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biodiversity and nickel supply. However,
the extent of these impacts has not been
thoroughly examined. Using a
comprehensive analysis of 7,721 villages
between 2011 and 2018, we found that
nickel mining contributed to
deforestation and environmental
pollution in local communities.
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e Mining led to mixed outcomes for the well-being of local
communities

e Improved living standards were outweighed by declines in
other well-being dimensions

e Biophysical and socio-demographic factors moderated well-
being outcomes
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SCIENCE FOR SOCIETY Indonesia, a global hotspot for forests and biodiversity, is also the world’s largest
producer of nickel. The rising demand for nickel to facilitate the low-carbon transition creates a dilemma: min-
ing can boost economies and support climate goals but might also harm ecosystems and local communities.
Accounting for the impacts of nickel production is urgently needed. Our examination of 7,721 villages in Su-
lawesi, the primary nickel-producing region in Indonesia, showed that deforestation nearly doubled between
2011 and 2018 in nickel-mining villages. The impacts on local community well-being—encompassing living
standards, environment, infrastructure, health, social cohesion, and education—varied at different mining
stages. Over the whole period, improvements to infrastructure and living standards were outweighed by
worsening environmental well-being. We urge policymakers and nickel-mining companies to implement reg-
ulations and practices that mitigate environmental damage.

SUMMARY

Soaring demand for nickel to support the low-carbon transition is driving extensive mining in mineral-rich
countries, but the environmental and social impacts of nickel mining remain underexplored. Here, we use
a counterfactual approach to examine nickel-mining outcomes on forests and the well-being of nearby com-
munities in Sulawesi, Indonesia—a region renowned for its biodiverse tropical forests and now a global cen-
ter of nickel production. By examining changes across 7,721 villages between 2011 and 2018, we show that
deforestation in nickel-mining villages nearly doubled. During the early stages of mining, environmental well-
being, living standards, and education outcomes declined, but improvements were observed in health, infra-
structure, and social relations. Environmental well-being continued to substantially deteriorate in the later
stages of mining production, especially in villages with already high poverty. These findings highlight the
environmental and social consequences of nickel mining, underscoring the need for greater accountability
of local outcomes if the sector is to support a just and sustainable low-carbon transition.

INTRODUCTION

The development and adoption of low-carbon technologies is
crucial for reducing the effects of climate change and meeting
the Paris Climate Agreement targets.' As it stands, less than
one-fifth of energy production comes from renewables,? so dra-
matic expansion of the sector is expected in the coming de-
cades.® Yet renewable energy production is highly mineral inten-

4')

sive, and an additional 3 billion metric tons of metal is expected
to be required to realize the Paris Agreement goals.’

The global transition to low-carbon energy will not be possible
without nickel extraction.” Nickel is a critical component in
rechargeable batteries and is widely used in stainless-steel pro-
duction. Between 2011 and 2018, demand for nickel increased
by 43% globally,” and it is increasingly recognized as a critical
mineral for energy (Table S1). Over one-third of all nickel is mined
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Figure 1. Mining concessions across Sulawesi and Indonesia

(A) Nickel mining (orange) concessions and other mining (purple) concessions in production phase in Sulawesi before (2000-2010, left) and after (2011-2020,
right) mining policy changes were introduced. Forest cover in 2011 is shown in green.

(B) Total area of mining concessions for the top five mineral commodities produced in Sulawesi (black), before and after the mining policy changes, in relation to
the rest of Indonesia (gray), according to the Indonesian Ministry of Energy and Mineral Resources.

in Indonesia, making it the largest producer in the world,”> em-
ploying 1.3 million people.® In 2021, >1 million metric tons was
produced in the country, a near 4-fold increase of nickel pro-
duced in a decade, with most of this coming from Sulawesi (Fig-
ure 1).” The role of extractive industries in alleviating poverty and
creating job opportunities has been used to justify policies that
ease business and foreign direct investment into the nickel-min-
ing industry.” However, this justification has also been criticized
for overlooking the detrimental environmental and social impacts
on communities directly affected by mining operations. Environ-
mental damage and communal violence associated with nickel
mining have already been reported in the region.®

It is widely acknowledged that mining is one of the major
drivers of land-cover change, having significant implications on
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biodiversity and ecosystem functioning.® Similarly, the expan-
sion of mining has the potential to radically transform local soci-
eties and economies.'® Yet few studies address the observed
impacts of nickel mining specifically. Previous studies evaluating
mining impacts have typically aggregated multiple mineral com-
modities together'"'? rather than examining variation among
them."" This is in stark comparison to individual agricultural com-
modities,'®"* for which environmental and social effects of pro-
ducing specific crops are thoroughly evaluated (e.g., Santika
etal."). Indeed, the impacts of mining for different mineral com-
modities will vary depending on, for example, the amount of land
required, the extraction technique, water used, and pollution
generated. In Sulawesi, nickel is mostly derived from nickel
laterite ores, close to the earth’s surface.'® The extraction
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process typically involves digging shallow open-cut mines to ac-
cess the nickel ore, which can lead to large areas of land being
cleared."® Moreover, nickel mining relies heavily on machinery,
requiring a workforce with specialized skills and higher levels
of education compared to more labor-intensive forms of mineral
extraction.’”"® Nickel mining may have limited local employment
opportunities if communities do not match the required human
capital.'” It is crucial to account for these variations to robustly
assess land-use change patterns and understand how the ben-
efits and costs of producing different mineral commodities
impact local communities. "

While there is some evidence evaluating the impact of nickel
mining, the highly localized context of these studies makes it
challenging to derive general insights. Some case studies have
found that nickel mining has contributed to increasing local in-
come,’® while in others waste from nickel-mining extraction
damaged local fishing and farming production, resulting in
greater economic losses overall.® Such case studies offer valu-
able insights into the effects of nickel mining on local commu-
nities and ecosystems, but few are widely generalizable due to
methodological inconsistences.?” In contrast, aggregated mea-
sures, such as the percentage of national GDP attributed to the
nickel-mining sector, risk overlooking the spatial characteristics
that can reveal patterns resulting from nickel-mining activities.”’
A robust impact evaluation of nickel mining that accounts for
spatial variation over broad areas could yield crucial insights
for improving policy design and implementation, ultimately sup-
porting better environmental and social outcomes.?”

Evaluating the causal effects of mining interventions is com-
plex due to confounding factors influencing both the outcomes
of interest and the underlying pattern of where production occurs
(e.g., biophysical characteristics; land governance). Impact-
evaluation methodologies can help address this problem by
comparing outcomes to a counterfactual condition where no
intervention has occurred.?? Such evaluations can be enhanced
by tracking outcomes over time, both before and after the mining
intervention, further strengthening estimates of causal effects.

To date, large-scale mining-impact studies have highlighted
the potential environmental and social risks involved,”*>?* espe-
cially those that overlap protected areas or indigenous lands.*®
Yet impact-evaluation studies addressing ongoing mining im-
pacts tend to focus exclusively on either environmental out-
comes” 2527 or well-being®®*° but rarely both. Furthermore,
well-being is often limited to a single economic or institutional in-
dicator to signal societal development. Indeed, the impacts of
land-use change may be experienced differently across various
types of communities and the type of livelihood activities in
which they engage.®® Using a combination of indicators can
simultaneously capture the benefits and costs for both the envi-
ronment and local communities®' and help to identify the con-
texts in which synergies or trade-offs between environmental
and well-being outcomes exist.*

Here, we use rigorous impact-evaluation methods to
examine and quantify the environmental and social impacts of
nickel-mining extraction, focusing on forest-cover change and
the well-being of villages across Sulawesi, Indonesia. By
collating data at the village level, we capture local effects
over a large spatial scale and reveal general patterns. We spe-
cifically investigate the effects of nickel extraction compared to
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other types of mining to understand the relative implications on
forests and well-being. We found that deforestation was higher
in villages with nickel mining compared to those with no mining.
For villages overlapping nickel-mining areas, we found slower
improvements to overall well-being and mixed outcomes
across different well-being dimensions. We also identify the
biophysical and socio-economic factors moderating the inten-
sity of these impacts. Our findings highlight the extent to which
nickel mining affects forest ecosystems and community liveli-
hoods. These insights can inform policymakers and mining co-
mpanies aiming to implement sustainable practices, ensuring
that nickel-mining production aligns with environmental and
development objectives.

RESULTS

Methods summary

Nickel-mining data were derived from Indonesia’s mining
concession map released by the Ministry of Energy and Mineral
Resources. Mining concessions were overlaid with high-resolu-
tion estimates of forest cover as well as socio-economic data
from Indonesia’s Potensi Desa (or “village potential,” PODES)
census to estimate the environmental and social changes attrib-
uted to nickel-mining production and how this compared with
other mineral commodities. To establish a causal estimate of
nickel-mining impacts on environmental and social outcomes,
we apply statistical matching within a before-after-control-
impact (BACI) analytical design to measure counterfactual out-
comes in the absence of mining.*® Such an approach avoids
misleading findings by (1) accounting for the contextual dy-
namics through which forest cover and well-being might have
occurred while (2) isolating impacts of nickel-mining extraction
from other biophysical, political, and social factors that influence
environmental and social outcomes.

To measure the impact of nickel mining (and other mineral
commodities) on deforestation, we quantify the change in forest
cover across individual villages in Sulawesi throughout the
8-year evaluation period. If the expansion of nickel mining
caused deforestation, we would expect to observe a greater
reduction in forest cover within nickel-mining villages compared
to that experienced in non-mining (control) villages. Forest cover
was estimated in the years 2011, 2014, and 2018 to match the
time points of the PODES census. Well-being outcomes were
tracked using 18 indicators derived from PODES, which we
evenly grouped into six dimensions®* (Table 1): education (ac-
cess to education facilities and support), environment (the
occurrence of natural disasters and pollution), health (accessi-
bility of health facilities and cases of disease), infrastructure (ac-
cess to markets and financial support), living standards (basic
living conditions), and social relations (cooperation and inci-
dence of conflict). The overall well-being score is the total com-
bination of all six dimensions, each given equal weighting. If
nickel mining improved the well-being of local communities,
we would expect a positive change in well-being relative to
non-mining villages. Again, well-being was measured in the
years 2011, 2014, and 2018 to follow the years the PODES
census was implemented. All references to the datasets cited
can be found in Table S2.

One Earth 7, 2019-2033, November 15, 2024 2021
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Table 1. Construction of a well-being index for Indonesia

Score of 0 (low well-being) or 1 (high well-

Dimension?® PODES indicator Description being). A score of 1 is given if:

Living standards WATER main source of drinking water water is obtained from bottled water, refill
water, plumbing with meter, or plumbing
without meter

TOILET type of toilet facility majority of households have a private
facility
FUEL type of cooking fuel fuel source is LPG or gas
Health FACILITIES availability of healthcare facilities there are healthcare facilities, and the
nearest polyclinic is <19 km away
MALNUTRITION cases of malnutrition where less than two cases of malnutrition
are reported per 1,000 of the village
population in the last year
DISEASE mortality due to malaria or vomiting no mortality has occurred due to malaria nor
diarrhea reported in the last year

Education PRIMARY presence of primary school at least one primary school is present

JUNIOR presence of junior high school junior high school is <3 km away
LITERACY at least one literacy support program at least one literacy support program is
available

Environment WATER occurrence of water pollution no water pollution has occurred in the last
3 years

AIR occurrence of air pollution no air pollution has occurred in the last
3 years
DISASTERS occurrence of natural disaster no natural disaster has occurred in the last
3 years
Infrastructure SKTM number of households with poverty (SKTM) the number of families with SKTM letters is
letters no more than 10% of village household
population
MARKET presence of permanent or semi-permanent where nearest permanent or semi-
market in village permanent market is <10 km away
CREDIT availability of food credit, small business village with any sort of access to credit
credit, people business credit, and housing support
credit
Social COOPERATION mutual cooperation activities mutual cooperation activities are present
CRIME any serious crimes occur in the last 3 years village reporting three crimes or less in the
past year
CONFLICT a report of mass conflict in the past year no report of mass conflict in the last year

@Eighteen PODES™ indicators were grouped to represent six dimensions of well-being (living standards, environment, infrastructure, health, social,
and education).>* To calculate overall well-being, each indicator was given an equal weighting within a dimension (1/3). Each individual indicator
was given the binary score of 0 or 1, where 0 denotes a village falling below the acceptable threshold specific to that indicator. References and visu-
alization of the pathways between nickel mining and village well-being outcomes are shown in Figure S3. Table S6 provides details on the directionality
of expected well-being outcomes and the possible causal pathway mechanisms.

Background changes in forest cover and well-being

After excluding villages with no forest within their boundaries,
the average village in Sulawesi had around 36% forest cover
in 2011 (n = 4,458, Figure 2A), which dropped to 34% by
2018 (a decline of 2 percentage points, equating to 15 ha for
a median village area of 763 ha). Over the same period, village
well-being increased across Sulawesi by 4 percentage points
(Figure 2B). Living standards improved by nearly 40 percent-
age points in both mining and non-mining areas compared to
the 2011 baseline (Figure 2C). Health also improved by 5 per-
centage points, while education, social, and environmental
well-being declined by 3, 4, and 6 percentage points,
respectively.

2022 One Earth 7, 2019-2033, November 15, 2024

The impact of nickel mining and other mineral types

We estimated the relative impact of nickel mining on forest cover
compared to non-mining (control) villages. The analysis indicates
that nickel mining exacerbated deforestation over the 8-year
period. Deforestation was 2 percentage points greater in
nickel-mining villages relative to non-mining villages (n = 132,
95% confidence interval [Cl]: —3.1 to —0.9; Figure 3A). Villages
associated with other mineral types (n = 115) also experienced
greater deforestation compared to controls; however, this differ-
ence was marginal (—0.4 percentage points, 95% CIl: —1.5 to
0.7). Since the 2011 baseline year, forest cover declined by 4.4
percentage points in nickel-mining villages, while the decline
was 2.4 percentage points where there was no mining
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Figure 2. Background (i.e., unmatched)
changes in forest cover and well-being be-
tween 2011 and 2018
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(Figure 3B), representing a near 2-fold increase in deforestation
associated with nickel mining compared to controls (Table S3).
Villages overlapping nickel mining also experienced slower im-
provements in overall well-being, which is reflected in the nega-
tive coefficient in Figure 3C (—2.1 percentage points, 95% CI:
—4.5t0 0.2; Table S4).

We further partitioned our analyses to examine mining out-
comes at an early (1-3 years) and later (4-7 years) stage of pro-
duction to reflect the accumulation of impacts over time. The
negative coefficient in Figure 4A shows that nickel-mining vil-
lages lost 1.2 percentage points more forest than control areas
in the first 3 years of production (95% CI: —2.3 to —0.1), and a
further 0.4 percentage points (—1.6 percentage points, 95%
Cl: —2.5 to —0.7) thereafter. For villages associated with other
mines, the impacts took longer to accrue (—1.8 percentage
points at 4-7 years, 95% Cl: —4.3 to 0.7; Figure 4A). Nickel-min-
ing villages experienced a 5-fold decrease in their overall well-
being between the early (—0.5 percentage points, 95% CI:
—3.6 to 2.6) and later (—2.5 percentage points, 95% Cl: —6.6
to 1.7) stages of production (Figure 4B). This was mostly driven
by large reductions in environmental well-being (—11.3 percent-
age points, 95% CI: —21.8 to —0.8; Figure 4C). Education,
health, and social well-being also declined over time, while infra-
structure and living standards improved. However, the effect
sizes were highly variable, as reflected by wide confidence inter-
vals. For villages near other mines, overall well-being marginally
improved compared to controls (0.2 percentage points 4-7 years
after production, 95% Cl: —3.7 to 4.2; Figure 4B). Across the six
dimensions, there were marginal differences in well-being out-

Change |n well-being, 2011 2018
(percentage point)

that the effects of nickel mining on defor-
estation and well-being are indeed highly
heterogeneous. Nickel mining was associ-
ated with greater deforestation in villages
that were more accessible, as shown by the positive values for
the interaction terms (Figure S1 and Table S5). Accessibility was
evaluated using a travel-cost surface model that accounts for
the topography, land cover, and road density (Table 2). Nickel
mining was also associated with greater deforestation at higher el-
evations and steeper slopes.

We further explored whether other factors, such as poverty
baseline conditions (low versus high well-being scores in
2011), livelihood type, and accessibility in villages, moderated
the impacts of nickel mining on well-being. Smaller well-being
improvements in nickel-mining villages were found where
poverty conditions were already high (Figure S2A). Well-being
impacts were worse in villages where capture fisheries were
the dominant livelihood (Figure S2B). Accessibility had no
observable influence on the effect size (Figure S2C). We further
examined the specific pathways in which nickel-mining impacts
could be moderated by poverty baseline conditions by running
an additional matching and regression analyses by low- versus
high-poverty villages. Within the first 3 years of production,
deforestation was greatest in nickel-mining villages where
poverty conditions were initially low (—1.4 percentage points,
95% Cl: —2.4 to —0.4) rather than high (—1.1 percentage points,
95% Cl: —2.1 to —0.1; Figure 5A). In the later stages of produc-
tion, deforestation was similar between the two poverty groups.
In villages where poverty levels were initially high, well-being
declined by 1.8 percentage points (95% Cl: —7 to0 3.5) (Figure 5B).
This decline was mostly driven by a 13.7-percentage-point
decrease in environmental well-being (95% Cl: —26.7 to —0.7)
and a 13-percentage-point reduction in health outcomes (95%

One Earth 7, 2019-2033, November 15, 2024 2023
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Figure 3. Relative impact of mining nickel and
other commodities on changes to forest cover
and well-being in Sulawesi
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Coefficient plot (A) compares forest-cover change in
villages with nickel mines (n = 132, orange dots) or
other mines (n = 115, purple triangles) relative to their
respective non-mining control villages. The error bars
represent 95% confidence intervals: if these cross the
zero line there is no significant difference between
mining interventions and non-mining control villages.
Bar plots (B) depict the change in forest cover since
the 2011 baseline year in nickel-mining villages and
matched controls and in other mining villages versus
their matched controls. Here, the confidence intervals
show whether forest cover in 2018 differed from that in
the baseline year (i.e., by not crossing the zero line).
Plots (C) and (D) should be interpreted in the same
way but for overall village well-being. Further details
on the interpretation of the figure can be found in
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Tables S3 and S4. Table 1 provides an overview of the
well-being dimensions and indicators, which together
comprise the overall well-being score.
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largest nickel-producing regions of the
world. Combining rich spatial data across

o]

7.5 7.19

5.05
5.0

2.5

@ Nickel mines
A Other mines

(percentage point difference)
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7,721 villages, we highlight the differential
impacts of mining nickel versus other min-
eral commodities, variations of outcomes
over time, and the factors that minimized
or exacerbated environmental and social
outcomes.

6.2 6.5

Nickel mining impacts deforestation
and well-being

Nickel mining contributed to a significant in-
crease in deforestation since the expansion
of the sector in Indonesia around 2011.
Studies using similar methods elsewhere
have found limited evidence of deforestation
attributed to mining, as other drivers of for-

6 3 0 3 6
Relative impact of mining
compared to control villages
(percentage point difference)

Nickel
mines

Non-
mining
controls

Cl: —24.7 to —1.2) but was countered by improvements to living
standards and infrastructure (Figure 5C).

In contrast, villages with initial low levels of poverty experi-
enced short-term improvements to health (6.1 percentage
points, 95% CI: 0.1 to 12.1; Figure 5C). At the same time, living
standards improved substantially 4-7 years post production
(10.6 percentage points, 95% Cl: —3.9 to 25.2).

DISCUSSION

The demand for low-carbon energy is a key driver of nickel pro-
duction.*? Examining empirical evidence on the ways in which
landscapes and people are being transformed by nickel mining
is crucial to addressing sustainability challenges. Our analysis
identified the multiple impacts of nickel mining in one of the

2024 One Earth 7, 2019-2033, November 15, 2024

Non-
mining
controls

Other
mines

est-cover change would be present even in
the absence of mining.?® Conversely, others
reported mining to be a key contributor to
deforestation across Sulawesi.**** We find
that the extent of deforestation associated
with nickel mines was substantial—near double that observed
in matched control areas. The environmental sustainability
narrative frequently used to justify the increasing supply of nickel
therefore risks overlooking other environmental consequences
resulting from nickel mining. This is particularly relevant in Sula-
wesi, which is globally recognized for its unique ecosystems and
biodiversity.”> Concerted resources to mitigate against defores-
tation are therefore needed.

The marginal decline in overall well-being associated with
nickel mining was largely driven by a decrease in environmental
indicators. Waste materials and pollution resulting from nickel
extraction and processing is a long-standing issue.'® Our anal-
ysis supports the notion that safeguards against pollution and
mining-related disasters should be strengthened to minimize
negative environmental impacts that affect people’s well-being.
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Figure 4. Relative mining impacts across
villages in Sulawesi over time

Impact of nickel mining (orange dots) or other
mining (purple triangles) relative to changes
occurring in hon-mining control villages 1-3 years
(n =132 for nickel; n = 115 for other mines) and 4-7
-- years (n = 44 for nickel; n = 47 for other mines)
following production. The intervals of 1-3 and 4-7
years post mining are determined by the avail-
ability of census data. (A) and (B) show the impacts
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for forest cover and overall well-being, respec-
tively. (C) shows the well-being outcomes by
dimension. Error bars represent 95% confidence
intervals between mineral commodities and con-
trol villages (the zero line). Table 1 provides an
overview of the six dimensions and 18 indicators,
which together comprise the overall well-be-
ing score.

47

is needed in order to understand what is
driving this variation. Migration may
have also been influenced by nickel min-
ing, with resultant changes in well-being.
The in-migration effect from large-scale
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Incorporating environmental and social standards into existing
international and national governance mechanisms, such as
the Extractive Industries Transparency Initiative (EITI), could be
a positive step toward such endeavors. However, such stan-
dards are currently lacking due to alleged inconsistencies be-
tween governing bodies of extractive industries at the local level
and the EITI at the Indonesian national level.*® Greater coordina-
tion and alignment between local, regional, and national govern-
ments in Indonesia are crucial to ensuring consistency in imple-
menting environmental and social safeguards.*®“” Other actors,
including local and international non-governmental organiza-
tions, along with industry groups, play crucial roles in holding
mining companies accountable to adherence with international
standards, such as the OECD’s Due Diligence Guidance.*®
Due diligence protocols can help companies to better integrate
human rights into environmental and social assessments and
further avoid negative social and environmental impacts of nickel
mining.

Reductions in social well-being were also typical of areas
overlapping nickel mines. Conflict driven by environmental dam-
age and land acquisition from nickel-mining activities has been
reported in Indonesia.® However, we also found the social well-
being was highly variable between individual villages, making it
difficult to draw conclusions. It is important to also acknowledge
the positive contribution of nickel mining to local living conditions
and infrastructural development. These improvements are likely
to be attributed to the construction of transportation and water-
based infrastructure.’” Revenue from nickel mining may have
facilitated local government investment within communities.'”
Greater variability across villages was also evident for these indi-
cators, implying that both positive and negative outcomes are
experienced collectively across Sulawesi, and more information

1-3 47 nickel mining has been related to both im-
provements in social cooperation'® and
worsening living conditions.*® As future
research progresses with new data and advancements in
impact-evaluation methods, further work will play a key role in
identifying these other factors that influence the impact of
nickel-mining extraction.

Certain effects of nickel extraction, such as the decline in envi-
ronmental well-being, were only detected 4-7 years after the
issuance of mining leases. One explanation for this is that
some indicators, such as environmental pollution and flooding,
take time to accrue, making them detectable only after several
years.”® Indeed, given the relatively short- to mid-term trends
we uncover, the longer-term effects of nickel mining should
also be assessed, including after mine closure. Evidence from
historical tin mining in Indonesia demonstrated negative effects
on local employment once the mines were closed.®’ When
data become available in the nickel sector, such studies will be
important in addressing the lasting effects of mining as well as
opportunities for restoring and rehabilitating post-mining
landscapes.

Comparisons between nickel and other mines

By disaggregating mining concessions by mineral commodity,
we determined the impacts of nickel mining compared with
other types of mines. Our results reveal that the onset of defor-
estation in nickel-mining villages occurs faster than it does in
villages where other types of mines are present. This implies
that the land-cover changes associated with mining depend
on the mineral commodity extracted. We also found differences
in well-being between mining nickel versus other minerals in
terms of effect size and directionality. All mining was associ-
ated with worsening environmental well-being, but this was
stronger in nickel-mining areas. Conversely, impacts on social
well-being were divergent—nickel mining worsened social
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Table 2. Covariates that influence the assignment of mining villages and trends in forest cover and well-being

Covariate type®

Covariate details®

Rationale®

Dataset®

Biophysical

Land governance

Socio-demographic

average elevation (m.a.s.l.)
(log(continuous))

average slope (degrees) (log(continuous))

average rainfall in dry season (continuous)
average rainfall in wet season (continuous)
area of limestone rock (%) (continuous)

area of volcanic rock (%) (continuous)

area of forest cover in 2011 (%)

area of village under production forest
(hutan produksi) (continuous)

area of village under protected forest (hutan
lindung) (continuous)

area of village that is non-forest estate (areal
pengunaan lain) (continuous)

administrative provincial boundary where
villages are located (categorical)

area of village (km?) (log(continuous))
population density (capita/km?)
(log(continuous))

slope, road, and land cover to measure level
of accessibility to settlements (travel time,
hours) (log(continuous))

village poverty score in 2011 (categorical
[low, high])

primary village livelihood at baseline year
(2011) (categorical [capture fisheries;
commercial fisheries; market-orientated;
subsistence; other])

correlated with deforestation and livelihood
decisions®®

correlated with deforestation and livelihood
decisions®®

affects livelihood decisions®®
affects livelihood decisions®®

geological characteristics shape mineral
selection®” (only included in “other mineral
commodity” impact evaluation)

geological characteristics shape mineral
selection®® (only included in “other mineral
commodity” impact evaluation)

previous area of forest cover is correlated
with deforestation activities already existing

mining concessions allowed in production
forest sites®

underground mining activities can take
place in protected forests. Open pit mining
is not permitted®

mining concessions are allowed on non-
forest estate®

government decision-making at the
province level influences distribution of
resources”’

village area linked to size of mining area
higher resource extraction is associated
with high population levels*'

greater access to markets and
infrastructure can influence livelihood
decisions and forest cover’

poverty baseline level may moderate well-
being outcomes

livelihood type shapes well-being
outcomes™

SRTM 90 m Digital
Elevation Database v.4.1

SRTM 90 m Digital
Elevation Database v.4.1

WorldClim
WorldClim
RePPProT

RePPProT

forest cover and
forest-cover
change layer
Forest Zone Map

Forest Zone Map

Forest Zone Map

Potensi Desa (PODES)

PODES
PODES

accessibility layer

PODES

PODES

8Covariates are grouped into three types: (1) biophysical, (2) land governance, and (3) socio-demographic.
PDetails, rationale, and source of each covariate included in the analysis. The source of each dataset cited is listed in Table S2.

well-being, while slight improvements were associated with
other mines. Incorporating mineral-commodity-level data into
impact-evaluation assessments therefore helps inform specific
mineral-commodity chains.'’*? Nonetheless, we also found
large variations across individual villages, which could be due
to other factors that have not been included in the analyses.
The source dataset on mine locations classified concessions
by mineral commodity but missed information on other mining
characteristics that may have also influenced the type of defor-
estation and well-being patterns detected. For example,
commercially sensitive information on the amount of produc-
tion, extraction methods, and the type of legal ownership
(such as being domestic or foreign owned) is not accessible.
More detailed information on such mining characteristics will
better capture how these specific attributes can shape well-be-
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ing and deforestation,>” but this requires these data to be made
available.*

Other factors moderating nickel-mining impacts

Identifying the underlying conditions that improve or hinder ef-
forts toward reducing deforestation and improving the liveli-
hoods of local communities is important for guiding the manage-
ment of mining activities and land-use planning. As expected,
more accessible villages lost more forest compared to less
accessible areas, implying that accessibility of transport, facil-
ities, and infrastructure to clear forests incentivizes companies
to clear more land. That said, we also found that nickel mining
had led to greater deforestation at higher elevations. While we
may assume that upland sites might have more difficulty estab-
lishing mining operations and thus disincentivize forest
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Figure 5. The role of poverty baseline con-
ditions in determining forest-cover change
and well-being outcomes in nickel-mining
villages

Impact of nickel mining where 2011 poverty
baseline conditions were low (n = 61 [1-3 years],
n =19 [4-7 years], yellow dots) or high (n =70 [1-3
years), n = 34 [4-7 years], green dots) compared to
non-mining (control) villages with the similar
poverty baseline conditions. (A) and (B) show the
impacts for forest cover and overall well-being,
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respectively. (C) shows the well-being outcomes
by dimension. The intervals of 1-3 and 4-7 years
post mining are determined by the availability of
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clearance, such outcomes could be due to the relatively low
rates of deforestation experienced in these areas more broadly.
These results imply that nickel mining may be one of the key
drivers of deforestation in upland regions, especially compared
to other activities such as logging and agriculture, which tend to-
ward greater deforestation in the lowlands.** Our analysis points
to specific biophysical regions that require greater attention
should policies focus on targets to avoid deforestation.

We also found that the well-being impacts of nickel mining
differed according to livelihood type and poverty baseline con-
ditions. Villages where the primary source of income was from
capture fisheries experienced greater reductions in well-being
compared to those where other livelihoods (e.g., commercial
and market-orientated fisheries) were dominant. This is consis-
tent with our findings of declines in environmental well-being
attributed to nickel mining as well as observations in the
broader literature. For example, water and environmental pollu-
tion from the largest nickel mine in Indonesia has led to
reduced fish stocks in water bodies that are close to extraction
sites.””

We focus our analyses on land-based concessions and thus
provide conservative estimates of the damage to water-based
livelihoods, such as fisheries, from nickel-mining production.
Nickel mining also extends to offshore locations employing large
trawls carried across the ocean floor to extract nickel from the
seabed.”® Under Indonesia’s Omnibus Law (Undang-Undang
Cipta Kerja, Law 11/2023), offshore mineral mining is no longer
limited within 12 km from the coastline and can now take place
in all maritime (including deep-water) areas within the country’s
jurisdiction. While we were only able to account for mines that
overlapped with onshore villages, the disturbance from offshore
mining activities and the waste produced may have even greater

experience the negative effects of nickel

mining on environmental well-being and

health. Villages with high levels of depri-
vation may have limited resources and capacity to cope with
environmental pollution associated with mining activities, lead-
ing to adverse health effects.®® While initial poverty baseline con-
ditions influenced the impacts of nickel mining, we are not sug-
gesting that this should be the sole consideration when
establishing concessions. On the contrary, engaging local com-
munities in decision-making, development, and implementation
processes can strengthen mining governance and planning®’
and further empower marginalized social groups.'%°® Indonesia
has made significant developments in engaging communities in
Environmental Impact Assessment regulations by making public
participation mandatory.® To be effective, engagement efforts
should be paired with greater resources and action to strengthen
the capacity of local communities, thereby reducing their vulner-
ability to potential negative impacts of land-use activities.®°

Informing the low-carbon transition

There are multiple potential pathways to a low-carbon transition,
including policy action that lowers nickel demand by improving
the recyclability of renewable technologies and reducing overall
consumption of energy.®’*®? Yet despite such actions, there
remain questions about whether this will be enough to curb pro-
jected mineral demand trends in coming decades.*? With more
countries looking to electrify transport to achieve 2050 net-
zero emission targets, heightened demand for nickel is antici-
pated, with some projections predicting a more than doubling
of current levels."**% Around 75% of this supply is expected
to come from Indonesia,** which is seeking to attract more
foreign investment and increase the ease of business, as evi-
denced in the Omnibus Law of 2023.5* Nickel is expected to
be a key resource at the center of Indonesia’s business and in-
vestment ventures.®®
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There are rising concerns about potential weakening of envi-
ronmental and social regulations under the new Omnibus
Law.® Yet since its initial announcement in 2020 the law has
faced several implementation challenges, with few regulations
fully realized.®* Our study is therefore well timed to inform the
design of implementing regulations under the new law, ensuring
that the nickel-mining sector operates sustainably by balancing
the economic gains with environmental and social responsibility.
One potential approach is to harmonize policies between land-
use sectors, including forestry and mining, which often remain
largely separated. In the case of Indonesia, these divisions exist
in licensing, development planning, and environmental impact
assessments and have led to challenges in overlapping resource
concessions and unclear tenure rights.®® While permission may
be granted to undertake mining operations within concessions,
this does not necessarily cover indirect impacts in surrounding
areas.'' Mining extraction rarely occurs in isolation, with distur-
bances also occurring off-site via road development, energy
infrastructure, and settlements. While distinguishing the direct
and indirect impacts of mining was outside the scope of our
work, previous studies have identified the need to include the cu-
mulative impacts of deforestation outside of concessions.”'"
Governance mechanisms such as the One Map Policy (Kebija-
kan Satu Peta, KSP) in Indonesia can potentially overcome these
challenges. The initiative aims to harmonize spatial data from
government departments and incorporate them into a single
database. Promoting initiatives that actively encourage the coor-
dination and integration across sectors can lead toward a more
cohesive multi-sectoral approach to natural-resource regulation
in an attempt to reduce both deforestation and poverty.®”

As the mining of critical minerals continues to expand in
Indonesia and other countries, it will be important to deepen our
understanding of environmental and social impacts so that im-
provements to sustainability can be targeted. Our work presents
a crucial synthesis of the environmental and social outcomes of
nickel mining, providing a broad overview across the sector in Su-
lawesi. However, nickel mining on other Indonesian islands also
warrants examination as relevant datasets become available. A
caveat to our evaluation is that the outcomes are aggregated to
the village administrative unit, reflecting the spatial scale of the
census data. This village-level analysis can mask important vari-
ations between households or individuals within communities,
where some may benefit more or less than the average village
outcome. In-depth case studies on how different individuals
and groups are impacted by mining will remain valuable for iden-
tifying and supporting those most vulnerable to negative impacts
while also highlighting the conditions that foster greater benefits.
The spatial nature of our analysis enables targeted case studies in
areas where mining outcomes have been particularly positive or
negative. Furthermore, studying mining outcomes in relation to
subjective well-being, which considers how people evaluate their
own well-being related to the aspects of life they consider as
important,®® could deepen our understanding of the diverse
ways mining interventions impact local communities. Integrating
qualitative methods into impact evaluations can offer a richer
spectrum of possible outcomes, ensuring that the voices and per-
spectives of affected communities are included.®®

Nickel extraction is expected to boom in the coming years
through a global low-carbon transition. We show how this can
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conflict with other environmental and development objectives.
Pinpointing where these environmental and social divergences
occur is a crucial step toward addressing these challenges, mini-
mizing trade-offs, and further promoting mining extraction, thus
contributing to a sustainable future for both people and planet.

EXPERIMENTAL PROCEDURES

The study area

Approximately 20 million people live in Sulawesi across its six provinces.*® The
complex geological history of central Indonesia has also resulted in highly
unique ecosystems, making Sulawesi a globally important region for biodiver-
sity and endemism.“® Compared to western Indonesian islands, small-scale
agriculture and other subsistence-based livelihoods are more dominant in Su-
lawesi, and commodities such as coffee, cacao, and coconut are more
commonly grown than industrial-scale products such as palm oil.*> Conse-
quently, deforestation rates have been much lower in Sulawesi compared to
neighboring Borneo and Sumatra, where deforestation is primarily driven by
the expansion of large-scale oil palm and paper-pulp plantations.*>’° Howev-
er, a recent deforestation surge in Sulawesi has been linked, in part, to mining,
a sector that has experienced rapid growth during the last decade.*

The 2009 mining law in Indonesia decentralized the power of issuing mining
permits, granting greater authority to local and regional officials.”’ This shift,
implemented in 2010,%° resulted in a sharp increase in the issuance of mining
licenses throughout the country, with most of the permits for establishing
nickel-mining operations granted in Sulawesi (Figure 1). By 2020, over 65%
(424,270 ha) of Indonesia’s active nickel-mining concessions were on Sula-
wesi, with a further 672,100 ha under exploration. The rapid proliferation of
mining permits reportedly led to several licensing issues, including overlapping
boundaries of land-use activities and difficulties in monitoring and ensuring
that mining companies adhered to national procedures.””

Forest-cover data

To track annual forest-cover change between 2011 and 2018, we used data
from the Global Forest Change (GFC) repository v.1.6 (Table S2). The GFC da-
taset provides consistent and accurate estimates of forest loss when applying
national definitions of forest cover and was therefore appropriate for measure-
ment of forest-cover change. Here, forest cover is defined as at least five hect-
ares of >70% tree-canopy cover of natural composition and structure in a
30-m-resolution Landsat pixel,"**® including mangrove forests (Table S2).
This definition corresponds with those used for primary and secondary forest
by Indonesia’s Ministry of Environment and Forestry.”® Using conservative
measures of forest minimized the inclusion of deforestation that may have
been temporary rather than permanent, and we excluded tree-cover changes
in other land-cover types (plantations, agroforests, mixed gardens regrowth,
and scrublands).*® All forest maps were converted to the Asia South Albers
Equal Area Conic projection to reduce distortions in area and distance. Spatial
data were then aggregated to 180 x 180-m pixel size to ease computational
processing. Using the conservative definition of forest cover, we restricted
tree-cover pixels from the GFC dataset to form a baseline forest-cover map
for 2000. We then applied the forest-loss data to the forest-cover map and
calculated the proportion of village areas forested for the years 2011, 2014,
and 2018 to match the years for which well-being data were available.

Well-being data

Data on well-being were extracted from Indonesia’s village-level census,
PODES, which provides a rich and extensive source of socio-economic and
demographic information across Indonesia. PODES data are collected from
village authorities around three times per decade, with the results aggregated
at the village (desa) administration level (thus, inference should not be linked to
the individual or household level). As with all census surveys, the accuracy of
responses may vary depending on the capacities and resources available
within each village. Rigorous protocols have been developed by the Indone-
sian Bureau of Statistics (BPS) to ensure that the collected data are consistent
and accurate across villages.”* Previous studies have used PODES to assess
environmental and social effects of land-use policies and other types of inter-
ventions, including oil palm certification'*’® and protected areas.**”® PODES
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therefore remains the richest and most extensive source of well-being data
covering the whole of the Indonesian archipelago. Well-being was character-
ized across three consecutive censuses in 2011, 2014, and 2018 (Table S2),
and, due to changes in village boundaries, observations were harmonized to
those in 2014. We chose 2011 as the baseline following the announcement
of the new mining regulatory regime in 2009, which was officially implemented
in 2010."

We define well-being as a multi-dimensional concept that recognizes the
multiple assets, abilities, and attributes that are needed to support and achieve
a better life.”” To capture these multiple facets, our overall well-being index
comprises six dimensions: living standards, environment, infrastructure,
health, social, and education (Table 1).>* Each dimension was assigned three
equally weighted indicators derived from the PODES questionnaire. To calcu-
late overall well-being, each indicator was given an equal weighting within a
dimension (1/3). Each individual indicator is given the binary score of 0 or 1,
where 0 denotes a village falling below the acceptable threshold specific to
that indicator. The overall well-being index was calculated as the average
score across the six dimensions. The indicator dimensions, thresholds, and
directionality of measures were informed by established well-being and
poverty frameworks, including the global multi-dimensional poverty index®’
and Indonesia’s Village Development Index.”® The possible mechanisms and
directionality of well-being outcomes for each indicator are presented in Fig-
ure S3 and Table S6.

Mining data

We used national mining concession data from Indonesia’s Ministry of Energy
and Mineral Resources, containing detailed information on the type of com-
modity and stage of mining activity (Table S2). Compared to other mining da-
tabases available, such as the S&P Global Market Intelligence database’® and
the mining data from Maus et al.,?° the national concession database provides
greater coverage of mining areas in Indonesia,®' with more specific informa-
tion on production status and mining characteristics.

Exploration and production require separate mining permits. We focus our
analysis on the local impacts of mining concessions at the stage of production
only. While the specific type of activity is not detailed in the mining concession
data, construction, extraction, processing, refining, and transportation are all
grouped into the stage of production.?? The unit of analysis was the village
boundary level, matching the same scale as the PODES data. After narrowing
our sample to Sulawesi, a total of 417 mining polygons were included in our
analysis, covering approximately 540,000 ha (Table S7).

Villages exposed to mining were identified as those with concessions
covering at least 15% of the village area (the median value across the Sulawesi
dataset). Mining villages were then divided into two groups: nickel-mining vil-
lages, where nickel was the primary mineral commodity extracted; and other
mining villages, where all other minerals were produced. Non-mining villages
were considered as those where no mining activity occurred during the
same period for any of the commodities. We excluded villages where mining
production operations occurred 10 years before the baseline year, as well as
villages where mining concessions covered more than 0% but less than
15% of the village area. The mining database provides a comprehensive list
of concessions that have formally received a permit but does not include un-
licensed operations. Therefore, to avoid the possible inclusion of informal min-
ing activities, we excluded villages containing concession areas where any
exploration activities had taken place prior to and during the study period
(2000-2018). This assumes that expected informal mining may occur where
exploration or scoping studies have been conducted, which also provide esti-
mates of where nickel resources are located. Mining concessions were
merged by mineral-commodity groups (nickel or other mineral) and year of
production to avoid issues of overlapping boundaries. Villages with overlap-
ping mining concessions producing a mixture of nickel and other mineral com-
modities were excluded from our sample.

Mining villages also include mining concessions that were issued mining
production licenses in 2011 because (1) the 2011 PODES survey was carried
out in April 2011, so information is likely to reflect the status of villages in the
previous year,”* and (2) the steps from the decision to the construction and
startup of mines take time, and we would therefore expect a delay in observing
impacts.®® After applying our inclusion/exclusion criteria and removing villages
with missing data, 461 villages were excluded, resulting in a sample of 7,721
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villages across Sulawesi. Of this total, 7,474 villages experienced no mining
activities between 2000 and 2018, 132 villages contained nickel-mining con-
cessions that were in 1-7 years of production, and 115 villages overlapped
with other mineral commodities excluding nickel (Table S8). Figure S4 maps
mining polygons by nickel and other mineral commodities from 2011 to 2018.

Analytical framework and methodology

For the matching analysis, we carried out two assessments: the first
comprised nickel-mining villages matched to non-mining villages; and the sec-
ond matched other mining villages (excluding nickel) with non-mining villages.
For the regression analysis we estimated and compared the difference in for-
est cover and well-being between the mining and non-mining villages within
each set. To increase the robustness of our estimates, we included covariates
at both stages, which served to reduce any leftover bias resulting from the
matching process.®*

Covariates of forest-cover change and well-being

There are multiple factors other than mining that could affect how interventions
are spatially distributed and further interact with the outcome of interest. There-
fore, to reliably measure the impact of mining, other factors that might influence
the assignment of mining concessions (e.g., proximity to roads) or forest-cover
and well-being outcomes (e.g., poverty baseline conditions) should be
controlled for.** We identified 16 covariates that may influence the selection pro-
cess of mining and non-mining villages and influence forest-cover and well-be-
ing outcomes (Table 2). These reflected (1) biophysical conditions, (2) land
governance, and (3) and socio-demographic features of villages. This selection
identifies factors that were known to affect the allocation of mining sites as well
as other factors that influence forest-cover and well-being outcomes. Prior to
the matching process, we log-transformed covariates that were highly skewed.

Statistical matching

For each set of mining interventions (nickel-mining villages and other mining
villages), we performed a 1:1 paired matching analysis to balance observed
covariates between the mining villages and non-mining villages and make
them comparable. We also matched across two periods to account for
possible time lags in the impacts from mining.>° Throughout, we used genetic
matching with replacement, a method that specifically uses a matching algo-
rithm to iteratively search for the best balance.®® Analyses were undertaken us-
ing the Matching and Matchlt packages in R.5°” As villages were either as-
signed a binary value of being exposed to a mining intervention or not, using
a logistic regression to estimate the propensity scores of villages from the co-
variates listed in Table 2 was the most appropriate statistical model. For both
sets of interventions, all mining villages were matched to non-mining villages
(Table S8). After comparing the covariate balance before and after matching,
we observed a significant improvement in the overall distribution between min-
ing and non-mining groups in both sets. The normalized differences for all co-
variates were below 0.2 (Tables S9 and S10), implying that a strong balance
was found across our mining and non-mining villages.

Regression analysis
With the matched datasets, we implemented a BACI approach to infer the ef-
fects of mining. This approach first uses longitudinal data to compare changes
in forest cover and well-being before and after a mining intervention takes
place. This change is then compared with cross-sectional differences in forest
cover and well-being between mining and non-mining villages®? (see visual di-
agram of the analysis in Figure S5). Changes in forest cover and well-being
were measured over 1-7 years (i.e., up to two census intervals available in
the data) after a mining intervention had been introduced, with another set of
analyses to further observe changes 1-3 years and 4-7 years after the mining
intervention (the intervals matching the census years). In the analysis, standard
errors were clustered (1) by subclass, which represents pairs between the
paired mining and non-mining village, (2) by village, which accounts for non-
mining villages that were included more than once in our matched sample,
and (3) at the regency (kabupaten) level, as most permits within our sample
were issued at this level, therefore accounting for other unobserved political
factors within regencies.®®

Interaction terms were used to examine the factors that might influence the
intensity of nickel-mining impacts on deforestation and village well-being. We
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hypothesize that villages with greater accessibility may increase the intensity
of deforestation caused by nickel mining. As nickel mining is highly capital
intensive, the additional costs of transporting resources and labor with limited
infrastructure, as well as low access to markets for outputs, may result in a
greater disincentive to clearing larger areas of forest lands.®” Similarly, estab-
lishing nickel-mining concessions on steep slopes at high elevations may be
more restricting in the expansion of mining operations, resulting in the greater
retention of forest cover.

Another group of interactions with nickel mining was carried out to assess
whether livelihood type, poverty baseline conditions, and accessibility moder-
ated the outcomes of interest. Based on other literature, livelihoods are known
to influence well-being outcomes.*® Therefore, we hypothesized that liveli-
hoods with a greater dependency on natural resources are more likely to be
affected by the negative environmental externalities derived from mining oper-
ations. Furthermore, we may also expect poverty baseline conditions to mod-
erate mining outcomes. According to the “natural resource curse” theory, nat-
ural-resource extraction exacerbates poverty'’; therefore, we would expect
poorer areas to experience a worsening in well-being. In contrast, following
the “natural resource blessing” theory, we would expect to see the opposite
trend."” The poverty baseline conditions of villages were determined as the in-
verse of the well-being index (the negative directionality of each well-being in-
dicator). Before matching, we grouped each village into two classes of equal
intervals—low and high poverty—based on their poverty status in 2011. We
also assessed whether the accessibility of villages moderated the impact of
nickel-mining production on the well-being of local communities. We might
also expect nickel-mining extraction in more accessible areas to be more prof-
itable due to fewer additional costs in transport-related facilities as well as
easier access to resources and markets. These profits may lead to greater in-
vestment in the local economy, with results showing a greater improvement in
well-being over time.

To further assess the pathways through which baseline factors moderated
the outcomes of deforestation and across various dimensions of well-being,
we ran another matching analysis (Table S11) of the initial poverty status of vil-
lages. We reran the same statistical matching analysis across all poverty
groups between nickel-mining and non-mining villages to assess deforesta-
tion trends and well-being outcomes across each dimension over time.

RESOURCE AVAILABILITY

Lead contact
Requests for further information and resources should be directed to and will
be fulfilled by the lead contact, Michaela G.Y. Lo (m.lo@kent.ac.uk).

Materials availability
This study did not generate any new unique materials.

Data and code availability

Mining concession data were derived from the Ministry of Energy and Mineral
Resources. Visualizations of the mining concessions maps are available at Nu-
santara Atlas of Deforestation and Industrial Plantations in Indonesia
(nusantara-atlas.org) and ESDM One Map —Exploring Energy and Mineral Re-
sources of Indonesia (https://geoportal.esdm.go.id). Data used to measure
forest-cover change were derived from the 30-m-resolution GFC database:
https://glad.earthengine.app/view/global-forest-change. ~ Well-being and
other socio-demographic data were sourced from the PODES census village
survey led by the Indonesian Bureau of Statistics. These data can be visualized
using the WebGIS PODES portal (https://sig.bps.go.id/webmap/podes/). The
code for replication of the statistical analysis can be found at Zenodo: https://
doi.org/10.5281/zenodo.14032310 and GitHub: github.com/michaelagylo/
Nickel-mining-repository.
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