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Abstract

Brazil’s command-and-control environmental policies have long set an example
for curbing deforestation, but have gone astray in the last decade. The research and
policy efforts of today are still largely informed by the success of earlier interventions,
and not their subsequent failures. Here, we investigate the recent lack of resilience
in deforestation interventions, and present statistical evidence for the erosion of
responsible institutions.

1 Introduction

Economic theory suggests that deforestation occurs if its expected benefits exceed its costs.
The loss of forests and the ecosystem services they provide largely outweighs benefits from
cleared land. However, this is only the case at an aggregate, but not at individual levels.
Policy interventions seek to bridge this alignment problem by redistributing the costs and
benefits of deforestation. A major challenge is the scope of the forest’s common value.
Benefits are borne locally, but also nationally and internationally, today and in the far
future. To preserve forests effectively, interventions require foresight and collaboration on
multiple levels.

In the early 2000s, Brazil set an example in curbing large-scale deforestation in the
Amazon by effectively implementing command-and-control measures. In the last decade,
however, environmental policy has gone astray and large swaths of the Amazon are
being lost to deforestation. Nonetheless, new research and policy efforts concerned with
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deforestation control largely build on insights from the success of earlier interventions, but
not their recent failures [1, 2, 3]. Resilient policies are needed for sustainable, long-term
forest protection. Neglecting the politically dependent nature and the related lack of
resilience of past interventions, even if they were successful, is a stark oversight.

In this paper, we investigate the recent breakdown in Brazilian deforestation control.
We summarize landmark changes to the policy and legislative framework, focussing on
the role of IBAMA, the environmental police, and its ability to enforce existing laws. For
this, we prepare and analyze data on environmental fines from past decades. We find a
clear structural break in the relation between enforcement activity and deforestation, and
connect these quantitative results to closer observations from two exemplary regions using
geospatial data. These insights into enforcement exacerbate the picture conveyed by mere
changes in the political and legislative landscape.

The legislative cornerstone protecting native vegetation on private properties is the
Forest Code [1], which stipulates, inter alia, that proportions of private land must be
maintained as native vegetation (80% in the Amazon biome). Compliance rests heavily on
enforcement, including sanctions by the executive arm of the Ministry of the Environment
(IBAMA) and the administration of justice by federal courts. Enforcement, in turn, relies
on the detection of violations, as facilitated by monitoring systems like the system for
rural property registration (CAR) and remote sensing programs by the National Institute
for Space Research (INPE). The Forest Code (and other command-and-control policies)
work by increasing the costs of deforestation through sanctions; their efficacy crucially
depends on the credibility of having to bear these costs (i.e. being caught, prosecuted, and
sanctioned), as moderated by monitoring and enforcement.

Vast areas of the Brazilian Amazon are public lands that are not subject to the Forest
Code. There, deforestation stems from land grabbing; portions of the public land are
cleared and occupied illegally, and subsequently appropriated. Land grabbing is prevalent
in unoccupied, undesignated lands, but is also practiced in protected areas; occupants
(e.g. indigenous peoples) suffer from hostilities, such as violent expulsion [4]. Despite the
low productivity of appropriated land, speculative land grabbing is made attractive by
few legislative or other barriers. Current deforestation interventions only take effect after
appropriation. An important exception are indigenous areas with full property rights [5];
communities bear some of the benefits of forests and have an incentive for more sustainable
use.

Civil societies and, by extent, private interventions also play a role in forest protection.
The Soy Moratorium, a zero-deforestation commitment, seeks to eliminate soy from
previously deforested areas in the Amazon from the supply chains of participants. Despite
its success in decreasing direct deforestation for soy, its overall impacts are undermined by
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indirect effects [6]. The impact of the Cattle Agreement, an equivalent commitment for
parts of the cattle industry, may even be completely offset by indirect effects [7]. These
market interventions reduce the potential benefits of deforestation, and hinge on private
enforcement, but also public frameworks like CAR and monitoring programs by INPE.

Below, we document the degradation of institutions responsible for deforestation
monitoring and environmental law enforcement. Surging deforestation rates are, in part,
due to declining activity and impact of the environmental police, as well as to a general
erosion of credibility in policy interventions. We conclude that future policy efforts for
more resilient interventions should be aimed at strengthening institutions, spreading
responsibilities, and redistributing the benefits of forests via incentive-based systems.

2 Methods

To quantify the resilience of environmental policies, as mediated by their enforcement, we
collected and processed data on fines handed out by IBAMA. Specifically, we consider
fines for flora-related offenses in the Legal Amazon. A number of data cleaning steps
were necessary to avoid double-counting of fines, and to address a small number of entry
mistakes (see the Appendix for details). The resulting dataset allows us to investigate fining
activity, in terms of numbers and value, but also efficacy, i.e. the status of fines, and the
actual amounts paid. We augment this information with geospatial data on land use and
land use change [8], protected areas [9], and other relevant variables, including population,
economic activity, soy prices, cattle headcounts, and climatic conditions [10, 11].

Next, we investigate a potential break in the relation between fines handed out
by IBAMA and deforestation using a linear panel regression. We link forest loss in a
certain municipality for a given year to the number of fines handed out in the respective
municipality in the previous period. In order to mitigate concerns about contemporaneous
reverse causality, we consider lagged fining activity. A number of control variables allow
us to alleviate confounding issues from other drivers of deforestation (see the Appendix
for a detailed discussion). Additionally, we use a fixed effect specification to account
for time-invariant, unobservable characteristics of municipalities, as well as year-specific
shocks that hit all municipalities. For the effect of interest, we contrast the coefficient of
fines during the period 2003–2016 (i.e. the presidencies of Lula and Rousseff) against the
period 2016–2021 (i.e. the presidencies of Michel Temer and Jair Bolsonaro).

In order to provide additional context to our quantitative results, we zoom into two
exemplary regions — the municipality of São Félix do Xingu and a stretch of the BR-163
highway. Both regions are located in the new frontier state of Pará, and are historical
hotspots of deforestation and vegetation loss, going back to the 1990s and early 2000s [12].
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São Félix do Xingu is home to many indigenous groups, and multifaceted interventions
were successful in bringing down deforestation rates in the late 2000s and early 2010s
[13]. Meanwhile, the region along the BR-163 highway is exemplary for newly accessible
frontiers, which see rampant land grabbing, logging, and environmental degradation
[4, 14]. Today, both regions display alarming deforestation rates, and remain focal points
for the enforcement of environmental law. The deforestation patterns in these regions
are exemplary for new frontiers, e.g. in the state of Rondônia; insights from them give
important context to quantitative results.

3 Results

From 2003 until 2011, we observe a steady decline in forest loss in the Legal Amazon in
Figure 1. Political will played an important role in this, but has arguably faded since

— the gradual dismantlement of environmental legislation, the erosion of institutions
responsible for enforcement and monitoring, and anti-environmental rhetoric in recent
years are well documented [15, 16, 17]. Concrete examples include a 2012 revision to the
Forest Code, which lowered restrictions and gave amnesties to earlier offenses, a budget
cut and freeze for the Ministry of Environment, as well as amnesties for land appropriation
in 2016. The last administration under Jair Bolsonaro saw public officials openly attack
stakeholders and responsible institutions.1 The resulting record loss of 3.5 million hectares
of Amazonian forest in 2021 is disastrous from an environmental, but also an economic
point of view. One major factor behind these policy failures are environmental fines.

Environmental fines are a major instrument of control, on which command-and-control
interventions rely. In Figure 1, we can see fines peaking in 2005, before leveling off together
with forest loss in the early 2010s. Stagnation in the 2010s is followed by a drop in fines,
starting in 2016, and record low fine intensity (fines per hectare of deforested area) in 2020
and 2021. This illustrates a larger pattern, but only begins to showcase how environmental
policy is undermined. Amnesties, cancellations, and inflated bureaucratic burdens, such
as reconciliation hearings and resulting backlogs at courts [20], mean that fines handed
out today have little effect. Since the beginning of 2019 only around 2.5% of fines have
been approved for payment; less than 0.1% of the fined value has actually been paid.
Recently, IBAMA chases after deforestation instead of preventing it — a one percent
increase in fines (controlling for other deforestation drivers) was associated with a 0.03
percent deforestation decrease in 2003–2016, and a 0.07 percent increase in 2016–2021 (cf.
Table A0 in the Appendix).

1For a more detailed overview of the evolution of environmental legislation in Brazil, see the Appendix.
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Figure 1: Forest loss (top panel), the number of flora-related fines handed out by IBAMA
(middle), and the fine intensity per forest loss (bottom) for the Legal Amazon. Shaded
areas indicate administrations, vertical ticks the maximum, mean, and minimum values.
Sources: [8, 18]. Figures created with R, version 4.2.1 [19].

Environmental legislation was directly weakened in recent years, but its deteriorating
credibility has similarly grievous impacts. Existing legislation was not upheld, enforcement
hindered, glaring loopholes left unchecked, and violations pardoned. Against this backdrop,
the distinction between legal and illegal deforestation effectively blurs and misdirects from
conservation efforts. This concern is reinforced by increasingly blatant illegal activities
[21], and budget and staff cuts that limit enforcement and monitoring capabilities. The
results are apparent when looking at the two exemplary deforestation hotspots in Figure 2.
Near São Félix do Xingu (top row), deforestation occurs almost entirely in protected areas,
often in demonstrably public lands. More recently, we even observe increased deforestation
in indigenous areas with full property rights. Along the BR-163 highway (bottom row),
deforestation and forest degradation remain prevalent and are encroaching upon protected
areas.
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Figure 2: Land use change near São Félix do Xingu (top), and the BR-163 highway
(bottom) from 2011 to 2018 to 2021. The extracts are comparable in size to Costa Rica.
Sources: [8, 9]. Maps created with QGIS, version 3.22 [22].

4 Concluding remarks

Rampant deforestation in Brazil requires urgent action, and command-and-control policies
can play a role [3]. Going forward, however, the lessons from Brazil’s lost decade must be
addressed, and the long-term resilience of deforestation interventions deserves increased
attention. If compliance is expected to go unmonitored, violations unsanctioned or forgiven

— now or down the road — then the impacts of any intervention are limited. A growing
body of research considers incentive-based policies, such as rural credit restrictions [23],
as an alternative. The focus lies on their efficacy and efficiency, but their resilience and
potential to captivate stakeholders at multiple levels may prove to be their most vital
benefit.

The foundation of future interventions and existing ones are strong responsible institu-
tions. Monitoring programs by INPE already benefited from international funds, but still
depend on political whims. Operational independence and the direct provision of these
funds could secure ongoing operations and development. Cooperations with third parties
can facilitate both resilience and knowledge transfers to other countries. Enforcement
similarly relies on strong institutions, and could benefit from operational integrity. This
could be complemented by steps to reduce and shift the burden on enforcement via a
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bottom-up approach. Examples include policies that grant full ownership to indigenous
peoples [24] or commit locals to protect forests.

Interventions that provide lasting incentives to forests protection are a resilient and
effective option. By redistributing the costs of deforestation and the benefits of forests, they
tackle the alignment problem at its root. Taxes on land or carbon emissions disincentivise
unproductive land use [25] and could curb speculative land grabbing. Tax credits for
forested areas or other compensation mechanisms could further reduce legal and illegal
deforestation, and would even incentivize restoration [26]. Incentive-based interventions
can lower administrative burdens by shifting the burden-of-proof to stakeholders [23] and
collectivizing interest in monitoring forests. Moreover, incentives can facilitate sustainable
and resilient deforestation interventions overall — via the propagation and empowerment
of responsible actors.

Political will and responsible decision-makers must play a central role in implementing
deforestation interventions. These interventions, however, must be decoupled from politics
to guarantee their sustained integrity.
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A. Forest loss, deforestation, and drivers

The drivers of global forest loss can be summarized as (a) commodity-driven deforestation,
(b) shifting agriculture, (c) forestry, (d) wildfire, and (e) urbanization [1]. These factors
are distributed unevenly, and deforestation is predominant in Latin America, and here
especially the Brazilian Amazon. In the region, shifting agriculture and wildfires have
to be seen in the context of deforestation [2, 3], and forestry is rare. Deforestation itself
is impacted and driven by a variety of factors [4] that we can summarize into ones that
(a) affect the potential value of cleared land (e.g. agricultural suitability and mineral
deposits), and (b) determine whether and to which extent this value can be realized and
extracted (e.g. credit availability, land tenure security, infrastructure).

The factors behind deforestation can be understood as impacting the perceived value
of cleared and forested land, as well as the costs of deforestation. These values are
not only affected by the current situation (i.e. the current state of driving factors), but
also by potential future situations. This presents an additional alignment problem (in
addition to the alignment of individual and common interests), and can be addressed by
working with expected (present) values [5], but the uncertainty around these expectations
is generally not considered due to methodological and conceptual limitations. In general,
and the Brazilian case in particular, uncertainty (around interventions, yields, etc.) is
likely to hamper more sustainable outcomes. Two further salient (historical) features of
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deforestation in Brazil are low costs of non-compliance with environmental legislation
[6, 7, 5], and low value of forested public land (as opposed to appropriated land) — both
for most individual actors. These features give rise to lopsided deforestation-decisions —
even for modest potential values of (cleared) land. The results are catastrophic outcomes
for locals, Brazil, and the rest of the world.

In the Brazilian Amazon, the value of land largely stems from resource extraction or
potential for it. At present, the most prominent resources are two agricultural com-
modities — soy and beef [8, 9, 10, 11]. Both require large swaths of land and have
been specifically targeted with private-sector deforestation interventions, such as the Soy
Moratorium and Cattle Agreement [12, 13]. These voluntary zero-deforestation commit-
ments seek to decouple the commodities from Amazon deforestation, but their impacts
are limited by indirect effects, limited applicability, and complex monitoring requirements
[13, 14, 15, 16, 17]. Doubts about their long-term durability and resilience also hamper
the present efficacy of such symptomatic interventions. Another considerably source of
(potential) value are mineral deposits. Mineral extraction has been expanding into eco-
logically vulnerable regions [18], and has been linked to deforestation in the Amazon
[19, 20].

The high and rising demands for agricultural and mineral commodities are largely un-
shakable features of the times, and (environmental) policy must limit related adverse im-
pacts. Agricultural intensification in Brazil plays an important role in securing global food
supplies and presents an alternative to expansion into (relatively unproductive) forested
areas in the Amazon [21, 22, 23]. Moreover, there is good evidence that deforestation
adversely affects agricultural yields [24], threatening the sector in the progress — even
bar a collapse of the Amazon ecosystem. Similarly, the global hunger for minerals is un-
likely to be sated in the near future, and pathways for less destructive mineral extraction
are needed. In Brazil, the direct land use footprint of industrial mining is comparatively
limited [19], but indirect effects (e.g. from prospects of future mineral extraction) and
uncontrolled artisanal mining remain a large threat to the Amazon.

The factors behind deforestation that affect the realization of values are largely anchored
in environmental legislation. This includes the Forest Code [25, 26], environmental licens-
ing [27], protected and conservation areas [28, 29, 30], and property rights in general [31].
Notably, the impacts of legislation are moderated by a number of other factors, such as
enforcement and monitoring [32, 33, 34]. These factors have seen considerable attacks
and systematic dismantlement in recent years [35]. Illegal deforestation on private prop-
erties is rampant [7] and land grabbing unrelenting (and almost government-approved)
[6, 36], especially along highways and other newly accessible land [37, 38]. There have
been record amounts of fires raised for deforestation, often in protected indigenous areas
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[3], where the livelihoods of local peoples are increasingly under threat [39]. Against this
background, the expectations for the new government are high, and calls to reinstate and
augment earlier policies [7, 40] are loud.

B. Changes in Brazil’s deforestation interventions

In the past decades, Brazil’s legal framework for sustaining natural vegetation and curbing
deforestation has seen major changes, which are often associated with changes in the
political environment.

The cornerstone of Brazilian environmental legislation is the Native Vegetation Pro-
tection Law, which is colloquially referred to as Forest Code (FC). It was originally
established in the 1930s to regulate forest clearing on private land, and clarified and
strengthened in 1965, where formal criteria for the conservation and use of native vege-
tation were introduced for rural properties [41]. Amendments in 1996 and 2001 brought
about substantial tightening of the FC, most importantly increasing Areas of Permanent
Protection (APPs) along water streams and the proportions of private land that have to
be preserved as Legal Reserve (LR), which increased from 50% to 80% in the Amazon
biome. Despite these requirements, the real-world impact of the FC has historically been
hampered by weak enforcement — most prominently the absence of a comprehensive
scheme for penalties and sanctions.

In 1998, the Environmental Crimes Law established such a system for environmental
violations, including infractions of the FC. In 2000, the introduction of the National
System of Conservation Units formalized different categories of protected areas, providing
a legislative framework for the varying degrees of allowed usages [41, 42]. In 2004, under
the government of Luiz Inácio Lula da Silva (Lula), the existing legal framework was
sufficiently enforced (supported by the emergence of satellite-based monitoring systems) to
lower rampant deforestation rates [42]. Important elements were the launch of the Action
Plan for the Prevention and Control of Deforestation in the Legal Amazon, private-sector
initiatives such as the Soy Moratorium, as well as other integrated deforestation actions.
In this period, we can see increases in the number of fines handed out and their associated
value (see Figure 1 and Figure A9), and declining deforestation rates [43].

The environmental legislative landscape in Brazil experienced major changes in 2012,
under the presidency of Dilma Rousseff. These brought about both advances and setbacks
for environmental conversation efforts [41], showcasing the influence of the agribusiness
sector. The Environmental Rural Registry (CAR), a registration system for rural prop-
erties, was established to allow monitoring deforestation on private properties (which are
regulated under the FC). This system was complemented by the Environmental Compli-

3



ance Program (PRA), the Project for Recovery of Degraded and Altered Land (PRADA),
and the Environmental Reserve Quotas program (CRA); all of which support an integra-
tive approach to the management of native vegetation [41]. This system brought about
notable incentives. Only properties registered in CAR are eligible for financial support
(in the form of rural bank financing) and environmental licenses. Furthermore, agricul-
tural activities on non-compliant properties could be legalized through commitments to
restoration obligations.

In the same year, the FC itself was revised, leading to what is now commonly referred
to as the “new FC”. On one hand, earlier increases in the LR were consolidated and
formalized (from their former provisional status). On the other hand, however, pres-
sure from agricultural lobbies led to several amendments that undermined preservation
mechanisms. One instance are technical changes to the definition of APPs. Riparian
preservation areas (i.e. areas around water bodies) were reduced by (1) considering the
maximum water level outside the rainy season, (2) excluding intermittent springs as well
as lentic water bodies from this category [41]. Similarly, changes in the criteria for hilltop
preservation areas reduced the total protected area in such sites by 87% [26]. Furthermore,
APPs could be counted to the LR and restoration requirements were relaxed. Perhaps
most importantly, a differentiation between conservation and restoration requirements
was introduced. This move saw landowners absolved from restoration obligations, and ar-
tificially reduced Brazil’s “environmental debt” by 58% [26]. These amnesties for illegally
deforested areas (prior to 2008) can be seen as a landmark for undermining the credibility
of environmental legislation.

Under the subsequent government, under Michel Temer, from 2016–2019 environmental
regulations and responsible institutions were weakened further. The Ministry of Environ-
ment (the institutional body behind, inter alia, IBAMA) was subject to a budget cut
of roughly US$100 million; budgets were frozen for a period of twenty years [42]. En-
vironmental controls for infrastructure projects were eased, by making environmental
licenses obsolete — a move that has been linked with increasing land speculation [44].
Further amnesties were introduced, now for land appropriations in the Amazon between
2005–2011. Moreover, the maximum amount of claimable land was increased to 2,500
hectares per person [45, 46], facilitating the expropriation of the Brazilian state, and
accelerating land grabbing.

2019 marks the beginning of unparalleled anti-environmental sentiment and policy.
The election campaign of the president-to-be, Jair Bolsonaro, built on aggressive rhetoric
towards environmental protection, and was followed up by attempts to dismantle Brazil’s
environmental agencies and legislation. Key positions within environmental agencies were
reduced or left vacant, undermining their monitoring and enforcement capabilities [39, 42].
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Key ministries, including the Ministry of Environment and the Ministry of Agriculture,
were appointed heads that had been openly critical of and obstructive for their efforts
in the past [39]. The introduction of “reconciliation hearings”, entitling offenders against
environmental legislation to hearings, resulted in a massive backlog for environmental fines
that effectively paralyze IBAMA [see e.g. 7]. While the amount of fines was curbed by
other attacks, the payment of fines effectively ceased in the past years (c.f. Figure A7 and
Figure A10). Furthermore, public attacks on agencies and openly aggressive sentiment
towards indigenous and traditional communities led to a disenfranchisement of crucial
stakeholders that has been linked to increased violence in the Brazilian Amazon [42].

In the most recent election, former president Lula put environmental concerns and
promises to address them at the core of his election campaign. However, at the time
of writing this article it remains to be seen which of these promises will be fulfilled,
how Brazil’s environmental legislative framework and the agencies responsible for its en-
forcement will profit from such changes, and whether this turning point can prove to be
sustainable and resilient into the future.

C. Data retrieval and cleaning

This section describes the data used, the retrieval process, and cleaning steps carried out.
All code used is provided at https://github.com/nk027/deforestation_resilience.

C1. Fines

For fines handed out by the Instituto Brasileiro do Meio Ambiente e dos Recursos Natu-
rais Renováveis (IBAMA) data is available from the institute’s open data portal Dados
Abertos.1 The datasets are “Julgamentos de Auto de Infração - Realizado no âmbito do
IBAMA”2 with general information on offenses and accompanying fines, related payment
information in “Arrecadação de Multas Ambientais Bens tutelados”3 as well as “Fiscal-
ização - auto de infração”4 for more detailed information on the infringements themselves.
The data provided by IBAMA is updated daily, the vintage used for this study was re-
trieved on September 16, 2022.

For the paper, we used only information on fines for flora-related offenses that are
denominated in Brazilian Real (early entries include previous Brazilian currencies, such
as the Cruzeiro Real) for the nine states that constitute the Legal Amazon. These states

1Available at https://dadosabertos.ibama.gov.br/dataset/.
2Entitled julgamentos-de-auto-de-infracao-realizado-no-ambito-do-ibama.
3Entitled arrecadacao-de-multas-ambientais-bens-tutelados.
4Entitled fiscalizacao-auto-de-infracao.
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are: Acre, Amapá, Amazonas, Pará, Rondônia, Roraima, Tocantins, Mato Grosso, and
Maranhão. We excluded fines with status “Excluído” (engl. “deleted”) a priori. Before
combining data on fines and their payments, we conducted additional data cleaning steps
to avoid duplicated and/or implausible entries in either dataset. Duplicated payment
records (i.e. ones where the fine identification number, the payment date as well as the
value of payment is identical) were removed, as were a few records where different names
were recorded for the same identification number. In case there were multiple payment
schemes recorded per fine (i.e. different installment schemes or one-off payments), the
one with the highest sum of payments was selected. The incurrence of reminder fees can
lead to cases where the total amount of payments exceeds original fees quite substantially
(e.g. for fines paid only several years later). To avoid the inclusion of implausibly high
payments, those where the total amount paid exceeded the originally fined amount by a
factor of ten were removed.

In the records with general information of fines handed out by IBAMA, a number
of entries were not unique with respect to the fine identification number. In a first
step, entries where the identification number (ID) occurred more often than twice were
excluded. Some entries with the same ID had different names associated. Entries that
could be matched to payment records were left unchanged, whereas for others a new
unique ID was created. In case none of the two entries had corresponding payments, the
ID for the older entry (in terms of date fined) was changed in the same way. Most of
the remaining duplicates had one of the entries associated with the status “Cancelado”
(engl. “cancelled”). For these entries, we assumed that a residual amount of the original
fine was canceled after some initial payments and recorded it accordingly, i.e. with the
cancellation entry receiving a new unique identification number. Where the total paid
value exceeded the originally fined value, we excluded the one with status “Cancelado”.
For duplicates where one of the entries had status “Quitado” (engl. “Settled”), the other
one was dropped. This mainly concerns entries where a certain rebate was applied, which
is still traceable by the difference in the fined and the paid value. A similar procedure
was applied to those entries where one was under homologation (i.e. the status contained
the string “homologação”). After these adjustments, the remaining duplicates in the data
accounted for 0.32% of total fines (0.28% in the payment data), their associated fined
value for 0.06% of total fined value. Given the small numbers and the unclear nature of
these remaining duplicates, they were dropped.

For the figures presented in the main text and in the supplementary material, two
more adjustments were carried out. Both concerned cases where data entry mistakes are
likely and which were subsequently canceled. First, in 2016 one single fine (identification
number “9099708 - E”) was reported with a fine value of BRL1 billion (accounting for
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almost 30% of total fines handed out in the Legal Amazon that year). Given that it
was canceled and another fine regarding the same company in the same municipality
was recorded (identification number “9103147 - E”) on the next day with a fined value
of BRL1 million, we assumed that there was a mistake when entering the fine value.
Furthermore, no detailed information on the infringement for the entry with value BRL1
billion could be obtained, whereas this was available for the entry recorded one day later.
Accordingly, we excluded the former entry from our analysis. Similarly, in 2019 a number
of disproportionately high fine values were associated with only three entities (all located
in the municipality Porto Velho), totaling almost BRL1.4 billion (or 42% of the total
fined amount in the Legal Amazon in 2019); all of them were subsequently canceled.
Multiple news reports5 strongly suggest that mistakes were made in the calculation of
fines, leading to them being canceled subsequently. Hence, the entries associated with
these entities were excluded to avoid artificially inflating the amount fined in 2019.

C2. Land use and forest loss

Data on land use and land use change was obtained from Projeto de Mapeamento Anual
do Uso e Cobertura da Terra no Brasil (Mapbiomas).6 Mapbiomas version 7.0 (published
in August 2022) tracks land use at a spatial resolution of 30 by 30 meters for the pe-
riod 1985–2021 and provides summary statistics for land use and land use change at the
municipal level.

For Figure 1, we compute the forest loss in the Legal Amazon by summing all transitions
from forest use to other use types. Note that numbers for deforestation or forest loss in
general may differ when using other sources. We stick with Mapbiomas data on forest loss
for (1) consistency with Figure 2 and (2) since the realized loss (or degradation) of forest
is most relevant to our analysis (concerned with environmental and economic costs), and
not what it is driven by.

For Figure 2, we group all land use classifications to (a) natural vegetation, which is
labelled “Forest” (by far the dominant type in the extracts; classes are 3, 4, 5, 11, 13, 23,
29, 49, and 50), and (b) cleared lands for anthropogenic use that are labelled “Cleared”.
Lastly, (c) we filter out water and other ambiguous classes (classes 21, 25, 26, 27, 31, 32,
and 33). A variant of Figure 2 with the full land use detail is provided in Figure A4.
Large-scale overviews of the dataset are provided in Figure A5 and Figure A6. We use
QGIS to carry out raster calculations and create visualizations.

5See, e.g., the reports of UOL Notícias ‘Multa ambiental fora do padrão infla em R$ 1,2 bi balanço
do governo no STF’, and Folhamax ‘Ibama anula R$ 332 milhões de multas aplicadas a empresa de
ex-governador de MT’.

6Available at https://mapbiomas.org/en/statistics.
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C3. Other

Information on protected areas comes from the World Database on Protected Areas
(WDPA),7 vintage September 2022. It provides up-to-date information about several
types of protected areas, including their spatial location, extent, and designation date.
The dataset was subset to only include “Designated” (and not “Proposed”) areas.

Information on private property registered in the Cadastro Ambiental Rural was ob-
tained from the Serviço Florestal Brasileiro,8 vintage November 2022. The data lists all
currently registered properties (including potential overlaps). A variant of Figure 2 with
information on these properties is provided in Figure A3. Deforestation outside of reg-
istered properties can be seen as a lower bound on illegal deforestation, highlighting the
impacts of (recent) land grabbing, before appropriated lands are registered in CAR.

D. Regression Analysis

In order to investigate potential changes in the relation between fines handed out by
IBAMA [47] and forest loss [48], we estimate the following model:

lossi,t =α0 + α1 period+

β0 finesi,t−1 + β1 (finesi,t−1 × period)+

Xi,tγ + µi + λt + εi,t,

where lossi,t denotes forest loss in municipality i at time t, Finesi,t−1 are the number (or
value) of fines handed out in municipality i in the period before, and Xi,t holds a set
of (suitably lagged) control variables. The controls include forest cover [48], population,
gross domestic product (GDP) per capita, soy prices, cattle headcounts [all taken from
49], indigenous areas [50], and an indicator for dry spells based on the Standardised Pre-
cipitation Evapotranspiration Index [51]. We consider municipality fixed effects, denoted
by µi, and year fixed effects, denoted by λt. The Gaussian error term, εi,t, has zero mean
and variance σ2, and is clustered at the municipality level to account for dependency at
that level. The dummy variable pre accounts for period-specific shifts in the level of forest
loss and the coefficient of fine activity. We consider the period 2003–2016 (i.e. the pres-
idencies of Lula and Rousseff) opposed to the period 2016–2021 (i.e. the presidencies of
Michel Temer and Jair Bolsonaro). Alternatively, we consider each individual presidency
as a separate period (results are reported in Table A0). To evaluate the difference in slope
parameters β0 and β1, we compared the estimated average effects and carried out linear

7Available at https://www.protectedplanet.net/en/thematic-areas/wdpa?tab=WDPA.
8Available at https://geoserver.car.gov.br/geoserver/web/.
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hypothesis tests of the form β0 − β1 = 0, which could be rejected at conventional levels
of significance (p < 0.01). Results are robust to the inclusion of fixed effects.

We find considerably reduced effects of environmental fines handed out by IBAMA
on yearly forest loss rates for later periods. There are a few things to consider when
interpreting these results. At first, note that there is little reason to doubt that the
government and its implemented policy changes causally impact the activity and efficacy
of the environmental police. Second, the causal interpretation of the estimated coefficients
is subject to two main caveats — confounding and reverse causality. We alleviate the
impacts of confounding in two ways. First, we control for potentially confounding factors
[following the literature 4] in our specification. Second, we account for a number of
additional confounders via time- and municipality-fixed effects. This allows us to account
for unobserved characteristics of municipalities that are time-invariant or only subject
to very gradual changes (such as soil quality) as well as year-specific shocks that are
common to all municipalities (such as an election year). To address contemporaneous
reverse causality, we use lagged values for certain covariates, including our fining activity
measures, to rule out that forest loss at time t drives fining behavior in the same period. To
alleviate further concerns, consider that effect estimates that suffer from reverse causality
are a weighted average of both effects, i.e. fine activity impacting forest loss and forest
loss impacting fine activity. It is safe to assume that fines dampen forest loss, while
forest loss drives fines to an extent. As a result, the reduction in effects (and sign-flip,
even) stems either from (a) less impact of fines on forest loss, (b) more impact of forest
loss on fines (or a mixture of both). Given policy changes in Brazil, it is safe to assume
that (a) is the major factor behind the change, as (b) is likely left unchanged or even
reduced, considering the constrained possibilities for environmental agencies to act due
to obstructions by the most recent governments. This goes to show that recent policy
changes severely impeded the enforcement of deforestation interventions, to an extent
that is likely even underestimated by the respective estimates.

E. Two windows into the deforestation process

To illustrate the recent changes in deforestation interventions, we highlight two exemplary
regions in the new frontier state of Pará. These regions are located in the municipalities
of São Félix do Xingu, Altamira, and Novo Progresso, and exhibit patterns that can be
found throughout new frontier regions, such as the state of Rondônia (c.f. Figure A5
and Figure A6 for a more comprehensive overview). These municipalities are historical
hotspots of deforestation and vegetation loss, going back to the 1990s and early 2000s
[52]. In São Félix, multifaceted interventions, including the designation of protected and
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indigenous areas, were successful in bringing down deforestation rates in the late 2000s and
early 2010s; the municipality was considered a part of the ‘green frontier’ [53]. Meanwhile,
the region along the BR-163 highway is exemplary for newly accessible frontier regions,
which see rampant land grabbing, logging, and environmental degradation [37, 38]. Today,
both regions display alarming deforestation rates (c.f. Figure A1), and have been focal
points for the enforcement of environmental law (c.f. Figure A2).

The first region, near the city of São Félix do Xingu, shows accelerating deforestation
in protected areas along the Xingu river. Deforestation in the conservation areas west of
the river highlight a recent lack of enforcement and disregard for command-and-control
legislation. Towards the corners of the extract, we can even see increased deforestation
in indigenous areas (that are endowed with full property rights [54]). The second region,
along the BR-163, showcases high and steady deforestation in newly accessible public land.
Here, the degradation of forest is a particular problem (c.f. a variant with full land use
detail in Figure A4) in addition to deforestation. Options to conclusively identify land
grabbing are limited, but we can compare the cleared regions against a recent extract
from CAR, visualized in Figure A3. There, we find that a number of cleared areas are
not registered, and were likely deforested illegally, in possible attempts at land grabbing.
This gives us a credible lower bound for illegal deforestation.
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F. Supplementary material

Table A0: Linear regressions of forest loss on policy enforcement measures

Forest loss ∼ Number of fines Value of fines
(1) (2) (3) (4) (5) (6) (7) (8)

Fines (Base) 0.090∗∗∗ 0.073∗∗∗ 0.108∗∗∗ 0.079∗∗∗ 0.012∗∗∗ 0.009∗∗∗ 0.015∗∗∗ 0.011∗∗∗

(0.022) (0.017) (0.021) (0.016) (0.004) (0.003) (0.004) (0.003)
Fines x Temer −0.050∗∗∗ −0.066∗∗∗ −0.007∗∗ −0.010∗∗∗

(0.018) (0.017) (0.003) (0.003)
Fines x Rousseff −0.152∗∗∗ −0.165∗∗∗ −0.021∗∗∗ −0.023∗∗∗

(0.021) (0.020) (0.004) (0.004)
Fines x Lula −0.118∗∗∗ −0.126∗∗∗ −0.016∗∗∗ −0.016∗∗∗

(0.024) (0.022) (0.004) (0.004)
Fines x pre-2016 −0.107∗∗∗ −0.111∗∗∗ −0.015∗∗∗ −0.015∗∗∗

(0.017) (0.016) (0.003) (0.003)
Control variables
Forest 2.827∗∗∗ 2.880∗∗∗ 2.436∗∗∗ 2.431∗∗∗ 2.811∗∗∗ 2.862∗∗∗ 2.421∗∗∗ 2.418∗∗∗

(0.171) (0.173) (0.159) (0.159) (0.172) (0.174) (0.160) (0.160)
Population −0.073 −0.149∗ 0.116 0.109 −0.064 −0.136∗ 0.126 0.120

(0.086) (0.080) (0.087) (0.088) (0.086) (0.080) (0.087) (0.088)
GDP / capita −0.147∗∗∗ −0.198∗∗∗ −0.004 −0.003 −0.150∗∗∗ −0.201∗∗∗ −0.008 −0.007

(0.045) (0.041) (0.044) (0.044) (0.045) (0.041) (0.044) (0.044)
Soy price −0.022 −0.026 −0.092 −0.097 −0.019 −0.022 −0.089 −0.093

(0.067) (0.067) (0.068) (0.067) (0.067) (0.068) (0.068) (0.068)
Cattle −0.016 −0.019 −0.004 −0.004 −0.015 −0.018 −0.003 −0.002

(0.032) (0.032) (0.032) (0.032) (0.032) (0.032) (0.032) (0.032)
SPEI dry −0.448∗∗∗ −0.455∗∗∗ 0.150∗∗∗ 0.150∗∗∗ −0.444∗∗∗ −0.450∗∗∗ 0.154∗∗∗ 0.154∗∗∗

(0.028) (0.026) (0.042) (0.042) (0.028) (0.026) (0.042) (0.042)
Indigenous areas 0.014 0.009 0.033∗∗ 0.032∗∗ 0.014 0.010 0.033∗∗ 0.032∗∗

(0.015) (0.015) (0.015) (0.015) (0.015) (0.015) (0.015) (0.015)

Year FE No No Yes Yes No No Yes Yes
Unit FE Yes Yes Yes Yes Yes Yes Yes Yes
Observations 15,333 15,333 15,333 15,333 15,333 15,333 15,333 15,333
Adjusted R2 0.854 0.854 0.864 0.864 0.854 0.853 0.864 0.864

Note: Models (1)-(4) use number of fines as policy instrument, models (5)-(8) the value of fines. Models
(1), (3), (5), and (7) include dummy variables for different presidencies, models (2), (4), (6), and (8)
include a dummy variable for the period before the presidencies of Michel Temer and Jair Bolsonaro.
The following covariates enter the equation in lagged form: forest cover, population, GDP per capita,
soy price, cattle headcount, indigenous areas, and information related to fines (both number of fines and
associated values). The indicated significance levels are: ∗p<0.1; ∗∗p<0.05; ∗∗∗p<0.01

.
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Figure A1: Forest loss in municipalities of the Legal Amazon. Source: [48].
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Figure A2: Fine count in municipalities of the Legal Amazon. Source: [47].
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Figure A3: Land use change near São Félix do Xingu (top), and the BR-163 highway
(bottom) and areas that are registered in CAR (November 2022). Source:
[48], [50], [55].
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Figure A4: Land use near São Félix do Xingu (top), and the BR-163 highway (bottom)
in 2011 and 2021. The regions mirror the one in the main text; land use types
are visualised in their full detail. Source: [48].
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Figure A5: Overview of land use in the Brazilian Amazon in 2011. Source: [48].
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Figure A6: Overview of land use in the Brazilian Amazon in 2021. Source: [48].
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Figure A7: Status of fines handed out by IBAMA from 2000 until 2021. Source: [47].
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Figure A8: Number of payments received for fines handed out since 2000. Source: [47].
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Figure A9: The rate of forest loss (top panel), which is largely due to deforestation in
the Amazon, the total value of fines handed out by IBAMA (middle) and the
fine intensity per forest loss (bottom) for flora-related infractions in the Legal
Amazon. Shaded areas indicate different administrations, and are labelled by
their head of state; vertical ticks indicate the maximum, mean, and minimum
values. Source: [48], [47].
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Figure A10: Status of fines handed out by IBAMA by value. Source: [47].
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Figure A11: Paid value for fines handed out by IBAMA. The strong increase in 2013 is
almost entirely due to a single paid fine against a mining company that was
handed out in 2009. Source: [47].
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