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Many companies have adopted zero-deforestation commitments (ZDCs)

to remove products linked to forest loss from their supply chains. A
common concernis that such policies may lead to the supply chain
exclusion of smallholder farmers. Here, in this study of the Indonesian
palm oil sector, we draw on surveys with 1,541 farm households and 53
interviews with supply chain actors to assess whether and how ZDCs
reach non-industrial producers, including effects on market access,
prices, training and village-level deforestation. We find that access to
ZDC markets depends largely on location within company sourcing
areas, while active exclusion appears to be limited. Certification-based
engagement reaches some tied smallholders, but ZDC awareness remains
low, with weak policy dissemination, limited bottom-up traceability and
almost no ZDC-focused capacity building or price differentiation for
producers, especially independent smallholders. Deforestation levels
invillages within the sourcing areas of ZDC firms are low but similar to
patterns elsewhere. These findings highlight effectiveness and equity
gapsin current ZDC approaches.

Agricultureisaleading cause of forest loss in the tropics' . InIndonesia,
thelargest global producer of palm oil, oil palm development has histor-
icallybeenaprimary deforestation driver through large-scale estates
and, increasingly, smallholder farming activities*’. In response to civil
society pressure, many palm oil firms have adopted zero-deforestation
commitments (ZDCs)—that is, voluntary commitments to not source
products grown on recently cleared land®~’. The growing contribu-
tion of small-scale farming to deforestation highlights a potential
trade-off between effectiveness and equity in ZDC implementation.

To avoid adverse equity outcomes, ZDC companies should ensure
deforestation-free supply without excluding small-scale farmers®™.
We examine whether ZDC implementation has resulted in small-
holder supply chain exclusion, defined here as the inability of small-
holderstosellinto the supply chains of buyers with ZDCs. Our analysis
covers 73 villages in Sumatra, Indonesia, and combines 1,541 surveys of
non-industrial oil palm producers with 53 semi-structured interviews
with supply chain actors. Indonesia is a particularly important case
because it produces 60% of the world’s palm 0il*"2. Between 2000 and
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Fig.1|Simplified palm oil supply chain and conceptual framework. This figureillustrates key actors in the palm oil supply chain and the process through which
policy adoption, operationalisation and enforcement may lead to producer responses and outcomes. Adapted from refs. 10,28.

2019, its oil palm area doubled to 16.24 million hectares, while 11% of
its forest cover was lost; 29% of this loss was converted to oil palm in
the same year, and another 32% in later years®.

Non-industrial producers, defined as producers that are not
licensed plantation businesses, include both independent smallholders
(thatis, those who operate independently) and tied smallholders (that
is, those who are members of cooperatives affiliated with companies)".
In 2019, independent smallholders managed 6 million hectares of oil
palminIndonesia, equal to 36% of the national oil palm plantation area’.
Together, independent and tied smallholders account for one-third of
national palm oil production™. Yet, their plantations often remain less
productive due to factors such as ageing trees and limited access to
training, financial and technical assistance'®”". Smallholders are also
often located on marginal lands (for example, peatland), near forest
areas or within state forests; a case study in Kalimantanreveals that 70%
lack official land titles™"'**°, Government efforts to sectoral sustain-
ability have centred on the implementation of the Indonesian Sustain-
able Palm Oil (ISPO) standards®** and land licensing moratoria®, while
tenurial conflicts and inadequate public services remain unresolved™*,

Over the past decade, ZDCs in the oil palm sector have largely taken
the form of No Deforestation, No Peat and No Exploitation (NDPE) poli-
cies, which also include commitments on peatlands, labour and com-
munity exploitation. During this period, companies have invested in
supply chaintraceability, deforestation monitoring and engagement with
non-compliant suppliers**%, Some also rely on Roundtable on Sustain-
able Palm Oil (RSPO) certification, although strict deforestation and peat
restrictionswereintroduced there only fromlate 2019 onwards (the revised
RSPO Principles and Criteriawere adoptedin November 2018, butal-year
transition period delayed fullimplementation until November 2019)°%,
Here, we focus mainly on deforestationrestrictions andreferto‘ZDCs’and
‘ZDCpolicies’ inthe understanding that the terms encompass NDPE poli-
cies with a variety of implementation pathways. We use the terminology
‘NDPE-related’ requirements or restrictions when referring to provisions
beyond deforestation (no peat, no exploitation and no burning).

Apersistent challenge for firms withZDCs is how to integrate non-
industrial suppliers into implementation, particularly because these
producers often require substantial on-the-ground support to align
with NDPE requirements'®”. This is especially important because 89%
of independent smallholder plantations in Sumatra, Kalimantan and

Papuallie within the sourcing areas of companies that have both ZDCs
and programmes targeting independent smallholders®.

Understanding how oil palm smallholders are affected by ZDCs
in Indonesia also offers insights for other smallholder-intensive sup-
ply chains, including oil palm production in other regions and cocoa,
coffee and rubber, which require major adjustments to become
deforestation-free?**°. This is particularly relevant in light of the Euro-
pean Union (EU) Deforestation Regulation (EUDR), which requires
products entering the EU market™ to be deforestation-free—that is, not
sourced fromland cleared after 2020. In addition, both the EUDR and
UK Deforestation Regulation (UKDR) require production to be compli-
ant with producer-country regulations. Many fear that these require-
ments might inadvertently exclude non-industrial farmers because
of their land legality status and financial barriers'>"*>**, Voluntary
ZDC policies share key implementation steps with EUDR, including to
establish supply chain traceability, disseminate compliance rules to
producers, conduct risk assessments, implement supporting measures
(that s, capacity building on rule compliance), encourage behaviour
change and exclude non-compliant producers®®.

This study advances empirical understanding of ZDCimplementa-
tionand its conservation and equity implications by addressing gapsin
bottom-up traceability, ZDC dissemination, capacity building and eco-
nomicincentives, while offeringlessons for other smallholder-intensive
supply chains and future deforestation-free policies.

Conceptual framework

We briefly outline the complexity of the palm oil supply chain, which
is crucial for understanding the challenges of implementing ZDCs.
Fresh fruit bunches (FFB) are harvested on plantations and trans-
ported to mills, the first processing point before refining (Fig. 1).
Because FFB must be processed within 48 hours to maintain oil qual-
ity, mills are usually located close to plantations®. Mills may source
FFB from affiliated industrial plantations, third-party industrial plan-
tations or non-industrial producers and are typically owned by a cor-
porate group or anindependent company. Non-industrial producers
are categorised as ‘tied’ to a palm oil company (via cooperatives
established with company support) or ‘independent’ producers’.
Mills purchase FFB from these growers either through cooperatives
or through delivery contracts that allow individual producers to sell
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Table 1] Indicators, theory of change, approach and data corresponding to hypothetical ZDC implementation pathways

and outcomes
Indicator Theory of change Approach/analysis Data Theory
reference
(1) Non-industrial  Indicator 1investigates the state of bottom-up Supply chain tracing: we linked ~ Household 25
oil palm traceability in the sector—an important and so far bottom-up traceability data survey:
producers underexplored component of ZDC implementation. and top-down traceability self-reported
(henceforth While producers typically identify their immediate data. Producers were asked mill destination
referred to as buyers—be it intermediaries or cooperatives—the final to identify their mill buyers, for producers’
producers) know  mills processing the FFB can often remain obscure, which were then manually FFB, enhanced
which millsthey  particularly if producers do not sell directly to the millsor matched to the top-down top-down
sell to. engage with cooperatives that manage sales contracts mapping. This way, we are able  traceability data
with specific mills. Producers need to know who they are  to link producers to broader by ref. 28.
selling to in order to make informed decisions about their  traceability data and ZDCs.
compliance behaviour and associated consequences.
ZDCs are implemented at the company level, starting
at the mill, where mills and nodes higher up the
supply chain are tasked with conducting outreach
to smallholders about policy changes. However, if
producers are unclear about which supply chain they
are part of and which specific ZDC policies apply to
them, these outreach efforts can be largely ineffective.
This situation underscores the necessity for bottom-up
traceability and enhanced market awareness, allowing
producers to make well-informed decisions regarding
compliance and to align with ZDC policies. Thus,
establishing a clear and transparent traceability system
becomes essential for informed decision-making and
ensuring adherence to environmental commitments.
Dissemination  (2) Producers Indicator 2 explores whether producers within the ZDC Statistical Kruskal-Wallis tests Household 10
(pathway 1) within the mill mill sheds, where policy and restriction dissemination were conducted to compare survey,
shed of aZDC are most likely to occur, are more aware of NDPE-related  exposure to NDPE-related self-reported
mill (henceforth restrictions than producers outside the ZDC mill sheds. restrictions between producers  exposure to
‘ZDC mill sheds’)  Literature suggests that ZDC policies often include rule located in high-quality, different possible
are more aware dissemination and capacity-building activities', which low-quality and non-ZDC components of
of NDPE-related are expected to enhance producer awareness and mill sheds. Producers were NDPE-related
restrictions encourage alignment with ZDC practices. asked whether their buyers restrictions.
than producers While awareness of the policy alone does not required specific criteria,
outside of ZDC guarantee effective dissemination—producers may such as providing land tenure
mill sheds. still lack understanding of the rationale or incentives to documents, avoiding planting
comply—knowing a policy exists is a bare minimum for on areas designated as Forest
compliance. Estate, refraining from burning
practices, not cultivating
on peatland, adhering to
zero-deforestation policies (for
example, avoiding planting on
HCV/HCS land) and ensuring no
exploitation of workers.
We also provide additional
analysis using qualitative
data to support the findings
and analysis on awareness of
certification, certification status
and legal compliance, including
the ownership of land tenure
documentation (for example,
land title and land permit).
(3) Producers Indicator 3 assesses engagement efforts by palm oil Statistical Kruskal-Wallis tests Household 10,25
within ZDC companies with producers aimed at specific capacity were conducted to compare survey,
mill sheds gaps to remove barriers to accessing ZDC markets. This exposure to capacity-building self-reported
receive greater indicator posits that producers within the ZDC mills’ training between producers capacity-building
exposure to sourcing bases are more likely to benefit from these located in high-quality, training.
capacity-building targeted capacity-building efforts and more extensive low-quality and non-ZDC mill
training about training. sheds. Producers were asked
ZDC compliance whether they have received
than producers capacity-building training.
Training and outside of ZDC
incentivisation _Mill sheds.
(pathway 1) (4) Producers Indicator 4 explores pricing as a marker of improved Regression analysis assessed Household 710
who sellto ZDC market conditions, examining whether there is a price whether there was any survey,
mills receive incentive linked to ZDCs. For producers to adopt association between farm gate  self-reported
higher prices sustainable practices, incentives are needed to ensure prices and sales to ZDC mills. farm gate prices

than those who
sell to non-ZDC
mills.

that these adjustments are economically viable. This
indicator posits that mills with ZDCs may offer price
premiums to incentivise sustainable practices, thereby
creating market-based incentives for producers.

Using the data from indicator 1,
producers were asked about the
average farm gate price they
received in 2021. We included
control variables as explained in
the Methods.

from producers.
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Table 1(continued) | Indicators, theory of change, approach and data corresponding to hypothetical ZDC implementation

pathways and outcomes
Indicator Theory of change Approach/analysis Data Theory
reference
Exclusion (5) Producers Indicator 5 evaluates the prevalence of exclusion Supply chain tracing, qualitative Household 710,27
(pathway 2) within ZDC mill practices, where ZDC companies may avoid sourcing interviews and regression survey,
sheds are unable  from non-industrial producers within their mill sheds to analysis were conducted to self-reported mill
tosellto ZDC maintain compliance standards. assess Whether mills with ZDCs  destination for
mills. source from smallholders, producers’ FFB.
whether exclusion practices are
present (based on qualitative
interviews with supply chain
actors) and whether there is
correlation between sales to
ZDC mills and being located
within ZDC mill sheds.
Deforestation  (6) Villages within  Indicator 6 examines village-level deforestation patterns ~ Geospatial analysis utilised Forest cover 6
patterns ZDC mill sheds within and outside ZDC mill sheds to understand spatial datasets on temporal and changes
exhibit lower whether the presence of ZDC mills corresponds with forest cover and deforestation between 2000
deforestation differences in forest cover change. While many oil trends to compare and 2022 as well
rates compared palm plantations may have been established before deforestation rates between as the extent
with villages ZDC implementation, the presence of ZDC mills could villages within ZDC mill sheds of oil palm
outside of ZDC still influence producers’ land-use decisions and and those outside. plantation.
mill sheds. overall forest dynamics within their villages through

mechanisms such as monitoring, policy dissemination

and engagement.

Although deforestation may result from other factors,
measuring deforestation rates remains relevant in areas
where palm oil is a primary livelihood, particularly given
the time lag in detecting palm-driven deforestation.

regularly to a specific mill. Across the supply chain, ZDCs are adopted
by downstream companies, refineries and corporate mill groups’.

Previous studies suggest that ZDCs are most likely to achieve both
effective deforestation reduction and equitable producer inclusion
when they cover all suppliers and are supported by adequate conser-
vation, traceability and smallholder inclusion efforts®. This involves
actively tracing their supply chains to their sourcing areas or geographic
catchment area fromwhich they source FFB (that s, the ‘supply shed’),
whichtypically cover villages within a certain distance of the mills they
source from®?*¥, Traceability helps firms identify deforestation risks
and establish monitoring systems. Second, firms disseminate the rules
andrestrictionsintheir ZDC policies to producersin these supply sheds
to ensure suppliers are aware of corporate requirements™' %%, They
should then build capacity, including ZDC-focused training, in their
supply shed to enable producers to adjust their agricultural practices
following NDPE requirements to comply with ZDCs’. Experience from
voluntary sustainability standards also suggests that firms may choose
to use financial incentives such as price premiums to attract producers
to supply chains with higher environmental standards than the main-
stream market””. Firms should engage with non-compliant producers
toexplaintherationale for the policy, focusing on the negative impacts
of ongoing clearing on the communities themselves’. Collectively,
these efforts may reduce deforestation rates innon-industrial producer
villages within the supply sheds of mills with ZDCs (that is, the area
from which mills are most likely to source, as defined by aradius-based
approach; henceforthZDC mill sheds)’. Aless equitable potential imple-
mentation pathway (and less likely to reduce deforestation)' would
arise if committed companies—in the absence of sufficient resources
orinitiative to pursue the above-mentionedidealimplementation strat-
egy—simply avoid sourcing from non-industrial producersin ZDC mill
sheds, whether due to verified or presumed non-compliance, thereby
excluding them from certain markets**°.

Following these hypotheticalimplementation pathways derived
fromtheliterature, we formulate the indicators to assess the extent of
ZDCimplementationin practice’ presented in Table 1. The more indi-
cators met under pathway 1, the stronger the evidence that ZDCs are
successfully targeting, capacitating and incentivising smallholders to
achieve deforestation compliance, defined here as not clearing forest

or land after a certain cut-off date. Evidence of exclusion (pathway
2) combined with limited evidence for pathway 1 would suggest that
companies are prioritising effectiveness outcomes by excluding small-
holders. Ifevidence for both pathwaysis weak, this would suggest that
policies are highly unlikely to be effective (deforestation is ongoing
and deforestation rates are not reduced®) or equitable (non-industrial
producers are not supported in selling to firms with ZDCs™).

We used a mixed-methods approach to test these indicators using
datasets collected in Sumatra, Indonesia’. We traced the supply chains of
1,541 non-industrial producers and assessed their link to ZDCs (indicator
1) and the associated outcomes. We examined the ZDC coverage within
the mill sheds of companies that own a mill (henceforth ‘mill owners’)
and refinery companies that source from a mill (henceforth ‘buyers’),
classifying them based on the quality of their ZDC policies and imple-
mentation in line with the six criteria for high-quality ZDCs developed
by Chandra et al.”® (Methods)’. Companies were categorised as ‘ZDC’ or
‘non-ZDC’, wherein ‘non-ZDC’ companies lacked aZDC for all suppliers.
‘ZDC wasfurther divided into ‘high-ZDC for high-quality ZDC companies
that committed to zero deforestationacross all suppliers and met all six
criteria®®, and ‘low-ZDC’ for low-quality ZDC companies that met only
some criteria. As shown by Chandra et al., low-ZDC mills tend to face
challenges related to traceability, compliance support for high-risk mills,
transparency and smallholder inclusion, which probably shape imple-
mentation and outcomes®®. We used statistical tests to evaluate ZDC
awareness among producers (indicators 2 and 3) and regressionanalyses
to explore the correlation of selling to ZDC mills versus non-ZDC mills
onpricesand revenue (indicator 4) as well asZDC market access (indica-
tor 5)°. We further compared village-level deforestation and land cover
characteristics between villages within and outside ZDC mill sheds using
geospatial analysis (indicator 6).In addition, we qualitatively analysed 53
semi-structured interviews with supply chainactors’. Inthe nextsections,
eachintervieweeis uniquely coded with‘I'and anumber (for example, I-1).

Results

ZDC policy coverage and producer characteristics

Nearly 60% of our sampled villages (42/73) were located within ZDC mill
shedsin 2020, although only three were in high-ZDC mill sheds’ (Fig. 5).
Similarly, two-thirds of our 1,541 producers were situated within the mill
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Table 2 | Descriptive statistics of household survey dataset by ZDC mill sheds of mill owners

Descriptive statistics High-ZDC mill sheds

Low-ZDC mill sheds (N=970) Non-ZDC mill sheds (N=517) P value

(N=54)
Year farm was established 2001(9.4) 2005 (9.8) 2009 (7.6) 1.52x10™
Total area owned (ha) 6.3(5.3) 5.3 (15.9) 4.0 (10.8) 4.26x10™
Area under oil palm (ha) 3.8(3.2) 3.4(14.8) 3.4(10.5) 0.0078
Age of household head (years) 52.2 (10.5) 49.9 (11.9) 46.2 (13.0) 4.08x1078
Education of household head (years) 8.4(3.9) 8.5(4.0) 87(4.4) 0.6041
Number of household members 40(1.2) 4.2(1.6) 4.4(1.8) 0.0930
Proportion of household members in productive age 75.9 (25.4) 68.9 (27.0) 68.8 (25.4) 01012
range (%)
Number of surveyed producers by migration status <1x102
Migrant 43 (79.6%) 446 (46.0%) 84 (16.2%)
Non-migrant 11(20.4%) 524 (54.0%) 433 (83.8%)
Number of surveyed producers by type <1x1072
Independent producers 16 (29.6%) 627 (64.6%) 497 (96.1%)
Tied producers 38 (70.4%) 343 (35.4%) 20 (3.9%)
Distance to closest mills (km) 6.3(3.6) 11.5(15.7) 20.3(23.4) 3.28x10°8
Farm gate price per kg in 2021 (IDR) 1,980 (425.0) 2,066 (461.8) 2,023 (408) 0.0480
Seedling 0.0018
High-quality seed 42 (77.8%) 604 (62.3%) 289 (55.9%)
Low-quality seed 12 (22.2%) 366 (37.7%) 228 (44.1%)
Equipment ownership: truck 0.5210
Own truck 53 (98.1%) 951(98.0%) 511(98.8%)
None 1(1.9%) 19 (2.0%) 6 (1.2%)
Revenue per harvest (million IDR) 6.1(6.4) 5.9 (12.3) 5.5(19.4) 6.26x107°

For numerical variables, mean values are shown with standard deviation in parentheses. For categorical variables (that is, migration status and type of producers), producer counts are shown
with percentages. The P value signifies whether there are statistically significant differences between groups. Comparison between groups reported is based on a Kruskal-Wallis chi-square

test. IDR, Indonesian rupiah.

sheds of mill owners with ZDCs, and nearly all (97%) within the sourc-
ing bases of downstream buyers with ZDCs (Supplementary Table 6).
We focus on ZDCs by mill owners because their direct market linkages
with the producers and the intermediaries provide critical insightsinto
ZDCimplementation?,

Table 2 presents household characteristics of our producer sam-
ple by ZDC mill sheds of mill owners, and Table 3 presents forest and
land-use characteristics across surveyed villages. Table 2 suggests
potential ZDC selection effects in well-established oil palm regions.
Onaverage, producers in ZDC mill sheds managed more mature palm
treesand larger plantation areas, and were more likely to have migrated
totheirvillages of residence. In 2020, most producers within high-ZDC
mill sheds were affiliated with companies (that is, tied smallholders)
and were closer to the market (thatis, mills). These characteristics are
consistent with amature phase of oil palm development, inwhich com-
paniesinitially established plantations and integrated migrant farmers
(for example, via atransmigration programme) into their operations.
Conversely, those within low-and non-ZDC mill sheds were dominated
byindependent producers and located farther from the nearest mills.
This patternreflects amore dispersedland use, whichis characteristic
of areas where oil palm cultivation is expanding. In these areas, local
landholdersincreasingly expand their farms farther from the initially
established plantations and mills, indicating a shift from rapid com-
mercial expansion to more fragmented and extensive land use, where
smallholders extend farms to dispersed and marginal areas*.

Limited bottom-up traceability in supply chains
Our supply chain map (Fig. 2a) shows that only 23% of non-industrial
producers—eitherindependent producers who, onaverage, own more

than 5 ha and hold delivery contracts, or members of cooperatives—
could sell directly to mills. By contrast, 77% lacked such contracts and
relied onintermediaries to sell to mills. Those selling via cooperatives
were almost entirely tied producers. The category of intermediaries
included actors that sourced FFB as well as those that only facilitated
the logistics of buying and selling. They accepted FFB regardless of
production output, provided loans and engaged in ‘contract renting’
by leasing delivery contracts to other intermediaries (I-3,1-4,1-5,1-17,1-9,
I-11,1-221and 1-50). Because of this high level of intermediation, only 58%
of producers were aware of the first processing node of their FFB, leav-
ing42% unaware of mill destinations and potential buyer requirements.
Contractrenting could further complicate traceability by shifting FFB
handling and oversight away from the official contracting intermedi-
ary to other actors.

Out of 73 study villages, the majority of surveyed producersin
61 villages were aware of their mill destinations—28 out of 40 in
Aceh and all villages in South Sumatra. Producers accessed up to 9
unique mills, with an average of 3.26 per village. Three-quarters of
farmers who knew their FFB mill destinations sold to mills with
some form of ZDCs. However, we found potential misalignment
in policy implementation across the supply chain: the FFB of over
90% of producers that sold to low-ZDC mills were indirectly linked
tosupply high-ZDC buyers through the downstream supply chains
of those mills. Finally, 47.5% of mills sold to buyers who were not
identified in our desk review and data based on the best available
supply chain information from Trase*. Limited knowledge of both
mill destinations and buyer identities underscores a critical trace-
ability problem for research and practice and hinders policy imple-
mentation and enforcement’.
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Table 3 | Forest and land-use characteristics between
villages within ZDC and non-ZDC mill sheds

Non-ZDC millsheds ZDC mill sheds Pvalue
(N=31) (N=42)
Share of remaining 25.53(30.57) 11.48 (14.80) om
forestin 2020 (%)
Village area (ha) 991.95 (985.21) 1,518.69 (1,095.19) 0.016
Average 0.04 (0.04) 0.02(0.02) 0.110
deforestation rate
between 2001 and
2022
Distance to closest 24.37 (32.98) 13.62 (21.21) 0.315
mills (km)
Share of forest areas  36.06 (32.41) 18.78 (22.15) 0.0M
in 2000 (%)
Share of areaunder  33.89 (33.51) 15.29 (21.45) 0.019
smallholder palm in
2019 (%)
Share of areaunder  14.62(22.64) 32.00 (33.67) 0.014
industrial palm in
2019 (%)
Share of areaunder 0.7 (0.44) 0.12 (0.51) 0.400
oil palm plantation
in 2001 (%)
Share of forest to 4.03(5.79) 210 (5.26) 0.0m

palm between 2001
and 2019 (%)

For numerical variables, mean values are shown with standard deviation in parentheses. For
variables expressed as shares (percentages), values are calculated as total area divided by
total village area. The P value signifies whether there are statistically significant differences
between groups. Comparison between groups reported is based on a Kruskal-Wallis test.

Limited knowledge disseminationin ZDC supply sheds

We found instances where a few companies, linked to large trad-
ing firms, stated in their documentation that they had dissemi-
nated ZDC information within their sourcing base using flyers
(Supplementary Table 4). However, producers on the ground were
generally unaware of NDPE-related restrictions, includingland-tenure
requirements, restrictions on planting in Forest Estate, high conser-
vation value (HCV) and high carbon stock (HCS) areas, no-burning
rules, peatland restrictions and no exploitation provisions’ (Table 1).
Awareness of ZDCinformation was limited to tied producers, with over
aquarter located inlow- and high-ZDC mill sheds (Fig. 3a), while none
of theindependent smallholders reported such awareness except on
certification (Fig. 3b).

Giventhislow level of knowledge, we examined potential pathways
of dissemination. Because intermediaries play a crucial role in the
communication between mills and producers, we would expect that
intermediaries are aware of the ZDC policies. However, only 4 of the
38 interviewed intermediaries had even partial knowledge of ZDCs.
Although such awareness did not generally imply enforcement, in
some cases it was linked to concern or informal restrictions on sourcing
fromrecently cleared land or peat areas; for example, oneintermediary
noted that “you can’t sell to [PT PLB] anymore” (I-20) because the FFB
came from peatland. One intermediary was aware of ‘no deforestation
and no burning’ (I-6), two referred to ‘no deforestation’ as “[products
from]forest clearance cannot be accepted by the company” (I-1andI-2),
and one mentioned a‘no peat’ policy (I-26). Two additional intermediar-
ies were unfamiliar with ZDCs but knew of the government-enforced
‘noburning’rule (I-4 and I-6). Only one intermediary reported receiving
information on ‘no burning’ from companies (I-26); the others learned
aboutit through the media.

By contrast, over half of the cooperatives interviewed had been
exposed to expectations around no deforestation and no peat conver-
sion, but only through RSPO certification. This was reflected in the

higher share of producers aware of certification—12% of independent
producers (135 0f1,140) and 45% of tied producers (180 of 401)—espe-
ciallyin high-ZDC mill sheds. Despite this partial awareness, the share
of certified producers (for example, RSPO and ISPO) remained low,
with all certified producers being tied producers, nearly all of whom
werelocated withinZDC mill sheds. Overall, the low awareness of NDPE-
related restrictionsamong cooperatives, intermediaries and producers
suggests that ZDC information has been poorly disseminated within
the sourcing bases of mills with ZDCs.

Absence of ZDC focused training

We found that farmers within ZDC mill sheds received more agricultural
training, especially those tied to companies with contractual arrange-
ments (Fig. 3). However, most of the farmers who received training
were either certified or in the process of attaining certification. Our
qualitative analysis suggests that comprehensive training on ZDC poli-
cies was largely absent. Instead, training was typically technical—for
example onspraying, planting and pruning—and mainly offered to tied
producers during plantation development and certification (I-18,1-41,
1-43,1-45 and I-49). We identified only one company-led training on fire
awareness (I-51). Concerns were also raised that government extension
workers had expertise in food crops but not cash crops and were not
involved in company-led training (I-32 and I-47), reinforcing capacity
gaps among independent smallholders. These findings suggest that
there is almost no ZDC-focused capacity building; and the offered
training is largely limited to ongoing certification activities, meaning
that independent smallholder farmers are left with little facilitation
to enable compliance’.

Absence of ZDC focused incentivisation

We found no significant relationship between selling to ZDC mills or the
proportion of high-ZDC mills withina40-km radius and improved farm
gate prices or revenue per harvest’ (Fig. 4; see Supplementary Table 8
for full regression results). However, disaggregating by producer type
revealed differences. Among tied producers, selling to ZDC mills was
modestly associated with higher revenue, whereas amongindependent
producers the relationship was weak and inconsistent across model
specifications (Supplementary Table 8). This suggests that the effects
of ZDC-linked transactions are context dependent and reflect differ-
ences in contractual and pricing arrangements.

Prices were positively correlated with the cultivation of
high-quality seeds (accompanied by seed documentation) but nega-
tively associated with larger farm sizes and affiliations with compa-
nies via partnership schemes (that is, the plasma programme). Tied
producers sold their FFB through cooperatives and received admin-
istrative and other deductions, including input and transport costs,
resulting in lower farm-gate prices. Revenue was positively associ-
ated with high-quality seeds, truck ownership and higher educa-
tion, but negatively associated with the year of farm establishment.
Similar results were observed when regressions included producers
who did not know to whom they sold. Overall, these findings indi-
cate an absence of price-based incentives linked to ZDCs that might
encourage compliance’.

Limited exclusion from ZDC supply chains
Producers located within ZDC mill sheds had significantly greater
access to ZDC supply chains, and this positive relationship held for
bothtied andindependent producers (Supplementary Table 9). Among
farmers who knew their buyers, 54% of those located in ZDC mill sheds
sold FFB to ZDC mills, compared with 25% of those located innon-ZDC
millsheds. However, it is clear that producersinbothZDC and non-ZDC
mill sheds could sell to ZDC mills.

Accordingto our interviews, companies typically accepted com-
munity FFB regardless of location, especially when they did not man-
age plantations or operate below mill capacity (I-1and I-19). However,
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Fig.2|Non-industrial producers’ supply chains and links to ZDCs.

a, Asimplified overview of non-industrial producers’ supply chains and their
links to ZDC companies based on household survey data. b, The locations of non-
industrial producers by ZDC mill sheds, the status of the ZDC mills they sell to,
and the ZDC buyers that these mills supply. These panels focus on the household
asthe unit of analysis. Those who did not know or did not report viawhom they
sell their FFB are labelled as ‘unknown’ in the intermediary section; ‘unknown
mills’ refers to the category assigned to data from producers who did not know
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Owners' millsheds
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where their FFB were delivered to; and ‘unknown buyers’ represents a group
of mills’ buyers that was not traceable via the Trase platform, which provides
information on supply chains and theirimpacts*. Mill sheds are defined by the
geographic catchment areas of mills with ZDCs, but, in practice, producers do
notalways sell to the nearest mill. Some may sell to mills located farther away,
meaning that producers classified within a ‘non-ZDC’ mill shed may in fact
supply aZDC mill, and vice versa.

a Tied producers (n = 401)
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Fig. 3| Non-industrial producers’ self-reported exposure to ZDC policy
implementation and other private-led interventions, by ZDC mill sheds.

a,b, Tied smallholders (a) and independent smallholders (b). ‘Knowledge: NDPE-
related restriction’ represents the share of producers who were knowledgeable on
NDPE-related restrictions; ‘Knowledge: Certification’ refers to knowledge on any
certification schemes (for example, RSPO, ISPO and International Sustainability
and Carbon Certification (ISCC)); ‘Implementation mechanism: Received
training’ refers to producers’ exposure to company-provided agricultural training
modules that are commonly delivered as part of bundled agricultural training
programmes (for example, good agricultural practices, environmental practices,
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fire management, record-keeping, gender and so on) and is used here toindicate
apotential ZDCimplementation mechanism; ‘Legal compliance’ represents the
share of producers who own land title documentation; and ‘Certification status’
refers to the share of producers that are part of certification scheme(s). Overall
group differences were assessed using Kruskal-Wallis tests, followed by post-hoc
Dunn’s tests with Bonferroni correction for pairwise comparisons. Symbols
denote statistically significant pairwise differences based on the adjusted Dunn
test Pvalues: **P < 0.001, *P < 0.01, *P < 0.05. Only statistically significant
pairwise differences are shown. Exact Kruskal-Wallis and Dunn test results are
providedin Supplementary Table 7.

some communities faced supply quotas (I-41and I-44) or disruptions
following changes in mill ownership (I-44). A few mills also implicitly
excluded community FFB by offering prices too low to make sales
financially viable (I-19,1-27,1-37 and I-51). Most of these mills were com-
mitted to the RSPO Identity Preserved scheme, which requires certified
products to remain separate from conventional palm oil*>. While this

practice enables mills to control that their supply is not associated with
deforestation, without adequate communication, local communities
often perceived it as a form of exclusion: “It’s just [company name]
thatdoesn’tacceptit. It was protested by the residents, but that’s what
theresidents protested, [it turned out that the company] set the price
below the standard, [causing] outrageousloss.” (I-27). Considering the
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Fig. 4 | Estimates from linear regression models on prices and revenues per
harvest. Dependent variables are the logarithmic form of (i) price, (ii) revenue
per harvest, (iii) price using all data and (iv) revenue per harvest using all data.
The unit of analysis is the interviewed non-industrial producer household.
Models (i) and (ii) exclude producers who did not know to whom they sell and
use, n=775andn =766 observations, respectively. Models (iii) and (iv), labelled

Estimate

‘All data’, include all producers and use, n =1,271and n =1,260 observations,
respectively, with a separate category for those with unknown sales channels.
Pointsindicate regression coefficient estimates, and horizontal lines indicate
95% confidence intervals around those estimates. Confidence intervals crossing
zero indicate that the corresponding predictors are not statistically significant
(P>0.05).Full regression tables are provided in Supplementary Table 8.

high competition among mills, producers often retained the option
tosellto preferred channels (I-44). In sum, active exclusion within the
ZDC supply chainis, if present, very limited’.

Forest characteristics within and outside ZDC mill sheds

The average deforestation rate at the village level from 2001 to 2020
was 3.5% per year in villages outside ZDC mill sheds, versus 2% in villages
withinZDC mill sheds (Fig. 5a). Although villages withinZDC mill sheds
(which, asnoted above, represented the majority of villages that contain
producers selling to ZDC mills) maintained alower deforestation rate
until 2018 (Fig. 5b), aslight increase in deforestation rates in ZDC mill
sheds was observed after 2020. Yet, cumulatively, deforestated area
between2001and 2022 hasbeenlowerin ZDCyvillages thanin non-ZDC
villages since 2009; by 2022, it was, on average, 15 ha lower.

Villages within ZDC mill sheds were significantly largerinareaand
had alower share of forest coverage in2000 (Fig. 5c) and agreater share
ofindustrial oil palm plantations by 2019. On average, producers within
ZDC mill sheds established plantations earlier than those located in
non-ZDC mill sheds (see Kruskal-Wallis test results in Table 2). While
current deforestation rates across villages are low, these results show
ongoing clearing but no statistically significant difference in average
deforestation rates between ZDC and non-ZDC villages.

Discussion

Toachieve global conservation goals without undermining sustainable
livelihoods, forest-focused supply chain policies, suchas ZDCs, must be
designed and implemented in comprehensive, credible and inclusive
ways*'9?%4 7DCs have demonstrated potential to reduce deforesta-
tioninvarious regions***. However, the socio-economic implications
beyond certification-related outcomes—a common implementation
mechanism of ZDCs—remain largely unexplored.

Wefind very limited evidence that ZDCs are reaching smallholders
inways that support effective or equitable conservation. Over aquarter
of tied smallholders reported awareness of NDPE-related restrictions,
comparedwithonly around10% of interviewed intermediaries and none
oftheindependent smallholders. This suggests that some ZDC informa-
tionreaches tied smallholders, especially those selling through coopera-
tive-mill channels, whereas independent smallholders, who make up
most producers, remain largely disconnected from these information
flows. We also find no price premium for selling to ZDC mills, almost no
ZDC-focused capacity building, and no active exclusion of suppliers, indi-
cating weak enforcement of corporate ZDCs. Deforestation in villages
withinZDC mill sheds was lower before 2019, but after 2019 rose slightly
above non-ZDC levels while remaining broadly similar in magnitude.

The low reach to independent smallholders, both within and
beyond ZDC supply chains, has major implications for avoiding defor-
estation. This patternis consistent with evidence from RSPO-certified
mill markets*°. Although most oil palm-related deforestation in Indo-
nesia is driven by industrial plantations (75%), the smallholder sector
still contributes a substantial share (25%) that could grow in the future’.
Consistent with prior studies, our results suggest that current palm
ZDCs miss many at-risk forests and lack well-designed approaches
to smallholder deforestation®®*. Our supply chain mapping further
revealed that the FFB of over 90% of producers that sold to low-ZDC
mills were indirectly linked to supply high-ZDC buyers through the
downstream supply chains of those mills. This suggests that support
systems and requirements are much weaker at the local mill level than
atthebuyerlevel. These challenges are compounded by systemic mill
overcapacity inIndonesia, which intensifies competition among mills
and weakens incentives to enforce ZDC requirements®. Moreover, less
than10% of Indonesia’s palm oil exports go to the EU, while most go to
less stringent markets®".

Our bottom-up evidence of low awareness complements previous
studies highlighting that ZDCs lack top-down traceability>>*%*45, Qur
finding that producers are more aware of certifications and legal restric-
tions than of ZDCs may help explain why certifications have shown
stronger evidence of reducing deforestation and fire occurrence®*>*?,
although other factors may also matter. Taken together, these find-
ings suggest thatimproving ZDC effectiveness and equity will require
extending company-level commitments more consistently into mill
supply sheds sourcing from independent smallholders, with greater
emphasis on dissemination of NDPE-related restrictions, capacity
building and reliable implementation, especially as ZDCs shift from
voluntary to mandatory policies'>****5* Price incentives, if coupled
with sufficient monitoring and enforcement, might increase aware-
ness and encourage behavioural change. Existing relationships among
producers, intermediaries and mills could also be used more effectively
for communication, traceability and policy dissemination®,

Further research and experimentation are needed to identify
cost-effective, durable and locally relevant ways to reduce deforesta-
tion whileimproving the well-being and security of Indonesian oil palm
communities. At the same time, companies and importing regions
must go beyond deforestation control alone and address underlying
livelihood needs. This will require coordinated public and private
finance, as well as greater attention to supply-shed and jurisdictional
approaches”. Given the similar challenges faced by smallholders in
responding to sustainability policies throughout the world*, these
recommendations are probably relevant for smallholders throughout
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the tropics that are producing deforestation-risk commodities. Such
policyimprovements are especially urgent as zero-deforestation gov-
ernance shifts fromvoluntary commitments to mandatory regulation
under the EUDR and UKDR.

Our results highlight high supply chain complexity and limited
implementation through either engagement or sourcingrestrictions,
raising concerns about the sector’s ability to deliver effective and
equitable deforestation control by the EUDR’s extended deadline and
imminent UKDRimplementation. Without stronger support systems
tailored to the differentiated needs and contexts of smallholders,
more stringent regulation risks having limited effectiveness while
further alienating smallholders from higher-standard markets. More
broadly, our findings reinforce the need for the ‘smart mix’ of policy
approaches (beyond market exclusion) originally envisaged around
EUDR implementation®’, including stronger roles for governments
and civil society, as wide-scale smallholder support has lagged behind
expectations and the pace of regulatory rollout®®. Addressing these
equity gaps will require greaterinvestmentin finance, humanresources
and experimentation to support alternative production systems and
economic pathways.

Limitations

Our study spans 73 villages across two major palm oil-producing prov-
inces, providing abroad snapshot of supply chain conditionsand ZDC
implementation. However, coronavirus disease 2019 disruptions and
limited resources constrained our ability to capture temporal dynam-
ics. Although we improved mill lists and assessed current ZDC prac-
tices, we lacked annual data on when mills or companies adopted or
revised their ZDCs, limiting our ability to assess temporal dynamics
and causal relationships. Household-level data collection also had
limitations. Village-based surveys did not fully capture non-resident
landholders, migration status was measured only through the house-
hold head’srelocation, and we could not identify specificZDC-related
price premiums. Instead, we collected farm-gate FFB prices, which
reflect multiple factors such as regulation, quality and logistics. Our
qualitative datafocused onsmallholders and intermediaries rather than
mill representatives, limiting insight into NDPE/ZDC dissemination and
implementation from the mill perspective. Inaddition, our deforesta-
tion analysis relied on publicly available land-cover dataon smallholder
plantations with limited temporal availability and accuracy, particularly
after 2019, restricting our ability to attribute deforestation directly to
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palm oil expansion. Finally, because the study focused on Aceh and
South Sumatra and only surveyed villages, the findings may not fully
generalise to other palm oil-producing regions in Indonesia with dif*-
ferent environmental, regulatory and market conditions.

Methods

We studied ZDC implementation in two Indonesian provinces using a
mixed-methods approach®“*based on survey and regression analysis,
qualitative interview analysis, supply chain tracing and geospatial
analysis. We chose two study provinces (Aceh and South Sumatra) in
Sumatra, asitis theisland with the highest proportion of non-industrial
producers and palm oil mills. Within these two provinces, we purpo-
sively selected seven geographically close regencies that still have
remaining forests, and have evidence of ZDC initiatives, including Aceh
Singkil, Aceh Selatan, Aceh Barat Daya, Nagan Raya, Musi Banyuasin,
Banyuasin and Ogan Komering Ilir. Some areas within these regencies
have considerably higher exposure to companies that adopt ZDCs,
whilethe other regencies have less exposure to companies with ZDCs.
Given these circumstances, we conducted prematching to identify
pairs of villages with the nearest probability of being exposed to ZDCs
(see details in the Supplementary Information). We initially sampled
40villages (thatis, 20 village pairs) in each province. However, discus-
sions with local governments and subsequent logistical and political
challenges led us to adjust our sample to 36 villages in South Sumatra.
Due to additional on-the-ground challenges, our final counts were 40
villages in Aceh and 33 villages in South Sumatra. This article draws in
partonthefirstauthor’s published doctoral dissertation submitted to
ETH Ziirich (see Chandra®).

Ethics approval was obtained from the Social Humanities
Research Ethics Committee of IPB University, Indonesia (no. 495/1T3.
KEPMSM-IPB/SK/2021), and from the ETH Ziirich Ethics Commission,
Switzerland (approval no. EK 2019-N-152). Informed consent was
obtained fromall participants before data collection. Written consent
was used where appropriate; however, in villages where requests for
signatures were considered sensitive because of prior experiences of
land-related disputes, misuse of personal information, or fraud, oral
consent was obtained instead.

Cross-sectional survey analysis

We conducted household surveys in 2021/2022 to collect primary
data from a total of 1,541 households in seven regencies in Sumatra,
following arandom selection of villages as mentioned previously. Due
to the absence of secondary population data at the village level, we
approached the village governments or representatives to compile a
list of palmoil producers based on their village registries, categorised
by land size—small (lessthan2 ha), medium and large (more than10 ha).
Thisapproach was necessary to gather the most representative farmer
populationineachvillage. From each category, we randomly selected
20 producers in each village to represent different stages of oil palm
development®, institutional contexts (that is, tied and independent),
production scales and land ownership. We then visited the selected
producers’ houses or farms. If the selected farmers were not present
or available at the time of our visit, we substituted them with other
producers from the same category on our list. We also attempted to
include interviews with managers or caretakers for land owned by
non-resident producers, although logistical constraints sometimes
limited this reach (Supplementary Information Section 1.1). Overall,
managers represented about 0.9% of the total interviewed producers,
suggesting that non-resident producers constituted a very small share
of oursample.

We asked producers about their understanding of ZDC (that
is, NDPE) policies, implementation strategies, their supply chains,
socio-economic conditions (such as land ownership, agricultural
production and community memberships) and land-use decisions
concerning forests, peat and environmental conditions within their

properties. We developed a questionnaire to capture data on our
variables of interest, available in both English and Bahasa Indonesia
(Supplementary Information). The open-data kit application KOBO
(https://www.kobotoolbox.org/) facilitated the deployment of these
questionnaires, allowing us to digitise data during collection. Dur-
ing the field survey, we trained local enumerators in each province
who speak the local language (that is, Acehnese, Minang or Palem-
bang Malay). We pretested the questionnaire and ensured it worked
inall contexts/languages.

Quantitative data were analysed using descriptive statistics and
regression models in R. To establish statistical differences between
groups (thatis, ZDC and non-ZDC), we used Kruskall-Wallis tests. We
adoptedabinary categorisation, following Chandra et al.?® and Gollnow
etal.*, to ensure consistent scoring and interpretation across various
evaluation steps, such as assessing ZDC comprehensiveness and link-
ing scores to supply chains. Although the scoring system by Chandra
et al. includes three tiers—0 for no ZDCs, 1 for low-quality ZDCs and
2 for high-quality ZDCs—we simplified it to two categories, ZDC and
non-ZDC mills, to address uneven data distribution across provinces.
We additionally used OLS regressions to control for potential con-
founding variables. We used several dependent variable definitions:
(1) ZDC market access is defined as the participation in the ZDC sup-
ply chain'®, measured by the linkage between producers and mills in
supplying FFB; (2) price is determined by the self-reported average
farm gate price in 2021; and (3) revenue is defined as the monetary
income from selling FFB®*. Due to price and revenue data skewness
when extrapolated on an annual or seasonal basis, we have adapted
this definition to reflect revenue gained per harvest. Revenue was
then calculated by multiplying the average palm sale price by the total
quantity produced per harvest (as reported by each respondent). In
regression analysis, we used ‘sell to ZDC mill’ (0/1) as the independent
variable indicating the supply chain linkage between producers with
millswith ZDC. Furthermore, we applied alog transformation to both
the price and the revenue per harvest variables. We also included other
explanatory variables: the year the farm was established, farm size in
hectares, use of high-quality seeds (0/1), truck ownership (0/1), type
of producers (that is, tied or independent), distance to mills (stand-
ardised value), the density of high-ZDC mills within a 40-km radius
(0-1), demographic details and regency dummies. Distance to mills
was calculated as the distance from each survey location to the near-
est mill. Density of high-ZDC mills was determined by the proportion
of high-ZDC mills within a 40 km radius of each location, relative to
the total number of mills in that radius. This analytical radius differs
from the broader 82-km buffer used during presampling to delineate
potential mill sheds and ensure coverage of all plausible mill-village
linkages before fieldwork.

Qualitative interviews

Togaindeeperinsights and complement the quantitative dataand anal-
ysis, weinterviewed 53 relevant stakeholders, including intermediaries
and cooperatives, who are highly involved in managing the connection
between the producers and mill companies and, in many cases, also the
buyers. These actors hold strategic positions and play crucial rolesin
the industry yet are often overlooked and underappreciated®™**. We
used purposive sampling, aiming to speak to all relevant local supply
chain actors in our study regions. Using a topic guide, we conducted
semi-structured interviews® with 38 intermediaries (locally known
as tauke, tengkulak and ram or ramp) and 15 cooperatives from 2021
t0 2022 in study regencies (Supplementary Table 2). In the main text,
eachintervieweeis uniquely coded with‘I'and anumber (for example,
I-1). We inquired about their knowledge of private-led supply chain
policies and implementations, supply chain complexity, challenges
and support needed. The interviews, averaging 21 min and lasting up
to 1 h, were transcribed in Bahasa Indonesia, translated into English,
and then coded and analysed iteratively®.
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Supply chain tracing

To identify the footprint of mill-level ZDCs and link producers
to mills, we combine a top-down mapping of mills and their ZDCs
with bottom-up reporting of buyer relationships by producers. Our
top-down mapping builds on existing data, including the TRASE data-
set*? sourced from the enhanced Universal Mill List®® and a mapping
of its mills’ ZDC coverage®. Following Chandra et al.”, we estimated
the coverage of ZDC policy in 2020 within the mill sheds based on the
quality of ZDC policy and implementation made by companies that
ownamill (referred to as mill owners) and companies that source from
amill at therefinery level (referred to as buyers). ZDC qualities of mills
presentinthe study areas and their buyers were evaluated on the basis
of six criteria identified in previous research, including (1) commit-
ment to zero-deforestation policy thatisinclusive to all suppliers; (2)
full traceability commitment to mills and plantations; (3) smallholder
support; (4) compliance support; (5) monitoring mechanism; and (6)
transparency (Supplementary Table 3). Acompany has a high-quality
ZDC (‘high-ZDC) if it fulfils all criteria; a low-quality ZDC (‘low-ZDC’)
if it meets the first criteria (that is, a commitment to zero deforesta-
tion that applies to all suppliers) and some but not all criteria; or zero
(‘non-ZDC) if it does not satisfy the first criteria.

Inthe household survey, we used this map to create alist of poten-
tial buying mills located in each regency and updated the list on the
basis of government data. Respondents were asked to identify their
buyers, and we collected the names of companies not listed, which
often occurred when FFB travelled outside the regency of residence.
After data cleaning, we manually matched the bottom-up and top-down
mapping, now going beyond the study regencies. Through this process,
we still found that survey respondents reported selling to compa-
nies that had not previously been identified. We thus enhanced the
top-down dataset by assessing the ZDC quality of missing mills that
wereidentified from our survey dataviaadeskreview of their policies
and delineating the mill sheds by spatially interpolating the mill score—
thatis, assigning each location the ZDC score of nearby mills within a
defined buffer (Supplementary Table 4)—using an 82-km radius.

Geospatial analysis

To assess whether ZDCs are associated with lower deforestation
rates, we compared the deforestation rate over the period 2001~
2022 in villages within ZDC and non-ZDC mill sheds. We used 2018
as a contextual reference point, corresponding to the period when
most companies began extending their interventions beyond the
mill-level to plantation-level traceability (see further details in
Supplementary Table 5).

We estimated forest areas and indirect oil palm-driven deforesta-
tion at the village level using the Global Forest Change dataset®. We
define aforest as having >30% tree cover in 2000 as this threshold is
inclusive of severely damaged, recuperating and regrowing forests, as
well as forested peatland areas that may be high in carbon stocks®**’.
We excluded areas identified as mixed timber plantations and oil palm
plantations in 20007° from our forest map. Annual deforestationrates
were computed as the declinein forest cover within village boundaries
between year tand ¢ + 1, divided by the forest cover at year t. Due to
datalimitations, we did not aim to causally assess the impact of ZDCs
on deforestation. Instead, we descriptively compared deforestation
patterns across ZDC and non-ZDC villages and examined differencesin
pre-existing characteristics, including forest cover in2020, deforesta-
tion rate, distance to closest mills, and land cover (Table 3).

Data availability

The secondary spatial datasets used in this study are publicly acces-
sible from the references cited. Forest cover data are available via
the Global Forest Change viewer at https://glad.earthengine.app/
view/global-forest-change, and data onindustrial and smallholder oil
palm plantations are available via Zenodo at https://doi.org/10.5281/

zenodo.6069212 (ref. 71). Inaddition, mill-and refinery-level ZDC qual-
ity scores for 2018-2020 are available via Zenodo at https://doi.org/
10.5281/zenodo.10609765 (ref. 28). Due to ethics restrictions, house-
hold survey dataare not allowed to be published as doing so could risk
participant confidentiality and identification, even when identifiers
are removed. This is because only certain households will match the
comprehensive set of characteristics (size, location, background, land
use and so on). As is common with household studies, we provide the
village-levelmean values for the household data used in the quantitative
analysis, together with the questionnaire and other non-sensitive mate-
rials, available viaZenodo at https://doi.org/10.5281/zen0do.19616666
(ref. 72).

Code availability

Thecodeusedtoruntheanalysisisavailable viaZenodo at https://doi.org/
10.5281/zen0d0.19616666 (ref. 72). However, given that the publicly avail-
abledataareatthevillage level, we also provide an additional set of code
for that layer, which shows village-level mean results.
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