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Abstract
There is growing recognition of the connection between ecosystem conservation and 
human health. For example, protection of tropical forests can affect the spread of infec-
tious diseases, water quality, and dietary diversity, while forest loss can have important 
consequences for respiratory health due to the use of fire for converting land to alternative 
uses in many countries. Studies demonstrating links between ecosystems and health often 
conclude with recommendations to expand policies that protect natural ecosystems. How-
ever, there is little empirical evidence on the extent to which conservation policies actually 
deliver health benefits when they are implemented in real contexts. We estimate the effects 
of protected areas (PAs), the dominant type of conservation policy, on hospitalizations 
for respiratory illness in the Brazilian Amazon biome. We find that doubling upwind PAs 
reduces PM2.5 by 10% and respiratory hospitalizations by 7% in the months of most active 
biomass burning. Brazil has an extensive network of PAs, but investments in management 
and enforcement have declined in recent years. Forest fires have increased dramatically 
over the same period. We estimate that the value of the health benefits exceed current aver-
age expenditures on PA management for the 1/3 of PAs with the largest local populations, 
although not for PAs in more remote locations. Our findings highlight how quantifying the 
contributions to the wellbeing of local populations can support conservation objectives, 
even if global environmental benefits are not a high priority for decision makers.
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1  Introduction

Emergence of the scientific field of Planetary Health in recognition of the vital link 
between natural ecosystems and human health (Horton and Lo 2015) raises the question of 
whether and to what extent policies that aim to protect ecosystems may also contribute to 
human wellbeing through beneficial impacts on health. Numerous studies highlight poten-
tial or observed health consequences of ecosystem change in general (e.g. Keesing et al. 
2010; Norris 2004), and impacts of loss of tropical forests specifically, on health influences 
such as exposure to infectious diseases; dietary diversity; or air and water quality (Ferraro 
et al. 2012; Galway et al. 2018; Garg 2019; Pattanayak and Wendland 2007). However, this 
literature typically treats ecosystem change as exogenous and does not consider the role 
of policy in encouraging or preventing ecosystem change and consequent health impacts 
(Ferraro et al. 2015; Pattanayak et al. 2017). We directly examine the effects of policy, by 
estimating whether Protected Areas (PAs) reduce hospitalizations for respiratory illness in 
a tropical forest ecosystem.

PAs have the potential to improve human health relative to an unprotected counter-
factual by preventing ecosystem loss and degradation. In this study, we consider health 
effects that result from the relationship between tropical deforestation and fire. There is 
evidence from many contexts that smoke from forest fires is damaging to human health 
(Reid et  al. 2019; Requia et  al. 2021; Rosales-Rueda and Triyana 2019). There are two 
main direct pathways through which ecosystem loss and degradation in tropical forest sys-
tems can contribute to these health damages: (i) forest degradation and fragmentation low-
ers the integrity of the ecosystem and its ability to resist burning, with the result that fires 
are more likely to spread unintentionally, leading to greater smoke exposure for downwind 
populations (Cochrane 2003); and (ii) protected forest ecosystems provide important air 
purification services by absorbing pollutants—including PM2.5 generated by forest fires—
and therefore reducing the negative health effects of fires that occur elsewhere (Prist et al. 
2023). As observed for other ecosystems and ecosystem services (e.g. Kleinschroth and 
Healey 2017; Wu et al. 2021), there are also indirect pathways through which ecosystem 
loss can have negative consequences for human health, related to the processes of ecosys-
tem conversion and the ways in which land is subsequently used. In the case of tropical 
deforestation, the main indirect pathways through which the incidence and spread of fire 
are increased are: (i) the use of fire to clear forested land; (ii) the use of fire on previously 
cleared land that is now used for agriculture. We estimate whether air quality and health 
outcomes related to air quality are improved by the presence of a PA, as a result of any of 
these mechanisms. We also consider whether this impact varies by the effectiveness of the 
PA in preventing fires in practice, and compare the monetary costs of PA designation and 
management with the estimated health benefits.

PAs are the dominant type of biodiversity conservation policy, covering 15% of terres-
trial land (Juffe-Bignoli et al. 2018). Future commitments, like the Aichi Biodiversity Tar-
get 2, aim to increase global PA coverage or other effective conservation measures of ter-
restrial areas to 30% by 2030 (Convention on Biological Diversity 2020). The original goal 
of PAs was to disincentivize human disturbances to conserve biodiversity (United Nations 
1992, Article 8a), but this has expanded to include the provision of ecosystem services and 
human well-being (Watson et al. 2014). There is growing evidence that PAs affect human 
wellbeing through impacts on inequality, incomes, and wealth (Agrawal 2014; Andam 
et al. 2010; Canavire-Bacarreza and Hanauer 2013; Ferraro and Hanauer 2014; Keane et al. 
2020; Miranda et al. 2016; Sims 2010), often linked to investment in tourist infrastructure 
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(do Val Simardi Beraldo Souza et al. 2019; Naidoo et al. 2019). Fewer studies have consid-
ered impacts of PAs on health. Pattanayak and Wendland (2007) estimated a reduction of 
2600 cases of diarrhea due to one Indonesian PA. Bauch et al. (2015) and Pienkowski et al. 
(2017) find reductions in diarrhea and acute respiratory infections among children living in 
proximity to PAs, in the Brazilian Amazon and Cambodia, respectively. We contribute to 
the environmental economics literature that estimates causal impacts of PAs by estimating 
the effects of upwind PAs on downwind hospitalizations due to respiratory illness in the 
Brazilian Amazon biome.

A comprehensive review of smoke exposures demonstrates effects on all-cause mortal-
ity and respiratory diseases (Reid et al. 2016). Globally, air pollution was the fifth leading 
cause of death in 2015, a massive environmental disease burden across the globe (Cohen 
et al. 2017). The health consequences of air pollution from transport and industrial activ-
ity have long been a central topic of study within environmental economics (e.g., Chen 
et al. 2020; Currie and Neidell 2005; Feng et al. 2019; Schlenker and Walker 2016). Eco-
nomic analysis of the health effects of air pollution from biomass burning has grown more 
recently as biomass smoke has become an increasingly important source of pollution due 
to effective regulation of industrial sources and the effects of climate change on wildfires 
(Burke et al. 2021). For example, pollution from biomass burning may be related to agri-
cultural fires, which have been shown to have negative consequences for health in India 
(Pullabhotla and Souza 2022; Singh et al. 2019), China (Lai et al. 2022), and Brazil (Car-
rillo et  al. 2019; Nicolella and Belluzzo 2015; Rangel and Vogl 2019). Evidence on the 
health impacts of pollution from forest fires has largely focused on Indonesia (Jayachan-
dran 2009; Rosales-Rueda and Triyana 2019; Sheldon and Sankaran 2017; Tan-Soo and 
Pattanayak 2019) and the US (DeFlorio-Barker et al. 2019; Moeltner et al. 2013; Reid et al. 
2019), showing poorer health outcomes at birth and in early childhood for those exposed to 
smoke in utero, with persistent long term effects; and contemporaneous respiratory health 
consequences for adults, particularly elderly adults. There is some evidence that smoke 
from fires related to deforestation has significant negative health consequences in Brazil 
specifically (Cardoso de Mendonça et al. 2006; Machado-Silva et al. 2020; Morello 2023; 
Reddington et al. 2015; Requia et al. 2021; Rocha and Sant’Anna 2022). Furthermore, this 
burden primarily lands on children, the elderly, the impoverished, and indigenous people 
(Machado-Silva et al. 2020; Rocha and Sant’Anna 2022).

While rigorous causal estimation of the relationship between biomass fire and incidence 
of disease is necessary for understanding the potential social co-benefits of conservation 
(e.g., Rangel and Vogl 2019; Rocha and Sant’Anna 2022; Tan-Soo and Pattanayak 2019), 
it does not tell us the extent to which actual policies can deliver disease reductions in prac-
tice. Economic theory and evidence show us that these outcomes are likely to vary depend-
ing on the choices made by policy makers and individuals. First, we cannot assume that 
intended forest protection translates to actual forest protection due to non-random and stra-
tegic behaviors influencing policy assignment (Pattanayak et  al. 2017). Second, conser-
vation policy may influence health by altering social outcomes such as poverty or access 
to medical care as well as affecting deforestation and associated fire (Bauch et al. 2015). 
Finally, the magnitude of the health benefits due to improvements in air quality depends 
on the vulnerability of the affected population, which in turn is a function of their baseline 
health and their ability to engage in defensive behaviors to mitigate negative health effects 
of pollution (Hsiang et  al. 2019; Neidell 2009). We therefore contribute to the literature 
on health impacts of air pollution in general, and pollution from forest fires in particular, 
to estimate the extent to which policy can mitigate these impacts, allowing for the role of 
behavioral responses to both policy implementation and air quality.
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In a context of strong political pressures to limit or reduce PAs in favor of using 
land for agriculture, energy development and mining, evidence on the potential social 
and economic impacts on local populations is needed to enable national policy mak-
ers to correctly weigh potential conservation-development tradeoffs (Cumming 2016; 
McNeely 2015). We extend the literature on quasi-experimental evaluation of the effec-
tiveness of PAs in reducing deforestation (e.g., Andam et al. 2008; Nelson and Chom-
itz 2011; Pfaff et  al. 2015; West et  al. 2022), to examine the extent to which policy-
driven land use changes result in delivery of social benefits. The spatial variability in 
stocks and flows of ecosystem services and their nonlinear effects mean that the loca-
tions where protection is most effective may not be the locations where social benefits, 
including health benefits of conservation, are greatest (Ferraro et al. 2015). Therefore, 
we provide direct empirical estimates of the impacts of PAs on health outcomes and 
their economic values.

The Brazilian government had protected nearly 28% of the Amazon by 2018, just 
short of the National Aichi target of 30% protection by 2020. However, the annual 
budget to manage these protected lands covered just under 30% of the required costs 
for the period 2010–2014 (Pacheco et al. 2018). In addition to the limited PA budget, 
conservation progress in Brazil has reversed, attributed to the recent Brazilian admin-
istration’s shift away from conservation enforcement, public perception of relaxed 
environmental regulations, and downgrading and degazettement of PAs and indige-
nous territories (Hope 2019; Keles et al. 2020; Rochedo et al. 2018). The reduction in 
enforcement increases incentives for land clearing by both rural landowners and oppor-
tunistic land speculators, contributing to dramatic increases in deforestation and accom-
panying fires in recent years (Araujo 2022). Deforestation-related fires are responsible 
for 80% of fire-caused PM2.5 emissions in Brazil (Reddington et  al. 2015). Given the 
evidence on the negative health effects of forest fires, identifying policy solutions that 
can reduce fire burdens is crucial (Morello 2021). Unlike ecosystems with natural burn 
cycles, forest fires in the Brazilian Amazon are driven by agricultural expansion and 
climatic change (Aragão et al. 2008; Bush et al. 2008; Davidson et al. 2012). Therefore, 
policies that influence land-use/cover change have potential to provide a considerable 
preventative health benefit for local populations and reduce demands on Brazil’s pub-
licly funded healthcare system.

We estimate the impacts of protected areas on respiratory illness using a panel data-
set of 80,964 observations (13 years × 12 months × 519 municipalities) from the Brazil-
ian Amazon biome. Outcomes of interest include median PM2.5 concentration and res-
piratory disease hospitalizations for the municipality-month. We focus on the impacts 
of protected areas within 100 km of the municipal seat on monthly municipal outcomes, 
and also test effects within 50 km and 300 km. Monthly variation comes from the aver-
age wind direction during that month, as PAs are assumed to only influence respira-
tory health outcomes if they are upwind of population centers. Primary outcomes and 
explanatory variables are separated by the fire season and the rest of the year. The goal 
is to estimate the causal effect of nearby PAs on air quality and hospitalizations over 
time, especially during the fire season. We find that upwind PAs significantly reduce 
PM2.5 during the whole year, with larger effects in the fire season. PAs reduce hospi-
talizations for respiratory illness during the fire season only. Disaggregation of the aver-
age effects shows that the change in hospitalizations is driven by children < 15  years 
old, with pneumonia and acute upper respiratory infections. We estimate the monetary 
value of these health effects and show that they vary widely with the size of the affected 
population.
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2 � Context

Since the early 2000s, almost 30% of the Brazilian Amazon region has been covered by 
PAs (including indigenous lands; West and Fearnside 2021). This region experienced 
significant expansion of the PA network since 2002, following the launch of the Amazon 
Region Protected Areas Program (Decree 4326 of 2002), with a goal to increase PA cover-
age by 50 million ha, mainly along deforestation frontiers (West and Fearnside 2021). The 
Amazon biome currently contains nearly half of the PAs in Brazil (Oliveira et al. 2017). 
Studies found the Amazonian PA network to have significantly reduced deforestation 
(Jusys 2018; Nolte et al. 2013; Pfaff et al. 2015) and fires and carbon and particulate matter 
emissions to the atmosphere (Nelson and Chomitz 2011; Nolte and Agrawal 2013; Red-
dington et al. 2015; Walker et al. 2020). Despite this, the recent Brazilian administrations 
have gradually downgraded and degazetted close to three million hectares of existing PAs 
and sought to lessen the ability to create new PAs and indigenous territories (Abessa et al. 
2019; Bernard et al. 2014; Keles et al. 2020).

We estimate the impacts of PAs on respiratory health for downwind populations. These 
impacts occur as a result of increases in air pollution associated with deforestation-related 
fires, in particular concentrations of PM2.5. Air pollution exposure is related to aggravation 
of respiratory conditions such as asthma, and pneumonia, chronic obstructive pulmonary 
disease (COPD), and other lower respiratory infections (LRI) (Liang et al. 2019; Nicolussi 
et al. 2014; Sarnat et al. 2012; World Health Organization 2016). Pneumonia and COPD 
combined cause 4 million deaths each year, and 334 million people have asthma globally 
(European Respiratory Society 2017). LRI such as pneumonia and bronchiolitis were the 
fourth leading cause of losses of global disability-adjusted life years (DALYs) for all ages 
and the second leading cause for children younger than 10 (Vos et al. 2020).

Libonati et al. (2021) summarize the three reasons that fires occur in the Brazilian Ama-
zon, all of them anthropogenic: (i) deforestation fires are used to remove residual biomass 
after logging or other forest clearing activities; (ii) maintenance fires clear weeds and 
shrubs from previously deforested agricultural land; and (iii) forest fires escape, typically 
from maintenance fires on pastures, to burn through the understory of degraded forests. 
Intact forest ecosystems are more fire-resistant, so more protected forests can reduce the 
accidental spread of fires (Cochrane and Schulze 1999; Nelson and Chomitz 2011). This 
provides three mechanisms through which prevention of ecosystem loss and degradation 
due to PAs can reduce fire events within their borders: (1) by reducing the rate of deforesta-
tion and associated deforestation fires; (2) by limiting the area of agricultural land in use 
and associated maintenance fires; and (3) by reducing the unintentional escape of fires set 
in dry conditions on surrounding private land. The first two of these mechanisms involve 
reduction in fire ignitions within the borders of the PA, and generate indirect health ben-
efits of ecosystem protection by avoiding the damages associated with the process of eco-
system change. The third is related to ignitions on private land surrounding the PA, and is 
a direct ecosystem service provided by the protected forest. An additional direct ecosys-
tem service captured within our analysis is the capacity of intact forest to improve human 
health by removing PM2.5 from the air.

Protected tropical forests become more critical in the context of climate change. The 
Amazon has already faced three once-in-a-century drought events in the last 20  years, 
2005; 2010 and 2015/2016 (Boulton et  al. 2022; Jiménez-Muñoz et  al. 2016; Marengo 
et  al. 2011; Smith et  al. 2014), and these events are expected to increase (Boisier et  al. 
2015). Deforestation may also lengthen the dry season in the surrounding areas (Davidson 
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et al. 2012). Protected forests could resist drought aggravated wildfire impacts by reducing 
the distance to forest edges, decreasing local temperatures, and increasing local humidity 
and precipitation (Giardina et al. 2018; Le Page et al. 2017; Maillard et al. 2020; Morton 
et al. 2013; Nepstad et al. 1999). Standing tropical forests also mitigate regional losses of 
precipitation during drought events (Mu et al. 2021).

3 � Data

3.1 � Study Sample

We focus on 519 municipalities in the Brazilian Amazon biome during the period 2006 to 
2019. Monthly observations for each municipality result in a panel dataset of 80,964 obser-
vations (13 years × 12 months × 519 municipalities). During the period prior to 2006 there 
were frequent changes in PA areas within municipalities. As these changes were not ran-
dom, but rather influenced by deforestation pressures, using changes in PA extent around 
a municipality for identification would bias the estimated effects, therefore we start our 
analysis in 2006. We end in 2019 because later data on respiratory hospitalizations are 
strongly influenced by Covid-19 case rates. While there is evidence air pollution contrib-
utes to mortality risk from Covid-19 (López-Feldman et al. 2021; Xiao Wu et al. 2020a, b), 
including the post-2019 period would distort our estimates of the impacts of PAs on res-
piratory health due to misreporting of Covid-19 cases in Brazil (Galvêas et al. 2021; Kupek 
2021; Prado et al. 2020) and effects of the pandemic on hospital capacity for patients with 
other respiratory illnesses.

3.2 � Dependent Variables

3.2.1 � Hospitalizations for Respiratory Illness

Hospitalizations for respiratory illness are obtained from Brazil’s Sistema de Informações 
Hospitalares, SIH/SUS, a database of all hospitalizations (at public or private facilities) 
covered by SUS, Brazil’s publicly funded health care system (Castro et al. 2019; Rocha and 
Sant’Anna 2022). Monthly respiratory hospitalizations per municipality are based on the 
month of admission and the municipality of residence, ensuring the broadest spatial cover-
age and the likely site of exposure to smoke (Machado-Silva et al. 2020; Smith et al. 2014). 
Hospitalizations are coded based on the International Classification of Diseases version 10 
(ICD-10), with primary diagnosis codes J00-J99 used to classify diseases of the respiratory 
system. The data exclude hospitalizations that were not covered by SUS. Approximately 
25% of Brazilians have private health insurance (de Oliveira et al. 2022; Fontenelle et al. 
2019), although this share is lower in the relatively poor northern region of Brazil where 
the Amazon biome is located (Castro et al. 2019). Privately insured individuals use SUS 
an estimated 13% of times they receive healthcare (Fontenelle et al. 2019). Our empirical 
strategy is based on monthly variation in hospitalizations relative to the seasonal mean for 
each municipality. Therefore, the exclusion of privately insured visits is only of concern if 
the change in cases is different for public and private coverage. If privately insured indi-
viduals are more likely to seek treatment during periods of poor air quality, the use of 
SUS data would underestimate the full effect. More generally, using hospitalizations pro-
vides a lower bound estimate of health impacts of PAs because it does not capture initiation 
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or exacerbation of conditions that reduce welfare but do not require hospital treatment or 
effects that are cumulative or delayed over time.

Respiratory diseases show substantial seasonal variation and an overall downward trend 
over the study period (Fig. 1). Hospitalizations rise from March to May corresponding to 
the end of the rainy season, and display a smaller secondary peak corresponding to rising 
fire usage and fine particulate matter concentrations in the late dry season, July, August, 
and September. Respiratory disease hospitalizations are relatively rare events and occur at 
an average monthly rate of roughly 55 per 100,000 people. They are also variable across 
months and municipalities, with smaller municipalities experiencing none in some months. 
In addition to hospitalization for respiratory illness, we consider hospitalization for circula-
tory conditions and external injury.

3.2.2 � Fine Particulate Matter, PM2.5

As an intermediate outcome variable, we use monthly values of fine particulate matter, 
PM2.5 (μg/m3) at the municipality capital. PM2.5 values are averaged from estimates based 
on the Copernicus Atmosphere Monitoring Service (CAMS)-Reanalysis Model and the 
National Aeronautics and Space Administration (NASA)’s MERRA-2 satellite for 6-h peri-
ods. The degree to which cloud cover and other meteorological conditions bias these esti-
mates is a common source of concern for MERRA 2 satellite-derived PM2.5 concentrations 

Fig. 1   Time series of total respiratory disease hospitalizations within the Brazilian Amazon Biome. Respir-
atory disease hospitalizations are seasonal, with peaks at the end of the rainy season followed by a smaller 
peak at the end of the dry season that corresponds to the fire season, July, August, and September
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(He et al. 2019). To limit the influence of severely outlying measurements, we aggregate 
monthly measures based on monthly median concentrations instead of monthly means. 
Even with median measures, the maximum monthly concentration reaches 848  μg/m3, 
which is 56.5 times the World Health Organization recommendation for average daily 
mean PM2.5 pollution of 15 μg/m3 and 170 times the recommendation for average annual 
mean PM2.5 pollution of 5 μg/m3 (World Health Organization 2021).

Air pollution in the Amazon Biome is strongly related to deforestation fires and agri-
cultural activity in the months before the rainy season. Fire activity occurs mainly in July, 
August, and September, corresponding to the seasonal rise and peak in PM2.5 in Septem-
ber. Substantial spikes occurred during the fire seasons in 2007 and 2010, corresponding to 
extreme drought and El Niño warming events, respectively. All other years center around 
the monthly average of 14 μg/m3 (Fig. 2).

3.3 � Explanatory Variables

3.3.1 � Protected Areas

PA boundaries are based on shapefiles from the Chico Mendes Institute for Biodiversity 
Conservation (ICMBio). To establish a measure of the area protected near to popula-
tion centers, we created 100 km geodesic buffers centered on each of the 519 municipal 

Fig. 2   Time series of the median municipal PM2.5 concentration for all municipalities. PM2.5 shows strong 
seasonal variation peaking during the fire season July, August, and September. The year 2007 is noted as 
being among the worst fire seasons
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capitals. The capital and surrounding area is typically also the main population center of a 
municipality (Guedes et al. 2009; IBGE 2017), and the capital is the point location of the 
PM2.5, wind, and weather observations. PAs near a municipality capital are inherently less 
isolated due to the locations of these urban centers along roads. The resulting treatment 
is PA coverage within 100 km of the capital. There are tradeoffs in the selection of buffer 
size: a larger buffer provides more complete coverage of the population that could possibly 
be affected by smoke from biomass burning, but this comes at the expense of precision in 
measuring wind direction. Prior study of health effects of biomass burning in Brazil used 
50 km buffers around population centers (Rangel and Vogl 2019). However, this was for 
agricultural fires, which have lower average smoke plume heights and are therefore likely 
to travel shorter distances (Vadrevu et al. 2015). Moeltner et al. (2013) show that marginal 
health effects diminish over larger distances from a fire. We therefore select 100 km as the 
distance over which most of the likely air quality and health impact will be observed and 
wind directions can still be meaningfully characterized, and test the sensitivity to buffer 
size by comparing results with 50 km and 300 km buffers.

We do not use changes in PAs as our identification strategy because these changes 
are likely to result from changing deforestation pressures, which may be correlated with 
changes in air quality and hospitalizations. Also, since few municipalities experienced 
changes in nearby PAs between 2006 and 2019, the estimated effects of PAs would be 
solely based on changes in the rates of hospitalization in that small sample rather than the 
variation across the full sample of municipalities. To avoid giving outsize weight to these 
observations, we use fixed 2006 PA boundaries and exploit variation in effects of PAs in 
either the up or downwind direction in each month and municipality. Variation in PA cov-
erage therefore only originates from changing wind direction and not changing PA assign-
ment over time.

Figure 3 depicts PA coverage as of 2006 within 100 km of each municipality’s capi-
tal. This reflects the area of PA in the buffer around the capital, which may include PAs 
outside the municipality boundaries and may not include all PAs within the municipality 
boundaries, depending on their location. There is substantial spatial variation. Municipali-
ties within the “arc of deforestation” on the southeastern boundary of the biome are less 
likely to have nearby PA coverage. Larger protected areas surround more isolated munici-
palities in the north and central regions.

3.3.2 � Wind

Municipality measures of wind direction are the estimated prevailing wind direction at the 
municipality capital every six hours. We convert wind directions to binary variables equal 
to one depending on where the observation would be classified for eight cardinal direc-
tions, north–north-east, east-north-east, etc. This is aggregated to the expected number of 
days (24-h periods) the wind was coming from each direction in a given month, based on 
the following equation, shown for east-north-east wind days:

The typical wind days in each direction are shown in Table 1. East-north-east is the domi-
nant wind direction with an average of 11.9 days, and the least common wind direction is 
in the opposite direction west-south-west with an average of 0.6 days.

(1)enedaysit =

(
ene observationsit

total observationsit

)
× days per monthit
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3.3.3 � Protected Areas and Wind Interaction

To reduce bias related to non-random assignment of treatment, we sort PAs coverage 
within 100 km of a municipality capital into octants corresponding to eight wind direc-
tions, and interact these with wind-day observations to establish a monthly average of 
upwind and downwind PA coverage (Fig. 4). The upwind PA × wind interaction directly 
relates to the expected air movement from upwind to downwind areas. In contrast, the 
PA × downwind interaction represents the correlation between PA proximity and air 
quality or hospitalizations that is not related to our causal pathway, in effect a control 
variable. Monthly municipal measures of upwind protection are averages created by 
multiplying PA area within each directional octant by the number of days the wind orig-
inated from that direction. The simulated upwind average is shown below.

We calculate the corresponding downwind area by multiplying the coverage area in each 
octant by the number of wind days in the opposite octant.

(2)upwindpait =

(
nneAreaPAi × nneDaysit +⋯ + nnwAreaPAi × nnwDaysit

)

days per montht

Fig. 3   Shows the spatial distribution of 2006 PA coverage within 100 km of the municipal capital, mapped 
onto municipality boundaries
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The resulting calculations create a simulated estimate of the average daily area of PAs 
upwind and downwind within a given month. PAs in a more frequent prevailing wind 
direction that month are given more weight in the upwind average. The monthly changes in 
these interactions are used to estimate the causal impact of PA coverage on air quality and 
respiratory hospitalizations as described below in Sect. 4.

3.3.4 � Socioeconomic Controls

We obtain annual socioeconomic data such as population and GDP from census data col-
lected by the Institute of Geography and Statistics (IBGE) in the years 2000 and 2010 and 
imputed linearly for other years. Population density is calculated by dividing the munici-
pal population by the municipal area to control for urbanization and associated benefits of 
health-related infrastructure such as electricity and public sewage. Population is used as 
an exposure variable to control for the expected number of people within a municipality 
that could be hospitalized each month, allowing us to estimate a municipal rate response 
per 100,000 people.1 Changes in municipal population and GDP also enter as controls 

(3)downwindpait =

(
sswAreaPAi × nneDaysit +⋯ + sseAreaPAi × nnwDaysit

)

days per montht

Fig. 4   Depicts a daily measure of upwind area of protected area for the municipality Boca do Acre. Daily 
observations were then averaged to obtain an average monthly estimate of upwind protection

1  We drop the municipality of Jacareacanga as population varies from 8 to 41,487 during 2006 to 2018 
while annual respiratory hospitalizations range from approximately 5 to 12, suggesting a data entry issue.
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since changing population and economic activity are likely to correlate with public health, 
wealth, and education, affecting the expected municipal hospitalization rate.

3.4 � Additional Variables for Validity Checks and Aggregation of Benefits

3.4.1 � Fires

To assess the validity of our assumption that upwind PAs influence air quality and health 
by reducing fires and thus the emission of particulates to the atmosphere, we measure fire 
occurrence inside and outside the PAs within the 100 km municipal buffers. Fire data cov-
ering the study period were obtained from NASA’s Fire Information for Resource Man-
agement System (FIRMS), based on Moderate Resolution Imaging Spectroradiometer 
(MODIS) (NASA 2022). We separate likely forest from non-forest fires based on fire inten-
sity, measured by MODIS as Fire Radiative Power, with intense fires defined as ≥ 150 MW.

3.4.2 � Population

As our results are estimated as rates of hospitalization per 100,000 people, the total health 
impacts of PAs depend on affected population size. A single PA may influence health in 
multiple municipalities. Therefore we need to estimate the total affected population for 
each PA to calculate aggregate benefits of protection. Population counts for ~ 30 km2 areas 
encompassing the municipal capitals (from 15 arc-minute resolution satellite imagery) 
were estimated based on the Gridded Population of the World (GPW) dataset in 2010 
(Center for International Earth Science Information Network—CIESIN 2018). Whenever 
multiple municipal capitals were presented within the same ~ 30 km area, the counted pop-
ulation was split into equal parts among the seats to avoid double-counting.

4 � Methods

Our objective is to estimate the causal effect of PAs on respiratory health in neighboring 
populations. The main potential sources of bias come from the non-random assignment of 
PAs. The first issue is that PAs may be sited in locations with either more, or less, defor-
estation pressure (Joppa and Pfaff 2009), in which case air quality will be lower, or higher, 
on average regardless of the presence of the PA. The second concern is that levels of devel-
opment may differ between municipalities with large areas of protected land within 100 km 
and those without protected land, which has implications for the rates of hospitalizations 
for respiratory conditions. The direction of the bias could be positive or negative: poorer 
municipalities may have generally higher rates of respiratory illness due to lower levels 
of health, or they could have fewer hospitalizations due to more limited access to medical 
facilities or weaker reporting processes.

One option to address these biases would be to estimate the effects of changes in 
PA coverage on changes in air quality and hospitalizations. However, one concern is 
that the increasing targeting of PAs to marginal lands (DeFries et al. 2005; Jusys 2018) 
means that the areas with and without changes in PA assignments are different in ways 
that impact not only overall levels of health outcomes but also the changes in health 
outcomes, which would violate the parallel trend assumption. A further issue is that 
there is very little change in PAs after 2006, meaning that for the study period there is 
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insufficient variation to estimate effects of change. We therefore do not rely on changes 
in PA assignment as our identification strategy.

We instead interact the PA area as of 2006 with daily exogenous changes in prevail-
ing wind direction and aggregate these values to create monthly variation in upwind 
and downwind protection that allows us to identify the causal effects of PAs. This draws 
on the growing literature that uses wind direction as a source of exogenous variation 
in air pollution (e.g. Bondy et  al. 2020; Deryugina et  al. 2019; Rocha and Sant’Anna 
2022; Tan Soo 2018). Many of these studies use wind direction at the stationary urban 
or industrial source of pollution. However, due to the substantial spatial and temporal 
variation in the location of pollution sources from forest fires and the lack of monitoring 
at these remote, rural sites, we use wind direction at the destination. We follow the spe-
cific approach of Rangel and Vogl (2019) who estimate the causal effect of agricultural 
fires as the difference between the effects of upwind and downwind activity in a given 
month. Upwind fires can influence respiratory health by sending smoke towards a popu-
lation center. Downwind fires should not have a direct causal effect on respiratory health 
through the generation of air pollution, therefore any empirical relationship represents 
bias due to unobserved heterogeneity between places with many fires and places with 
fewer fires. The difference between upwind and downwind effects captures the causal 
effect after controlling for these unobserved confounders. We also include some time-
variant controls and time and space fixed effects as follows:

where i indexes municipalities;  t  indexes years (2006, 2007, ... 2019); and m indexes 
months (Jan, Feb, …. Dec). yitm represents the dependent variables: air pollution and res-
piratory diseases. PAU

itm
 is the weighted average area of PAs located within 100  km (or 

50 km or 300 km in alternative specifications) and upwind of the municipal seat in a given 
month, and PAD

itm
 is the equivalent weighted average of PAs located within 100  km and 

downwind of the municipal seat. Xitm is a vector of observable municipality weather and 
socioeconomic characteristics, including average maximum temperature, relative humidity, 
and population density in the air quality model, and the same variables plus total popula-
tion and municipal GDP in the hospitalization model. The municipal population is nec-
essary in the latter case to estimate hospitalization rates per 100,000 people. We include 
municipality fixed effects (αi) to control for unobserved influences on differences in air 
quality and heath that do not vary over time in the air quality and hospitalization models. 
These include regional differences that may be correlated with upwind or downwind PA 
coverage due to prevailing wind patterns. We also include month (μm) and year (γt) fixed 
effects to account for seasonal patterns and annual trends in air quality.

Seasonal variation in air quality is consistent across municipalities (Fig. 5a), so we 
control for this at the regional level with month and year fixed effects to adjust for the 
time periods and fire seasons that were particularly severe across the region. In contrast, 
seasonal variation in respiratory hospitalizations differs considerably in different subre-
gions of the Amazon (Fig. 5b), so we estimate specifications with municipality-month 
interactions for the hospitalization models in addition to the specifications with additive 
municipality and month fixed effects:

(4)yitm = �i + �m + �t + Xitm� + �UPA
U
itm

+ �DPA
D
itm

+ �itm

(5)yitm = �i + �m + �t + ��i�m + Xitm� + �UPA
U
itm

+ �DPA
D
itm

+ �itm



60	 D. Sheehan et al.

1 3

The terms βU and βD represent separate effects for upwind and downwind PAs on out-
comes. A downwind PA is not expected to influence respiratory health, at least through 
the air quality pathway. Therefore, any observed relationship between downwind PAs and 
respiratory hospitalizations, as captured by βD, is likely to arise due to the confounders 
discussed above, namely differences in local deforestation pressure and municipality devel-
opment levels:

The βU estimate captures the same confounding effects and associated bias, plus the causal 
treatment effect of PAs on respiratory health. The estimated effect of upwind coverage 
will therefore equal the causal effect of upwind PAs on air quality (ATT​U) plus the treat-
ment bias. It is theoretically consistent for this coefficient to be positive, negative or zero, 
depending on the relative magnitude of these two components.

The effect of interest is how upwind PAs affect hospitalizations relative to the counter-
factual, which is estimated as the difference between the upwind and downwind coeffi-
cients. This estimated differential effect, βU − βD, will subtract out treatment bias leaving 
only the causal impact of PAs on outcomes related to air movement from upwind areas to 
the municipal seat, as:

One caveat is that there may be other channels through which PAs affect rates of respir-
atory health and that apply to both upwind and downwind municipalities. For example, the 
PA itself could affect local development or population growth positively through effects on 
tourism or agricultural productivity, or negatively by limiting agricultural expansion. This 
could in turn affect rates of respiratory illness by raising overall standards of healthcare and 
health status, or alternatively by accelerating spread of infectious diseases. These effects 
will be differenced out along with the effects of development or population growth arising 
for reasons unrelated to PA location. As such, our results represent only the effects of PAs 
on health that operate through pathways related to impacts on air quality.

We estimate the differential effect of upwind and downwind PAs on two outcomes, 
PM2.5 concentrations and respiratory hospitalizations, with a Pseudo Poisson Maximum 
Likelihood (PPML) regression as both outcomes were non-negative and over-dispersed. 
This avoids the distributional assumptions and issues with zero values created by transfor-
mation of the dependent variable, for example by taking logs. The Pseudo Poisson requires 
only the correct specification of the conditional mean and reasonably models observations 
of zero, for example, no respiratory hospitalizations, with maximum likelihood estima-
tion (Motta 2019). Simulation studies confirm  that in the presence of heteroskedasticity, 

(6)
�̂
2
= E

[
outcome (unprotected) |protected]−E[outcome (unprotected) |unprotected

]
= treatment bias

(7)�̂U = ATTU + treatment bias

(8)ÂTTU = �̂U − �̂D

Fig. 5   a Average PM2.5 by month for grouped states by region, AM—Amazonas (East/Central Amazon), 
MATO—Maranhão & Tocantins (Southeast), MT—Mato Grosso (South), PAAP—Pará & Amapá (North/
Central), ROAC—Rondônia & Acre (Southwest), RR—Roraima (North). b Counts of respiratory hospi-
talizations per 100,000 people by month for grouped states by region, AM—Amazonas (East/Central Ama-
zon), MATO—Maranhão & Tocantins (Southeast), MT—Mato Grosso (South), PAAP—Pará & Amapá 
(North/Central), ROAC—Rondônia & Acre (Southwest), RR—Roraima (North). The states of Amazonas 
and Pará cover the largest area and contain the highest populations

▸
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log-linear OLS estimates are biased, even after controlling for fixed effects. On the other 
hand, Poisson models are robust to heteroskedasticity (Silva and Tenreyro 2006). We use 
the Stata package PPMLHDFE to estimate PPML with High Dimensional Fixed Effects, 
enabling the inclusion of municipality and time fixed effects and their interactions (Correia 
et al. 2020) to control for heterogenous municipality seasonality.

5 � Results

We report estimation results for the effects of upwind PAs on PM2.5 and hospitalization for 
respiratory illness. We also disaggregate the overall results by age group and by type of 
illness, and examine sensitivity of the results to alternative specification choices. Finally, 
we approximate PA effectiveness based on relative density of fires inside and outside PA 
boundaries, and estimate heterogeneous effects of PAs on hospitalizations for more and 
less effective PAs.

5.1 � Effects of Upwind PAs on Air Quality

Table 2 reports the average marginal effects of the monthly area of upwind and downwind 
PA in km2 on concentrations of PM2.5 in μg/m3 and on the number of respiratory hospitali-
zations per 100,000 of population.

Columns 1 and 2 show estimated impact of upwind and downwind PAs on monthly 
median PM2.5, and the difference between these, which represents the treatment effect of 
interest. The relationship between downwind PA coverage and PM2.5 is positive in the fire 
season and negative during the rest of the year. This indicates that counterfactual air qual-
ity in municipalities with high PA coverage is worse during the fire season and better dur-
ing the rest of the year relative to municipalities with low PA coverage. The difference is 
likely to be related to different sources of pollution during these periods. It suggests that 
municipalities with high PA coverage have more agricultural land conversion and cultiva-
tion, which would affect fire season air quality, and less industrial activity, which would 
affect air quality during the rest of the year. The coefficient on upwind PA coverage is 
negative during the fire season, indicating that PAs reduce air pollution enough to offset 
this counterfactual difference. The treatment effect, measured by the difference between the 
effect of upwind protection and downwind protection is negative and statistically signifi-
cant at all times of year, with a stronger relationship observed during the fire season. The 
results in columns 1 and 2 indicate that a 1000 km2 increase in upwind PA (approximately 
1 standard deviation) reduces PM2.5 concentrations at the municipal capital by 6.2 μg/m3 
relative to the mean concentration of 19.3 μm/m3 in the fire season, and by 1.1 μg/m3 rela-
tive to the mean concentration of 12.8 2 μg/m3 during the rest of the year. The results in 
Columns 1 and 2 confirm that PA presence upwind from a municipal capital improves air 
quality at that location, especially when fire activity is higher.

Columns 3–6 present average marginal effects of upwind vs. downwind PA coverage 
on contemporaneous monthly respiratory hospitalizations per 100,000 people. The results 
with municipality and time fixed effects are shown in columns 3 and 4. In this case, the dif-
ference between the effects of upwind and downwind PAs is negative, but not statistically 
significant. We also estimate a preferred and more restrictive specification that accounts for 
municipality-specific seasonality in respiratory hospitalizations (Fig.  5a) by estimating a 
combined municipality-by-month fixed effect. This specification was not considered for the 
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PM2.5 outcome variable since the entire region experiences similar seasonal fluctuations in 
levels of PM2.5 (Fig. 5b), and it varies less from year to year for the same region.

Columns 5 and 6 of Table  2 show average marginal effect estimates of PAs on con-
temporaneous monthly respiratory hospitalizations per 100,000 people with municipality-
by-month fixed effects. The downwind coefficients on PA coverage are positive, suggest-
ing that counterfactual hospitalizations in municipalities with high PA coverage would be 
greater than in municipalities with low PA coverage. The coefficients on upwind PA cover-
age are not significantly different from zero, indicating that the causal impact of PAs offsets 
the counterfactual differences captured by the downwind coefficient. As a result, the esti-
mated ATT, based on the differential between upwind and downwind effects of PAs is neg-
ative and statistically significant in the fire season, and is not statistically significant during 
the rest of the year. This suggests that upwind PAs reduce respiratory hospitalization rates 
after controlling for seasonal heterogeneity, but only when there is active biomass burning. 
The magnitude of the effect indicates that an increase in upwind PA coverage of 1000 km2 
resulted in 2.3 fewer hospitalizations per 100,000 people per month during the fire season.

5.2 � Results Disaggregated by Age Group and Type of Respiratory Illness

To better understand the pathways through which PAs influence hospitalizations for res-
piratory illness, we estimate separate models by age group and for different types of illness. 
We use age categories of child (< 15 years old), adult (15–59) and elderly (≥ 60). Ideally, 
we would estimate impacts for infants and young children separately from older children as 
the former are more susceptible to severe cases of respiratory illness. However, the thresh-
olds we use are the only ones that can be matched across the hospitalization data and the 
total municipal population data that are needed to calculate rates of illness per 100,000 
people.

Table 3 shows effects of upwind vs. downwind PA coverage on all hospitalizations for 
respiratory illness by age group. These models are estimated using municipality-by-month 

Table 3   Average marginal effects of PA coverage × wind direction (km2) within 100 km on respiratory hos-
pitalizations per 100,000 and age group (fire season only)

t statistics reported in parentheses; p-values reported in brackets
*p < 0.1; **p < 0.05; ***p < 0.01

(1) (2) (3)
Child (< 15 years old) Adult (15–59) Elderly (> 60)

Upwind PA (km2) 0.000476 (0.60) 0.000930** (2.11) 0.000258 (1.11)
Downwind PA (km2) 0.00276*** (4.10) 0.000645 (1.45) 0.000214 (1.12)
Upwind–downwind  − 0.00228** 0.000285 0.0000443
χ2 6.164 [0.013] 0.305 [0.581] 0.0302 [0.862]
Municipality FE No No No
Month FE No No No
Month × Muni FE Yes Yes Yes
Year FE Yes Yes Yes
Weather/wind days Yes Yes Yes
Socioeconomic Yes Yes Yes
Observations 21,109 20,860 20,866
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fixed effects for the fire season only. We find that upwind PAs significantly reduce inci-
dence of respiratory hospitalizations for children under 15. An increase of 1000 km2 in 
upwind PA coverage reduces rates of hospitalization in this group by 2.3 cases per 100,000 
children. We do not find significant effects of upwind PAs for young or elderly adults.

Disaggregating the results by type of illness (Table 4), we find that the overall impacts 
appear to be driven by effects of upwind PAs on hospitalizations for pneumonia and for 
acute upper respiratory infections such as rhinitis and sinusitis. Specifically, an increase 
in upwind PA coverage of 1000km2 reduces monthly incidence of pneumonia by 2 cases 
per 100,000 people and monthly incidence of hospitalization for acute upper respiratory 
infection by 0.7 cases by 100,000 people during the fire season. We do not find any effect 
of PAs on other types of respiratory infection, namely influenza or chronic or acute lower 
respiratory infections.

We also estimate the effects on hospitalizations related to the circulatory, rather than the 
respiratory, system (ICD-10 codes, I00-I99), and hospitalizations related to external injury 
(ICD-10 codes, V01-X59, Y85-Y86). Circulatory hospitalizations are sometimes used as 
placebo tests for the impacts of air pollution. However, while respiratory impacts of air 
pollution are most widely recognized, there is growing evidence that PM2.5 is also associ-
ated with acute circulatory system responses (Maté et al. 2010; You et al. 2023). In this 
case, we find a negative effect of PAs on hospitalizations for circulatory conditions, but it is 
not statistically significant. External injuries provide a more plausible placebo test as they 
should be largely unrelated to air pollution (Beatty and Shimshack 2014). There is some 
possibility of a positive effect of air pollution on injury if reduced physiological capa-
bilities result in falls, or a negative effect if poor air quality results in less time outdoors 
engaged in potentially risky activities. However, these effects are likely to be small and to 
offset one another. We do not observe a significant effect of upwind, relative to downwind, 
PA coverage on hospitalizations with external injuries.

When we disaggregate the results by type of illness for the under 15 population, we 
again find that upwind PAs significantly reduce pneumonia and acute upper respiratory 
infection and do not influence rates of the other diseases (Table  5). We do not find any 
influence of upwind PAs on individual types of respiratory illness for the young adult or 
elderly adult age categories.

5.3 � Sensitivity Analysis

A notable choice made within this analysis is the size of the buffer around each municipal 
capital used to quantify the surrounding PA coverage. The advantage of a smaller buffer 
is that locations that are upwind from the population center can be defined more precisely 
based on measurement of wind direction at that center. However, small buffers may miss 
important impacts of PAs because smoke can travel, and be damaging to health, over many 
hundreds of kms (Souto-Oliveira et al. 2023). In Table 6, we show how the estimated treat-
ment effects of upwind PAs vary depending on the size of the buffer. The 100 km buffer 
is used for our main estimation results, and we compare a smaller buffer of 50 km and a 
larger buffer of 300 km. In both the PM2.5 and respiratory hospitalization models, the aver-
age treatment effect of 1 km2 of upwind PA is largest with the 50 km buffer and smallest 
with the 300 km buffer. The effect declines by approximately an order of magnitude with 
each increase in the buffer size, and also becomes less statistically significant.

We interpret this difference in the size of the effect as being driven by the average 
distance between PAs and affected populations within each buffer size: on average, a 
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randomly selected 1 km2 of PA in a 50 km buffer will be much closer to the population 
center where the outcomes are measured than a randomly selected 1 km2 of PA in a 
300 km buffer. There is evidence from other contexts that the effects of nearby fires on 
air quality and health are stronger than effects of more distant fires, particularly in cases 
where non-forest land is burned (Moeltner et al. 2013).

Tables 7 and 8 show the sensitivity of the results to further choices made about the 
specifications of the PM2.5 and respiratory hospitalization models respectively. The first 
columns of each of these tables show the estimated impact of upwind and downwind 
PAs on monthly median PM2.5 and respiratory hospitalizations, without municipality 
fixed effects. In this specification, unobserved differences between municipalities that 
may be correlated with both PA coverage and PM2.5 are controlled for using only the 
downwind PA area. In theory, the downwind PA area can address the bias resulting from 
the unobserved heterogeneity between municipalities surrounded by minimal vs. exten-
sive PAs. However, there is some spatial clustering of municipalities with relatively 
more PA coverage upwind and those with relatively more PA coverage downwind, due 
to prevailing wind directions in the region. For example, municipalities in the southern 
“arc of deforestation” have relatively more upwind protection conditional on the area of 
downwind protection. The downwind PA ‘control’ does not address these spatial cor-
relations, while the additional inclusion of municipality fixed effects (as in our main 
specification) does, due to the use of deviations from monthly averages of PM2.5 and 
hospitalizations rather than absolute levels.

The size of the effect of upwind PAs on PM2.5 is smaller without the municipality fixed 
effects than with them, which is what we would expect if municipalities in the “arc of 
deforestation” have higher levels of PM2.5 on average, regardless of local PA coverage. 
The estimated treatment effect of upwind PAs on hospitalizations for respiratory illness 
becomes positive without the municipality fixed effects. As with the PM2.5 model, the dif-
ference is likely to be because more developed frontier municipalities also typically have 
more upwind PAs than downwind PAs. This creates a positive bias, which may be due to 
better access to hospital facilities or greater spread of infectious diseases. For both depend-
ent variables, we consider the specification with both downwind PA coverage and munici-
pality fixed effects to be the theoretically most appropriate for estimating the causal effect 
of PAs on pollution and health.

Our main results are estimated using municipality standard errors. Column 2 in Tables 7 
and 8 show the results with standard errors clustered at the state level instead, as policy 
decisions influencing health and air quality may be made at either level. The magnitudes 
of the estimated treatment effects of PA coverage on PM2.5 and respiratory hospitalization 
are unchanged, as we would expect. The effect on PM2.5 remains significant, but the effect 
on respiratory hospitalizations becomes insignificant. We also examine whether the results 
change if GDP is omitted as a covariate (Tables 7 and 8, column 3), as it is possible that it 
could be influenced by both neighboring PAs and by the dependent variables, namely air 
quality and the health of the population. We do not find that this alters the results. Finally, 
we estimate the relationships of interest excluding any municipalities with more than 20% 
of their 100 km buffer outside the national boundaries of Brazil (Tables 7 and 8, column 
4). Some of the borders are coastal, in which case there is no land use or potential fire that 
can occur. Land within neighboring countries may in practice be protected or unprotected, 
but we only estimate the effects of Brazilian PAs on the Brazilian population as this is the 
domain within which policy decisions can be made. Using only the municipalities with 
buffers covering primarily Brazilian territory, the estimated treatment effects are slightly 
stronger, but not substantially different from the main results.
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5.4 � Relationship Between PAs and Fires

Our analysis is based on the underlying assumption that PAs contribute to improvements 
in respiratory health by reducing frequency of fires; either intentionally ignited to clear 
deforested land or maintain agricultural land, or unintentionally spread from those intended 
fires. Our identification strategy does not allow us to estimate the causal impact of PAs 
on fires because the exogenous variation comes from the relative locations of the PAs and 
population centers, and the wind directions in a given month. However, we obtain an indi-
cation of the potential validity of this causal mechanism by comparing fire incidence inside 
and outside PAs within each municipality’s 100-km buffer to confirm whether fire activity 
is indeed lower in PAs, and by testing whether health effects vary with the degree to which 
fire activity is lower inside compared with outside nearby PAs. These conditions are nec-
essary, although not sufficient, to conclude that a causal effect of PAs on health operates 
through the mechanism of reduced fire activity.

Figure  6 shows that there is a wide distribution of fire density both inside and out-
side PA boundaries. The number of fires is statistically lower inside PAs than outside 
(p-value < 0.00). The same is true of ‘Intense’ fires, with a Fire Radiative Power (reflect-
ing fire intensity and smoke injection height; Peterson et al. 2014) of more than 150 MW 
(p-value < 0.01). These are more likely to be forest fires than agricultural fires due to 
the differences in biomass stocks between forest and agricultural lands. Intense fires are 
very infrequent in most PAs, although there are some exceptions. It is not surprising that 
we see fairly high fire density within PA boundaries. First, there could be unintentional 
spread of fires from outside the boundaries even if protection is strictly enforced. Second, 
as previously noted, funding for PAs is insufficient for effective management and enforce-
ment, therefore some deforestation and some agricultural production is likely. Studies that 
directly evaluate the effectiveness of Brazilian PAs similarly find that protection reduces 
the incidence of fire relative to counterfactuals based on land outside PAs, but do not 
fully eliminate it (Alvarado et al. 2018; Nolte and Agrawal 2013; Walker et al. 2022). The 

Fig. 6   Density of fires observed inside and outside PA boundaries within 100 km municipal buffers, 2006–
2018
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degree of effectiveness is found to vary with category of protection, PA location or applica-
tion of complementary policy measures (Cisneros et al. 2022; Ferraro et al. 2013; Nelson 
and Chomitz 2011).

Our assumed causal pathway is that upwind PA coverage improves air quality by reduc-
ing frequency and severity of fires relative to unprotected land. The estimates presented 
so far reflect average impacts on health across all PAs. This is the appropriate outcome to 
consider as effectiveness will inevitably vary in practice across different PAs. To assess 
the validity of the overall results, we now consider whether the observed impact of PAs 
on health is stronger in the locations that we would expect it to be, based on the degree 
to which fires are less frequent inside PAs relative to outside PA boundaries. We use a 
k-means analysis to cluster the municipalities based on the relative fire density inside and 
outside PA boundaries in each 100-km municipal buffer. We find that three clusters of 
municipalities best separate the differences in fire density. In two of these clusters, the dif-
ference between fire density inside and outside PA boundaries is small or negligible: in 
Cluster 1a—Less Effective: high pressure, there are many fires observed both inside and 
outside PAs; in Cluster 1b—Less Effective: low pressure, few fires are observed either 
inside or outside PAs. These reflect the two main reasons why effectiveness of PAs on 
reducing fire or deforestation may be low, i.e., that they do not effectively protect land that 
faces high pressure for use, or they do not reduce use relative to the counterfactual of no-
protection because the land is unlikely to be used regardless (Nolte et al. 2013). We also 
identify a cluster of municipalities for which fire density is substantially lower inside PA 
boundaries than outside: Cluster 2—More Effective. This pattern suggests both high pres-
sure on land and high effectiveness of the PA at preventing fire activity (Fig. 7).

We estimate the impacts of upwind PA coverage on respiratory health for municipali-
ties with “More Effective” and “Less Effective” PAs within the 100-km buffers around the 
municipal capitals. We combine those that are “Less Effective” due to low enforcement 
or to low pressure due to the small number of municipalities in the former category. The 
results in Table 7 show the difference between the effect of upwind PAs and downwind 

Fig. 7   Density of fires observed inside and outside PA boundaries within 100 km municipal buffers, 2006–
2018
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PAs on respiratory hospitalizations is negative and statistically significant for the munici-
palities with “More Effective” PAs and not significant for the other municipalities. This 
supports the underlying causal mechanism as we see an effect of PAs on hospitalizations 
for the subsample in which fires are lower within PA boundaries, and not for the subsample 
in which fires occur with similar frequency inside and outside PA boundaries (Table 9).

The magnitude of the health impacts if we only look at the “More Effective” PAs is 
approximately three times larger than the impacts averaged across all PAs. For this sub-
sample, an additional 1000 km2 of upwind PA reduces respiratory hospitalizations by 6.9 
cases per 100,000 of population.

6 � Benefits and Costs of Forest Protection

To understand the policy-relevance of our estimation results, it is necessary to compare 
the scale of the benefits of reductions in hospitalization for respiratory illness with the 
costs associated with protecting forested land through PA designation. Brazil’s Sistema de 
Informações Hospitalares (SIH/SUS), includes data on the length of individual hospital 
stays and the costs of those stays by month and municipality. In the North region, which 
contains the Amazon biome, the average length of hospitalizations for respiratory illness 
during the fire season of 2019 was 5.7  days, and the average cost of the care provided 
through the national healthcare system was US$ 260.2 Those hospitalized had a mortality 
rate of 5.51%. These values only include healthcare expenditures, not welfare losses from 
the time, stress or pain associated with illness. Ortiz et al. (2011) estimate willingness to 
pay to avoid hospitalization related to air pollution in São Paulo, Brazil. Mean willingness 

Table 9   Average marginal effects of PA coverage × wind direction (km2) within 100 km on respiratory hos-
pitalizations per 100,000, by municipality buffers containing "More Effective" and "Less Effective" PAs 
(fire season only)

t statistics reported in parentheses; p-values reported in brackets
*p < 0.1; **p < 0.05; ***p < 0.01

(1) (2)
More effective (n = 195) Less effective (n = 323)

Upwind area of protected area (km2)  − 0.000505 (− 0.23) 0.00107 (0.87)
Downwind area of protected area (km2) 0.00636*** (4.20) 0.00115 (0.97)
Upwind–downwind  − 0.00686***  − 0.0000769
χ2 6.80 [0.00912] 0.00342 [0.953]
Municipality FE No No
Month FE No No
Month × Muni FE Yes Yes
Year FE Yes Yes
Weather/wind days Yes Yes
Socioeconomic Yes Yes
Observations 8147 13,003

2  All of the following values are converted to 2022 US$ from the currency and year of the original data.
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to pay to avoid one adult hospitalization in their sample is the equivalent of US$ 161. The 
authors state that these values represent the non-monetary costs of illness as the healthcare 
expenses are largely covered through the public healthcare system. We also use Brazilian 
estimates of the value of a statistical life to quantify the mortality risk associated with each 
additional hospitalization. This value is estimated at US$ 1.07–1.82 million (Ortiz et  al. 
2009). However, the authors propose a more conservative value, excluding potential yea-
saying, of US$ 0.57–0.68 million, we use the midpoint of this range. The sum of hospital 
costs, non-monetary morbidity costs and mortality risk associated with one additional hos-
pitalization for respiratory illness is US$ 34,447.

The total value of the health benefits of a PA depends on how many people live 
within 100  km downwind of that PA because our estimated effects are expressed as 
hospitalization rates per 100,000 people. Figure 8 shows the numbers of people living 
within 100 km of each PA in our sample (i.e. PAs that are located within the 100-km 
buffer of at least one municipal capital). We approximate the proportion of the time 
the PA will lie upwind from a population center by assuming the wind direction is 
equally distributed across the octants. Therefore, the downwind population is 1/8th of 
the total population within 100 km of a PA on any given day. This is a simplification, 
as in practice there will be prevailing wind directions that are more frequent and other 
directions that are less frequent. Based on our result that one additional upwind km2 of 
PA results in 0.00233 fewer hospitalizations per 100,000 people, we calculate the total 
number of avoided hospitalizations for PAs at different percentiles of the distribution 
of local population size. We use the value of one additional hospitalization (avoided) 
to estimate the benefits of an additional km2 of PA (Table  10). The lower-percentile 
PAs are located near one or a few small municipal capitals and therefore affect few 

Fig. 8   Depicts size of population within 100 km of PAs in different parts of the Brazilian Amazon biome. 
Only PAs within 100 km of at least one municipal capital are included in the analysis
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people, whereas the higher-percentile PAs are located near large cities or near multiple 
municipal capitals and therefore provide health benefits to many people.

Annual management expenditures for federal PAs in the Amazon region are esti-
mated at an average of US$ 44 km−2 (da Silva et al. 2021), although these can vary by 
five orders of magnitude depending on PA size, type, age and the characteristics of the 
surrounding population (da Silva et  al. 2019). Actual expenditures are shown to fall 
substantially short of the annual amounts that would be required to effectively manage 
all PAs, estimated at US$ 705 km−2 (da Silva et al. 2021). Opportunity costs of Brazil-
ian PAs, based on returns to timber and agricultural production, are estimated at an 
average of US$ 6324 km−2, although these also vary spatially depending on accessibil-
ity and land characteristics (Soares-Filho et al. 2010). PAs within the Amazon region 
are likely to have lower opportunity costs than this national average due to lower land 
productivity and higher transportation costs.

We compare estimated benefits and costs, with and without effective management, 
and with and without accounting for opportunity costs (Table 10). The question is not 
whether health benefits alone justify forest conservation, since there are other impor-
tant environmental values associated with PAs. The ecosystem service benefits of for-
est in the Amazon, such as timber and non-timber productions, climate change miti-
gation, and regional climate regulation are estimated at over US$ 2000  km−2 for the 
highest valued 35% of forests (Strand et al. 2018), which is likely to include much of 
the protected land. These values do not include all ecosystem services, and are there-
fore a lower-bound estimate of the value of protection. In particular, they exclude the 
benefits of biodiversity protection, which are also likely to be significant in the places 
that PAs are located.

Table 10 shows that the value of health benefits exceeds current average PA man-
agement spending for PAs with the largest local populations, even before accounting 
for other ecosystem services. In these cases, the health benefits alone could justify 
the direct costs of PA establishment or expansion. The results using 50  km buffers 
around each municipal capital suggest that this conclusion would be strengthened for 
PAs located close to a large population center, as they suggest that PAs within 50 km 
have larger effects on health than those within 100 km. For PAs that are more remote 
from population centers, the health benefits are unlikely to be large enough to influ-
ence decisions about PA designation. More effective PA management increases the 
annual value of the health benefits to US$ 209  km−2 at the 75th percentile of local 
population size. This is lower than the estimated cost of US$ 705 km−2 for fully effec-
tive management. However, this value is based on estimating the effects of the most 
effective 38% of PAs. Most of these are unlikely to be funded at the “fully effective” 
level since only around 10% of existing PAs in the Brazilian Amazon biome do not 
have funding deficits (da Silva et  al. 2021). As with establishment or expansion of 
new protected land, investments in more effective management of existing PAs may 
be justified by the health benefits alone in areas of high population density, but not in 
areas of low population density. If we consider the full benefits and costs of protection, 
including ecosystem service benefits, other than the effects on respiratory health, and 
opportunity costs of land, we can see that the respiratory health benefits will not drive 
decisions about PA designation on their own. However, in the cases where the affected 
population is large, they represent sufficiently significant co-benefits to influence land-
use decisions at the margin.
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7 � Discussion and Conclusions

There is growing interest in the connection between the conservation of ecosystems and 
human health. Protection of ecosystems is often presented by opponents to be in direct 
conflict with human values, on the grounds that it restricts economic opportunities. At 
the same time, human health is a universal value that cuts across political, economic, 
and social divisions. To date, the empirical evidence for the extent to which conserva-
tion or land-use policy can generate health improvements is minimal. We contribute by 
focusing on one large-scale policy, Brazil’s Amazon biome PA network. There are four 
key mechanisms through which we expect the impacts of upwind PAs on air quality to 
operate: to the extent that protection reduces active deforestation, we would expect less 
of the burning of residual biomass that typically follows deforestation in this region; 
past protection provided by a PA will also reduce the area of land in use for agriculture 
and the resulting agricultural fires used for weed control; protection of intact forest eco-
systems inhibits the unintentional spread of fires set for other purposes (Cochrane and 
Schulze 1999; Libonati et al. 2021); and finally, intact forest in PAs can absorb PM2.5 
from fires originating elsewhere, improving downwind air quality (Prist et  al. 2023). 
In this study we do not distinguish between these mechanisms, so the estimates com-
bine effects of the extent and condition of the forest ecosystem itself with effects of the 
restrictions on how land may be used. Our results indicate that Brazil’s PAs improve 
air quality and reduce contemporaneous respiratory hospitalizations during months of 
active biomass burning in the Amazon biome.

We find a consistent relationship between upwind PAs and air quality in a munici-
pality: doubling the sample  average of 651 km2  of PA within a single upwind octant 
is estimated to reduce fire-season PM2.5 concentrations by 1.85  μg/m3 relative to the 
fire-season average of 19.3  μg/m3, and reduce rest of year PM2.5 concentrations by 
0.65 μg/m3 relative to the rest of year average of 12.8 μg/m3. These values represent a 
10% reduction in PM2.5 in the fire season and 5% reduction during the rest of the year. 
Although these reductions are relatively small, PM2.5 is a pollutant to which people are 
universally exposed, and modest reductions may have important public health implica-
tions. There is no safe threshold for PM2.5 exposure, and the World Health Organization 
recommends reducing exposures as much as possible.

The estimated effect of upwind PAs on respiratory hospitalizations depends critically on 
the size of the downwind population: across the full sample, doubling the area of PA within 
a single upwind octant is estimated to reduce fire-season hospitalizations by 1.56 hospi-
talizations per 100,000 people, compared with an average of 22.7 per 100,000; a reduction 
of approximately 7%. For the relatively small municipal capitals in much of the Amazon 
region (median population size is 19,299), this would amount to just under one avoided 
hospitalization for respiratory illness per fire season. In a larger city such as the state capi-
tals of Cuiaba (~ 600,000), Porto Velho (~ 500,000) or Rio Branco (~ 400,000) it would 
amount to 19–28 fewer hospitalizations per fire season. It is important to interpret these 
results in relation to hospital capacity, particularly for the remote rural areas that constitute 
a large part of our study region. On average, communities in the North of Brazil, where the 
Amazon Biome is located, have 16 infirmary beds and 1 ICU bed per 10,000 people (Silva 
et al. 2021). However, there is substantial heterogeneity, with 5% of micro-regions having 
only 6 beds per 10,000 people, particularly in the North and Northeast of Brazil where 
socioeconomic vulnerability is highest (Coelho et al. 2020). In these settings, hospitaliza-
tion of even one additional person can have important capacity implications.
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When we disaggregate hospitalizations in each municipality by the age of the individual 
and the type of respiratory condition they were hospitalized for, we find that the results are 
mainly attributable to effects on children under 15 years old. This cutoff is used because it 
allows us to match the ages of hospitalized individuals in the SIH/SUS database with ages 
of the municipality population from the Brazilian census, but it is likely that the majority 
of these cases are among children considerably younger than 15 years old. Relative to older 
children, those under five years of age are at highest risk of lower respiratory infections 
(LRI; Kyu et al. 2022). Globally among children younger than five years old, those younger 
than six months account for approximately 45% of hospital admissions due to RSV-associ-
ated acute LRI (Shi et al. 2017). Infants have a high respiratory rate and lungs that are not 
yet fully developed, making them particularly sensitive to air pollution exposure (Bateson 
and Schwartz 2007). The largest effect among disease categories is on pneumonia, with 
a smaller effect on acute upper respiratory illness. Typically, upper respiratory illnesses 
alone do not result in hospitalization, so these latter cases may reflect situations where 
there is an exacerbation of existing respiratory comorbidities such as asthma or COPD. We 
do not see any effect on incidence of influenza, chronic respiratory illness or acute LRI. 
Previous research indicates more pronounced impacts on chronic and acute LRI following, 
rather than during, a wildfire event, suggesting a longer lag between exposure and effect 
with these outcomes (Delfino et al. 2009). We also estimate impacts on hospitalizations for 
cardiovascular illness, which is associated with long term PM2.5 exposures (Brook et  al. 
2010). Similar to other studies (Adetona et al. 2016; Delfino et al. 2009), we do not find 
any contemporaneous impacts based on monthly exposures.

While our identification strategy allows us to precisely estimate health effects of PAs, 
it does not allow us to capture the causal impacts of PAs on deforestation and fire use 
directly. However, prior literature has shown that Brazilian PAs can reduce deforestation 
and fire, although the effectiveness varies with governance regime and location (Jusys 
2018; Nolte and Agrawal 2013; Pfaff et  al. 2015). We therefore create a simple cluster-
ing of municipalities based on the relative frequency of fires inside and outside PAs in the 
100 km buffer around the municipal capital, and identify the buffers in which PAs appear 
to be “Less Effective”, either because there is little pressure on the land or because fires are 
not prevented within PA boundaries, and those in which PAs appear to be “More Effective” 
based on the relative frequency of fires inside and outside PAs in the buffer. We find that 
if we limit our analysis to municipalities for which the municipal capital is surrounded by 
PAs that appear to be effective in preventing fires, the size of the impact of upwind PAs 
on respiratory hospitalizations is three times greater than the average effect across all PAs. 
This indicates that the potential health impacts of PAs would be enhanced by (i) siting the 
PAs in locations where pressure on land use is highest, and (ii) enforcing prohibitions on 
deforestation and associated fire activity within PAs.

We estimate the monetary value of the estimated health benefits of PAs, and com-
pare these with values from the literature on other ecosystem services provided by pro-
tected forest and the costs of establishing and managing PAs. We find that the value 
of the reduction in respiratory hospitalizations exceeds the average expenditure on PA 
management in the Brazilian Amazon region in just under a third of our sample PAs, 
although it does not exceed the average opportunity costs of the land. A key takeaway 
is that these values vary spatially, with the result that in some locations the reductions 
in respiratory hospitalizations represent important co-benefits that should inform land-
use planning and would considerably strengthen the case for forest protection. In other 
locations the values are negligible relative to other ecosystem services and costs of pro-
tection. Values are high where population density is high, particularly near the largest 
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cities of Manaus and Belém, and in frontier locations with many small, densely popu-
lated municipalities (Fig. 8). These are also likely to be the locations where opportunity 
costs of protecting land are relatively high, but the potential effectiveness of PAs is also 
high due to pressure for land conversion. The degree of spatial variability we observe is 
common to much of the ecosystem services literature due to spatial differences in bio-
physical characteristics of the landscape (Wu et al. 2020a); potential visitor numbers for 
recreational uses (Schägner et al. 2018); intensity of complementary economic activities 
such as agricultural production (Wolff et al. 2017); and general proximity of population 
(Badura et al. 2020; Dissanayake and Ando 2014). This variability in ecosystem service 
values is one reason why it is important to directly examine the impacts of conservation 
policies as implemented in practice, rather than attempting to model a constant effect of 
ecosystem protection on health using transferred dose–response relationships (Ferraro 
et al. 2015).

In this study we focus specifically on the contemporaneous relationship between PA 
coverage and hospitalizations for respiratory conditions within 100 km of the PA. The esti-
mated magnitudes of this effect, and the associated estimated value of welfare gains, there-
fore do not fully reflect the overall impacts of PAs on health. We do not estimate impacts 
from the most remote PAs, that lie more than 100  km from any municipal capital. We 
would expect health impacts from the excluded PAs to be lower than the average impacts. 
Conversely, there are health consequences that are not captured by our outcome measure. 
First, we only estimate effects that occur within 100 km of a PA. In some cases, smoke can 
travel much further than 100 km, so there are likely to be additional benefits for municipal-
ities that are downwind, but more than 100 km from the PAs that are included in our sam-
ple. When we compare different sizes of buffer, the effects of PAs weaken considerably as 
distance increases, although there are still significant effects on air quality with a buffer of 
300 km. Second, we only include impacts that occur within the same month as the smoke 
exposure. Studies of the long term impacts of wildfire smoke suggest that there are likely 
to be additional delayed or accumulated consequences of poor air quality (Adetona et al. 
2016; Delfino et  al. 2009). Third, there are health consequences of poor air quality that 
reduce quality of life, such as coughing or difficulty breathing, but do not result in hospital-
ization. A Norwegian study valuing mild health effects of air pollution estimates a median 
willingness to pay to avoid 14 days of coughing, sinus congestion and throat congestion at 
the equivalent of US$ 95 per person (Navrud 2001). We would expect these values to be 
lower for a Brazilian population due to lower incomes, but they show that the cost of rela-
tively mild symptoms that do not result in hospitalization can be substantial. Our data also 
omit effects on privately insured hospital visits. Together, these caveats suggest that our 
estimates represent lower-bound values of benefits of PAs to respiratory health. In addi-
tion, our results are not intended to represent the full range of health benefits of PAs. They 
exclude health impacts that do not operate through upwind to downwind air transport, for 
example, water quality improvements or changes in the spread of infectious diseases, as 
these are differenced out in our identification strategy.

One concern when estimating environmental impacts of PAs is often that there may 
be spillovers or leakage effects that are not captured by comparing outcomes inside and 
outside a PA. In the case of this analysis, the estimated impacts on health account for any 
spillovers or leakage that occurs within the 100  km buffer around the municipal capital 
because we use the area protected vs. unprotected within the buffer, rather than comparing 
outcomes within and outside the PA boundaries. If there are spillovers or leakage to places 
that are more distant from the PA boundaries, these will not be reflected in our estimated 
results.



81Protecting Life and Lung: Protected Areas Affect Fine Particulate…

1 3

Brazil’s commitment to conservation, as illustrated by the 2002 to 2006 expansion of 
the PA network, was reversed by more recent government administrations. Policies were 
put in place to spur economic activity in previously designated PAs by reducing develop-
ment restrictions and enforcement within PAs, and the Bolsonaro administration, in par-
ticular, was transparent in pitting the protection of the environment against human interests 
and prioritizing economic expansion over conservation (de Area Leão Pereira et al. 2020; 
Hope 2019; Silva and Fearnside 2022). The current Lula administration has stated that 
environmental protection and prevention of deforestation are major priorities, but it also 
faces competing policy demands such as reducing poverty and hunger (Moutinho 2022). 
One challenge for any Brazilian government is that many of the benefits of conservation 
of the Amazon rainforest are global in nature such as climate change mitigation and biodi-
versity protection, while the opportunity costs of the land and the management costs asso-
ciated with protection are incurred domestically. Quantification of the health benefits of 
forest protection can strengthen political support for conservation as these benefits accrue 
to local populations, regardless of whether they support conservation for broader environ-
mental reasons.

Funding  The authors received funding for this work through the following awards: National Institute for 
General Medical Sciences—P20GM130418; NSF Directorate of Biomedical Sciences—CNH1825046; 
University of Montana—UGP2020.

Declarations 

Conflict of interest  The authors have no conflicts of interest relating to this work.

Human and Animal Rights Statement  The research did not involve human or animal subjects.

References

Abessa D, Famá A, Buruaem L (2019) The systematic dismantling of Brazilian environmental laws risks 
losses on all fronts. Nat Ecol Evol 3:510–511. https://​doi.​org/​10.​1038/​s41559-​019-​0855-9

Adetona O, Reinhardt TE, Domitrovich J, Broyles G, Adetona AM, Kleinman MT, Ottmar RD, Naeher LP 
(2016) Review of the health effects of wildland fire smoke on wildland firefighters and the public. 
Inhal Toxicol 28:95–139

Agrawal A (2014) Matching and mechanisms in protected area and poverty alleviation research. Proc Natl 
Acad Sci 111:3909–3910

Alvarado ST, Silva TSF, Archibald S (2018) Management impacts on fire occurrence: a comparison of 
fire regimes of African and South American tropical savannas in different protected areas. J Environ 
Manag 218:79–87. https://​doi.​org/​10.​1016/j.​jenvm​an.​2018.​04.​004

Andam KS, Ferraro PJ, Pfaff A, Sanchez-Azofeifa GA, Robalino JA (2008) Measuring the effectiveness of 
protected area networks in reducing deforestation. Proc Natl Acad Sci 105:16089

Andam KS, Ferraro PJ, Sims KRE, Healy A, Holland MB (2010) Protected areas reduced poverty in Costa 
Rica and Thailand. Proc Natl Acad Sci 107:9996–10001. https://​doi.​org/​10.​1073/​pnas.​09141​77107

Aragão LEOC, Malhi Y, Barbier N, Lima A, Shimabukuro Y, Anderson L, Saatchi S (2008) Interactions 
between rainfall, deforestation and fires during recent years in the Brazilian Amazonia. Philos Trans 
R Soc B Biol Sci 363:1779–1785. https://​doi.​org/​10.​1098/​rstb.​2007.​0026

Araujo G (2022) Deforestation in Brazil’s Amazon hits September record as fires spike [WWW Document]. 
https://​www.​reute​rs.​com/​busin​ess/​envir​onment/​defor​estat​ion-​brazi​ls-​amazon-​hits-​septe​mber-​record-​
fires-​spike-​2022-​10-​07/. Accessed 28 Oct 22

Badura T, Ferrini S, Burton M, Binner A, Bateman IJ (2020) Using individualised choice maps to capture 
the spatial dimensions of value within choice experiments. Environ Resour Econ 75:297–322. https://​
doi.​org/​10.​1007/​s10640-​019-​00358-3

https://doi.org/10.1038/s41559-019-0855-9
https://doi.org/10.1016/j.jenvman.2018.04.004
https://doi.org/10.1073/pnas.0914177107
https://doi.org/10.1098/rstb.2007.0026
https://www.reuters.com/business/environment/deforestation-brazils-amazon-hits-september-record-fires-spike-2022-10-07/
https://www.reuters.com/business/environment/deforestation-brazils-amazon-hits-september-record-fires-spike-2022-10-07/
https://doi.org/10.1007/s10640-019-00358-3
https://doi.org/10.1007/s10640-019-00358-3


82	 D. Sheehan et al.

1 3

Bateson TF, Schwartz J (2007) Children’s response to air pollutants. J Toxicol Environ Health A 71:238–243
Bauch SC, Birkenbach AM, Pattanayak SK, Sills EO (2015) Public health impacts of ecosystem change in 

the Brazilian Amazon. Proc Natl Acad Sci 112:7414–7419
Beatty TK, Shimshack JP (2014) Air pollution and children’s respiratory health: a cohort analysis. J Environ 

Econ Manag 67:39–57
Bernard E, Penna LA, Araújo E (2014) Downgrading, downsizing, degazettement, and reclassification of 

protected areas in Brazil. Conserv Biol 28:939–950
Boisier JP, Ciais P, Ducharne A, Guimberteau M (2015) Projected strengthening of Amazonian dry season 

by constrained climate model simulations. Nat Clim Change 5:656–660
Bondy M, Roth S, Sager L (2020) Crime is in the air: the contemporaneous relationship between air pollu-

tion and crime. J Assoc Environ Resour Econ 7:555–585. https://​doi.​org/​10.​1086/​707127
Boulton CA, Lenton TM, Boers N (2022) Pronounced loss of Amazon rainforest resilience since the early 

2000s. Nat Clim Change 12:271–278. https://​doi.​org/​10.​1038/​s41558-​022-​01287-8
Brook RD, Rajagopalan S, Pope CA III, Brook JR, Bhatnagar A, Diez-Roux AV, Holguin F, Hong Y, Luep-

ker RV, Mittleman MA (2010) Particulate matter air pollution and cardiovascular disease: an update 
to the scientific statement from the American Heart Association. Circulation 121:2331–2378

Burke M, Driscoll A, Heft-Neal S, Xue J, Burney J, Wara M (2021) The changing risk and burden of wild-
fire in the United States. Proc Natl Acad Sci 118:e2011048118

Bush MB, Silman MR, McMichael C, Saatchi S (2008) Fire, climate change and biodiversity in Amazonia: 
a Late-Holocene perspective. Philos Trans R Soc B Biol Sci 363:1795–1802. https://​doi.​org/​10.​1098/​
rstb.​2007.​0014

Canavire-Bacarreza G, Hanauer MM (2013) Estimating the impacts of Bolivia’s protected areas on poverty. 
World Dev 41:265–285. https://​doi.​org/​10.​1016/j.​world​dev.​2012.​06.​011

Cardoso de Mendonça MJ, Sachsida A, Loureiro PR (2006) Estimation of damage to human health due to 
forest burning in the Amazon. J Popul Econ 19:593–610

Carrillo B, Branco DK, Trujillo JC, Lima JE (2019) The externalities of a deforestation control policy in 
infant health: evidence from Brazil. Econ Dev Cult Change 67:369–400

Castro MC, Massuda A, Almeida G, Menezes-Filho NA, Andrade MV, de Souza Noronha KVM, Rocha R, 
Macinko J, Hone T, Tasca R et al (2019) Brazil’s unified health system: the first 30 years and pros-
pects for the future. The Lancet 394:345–356

Center for International Earth Science Information Network—CIESIN (2018) Gridded Population of the 
World, Version 4 (GPWv4): population count, Revision 11. NASA Socioeconomic Data and Applica-
tions Center (SEDAC), Columbia University, Palisades, New York

Chen S, Qin P, Tan-Soo J-S, Xu J, Yang J (2020) An econometric approach toward identifying the relation-
ship between vehicular traffic and air quality in Beijing. Land Econ 96:333–348

Cisneros E, Börner J, Pagiola S, Wunder S (2022) Impacts of conservation incentives in protected areas: 
the case of Bolsa Floresta, Brazil. J Environ Econ Manag 111:102572. https://​doi.​org/​10.​1016/j.​jeem.​
2021.​102572

Cochrane MA (2003) Fire science for rainforests. Nature 421:913–919. https://​doi.​org/​10.​1038/​natur​e01437
Cochrane MA, Schulze MD (1999) Fire as a recurrent event in tropical forests of the eastern amazon: effects 

on forest structure, biomass, and species composition 1. Biotropica 31:2–16
Coelho FC, Lana RM, Cruz OG, Villela DAM, Bastos LS, Piontti APY, Davis JT, Vespignani A, Codeço 

CT, Gomes MFC (2020) Assessing the spread of COVID-19 in Brazil: Mobility, morbidity and social 
vulnerability. PLoS ONE. https://​doi.​org/​10.​1371/​journ​al.​pone.​02382​14

Cohen AJ, Brauer M, Burnett R, Anderson HR, Frostad J, Estep K, Balakrishnan K, Brunekreef B, Dandona 
L, Dandona R, Feigin V (2017) Estimates and 25-year trends of the global burden of disease attribut-
able to ambient air pollution: an analysis of data from the Global Burden of Diseases Study 2015. 
Lancet 389(10082):1907–1918

Convention on Biological Diversity (2020) Recommendation adopted by the open-ended working group on 
the post-2020 global biodiversity framework

Correia S, Guimarães P, Zylkin T (2020) Fast Poisson estimation with high-dimensional fixed effects. Stata 
J 20:95–115

Cumming GS (2016) The relevance and resilience of protected areas in the Anthropocene. Anthropocene 
13:46–56

Currie J, Neidell M (2005) Air pollution and infant health: what can we learn from California’s recent expe-
rience? Q J Econ 120:1003–1030

da Silva MD, Fearnside PM (2022) Brazil: environment under attack. Environ Conserv 49:203–205. https://​
doi.​org/​10.​1017/​S0376​89292​20003​64

da Silva JMC, de Castro Dias TCA, da Cunha AC, Cunha HFA (2019) Public spending in federal protected 
areas in Brazil. Land Use Policy 86:158–164

https://doi.org/10.1086/707127
https://doi.org/10.1038/s41558-022-01287-8
https://doi.org/10.1098/rstb.2007.0014
https://doi.org/10.1098/rstb.2007.0014
https://doi.org/10.1016/j.worlddev.2012.06.011
https://doi.org/10.1016/j.jeem.2021.102572
https://doi.org/10.1016/j.jeem.2021.102572
https://doi.org/10.1038/nature01437
https://doi.org/10.1371/journal.pone.0238214
https://doi.org/10.1017/S0376892922000364
https://doi.org/10.1017/S0376892922000364


83Protecting Life and Lung: Protected Areas Affect Fine Particulate…

1 3

da Silva JMC, de Castro Dias TCA, da Cunha AC, Cunha HFA (2021) Funding deficits of protected 
areas in Brazil. Land Use Policy 100:104926

Davidson EA, de Araújo AC, Artaxo P, Balch JK, Brown IF, Bustamante MM, Coe MT, DeFries RS, 
Keller M, Longo M et al (2012) The Amazon basin in transition. Nature 481:321–328

de Area Leão Pereira EJ, de Santana Ribeiro LC, da Silva Freitas LF, de Barros Pereira HB (2020) Bra-
zilian policy and agribusiness damage the Amazon rainforest. Land Use Policy 92:104491. https://​
doi.​org/​10.​1016/j.​landu​sepol.​2020.​104491

de Oliveira MM, Fuller TL, Gabaglia CR, Cambou MC, Brasil P, de Vasconcelos ZFM, Nielsen-Saines 
K (2022) Repercussions of the COVID-19 pandemic on preventive health services in Brazil. Prev 
Med 155:106914

DeFlorio-Barker S, Crooks J, Reyes J, Rappold AG (2019) Cardiopulmonary effects of fine particulate 
matter exposure among older adults, during wildfire and non-wildfire periods, in the United States 
2008–2010. Environ Health Perspect 127:037006

Delfino RJ, Brummel S, Wu J, Stern H, Ostro B, Lipsett M, Winer A, Street DH, Zhang L, Tjoa T (2009) 
The relationship of respiratory and cardiovascular hospital admissions to the southern California 
wildfires of 2003. Occup Environ Med 66:189–197

Deryugina T, Heutel G, Miller NH, Molitor D, Reif J (2019) The mortality and medical costs of air pol-
lution: evidence from changes in wind direction. Am Econ Rev 109:4178–4219. https://​doi.​org/​10.​
1257/​aer.​20180​279

Dissanayake STM, Ando AW (2014) Valuing grassland restoration: proximity to substitutes and trade-
offs among conservation attributes. Land Econ 90:237–259. https://​doi.​org/​10.​3368/​le.​90.2.​237

do Val Simardi Beraldo Souza T, Thapa B, Rodrigues CG de O, Imori D (2019) Economic impacts of 
tourism in protected areas of Brazil. J Sustain Tour 27:735–749

European Respiratory Society (2017) The global impact of respiratory disease, in: Forum of Interna-
tional Respiratory Societies. European Respiratory Society Sheffield, UK

Feng Y, Cheng J, Shen J, Sun H (2019) Spatial effects of air pollution on public health in China. Environ 
Resour Econ 73:229–250

Ferraro PJ, Hanauer MM (2014) Advances in measuring the environmental and social impacts of envi-
ronmental programs. Annu Rev Environ Resour 39:495–517. https://​doi.​org/​10.​1146/​annur​ev-​
envir​on-​101813-​013230

Ferraro PJ, Lawlor K, Mullan KL, Pattanayak SK (2012) Forest figures: ecosystem services valuation 
and policy evaluation in developing countries. Rev Environ Econ Policy 6:20–44

Ferraro PJ, Hanauer MM, Miteva DA, Canavire-Bacarreza GJ, Pattanayak SK, Sims KR (2013) More 
strictly protected areas are not necessarily more protective: evidence from Bolivia, Costa Rica, 
Indonesia, and Thailand. Environ Res Lett 8:025011

Ferraro PJ, Hanauer MM, Miteva DA, Nelson JL, Pattanayak SK, Nolte C, Sims KRE (2015) Estimating 
the impacts of conservation on ecosystem services and poverty by integrating modeling and evalu-
ation. Proc Natl Acad Sci 112:7420–7425. https://​doi.​org/​10.​1073/​pnas.​14064​87112

Fontenelle LF, Sarti TD, de Camargo MBJ, Maciel ELN, Barros AJD (2019) Utilization of the Brazil-
ian public health system by privately insured individuals: a literature review. Cad Saúde Pública 
35:e00004118. https://​doi.​org/​10.​1590/​0102-​311x0​00041​18

Galvêas D, Barros F Jr, Fuzo C (2021) A forensic analysis of SARS-CoV-2 cases and COVID-19 mortal-
ity misreporting in the Brazilian population. Public Health 196:114–116

Galway LP, Acharya Y, Jones AD (2018) Deforestation and child diet diversity: a geospatial analysis of 
15 sub-Saharan African countries. Health Place 51:78–88

Garg T (2019) Ecosystems and human health: the local benefits of forest cover in Indonesia. J Environ 
Econ Manag 98:102271

Giardina F, Konings AG, Kennedy D, Alemohammad SH, Oliveira RS, Uriarte M, Gentine P (2018) Tall 
Amazonian forests are less sensitive to precipitation variability. Nat Geosci 11:405–409

Guedes G, Costa S, Brondízio E (2009) Revisiting the hierarchy of urban areas in the Brazilian Amazon: 
a multilevel approach. Popul Environ 30:159–192

Hope M (2019) The Brazilian development agenda driving Amazon devastation. Lancet Planet Health 
3:e409–e411

Horton R, Lo S (2015) Planetary health: a new science for exceptional action. The Lancet 386:1921–1922
Hsiang S, Oliva P, Walker R (2019) The distribution of environmental damages. Rev Environ Econ Pol-

icy 6:66
IBGE (2017) IBGE releases population estimates of municipalities for 2021. CensoAgro
Jayachandran S (2009) Air quality and early-life mortality evidence from Indonesia’s wildfires. J Hum 

Resour 44:916–954

https://doi.org/10.1016/j.landusepol.2020.104491
https://doi.org/10.1016/j.landusepol.2020.104491
https://doi.org/10.1257/aer.20180279
https://doi.org/10.1257/aer.20180279
https://doi.org/10.3368/le.90.2.237
https://doi.org/10.1146/annurev-environ-101813-013230
https://doi.org/10.1146/annurev-environ-101813-013230
https://doi.org/10.1073/pnas.1406487112
https://doi.org/10.1590/0102-311x00004118


84	 D. Sheehan et al.

1 3

Jiménez-Muñoz JC, Mattar C, Barichivich J, Santamaría-Artigas A, Takahashi K, Malhi Y, Sobrino JA, van 
der Schrier G (2016) Record-breaking warming and extreme drought in the Amazon rainforest during 
the course of El Niño 2015–2016. Sci Rep 6:33130. https://​doi.​org/​10.​1038/​srep3​3130

Joppa LN, Pfaff A (2009) High and far: biases in the location of protected areas. PLoS ONE 4:e8273
Juffe-Bignoli D, Burgess ND, Bingham H, Belle EMS, De Lima, MG, Deguignet M, Bertzky B, Milam AN, 

Martinez-Lopez J, Lewis E (2018) Protected Planet Report 2018. International Union for the Conser-
vation of Nature (IUCN)

Jusys T (2018) Changing patterns in deforestation avoidance by different protection types in the Brazilian 
Amazon. PLoS ONE 13:e0195900

Keane A, Lund JF, Bluwstein J, Burgess ND, Nielsen MR, Homewood K (2020) Impact of Tanzania’s wild-
life management areas on household wealth. Nat Sustain 3:226–233

Keesing F, Belden LK, Daszak P, Dobson A, Harvell CD, Holt RD, Hudson P, Jolles A, Jones KE, Mitchell 
CE (2010) Impacts of biodiversity on the emergence and transmission of infectious diseases. Nature 
468:647–652

Keles D, Delacote P, Pfaff A, Qin S, Mascia MB (2020) What drives the erasure of protected areas? Evi-
dence from across the Brazilian Amazon. Ecol Econ 176:106733

Kleinschroth F, Healey JR (2017) Impacts of logging roads on tropical forests. Biotropica 49:620–635
Kupek E (2021) How many more? Under-reporting of the COVID-19 deaths in Brazil in 2020. Trop Med 

Int Health 26:1019–1028
Kyu HH, Vongpradith A, Sirota SB, Novotney A, Troeger CE, Doxey MC, Bender RG, Ledesma JR, Biehl 

MH, Albertson SB (2022) Age–sex differences in the global burden of lower respiratory infections 
and risk factors, 1990–2019: results from the Global Burden of Disease Study 2019. Lancet Infect Dis 
22:1626–1647

Lai W, Li S, Li Y, Tian X (2022) Air pollution and cognitive functions: evidence from straw burning in 
China. Am J Agric Econ 104:190–208

Le Page Y, Morton D, Hartin C, Bond-Lamberty B, Pereira JMC, Hurtt G, Asrar G (2017) Synergy between 
land use and climate change increases future fire risk in Amazon forests. Earth Syst Dyn 8:1237–1246

Liang L, Cai Y, Barratt B, Lyu B, Chan Q, Hansell AL, Xie W, Zhang D, Kelly FJ, Tong Z (2019) Asso-
ciations between daily air quality and hospitalisations for acute exacerbation of chronic obstructive 
pulmonary disease in Beijing, 2013–17: an ecological analysis. Lancet Planet Health 3:e270–e279

Libonati R, Pereira J, Da Camara C, Peres L, Oom D, Rodrigues J, Santos F, Trigo R, Gouveia C, Machado-
Silva F et al (2021) Twenty-first century droughts have not increasingly exacerbated fire season sever-
ity in the Brazilian Amazon. Sci Rep 11:1–13

López-Feldman A, Heres D, Marquez-Padilla F (2021) Air pollution exposure and COVID-19: a look at 
mortality in Mexico City using individual-level data. Sci Total Environ 756:143929

Machado-Silva F, Libonati R, Melo de Lima TF, Bittencourt Peixoto R, de Almeida França JR, de Ave-
lar Figueiredo Mafra Magalhães M, Lemos Maia Santos F, Abrantes Rodrigues J, DaCamara CC 
(2020) Drought and fires influence the respiratory diseases hospitalizations in the Amazon. Ecol Indic 
109:105817. https://​doi.​org/​10.​1016/j.​ecoli​nd.​2019.​105817

Maillard O, Vides-Almonacid R, Flores-Valencia M, Coronado R, Vogt P, Vicente-Serrano SM, Azurduy 
H, Anívarro R, Cuellar RL (2020) Relationship of forest cover fragmentation and drought with the 
occurrence of forest fires in the Department of Santa Cruz, Bolivia. Forests 11:910

Marengo JA, Tomasella J, Alves LM, Soares WR, Rodriguez DA (2011) The drought of 2010 in the context 
of historical droughts in the Amazon region. Geophys Res Lett 38:66

Maté T, Guaita R, Pichiule M, Linares C, Díaz J (2010) Short-term effect of fine particulate matter (PM2. 
5) on daily mortality due to diseases of the circulatory system in Madrid (Spain). Sci Total Environ 
408:5750–5757

McNeely JA (2015) A political future for protected areas. Oryx 49:189–190
Miranda JJ, Corral L, Blackman A, Asner G, Lima E (2016) Effects of protected areas on forest cover 

change and local communities: evidence from the Peruvian Amazon. World Dev 78:288–307
Moeltner K, Kim M-K, Zhu E, Yang W (2013) Wildfire smoke and health impacts: a closer look at fire 

attributes and their marginal effects. J Environ Econ Manag 66:476–496
Morello TF (2021) COVID-19 and agricultural fire pollution in the Amazon: puzzles and solutions. World 

Dev 138:105276
Morello TF (2023) Hospitalization due to fire-induced pollution in the Brazilian Amazon: a causal inference 

analysis with an assessment of policy trade-offs. World Dev 161:106123
Morton D, Le Page Y, DeFries R, Collatz G, Hurtt G (2013) Understorey fire frequency and the fate of 

burned forests in southern Amazonia. Philos Trans R Soc B Biol Sci 368:20120163
Motta V (2019) Estimating Poisson pseudo-maximum-likelihood rather than log-linear model of a log-

transformed dependent variable. RAUSP Manag J 54:508–518

https://doi.org/10.1038/srep33130
https://doi.org/10.1016/j.ecolind.2019.105817


85Protecting Life and Lung: Protected Areas Affect Fine Particulate…

1 3

Moutinho S (2022) After Lula’s win, ‘a huge relief!’ Science 378:464–464. https://​doi.​org/​10.​1126/​scien​ce.​
adf60​54

Mu Y, Biggs TW, De Sales F (2021) Forests mitigate drought in an agricultural region of the Brazil-
ian Amazon: atmospheric moisture tracking to identify critical source areas. Geophys Res Lett 
48:e2020GL091380

Naidoo R, Gerkey D, Hole D, Pfaff A, Ellis AM, Golden CD, Herrera D, Johnson K, Mulligan M, Ricketts 
TH, Fisher B (2019) Evaluating the impacts of protected areas on human well-being across the devel-
oping world. Sci Adv 5:eaav3006. https://​doi.​org/​10.​1126/​sciadv.​aav30​06

NASA (2022) MODIS Collection 6 Hotspot/Active Fire Detections MCD14ML distributed from NASA 
FIRMS

Navrud S (2001) Valuing health impacts from air pollution in Europe. Environ Resour Econ 20:305–329
Neidell M (2009) Information, avoidance behavior, and health the effect of ozone on asthma hospitaliza-

tions. J Hum Resour 44:450–478. https://​doi.​org/​10.​3368/​jhr.​44.2.​450
Nelson A, Chomitz KM (2011) Effectiveness of strict vs. multiple use protected areas in reducing tropical 

forest fires: a global analysis using matching methods. PLoS ONE 6:e22722
Nepstad DC, Verssimo A, Alencar A, Nobre C, Lima E, Lefebvre P, Schlesinger P, Potter C, Moutinho P, 

Mendoza E (1999) Large-scale impoverishment of Amazonian forests by logging and fire. Nature 
398:505–508

Nicolella AC, Belluzzo W (2015) The effect of reducing the pre-harvest burning of sugar cane on respira-
tory health in Brazil. Environ Dev Econ 20:127–140

Nicolussi FH, Santos APM dos, André SC da S, Veiga TB, Takayanagui AMM (2014) Air pollution and 
respiratory allergic diseases in schoolchildren. Rev Saude Publica 48:326–330

Nolte C, Agrawal A (2013) Linking management effectiveness indicators to observed effects of protected 
areas on fire occurrence in the Amazon rainforest. Conserv Biol 27:155–165

Nolte C, Agrawal A, Silvius KM, Soares-Filho BS (2013) Governance regime and location influence 
avoided deforestation success of protected areas in the Brazilian Amazon. Proc Natl Acad Sci 
110:4956–4961

Norris DE (2004) Mosquito-borne diseases as a consequence of land use change. EcoHealth 1:19–24
Oliveira U, Soares-Filho BS, Paglia AP, Brescovit AD, De Carvalho CJ, Silva DP, Rezende DT, Leite FSF, 

Batista JAN, Barbosa JPPP (2017) Biodiversity conservation gaps in the Brazilian protected areas. 
Sci Rep 7:1–9

Ortiz RA, Markandya A, Hunt A (2009) Willingness to pay for mortality risk reduction associated with air 
pollution in São Paulo. Rev Bras Econ 63:3–22. https://​doi.​org/​10.​1590/​S0034-​71402​00900​01000​01

Ortiz RA, Hunt A, da Motta RS, MacKnight V (2011) Morbidity costs associated with ambient air pollution 
exposure in Sao Paulo, Brazil. Atmos Pollut Res 2:520–529. https://​doi.​org/​10.​5094/​APR.​2011.​059

Pacheco AA, Neves ACO, Fernandes GW (2018) Uneven conservation efforts compromise Brazil to meet 
the target 11 of convention on biological diversity. Perspect Ecol Conserv 16:43–48

Pattanayak SK, Wendland KJ (2007) Nature’s care: diarrhea, watershed protection, and biodiversity conser-
vation in Flores, Indonesia. Biodivers Conserv 16:2801–2819

Pattanayak SK, Kramer RA, Vincent JR (2017) Ecosystem change and human health: implementation eco-
nomics and policy. Philos Trans R Soc B Biol Sci 372:20160130

Peterson D, Hyer E, Wang J (2014) Quantifying the potential for high-altitude smoke injection in the North 
American boreal forest using the standard MODIS fire products and subpixel-based methods. J Geo-
phys Res Atmos 119:3401–3419. https://​doi.​org/​10.​1002/​2013J​D0210​67

Pfaff A, Robalino J, Herrera D, Sandoval C (2015) Protected areas’ impacts on Brazilian amazon deforesta-
tion: examining conservation—development interactions to inform planning. PLoS ONE. https://​doi.​
org/​10.​1371/​journ​al.​pone.​01294​60

Pienkowski T, Dickens BL, Sun H, Carrasco LR (2017) Empirical evidence of the public health benefits of 
tropical forest conservation in Cambodia: a generalised linear mixed-effects model analysis. Lancet 
Planet Health 1:e180–e187

Prado MF do, Antunes BB de P, Bastos L dos SL, Peres IT, Silva A de AB da, Dantas LF, Baião FA, 
Maçaira P, Hamacher S, Bozza FA (2020) Analysis of COVID-19 under-reporting in Brazil. Rev Bras 
Ter Intensiva 32:224–228

Prist PR, Sangermano F, Bailey A, Bugni V, Villalobos-Segura M del C, Pimiento-Quiroga N, Daszak P, 
Zambrana-Torrelio C, (2023) Protecting Brazilian Amazon Indigenous territories reduces atmos-
pheric particulates and avoids associated health impacts and costs. Commun Earth Environ 4:34

Pullabhotla HK, Souza M (2022) Air pollution from agricultural fires increases hypertension risk. J Environ 
Econ Manag 115:102723

Rangel MA, Vogl TS (2019) Agricultural fires and health at birth. Rev Econ Stat 101:616–630

https://doi.org/10.1126/science.adf6054
https://doi.org/10.1126/science.adf6054
https://doi.org/10.1126/sciadv.aav3006
https://doi.org/10.3368/jhr.44.2.450
https://doi.org/10.1590/S0034-71402009000100001
https://doi.org/10.5094/APR.2011.059
https://doi.org/10.1002/2013JD021067
https://doi.org/10.1371/journal.pone.0129460
https://doi.org/10.1371/journal.pone.0129460


86	 D. Sheehan et al.

1 3

Reddington CL, Butt EW, Ridley DA, Artaxo P, Morgan WT, Coe H, Spracklen DV (2015) Air quality 
and human health improvements from reductions in deforestation-related fire in Brazil. Nat Geosci 
8:768–771. https://​doi.​org/​10.​1038/​ngeo2​535

Reid CE, Brauer M, Johnston FH, Jerrett M, Balmes JR, Elliott CT (2016) Critical review of health 
impacts of wildfire smoke exposure. Environ Health Perspect 124(9):1334–1343

Reid CE, Considine EM, Watson GL, Telesca D, Pfister GG, Jerrett M (2019) Associations between 
respiratory health and ozone and fine particulate matter during a wildfire event. Environ Int 
129:291–298

Requia WJ, Amini H, Mukherjee R, Gold DR, Schwartz JD (2021) Health impacts of wildfire-related air 
pollution in Brazil: a nationwide study of more than 2 million hospital admissions between 2008 
and 2018. Nat Commun 12:1–9

Rocha R, Sant’Anna AA (2022) Winds of fire and smoke: air pollution and health in Brazilian Amazon. 
World Dev 151:105722

Rochedo PR, Soares-Filho B, Schaeffer R, Viola E, Szklo A, Lucena AF, Koberle A, Davis JL, Rajão 
R, Rathmann R (2018) The threat of political bargaining to climate mitigation in Brazil. Nat Clim 
Change 8:695–698

Rosales-Rueda M, Triyana M (2019) The persistent effects of early-life exposure to air pollution evi-
dence from the Indonesian forest fires. J Hum Resour 54:1037–1080. https://​doi.​org/​10.​3368/​jhr.​
54.4.​0117.​8497R1

Sarnat SE, Raysoni AU, Li W-W, Holguin F, Johnson BA, Luevano SF, Garcia JH, Sarnat JA (2012) Air 
pollution and acute respiratory response in a panel of asthmatic children along the US–Mexico 
border. Environ Health Perspect 120:437–444

Schägner JP, Brander L, Paracchini ML, Maes J, Gollnow F, Bertzky B (2018) Spatial dimensions of 
recreational ecosystem service values: A review of meta-analyses and a combination of meta-
analytic value-transfer and GIS. Ecosyst. Serv Assess Valuat Recreat Ecosyst Serv 31:395–409. 
https://​doi.​org/​10.​1016/j.​ecoser.​2018.​03.​003

Schlenker W, Walker WR (2016) Airports, air pollution, and contemporaneous health. Rev Econ Stud 
83:768–809

Sheldon TL, Sankaran C (2017) The impact of Indonesian forest fires on Singaporean pollution and 
health. Am Econ Rev 107:526–529. https://​doi.​org/​10.​1257/​aer.​p2017​1134

Shi T, McAllister DA, O’Brien KL, Simoes EA, Madhi SA, Gessner BD, Polack FP, Balsells E, Acacio 
S, Aguayo C (2017) Global, regional, and national disease burden estimates of acute lower respir-
atory infections due to respiratory syncytial virus in young children in 2015: a systematic review 
and modelling study. The Lancet 390:946–958

Silva JS, Tenreyro S (2006) The log of gravity. Rev Econ Stat 88:641–658
Silva LL, Carvalho Dutra A de, Andrade L de, Iora PH, Rodrigues Ramajo GL, Peres Gualda IA, Costa 

Scheidt JFH, Vasconcelos Maia do Amaral P, Hernandes Rocha TA, Staton CA (2021) Emergency 
care gap in Brazil: geographical accessibility as a proxy of response capacity to tackle COVID-19. 
Front Public Health 9:740284

Sims KRE (2010) Conservation and development: evidence from Thai protected areas. J Environ Econ 
Manag 60:94–114

Singh P, Dey S, Chowdhury S, Bali K (2019) Early life exposure to outdoor air pollution: effect on child 
health in India

Smith LT, Aragão LEOC, Sabel CE, Nakaya T (2014) Drought impacts on children’s respiratory health 
in the Brazilian Amazon. Sci Rep 4:1–8. https://​doi.​org/​10.​1038/​srep0​3726

Soares-Filho B, Moutinho P, Nepstad D, Anderson A, Rodrigues H, Garcia R, Dietzsch L, Merry F, 
Bowman M, Hissa L, Silvestrini R, Maretti C (2010) Role of Brazilian Amazon protected areas 
in climate change mitigation. Proc Natl Acad Sci 107:10821–10826. https://​doi.​org/​10.​1073/​pnas.​
09130​48107

Souto-Oliveira CE, Marques MT, Nogueira T, Lopes FJ, Medeiros JA, Medeiros IM, Moreira GA, da 
Silva Dias PL, Landulfo E, Andrade M de F (2023) Impact of extreme wildfires from the Brazilian 
Forests and sugarcane burning on the air quality of the biggest megacity on South America. Sci 
Total Environ 66:163439

Strand J, Soares-Filho B, Costa MH, Oliveira U, Ribeiro SC, Pires GF, Oliveira A, Rajão R, May P, van der 
Hoff R, Siikamäki J, da Motta RS, Toman M (2018) Spatially explicit valuation of the Brazilian Ama-
zon Forest’s Ecosystem Services. Nat Sustain 1:657–664. https://​doi.​org/​10.​1038/​s41893-​018-​0175-0

Tan Soo J-S (2018) Valuing air quality in Indonesia using households’ locational choices. Environ 
Resour Econ 71:755–776. https://​doi.​org/​10.​1007/​s10640-​017-​0182-z

Tan-Soo J-S, Pattanayak SK (2019) Seeking natural capital projects: forest fires, haze, and early-life 
exposure in Indonesia. Proc Natl Acad Sci 116:5239–5245

https://doi.org/10.1038/ngeo2535
https://doi.org/10.3368/jhr.54.4.0117.8497R1
https://doi.org/10.3368/jhr.54.4.0117.8497R1
https://doi.org/10.1016/j.ecoser.2018.03.003
https://doi.org/10.1257/aer.p20171134
https://doi.org/10.1038/srep03726
https://doi.org/10.1073/pnas.0913048107
https://doi.org/10.1073/pnas.0913048107
https://doi.org/10.1038/s41893-018-0175-0
https://doi.org/10.1007/s10640-017-0182-z


87Protecting Life and Lung: Protected Areas Affect Fine Particulate…

1 3

United Nations (1992) Convention on biological diversity
Vadrevu KP, Lasko K, Giglio L, Justice C (2015) Vegetation fires, absorbing aerosols and smoke plume 

characteristics in diverse biomass burning regions of Asia. Environ Res Lett 10:105003. https://​doi.​
org/​10.​1088/​1748-​9326/​10/​10/​105003

Vos T, Lim SS, Abbafati C, Abbas KM, Abbasi M, Abbasifard M, Abbasi-Kangevari M, Abbastabar H, 
Abd-Allah F, Abdelalim A (2020) Global burden of 369 diseases and injuries in 204 countries and 
territories, 1990–2019: a systematic analysis for the Global Burden of Disease Study 2019. The Lan-
cet 396:1204–1222

Walker WS, Gorelik SR, Baccini A, Aragon-Osejo JL, Josse C, Meyer C, Macedo MN, Augusto C, Rios S, 
Katan T (2020) The role of forest conversion, degradation, and disturbance in the carbon dynamics of 
Amazon indigenous territories and protected areas. Proc Natl Acad Sci 117:3015–3025

Walker K, Flores-Anderson A, Villa L, Griffin R, Finer M, Herndon K (2022) An analysis of fire dynamics 
in and around indigenous territories and protected areas in a Brazilian agricultural frontier. Environ 
Res Lett 17:084030. https://​doi.​org/​10.​1088/​1748-​9326/​ac8237

Watson JE, Dudley N, Segan DB, Hockings M (2014) The performance and potential of protected areas. 
Nature 515:67–73

West TA, Fearnside PM (2021) Brazil’s conservation reform and the reduction of deforestation in Amazo-
nia. Land Use Policy 100:105072

West TA, Caviglia-Harris JL, Martins FS, Silva DE, Börner J (2022) Potential conservation gains from 
improved protected area management in the Brazilian Amazon. Biol Conserv 269:109526

Wolff S, Schulp CJE, Kastner T, Verburg PH (2017) Quantifying spatial variation in ecosystem services 
demand: a global mapping approach. Ecol Econ 136:14–29. https://​doi.​org/​10.​1016/j.​ecole​con.​2017.​
02.​005

World Health Organization (2016) Ambient air pollution: a global assessment of exposure and burden of 
disease

World Health Organization (2021) WHO global air quality guidelines: particulate matter (PM2. 5 and 
PM10), ozone, nitrogen dioxide, sulfur dioxide and carbon monoxide. World Health Organization

Wu Xi, Shi W, Guo B, Tao F (2020a) Large spatial variations in the distributions of and factors affect-
ing forest water retention capacity in China. Ecol Indic 113:106152. https://​doi.​org/​10.​1016/j.​ecoli​nd.​
2020.​106152

Wu Y, Mullan K, Biggs T, Caviglia-Harris J, Harris DW, Sills EO (2021) Do forests provide watershed ser-
vices for farmers in the humid tropics? Evidence from the Brazilian Amazon. Ecol Econ 183:106965

Wu X, Nethery RC, Sabath MB, Braun D, Dominici F (2020b) Exposure to air pollution and COVID-19 
mortality in the United States: a nationwide cross-sectional study. MedRxiv

You X, Cao X, Guo Y, Wang D, Qiu W, Zhou C, Zhou M, Chen W, Zhang X (2023) Associations between 
short-term PM2.5 exposure and daily hospital admissions for circulatory system diseases in Ganzhou, 
China: a time series study. Front Public Health 11:785

Publisher’s Note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds exclusive rights to this article under 
a publishing agreement with the author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of such publishing agreement and applicable 
law.

https://doi.org/10.1088/1748-9326/10/10/105003
https://doi.org/10.1088/1748-9326/10/10/105003
https://doi.org/10.1088/1748-9326/ac8237
https://doi.org/10.1016/j.ecolecon.2017.02.005
https://doi.org/10.1016/j.ecolecon.2017.02.005
https://doi.org/10.1016/j.ecolind.2020.106152
https://doi.org/10.1016/j.ecolind.2020.106152

	Protecting Life and Lung: Protected Areas Affect Fine Particulate Matter and Respiratory Hospitalizations in the Brazilian Amazon Biome
	Abstract
	1 Introduction
	2 Context
	3 Data
	3.1 Study Sample
	3.2 Dependent Variables
	3.2.1 Hospitalizations for Respiratory Illness
	3.2.2 Fine Particulate Matter, PM2.5

	3.3 Explanatory Variables
	3.3.1 Protected Areas
	3.3.2 Wind
	3.3.3 Protected Areas and Wind Interaction
	3.3.4 Socioeconomic Controls

	3.4 Additional Variables for Validity Checks and Aggregation of Benefits
	3.4.1 Fires
	3.4.2 Population


	4 Methods
	5 Results
	5.1 Effects of Upwind PAs on Air Quality
	5.2 Results Disaggregated by Age Group and Type of Respiratory Illness
	5.3 Sensitivity Analysis
	5.4 Relationship Between PAs and Fires

	6 Benefits and Costs of Forest Protection
	7 Discussion and Conclusions
	References




