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ABSTRACT

The Amazon is crucial for global environmental balance, including climate regulation, yet deforestation and wildfires increasingly
threaten human health. This scoping review aims to map and synthesize evidence on the human health impacts of deforestation
and wildfires in the Amazon and to identify key knowledge gaps. Empirical studies linking deforestation or wildfires to human
health outcomes in the Amazon, published up to December 2023, were eligible for inclusion. Comprehensive searches were
conducted in Web of Science, Scopus, and PubMed, supplemented by reference backward citation tracking. Data were extracted
and synthesized to categorize findings by study characteristics (e.g., geographic scope, methodology) and health outcomes.
The review included 108 studies identifying 41 distinct health outcomes. Malaria was the most researched, in 43.5% of the
studies, showing strong associations with forest loss, alongside leishmaniasis (American tegumentary leishmaniasis and visceral
leishmaniasis), evaluated in 13.9% of them. Biomass burning was linked to respiratory and cardiovascular diseases, particularly
in Brazil, and was associated with genotoxicity and mutagenicity. Land-use change is therefore a critical driver of public health
vulnerability in the Amazon. There is an urgent need for integrative analytical models and multisectoral policies within the
One Health framework to mitigate these complex impacts.
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Impactos do desmatamento e queimadas na Amazoénia sobre a satude:
uma revisao de escopo

RESUMO

A Amazoénia ¢ crucial para o equilibrio ambiental global, incluindo a regulagio climdtica. Contudo, o desmatamento e
os incéndios florestais ameagam cada vez mais a sadde humana. Esta revisao de escopo visa mapear e sintetizar evidéncias
sobre os impactos do desmatamento e dos incéndios florestais na Amazdnia sobre a satide humana, bem como identificar
as principais lacunas de conhecimento. Estudos empiricos associando o desmatamento ou queimadas a desfechos de satde
humana na Amaz6nia, publicados até dezembro de 2023, foram considerados elegiveis para inclusio. Foram realizadas buscas
abrangentes nas bases Web of Science, Scopus e PubMed, complementadas por rastreamento reverso de citagoes. Os dados
foram extraidos e sintetizados de forma a categorizar os resultados de acordo com as caracteristicas dos estudos (por exemplo,
pelo escopo geogréfico e metodologia) e os desfechos de saide. A revisao incluiu 108 estudos, identificando 41 desfechos de
satde distintos. A maldria foi o desfecho mais pesquisado, em 43,5% dos estudos, apresentando fortes associagoes com a perda
de cobertura florestal, juntamente com a leishmaniose (leishmaniose tegumentar americana e leishmaniose visceral), pesquisada
em 13,9% deles. A queima de biomassa foi associada a doengas respiratdrias e cardiovasculares, sobretudo no Brasil, e também
a genotoxicidade e mutagenicidade. A mudanga no uso da terra é, portanto, um fator critico de vulnerabilidade para a satde
publica na Amazdnia. H4 uma necessidade urgente de modelos analiticos integrativos e politicas multisetoriais no Ambito da
Satide Unica (One Health) para mitigar esses impactos complexos.

PALAVRAS-CHAVE: satde e meio ambiente, saide e mudangas no uso da terra, mudangas no uso da terra, doengas transmitidas
por vetores, poluicdo do ar
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INTRODUCTION

The Amazon is the world’s largest tropical rainforest, spanning
approximately 6.7 million km? across nine South American
countries and containing about 40% of the planet’s remaining
tropical forests (FAO and UNEP 2020, RAISG 2022). Beyond
its ecological significance, the region plays a critical role in
regulating global climate and hydrological cycles (Bottino et
al. 2024).

However, this biome is increasingly threatened by
accelerating deforestation and forest fires. The expansion of
economic frontiers has already caused the loss of an estimated
8.7% of the Amazon’s forest cover between 2000 and 2020,
with Brazil alone accounting for over 81% of this cumulative
loss (RAISG 2022). By 2024, 15.3% of the Brazilian Amazon
alone was already under anthropic use (Mapbiomas 2024).
Despite recent deceleration of deforestation, numbers are still
significant—with 1.24 million hectares of forest removed in
Brazil in 2024 (Mapbiomas 2024). Wildfires, on the other
hand, have not subsided. During the intense 2024 dry season,
over 102,000 fire hotspots were recorded in the Brazilian
Amazon—almost twice the number from the same period in
2023 (INPE 2024). These data highlight the magnitude of
the environmental degradation driven by frontier expansion.

Such changes in land cover and land use not only
exacerbate climate change through greenhouse gas emissions,
but also endanger human health across South America.
Deforestation significantly changes the ecology of wide areas,
creating favorable conditions for the proliferation of vector-
borne and zoonotic diseases (Codego et al. 2021, Winck et al.
2022), while associated forest fires critically affect air quality
(Requia et al. 2021, Ye et al. 2021). Simultaneously, social,
demographic, and economic dynamics bring about multiple
vulnerability factors to populations (Souza et al. 2019).

However, despite a growing body of research on health-
environment interactions in the region, a comprehensive and
integrated synthesis of how land-use change—particularly
deforestation and wildfires—affects multiple dimensions
of human health remains lacking. Existing literature often
focuses on single diseases or specific air pollution events,
limiting an integrated understanding of the numerous and
complex causal pathways involved. This lack of a unified
mapping of the evidence base, the varying methodologies used,
and the diverse health outcomes prevent the formulation of
integrated, One Health policy responses (FAO et al. 2022).
Therefore, the complexity and breadth of this topic demand
a scoping review approach to comprehensively map the field
and identify diverse evidence types and knowledge gaps.

For this reason, this study aims to systematically map and
synthesize the literature on the impacts of deforestation and
wildfires on human health in the Amazon. Specifically, our
objectives are to: 1) identify and classify the range of health
outcomes linked to deforestation and wildfires; 2) characterize
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the nature, extent, and methodological approaches of the
available evidence; and 3) identify knowledge gaps and
implications for public health policies within the Amazon
region and its exposed populations.

METHODS
Study design and protocol

This study was conducted as a scoping review and guided
by the following research question: “What is the extent and
nature of the available evidence regarding the impacts of
deforestation and wildfires on human health in the Amazon
region?” The methodology for reporting follows the guidance
provided by the PRISMA Extension for Scoping Reviews
(PRISMA-ScR) checklist (Tricco et al. 2018). The protocol
for this review was not formally registered.

Eligibility criteria

We established the following criteria for selecting sources of
evidence: 1) Population/Context: studies focused on health
outcomes in the Amazon region, defined as conditions
directly linked to environmental stressors, including infectious
diseases, respiratory and cardiovascular morbidity, and
indicators of genotoxicity; socio-economic determinants
like food security or violence were noted when directly
associated with the environmental drivers; 2) Concept:
empirical studies that directly investigated the relationship
between deforestation and/or wildfires and human health
outcomes; 3) Study Design: no restrictions were placed on
study design; 4) Language: to ensure broad geographic and
linguistic coverage, we included studies published in English,
Portuguese, Spanish, and French; 5) Publication Status: a)
Primary Sources: the core of the evidence base was restricted
to peer-reviewed articles indexed in the selected databases;
b) Contextual Sources: a small number of non—peer-
reviewed sources were also incorporated when they provided
essential contextual data that supported the interpretation
and discussion of the peer-reviewed findings, particularly
those identified during the reference list checks; 6) Years
Considered: We included studies published up to December
2023 with no start date restriction (this date was selected as
the final point of the search execution to ensure the inclusion
of the latest, fully available, and peer-reviewed literature at
the time of the review’s commencement).

We therefore excluded studies that: 1) focused on
particulate matter or air pollution without analyzing specific
human health effects; 2) linked air pollution to health
outcomes without identifying wildfires as the pollution source;
3) addressed climate change and health without isolating
the role of deforestation or fires; and 4) discussed mercury
contamination without connecting it to specific human

health effects.
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Search strategy and information sources

A comprehensive search was conducted in the following
indexed bibliographic databases: Web of Science, Scopus
and PubMed. We deliberately focused on indexed databases
to ensure the replicability, quality control, and transparency
of the search process. Google Scholar was excluded due to
the low signal-to-noise ratio, lack of structured metadata
necessary for systematic data extraction, and challenges related
to search replication. The most recent search was conducted

in April 2024.

'The following combination of keywords (adapted for each
database’s syntax) was used to ensure the capture of relevant
evidence: (deforestation OR “forest fire” OR fire OR wildfire
OR burn OR “slash and burn”) AND health AND Amazon.
For Scopus, the two queries below were used for separate
searches for deforestation and for wildfires:

1) TITLE-ABS-KEY (Amazon AND deforestation AND health);

2) TITLE-ABS-KEY (Amazon AND Health AND ( fire* OR
“forest fire” OR wildfire* OR burn OR ‘Slash and burn”) )

Following the initial systematic search, we performed
reference list checks (backward citation tracking) of all
included articles to identify additional relevant studies that
may have been missed by the initial search strategy.

Study selection and data charting

Screening was conducted initially using title and abstracts
for duplicate removal and selection of studies based on the
defined eligibility criteria. This initial screening was performed
by Author 1 and checked by Author 2. Final selection over
the remaining documents was based on full text assessment,
resulting in the final inclusion of 108 studies (Figure 1).

Novaes et al. Health consequences of deforestation and wildfires in the Amazon

Relevant data were extracted for every included study
using a pre-defined and standardized data charting form. The
extraction was performed by Author 1 and checked by Author
4 to ensure accuracy and minimize charting error.

Data were then classified according to the following
variables: health outcomes; environmental drivers
(deforestation and/or wildfires); impacted countries; impacted
Brazilian states, if in Brazil; scale of health impacts (local,
municipal, state level, country level, Brazilian Amazon,
Pan-Amazon, etc.); time scale and duration of study; scale of
environmental change involved; demographics (age, gender,
ethnicity); and methodology. Stratification by one or more
variables allowed for knowledge gap detection, comparison
and contrast between studies (e.g., studies using similar
methodologies in similar spatial scales), as well as for analysis
of relationships between variables (e.g., associations between
drivers and health outcomes). Finally, data were aggregated
by driver (i.e., deforestation and wildfires) and, within each
driver, by health outcome.

RESULTS

Study characteristics

Our literature search and selection procedure identified 108
documents matching inclusion criteria for full review (Figure
1, Supplementary Table S1). Research on the potential links
between land use change and human health in the Amazon
started to gain traction in the 2010s, with nearly 70% of the
studies included in this review published in the last ten years
of our search period (Figure 2), likely due to the integration
of large-scale datasets and models on deforestation, wildfires,
and air pollution, combined with improved analytical tools.

Figure 1. Search and selection flowchart detailing inclusion and exclusion criteria for studies on health impacts of deforestation

and wildfires in the Amazon.
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Figure 2. Number of published studies per year on health impacts of deforestation and forest fires in the Amazon.

Of the 108 studies included in our review (Supplementary
Table S1), 58 (53.7%) specifically investigated deforestation,
while 45 (41.7%) focused on wildfires; three studies addressed
both drivers and the remaining two investigated deforestation
indirectly by analyzing conservation actions (Figure 3a).
Geographically, the impacts researched are highly concentrated
in Brazil and the Brazilian Amazon, accounting for 88.9% of
all studies. Only six studies (5.6%) focused the Colombian
Amazon, other six Peru, five (4.6%) Venezuela, and four each

(3.7%) addressed Bolivia and French Guiana (Figure 3b).

We also analyzed the institutional landscape by charting
the primary affiliations of the first authors. This analysis reveals
a critical asymmetry in knowledge production, confirming
the strong concentration of research in Brazil. Institutions
located in this country lead 73.1% of the studies, followed
by institutions in the United States (14.8%) and the United
Kingdom (5.6%) (Figure 3c). The presence of non-Brazilian
Amazonian countries leading the research is negligible,
with only one study led by a Colombian university, one
by a Venezuelan one, and one by an institution in French
Guiana. Within Brazil, the research footprint is dominated by
institutions in the largest southeastern cities: the main branch
of Fundagdo Oswaldo Cruz (Fiocruz), in Rio de Janeiro, has the
strongest presence, leading 12 studies (11.1%), followed by the
University of Sao Paulo (7 studies, 6.5%). More significantly,
76.9% of the research studies are led by institutions located
outside the Amazon, including those in other Brazilian regions
(Figure 3d). Furthermore, a substantial portion (23.2%) is
led by non-South American institutions. This indicates that
the majority of research published on the health impacts of
deforestation and wildfires in the Amazon is executed by
non-local institutions. A temporal analysis reveals that studies
produced by Amazonian institutions have increased both in
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absolute and relative numbers over the last decade. However,
their participation has not shown a consistent upward trend.
Instead, they have fluctuated significantly—for instance,
dropping from a 60% participation in 2010 to 0% in 2018
and up to 28.6% in 2023 (Figure 4). This indicates that
the expansion of the field remains primarily driven by non-
Amazonian institutions, reinforcing the structural nature of
this institutional knowledge gap.

In terms of spatial scale, 23 studies (21.3%) assessed health
impacts at the municipal, parish or community level while 20
studies (18.5%) focus the Brazilian Amazon as a whole, 18
(16.7%) address them at a state or province scale, and 11 (10.2%)
gather or compare two or more municipalities (Figure 5).

Methodologically, the studies fall into four study design
and analytical categories: 1) Ecological and Spatiotemporal
Studies: the largest group, encompassing 82.4% of the reviewed
studies, focused on correlating aggregate environmental
change with aggregate health outcomes over space or time; 2)
Modeling and Risk Assessment Studies: using environmental
transport models and exposure-response functions to estimate
population risk or burden of disease from exposure to wildfire
pollutants —9.3% of the studies; 3) Analytical Ecological/
Quasi-Experimental Designs: employing advanced statistical
or econometric models to infer causality, often by exploiting
policy changes or time-series variation—4.6%; and; 4)
Laboratory-based Assays: studies using iz vitro or ex vivo
samples to assess the cellular and genetic mechanisms of
toxicity related to biomass smoke exposure— 3.7%.

Regarding the populations studied, 77.8% of the articles
did not disaggregate results by demographic groups. Among
those that did, children (54.2%) and the elderly (33.3%)

were the most commonly analyzed, given their recognized
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Figure 3. Bibliometric characteristics of included studies (n = 108). (A) distribution of studies by primary ecological driver; (B) countries where health impacts were
investigated (percentages reflect proportion of total studies, with values exceeding 100% as individual studies may cover more than one country); (C) country of
affiliation of the first author; (D) institutional location of the first author, classified as Amazonian or Non-Amazonian.

Figure 4. Temporal trend for research leadership of studies on health impacts of deforestation and wildfires in the Amazon by Amazonian institutions. Bars represent
the number of studies per year.
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Figure 5. Distribution of studies by geographic scope of health impact researched. Continental: health impacts of Amazon environmental changes analyzed for all of
South America; Supranational:impacts encompass more than one country; National: country wide health impacts; Brazilian Amazon: since there are different
delimitations of what is considered the Amazon in Brazil, we chose to classify them all under the category “Brazilian Amazon’, whether referring to the Legal Amazon,
as defined by Brazilian law, the Amazon biome, as defined by IBGE, the Brazilian Institute for Geography and Statistics, or any other limits; Regional: impacts over two
or more states or provinces within one country; Intermunicipal: impacts over two or more municipalities/districts/parishes; Municipal/District/Parish: impacts
researched within municipal, district or parish limits; Local: impacts analyzed for one or more specific locations within the boundaries of one municipality/parish/district

vulnerability especially to smoke exposure. Despite the
environmental and political significance of Indigenous
populations in the Amazon, only five studies (4.6%) focused
explicitly on their health in the context of deforestation or
wildfires. Similarly, although a few studies mentioned gender
and racial disparities, none was specifically designed to analyze
these dimensions of vulnerability.

Main health outcomes

The studies collectively examined 41 distinct health impacts,
grouped into seven outcome categories (Table 1). The most
frequently studied issue was vector-borne diseases, appearing
in 74.1% of the studies. Respiratory and cardiovascular
diseases ranked second (39.8%), followed by other infectious
diseases (11.1%).

The links between environmental change and
epidemiological patterns-are often complex. Malaria, for
instance, shows quadratic relationships with deforestation,
meaning that malaria risk does not increase linearly with forest
loss, but rather peaks at intermediate levels of deforestation
and declines thereafter, as the clearing of vegetation beyond
a certain threshold reduces vector habitat (Santos and
Almeida 2018). It also develops with extreme spatial focality,
whereby transmission is highly concentrated in small, discrete
geographic areas rather than distributed evenly across a
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landscape (Feged-Rivadeneira et al. 2018); and there are also
bidirectional causal feedbacks, in which deforestation drives
malaria incidence, but malaria burden in turn shapes land-use
decisions by affecting the labor capacity and settlement patterns
of affected populations (MacDonald and Mordecai 2019).
American tegumentary leishmaniasis, in certain contexts,
presents a negative correlation to deforestation (Rodrigues et
al. 2019) and heterogeneous spatial distribution (Schroeder
et al. 2020, Sousa Janior et al. 2020). Health consequences
of deforestation are shaped by a complex interplay of
environmental, spatial, and socio-economic factors that vary
across geographies and timeframes (de Oliveira Padilha et
al. 2019, MacDonald and Mordecai 2019). This complexity
challenges simplistic models or universal assumptions (Lana
etal. 2017, Dal’Asta et al. 2018). The impacts therefore are
profound, complex, and context-dependent, revealing that
land-use change is not only an ecological concern but also a
critical driver of social vulnerability and public health.

Ecological drivers of diseases

Deforestation is most consistently linked to vector-borne
diseases, especially malaria (Sawyer 1986, 1988, 1992, Sawyer
and Sawyer 1992, Castro et al. 2006, Vittor et al. 2006, Barros
et al. 2011, Barros and Honério 2015, Saccaro et al. 2016,
Chaves et al. 2018, Dal’Asta et al. 2018, Feged-Rivadeneira
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Table 1. Health outcomes associated to deforestation and wildfires in the Amazon.

Health Outcome Category

Specific Impacts

Vector-borne diseases

Respiratory and cardiovascular

Other infectious diseases
Genetic and reproductive health
Hospitalizations and mortality

Other health impacts

Malaria (47), Unspecified leishmaniasis (3) ATL (8), VL (4), Dengue (5), Chagas disease (3), Zika

Number of Studies (%)

Cancer and chronic conditions

(2), Chikungunya (2), spotted fever (2), schistosomiasis (2), rabies (1), yellow fever (1) 80 (74.1)
Respiratory diseases (33), cardiovascular diseases (6), deaths due to exposure to particulate
matter (1), premature deaths (due to particulate matter) (2), pulmonary cell death (1), acute 44 (39.8)
respiratory infection (1)
COVID-19 (5), hantavirus (1), leptospirosis (3), AIDS (1), typhoid fever (1), Hansen disease (1) 12(11.1)
Birth weight (3), genotoxicity (2), mutagenicity (2), presence of micronuclei (2), DNA damage
} 11(10.2)
(1), Preterm births (1)
General mortality (2), hospitalizations (1), infections (1), digestive diseases (1), diarrhea (1) 6 (5.6)
Additional/Avoided premature deaths (2), Accidents with poisonous animals (1), heat stress 437)
exposure (1) '
Neoplasia (1), toxicological risk (1), Disability-Adjusted Life Years (DALY) (1) 3(2.8%)

et al. 2018, Ilacqua et al. 2018, Santos and Almeida 2018,
Souza et al. 2019, Codego et al. 2021, Grillet et al. 2021,
Laporta et al. 2021) and leishmaniasis in its distinct clinical
manifestations (Saccaro etal. 2016, Gongalves et al. 2019, Reis
etal. 2019, Rodrigues et al. 2019, Sousa Junior et al. 2020).

Worldwide, wildfires, mainly through the emissions of fine
and coarse particulate matter (PM,; and PM, ), have been
consistently associated with a broad range of health impacts,
with acute, medium, and long-term effects, especially respiratory
and cardiovascular problems (Anderson et al. 2012, Reid et al.
2016). In the Amazon, the most consistent associations are
with respiratory and cardiovascular morbidity and mortality
(Ignotti et al. 2010, Smith et al. 2014, Reddington etal. 2015,
Ballesteros-Gonzdlez et al. 2020, Butt et al. 2020, Requia et
al. 2021, Ye et al. 2021, Campanharo et al. 2022, Rocha and
Sant’Anna 2022, Schroeder et al. 2022, Santos Gongalves
et al. 2023). These effects extend beyond the Amazon, with
transboundary pollution possibly burdening health systems
across South America (Requia et al. 2021, Ye et al. 2021).

Malaria

Malaria remains the most studied health outcome. Evidence
from Brazil (Sawyer 1986, 1988, 1992, Sawyer and Sawyer
1992, Castro et al. 2006, Barros et al. 2011, Barros and Honério
2015, Saccaro et al. 2016, Chaves et al. 2018, Dal’Asta et al.
2018, Ilacqua et al. 2018), Venezuela (Grillet et al. 2021),
Colombia (Feged-Rivadeneira et al. 2018), and Peru (Vittor
et al. 2006) confirm strong associations with deforestation.

In an analysis for the Brazilian Amazon (2004-2012),
annual increases of 1% in municipal deforested area were
associated with an increase of 14.5% (SE=5.59) to 23.2%
(SE=9.03) in malaria incidence (Saccaro et al. 2016). Another
analysis, also for the Brazilian Amazon (2003-2012), found
that every 100 km? of forest loss is associated, on average,
with 11.78 (SE=0.053) malaria cases per 1,000 inhabitants
(Santos and Almeida 2018).
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The Frontier Malaria Hypothesis (FMH) (Sawyer
1986, 1988, 1992, Sawyer and Sawyer 1992, Castro and
Singer 2001, Castro et al. 2006) is the theoretical model
predominantly used to predict the emergence of malaria
in rural settlements in the Brazilian Amazon (Ilacqua et al.
2018, de Oliveira Padilha et al. 2019). It posits that malaria
on economic frontiers follows a temporal trajectory divided
into three stages represented by a convex incidence curve over
the period of settlement: 1) the Epidemic Stage, characterized
by a rapid increase and high malaria rates, which predominate
roughly 3 to 5 years after the onset of colonization and
deforestation; 2) the Transition Period, during which malaria
rates begin to decline, generally prevalent in the following
years, approximately between the third and eighth year; 3) the
Endemic Stage, in which malaria rates become low and more
stable, typically beginning after the eighth year of colonization
(Sawyer and Sawyer 1992).

Although widely used, the FMH has been criticized mainly
for its emphasis on temporality (Ilacqua et al. 2018) and
for assuming settlement homogeneity (Barros and Honério
2015). Studies show, for example, that older settlements—
those more than 10 years old—are equally or more likely
to experience high malaria incidence than recently opened
areas (Barros et al. 2011, Barros and Honério 2015, Ilacqua
etal. 2018). It has been suggested, in this regard, that forest-
cover fragmentation, synthesized in the Forest Fringe Model
(FEM) (Barros et al. 2011, Barros and Honério 2015) may
have greater explanatory and predictive power than the length
of occupation of a given area, as emphasized by the FMH.

More recent studies, however, confirm the predictive
power of the FMH, because it accounts for both temporal
and spatial aspects, and reinforce the complementarity
between the two models (Laporta et al. 2021). The FFM
provides the ecological and entomological mechanisms that
explain the observed dynamics, whereas the FMH functions
as a theoretical framework that combines ecology and
socioeconomic factors to explain malaria epidemiology. In
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summary, three fundamental elements for health policy stand
out in the combined models: 1) the deforestation of new
areas is directly associated with malaria occurrence (Vittor
et al. 2006, Olson et al. 2010, Chaves et al. 2018, Santos
and Almeida 2018); 2) deforestation and malaria, however,
have a bidirectional relationship: as deforestation advances
beyond a certain threshold, it may reduce environments
favorable to vector reproduction, leading to a subsequent
decline; conversely, an increase in disease incidence may slow
deforestation by affecting the economic, demographic, and
migratory dynamics of the areas in question (MacDonald
and Mordecai 2019, Laporta et al. 2021); 3) improvements
in socioeconomic indicators, such as income, access to health
services, or better housing and sanitation, are negatively
associated with malaria incidence (Sawyer 1986, Sawyer and
Sawyer 1992, Castro and Singer 2001, Castro et al. 2006,
Achcar et al. 2011, Vieira et al. 2014, Terrazas et al. 2015,
Santos and Almeida 2018, de Oliveira Padilha et al. 2019).

Other vector borne-diseases

Deforestation in the Amazon is significantly associated with
the incidence of leishmaniasis in general, which is classified
as a neglected tropical disease and an indicator of social and
ecological vulnerability (Saccaro et al. 2016, Codego et al.
2021). Rising leishmaniasis incidence has been associated with
the percentage of deforested area and with the occupation of
forested areas by populations living in precarious housing
conditions (Saccaro et al. 2016, Barcellos et al. 2018). For
example, an annual increase of 1% in municipal deforested area
was associated with a 5.12% (SE=1.04) t0 9.26% (SE=2.76)
rise in American tegumentary leishmaniasis incidence (Saccaro
etal. 2016). Human-driven landscape change, often linked to
economic activities such as agriculture, livestock, mining, and
urban expansion, creates new ecological conditions that favor
contact among humans, vectors (phlebotomine sandflies), and
reservoirs of the disease, including both wild and domestic
animals (Ramos et al. 2014, Barcellos et al. 2018, Rodrigues
et al. 2019, Codeco et al. 2021, Miranda et al. 2022). The
persistence of the disease in degraded areas reinforces that
prevention and control measures must take deforestation into
account (Saccaro et al. 2016).

The different manifestations of the disease, including two
forms of American Tegumentary Leishmaniasis (ATL) —
Cutaneous and Mucocutaneous— and Visceral Leishmaniasis
(VL), are caused by different parasites with distinct ecologies
including different vectors and reservoir hosts, and therefore
display distinct relationships with deforestation. These
differences may help to explain seemingly contradictory
findings. ATL is strongly associated with environmental
degradation and the encroachment into forest ecosystems
(Gongalves et al. 2019, Codego et al. 2021), with deforestation
emerging as the most significant risk factor in some
contexts and showing strong, direct spatial autocorrelation
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with case occurrence (Gongalves et al. 2019). This arises
possibly because vectors adapt well to secondary vegetation
(capoeiras) and pasturelands that emerge after forest clearing
(de Oliveira et al. 2021). However, studies in the Brazilian
state of Amazonas have suggested a negative association
with the continuous proportional increase of deforested
area, under the hypothesis that extensive removal of primary
forest may increase the distance between households and
the wild transmission cycle (Rodrigues et al. 2019). Visceral
Leishmaniasis has been associated both with deforestation
(Miranda et al. 2022) and denser forest cover, as expressed
by EVI (Enhanced Vegetation Index) (Reis et al., 2019). A
likely explanation of such apparently contradictory results lies
in disorganized urbanization pushing toward forest edges. As
deforestation gives way to urban expansion, livestock, and
mining, it facilitates the adaptation of the transmission cycle to
peri-domestic and urban environments (Miranda et al. 2022).

For dengue, zika, and chikungunya, evidence of
associations with deforestation is weaker, reflecting their
predominantly urban dynamics (Saccaro et al. 2016, Barcellos
etal. 2018, Kalbus etal. 2021, Marinho et al. 2022, Fernandes
etal. 2023). However, dengue (and other diseases transmitted
by the Aedes mosquito) have been associated with unplanned
urban expansion and to the absence of basic sanitation,
factors that become more severe in areas affected by large
infrastructure projects that drive deforestation (Barcellos et al.
2018, Kalbus et al. 2021). Studies in Porto Velho (Rond6nia
state, Brazil), for example, have found that deforestation,
combined with migratory processes and poor housing and
sanitation conditions, can facilitate the introduction and
spread of pathogens, with dengue showing an outbreak in the
direct influence area of hydroelectric complexes (Barcellos et
al. 2018). A study in the Brazilian state of Tocantins showed
that deforestation and temperature were among the most
important variables associated with dengue cases (Marinho
et al. 2022). Moreover, the incidence of Aedes-borne diseases
(Dengue, Zika and Chikungunya) is higher in municipalities
dominated by agricultural and grain-based technological
trajectories, which are associated with higher deforestation
rates (Codeco et al. 2021). However, the correlation between
the magnitude of deforestation and dengue incidence can
be inconsistent in some contexts —studies have not found
a significant relationship between dengue incidence in rural
areas and deforestation (Kalbus et al. 2021).

Respiratory and cardiovascular diseases

Across scales and methodologies, there is strong evidence linking
wildfire-related air pollution in the Amazon —especially PM, |
and PM, ,— to respiratory and cardiovascular illnesses, increase
in micronuclei frequency, lung cancer and low birth weight
among other impacts (Sisenando et al. 2011, 2012, Oliveira
Alves et al. 2014, 2015, 2017, Silva et al. 2014, de Oliveira
Galvao etal. 2018, Machin and Nascimento 2018, Requia et al.
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2021, Yeetal. 2021). However, biomass burning in the Amazon
affects not only air quality in the region, but throughout South
America (Reddington et al. 2015, Ballesteros-Gonzélez et al.
2020). “Wildfire waves” - days when both fire activity and PM,
levels exceed the 99th percentile (2008-2018) - are associated
with 23% (95% CI: 12-33) more respiratory and 21% (95%
CI: 8-35) more cardiovascular hospitalizations nationally
in Brazil, with the North region experiencing even greater
spikes—38% (95% CI: 30-47) and 27% (95% CI: 15-39),
respectively (Requia et al. 2021).

A 10 pg/m?3 rise in wildfire-related PM,.5s was associated
with increases in all-cause hospitalizations in Brazil by 1.65%
(95% CI: 1.51-1.80), respiratory admissions by 5.09%
(4.73-5.44), and cardiovascular cases by 1.1% (0.78-1.42)
within 24 hours. Children under four, children aged 5-9, and
the elderly, are especially affected. It has been estimated that
0.53% (95% CI: 0.48-0.58) of all-cause hospitalizations in
Brazil—around 35 cases per 100,000 people annually—could
be attributed to these pollutants (Ye et al. 2021). Prist and
colleagues (Prist et al. 2023) have estimated that an increase of 1
kg of PM,  in the Brazilian Amazon to lead to 21 new additional
respiratory and cardiovascular disease cases (0.1 case) in the
same region, and two new cases (1 case) specifically within
Indigenous territories. The deforestation of 1% of forest area in
a municipality in the Brazilian Amazon could generate 82 new
additional respiratory and cardiovascular disease cases (+4 cases).

For nine Brazilian Amazon states, it has been found that
a 1% increase in air pollution from biomass burning was
associated with 8% more child hospitalizations (p=0.001),
10% more for the elderly (p < 0.001), and 5% more for adults
in general (p=0.017; no measure of uncertainty supplied)
(Ignotti et al. 2010). Similarly, a 1.5% monthly increase
(CI=95%: 0.6-2.4) in respiratory admissions was found, for
the 2010 decade, per standard deviation of pollution, across
the Brazilian Amazon, reaching up to 14% when PM,
exceeded 75 pg/m®—indicating a non-linear relationship
(Rocha and Sant’Anna 2022). At least 5% (95% CI: 4.9-5.1)
of all respiratory hospitalizations, between 2005 and 2018, in
the Amazon, are estimated to be attributable to fire exposure
(Campanharo et al. 2022). In the 2019 fire season alone,
nearly 5,000 premature deaths, or 10% (95% CI: 5-17) of all
premature deaths due to PM,  in Brazil, were attributable to
fire emissions (Nawaz and Henze 2020). Vulnerable groups
such as Indigenous peoples (Fellows et al. 2021, Vitorino et
al. 2022), children (Ignotti et al. 2010, Silva et al. 2013, Ye et
al. 2021, Rocha and Sant’Anna 2022), and the elderly (Ignotti
et al. 2010, Ye et al. 2021) are disproportionately affected.
Wildfires account for 50-80% (1998-2005) of the variance in
mortality by acute respiratory disease and chronic obstructive
pulmonary disease among the elderly in the Brazilian state
of Rondénia (p < 0.001 for all associations; no measure of
uncertainty supplied) (Castro et al. 2009). Had Brazil met its
deforestation targets between 2013 and 2020, improved air
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quality during this period could have prevented an estimated
2,300 (95% CI: 2,000-2,650) PM, -related deaths in 2020,
and 88,140 (95% CI: 68,250-1 1 1 ,720) fewer disability
adjusted life years (DALYs) (Butt et al. 2022). Furthermore,
in the Brazilian states of Acre, Amazonas, Pard, Mato Grosso
and Rondoénia, individuals exposed to high concentrations
of PM, | faced a risk nearly two times higher of COVID-19
morbldlty and mortality (Santos Gongalves et al. 2023).

Nevertheless, it should be noted, a complicating factor for
the implementation of effective health policies regarding the
impacts of biomass burning lies on the fact that the affected
areas are not necessarily those where wildfires occur. After all,
air pollution often reaches far from its sources (Nascimento and
Medeiros 2012, Rodrigues et al. 2013, de Andrade Filho et al.
2017, Schroeder et al. 2020, Requia et al. 2021, Ye etal. 2021).

Other impacts

Particulate matter (especially PM,,) collected from aerosols
in the Brazilian Amazon have induced molecular and cellular
damage in lung tissue, raising concerns about its carcinogenic
potential (Oliveira Alves et al. 2017, de Oliveira Galvao
et al. 2018). In vitro studies have shown that exposure to
particulate matter from biomass burning in the Amazon leads
to increased Reactive Oxygen Species (ROS) and oxidative
stress, the secretion of inflammatory cytokines (TNF-a and
IL-1PB), and DNA fragmentation and cell death (apoptosis/
necrosis) in pulmonary epithelial cells (Oliveira Alves et al.
2017). The presence of compounds such as polycyclic aromatic
hydrocarbons (PAHs), nitro-PAHs, and oxy-PAHs in these
emissions contributes to this genotoxic potential (Oliveira

Alves et al. 2017).

Deforestation has also been associated with Hansen
disease (Silva et al. 2010) and zoonotic infections (Winck et
al. 2022). During COVID-19, deforestation, fires, and road
expansion were associated with increased spread of the disease,
with transport networks acting as facilitating mechanisms and
environmental degradation potentially aggravating health
outcomes (Vitorino et al. 2022). Indigenous mortality by
COVID-19 was up to 136% higher than the national average
(Fellows et al. 2021).

Conservation policies and health co-benefits

Evidence suggests that reducing deforestation and wildfires
yields measurable health benefits. Policies that led to
reductions in wildfires in Brazil have been associated with a
~30% decline in particulate matter concentrations during
the dry season in the Amazon (Reddington et al. 2015). It
has been estimated that the 40% reduction in deforestation
rates achieved after 2004 may have prevented 1,060 premature
adult deaths (95% CI: 390-1,720) annually in South America
through reductions in air pollution (Reddington et al. 2015).
Because Indigenous lands are responsible for 27% of all fine
particulate matter absorption in the Amazon, it has been
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estimated they avoid 15 million cases of respiratory and
cardiovascular diseases and save over US$ 2 billion in health
costs every year (Prist et al. 2023).

Policy simulations suggest that reducing certain types of
fires could decrease hospitalizations, although the causal effect
of fire control policies themselves was not directly identified
(Morello 2023). Protected areas and Indigenous territories
are pointed as particularly effective, being associated with
improved birth outcomes (Carrillo et al. 2019), and lower
incidence of respiratory infections, diarrhea, and malaria—the
63% expansion of protected areas seen in Brazil between 1990
and 2010 is estimated to have reduced ARI (Acute Respiratory
Infection), diarrhea, and malaria by 1.5% (SE=0.012), 2%
(SE=0.010), and 6% (SE=0.036), respectively, in an average
Amazonian municipality (Bauch et al. 2015).

It has also been suggested, however, that conservation
efforts may increase malaria burden (Valle and Clark 2013)
by increasing forest fringe areas in certain contexts, with towns
closer to protected areas showing a greater incidence of the
disease than more distant ones.

Research gaps and limitations

Knowledge gaps remain significant, with the links between
environmental degradation and neglected tropical diseases,
such as Chagas disease, dengue, Zika and Chikungunya,
still poorly understood. In that sense, a key limitation of the
included studies is their heavy reliance on mandatory disease
notification systems, which are subject to underreporting,
especially in remote or marginalized Amazonian areas with
poor healthcare coverage (Cucunubd et al. 2024, dos Santos
Hage et al. 2025).

Most studies focus on the Brazilian Amazon, neglecting
other Amazonian countries, while vulnerable groups such as
Indigenous peoples, women, and racial minorities remain
underrepresented. Long-term outcomes, including chronic
respiratory conditions, mental health, and intergenerational
impacts, are also poorly studied.

Methodologically, the reliance on ecological designs and
aggregate data introduces several well-documented limitations.
They are particularly vulnerable to ecological bias — the
failure of group-level effect estimates to reflect individual-level
biological relationships — which can be severe and cannot be
detected from ecological data alone (Morgenstern 1995). This
fundamentally limits causal inference, as cross-level inferences
from aggregate to individual are susceptible to confounding
by group-level factors, effect modification across groups, and
temporal ambiguity (Morgenstern, 1995). Additionally, when
aggregate measures are drawn from multiple data sources,
as is common in studies linking deforestation or biomass
burning indicators to disease registries, sampling fraction
bias may further attenuate observed associations (Li 2025).
Furthermore, few studies also integrate socioeconomic and
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behavioral variables, which are essential to disentangling
pathways between environmental change and health.

Beyond this, the relatively low proportion of studies led by
institutions within the Amazon region itself is noteworthy. As
shown, institutions from other parts of Brazil predominantly
coordinate the research, and the sum of studies conducted by
institutions from non-Amazonian countries is also greater than
that of research carried out by institutions actually located in
the Amazon, pointing to important institutional weaknesses
in the region.

DISCUSSION

The environmental health burden in the Amazon

This scoping review consolidates evidence that deforestation
and wildfires in the Amazon are not only ecological disruptors,
but also potential drivers of several major public health issues.
The findings align with the assessment of the Science Panel for
the Amazon (Hacon et al. 2024), which identifies a “quadruple
burden” facing the region: the synergistic effects of climate
change, biodiversity loss, ecosystem pollution (terrestrial
and aquatic), and land-use change. Our results confirm
that this burden likely translates into specific, measurable
health outcomes, most notably the persistence of vector-
borne diseases like malaria—strongly linked to deforestation
frontiers—and the widespread impact of respiratory and
cardiovascular conditions associated with wildfire smoke.
However, important research gaps remain, especially regarding
neglected tropical diseases, such as Chagas disease, dengue,
Zika, Chikungunya, and the risk of zoonotic spillovers, as
also noted by Rosenstock et al. (Rosenstock et al. 2023) and
Hacon et al. (Hacon et al. 2024).

Vulnerability and inequality

A crucial finding is that these health impacts are unevenly
distributed. The poorest, and among them Indigenous Peoples,
emerge as the most vulnerable populations, facing a “double
exposure” to environmental degradation and limited access to
healthcare, as also pointed out by Chowdhury etal. (2024) and
Hacon etal. (2024). While our review noted that only 5.6% of
studies focused explicitly on Indigenous health, the available
evidence indicates that these groups often act as the first line
of defense against deforestation yet suffer disproportionately
from its consequences. This shows a poor alignment between
research and the most vulnerable populations (Rosenstock
et al. 2023).

The results suggest that the relations between deforestation,
wildfires and health in the Amazon should be considered in the
context of converging social inequalities and environmental
changes. Therefore, solutions must also come both ways,
systemically integrating social and economic analysis to an

enhanced understanding of the dynamics of land use change
(Chowdhury et al. 2024, Hacon et al. 2024) through a One
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Health framework. Additionally, health policies must not only
be regional but culturally sensitive and territorially specific.

Synergies and co-benefits of conservation

The evidence suggests that environmental governance is,
effectively, health policy. Reducing deforestation and curbing
illegal land clearing yield health co-benefits, safeguarding
biodiversity while simultaneously reducing the ecological
niches for disease vectors and the emission of toxic particulate
matter. But promoting health in this context should go
beyond conservation and fighting deforestation to include
restoration and the strengthening of sustainable food systems
(Hacon et al. 2024). These co-benefits provide a compelling
economic and ethical justification for embedding health
metrics into environmental licensing and land-use planning
— a recommendation with precedent in the literature, from
early calls to integrate health considerations upstream into
land-use policy (Patz et al. 2004) to more recent frameworks
for incorporating health outcomes into land-use decision-

making (McClure et al. 2019).

However, policy prescriptions must navigate the
complexity of local realities. As noted in the results, fire
remains deeply intertwined with smallholder livelihoods.
“Zero-fire” policies that ignore the lack of alternative
technologies may inadvertently deepen social vulnerability and
food insecurity. Effective interventions must therefore move
beyond prohibitions to support sustainable production models
and technical assistance for fire-free agriculture, ensuring
that environmental protection does not come at the cost of
the subsistence of local families (Morello et al. 2019, 2022,
Cancio et al. 2025).

Challenges and the One Health imperative

Structural barriers persist in translating the evidence into
action. The current monitoring infrastructure is fragmented;
health data and environmental data are rarely integrated
(Hacon et al. 2024). This review highlights the urgent need
for integrative analytical models and context-sensitive public
health tools that can attribute health damages to specific
environmental drivers.

The complexity of the causal pathways—where
deforestation alters vector ecology, water safety, and food
security simultaneously—demands a shift from isolated
responses to a One Health framework (FAO et al. 2022,
Chowdhury et al. 2024, Hacon et al. 2024). This approach
must be transdisciplinary and multisectoral, bridging
the gap between ecology, epidemiology, and the social
sciences (Rosenstock et al. 2023, Chowdhury et al. 2024).
Furthermore, addressing the “institutional knowledge gap”
identified in our results —where research is largely led by
non-Amazonian insticutions— is vital. Strengthening local
research capacity will be essential in developing solutions that
are grounded in the socio-ecological reality of the Amazon.
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Limitations of this Review

This review has several methodological limitations. The search
strategy, although systematic and reproducible, was restricted
to indexed databases, which may have excluded grey literature,
technical reports, and studies published in languages other
than English, Portuguese, French and Spanish. Although
backward citation tracking was carried out to minimize this
risk, older scientific production on the health consequences of
environmental changes in the Amazon may still have been missed.

The predominance of ecological study designs in the
included literature also constrained our ability to synthesize
findings at the individual level or to draw causal conclusions,
as the methodological limitations inherent to such designs
— including ecological bias, limited causal inference, and
restricted confounder control — are largely inherited by any
review that aggregates them. Similarly, the concentration
of available studies in the Brazilian Amazon limited the
geographic scope of our synthesis, regardless of the broader
regional focus we sought to maintain. Finally, the heterogeneity
of outcomes, exposures, and methods across included studies
required a primarily narrative synthesis, which, despite our
efforts toward systematization, inevitably involves some degree
of interpretive judgment.

CONCLUSIONS

This review shows that deforestation and wildfires have wide
and varied impacts on human health in the Amazon—many
of them still underestimated—, and how environmental
degradation and human health are deeply connected in
the region. Most of the available evidence associates these
environmental drivers with vector-borne, respiratory, and
cardiovascular diseases. By offering a broad and encompassing
view of health outcomes in the Amazonian context, this
comprehensive synthesis points to the need for an integrative
approach that further links environmental degradation and
social inequality, also providing an essential, previously lacking,
basis for One Health multisectoral policies. Strengthening
environmental governance and public health policies through
intersectoral and cross-border actions, aligned with the One
Health framework, is urgently needed. Future studies should
focus on gaps related to neglected tropical diseases, social
inequalities, Indigenous peoples, and emerging health risks.
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Table A1. Continued
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Table A1. Continued
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