. eprints@whiterose.ac.uk
Whlte Rose https://eprints.whiterose.ac.uk

N
(@) Rresearch onii
N’ esearc niine Universities of Leeds, Sheffield and York

Deposited via The University of Sheffield.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/id/eprint/216025/

Version: Published Version

Article:

den Braber, B., Oldekop, J.A., Devenish, K. et al. (2024) Socio-economic and
environmental trade-offs in Amazonian protected areas and Indigenous territories revealed
by assessing competing land uses. Nature Ecology & Evolution, 8. pp. 1482-1492. ISSN:
2397-334X

https://doi.org/10.1038/s41559-024-02458-w

Reuse

This article is distributed under the terms of the Creative Commons Attribution (CC BY) licence. This licence
allows you to distribute, remix, tweak, and build upon the work, even commercially, as long as you credit the
authors for the original work. More information and the full terms of the licence here:
https://creativecommons.org/licenses/

Takedown

If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

ﬁ 32, | University of P UNIVERSITY

UNIVERSITY OF LEEDS %~ Sheffield NS W



mailto:eprints@whiterose.ac.uk
https://doi.org/10.1038/s41559-024-02458-w
https://eprints.whiterose.ac.uk/id/eprint/216025/
https://eprints.whiterose.ac.uk/

nature ecology & evolution

Article

https://doi.org/10.1038/s41559-024-02458-w

Socio-economic and environmental
trade-offsin Amazonian protected areas and
Indigenous territoriesrevealed by assessing

competing land uses

A list of authors and their affiliations appears at the end of the paper

Received: 16 September 2022

Accepted: 7 June 2024

Published online: 15 July 2024

% Check for updates

Protected area (PA) assessments rarely evaluate socio-economic

and environmental impacts relative to competing land uses, limiting
understanding of socio-environmental trade-offs from efforts to protect 30%
of the globe by 2030. Here we assess deforestation and poverty outcomes

(fiscalincome, income inequality, sanitation and literacy) between 2000
and 2010 of strict PAs (SPAs), sustainable-use PAs (SUPAs) and Indigenous
territories (ITs) compared with different land uses (agriculture and mining
concessions) across ~5,500 census tracts in the Brazilian Legal Amazon. ITs
reduced deforestation relative to all alternative land uses (48-83%) but had
smaller socio-economic benefits compared with other protection types
and land uses (18-36% depending on outcome), indicating that Indigenous
communities experience socio-economic trade-offs. By contrast, SUPAs,
and potentially SPAs, did not reduce deforestation relative to small-scale
agriculture (landholdings <10 ha) but did so relative to larger agricultural
landholdings (70-82%). Critically, these reductions in deforestation
frequently occurred without negative socio-economic outcomes. By
contrast, ITs and SUPAs protected against deforestation from mining, but
atthe cost of smallerimprovements inincome and inequality. Our results
suggest that although PAs in the Brazilian Legal Amazon substantially
reduced deforestation without compromising local socio-economic
development, efforts to secure Indigenous rights need additional
interventions to ensure these communities are not further disadvantaged.

Protected areas (PAs) are key conservation interventions and are cen-
tral to new ambitious international targets, such as the global target
to protect 30% of the planet by 2030 (30 x 30 agenda)’. However, the
proposed expansion of PAs has important implications for competi-
tion among alternative land uses and rural communities that depend
on land and natural resources. Conservation research, policy and
practice recognize the importance of socio-economic impacts*?, but
analyses that focus on multiple outcomes to assess environmental and

socio-economic trade-offs remain scarce®. Furthermore, studies that
assess outcomes of different protection arrangements relative to a
range of specific alternative land uses are extremely limited*”. These
gaps hamper the ability of policymakers to understand and balance
environmental and socio-economic trade-offs in conservation and
development decision-making.

Our primary objective is to contrast environmental and
socio-economic outcomes of different protection arrangements with
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outcomes fromalternative land uses, using the Brazilian Legal Amazon
(BLA) as a case study. Our study advances previous work in two ways.
First, we compare deforestation and socio-economic outcomes (fiscal
income, incomeinequality, literacy and sanitation) between different
types of protection to matched non-protected control areas. The pro-
tection arrangements are strict PAs (SPAs; equivalent to International
Union for Conservation of Nature (IUCN) categories I-IV that restrict
natural resource use), sustainable-use PAs (SUPAs; IUCN categories
V-Vl that allow natural resource use) and Indigenous territories (ITs;
whichgiveinalienable land rights to Indigenous communities). Second,
we differentiate between non-protected control areas with different
land uses to assess how protection outcomes vary when compared with
alternative, and often competing, land uses.

Inthis second comparison, we differentiate non-protected control
areasintothose thatare sparsely populated, dominated by agricultural
land uses, and those with legal mining concessions. We further dif-
ferentiate the agricultural land use category based on the size of the
dominantlandholding (thatis, very small, small, medium or large). This
sizedistinctionisimportant because, globally, large-scale agriculture
is responsible for most deforestation®. Large-scale agriculture also
typically generates trade with distant locations but contributes little
to poverty reduction and can exacerbate local poverty by restricting
small-scale agriculture’. Conversely, the contributions of small-scale
agriculture to deforestation are typically lower' and socio-economic
benefits tend to be retained locally, as smallholders are often less
directly connected to distant agricultural markets". We also compare
PAland uses with legal mining concessions. There is considerable con-
cernregarding theimpacts of mining on natural habitats, but the effect
of mining activities on deforestation and its spatial extent is highly
variable®. The impacts of mining on local poverty are contested”.
Mining mightimprove income, health and education throughjob crea-
tion, while infrastructure development could improve accessibility to
schools and hospitals. Mining can, however, also increase inequalities,
reduce the economic viability of alternative livelihoods such as agri-
culture® and adversely affect health™.

Several factors justify our focus on the BLA. The region is impor-
tant biologically and contains the world’s largest continuous tropical
forest. However, the BLAis also highly threatened by deforestation and
forest degradation. Claims forland and resources are highly contested
by different actors, including smallholders, Indigenous peoples and
local communities (IPLCs; who historically have been economically
and politically marginalized), and economic and political elites who
have supported mining and large infrastructure and agro-industrial
developments (Supplementary Text 1). Critically, government institu-
tions in Brazil have facilitated the integration of environmental and
socio-economic dataacross sources and spatial scales by making them
publicly available.

Deforestation in the Amazon initially peaked in the early 2000s
owing to the expansion of soy and cattle production, influenced by
technological advancements and favourable market conditions®.
Deforestation rates dropped after 2004 when the Brazilian govern-
ment launched the Action Plan for the Prevention and Control of
Deforestation in the Legal Amazon that included the expansion of
PAs and other interventions'. Other initiatives have been linked to
increasing deforestation, including the implementation of agrarian
settlement schemes aimed at smallholder farms”, but large landhold-
ers remainresponsible for the majority of deforestation'. The second
largest cause of recent deforestation is mining'®. Although deforesta-
tion has increased again since 2012, rates are half those of the 2004
peak'. Competition for land between conservation and alternative
land uses has resulted in PA downgrading, downsizing and degazette-
ment events in the Amazon?® and the increase of mining operations
within PAboundaries”.

Effects of PAs vary according to the PA type and local and regional
contexts?>?, PAs can reduce deforestation by restricting alternative

land uses, including agriculture, logging and mining, but this can
negatively affect rural livelihoods by limiting access toland and natural
resources’. Conversely, the management regimes of PAs can support
livelihoods and alleviate poverty through numerous mechanisms?®.
Theseinclude the following: (1) alternative income-generating oppor-
tunities from tourism (for example, ref. 24); (2) bolstering the flow
of environmental services to areas adjacent to PAs, improving agri-
cultural yields and, by extension, incomes (for example, ref. 25); (3)
allowing communities to leverage support from governments and
non-governmental organizations for development projects (for exam-
ple, education and amenities)?; (4) offering payment for ecosystem
services (forexample, the Bolsa Floresta programme supporting SUPAs
in the state of Amazonas)¥; and (5) providing local communities with
access and management rights to facilitate sustainable use of land
and natural resources while restricting more intensive exploitation
of these resources®*®,

Income opportunities from tourismin the BLA are generally low”,
and SPAs limit local communities” access and management rights to
natural resources. Thisisin contrast to SUPAs and ITs that actively pro-
mote suchrights. While communitiesinITs are often autarkic and not
integrated into market economies, some households and communities
actively engage in commercial agriculture and the sale of forest prod-
ucts®, Evidence from the BLA suggests that local communities that can
legally access forest resources within SUPAs can successfully catalyse
collectiveactionand localinstitutions to diversify income-generating
activities and develop health, sanitation and education infrastructure,
as well as other key services®.

To assess the environmental and socio-economic effects of each
type of protection arrangement versus alternative land uses, we com-
piled ahigh-spatial-resolution, longitudinal dataset of land use, defor-
estation and poverty for the period 2000-2010, the two most recent
population census years for whichmicrodata are available. We generate
deforestation estimates from the well-established PRODES Brazilian
Amazon deforestation dataset® and combine these with four poverty
indicators (fiscal income, income inequality, and metrics of literacy
and sanitation) from the 2000 and 2010 population censuses for 5,545
censustracts (CTs) inthe BLA. CTs are the smallest spatial unit for which
socio-economic data are available™.

Our approach contrasts treated CTs that became protected
by one of our three types of protection during our study period,
with unprotected control CTs dominated by specific alternative
land uses. Our socio-economic metrics capture data from human
populations living across each CT, which, for protected CTs, will
include some people legally residing within PA boundaries (even
for some SPAs***) and people living close to PAs. We compiled
property sizes of landholders from agricultural census data*® and
approved mining concessions from the Sistema de Informacgdes
Geograficas da Mineracao® to define different subsets of com-
parable control CTs. Spatial data on PAs were obtained from the
National Cadastre of Protected Areas from the Brazilian Ministry
of Environment™,

Our principal analysis assesses differences in our key outcome
variables following the establishment of PAs after 2000. Our study
design does not include experimental manipulation (for example,
arandomized control trial), so we are unable to make definitive
causal claims about the statistical associations in our observational
data. To maximize the robustness of our analysis, we use statistical
matching and regression techniques, which control for potential
biophysical, socio-economic and political confounders that could
influence our outcomes and the establishment of PAs and ITs. We
support our main findings and conclusions with nine robustness
checksthatinclude,amongothers, hidden bias tests toensure results
arenot unduly influenced by missing confounders, different match-
ing specifications, datasets and an alternative modelling framework
(Supplementary Text 3).
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Fig.1|Differencesin deforestation between PA types established after 2000
and alternative land uses. Non-PA controls include all the CTs with less than 1%
oftheir land protected. Sparsely populated areas are those with less than 10% of
the CT settled. Dominant agricultural landholder sizes are determined by the
category containing the most properties per CT. Mining areas are defined as

Dominant landholding size

census tracts with licensed mining activities after 2000. Thick lines represent
treated (T) CTs, and thin lines represent control (C) CTs. Significant differences
(two sided) between treatment and matched controls: **P < 0.001; **P < 0.01;
*P<0.05; "P<0.1.Exact Pvalues and adjusted Pvalues to correct for multiple
testing are presented in Supplementary Table 1.

Results

Comparisons with non-PAs

Throughout our results, we use SPAs, SUPAs and ITs to refer to cen-
sus tracts protected after 2000. We first compared different forms of
protection to the full set of control CTs (that is, without sub-setting
controlsinto different land uses). We find that all forms of protection
were associated with reductions in deforestation between 2000 and
2010, withITs associated with the greatestamount of avoided deforesta-
tion (SPAs = -53.6%, P < 0.001; SUPAs = -46.7%, P < 0.001; ITs = —69.0%,
P<0.001; Fig. 1and Supplementary Table1).

After being corrected for inflation, mean monthly household
income increased during the study period in all types of protected
CTsand unprotected controls. Increases were 59.3% (P < 0.001) higher
in SPAs than in matched controls, with no significant difference in
increases between SUPAs and controls; by contrast, increasesinincome
inITs were 24.8% (P < 0.001) lower thanin matched controls (Fig. 2a and
Supplementary Table 2). We found no relationship between any protec-
tion arrangement and income inequality (Fig. 2b and Supplementary
Table 3) or sanitation (Fig. 3a and Supplementary Table 4). SUPAs were
associated with slightly higher literacy rates than the matched controls
(5.67% increase, P=0.01), with other types of protection having no
effect (Fig. 3b and Supplementary Table 5).

All protection arrangements thus appear effective at combat-
ting deforestation while also improving socio-economic conditions
over the study period. However, for ITs, improvements in income
were below those in matched non-PAs, indicating environmental and
socio-economic trade-offs. ITs were thus linked to the largest envi-
ronmental gains but also the smallest socio-economic gains, sug-
gesting that IPLCs may be missing out on economic development
opportunities.

Comparisons with agriculture and sparsely populated areas
SPAs and SUPAs were associated with reduced deforestation (between
-40.5% and -81.6%) compared with agricultural land uses. This applied
toallagricultural landholding sizes except when comparing SUPAs with
areas dominated by very smalllandholders (SUPAs = -1.66%, P= 0.92;
Fig.1and Supplementary Table 1). SPAs are also potentially less effec-
tive at reducing deforestation relative to areas dominated by small
landholders, but our result is only marginally non-significant and the
estimated effect sizeis much larger than that of SUPAs (SPAs = -30.7%,
P=0.08;Fig.1and Supplementary Table1). By contrast, ITs were linked
to significant reductions in deforestation compared with all five agri-
cultural land uses (between 47.7% and 82.8% avoided deforestation;
Fig.1and Supplementary Table1).

SPAs were associated with larger increases in income relative
to areas dominated by medium (57.9%, P<0.0001) and large (26.4%,
P=0.03; Fig. 2a and Supplementary Table 2) agricultural landhold-
ers. By contrast, ITs were linked to smaller increases in income com-
pared with sparsely populated areas (-32.2%, P=0.02; Fig. 2a and
Supplementary Table 2) and areas dominated by very small (-35.8%,
P<0.0001; Fig. 2a and Supplementary Table 2) and large landhold-
ers (-29.6%, P=0.01; Fig. 2a and Supplementary Table 2). We find no
relationship between SUPAs and income relative to any agricultural
landholding size.

SUPAs were associated with significant reductions in income
inequality when compared with areas dominated by small landhold-
ers (-12.3%, P< 0.001; Fig. 2b and Supplementary Table 3), but were
linked to significantincreases ininequality when compared with areas
dominated by medium landholders (59.1%, P < 0.001; Fig. 2b and Sup-
plementary Table 3). ITs were associated with significant reductions
in income inequality when compared with areas dominated by very
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Fig.2|Differencesinincome and income inequality between PA types
established after 2000 and alternative land uses. a, Effects onincome,
measured as the mean monthly income in Brazilian reais in CTs. b, Effects on
income inequality measured as the Gini coefficient in CTs. Non-PA controls
include all the CTs with less than 1% of their land protected. Sparsely populated
areas are those with less than 10% of the CT settled. Dominant agricultural
landholder sizes are determined by the category containing the most properties

Dominant landholding size

per CT.Mining areas are defined as CTs with licensed mining activities after
2000. Thick lines represent treated (T) CTs and thin lines represent control

(C) census tracts. Significant differences (two sided) between treatment and
matched controls: ***P < 0.001; **P < 0.01; *P < 0.05; ‘P < 0.1. Exact Pvalues and
adjusted Pvalues to correct for multiple testing are presented in Supplementary
Tables2 and 3.

small (-21.4%, P< 0.0001; Fig. 2b and Supplementary Table 3) and small
landholders (-14.3%, P < 0.001; Fig. 2b and Supplementary Table 3).
SPAs had no significant relationship with income inequality.

SPAs were associated withsignificantly smallerincreasesin literacy
rates when compared with sparsely populated areas (-7.59%, P= 0.03;
Fig. 3b and Supplementary Table 5). SUPAs were linked to smaller
increases in literacy when compared with areas dominated by small
(-8.49%, P=0.01; Fig. 3b and Supplementary Table 5) and medium

landholders (-13.9%, P= 0.01; Fig. 3b and Supplementary Table 5) but
were associated with greater increases in literacy compared with very
smalllandholders (1.98%, P= 0.01; Fig. 3b and Supplementary Table 5).
ITs were linked to smaller increases in literacy rates when compared
with areas dominated by small landholders (-18.1%, P < 0.001; Fig. 3b
and Supplementary Table 5).

SPAs were associated with lower improvements in sanitation
compared with sparsely populated areas and areas dominated by
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Fig.3 | Differencesin sanitation and literacy rates between PA types
established after 2000 and alternative land uses. a, Effects on sanitation,
measured as the percentage of households with poor sanitation in CTs. b, Effects
on literacy, measured as literacy rates in CTs. Non-PA controlsinclude all CTs
withless than 1% of their land protected. Sparsely populated areas are those
withless than10% of the CT settled. Dominant agricultural landholder sizes are

Dominant landholding size

determined by the category containing the most properties per CT. Mining areas
are defined as census tracts with licensed mining activities after 2000. Thick
lines represent treated (T) CTs, and thin lines represent control (C) census tracts.
Significant differences (two sided) between treatment and matched controls:
**P<0.001;*P<0.01;*P< 0.05; *P< 0.1. Exact Pvalues and adjusted Pvalues to
correct for multiple testing are presented in Supplementary Tables 4 and 5.

large landholders (sparsely populated areas = 3.34%, P=0.03; large
landholders =20.9%, P=0.03; Fig. 3a and Supplementary Table 4).
By contrast, SUPAs were linked to greater improvements in sanita-
tion when compared with areas dominated by very small landholders
(-2.71%, P< 0.001; Fig. 3a and Supplementary Table 4).

These results emphasize the importance of ITs in combatting
deforestation, as they effectively reduced deforestation compared
with all forms of agricultural land use. The effectiveness of SUPAs,

and potentially SPAs, in reducing deforestation relative to areas domi-
nated by very small landholders is limited. These results also show
potentially contrasting socio-economic effects depending on the
type of protection and the size of agricultural landholdings in the
comparison. Critically, although ITs are sometimes associated with
lower levels of inequality, Indigenous communities may be missing
out on income-generating opportunities, especially compared with
SPAs thatreduced deforestation while maintaining or evenincreasing
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average incomes within the CT compared with alternative agricultural
land uses.

Comparisons of different forms of protection to mining

All forms of protection were associated with reduced deforestation
compared with CTs with licensed mines (SPAs =-62.4%, P< 0.001;
SUPAs =-76.5%, P < 0.001;ITs = -62.9%, P < 0.001). SUPAs were associ-
ated with economic trade-offs with significantly lower gainsinincome
than in mining areas (-9.88%, P= 0.04). ITs were linked to significant
increases in income inequality (9.13%, P= 0.01) relative to CTs with
licensed mines. We find no relationship between protectionand literacy
rates or sanitation compared with mining areas. These results suggest
that SPAs can prevent the adverse environmental impacts of mining
without adversely affecting socio-economic conditions but provide
further evidence for environmental and socio-economic trade-offs
for ITs and SUPAs.

Robustness checks

We conducted asuite of different robustness checks (Supplementary
Text3 and Extended Data Figs.1-8): (1) stricter matching criteria (cali-
pers), (2) stricter spatial definitions of protection (raising the threshold
for defining protected CTs from 10% PA or IT coverage in our main
analysis to 50%), (3) restricting our analysis to deforestation from 2006
to 2010 and PAs that were established after 2006, (4) examining the
potential presence of unmeasured confounders by conducting hid-
den bias sensitivity analyses (Oster bounds) and testing for spatial
autocorrelation in our regression models, (5) ensuring that statisti-
cal differences between landholding size are not driven by differing
amounts of settled land, (6) ensuring that our results are consistent
across agricultural land dominated by different agricultural activities
(forexample, pasture), (7) using the high-resolution global deforesta-
tion maps generated by a previous study® as an alternative dataset to
PRODES, (8) examining the spatial extent of potential mining effects
and (9) using an alternative modelling framework (fixed-effects panel
regression). These tests confirm that our analyses are not adversely
influenced by hidden bias from unmeasured confounders and validate
the conclusions that we draw from our main results.

Discussion
We make two important contributions to our understanding of the
effects of different protection arrangements. First, we add to our under-
standing of the joint environmental and socio-economic outcomes of
different protection arrangements and their trade-offs. Second, we
contribute to the advancement of evaluation frameworks that assess
protection outcomes relative to alternative land uses.

Wefindthatacrossallanalyses, ITsare the governance arrangement
most consistently associated with reductionsin deforestation relative
to agricultural land use and mining in our study period. These results
highlight the conservation benefits that can arise from recognizing
the rights of IPLCs to natural resources in Brazil and potentially other
regions*’. However, our results also suggest that ITs are more likely to
experience socio-economic trade-offs than other protection arrange-
ments. [Tswere associated with smallerincreasesinincome and, insome
instances, lower literacy rates, compared with other land uses. Indig-
enous communitiesin Brazil and elsewhere are often more autarkic (for
example, because of reduced access to markets and other institutions;
Supplementary Information). Yet, as global efforts to return land and
resourcerightsto IPLCsramp up in the wake of the 2021 United Nations
Climate Change Conference (COP 26; Glasgow Leaders’ Declaration
on Forests and Land Use), it is critical that interventions to secure land
rights are accompanied by targeted development programmes and
initiatives designed to remove access barriers to other forms of support
(for example, existing social protection programmes™).

SUPAs in the BLA appear not to be effective at reducing defor-
estation compared with areas dominated by very small (<10 ha)

landholdings (which comprise a similar proportion of the BLA as
agricultural land dominated by other landholding size categories;
Supplementary Fig. 1a). These results point to the current limited
environmental gains of designating SUPAs in areas dominated by
small-scale agriculture. However, the history of the BLA highlights the
risk of the consolidation of smaller landholdings by larger commercial
agricultural enterprises (Supplementary Text 1). Designating SUPAs
could thus reduce the risk of such consolidation and be more effective
when considering future land use transitions. These dynamics should
be explicitly considered in efforts to increase PA networks inboth the
BLA and beyond.

Moreimportantly, we find that the environmental gains from SPAs
and SUPAs rarely trade off against socio-economic development when
compared with agricultural land uses, including areas dominated by
large agricultural landholdings. This resultis compatible with sugges-
tions that the socio-economic benefits of large agricultural business
development in the BLA can be limited for large proportions of the
rural population®. Our study thus indicates that agricultural business
development of the BLAis unlikely to provide socio-economic benefits
for local people to a greater extent than protection-focused alterna-
tives that preserve forest cover.

Ourresults suggest that all protection arrangements are effective
atreducing deforestation arising from mining land uses (although we
are able to assess only legal mining concessions and note that illegal
mining can affect deforestation and communities both outside and
within ITs and PAs). This effect extends up to 50 km from mining sites
for SUPAs and up to 75 km for ITs (Extended Data Fig. 1a). However,
results suggest that this may involve socio-economic trade-offsin the
case of SUPAs and ITs. ITs experienced greater increases in inequality
relative to mining, and there are indications that SUPAs experienced
smallerincreasesinincome. Critically, these negative socio-economic
effects extended over much smaller distances (5-10 km; Extended Data
Fig. 2) than the positive environmental effects of protection, that s,
reduced deforestation rates. This emphasizes the importance of con-
sidering spatial scale in balancing trade-offs between environmental
protection and socio-economic development goals.

Our approachrevealsimportant heterogeneity in the environmen-
tal and socio-economic outcomes of protection arrangements in the
BLA and provides a better understanding of synergies and trade-offs
across sustainability objectives that arise from alternative land use
decisions. The magnitude to which the outcomes of protection arrange-
ments extend beyond the boundaries of ITs and PAs, and whether
protection displaces deforestation to other locationsin the BLA (and
elsewhere), remainanimportantresearch frontier. Consideringalter-
native land use optionsin future evaluations of PAs and other effective
area-based conservation measures can further help us better under-
stand socio-environmental trade-offs withimportantimplications for
conservation policy and practice.

The target of protecting 30% of terrestrial land surface by 2030
has been enshrined in the United Nations Convention on Biological
Diversity’. As plans develop to meet the 30 x 30 target, it is critical
that the expansion of protection efforts is not biased to areas with
limited additionality, where opportunity costs are lower but conser-
vation effectiveness is reduced. Agriculture and mining frequently
compete against efforts to protect natural habitats and the provision
of rights to rural communities®>?2, Gaining a better understanding of
socio-economic and environmental synergies and trade-offs in other
regions and contexts, and the specific processes through which these
occur (for example, changes in local wages*?), will be essential for
better policy design.

Methods

We first compare deforestation and multiple socio-economic outcomes
(fiscal income, income inequality, literacy and sanitation) between
three different types of protection arrangements (SPAs, SUPAs and ITs)
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and matched non-PAs from the full set of control CTs. We then compare
the outcomes of these three protectiontreatments to control CTs domi-
nated by specificalternative land uses (sparsely populated areas, areas
dominated by different agricultural landholding sizes and mining).

Unit of analysis

Our analysis focuses on 5,545 CTs (mean size £ s.e., 977 + 44.7 km?;
Supplementary Fig. 1b) within the BLA derived from CTs identified in
Brazil’s 2000 human population census. Focusing on CTs rather than
municipalities (of which there are 772in the BLA as 0f 2021*) allowed us
to assess patterns at finer spatial scales and substantially increase our
sample size and thus the statistical power of our analysis. We merged
CTs that were smaller than 50 km? (mean size * s.e., 3.5 + 0.04 km?;
total area covered is less than 1% of the BLA area) as the boundaries
of these CTs are tightly delimiting settled areas (villages) from the
surrounding rural landscape. This merging of CTs increases the ability
to detectimpacts of land use decisions on the residents of these small
CTs. Our algorithm selected the smallest CT, then merged it with the
neighbouring CT situated in the same municipality with whomit shared
the longest border—although, in practice, most of the small census
tracts are surrounded by much larger census tracts. The algorithm
repeated this procedure until the area of the smallest remaining CT
was larger than 50 km?,

Theboundaries of some census tracts changed between 2000 and
2010. We thus followed an approach** that assumes that people are
homogeneously distributed within the census tract. We consistently
reconstructed datatothe2000 CT boundaries by first overlapping the
2010 CT boundaries with the 2000 CT boundaries and then calculat-
ing aweighted average of the 2010 metric for the 2000 CT boundary.
Agricultural census data also experienced boundary changes between
2000 and 2006, and the same procedure was followed to calculate a
2006 metric allocated to the 2000 CT boundaries.

Outcomes

Forest cover loss metric. We used the Brazilian PRODES™ to estimate
forest cover loss for our main analysis. The PRODES dataset is used
nationally and internationally in the assessment of deforestation in
the Amazon® and quantifies cumulative deforestation in patches of
atleast 6.25 ha. PRODES detects only loss of old-growth forest and
ignores secondary forest gains and losses, including those associ-
ated with shifting cultivation systems (see Supplementary Text 3 for
arobustness test using the data of a previous study®, which measures
deforestation at 30 mresolution).

Poverty metrics. We use four indicators of poverty and well-being
availableinthe national census microdata, which aggregates individual
household dataat the CT level: (1) mean household income per month
in Brazilian reais (R$), corrected for inflation using the Indice Nacional
de Precos ao Consumidor (INPC)*¢; (2) income inequality, measured
as the Gini coefficient and calculated at the household level (for each
CT) using data on the numbers of households within each income
category; (3) literacy rates as a measure of education, calculated as
the percentage of literate household heads (parental education is a
positive indicator of child education in Global South countries and a
good indicator of social mobility*’) and (4) percentage of households
with poor sanitation (that is, without toilets that drain into a sewage
system or septic tank).

Wefocusonthesefourindicatorsfor several reasons.Incomeis con-
sidered akey measure of poverty and well-being in global sustainability
agendas (for example, Sustainable Development Goal 1, Target 1.1)
and is used by Brazilian state agencies to measure poverty> and eli-
gibility for socio-economic protection programmes (for example,
Bolsa Familia*®). Similarly, reducing income inequality is also consid-
ered a key sustainability goal and target (Sustainable Development
Goal10, Target10.1). Inaddition, there is widespread recognition that

poverty and well-being are multi-dimensional issues. We therefore
also include two variables available in the census data: literacy (as a
proxy of education) and sanitation (as a proxy of health). Our indica-
torsthus cover awide range of nationally and globally relevant poverty
and well-being measures that are also closely linked to commonly used
measures to assess PA impactsin other contexts***°. More importantly,
our indicators probably capture changes in dimensions of poverty and
well-being of large swathes of the rural population of the BLA, includ-
ing populations in ITs. This is because, although more autarkic and
often marginalized politically and economically, Indigenous peoples
inthe BLA (1) do engage in market economies (at least to some extent),
(2) areeligible for socio-economic protection programmes and receive
conditional cash transfers (despite structural difficulties in access-
ing them) and (3) have constitutional rights to bilingual education
(although these rights are often only partially met)*°.

Intervention and control definitions

Defining interventions. We define each of our three protection
arrangement types and their locations in the BLA using the Brazilian
National Protected Area System (SNUC)*' (Supplementary Fig. 1c). We
define SPAs as the five categories of Integral Protected Units (Unidades
de Protecao Integral), that is, ecological research stations, biological
reserves, national parks, natural monuments and wildlife reserves.
Environmental protection is the principal aim of each of these five
categories, and they equate to IUCN PA categories | to IV. Resource
useintheseareasis prohibited, but they canbe accessed for research,
education and, in some instances, tourism (for example, in national
parks). The Brazilian National Protected Area System defines seven
categories of PAs within the sustainable use group, each with a spe-
cific set of use and occupation rules. The SUPAs are, from the least to
the most restrictive, environmental protection areas (APA), areas of
relevant ecologicalinterest (ARIE), national or state forests (FLONA or
FLOES), extractivist reserves (ResEx), faunareserves (RF), sustainable
development reserves (RDS) and natural heritage private reserves
(RPPN). All categories arerepresented in the BLA, except for RFs, which
were neverimplemented anywhere in the country**. For this study, we
define SUPAs as FLONAs and FLOES, ResEx and RDS (all of whichequate
to IUCN PA categories V and VI). APAs and ARIEs were not included
because they representvery large areas that encompass multiple land-
scape contexts (for example, urban, mining, agriculture, other PAs)
and are subject to zoning rules instead of rules that apply throughout
thePA, and they do not equate to [UCN PA categories. Natural heritage
privatereserves (RPPNs) were notincluded because they are privately
owned and cover only approximately 4% of the BLA (mostly in the state
of Mato Grosso)*™. Critically, although their restrictive-use rules can
resemble those of full-protection categories, the mechanisms through
which private protected areas can influence broader socio-economic
outcomes remain unclear®. The 1988 Brazilian Constitution provided
inalienable rights to land for Indigenous peoples. Indigenous peoples
in Brazil face continued social and economicinjustices, yet the 20 years
between 1990 and 2010 saw the largest declaration (725,531 km?) and
homologation (903,260 km?) of Indigenous territories in the Legal
Amazon region®*. Population densities within SPAs and SUPAs are low
compared with those of immediately adjacent areas®, but residence
within PA boundaries is legally permitted in some SPA and SUPA cat-
egories (for example, wildlife reserves and RDS)>.

To make our assessments more conservative, we excluded CTs
overlapping other protection arrangements than the one of interest;
for example, when analysing SUPAs, we removed CTs that also over-
lapped an SPA or IT. We define CTs as protected when protection was
established between our baseline (2000) and endline (2010) years;
note that we conduct a robustness check focusing only on protection
after 2006 (the year of the agricultural census) that limits the varia-
tionin the timing of protection establishment (Supplementary Text 3
and Extended Data Figs. 1b and 3). We defined CTs as being protected
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based on the proportion of the CT that overlapped an SPA, SUPA or
IT. For our main analysis, we use CTs with at least 10% of their area
overlapping a protection arrangement due to the frequent use of this
thresholdin otherstudies**, although percentage overlap was generally
higher (Supplementary Fig.2a-c; see Extended DataFigs.1d and 4 for
arobustness test using CTs with at least 50% of the census tract over-
lapping with protection, a higher threshold that is also used in other
studies*). We defined CTs as being not protected when <1% of their area
was protected. We thus excluded CTs with more than 1%, but less than
10%, overlap with a protection arrangement to ensure a clear distinc-
tionin the amount of protection between control and treatment CTs.

Choice of control land uses. We first compare deforestation and
poverty outcomes of protected CTs to matched non-protected CTs.
We then compared differences in outcomes between each type of
protection arrangement (SPAs, SUPAs and ITs) and a subset of control
CTs dominated by specific alternative land uses (sparsely populated
areas, areas dominated by four classes of agriculturallandholding size
and mining). We focus on agriculture and mining because they are
globally key competitors with PAs for land. Moreover, they are the two
major drivers of deforestation in the BLA'*°, We did not define forest
concessions as an additional type of alternative land use owing to their
rarity in the BLAY. We did, however, classify unprotected CTs with no
licenced mines and less than10% of their area occupied by agricultural
areasas sparsely populated areas as anadditional alternative land use.

Defining controls. Agriculture. First, we compared differences in
outcomes between protection arrangements and agricultural areas.
We defined a CT asan agricultural control if at least 10% of the CT was
settled by agricultural properties, although in most instances the
proportion of area settled by different landholding CTs was substan-
tially higher (Supplementary Fig.2d-g). To ensure a contrast between
protected CTs and agricultural control CTs, we excluded protected
CTs that also incorporated more than 10% settled land from this part
of the analysis. Following a previous study’, we defined agricultural
controlsbased onthe property size of landholdings. We calculated the
dominant landholding size for each CT from the 2006 Brazilian agri-
cultural census®® and used these data for the entire 2000-2010 study
period. This is an inevitable shortcoming due to data availability, but
we believe that the 2006 survey data are sufficient to analyse spatial
heterogeneity in landholder distribution in the Amazon. Indeed, we
found qualitatively identical patterns to our main analysis when we
assessed how PAs established after 2006 influenced deforestation
rates between 2000 and 2010 across the gradient in landholding size
(Extended DataFig. 1b).

We determined whichlandholder size category (very small, small,
medium and large landholders) dominated individual census tracts by
identifying which landholder size category had the most properties per
censustract. Thisapproach ensures that our categorization reflects the
type of landowner that contributes most to our census-based poverty
metrics (Supplementary Fig.1a). We classified properties smaller than
10 ha as ‘very small’, properties between 10 ha and 50 ha as ‘small’,
properties between 50 ha and 200 ha as ‘medium’ and properties
bigger than 200 ha as ‘large’. This classification largely follows global
assessments of farm size*®, but is adjusted for the Brazilian Amazon
because farmsizesinLatin Americaare generally bigger thanthe global
average. Our classification can tease apart differences in agricultural
property size at lower scales than previous assessments conducted in
the Amazon that generally treat all properties smaller than 100 ha as
smallholder agriculture®. Teasing apart differences in property size
below this threshold could be important because 100 hais substantially
higher than the size of the average family farmin Brazil (18.37 ha)*° and
the BLA (57 ha)®.

After matching, we use analyses of variance to confirm that our
control CTs dominated by different agricultural landholding sizes are

similar in their amount of settled land (Extended Data Fig. 8a-c). We
conduct a similar post-matching analysis to ensure that the amount
of pasture land does not differ between different landholding sizes
(Extended DataFig. 8d-f).

Mining. Our approach for comparing protection arrangements to min-
ing areas follows the same approach as our comparison to agricultural
areas. We followed previous studies” and classified areas influenced
by mining as sites with mines classified in the Sistema de Informacgdes
Geograficas da Mineracao that have been officially approved and
licensed for mining by the Brazilian Ministry of Mines and Energy?.
These categories included ‘concessao de lavra’, ‘concessao de lavra
garimpeira’, ‘licenciamento’, and ‘registro de extraciao’. We identified
mining controls based on the presence and absence of at least one
licensed mine within the CT (Supplementary Fig.1d). When comparing
protected CTs with unprotected CTs with mining, we ensure that all
CTs used in our analysis lack mines at baseline (2000). Thus, unpro-
tected CTs with mining are those in which mining commenced after
2000, and protected CTs lack mines throughout the treatment period.
We excluded mines established at baseline because they could have
differential impacts to recently licensed mines. In many cases, infra-
structure development occurs around the time of licensing and it is
thisinfrastructure development thatinfluences deforestation rates'®.
For this part of the analysis, we also excluded protected CTs with mines
established after 2000 to ensure that control and treatment groups
differ in the occurrence of mines. Note that the number of protected
CTs with mining expansion is very small (two CTs protected by ITs
also have mines within the boundaries of the CT; no CTs protected
by SUPAs have mines and six CTs protected by SPAs have mines). Due
to small sample sizes and insufficient variation, and following ref. 18,
we did not differentiate between different types of mines that vary in
their size or nature of the mined resources (for example, gold mining
or other polymetallic mines). Deposits for these mined materials are
widely distributed across the BLA and overlap substantially with loca-
tions with protection arrangements®’. There is considerable interest
in exploiting these resources. For example, even though mining is
not currently allowed in ITs, the Brazilian National Mining Agency
has received over 3,500 requests to mine in the lands of 90 isolated
Indigenous groups®—we thus consider it feasible that mining could
occur across protected CTs.

Confounders

We selected biophysical and socio-economic confounders based on
their potential to influence the outcome or the relationship between
treatment and outcomes®. These confounders were baseline levels of
our poverty measures, size of the CT, baseline forest cover, indicators
of suitability for agriculture and mining development (slope, eleva-
tion, flood risk and travel time from the census tract to major cities
(population size > 50,000)), population density, mines established
before baseline and state (see Supplementary Text 2 and Supplemen-
tary Table 6 for data sources and justification, Supplementary Table 7
for confounders included in different analyses and Supplementary
Tables 8-10 for summary statistics).

For our analyses comparing protection arrangements to agri-
cultural CTs and sparsely populated areas, in addition to matching
on mines established before our baseline, we also matched on
mines established during our study period. We do this to control
for mining activities that could confound our comparison between
protection and agriculture. Similarly, we include the proportion of
settled land as a covariate to isolate the impacts of PAs relative to
mining in our analysis comparing the effects of PAs with mining.
We do this to control for agricultural activities that could confound
our comparison between protection and mining. The individual
covariates included in our different comparisons are included in
Supplementary Table 7.
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Matching

We used acombined matching and ordinary least square (OLS) regres-
sion approach to assess the differences in poverty and deforestation
outcomes between PAs, agriculture and mining. Combining match-
ing and regressions is a well-developed method for assessing PA
outcomes®. Matching is a data pre-processing technique to balance
covariate distributions across treated and control units and is useful
whenimbalance between treatment and control hinders causal infer-
ence®. We used full matching for all covariates, except state and mining
for which we used exact matching, and used post-matching standard-
ized meandifferences of <0.25 asan acceptable balance between treat-
ment and control groups for each covariate®. We used the ‘Matchlt’
package in R for all our matching analyses. Following a previous study®,
weiteratively removed covariates from the propensity score model to
optimizebalance acrossall covariatesin our theory of change. Once bal-
ancewasoptimized, weincluded all covariatesin our theory of change
inour final post-matching regression models (Supplementary Table 7).

We used full matching®®because it allows us to maximize our sam-
plesizes, particularly the number of CTs that meet our requirements for
inclusion as control units. Compared with matching with replacement,
fullmatching maximizes the use of the data by generating subclassesin
whicheach subclass contains one treated unit matched to one or more
control units, or one control unit matched to one or more treatment
units. However, to confirm that full matchingis anappropriate choice,
we compared the full matching and genetic match balance results of
our worst matched comparisons (that is, where average post-matching
standardized mean differences across unbalanced (>0.25) confound-
ers was highest). We found that full matching outperformed genetic
matchingin all instances (Supplementary Fig. 3).

Fullmatching substantiallyimproved the balance of our confound-
ers across all our analyses (Supplementary Figs. 4-6), although for
some confoundersin someinstances the standardized mean difference
exceeded the generally accepted threshold of 0.25 (ref. 66). We tested
whether using a caliper of 1.5 would further improve the balance. We
found that although a caliper of 1.5 significantly reduced our sample
size, we nonetheless observe the same patterns as in our main results
(Supplementary Text1and Extended Data Figs.1c and 5).

Post-matching analysis

Following matching, we conducted OLS regressions on the matched
samples. Our post-matching OLS regressions model our outcomes
measured at endline (that s, valuesin 2010) as a function of our treat-
mentand our matched covariates, including outcome baseline condi-
tions (that is, values in 2000) to control for any residual differences
between treatment and control®°. We use endline outcome values,
rather than a change value between endline and baseline, for our
response variable to avoid problems of spurious correlations caused
by including baseline values in our response variable and as a predic-
tor variable®.

Our regression model takes the form:

Yi= Bo +BiTr + BoX; +¢€

where Y;represents the outcome variables (percentage of forest cover,
income, income inequality, literacy or sanitation) in census tract i in
2010, B,istheintercept, §,isthe treatment effect, Trisabinary variable
indicating the treatment (Tr = 1for census tracts that became protected
between2000and 2010, Tr = O for census tracts that remained unpro-
tected), X;is a vector of covariates we controlled for in the matching
(Supplementary Table 7) and ¢; represents the composite error.

Our post-matching OLS regressions also included the match-
ing weights obtained from the ‘Matchlt’ package. We used Breusch-
Pagan tests using the ‘bptest’ function in the ‘Imtest’ package’inR to
assess heteroscedasticity in our post-matching regressions. We find
substantial amounts of heteroscedasticity in our regression models

(Supplementary Table 11) and therefore computed heteroscedasticity
robuststandard errors (HC1) using the ‘sandwich’ package” in R. Given
the number of models in our analysis, we also present false discovery
rate’” adjusted P values, which in almost all cases show very similar
levels of statistical significance as our heteroscedasticity-corrected
values (Supplementary Tables 1-5).

We first compare deforestation and socio-economic indicators
between protected CTs and the matched unprotected control CTs,
without differentiating the latter by land cover type. We then split our
control group into the different control land use types (sparsely popu-
lated areas, agricultural areas dominated by different landholding sizes
and mining). We repeat the matching procedure for each controlland
usetypetoobtainanacceptable covariate balance between treatment
and control CTsin each comparison.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All of the data that support the findings of this study are available via
Harvard Dataverse at https://doi.org/10.7910/DVN/AGVZAT.

Code availability
The analysis code that supports the findings of this study is available
viaHarvard Dataverse at https://doi.org/10.7910/DVN/AGVZAT.
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Extended Data Fig. 1| Deforestation effects of Strict Protected Areas (SPAs),
Sustainable Use Protected Areas (SUPAs), and Indigenous Territories
(ITs). aEffects of protected areas and Indigenous Territories established after
2000 in comparison to mining at buffers up to 100 km. b Effects of protected
areas and Indigenous Territories established after 2006 (the date of the
agricultural census). c Effects of protected areas and Indigenous Territories
established after 2000 using 1.5 calipers to improve balance. d Protected area
and Indigenous Territory effects after raising the protection threshold from
10%to 50% of census land area (using the PRODES deforestation dataset).

e Effects of protected areas and Indigenous Territories established after 2000
in comparison to landholdings dominated by pastures. fEffects of protected
areas and Indigenous Territories established after 2000 using Hansen et al’s
high-resolution global deforestation maps”. g Fixed effects panel regression

results (data are represented as coefficient values and error bars represent 95%
confidence intervals calculated using heteroscedasticity robust standard errors,
see Table S16 for sample sizes for each comparison and P-values corrected for
multiple testing). Controls include all census tracts (CTs) with less than 1% of
their land protected. Sparsely populated areas are defined as areas with less than
10% of the CTs settled. Dominant agricultural landholder size is determined by
the category that contains the most properties per CT. Mining sites are defined
as CTs with recorded licensed mining activities present after 2000. Thick lines
represent treatment (T) CTs that are protected, and thin lines represent matched
controls (C). Significant differences (two-sided) between treatment and matched
controls: **P <0.001, *P < 0.01, *P < 0.05, + P < 0.1. Exact P-values are presented
in Table S16.
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Extended Data Fig. 2| Socioeconomic effects of Strict Protected Areas (SPAs),  10% of the CTs settled. Dominant agricultural landholder size is determined by
Sustainable Use Protected Areas (SUPAs), and Indigenous Territories (ITs) the category that contains the most properties per CT. Mining sites are defined
in comparison to mining concessions across different buffer distances. as CTs with recorded licensed mining activities present after 2000. Thick lines
aEffects on mean monthlyincome in census tracts (CTs). b Income inequality represent treatment (T) CTs that are protected, and thin lines represent matched

effects, measured as the GINI coefficient in CTs. ¢ Effects on sanitation, measured controls (C). Significant differences (two-sided) between treatment and matched
as the percentage of households with poor sanitation in CTs. d Effects on literacy, controls: **P <0.001,*P < 0.01, *P <0.05, + P < 0.1. Exact P-values are presented
measured as literacy rates in CTs. Controls include all CTs with less than 1% of in Tables S17-S20.
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Sustainable Use Protected Areas (SUPAs), and Indigenous Territories (ITs) as CTs withrecorded licensed mining activities present after 2000. Thick lines
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effects, measured as the GINI coefficient in CTs. c Effects on sanitation, measured  are excluded, because the main results are not affected by the agricultural

as the percentage of households with poor sanitation in CTs. d Effects on literacy, census. Significant differences (two-sided) between treatment and matched
measured as literacy rates in CTs. Controls include all CTs with less than 1% of controls:***P <0.001,*P < 0.0, *P <0.05, + P < 0.1. Exact P-values are presented
their land protected. Sparsely populated areas are defined as areas with less than in Tables S17-S20.
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Extended DataFig. 4| Socioeconomic effects of Strict Protected Areas
(SPAs), Sustainable Use Protected Areas (SUPAs), and Indigenous Territories
(ITs) after raising the threshold for treatment allocation from 10% to 50%
cover of a census tract. a Effects on mean monthly income in census tracts (CTs).
bIncome inequality effects, measured as the GINI coefficient in CTs. c Effects
onsanitation, measured as the percentage of households with poor sanitation

in CTs. d Effects on literacy, measured as literacy rates in CTs. Controls include

all CTs with less than 1% of their land protected. Sparsely populated areas are

defined as areas with less than 10% of the CTs settled. Dominant agricultural
landholder size is determined by the category that contains the most properties
per CT. Mining sites are defined as CTs with recorded licensed mining activities
present after 2000. Thick lines represent treatment (T) CTs that are protected,
and thin lines represent matched controls (C). Significant differences (two-sided)
between treatment and matched controls: *** P < 0.001,**P < 0.01,*P < 0.05,

+P <0.1. Exact P-values are presented in Tables S17-S20.
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settled. Dominant agricultural landholder size is determined by the category
that contains the most properties per CT. Mining sites are defined as CTs with
recorded licensed mining activities present after 2000. Thick lines represent
treatment (T) CTs that are protected, and thin lines represent matched controls
(C). Significant differences (two-sided) between treatment and matched
controls: **P <0.001,*P < 0.01,*P <0.05, + P < 0.1. Exact P-values are presented

in Tables S17-S20.
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in comparison to agricultural landholding areas dominated by pastures.

a Effects on mean monthly income in census tracts (CTs). bIncome inequality
effects, measured as the GINI coefficient in CTs. ¢ Effects on on sanitation,
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with less than10% of the CTs settled. Dominant agricultural landholder size is
determined by the category that contains the most properties per CT (very small:
<10 ha, small:10-50 ha, medium: 50-200 ha, large: >200 ha). Mining sites are
defined as CTs with recorded licensed mining activities present after 2000. Thick
lines represent treatment (T) CTs that are protected, and thin lines represent
matched controls (C). Significant differences (two-sided) between treatment and
matched controls: **P < 0.001,*P < 0.01,*P < 0.05, + P < 0.1. Exact P-values are
presented in Tables S17-S20.
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Extended Data Fig. 7 | Socioeconomic effects of Strict Protected Areas (SPAs),
Sustainable Use Protected Areas (SUPAs), and Indigenous Territories (ITs)
using fixed effects panel models. a Effects on mean monthly income in census
tracts (CTs). bIncome inequality effects, measured as the GINI coefficientin CTs.
c Effects on sanitation, measured as the percentage of households with poor
sanitation in CTs. d Effects on literacy, measured as literacy rates in CTs. Controls
include all CTs with less than 1% of their land protected. Sparsely populated areas
are defined as areas with less than10% of the CTs settled. Dominant agricultural

landholder size is determined by the category that contains the most properties
per CT. Mining sites are defined as CTs with recorded licensed mining activities
present after 2000. Data are represented as coefficient values and error bars
represent 95% confidence intervals calculated using heteroscedasticity robust
standard errors. Significant differences (two-sided) between treatment and
matched controls: ***P < 0.001,**P < 0.01,*P < 0.05, + P < 0.1. Exact P-values and
P-values corrected for multiple testing are presented in Tables S17-S20.
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