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ABSTRACT

Governments across the world are increasingly seeking to ensure that the products consumed in their countries
meet certain sustainability standards. However, the places of production—where major impacts occur—are often
distant from the places of consumption. Physical trade models are suited to estimate the link between con-
sumption and production impacts for individual commodities, but often ignore trade in derived products, ob-
tained by processing primary commodities, especially for non-food products. Derived products which are
manufactured using multiple primary commodities, such as shoes containing leather, rubber, as well as other
textile materials, pose a special challenge for these models. This can lead to biased assessments of sustainability
risks and obscure leverage points to address them. To mitigate the risk of bias, here we present an approach for
assessing the importance of accounting for trade in derived products when attributing impacts. We apply the
approach to trade in rubber and bovine hide products and associated deforestation to assess the coverage of
relevant products included in the European Union (EU) regulation on deforestation-free products (EUDR), as well
as to inform future revisions of the regulation’s scope. We consider trade flows for 135 types of rubber products
and 37 types of products derived from bovine hides. We find that rubber and bovine hides enter the EU at
different stages of the supply chain. While natural rubber enters the EU at an early processing stage, through
imports of raw natural rubber, most products derived from bovine hides enter the EU either as processed
products or as consumer goods. Our results thus highlight that depending on the product, the share of total
deforestation attributed to the EU’s consumption could be significantly affected by choices in which derived
products are accounted for. Weighting the costs and benefits of the inclusion of derived products for each
commodity is therefore key to designing demand-side policies that cost-effectively and successfully address the
deforestation risk associated with consumption.

1. Introduction

Global trade is a key driver of environmental impacts related to land
use activities (Wiedmann and Lenzen, 2018). This calls for innovative
modes of governance that transcend traditional political boundaries to
protect biodiversity and forests on the global scale (Newig et al., 2019).
Such governance approaches draw on the premise that sustainability
initiatives in one state or territory often have broad impacts on distant
states or territories through systemic effects (Munroe et al., 2019).

In recent years, governments in a number of countries are exploring
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options of supply-chain legislations to ensure that products consumed
within their territories meet certain sustainability standards. A promi-
nent example is the EU regulation on Deforestation-free products
(EUDR), which entered into force in June 2023, with the aim to ‘mini-
mise consumption of products coming from supply chains associated
with deforestation or forest degradation’ (EC, 2023), through a
requirement on importers of certain forest-risk commodities to carry out
due diligence ensuring that products placed on the market are not
sourced from recently deforested land.

The list of products covered by the regulation is based on a
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commodity scope, as well as a product scope. The commodity scope
—beef and leather, soybeans, palm oil, coffee, cocoa, rubber, and
timber— was established based on an impact assessment, providing
insights into the extent and geography of EU demand for agricultural
and forest commodities whose expansion has been leading to defores-
tation and forest degradation in the tropics (EC, 2021). Regarding the
product scope, although NGOs and some industry associations called for
the inclusion of all derived products from each commodity (EC, 2021;
COCERAL, FEDIOL, and FEFAC, 2021), the European Commission
decided to limit the scope in order to enhance implementability. Due to
limited capacity of the impact assessment, this meant that only the
‘main’ traded forms for each commodity were included (EC, 2021),
typically excluding consumer goods and other highly processed
products.

Estimates of how environmental impacts are associated with inter-
national supply chains - that provide a quantitative benchmark and
have provided justification for the EUDR as well as informed its com-
modity scope — typically rely on trade data compiled by international
organisations such as the Food Agriculture Organisation (FAO), the
United Nations (UN), and the World Trade Organisation (WTO). How-
ever, in the bilateral trade statistics published by these organisations,
the country of origin corresponds to the country from which the product
was last shipped (Bruckner et al., 2014), which does not necessarily
correspond to the country where the initial land-based activities took
place. This issue has been addressed by combining input-output theory
(Leontief, 1936; Miller and Blair, 2009) and trade flows in monetary
terms (e.g., Kitzes et al., 2009; Moran et al., 2020) or physical terms
(Bruckner et al., 2019; Kastner et al., 2011) to track the primary origin of
agricultural commodities available for use in a specific country.

Compared to monetary-based trade models—which typically have
low sectoral resolution—physical trade models have the advantage of
being able to trace flows of specific commodities. This is particularly
relevant to address environmental issues related to crop cultivation
through supply chain measures. For example, the physical trade-based
method developed by Kastner et al. (2011) has been applied to
examine the risk of tropical deforestation associated with countries’
demand for different primary commodities (Pendrill et al., 2019) and
these data have been used in the EU’s impact assessment underpinning
the EUDR (EC, 2021). The trade database from FAOSTAT has generally
been used for this kind of investigation because it contains detailed in-
formation on the production and trade of many agricultural commod-
ities (e.g., Bruckner et al., 2019; Pendrill et al., 2019; Arto et al., 2022).
However, through their reliance on FAOSTAT trade data, these models
are constrained in the inclusion of derived products (see method
section).

However, besides trade in their primary forms (e.g., cotton fibre,
fruits), many commodities are typically essential inputs for a wide va-
riety of derived products that are also traded. Derived products are
products obtained from the transformation of the primary commodity
into processed products for industrial use (e.g., yarn, fabrics, juice
concentrates) or final consumption (e.g., clothing, fruit juices). The
FAOSTAT trade database does include trade flows for many derived
products used for food purposes (e.g., fruit juice, bread, sausages), but
does not contain such detailed information on derived products that are
not used for food purposes (e.g., clothes, tyres, shoes) (Bruckner et al.,
2014).

Consequently, the system boundaries of the physical trade models
used to link demand for non-food products to place-based environ-
mental impacts are often cut at an early stage in the supply chain,
leading to ‘truncation errors’ (Hubacek and Feng, 2016; West et al.,
2022); i.e., errors resulting from values not representing the entire
impact of the supply chain, but only representing the impact until the
cut-off in terms of product processing. This can be limiting, because
demand for derived products may also be used as a leverage point for
addressing environmental and social issues related to the production of
agricultural commodities (COWI, 2018). Indeed, sustainability
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initiatives can be taken by a wide variety of supply chain actors, from
traders to manufacturers, financiers, and end consumers (Bager et al.,
2021). While the issue of incomplete coverage of trade in derived
products in the FAOSTAT trade database is well known (Hubacek and
Feng, 2016), implications for consumption-based estimates of environ-
mental impacts of non-food land-based products have not been exten-
sively explored.

In this paper, we seek to explore the role of trade in derived non-food
products in determining the extent and geography of countries’ demand
for commodities, as well as associated environmental impacts. We use
the case of the EUDR and evaluate the extent to which the EUDR suc-
cessfully addresses deforestation due to EU demand. We develop an
approach for assessing the magnitude of truncation errors in physical
trade models which can be applied to a variety of environmental or
social impacts and commodities, subject to data availability. We then
apply this approach to the case of natural rubber and bovine hides, two
central non-food commodities included in the EUDR. Our aim is to un-
derstand whether these commodities from different origins enter a
country or region — in our example the EU - in unprocessed or processed
forms, and how inclusion or exclusion of these trade flows translate into
changes in deforestation risk estimates. We finally use these insights to
discuss the EUDR scope for natural rubber and bovine hide products and
how important the inclusion of derived products is for incentivizing
deforestation-free production.

Natural rubber is a relevant commodity, used primarily to support
mobility around the globe (Laroche et al., 2021) and included in the
EU’s list of critical raw materials (EC, 2020). In contrast, although
bovine products are primarily used for food and analyses of cattle’s
impact on deforestation has been widely addressed (e.g., Gerber et al.,
2015; Kristensen et al., 2015), the impact on deforestation of the pro-
duction of hides, a non-food by-product used to manufacture leather
products, has been only marginally investigated. However, there is an
inextricable link between the leather industry and pasture conversion
for cattle ranching, which has been estimated as the largest driver of
recent deforestation (Pendrill et al., 2022; Singh and Persson, 2024a)
and bovine hides and a number of products derived from them are
included in the EUDR.

2. Method

This paper studies the relevance of including trade in derived prod-
ucts when estimating the contribution of the EU’s consumption to rub-
ber- and bovine hides-related deforestation. In this methodological
section, we illustrate how primary commodities flow through trade in
derived products (2.1), and present three calculation steps to quantify
the effect of including trade in derived products on the estimated
contribution of a country’s apparent consumption to environmental
impacts (2.2). We then present data sources for exploring the case of
rubber- and bovine hides-related deforestation (2.3).

2.1. Framework and definitions

The relevance of including trade flows of derived products when
estimating the extent and impacts of consumption will depend on their
contribution in relation to trade in the primary commodity and will vary
across countries and commodities. Fig. 1 illustrates how a primary
commodity flows between different countries through trade in the pri-
mary commodity itself, but also through trade in derived products. We
provide a supplementary excel file to allow exploration of the effects
under different data configurations (Supplementary material 2).

‘Apparent consumption’ refers to the quantity of a primary commodity
available for use in a country, where use corresponds to either inter-
mediate (i.e., as a production input) or final consumption (UN, 2016). It
can be estimated from data on the production of the primary commodity
and data on trade in the primary commodity and products derived from
it in physical terms, using the method of Kastner et al. (2011). This
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Fig. 1. a) Simplified representation of the supply chain of natural rubber and bovine hides, and b) diagram illustrating how these products (i.e. primary commodity,
processed products and consumer goods) can flow between countries through trade. In the example, Country A and country B produce the primary commodity.
Country A exports the primary commodity to countries B and D, and country B exports the primary commodity to country C. However, the exports from country B
partly consist of re-exports from country A (i.e. export it in the exact same form as it was imported), as well as exports from its own production (note that this also
applies and is accounted for for downstream trade flows in the diagram but is only shown in the first stage for the sake of simplicity). Country B, C and D process and
manufacture the primary commodity into consumer goods. Country B exports processed products to country C, and country C exports processed products to country
D. Finally, countries B, C and D export consumer goods to country A and D, where consumption takes place. Including trade in processed products or consumer goods
affects apparent consumption estimates in countries that produce and export such goods (e.g., decreasing apparent consumption in country B), or import processed

goods (e.g., increasing apparent consumption in countries C and D).

method allows for tracing the origins of a primary commodity—in this
case, the country of crop cultivation or the country of livestock rear-
ing—using information on the proportional composition of the supply of
trading partners (domestic production and imports). As a result, it
quantifies the mix of origins of a primary commodity’s apparent con-
sumption in a country. Results can then be used to link resource use at
the national level with impacts occurring in specific locations
(Chaudhary and Kastner, 2016; Dalin et al., 2017).

‘Trade flows’ are determined by the spatial patterns of ‘production’,
‘processing’ and ‘final consumption’ of the primary commodity and the
products derived from it at different processing stages. A ‘primary com-
modity’ corresponds to the first tradeable form of a crop or animal
product, obtained by applying only basic treatments after harvest or
slaughter (e.g., cleaning, drying). ‘Processed products’ are derived prod-
ucts resulting from further processing of the primary commodity (e.g.,
seeds processed into vegetable oil, fibres processed into yarn, tanning of
hides into leather), which may involve blending with other materials (e.
g., cotton fibre may be blended with one or more other fibres before it is
spun into yarn). ‘Consumer goods’ are also derived products, but come as
marketable items intended for end users, often obtained from combining
various processed products derived from different materials (e.g., shoes,
furniture, or tyres). The amount of primary commodity that derived
products contain (primary content) is commonly expressed in propor-
tion to their weight and decreases through processing stages. Differences
in production processes between countries and firms can result in dif-
ferences in the composition of similar products.

2.2. Calculation steps

Omitting or including trade in derived products affects estimates of
the role of countries in the environmental impact associated with the
production of a commodity. This effect can be quantified through three
calculation steps:

(1) estimate countries’ apparent consumption by accounting for
trade flows of either (i) primary commodity only, (ii) primary
commodity and processed products, or (iii) primary commodity,
processed products and consumer goods.
calculate the difference between these apparent consumption
estimates. The effect of including trade in processed products on
apparent consumption is then indicated by the difference be-
tween (ii) and (i), and that of including trade in consumer goods
by the difference between (iii) and (ii). The overall effect of the
inclusion of trade in derived products is shown by the difference
between (iii) and (i).
(3) estimate countries’ contribution to environmental impacts. A
country’s contribution to the environmental impact occurring in
a producing country is calculated by multiplying the share of the
producing country’s total production (of e.g., natural rubber)
apparently consumed in the country by an indicator of impact in
the producing country (e.g., deforestation caused by natural
rubber).

(2

—

The R code to reproduce the calculation steps of this study is pro-
vided at https://zenodo.org/records/11085412.

2.3. Data sources

We decompose the supply chain of natural rubber and bovine hides
into four main stages (Fig. 1a). For rubber, the primary commodity is
natural rubber, harvested in liquid or coagulated (cup lump) forms and
centrifuged or cleaned, formed into sheets or blocks, and air-dried near
the plantations to reach its first tradeable form (Priel, 2022). It must
then undergo a series of processing steps to meet specific uses. Liquid
latex is used to manufacture thin rubber items such as pharmaceutical
gloves and condoms, or mattresses, while cup lumps are used for tyres
and technical rubber items (e.g., tubes, pipes). Natural rubber is usually
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blended with other ingredients (e.g., synthetic and/or reclaimed rubber
and carbon black) to obtain a compound (i.e., low-processed products)
that meets the technical requirements of end uses. This compound is
then eventually combined with other materials (e.g., steel), shaped and
vulcanised into highly processed products (e.g., tyres) (Priel, 2022).
Highly processed products are then marketed to industries to support the
manufacturing process (e.g., conveyor belts, tubing), or incorporated
into consumer goods (e.g., vehicles, textiles, shoes) intended for end
users. Some highly processed products are sold to end-users as spare
parts (e.g., tires) and some consumer goods serve as inputs to industrial
processes (e.g., vehicles). However, the physical trade matrices provided
by international organisations (e.g., FAOSTAT, 2024; Comtrade, 2024)
do not distinguish between types of consumption users, leaving the
potential fates of these products unknown. Our distinction between
highly processed products and consumer goods can therefore solely be
based on product categories.

For bovine hides, the primary commodity is raw hides, cleaned, cured
and conserved after the slaughter of the animal. This prevents the hides
from decaying, ensuring that they can be safely transported to tanneries,
where they are processed into low processed products (i.e. wet-blue or
tanned hides). During this process, the hides undergo several mechani-
cal and chemical treatments to remove unwanted materials, like kera-
tinous structures and fats. At the end, the hides are treated with mineral
tanning agents (mainly salts of chromium) to stabilize collagen fibres.
After tanning, hides are rinsed, dried, and eventually split, dyed, or
further enhanced (highly processed products) (IFC, 2007). The leather
produced in this step is finally manufactured into consumer goods (e.g.
shoes, clothes, bags) intended for end users.

For our assessment of rubber and bovine hides, we focus on the
period 2018-2020. We focus our analyses on the EU, i.e. the 27 EU
Member States (as of 2024) that are targeted by the EUDR. Results for all
countries for the years 2012-2022 are available at https://zenodo.
org/records/11085412.

2.3.1. Production data

We use production data from FAOSTAT (2024), the only compre-
hensive open-access global data source for natural rubber and bovine
hides. Production figures for rubber refer to stabilised or concentrated
liquid latex and coagulated rubber latex (cup lump) in dry weight,
corresponding to 60% of liquid weight. Inconsistent reporting by
rubber-producing countries (see Laroche et al., 2021 — Table S8) in-
troduces potential inaccuracies in the FAO rubber production figures
that are currently difficult to quantify. For hides, production refers to
raw (conserved) hides and skins. We included hides from cattle and
buffaloes, as the trade data up until highly processed products explicitly
refers to bovine hides and leather, including buffalo hides (See Section
2.3.2). Cattle and buffalo hides account for ~76% of global hide pro-
duction (FAOSTAT, 2024).

2.3.2. Trade data

We use bilateral trade flow data from the BACI (2024) database
which, in contrast with the FAOSTAT (2024) trade database, covers a
large number of non-food products at different levels of processing
(Table 1 and Table 2). Regarding rubber and leather, FAOSTAT (2024)
only covers the primary commodity, i.e. natural rubber under the item
codes 836 and 837, and raw hides and skins under the item codes 919
and 957. These codes correspond to the HS 4-digit codes 4001 and 4101
respectively (Tables 1 and 2).

Both FAOSTAT (2024) and BACI (2024) are based on the harmo-
nisation records of the United Nation’s Comtrade (2024) database on
bilateral import and export flows to eliminate inconsistencies due to
differences between countries’ currencies and reliability. While BACI
(2024) retains the product coverage of the United Nation’s Comtrade
(2024) database, FAOSTAT (2024) presents a version with harmonized
classifications of agricultural and forestry products that are reported
based on production numbers.
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Table 1

Rubber product categories included in the analysis, listed by corresponding HS
4-digit code, description, and supply chain stage. A detailed list of all 135
products at the HS 6-digit code is provided in the Supplementary materials
(Table S1). Product categories marked in bold are included in the EUDR (EC,
2023). Product categories marked with an asterisk (*) are included in the trade
data from FAOSTAT (2024).

Product category HS 4- Product category description Supply chain stage

digit code
4001* Raw natural rubber Primary .
commodity
4005 Compounded rubber Low processed
products
Other forms (e.g., camel Low processed
4006
back) products
Highl
4007 Thread, cord ighly processed
products
4008 Plate, sheets, strip, rods Highly processed
products
4009 Tubes, pipes, hoses Highly processed
products
Conveyor, transmission Highly processed
4010 .
belts, beltings products
4011 Pneumatic tyres Highly processed
products
2012 Retreaded or used Highly processed
pneumatic tyres products
4013 Inner tubes Highly processed
products
4014 Hyfglemc or pharmaceutical Consumer goods
articles
Articl f 1
4015 rtic 'es ot app: are' and Consumer goods
clothing accessories
4016 Other articles (e.g., mats, Consumer goods
gaskets)
4017 Hard rubber in all forms Highly processed
products
3405 Scouring pastes Consumer goods
3506 Prepared adhesives Consumer goods

5604, 5607, 5806, 5906,
5911, 6002, 6113, 6116

6401, 6402, 6403, 6404,
6406

6506

8701, 8702, 8703, 8704,
8705, 8711, 8712, 8716

9404

9615

Textile with rubber parts

Footwear with rubber sole
Headgear with rubber part
Vehicles

Mattresses made of rubber

Combs, hair-slides and similar

with rubber parts

Consumer goods

Consumer goods
Consumer goods
Consumer goods
Consumer goods

Consumer goods

Table 2

Bovine hides product categories included in the analysis, listed by corresponding
HS 4-digit code, description, and supply chain stage. A detailed list of all 37
products at the HS 6-digit code is provided in the Supplementary materials
(Table S2). Product categories marked in bold are included in the EUDR (EC,
2023). Product categories marked with an asterisk (*) are included in the trade
data from FAOSTAT (2024).

Product category HS 4-digit
code

Product category
description

Supply chain stage

4101*
4104

4107

4114, 4115

4201
4202

4203, 4205

6403, 6404, 6405

Raw hides and skins

Tanned hides
Leather

Leather

Saddlery and harness
Cases and handbags
Textile containing
leather

Footwear containing
leather

Primary commodity
Low processed
products

Highly processed
products

Highly processed
products

Consumer goods
Consumer goods

Consumer goods

Consumer goods
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The product resolution in BACI (2024) corresponds to the traded
good level (HS 6-digit code”). We identified a total of 135 traded goods
containing ‘rubber’ in their HS description, belonging to 40 different
product categories (HS 4-digit levell). We allocate these 40 product
categories to the four supply chain stages (Table 1).

We identified 16 traded goods containing either ‘bovine hides’ or
‘bovine leather’, as well as 21 traded goods which contain ‘leather’ in
their HS description, but do not specify the animal origin of the primary
commodity (i.e. hides). However, as buffalo and cattle hides account for
up to 76% of the worldwide produced hides (FAOSTAT, 2024), we as-
sume that at least three-quarters of these traded goods are manufactured
from bovine hides. This sums up to a total of 37 traded goods, belonging
to 12 product categories (HS 4-digit level). We allocate these 12 product
categories to the four supply chain stages (Table 2).

Our approach is flexible in terms of the allocation of the products
into different categories. It can be modified to e.g. reflect the inclusion of
the products in environmental regulations, thus allowing an exact
assessment on the possible benefits of including specific derived prod-
ucts in the scope of such regulations.

2.3.3. Primary commodity content in traded products

The primary content of rubber products is expressed as a proportion
of their weight and is assumed to be uniform within a product category
(HS 4-digit codez), except for categories 4011 and 4012 (tyres). For
these product categories, we determine the primary content by product
(HS 6-digit code?) to account for differences between vehicle types (e.g.,
passenger cars, trucks). However, potential differences in production
processes between countries and firms are not accounted for because
such information is not available for global-scale analyses.

Uncertainty about the primary commodity content of products is
high and increases along the supply chain, as the number of materials
involved increases. For rubber, we used conversion factors from Laroche
et al. (2021) as a basis, and contacted an expert working in consultancy
(Shaw, 2022) to verify and gain additional insights. We shared the list of
product categories (Table 1) with this expert and asked him to indicate a
range of potential primary content (natural rubber) of the products
(Table S1). For bovine hides, we calculated conversion factors as
described in the Supplementary materials, based on the report presented
on the mass balance in leather processing by the United Nations In-
dustrial Development Organisation (Buljan et al., 2000), as well as on
the information provided by a leather manufacturer regarding ranges in
the amount of material needed to produce leather goods (Damm, 2022).

We quantify uncertainties regarding the composition of derived
products by calculating results with the mean (Figs. 2, 3 and 4), mini-
mum and maximum conversion factors (Tables S4, S5 and S6).

2.3.4. Deforestation data

We use average figures of forest area lost due to the expansion of
natural rubber plantations into forests (gross deforestation) per country
and per year from the Deforestation Driver & Carbon Emission
(DeDuCE) model (Singh and Persson, 2024a, 2024b), the most
comprehensive deforestation attribution dataset currently available.
Other estimates of rubber-related deforestation have been derived from
spatially explicit approaches but cover a limited number of rubber-
producing countries (Table S3).

The DeDuCE model aims to attribute deforestation—the permanent
replacement of natural forests by other land-uses—across the globe to
commodities produced on expanding croplands, pastures, and forest
plantations. It does so by overlaying satellite data on forest loss with
maps of specific crops (e.g., soybeans, oil palm, cocoa, and rubber) or of

2 The Harmonized System (HS) is one of the two main international reporting
systems for trade statistics. Traded goods are classified using a 6-digit code and
grouped into product categories indicated by a 4-digit code, and broad chapters
indicated by a 2-digit code.
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broader land-uses (e.g., croplands, forest plantations, and pastures) or
deforestation drivers. Through a procedure that prioritizes data with
higher spatiotemporal accuracy and detail, the model identifies where
deforestation occurs and attributes this directly to a commodity using
spatial data or to a broader land-use (e.g., agriculture or commodity
production). Where deforestation cannot be spatially attributed to a
specific commodity, the model uses non-spatial agricultural and forestry
statistics to assess commodity-driven deforestation in a two-step pro-
cedure: first, the deforestation attributed to broad land-uses is further
subdivided between cropland, pastures, and forest plantations based on
their relative (gross) expansion in a region (typically at country-level);
second, deforestation attributed to cropland expansion (either based
on cropland maps or statistics) is further allocated between different
crop commodities in proportion to their respective increase in harvested
area.

For rubber, the model includes maps of plantation extent in eight
countries in Southeast Asia in year 2021 from Wang et al. (2023), based
on satellite remote sensing data. Together these countries accounted for
over 90% of total (globally) estimated rubber deforestation in the period
2001-2022, and thus the data on deforestation embodied in rubber
presented here are primarily based on high-resolution spatial data
(rather than non-spatial agricultural statistics). Similarly, the estimates
of deforestation attributed to leather products below are primarily based
on high-resolution maps of pasture extent in in twelve South American
countries from MapBiomas Project (2022), that together account for
over 80% of estimated global pasture-related deforestation in the same
time period.

To attribute deforestation for a given land use—in this case rubber
plantations or pastures—to commodities the DeDuCE model uses a 5-
year amortization period, reflecting the fact that once land is cleared,
it will typically produce commodities over multiple years. In practice,
this means that deforestation attributed to rubber or bovine hide pro-
duction in a given year is an average of the deforestation attributed to
the corresponding land-use in the preceding 5 years (see Singh and
Persson, 2024b for details). Further, for bovine hides-related defores-
tation, we need to allocate the deforestation attributed to pasture
expansion between meat and hides. We do this by calculating the
average mass of produced bovine hides in relation to the average mass of
produced beef for the years 2018 to 2020 (FAOSTAT, 2024), which
comes down to 11%. This factor is in line with the mass allocation done
by Notarnicola et al. (2011), who used a share of 12%. Additionally, we
compared these factors with the reported market value of a hide in
relationship with the market value of a bovine (e.g. Walker et al., 2013;
ICT, 2017; Sothmann, 2021), which ranges from 5 to 15%. Based on this
information, we attribute 10% of total pasture expansion deforestation
to cattle and buffalo hides.

3. Results

The results below present average figures per year for the EU27,
calculated using production, trade, and deforestation data for the period
2018-2020 and mean conversion factors. Additional results using the
minimum and maximum conversion factors are available in the Sup-
plementary materials (Tables S4, S5 and S6). Results for all countries for
the years 2012-2022 are available at https://zenodo.org/records
/11085412. We compare the EU’s contribution to total rubber- and
bovine hides-related deforestation with that of major producing and
consuming countries for each commodity. In this section, when we refer
to hides, we are referring solely to bovine hides.

3.1. Apparent consumption

The apparent consumption of both commodities in the European
Union varies with the level of inclusion in traded products (Fig. 2).

For natural rubber, trade in the primary commodity is the main
channel for it to enter the EU, resulting in the net entry of 1457 thousand
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Fig. 2. Net effect of trade in primary commodity and derived products on EU’s apparent consumption of a) natural rubber and b) bovine hides from different origins.
Dashed lines indicate the EU’s total apparent consumption estimates at each processing level and are cumulative, i.e. they include trade in the prior processing levels.

tons of natural rubber into the EU market (Fig. 2a). One-third of this
natural rubber originates from Indonesia, 23% from Thailand, 18% from
Cote d’Ivoire, and the remaining quarter comes mainly from Vietnam,
Malaysia, Nigeria and Cameroon. Including trade in low-processed
products (mainly rubber compounds) results in a net decrease of EU
apparent consumption, down to 1335 thousand tons. Further including
trade in highly processed products leads to a slight net increase in EU
apparent consumption of natural rubber from Thailand, China and
India, but also to a net decrease of EU apparent consumption of natural
rubber from African countries, particularly Cote d’Ivoire. The EU’s
apparent consumption of natural rubber is then 1400 thousand tons.
Finally, including trade in consumer goods causes a net decrease in the
EU’s apparent consumption of natural rubber, down to 1337 thousand
tons. This is 9% lower than the figure obtained when accounting for
trade in the primary commodity alone.

For hides, most hides processed in the EU have their origin in
countries within the EU, which produce a total of 758 thousand tons of

hides (Fig. 2b). Including trade in the primary commodity results in a net
decrease of EU apparent consumption, where 193 thousand tons of hides
produced in the EU leave the region, resulting in an apparent con-
sumption of 665 thousand tons. Including trade in low processed
products (tanned hides) leads to a net increase in EU apparent con-
sumption through hides originating from Latin America, particularly
from Brazil and Argentina, as well as from the United States of America
(USA) and China. The EU’s apparent consumption of hides at this stage
is 894 thousand tons. Further including trade in highly processed
products (leather) leads to a net decrease in EU apparent consumption of
hides from the EU, Brazil, and the USA, and to a slight increase in EU
apparent consumption of hides from India. The EU’s apparent con-
sumption of hides is then 714 thousand tons. Finally, including trade in
consumer goods causes a net increase in the EU’s apparent consumption
of hides to 1220 thousand tons. One-third of these hides originates
directly from the EU, 13% from Brazil, 12% from China, 8% from India,
and the remaining third is distributed between Asian and Latin
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American countries, mostly from Argentina, Pakistan and Bangladesh.
The EU’s apparent consumption at this stage is 45% higher than the
figure obtained when accounting for trade in the primary commodity
alone.

For both commodities, applying minimum or maximum conversion
factors results in only small differences, lessening or increasing the EU
apparent consumption estimates by around 1% (Table S4a and S4b). The
difference is slightly larger when looking at the EU’s apparent con-
sumption of natural rubber from specific producer countries, but re-
mains small overall (Table S5a and S5b). This indicates that conversion
factors are not a large source of uncertainty in the case of the EU, as
trade in derived products contributes only marginally to EU net imports
of natural rubber. For other countries with other trade structures this
might be a larger source of uncertainty.

3.2. Contribution to rubber- and bovine-related deforestation

We estimate that the EU demand for natural rubber is accountable
for the loss of ~26,000 to 32,000 ha of forest annually, depending on the
inclusion of derived products in the apparent consumption estimate. The
share of total rubber-related deforestation attributed to the EU’s
apparent consumption represents 10 to 12% of total global rubber-
related deforestation and varies only slightly with the level of inclu-
sion in traded products (Fig. 3a). In comparison, the share attributed to
apparent consumption in the USA increases from 7% to 12%, i.e., by
more than a third, when accounting for trade in all rubber derived
products, mainly as a result of including trade in consumer goods.
China’s apparent consumption share is even more sensitive to the in-
clusion of derived products. It is highest when trade is considered only
down to low-processed products (18%) and lowest when trade is
considered down to consumer goods (6%), indicating that China’s ex-
ports of consumer goods are relatively high compared to its imports. The
main rubber-producing countries, Indonesia and Thailand, where
respectively 35% and 13% of total rubber-related deforestation takes
place, are attributed less than 7% of total rubber-related deforestation
due to consumption whether or not trade in derived products is
accounted for (Fig. 3a, Table S6a).

Furthermore, we estimate that the EU demand for hides is account-
able for the loss of ~1200 to 31,000 ha of forest annually, depending on
the inclusion of derived products in the apparent consumption estimate.
The share of total deforestation attributed to the EU’s apparent con-
sumption of hides represents 0.3 to 12% of total global deforestation due
to cattle pasture expansion and in contrast to rubber, varies greatly with
the level of inclusion in traded products (Fig. 3b, Table S6b). It increases
up to 8% when accounting for trade in low processed products and in-
creases again up to 12% when accounting for trade in consumer goods,
indicating that EU’s imports of consumer goods are relatively high
compared to the import of hides in all other processing stages. The share
attributed to apparent consumption in the USA is low when accounting
for trade in hides, low and highly processed products, but increases from
0.5 to almost 7% when accounting for trade in consumer goods. Similar
to the rubber-case, China apparent consumption’s share of hides is
sensitive to the inclusion of derived products. It is highest when ac-
counting for highly processed products (20%), but already 17% are
attributed to low processed products and decreases to 10% when ac-
counting for consumer goods. Although Brazil and India produce rela-
tive similar amounts of hides (990 and 934 thousand tons respectively),
the share of total deforestation attributed to the production of hides in
Brazil accounts for over half of the deforestation attributed to hides
production globally (57%), while for India we estimate 0.8% of defor-
estation due to hides production.

The share of rubber- and hides-related deforestation attributed to the
EU’s apparent consumption can be much higher than 12% when
focusing on specific producing countries and is more sensitive to the
level of inclusion in the products traded (Fig. 4).

For rubber, it is particularly high in Cote d’Ivoire (up to 48%), and
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other African rubber-producing countries when only trade in primary
commodity is accounted for. Including trade in derived products results
in a decrease of the share attributed to the EU’s apparent consumption,
reflecting that the EU exports of processed products contain raw natural
rubber from Africa. The contribution of the EU’s apparent consumption
to rubber-related deforestation in Asian producer countries is high in
absolute terms, but relatively low compared to other geographies like
Africa. It increases a bit with inclusion of derived products in Thailand
and Vietnam.

For hides, including trade in derived products results in an increase
of the share attributed to the EU’s apparent consumption, mostly in
Latin American countries, like Paraguay (23%) and Brazil (15%). This
increase is highest when accounting for trade in consumer goods. For
example, in the case of Brazil, the absolute amount of deforestation due
to the EU’s apparent consumption of hides goes up to 22,000 ha per
year. 7.

4. Discussion

This study extends previous estimates of countries’ accountability for
the environmental impacts associated with trade and consumption of
non-food commodities. We propose an approach using three calculation
steps to quantify how estimates of a country’s or region’s consumption
of non-food commodities are affected by the inclusion (or exclusion) of
trade in derived products. Ultimately, such assessments can inform the
scope of legislation aimed at ensuring due diligence or other restrictions
on imports of commodities associated with major environmental im-
pacts. As an example, we explored the case of natural rubber and bovine
hides within the scope of the EUDR.

Our results suggest that the inclusion of trade in derived products in
the trade model leads to significant changes in the EU’s apparent con-
sumption estimates for bovine hides, but not for natural rubber. The
EU’s apparent consumption of bovine hides increases greatly with the
inclusion of trade in derived products, as the EU imports large quantities
of leather-based consumer goods (shoes, bags, etc.) that are manufac-
tured elsewhere (Fig. 2). In contrast, the EU’s apparent consumption of
natural rubber is not very sensitive to trade in derived products, as most
of the natural rubber found on the EU market enters through raw rubber
imports (Fig. 2).

Accounting for trade in derived products reveals indirect links be-
tween the EU and countries that produce the primary commodities, that
are missed when only looking at trade in primary products, for both
natural rubber and bovine hides. EU imports of natural rubber harvested
in China and India only occur at a later stage in the value chain, through
imports of highly processed products (Fig. 2). In the case of bovine hides,
the EU’s link with production in the USA, Latin America and Africa only
becomes visible when trade in low-processed products is factored in, and
the link with production in China, India and other Asian countries is
revealed when trade is considered up to the level of consumer goods
(Fig. 2).

Furthermore, estimates of deforestation embodied in EU apparent
consumption depend on the geographical location of deforestation risks
linked to specific commodities. In the case of bovine hides, the inclusion
of trade in low-processed products and consumer goods reveals links
with sourcing locations that are hotspots for deforestation linked to
cattle farming (i.e. Argentina, Brazil, and Uruguay). As a result, esti-
mates of EU embodied deforestation are increasing (Fig. 3). In the case
of natural rubber, China, and India are not hotspots for rubber-related
deforestation. Consequently, the link to additional sourcing locations
revealed by the inclusion of trade in derived products does not translate
into higher estimates of EU embodied deforestation (Fig. 3).

4.1. Implications for the EUDR

The approach presented in this paper can be valuable for increasing
the cost effectiveness of policies, like the EUDR. By clarifying the role of
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EU’s imports of derived products as drivers of deforestation, it can
inform the product scope of due diligence legislations. This is important,
as the complexity and cost of implementing due diligence increases with
the level of processing of commodities (Tuladhar et al., 2024). Scoping
out the derived products that do not present a real risk of deforestation
may increase the acceptability and cost-effectiveness of the policy.

As the EUDR aims to minimise the EU’s contribution to deforestation
worldwide (Marin Duran and Scott, 2022), it is crucial that the major
parts of EU trade and consumption of commodities driving deforestation
are covered by the policy. Our study suggests that the current regulation
falls short of this, as some leather and all leather-based products (sad-
dles, bags, textiles, footwear, etc.) are excluded from the scope of
application (EC, 2023, Annex I), while being associated with a signifi-
cant part of the EU’s contribution to deforestation risk for leather
(Fig. 3). To address a relevant part of the deforestation risk associated
with EU demand for leather products, due diligence should be requested
on imports of derived products up to the consumer goods. The conclu-
sion is different for natural rubber, as this study suggests that EU’s im-
ports of rubber-derived products covered by the legislation (e.g. tires,
clothing) carry only a limited risk of deforestation (Fig. 3). Hence,
including only raw rubber within the scope of the EUDR could deliver
the same outcome in terms of tackling deforestation (EC, 2023).

Implementing the EUDR requires substantial investment from the
companies and governments involved in the targeted trade flows (Bager
et al.,, 2021). This investment primarily focuses on establishing and
enforcing robust traceability and assurance systems (Gardner et al.,
2019). Our observation that minimal quantities of natural rubber enter
the EU market through imports of processed products (Fig. 2) suggests
that most consumer goods containing rubber circulating in the EU are
manufactured domestically. Considering this, it raises the question of
whether the EU should prioritize verifying the compliance of raw nat-
ural rubber alone, rather than extending controls throughout the
downstream agents of the value chain. The resources saved in terms of
time, money, and capacity could be redirected towards monitoring re-
tailers’ compliance with their imports of leather-based products, as our
findings indicate that such products present a risk of being linked to
deforestation (Fig. 3).

The EUDR’s scope could potentially have an impact on the dynamics
of international trade. Limiting due diligence requirements to imports of
raw natural rubber could encourage EU operators to shift their imports
towards rubber compounds or tyres from regions such as China. EU
demand could therefore persist as a driver of deforestation unless all
regions of the world do their due diligence on their raw rubber imports
(Newig et al., 2020). This scenario does not seem very likely, given that
the tyre industries are major players in the EU economy (ERTMA, 2021)
and have already made sustainability commitments (GPSNR, 2020,
2022). Conversely, the extension of due diligence mandates to retailers
of leather goods could lead to a major shift in sourcing patterns in favour
of regions or producers that already have advanced traceability systems.
While this may be desirable from a consumption perspective, it could
also have detrimental effects by driving sustainability initiatives away
from the places with the weakest levels of environmental governance
(Gardner et al., 2019).

4.2. Limitations and future research

Although this study presents an empirical case for the EUDR, the
results must be considered in light of the uncertainties associated with
the input data.

Despite efforts to include the widest range of derived products
possible, we acknowledge that our list is not exhaustive. For example,
natural rubber is also used for the underside of mats (Evers, 2022) but as
‘rubber’ does not appear in the corresponding HS description we did not
include mats. Nevertheless, as 70-85% of global natural rubber is used
in tyres (Millard, 2019), we are confident that we capture most natural
rubber flows by including flows of tyres and vehicles. For hides, leather
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is for example also used as upholstery and as material for vehicle seats,
but as ‘leather’ is not specified in the HS description of these products,
we did not include them in the analysis. Yet, the included products ac-
count approximately for 78% of traded leather’ consumer goods (Jones
et al., 2010).

Another large level of uncertainty comes from estimating the amount
of — in our case — natural rubber and bovine hides, contained in traded
products. While we use a very detail product resolution, spent consid-
erable time finding appropriate factors and perform a sensitivity anal-
ysis using minimum and maximum estimates for the content factors
(Table S4, S5 and S6), the actual amount of — for instance — natural
rubber contained in a pneumatic tyre (ERTMA, 2019) will depend on
many factors, including the type of vehicle it is used for and can only be
roughly estimated for global level analysis.

Additionally, deforestation associated with rubber and leather pro-
duction is still highly uncertain. Since 2019, when the cost-benefit
analysis was carried out by the European Commission to decide on the
scope of the regulation, estimates of rubber-related deforestation have
increased 7-fold thanks to the efforts of Wang et al. (2023) to quantify
this phenomenon in Southeast Asia using remote sensing data. In the
case of leather, the share of deforestation attributed to leather products
compared with meat is difficult to establish (see method section) but will
have large impact of the results estimate.

Finally, the success of policies like the EUDR depends on many of
factors beyond the selection of the commodities covered. Addressing, for
instance, societal, economic and land-use issues is crucial for achieving
sustainable consumption and production (Warren-Thomas et al., 2023).
Future research efforts could explore how these factors can be integrated
into policy design and implementation alongside considerations of
commodity selection.

5. Conclusion

Governments across the world are increasingly using results from
trade-based attribution of environmental impacts to assess their re-
sponsibility and design governance approaches. Omitting flows of
derived products in trade models may or may not result in considerable
impacts being neglected. Quantifying and understanding this effect for
specific cases can support the design of effective demand-side policies.
The framework and calculation steps presented in this study provide a
simple and reproducible tool to evaluate the role of derived products in
introducing sustainability risks to markets and to better attribute envi-
ronmental impacts along supply chains for informing the design of
supply-chain measures.
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