conditions in the exporting country. Specifically, we estimate the import-demand compo-
nent that captures how much each destination increases its imports of a product for reasons internal
to that destination (income growth, policy changes, or preferences), using a gravity model that
controls for exporter-product-year and country-pair fixed effects. We treat this component as a
residual import-demand shock. For each exporter and commodity, we then construct a shift-share
measure of foreign demand (Borusyak, Hull and Jaravel 2022; Goldsmith-Pinkham, Sorkin and
Swift 2020; Adao, Kolesar and Morales 2019) by weighing the importer demand shocks by the ex-
porter’s average export shares in each destination. We use this shift-share foreign-demand measure
as an instrument for exports in a control-function Poisson pseudo-maximum likelihood (PPML)
framework. The PPML accommodates the many zeros in commodity-specific deforestation and
allows coefficient estimates to be interpreted as elasticities (Silva and Tenreyro 2006; Mullahy
and Norton 2024), while the control function corrects endogeneity in the nonlinear specification
(Wooldridge 2015). We include country—year fixed effects to absorb time-varying national policies

and conditions, and commodity—year fixed effects to control for global price and technology trends.

We find that a 10% increase in export value raises deforestation by about 2.96% on average across

commodities. The effects are highly heterogeneous across commodities and regions. The elastic-
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ity of deforestation with respect to export value is largest for perennial and frontier commodities
(stimulants and spices, rubber, oil palm, cocoa, nuts, coffee), as well as for cattle, soybeans, and
sugar crops. Staples and horticultural crops generally show weaker responses. Using our esti-
mated elasticities, we estimate avoided deforestation that would have occurred had export demand
remained at their 2001 baseline. We keep exports constant at their 2001 level while leaving the
fixed effects and the control-function residual unchanged, so the comparison isolates the portion
of observed deforestation attributable to post-2001 export growth driven by export demand, rather
than to domestic conditions or unobserved supply shocks (see appendix A13 for the derivation).
These calculations indicate that growth in international demand can account for roughly 53 million
hectares of agricultural expansion into forests between 2001 and 2022, corresponding to about 49%

of the observed forest-to-agriculture conversion.

Our contribution is to show where, across commodities and regions, foreign demand drives de-
forestation. The export—deforestation response is uneven: it is concentrated in perennial and tree
crops and in extensive livestock and feedstock sectors, and within humid-tropical frontiers, while
staple and horticultural crops respond weakly. This advances the existing trade—deforestation lit-
erature, which has documented the forest footprints embodied in trade (Pendrill, Persson, Godar
and Kastner 2019; Zu Ermgassen et al. 2020), the aggregate effects of trade and world prices on
land use (Farrokhi et al. 2025; Harstad 2024), and the price responsiveness of clearing in particular
hotspots (Berman et al. 2023; Du et al. 2024). Relative to that work, our results show how much
of the demand-driven forest response is attributable to each commodity and region, rather than to

aggregate trade or price exposure, on a globally comparable basis.

This heterogeneity matters for the design of trade-linked forest regulation, such as the European
Union Deforestation Regulation (EUDR) (European Parliament and of the Council 2023). Be-
cause the Regulation requires due diligence only for a defined list of forest-risk commodities, the
deforestation risk carried per unit of export is the quantity needed to prioritize enforcement. Our
estimates identify which commodity—region pairs carry the highest risk—for example, palm oil
from Indonesia or cattle from Brazil—relative to low-risk flows such as cereals from temperate

exporters. By the same logic, they indicate where blanket commodity-neutral restrictions would
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impose due-diligence costs with little forest benefit.

2.2 Conceptual framework: The effects of foreign demand and
export sales on deforestation

In a competitive world market, an increase in foreign demand for agricultural commodities raises in-
ternational prices and reallocates production of the commodities across countries according to com-
parative advantage. At forest frontiers, higher expected returns to the cultivation of export-oriented
commodities can increase land rents and incentives for agricultural expansion, pushing the agricul-
tural margins into forests (Du et al. 2024; Jeddi and DePaula 2026; Richards and Arima 2026).
As illustrated in figure 1, land allocation follows a von Thiinen—Ricardo logic in which producers
expand land use until the marginal value product of land, MV PL, equals its opportunity cost or
rental value, R (Angelsen and Kaimowitz 1999). The rental value is drawn horizontal, which cor-
responds to a perfectly elastic supply of convertible land under the assumption that forest land can
be brought into cultivation without surpassing its opportunity cost. The assumption is reasonable
for open frontiers where forest land is abundant and weakly priced, but it is an upper bound on the
land-use response. A foreign-demand-induced price increase shifts the MV PL schedule outward,
raising the profit-maximizing land allocation from L, to L,. When the relevant margin is forest,
this adjustment takes the form of additional deforestation and higher export volumes. The alloca-
tion of land across activities is governed by relative MV P Ls. In many tropical settings, marginal
returns to export-oriented agriculture (e.g., beef, soy, palm oil) exceed those from forestry, which
helps explain high deforestation rates in these regions (Benhin 2006; Angelsen and Kaimowitz
1999). While privately optimal, these choices need not be socially efficient because markets typ-
ically fail to price the public-good services of forests—carbon storage, biodiversity, hydrological
regulation—so that the private opportunity cost of forest conservation understates its social value
(Angelsen and Kaimowitz 1999). Expectations further amplify these responses: if land users an-
ticipate persistently high future export prices or tighter future land-use regulation, they may clear

speculatively to secure land rights or future rents, even before demand fully materializes (Angelsen
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and Kaimowitz 1999; Benhin 2006).

Value

MVPL shift

Original MVPL

A\

Deforestation

I—l L2 Land

Figure 1: Shift in the marginal product value of land resulting from an increase in price due to

higher foreign demand
Source: Own illustration

Berman et al. (2023) shows that increases in a global crop-price index, interacted with local
agro-climatic suitability, are associated with disproportionately higher deforestation in cells with
abundant suitable forest and good market access. Braganca (2018) finds that increases in the rela-
tive price of soy versus beef shift land into soy production in the Brazilian Amazon, with important
implications for forest and pasture dynamics. Wilcox et al. (2025) document that rice price spikes
in Cambodia raise deforestation, particularly outside formal concessions, and Lundberg and Ab-
man (2021) show that cocoa- and staple-price dynamics shape forest conversion in West Africa.
Structural trade models with land as a factor similarly predict that increases in world prices for

land-intensive export sectors reallocate land toward those sectors and toward land-abundant ex-
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porters (Farrokhi et al. 2025). Beyond prices, institutional and supply-chain conditions—weak
land rights, pro-cyclical enforcement, credit access, and concentrated buyer power—govern how
strongly a given demand shock is translated into clearing (Burgess et al. 2012; Cisneros, Kis-Katos
and Nuryartono 2021; Assunc¢do, Gandour and Rocha 2015; Harding et al. 2021; Nedoncelle,
Delacote and Crepin 2025; Abman and Lundberg 2020).

Moreover, international prices move for reasons beyond foreign demand, such as oil prices and ex-
change-rate fluctuations (De Gorter, Drabik and Just 2013; Roberts and Schlenker 2013; Headey
and Fan 2008). Foreign demand is one driver of the international commodity price. Global mar-
kets also feature feedback. Large-scale deforestation increases export supply, which can feed back
into world prices and, ultimately, foreign demand. In our empirical design, we therefore use for-
eign-demand-driven variation as an instrument for exports and control separately for other interna-

tional price movements and domestic supply shocks.

2.3 Empirical Strategy

Our objective is to estimate how changes in international demand affect deforestation at the country—
commodity level. Let: index countries, kK commodities, and ¢ years. We denote C’;; for commodity-
specific deforestation in country ¢ and year ¢, and X, for the export value of commodity & from

country ¢ in year t.

We regress deforestation on exports while controlling for time-varying confounders using country—

year («;;) and commodity—year (ay,) fixed effects. Specifically, we model
E[Cike | Xint, e, ce] = exp (v 1In Xy + cvir + e, (1)

The country—year effects absorb shocks common to all commodities within a country—year (e.g.,
macroeconomic conditions, broad policy changes, domestic supply-side disruptions such as weather).
The commodity—year effects absorb global commodity-specific shocks common across countries

in year ¢, in particular changes in world market conditions (including prices) for commodity k.
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We estimate (1) by Poisson pseudo—maximum likelihood (PPML). This estimator is appropriate
because C}; contains 19.5% zeros (see Table 2.1), naturally accommodates zeros, and remains
consistent under heteroskedasticity (Silva and Tenreyro 2006). In a log-link mean model with

In X;;; as a regressor, 7y can be interpreted as an elasticity of deforestation with respect to exports,

6lnE[Czkt ‘ ] .

so that a 1 percent increase in export value is associated with an approximate  percent change in

expected deforestation (Mullahy and Norton 2024).

2.3.1 Endogeneity and shift-share instrument

The identification of the effect of export sales on deforestation faces two main challenges. First,
expanding agricultural land and clearing forests can directly raise production capacity and thus
exports (Carreira et al. 2024; Braganca 2018; Du et al. 2024). In addition, unobserved shocks—
such as infrastructure expansion, subsidy or credit programs, or changes in enforcement—may
affect both deforestation and export performance (Balboni et al. 2022; Assuncao et al. 2015;
Burgess et al. 2012; Cisneros et al. 2021). Second, international price shocks that do not primarily
originate from international demand changes—for example, exchange-rate movements or changes
in international supply-chain governance—can also incentivize deforestation (Harding et al. 2021).
We address the first challenge by using a shift-share instrument, namely foreign demand instrument,
for endogenous exports. In addition, we address second challenge by including commodity—year
fixed effects, which control for global price and technology trends that affect all exporters of a

commodity in a given year.

The instrument isolates variation in export value driven by destination-side demand conditions by
combining time-invariant exposure weights that capture each country—commodity pair’s average
export shares across destination—product markets, and time-varying import-demand shifters at the
destination—product level that are purged of exporter-side supply shocks. This is consistent with

shift—share guidelines developed by Borusyak, Hull and Jaravel (2024).
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Let ;7 index the countries that import commodities from the countries in which deforestation is
occurring. Further, let s index products, with s € k indicating that product s belongs to commodity

k. We first estimate a product-level multiplicative gravity equation:

Xijst = €xXp (¢z‘5t + Ve + ,uijs)gijsta (3)

where X 1s the export value of product s from exporter ¢ to importer j in year t. The exporter—
product—year fixed effects ¢;; absorb exporter-side supply conditions for product s in year ¢ that
accounts for the outward multilateral resistances and for production (Anderson, Larch and Yotov
2018). The importer—product—year fixed effects v;;; summarize importer-side conditions, which
accounts for inward multilateral resistances and expenditures (Anderson et al. 2018). The exporter—
importer—product fixed effects 41;;5 capture time-invariant bilateral trade costs and policies, such as

long-standing trade agreements, distance, contiguity, and colonial or language.

We measure the exposure of each country—commodity pair to destination markets using average

export shares over 2001-2022:

k, 2001-2022
X

k ijs k
Wijs = k, 20012022 Z Zwijs =1, (4)
Do dser X,

ig's’ J  s€k

where ij’52001_2022 is cumulative export value of product s € k from country ¢ to destination j
over 2001-2022, and the denominator is total export value of commodity £ from country ¢ over
the same period. These long-run averages capture persistent trade orientation—reflecting compar-
ative advantage, geography, agro-ecological suitability, and stable trade relationships—rather than

short-run shocks.

Our foreign-demand instrument aggregates the one-year lagged importer—product—year fixed effect

zﬂjst from equation (3) with the exposure weights from (4), as follows:

ﬁikt = Z wajs &js,t—l’ (5)

J  s€k
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A

Following Fally (2015), ¢, equals log <P9

i1 Ej&t,l/Eos), where I%S,t,l is the CES price
index of destination j for product s in year t — 1!, F, ;1 is total imports of product s at destination
jinyeart — 1, and Ejy, is a normalization constant. Thus fl\)ikt measures how much exporter 7’s
commodity-k exports are exposed to shifts in destination price indexes and import demand. We use
a one-year lag in (5), which limits simultaneity between current deforestation C; and destination-

side import demand. The instrument is plausibly exogenous as it captures variation in importer-side

conditions that is uncontaminated with exporter supply.

Exclusion restriction. Identification requires that ﬁikt affect deforestation in country 7 only
through its effect on that country’s exports of commodity &, and through no other channel correlated
with deforestation. Conditional on the country—year and commodity—year fixed effects, the lagged
destination-side import-demand shifters ﬁjs,t,l that drive the instrument must be uncorrelated with
exporter-side commodity-specific shocks to land clearing such as domestic credit, enforcement,
zoning, or weather. The design makes this plausible in two ways. First, the shifters are uncon-
taminated with exporter-side supply conditions by the exporter—product—year fixed effects ¢, in
the gravity model (3), so %S,t,l reflects destination income, preferences, and policy rather than
conditions in the exporter country. Second, the country—year and commodity—year fixed effects in
the estimating equation absorb, respectively, all national shocks common across commodities and
all global commodity-specific shocks (including world prices), so the instrument is identified from
the interaction of destination demand with each exporter’s predetermined market exposure. The
restriction would fail if a destination’s import demand responded to anticipated supply and hence

clearing—in origin ¢. To break this anticipation effect, the one-year lag of shifter is used.

2.3.2 First stage and PPML IV estimation

We estimate the first-stage regression:

In X, = Wﬁ)ikt + Qi + Qg + Vige, (6)

legetfl is the inward multilateral resistance, measuring the average trade cost that destination j faces when sourc-
ing product s from all origins. The exponent —6 captures the trade elasticity, therefore 6 is positive by construction in

Fally (2015).
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The expected sign of coefficient 7 on ﬁikt is positive by construction. Because ]?l\)ikt rises when
destination j faces higher import demand and price index, that should increase the export value of

commodity k from country ¢ if it is exposed to that destination.

To estimate the causal effect of exports on deforestation in the PPML framework, we use a con-
trol-function estimator (CF-PPML). In nonlinear models, simply replacing an endogenous regres-
sor by its first-stage fitted value does not deliver consistent partial effects, however residual in-
clusion restores consistency (Papke and Wooldridge 2008; Wooldridge 2015). We estimate (6) by

fixed-effects OLS and obtain residuals 7;;;. We then estimate the second-stage PPML:
E[Cire | In Xigg, it e, Vige] = €xp (’Y In Xy + iy + g + 5ﬁikt)7 (7)

where v identifies the effect of export value on deforestation. The strength and significance of 6 = 0
provides a formal test of whether residual inclusion effectively controls endogenous supply shocks.
Because the second stage includes generated regressors (7;;), we base inference on a nonparametric
block bootstrap that resamples at the country—commodity level and re-estimates both stages within
each replication (see appendix 9 for details). We estimate heterogeneity by commodity group, by
continent, and by continent-commodity pairs using the same CF-PPML estimator but replacing
In X;;; with the interaction of In X;;; and the relevant subgroup indicator in the second stage. The
full estimating equations for the pooled and heterogeneous (commodity, continent, and continent—

commodity) specifications are written out in appendix Al1.

2.4 Data

Our dataset covers 138 countries (listed in appendix 1) and 18 commodity groups comprising 493
HS products over 2001-2022. We select only countries that experienced agricultural-driven de-
forestation in all 22 years. The correspondence between HS codes and 18 commodity groups is
shown in appendix 2. The unit of observation is a country-commodity-year triplet. The panel
is unbalanced because agro-climatic conditions exclude many country-commodity combinations

from production. For example, European countries are excluded from tropical commodities such
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as rubber, coffee, cocoa and cassava, since these crops require tropical conditions that European
climates cannot support. We drop 483 agroclimatically infeasible country-commodity pairs out of

2,484 possible pairs (138 x 18), leaving 2001 country-commodity pairs.

Deforestation. We obtain commodity-specific deforestation from the DeDuce model developed by
Singh and Persson (2024), which attributes observed tree-cover loss to the most likely proximate
commodity driver by combining remote-sensing layers (i.e. spatial attribution) where available and,
otherwise, a land-balance method using agricultural land-use and harvested area statistics (i.e sta-
tistical attribution). The model reports the ex-post unamortized and amortized deforestation based
on land-cover and land use dynamics (see appendix 3 for model details). Unamortized deforesta-
tion assigns the full forest loss to the year it occurs, whereas amortized deforestation distributes
impacts (especially carbon emissions) over a 5-year period to better capture short- to medium-run
policy relevance. We use unamortized deforestation data in the main analysis. Figure A3.1 illus-
trates the cumulative deforestation by country over the sample period. We aggregate FAOSTAT
commodity-level deforestation into 18 groups: cassava, cocoa, coffee, fibre crops, fruits, maize,
nuts, other cereals, other oilseeds, cattle (pasture), pulses and legumes, rice, rubber, soybeans, stim-
ulants/spices/aromatics, sugar crops, and vegetables. The correspondence of FAOSTAT items to

these 18 groups is shown in appendix 4.

Trade: We use the CEPII-BACI trade matrix, which reports bilateral export values (in USD) by
HS product and reconciles mirror figures to address measurement error relative to Comtrade data
(Gaulier and Zignago 2010). We match HS codes to our 18 commodity groups to construct country—

commodity—year export values.

The analysis sample includes 37,948 country-commodity-year observations with non-missing ex-
ports and instrument. Table 2.1 reports the descriptive statistics of deforestation (ha), exports (thou-
sands USD), and the shift-share foreign demand instrument. Deforestation is highly skewed, with
a mean of 2,490 hectares, a median of 4.85 hectares, and a standard deviation of 36,596 hectares.
A total of 9,164 country-commodity-year observations record zero deforestation. Export sales are
similarly skewed, with a mean of 430,647 thousand USD, a median of 22,015 thousand USD, and

a maximum of approximately 62.6 billion USD. The foreign demand instrument has a mean of
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0.94 (median 0.99) and ranges from -9.41 to 8.76, reflecting variation in destination-market de-
mand conditions across commodities and years. Descriptive statistics for exposure shares and the

underlying shifts are reported in appendix 5 and appendix 6, respectively.

Table 2.1: Descriptive statistics of variables under study

Statistic Export (000 USD)  Deforestation (ha) Foreign Demand (fl\)ikt)
Count of Zero 0 9164 0

Minimum 0.00 0.00 -9.41

Mean 430646.56 2490.24 0.94

Maximum 62635824.56 2467977.22 8.76

1st Quartile 1790.45 0.00 0.48

Median 22014.76 4.85 0.99

3rd Quartile 160538.46 155.42 1.44

Standard Deviation 1695259.13 36595.86 0.88

Notes: Export is total bilateral export value in thousands of USD. Deforestation is unamortized
commodity-attributed forest loss in hectares. Foreign demand is the lagged shift-share

instrument constructed from the gravity model.

Figure 2 illustrates the relationship between deforestation, foreign demand, and exports. Panel (a)
indicates that commodities with higher export growth tend to have higher cumulative deforestation.
Commodities with notably higher export growth include other oilseeds (1,139%), palm (1,137%),

cassava (1,028%)?, soybeans (557%), and maize (493%). However, cattle have a very high cumu-

2Cassava’s very high percentage export growth reflects an extremely small initial export base. Cassava is predom-
inantly a non-traded subsistence staple, so even modest absolute increases in trade translate into large proportional
changes. This also leads to higher deforestation intensity.
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lative deforestation footprint with moderate export growth (394%). Panel (b) indicates that com-
modities have a disproportionate deforestation share relative to export share. Commodities such
as cattle, cassava, palm, rubber, rice, pulses, cocoa, and maize have a higher deforestation share
relative to export share. Conversely, fruits, other cereals, vegetables, sugar, stimulants, coffee,
other oilseeds, nuts, and soybeans have a lower deforestation share in relation to their export share.
Panel (c) shows that commodities vary starkly in deforestation intensity, measured as hectares per
$1 billion of export sales. Intensity is highest for cassava (~69 ha per $1 billion), followed by cattle
(~32), palm (~19), and rubber (~15). A middle tier includes pulses (~12), rice (~11), cocoa (~10),
and maize (~9). Other oilseeds and soybeans both record ~4 ha per $1 billion, and coffee, stimu-
lants, nuts, sugar, and vegetables each record 2—-3 ha per $1 billion. Fruits, fiber, and other cereals
have the lowest intensity (~1 ha per $1 billion). Panel (d) presents the Pearson correlation matrix.
The correlations are 0.19 between deforestation and exports, 0.04 between deforestation and for-
eign demand, and 0.27 between foreign demand and exports. The deforestation—foreign demand
and deforestation—exports correlations are weak, while the foreign demand—exports correlation is

moderate and positive, consistent with the instrument’s relevance condition.
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Figure 2. Relationship between foreign demand, exports, and deforestation. Panel (a) shows the log
of cumulative deforestation (hectares) against the export growth over 2001 to 2022 by commodity
group. The black solid line represents the OLS fitted line, and the shaded regions denote 95%
confidence interval. Panel (b) compares deforestation shares against export share by commodity
group. The dashed line is a 45-degree line indicating equal shares of deforestation and exports.
Panel (c) shows bar plots of deforestation intensity, measured as hectares per $1 billion of export
sales. Panel (d) presents the Pearson correlation matrix between deforestation, foreign demand, and
exports. Panels (a)-(c) use commodity-level aggregates. Panel (d) uses country-commodity-year

data.

2.5 Results

Table 2.2 reports the first-stage estimates, where log X, is regressed on }/WZ\)M conditional on
country—year and commodity—year fixed effects. The coefficient on ]?l\)ikt is positive and statis-
tically significant. The positive sign reflects the construction of the instrument. @ikt rises when
destination markets have higher total import demand and price index, which raises bilateral import
demand from exporter 7 and increases X;;. The F'-statistic is above the conventional rule-of-thumb
threshold of 10 (Staiger and Stock 1997), suggesting that the instrument is strong. The subsample
first-stage regressions by commodity groups and continents (see appendix table A7) show that the
instrument is strong for most commodity groups and continents, with F'-statistic above 10 for most
of them. Further, following Borusyak et al. (2022), we check that this strength does not rest on
a few dominant destination—product markets by computing the effective number of shifters (the
inverse Herfindahl-Hirschman index of the exposure weights) for each country—commodity pair
(see appendix 5). The large effective number of shifters indicates that the instrument draws on

sufficiently diversified exposure patterns rather than a handful of markets.
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Table 2.2: First-stage regression: effect of foreign demand instrument on log exports

Log Exports
FDj 0.9080***

(0.0623)
Observations 37,948
F-statistic 38.91
R? 0.649
Country x Year FE Yes
Commodity x Year FE Yes

Notes: Standard errors clustered by country—commodity and year in

parentheses. Country—year and commodity—year fixed effects included.

*p <0.10, * p < 0.05, *** p < 0.01.

Table 2.3 reports the pooled estimate of the elasticity of deforestation with respect to export sales,
instrumented with ﬁikt. The export elasticity coefficient is 0.31, implying that a 10% increase in
export sales raises deforestation by 2.96%. The control-function residual 7;, is positive but not sta-
tistically significant, suggesting that after controlling for country—year and commodity—year fixed
effects, the remaining variation in exports is approximately exogenous to deforestation. ﬁikt
removes exporter-specific and bilateral shocks that move both export shares and deforestation, iso-

lating variation in destination—product demand and inward multilateral resistance common to all

origins.
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Table 2.3: Effect of export sales on deforestation

Deforestation

Log(Exports) 0.306***

(0.138)

[0.073, 0.606]

Residual 0.135

(0.156)

[-0.238, 0.359]

Observations 37,405
Pseudo R-squared 0.862
Country x Year FE Yes
Commodity x Year FE Yes
Instrument ﬁikt

Notes: Bootstrap standard errors (1,000 replications) in
parentheses. 95% bootstrap percentile Cls in brackets. Fixed
effects: countryxyear, commodityxyear. * p<0.10, ** p<0.05, ***

p<0.01.

Figure 3 illustrates the heterogeneous effects of export sales on deforestation by commodities and
continents. At the commodity level, the largest elasticities are for tree and perennial crops: stim-

ulants (0.92), rubber (0.84), palm (0.82), cocoa (0.76) and nuts (0.68). Substantial elasticities also
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appear for soybeans (0.60), other cereals (0.59), cattle (0.54), sugar (0.49), coffee (0.48), and fibre
(0.46). Smaller but statistically significant elasticities appear for other oilseeds (0.36), vegetables
(0.32), pulses (0.31), fruits (0.26), maize (0.23), and rice (0.21). Cassava (0.03) has a small and
statistically insignificant elasticity.> At the continent level, export elasticities are highest in South
America (0.65), Southeast Asia (0.52), and Europe (0.50), all significant at the 1% level. North and
Central America (0.34) and Rest of Asia (0.31) show moderate significant responses, while Africa

(0.12), Oceania (0.11), and North Asia (0.20) have statistically insignificant elasticities.

a. b.
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Figure 3. Heterogeneous deforestation elasticities with respect to exports. Panel (a) shows esti-
mates by commodity; Panel (b) shows estimates by continent. All specifications include country-
year and commodity-year fixed effects and are estimated by control-function PPML, instrumenting
exports with F/’T)ikt. The bootstrap standard errors of 1000 replications are reported in parenthesis.

Significance levels: *** p<0.01, ** p<0.05, * p<0.1.

Figure 4 disaggregates the export—deforestation elasticities by continent-commodity pair. Ex-

3The near-zero cassava elasticity, despite its large measured export growth, is consistent with cassava being a largely
non-traded subsistence staple whose export growth comes off a very small base, so foreign demand exerts little leverage
on cassava-related clearing.

49



port-driven deforestation is again concentrated in humid-tropical frontiers in South America, South-
east Asia, and Africa, where suitable agro-climatic conditions for palm oil, cocoa, rubber, coftee,
nuts, and stimulants overlap strongly with remaining forests. In South America, almost all export
commodities exhibit large positive elasticities. Cocoa (0.97), coffee (0.89), stimulants (0.89), palm
(0.88), nuts (0.86), rubber (0.79), soybeans (0.77), fibre (0.72), other cereals (0.68), cattle (0.65),
sugar (0.59), pulses (0.59), other oilseeds (0.59), vegetables (0.48), maize (0.46), fruits (0.45), cas-
sava (0.41), and rice (0.38) all show statistically significant responses. In Southeast Asia, export
elasticities are large for tree crops: stimulants (0.72), cocoa (0.69), nuts (0.68), coffee (0.65), palm
(0.64), and rubber (0.53) are strongly positive. Soybeans (0.46), fibre (0.43), other oilseeds (0.35),
other cereals (0.33), sugar (0.33), pulses (0.30), cattle (0.27), vegetables (0.26), and fruits (0.23)
are positive and significant. Maize (0.21) and rice (0.17) are positive but insignificant; cassava

(0.03) is near zero.

In Africa, tree and perennial crops dominate. Nuts (0.73), coffee (0.70), cocoa (0.69), stimulants
(0.63), palm (0.54), fibre (0.50), soybeans (0.46), rubber (0.35), other cereals (0.33), pulses (0.30),
other oilseeds (0.29), cattle (0.28), and vegetables (0.19) are positive and significant. Sugar, maize,
fruits, cassava, and rice have small and statistically insignificant elasticities. In the Rest of Asia,
nuts (0.68), stimulants (0.65), fibre (0.56), cocoa (0.55), coffee (0.54), soybeans (0.49), other ce-
reals (0.41), rubber (0.41), pulses (0.37), palm (0.37), other oilseeds (0.35), cattle (0.33), sugar
(0.28), and vegetables (0.26) show positive and significant responses. Fruits, maize, and rice are
positive but insignificant; cassava records a negative and significant elasticity (—0.21). In Europe,
elasticities are large across a wide range of crops: nuts (0.96), stimulants (0.78), fibre (0.73), soy-
beans (0.72), other cereals (0.65), pulses (0.59), other oilseeds (0.58), cattle (0.52), sugar (0.48),
maize (0.44), vegetables (0.42), and fruits (0.37) are positive and significant, while rice (0.27) is

significant at the 10% level.

Results are mixed in other regions. In North and Central America, coffee (0.80), nuts (0.77), stim-
ulants (0.71), cocoa (0.71), palm (0.69), fibre (0.66), soybeans (0.60), and rubber (0.55) have the
largest responses. Other cereals (0.47), pulses (0.46), other oilseeds (0.42), cattle (0.41), sugar

(0.40), maize (0.31), fruits (0.29), and vegetables (0.28) are also positive and significant. Rice
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(0.15) and cassava (0.03) are statistically insignificant. In Oceania, cocoa (0.63), coffee (0.56),
nuts (0.53), stimulants (0.47), and fibre (0.39) are positive and significant. Palm (0.47), other ce-
reals (0.28), other oilseeds (0.25), rubber (0.23), and soybeans (0.19) are positive but insignificant;
rice (—0.39) and cassava (—0.89) are negative and insignificant. North Asia is generally muted:
stimulants (0.56), nuts (0.53), and rubber (0.52) are marginally significant at the 10% level, while
all other commodities are statistically insignificant. Cassava (—0.25) and rice (—0.04) are negative

but insignificant.
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Figure 4: Deforestation elasticities of commodities with respect to exports for each continent. The
estimates are based on control-function PPML estimation. The fixed effects include country—year
and commodity—year fixed effects. Bootstrap standard errors based on 1,000 replications are re-
ported in parentheses. Red color indicates positive elasticities and green indicates negative elastic-

ities. Significance levels: *** p<0.01, ** p<0.05, * p<0.1.

2.6 Robustness checks

2.6.1 Alternative specifications checks

To assess robustness to functional form, we estimate the effect of international demand using
four alternative outcome transformations, which are log(Deforestation), log(1+Deforestation), as-
inh(Deforestation) and level. Across these specifications, we keep the same fixed effects and clus-
tering. Qualitatively, the results are similar across all outcomes (see appendix A12). Signs and
statistical significance are preserved in the pooled sample. The pattern of heterogeneous responses
by commodity (stronger for land-intensive frontier commodities such as cocoa, palm, rubber, soy-
beans, and pasture) and by region (larger in South America and Southeast Asia) remains consistent
with main results. Magnitudes adjust as expected with the transformation. PPML tends to give
greater weight to observations with larger conditional means. Log-based models emphasize pro-

portional changes among positive observations. Inverse hyperbolic sine sits between these two.

2.6.2 Placebo test

The consistency of the estimates from our shift-share design relies on the exogeneity of demand at
product-destination-year, (s, j,t), for each country-commodity-year, (i, k,t). We treat the shares

as fixed and test whether the geographic pattern of importer-side demand shocks matters for iden-

tification. Within each commodity—exporter—year cell (k,4,t), we keep the shares w?, ; unchanged
but randomly reassign the importer fixed effects z@j k¢ across destination countries j, thereby break-
ing the link between the actual destination-specific shocks and each exporter’s trade partners. We

repeat this 1,000 times and re-estimate the effect of foreign demand on deforestation. Figure 5
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presents the resulting placebo distributions. The estimated coefficient and t-statistic from the ac-
tual data fall outside the placebo distribution, confirming that identification stems from the actual
geographic pattern of importer-side demand shocks and not from a mechanical correlation in the

Instrument construction.

a. Placebo coefficient distribution b. Placebo t-statistic distribution
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Figure 5: Distributions of estimated coefficients and t-statistics from shock permutation samples.
Note: The density plots are based on 1,000 iterations in which importer fixed effects 1[)]';“ are
randomly shuffled across destination countries within each commodity—exporter—year cell, keeping
export shares fixed. The 95% confidence intervals are constructed using percentile confidence
intervals at the 2.5th and 97.5th percentiles of the placebo distribution. The red vertical solid lines

represent the coefficient and t-statistic estimated from the actual data.

2.6.3 Alternative shares

A potential concern with our shift-share instrument is that the export shares wfjs are computed over

the analysis period (2001-2022) and could themselves reflect deforestation-driven component in
trade composition. If, say, clearing additional land enabled country i to expand exports of com-
modity k to destination j during the study period, the increased shares would represent supply-side
responses, violating the exogeneity condition (Goldsmith-Pinkham et al. 2020; Borusyak et al.

2022).
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We test this concern by reconstructing the instrument using pre-sample shares computed from the

k with

(L]

19962000 trade data, five years before the analysis period begins. Formally, we replace w

wfj’fre, the average bilateral export share for each country—product pair over 19962000, while
retaining the same importer-side demand shocks zﬂjkt,l from the gravity model estimated on the

full panel:

A 3) ST NEIC
Jj  s€k
Pre-sample shares are predetermined relative to all deforestation and trade adjustments in the anal-
ysis period, so this specification is not the endogenous-shares by design. The downside is that pre-
sample shares may imprecisely measure each exporter’s true market exposure by the mid-2010s,
as trade networks evolve. This measurement error in the shares would attenuate the first stage and

potentially reduce precision.

Appendix A17 reports the pooled and heterogeneous results under fl\)f,:: . The pooled export elas-
ticity of deforestation is similar in magnitude to the main estimate, and statistically significant at the
1% level. The pattern of heterogeneous responses is qualitatively preserved: perennial and frontier
commodities (stimulants, rubber, palm, cocoa, nuts) and the cattle and soybean sectors carry the
largest commodity-level elasticities, while staples show small or insignificant responses. By con-
tinent, South America and Southeast Asia retain the highest elasticities. These results indicate that

the main findings are not an artifact of endogenous base-period shares.

2.6.4 Alternative instrument check

We construct a second instrument, F'D2;;,, that replaces bilateral pair fixed effects in the gravity

equation (3) with observable trade-cost controls. We estimate the gravity equation as shown below:

Xijst = €Xp (51 Ind;; + B2COL;j; + BsLANG; + BsCONTGj + ¢ig + szt)gijsh 9)
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where d;; is bilateral distance, COL;; indicates ever-colonial ties, LANG;; a common official
language, and CONT'G;; a shared land border. Exporter-commodity—year (¢;;) and importer—
commodity—year (1;5) fixed effects are retained. We construct the instrument aggregating desti-

nation fixed effects and effects of arguably exogenous bilateral variables.

FT)Q\ikt = Z exp(ﬁl 11’1 dij + BQCOLU + BgLANGU + B4CONTGZ] + Q,ijtfl), (10)

J

Unlike fl\)ikt, which weights destination shocks by observed export shares, F'D2;;, aggregates
gravity-predicted demand using time-invariant bilateral trade costs which is an alternative way to

isolate exporter-specific foreign market exposure from supply-side variation.

Appendix table A16.1 reports the pooled result. The pooled export elasticity of deforestation under
F@_l is 0.514, which is larger in magnitude than the 0.31 estimate from the main specification.
However, heterogeneous effects by commodity group and continent, shown in appendix figures
A16.1-A16.2, are qualitatively consistent with the main results. Perennial and tree crops (stim-
ulants, rubber, palm, cocoa, nuts) carry the largest elasticities, and South America and Southeast

Asia account for the highest continent-level responses.

2.7 Discussion

Our control-function PPML estimates indicate that a 10% increase in exports raises commod-
ity-specific deforestation by 2.96%. Berman et al. (2023) estimates that a 10% increase in their
suitability-weighted crop price index increases tropical deforestation by a little over 10% (an elas-
ticity on the order of one). This price elasticity is plausible given that they focus on total tree-cover

loss, whereas our focus is on forest loss explicitly linked to agricultural expansion.

A key contribution of our analysis is to reveal heterogeneity behind this aggregate effect. Ex-
port-mediated deforestation elasticities are concentrated in perennial tree crops (stimulants, rubber,
oil palm, cocoa, coffee, nuts) and extensive livestock/feed sectors (cattle, soy), and are largest in

South America, Southeast Asia and Europe. This pattern closely mirrors pan-tropical footprint and
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tele-coupling studies, which attribute most export-embodied deforestation to beef/cattle, soy, palm
oil, rubber, cocoa and coffee (Pendrill, Persson, Godar, Kastner, Moran, et al. 2019; Pendrill, Pers-
son, Godar and Kastner 2019; Pacheco et al. 2021; Meyfroidt et al. 2020). The magnitudes are
broadly consistent with country-level causal evidence linking export or price shocks to substantial
forest loss in Brazil, Indonesia, and other tropical frontiers (e.g., Du et al. 2024; Carreira et al.
2024; Abman et al. 2020). Noticeably, the variation in export-deforestation elasticities is larger

across commodities than across regions.

We interpret three mechanisms behind the larger elasticities of the perennial tree crops. First, the
agro-climatic niches of these crops overlap closely with tropical and humid forests in the Ama-
zon/Cerrado, Indonesia—Malaysia and West Africa (Pendrill, Persson, Godar, Kastner, Moran, et
al. 2019; Pendrill, Persson, Godar and Kastner 2019; Curtis et al. 2018; Pacheco et al. 2021),
so expansion margins in these sectors are likely to be forest. Second, these are high-value, ex-
port-oriented crops providing higher incentives to expansion. This fits with evidence that a small
set of high-value commodities accounts for a disproportionate share of trade-embodied deforesta-
tion (Pendrill, Persson, Godar, Kastner, Moran, et al. 2019; Pendrill, Persson, Godar and Kastner
2019; Meyfroidt et al. 2020). Third, perennial tree crops involve high establishment costs and long
gestation lags but, once established, are relatively hard to reconfigure (Leijten et al. 2023; Gock-
owski and Sonwa 2011; Sassen et al. 2022). So, demand shocks are often met by expansion rather
than intensifying or rejuvenating existing stands (e.g., Angelsen 2010; Lambin and Meyfroidt 2011;
Ahrends et al. 2015).

In contrast, staple cereals and horticultural crops shows comparatively weaker export-deforestation
elasticities. One plausible explanation is displacement and intensification mechanisms. As high-value
export crops expand, staple and horticultural production can reallocate onto already cleared land,
and additional demand may be met through yield gains rather than expansion (Garcia et al. 2020;
Meyfroidt, Rudel and Lambin 2010). This interpretation is reasonable in land-scarce or post-
transition regions, where agricultural growth occurs through intensification, imports and spatial
reorganization than through low-value clearing (Garcia et al. 2020; Meyfroidt et al. 2010). Global

and regional studies likewise document land-sparing patterns (e.g., Lambin and Meyfroidt 2011;
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Meyfroidt et al. 2020; Zabel et al. 2019; Byerlee, Stevenson and Villoria 2014; Villoria, Byerlee

and Stevenson 2014).

The relatively larger elasticities estimated for Europe should be interpreted with caution. They re-
flect high proportional sensitivity, but not high absolute scale. Europe accounts for only a small
share of global commodity-attributed deforestation—for instance, around 0.1% for stimulants (about
530 ha), 4.7% for other cereals (127.7 thousand ha), and 0.4% for cattle (196.8 thousand ha)—far
below the corresponding shares in the major tropical frontier regions (appendix A15). Thus, even
moderate changes in land conversion can generate comparatively large elasticities when measured
against a small initial deforestation base. This denominator effect is reinforced by the fact that ex-
port growth in Europe is generally smaller than in other regions (appendix A8), while percentage
changes in deforestation can still appear large because baseline deforestation levels are low (see
appendix A14). One plausible interpretation is that European export expansion operates through
land-use adjustment within post-forest-transition landscapes, such as re-cultivation of fallow land
or conversion of secondary and semi-natural woody cover, rather than through large-scale tropical
frontier clearing (e.g., Meyfroidt et al. 2020). This is also consistent with Europe’s role as a major
importer, rather than exporter, of tropical forest-risk commodities such as oil palm, cocoa, coftee,
and rubber. On this reading, the European coefficients indicate that export growth can induce mea-
surable land conversion even in mature agricultural systems, while remaining globally much less

important than tropical export-frontier dynamics.

Our estimates should be interpreted with several caveats. Because identification comes from shift—
share instruments, they capture the effects of differential destination—product demand shocks while
absorbing common global price movements and national shocks. However, even with time-varying
country controls, we cannot fully exclude the influence of time-varying, commodity-specific do-
mestic policies, such as credit expansion, zoning changes, or shifts in enforcement. In addition,
our framework is reduced-form and largely static, so it does not explicitly model dynamic land-
use adjustment and may understate or mis-time responses where deforestation occurs with lags,
particularly for perennial crops. Finally, although commodity—year fixed effects absorb common

international price movements, this effectively treats global price shocks as common across pro-
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ducers. In practice, price pass-through may be incomplete and heterogeneous across countries and

sub-national regions.

A further limitation concerns indirect and cross-border leakage. For example, when higher soy
demand displaces pasture, the resulting pasture expansion may clear forest, so part of the soy-driven
deforestation is realized as pasture clearing. So our commodity-specific elasticity is thus a direct
own-commodity conversion response in own country. For a land-displacing crop such as soy, the
estimated elasticity is a lower bound on its full demand-driven deforestation, since some of the

clearing it induces is counted under the absorbing activity, may be as cattle-driven deforestation.

2.8 Conclusion

We provide evidence that international demand is an important driver of deforestation linked to
agricultural expansion. Using a shift-share identification strategy in a panel of 138 countries and
18 commodity groups over 2001-2022, we find that a 10% increase in export sales raises com-
modity-attributed deforestation by approximately 2.96%. This average effect, however, masks
heterogeneity across commodities and regions. Export