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Abstract

The vegetation loss in the Brazil's Legal Amazon (BLA) in 2020 corresponds to the highest
loss observed in a decade, caused by the intensification of fires, mineral extraction activities,
and other pressures. The possibility of earning from illegal activities such as deforestation
and mining attracts the population to indigenous territories, while fires aggravate respiratory
problems and enhance the current COVID-19 crisis. Furthermore, the BLA’s road network is
usually related to increased deforestation and fires in its areas of influence, and airports are
known to contribute to spreading COVID-19 infections worldwide. Therefore, we decided to
evaluate the effect of characteristics of Special Indigenous Health Districts (DSEIs) (includ-
ing population, number of airports, and extent of the road network) and vegetation loss rates
(deforestation, and area of vegetation lost by fires and mining) on the number of COVID-19
cases and deaths among the indigenous population in DSEls in the BLA. We observed a
positive correlation between the number of cases and deaths and the number of Indigenous
Primary Healthcare Units, suggesting that many of these units did not increase appropriate
activities for prevention and protection from COVID-19 in the DSEIs. The DSEIs with larger
air transport and road networks were more affected by COVID-19. These networks consti-
tuted critical mechanisms for facilitating the spread of SARS-CoV-2 in the BLA. Additionally,
we noted that changes that impact the landscape of DSElIs, such as fires and mining, also
impact legal indigenous areas (lAs). Thus, |As are not spared from exploratory processes in
the district’s landscape. Models that associate the air transport and road networks with the
transformation of the landscape in IAs from burning or mining can explain the number of
indigenous people who died due to COVID-19. These results are particularly important
given the current disruptive scenario imposed by the Brazilian government on critical institu-
tions that detect and fight fires in indigenous lands and the policies enacted to combat
COVID-19 in Brazil, which are based on denying isolation measures and delaying
vaccinations.
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Access routes to indigenous populations increase the number of infections by COVID-19
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Introduction

Indigenous health in Brazil is managed by 34 Special Indigenous Health Districts (DSEIs)
coordinated by the Special Secretariat for Indigenous Healthcare (SESAI) of the Ministry of
Health in the subsystem of the Unified Health System (SUS). These DSEIs comprise a territo-
rial and demographic base under a clearly defined health responsibility, which is determined
by sociocultural, geographic, and epidemiological criteria. For primary healthcare, DSEIs have
their own service network in indigenous lands, and for moderately and highly complex medi-
cal procedures, they coordinate with the regional network [1]. The service structure of the
DSEISs consists of indigenous primary healthcare units, base centers, and indigenous healthcare
houses. The actions attributed to the DSEISs are significantly relevant, given the increasing
number of health problems faced by indigenous people: high infant and maternal mortality;
high incidence of infectious diseases; malnutrition and delayed growth; reduced life expec-
tancy at birth; smoking-related illnesses and deaths; social problems, alcohol and drug-related
illnesses and deaths; accidents, poisonings, interpersonal violence, homicide, and suicide; obe-
sity, diabetes, hypertension, cardiovascular disease, and chronic kidney disease (lifestyle dis-
eases); diseases caused by environmental contamination (heavy metals, industrial gases,
effluent residues); and infectious diseases caused by fecal contamination [2].

The importance of the activities in the DSEIs in indigenous healthcare and awareness
becomes even more emblematic given the current scenario of the COVID-19 pandemic in Bra-
zil, which has greatly concerned indigenous people, SESAI and research institutions with the
spatialization of infections and the impact of the spread of COVID-19 in Brazil’s Legal Ama-
zon (BLA) [3,4]. In addition to COVID-19 in 2020, Brazilian indigenous territories were
deeply affected by deforestation and fires. Brazil’s Legal Amazon Deforestation Monitoring
Program (PRODES) estimated deforestation for 2020 at 11,088 km? was based on 45% of the
monitored area. This represents an increase of 47% and 9.5% compared to 2018 and 2019,
respectively, and it is the highest index of the decade [5,6]. Mataveli et al. [7] warned of the
emergence of a new deforestation hotspot in the Amazon rainforest located along the highway
BR-319. Public bid notices to pave this highway were recently announced, and in the period
after publication of the notices, from July to September 2020, warnings of deforestation and
fire increased significantly in the highway’s area of direct influence.

In fact, the rise in deforestation in the Amazon rainforest not only compromises green-
house gas reduction targets, but is also associated with a drier climate, which intensifies fire
events [8]. Fires promote the emission of large amounts of smoke, which can affect the respira-
tory health of the population and aggravate the vulnerability of indigenous, traditional, and
rural people to acute respiratory infections that are already among the most relevant causes of
morbidity and mortality in indigenous populations, especially in infants [9-11]. In this sce-
nario, the exposure of indigenous people to severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) increases with the growing threats to and invasions of their territories. Studies
suggest that a probable relationship exists between air pollutants linked to fire, such as particu-
late matter, and COVID-19 infections, indicating that the large number of fires that occurred
in BLA contributed to the aggravation of the current COVID-19 crisis [12,13].

The effect of airports in the spread of COVID-19 infections is also recognized. As COVID-
19 spreads at different rates in different locations, Coelho et al. [14] found that population size
and global connections, represented by the importance of countries in the global air transport
network, were the main explanations for the initial growth rate of COVID-19 in different
countries. On the other hand, accessibility to indigenous areas can increase illegal economic
activities (presence of gold miners, loggers and land grabbers), increasing the risk of spreading
the coronavirus [15]. Therefore, we decided to evaluate the hypothesis that population
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connections, given by the air and road networks, contributed to the dissemination of COVID-
19 cases in DSEIs in BLA in 2020. In this region, the relationship between the existence of
roads and the increase in deforestation and fires [16,17] in the areas of influence of these roads
is classically reported. Our other hypothesis is that DSEIs subjected to different levels of vege-
tation loss were differentially affected by the COVID-19 pandemic in 2020, before initiation of
vaccination.

Materials and methods
Data on indigenous health and DSEIs

The data on the number of COVID-19 cases and deaths among indigenous people in 25 DSEIs
in BLA (Fig 1) were collected from a weekly report (Situagio do COVID-19 na Amazénia
Legal; COVID-19 Situation in BLA) issued by the Operations and Management Center of the
Amazonian Protection System (CENSIPAM), which is available at https://www.gov.br/defesa/
pt-br/assuntos/censipam/publicacoes/mapas-covid-19. The data, last updated at 8 am on Janu-
ary 13, 2021, was used because the numbers were under the influence of 2020 (natural vegeta-
tion loss was analyzed for the same year) and data obtained in the bulletins issued from this
date would already be under the influence of the vaccination process, which initiated on Janu-
ary 17" in Brazilian cities and on January 19 in indigenous tribes. We assume the data made
available by CENSIPAM as real data and choose not to consider under-reporting due to the
difficulty of obtaining accurate data on these rates and because we believe they are highly vari-
able among DSEIs. Alternatively, data on the total population, number of ethnicities, number
of villages, number of indigenous primary healthcare units (UBSIs), and area (km?) were
obtained from the indigenous healthcare site of the Ministry of Health (Brazil) (https://
saudeindigenal.websiteseguro.com/coronavirus/dsei/).

For each DSEI, with geographic distribution obtained through the layer of the DSEIs of
Brazil (https://www.gov.br/funai/pt-br/atuacao/terras-indigenas/geoprocessamento-e-mapas),
we verified the total number of airports, total road area, and the number of cities with 10,000,

Fig 1. Geographical distribution of the 25 Special Indigenous Health Districts (DSEISs) in Brazil’s Legal Amazon.
https://doi.org/10.1371/journal.pgph.0000166.9001
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20,000, 50,000, 100,000, 200,00, and 300,000 inhabitants. The list of municipalities in BLA was
retrieved from a georeferencing database (*.shp) available in the data system of the Brazilian
Institute of Geography and Statistics (IBGE) at: https://www.ibge.gov.br/geociencias/cartas-e-
mapas/mapas-regionais/15819-amazonia-legal. html?=&t=downloads. The population esti-
mates by municipality for the year 2020 were collected from IBGE’s data system at: https://
www.ibge.gov.br/estatisticas/sociais/populacao/9103-estimativas-de-population.html?=&t=
downloads. This information was grouped in the layers for the area occupied by DSEIs using
the ArcMap Union tool in the ArcGis 10.5 software [18]. The number of cities by population
was quantified using the ArcMap Summarize tool. Subsequently, these cities were organized
based on population: over 10,000, 20,000, 50,000, 100,000, 200,000, and 300,000 (for more
details on the dataset, see the S1 Data).

The air transport network in the DSEIs was obtained by the sum of the public and private
international and national airports sampled within the area of each DSEI. These airport sam-
ples were collected from a georeferencing database (*.shp), which is available at https://antigo.
infraestrutura.gov.br/component/content/article/63-bit/5124-bitpublic.html#mapaero. The
total road network (TRN, km) in the DSEIs was calculated by adding the extent of the federal,
federally granted, and state road networks found within the DSEIs from the georeferencing
database for these highways, which is available at https://antigo.infraestrutura.gov.br/
component/content/article/63-bit/5124-bitpublic.html#maprodo. Therefore, the layers corre-
sponding to these networks were superimposed on the DSEI area layer using the ArcMap
Intersect (Analysis) tool in the ArcGis software. The extent of the network was calculated for
each district separately using the Summarize tool.

Vegetation loss

The data on deforested areas and deforested legal indigenous areas (IAs) within the DSEI
(km?) were collected from a georeferencing database provided by the PRODES project (Minis-
try of the Environment-MMA and Brazilian Institute of the Environment and Renewable Nat-
ural Resources-IBAMA) with the information on the annual deforested area in 2020 (http://
terrabrasilis.dpi.inpe.br). This information was plotted within the areas currently occupied by
DSEIs and areas identified as IAs in the BLA using the Intersect tool (Analysis). To calculate
the sum of the polygons corresponding to the deforested areas for each DSEI and for the IAs
within each DSEI, we used the ArcMap Summarize tool.

Moreover, the data on areas deforested due to burning and mineral extraction activity
(km?) within the DSEIs and IAs in the BLA (fires-DSEI and fires-IA; mining-DSEI and min-
ing-TA) were collected from a georeferencing database published for BLA at http://
terrabrasilis.dpi.inpe.br/app/map/alerts?hl=pt-br. The data on burn scars and mining for 2020
were retrieved from this database. These data were plotted within the DSEI area and the areas
identified as IAs in BLA using the Intersect tool (Analysis). The Summarize tool was utilized to
summarize the data, which allowed us to determine the sum of the polygons corresponding to
the areas deforested by fires and mineral extraction activities. The results were obtained for
each DSEI and for the IAs within each DSEL

Statistical analysis

Initially, all variables were treated independently and evaluated using Pearson’s correlation
coefficient. The strength of the relationship was analyzed by the values for r and by the signifi-
cance of the interaction at 5% and 1% probability. This analysis was conducted using the
“Corrplot” package in R, version 4.0.4 [19,20].
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We employed Generalized Linear Mixed Models (GLMMs) to examine the effects of the
changes in the landscape and characteristics of the DSEIs and the number of airports and TRN
on the number of COVID-19 cases and deaths among the indigenous population in BLA in
2020. Before constructing the models, we tested the multicollinearity between the variables
with the “Car” package [21] implemented in R, version 4.0.4, and removed variables with vif
>5 from the models. The deforested area in DSEIs and in IAs, as well as the area of vegetation
lost due to fire and mining activity in IAs were used as the explanatory variables. We analyzed
the number of airports and TRN separately in the models, which were included as random fac-
tors, and the other explanatory variables were fixed factors.

We also developed models to determine whether random effects can also account for the
response variables. These models considered only the random effects on the number of cases
and deaths, discarding the effects of the size of the deforested area in DSEIs and IAs, and of the
size of the area of vegetation loss due to fire and mining activity in IAs. We utilized the
MCMCglmm package [22] to perform the analyses in a Bayesian framework with the Markov
Chain Monte Carlo algorithm. A total of 80,000 iterations with 20,000 burn-in chains and a
Gaussian distribution were used. The Akaike information criteria (AIC) were used to select
the best model: the model with the smallest AICc (the AIC corrected for sample size and the
number of parameters), which was considered to be the most plausible for the explanation of
the observed patterns [23]. The Delta AICci (AAICci, where i represents each model) was cal-
culated as the difference between the AICc for the i™ model and the smallest AICc observed.
We also determined Akaike’s weight (wAICc), which represents the relative contribution of
the i"™ model to the explanation of the observed pattern, given a set of competing models. The
models with AAICc<2 were all considered equally plausible as explanations of the observed
pattern [24].

Results

In 2020, CENSIPAM reported a total of 27,034 cases and 354 deaths of indigenous people in
the DSEIs in the BLA by COVID-19, with the highest number of cases observed in the Leste de
Roraima DSEI (3215), followed by the Alto Rio Negro (2073) and Alto Rio Solimé&es (2001)
DSEIs. The highest number of deaths was observed in the Leste de Roraima DSEI (47), fol-
lowed by the Alto Rio Jurua (46) and Alto Rio Solimdes (36) DSEIs. These DSEIs have 323, 0,
and 14 UBSIs, respectively. The smallest number of cases was found in the Araguaia (330), Par-
intins (455), and Médio Rio Purus (496) DSEIs. The lowest number of deaths was reported in
the Vale do Javari (2), Porto Velho (2), and Médio Rio Purus (5) DSEIs, which have 8, 26, and
13 UBSISs, respectively (Fig 2). The data demonstrate a true correspondence between the num-
ber of cases and the number of deaths. The DSEIs with a high number of cases tended to dem-
onstrate a high number of deaths, and vice-versa.

The number of COVID-19 cases and deaths in the DSEIs were found to have a positive cor-
relation with the indigenous population density in the DSEIs. However, no correlation was
observed between these variables and any other characteristics of the DSEIs or landscape vari-
ables analyzed. The analysis of the interaction between other variables showed that the size of
the area of vegetation lost to fires had a positive correlation with the size of the area of vegeta-
tion lost to fires within IAs, the number of cities with over 200,00 inhabitants, and the number
of airports found in the DSEI (Fig 3).

The size of the deforested area in DSEIs was found to be positively correlated with the area
corresponding to vegetation lost due to mining activities in DSEIs and in IAs and the number
of cities with 50,000, 100,000, and 300,000 inhabitants. However, vegetation losses due to min-
ing activity in DSEISs also incur losses within IAs.
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The DSEIs with the largest number of cities (with more than 10,000, 20,000, 50,000,
200,000, and 300,000 inhabitants) concentrate the largest TRN. In addition to a large road net-
work, DSEIs that concentrate cities with more than 200,000 inhabitants also concentrate many
airports. However, a high positive correlation was found between the accessibility measures;
thus, DSEIs with a high TRN also have many airports.

The models consisting of only the number of airports or the extent of the TRN provide a
plausible explanation for the number of COVID-19 cases observed in the DSEIs. However,
when these variables are associated with mining-IA, it can also explain the incidence of this
severe acute respiratory syndrome in the indigenous population in DSEIs. These models, nev-
ertheless, were not more explanatory than the null model.

When we analyzed the number of deaths, we noted that geographic factors (such as the
number of airports and TRN) may individually explain the values, but some of the changes in
the landscape (deforestation-DSEL, mining-IA, and fires-IA) also explain the values (Table 1).

Based on the results obtained from the mixed models, the relationship between the number
of cases and the number of airports, TRN, and mining-IA was plotted. It became evident that

Table 1. The models used to test the effect of the number of airports, total road network (TRN), deforested area within the DSEI, deforested area within indigenous
areas (IAs) of the DSEI, natural vegetation area converted into mining area within IA, and natural vegetation area converted into a burned area within IA on the
number of COVID-19 cases and deaths among indigenous people in the DSEISs of the Brazil’s Legal Amazon (BLA).

Number of cases

Model AAICc wAIC K AIC Pr (>F)
Null model 0.0 0.407 2 397.00 -
Cases vs. Airports 1.4 0.198 3 398.44 0.47900
Cases vs. Airports + Mining (IA) 1.9 0.147 4 399.03 0.42190
Cases vs. Airports + Deforestation (DSEI) 3.1 0.086 4 400.10 0.67380
Cases vs. Airports + Fires (IA) 3.2 0.083 4 400.18 0.69820
Cases vs. Airports + Deforestation (IA) 33 0.079 4 400.27 0.72710
Null model 0.0 0.420 2 395.00 -
Cases vs. TRN 1.5 0.200 3 397.00 0.50270
Cases vs. TRN + Mining (IA) 1.9 0.147 4 400.00 0.55670
Cases vs. TRN + Deforestation (DSEI) 3.0 0.092 4 400.12 0.68980
Cases vs. TRN + Fires (IA) 3.4 0.081 4 400.20 0.69700
Cases vs. TRN + Deforestation (IA) 3.5 0.075 4 400.30 0.71340
Number of deaths
Model AAICc WAIC K AIC Pr (>F)
Deaths vs. Airports 0.0 0.330 3 197.89 0.05728
Deaths vs. Airports + Deforestation (DSEI) 1.3 0.170 4 199.16 0.12370
Deaths vs. Airports + Mining (IA) 1.8 0.130 4 199.66 0.15460
Deaths vs. Airports + Fires (IA) 1.9 0.125 4 199.83 0.16650
Deaths vs. Airports + Deforestation (AI) 2.0 0.123 4 199.87 0.16960
Null model 3.0 0.120 2 199.91 -
Deaths vs. TRN 0.0 0.300 3 197.90 0.05478
Deaths vs. TRN + Deforestation (DSEI) 1.4 0.180 4 199.20 0.13280
Deaths vs. TRN + Mining (IA) 1.9 0.130 4 199.70 0.16490
Deaths vs. TRN + Fires (IA) 2.0 0.124 4 199.80 0.16950
Deaths vs. TRN + Deforestation (AI) 2.0 0.123 4 199.89 0.16990
Null model 3.0 0.120 2 199.92 -

The models with A AICc < 2.0 are in bold type. AIC = Akaike value; AICc = AIC corrected by sample size and number of parameters in the model; wAIC = Akaike
weight; K = number of parameters. Pr is the probability of the model in relation to the null model, obtained by the F-test.

https://doi.org/10.1371/journal.pgph.0000166.t001
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Fig 4. The number of COVID-19 cases among indigenous people in the DSEIs of Brazil’s Legal Amazon as a
function of the relative percentage of air transport network, total road network (TRN), and natural vegetation
area converted into mining areas within the IAs of the DSEIs. Base layer obtained from: https://www.gov.br/funai/
pt-br/atuacao/terras-indigenas/geoprocessamento-e-mapas.

https://doi.org/10.1371/journal.pgph.0000166.9004

the DSEIs with the highest numbers of airports, such as Cuiaba, Rio Tapajos, and Leste de
Roraima, also presented a high number of COVID-19 cases and deaths among the indigenous
population. There were 1297 cases and 24 deaths in Cuiabd, 1991 cases and 12 deaths in Rio
Tapajos, and 3215 cases and 47 deaths in Leste de Roraima (Figs 4 and 5). Conversely, the
DSEIs with low number of airports, such as Médio Rio Purus (1), Parintins (4), and Alto Rio
Purus (6), demonstrated a low rate of COVID-19 cases and deaths among indigenous popula-
tions in 2020. There were 496 cases and 5 deaths in Médio Rio Purus, 455 cases and 11 deaths
in Parintins, and 598 cases and 5 deaths in Alto Rio Purus (Fig 4).

We detected a similar interaction between the number of cases and deaths and the extent of
the TRN. We observed that DSEIs with little access by road networks, such as Parintins (+200
km long), Médio Rio Purus (+800 km), and Vale do Javari (+780 km), had a reduced number
of cases and deaths (455, 496, and 772 cases and 11, 5, and 2 deaths, respectively). DSEIs with
an extensive road network, such as Cuiaba and Guama-Tocantins (+9500 and +6400 km,
respectively), tended to exhibit a high number of cases (1297 and 1482 cases, respectively) and
deaths (24 and 17 deaths, respectively).

The number of indigenous people affected by COVID-19 was also concentrated in areas
that had the highest percentages of natural vegetation converted into mining areas. The neigh-
boring DSEIs, Rio Tapajos and Kaiap6 do Pard, were the most affected by mining (+12 and +9
km?, respectively) and by a high incidence of COVID-19 cases and deaths (1961 and 1204
cases). Nevertheless, in the sampled period, the DSEIs that presented the lowest incidences of
COVID-19, such as Araguaia, Parintins, Médio Rio Purus and Alto Rio Purus (308, 375, 459
and 581, respectively), had zero forest conversion rates in the mining area.
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Fig 5. The number of COVID-19 deaths among indigenous people in the DSEIs of Brazil’s Legal Amazon (BLA)
as a function of the relative percentage for air transport network, total road network (TRN), deforested area
within the DSEI, natural vegetation area converted into mining area within IAs, and natural vegetation area
converted into a burned area within IAs of the DSEIL. Base layer obtained from: https://www.gov.br/funai/pt-br/
atuacao/terras-indigenas/geoprocessamento-e-mapas.

https://doi.org/10.1371/journal.pgph.0000166.g005

Based on the mixed models, we also plotted the number of COVID-19 deaths of indigenous
people against the deforestation rate in the DSEIs. The DSEIs significantly affected by defores-
tation, such as Vilhena and Guama-Tocantins (+600 and +1060 km?, respectively), tended to
present a high number of COVID-19 deaths (15 and 17, respectively) (Fig 5). Despite that, the
DSEIs that had a low number of deaths from COVID-19, such as Vale do Javari, Amapa and
Norte do Para and Médio Rio Purus (2, 5 and 3, respectively), had low rates of habitat loss
(+0.29, +24.49. and +1.23 km?) (Fig 5).

Following the observed pattern for deforestation, DSEIs, such as Cuiabd and Xingu, which
had a high percentage of burned natural vegetation (+620 and +1780 km? of burned area,
respectively) were observed to have a higher number of deaths (24 and 15 deaths, respectively).
In contrast, in the DSEIs with the lowest number of deaths from COVID-19, such as Vale do
Javari, Amapd and Norte do Para, Médio Rio Purus, Alto Rio Purus and Araguaia (respec-
tively, 2, 5, 3, 5 and 6), loss of vegetation with fires was nil.

Discussion

The Leste de Roraima and Alto Rio Jurua were the DSEIs with the highest number of COVID-
19 deaths of indigenous people in 2020. However, these DSEIs are the ones with the highest
and lowest number of UBSIs, respectively. The positive correlation between the number of
cases and deaths and the number of UBSIs suggests that the concentration of UBSIs did not
increase appropriate activities for COVID-19 prevention and protection in the DSEIs. In Bra-
zil, these units serve to take care of the integral health of the indigenous population and
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provide free access to medical care and prevention practices to socially vulnerable populations.
The creation of SESAI in 2010 ensured a huge investment in hiring health professionals to
work in the IAs, and then, as of 2013, the Mais Médicos do Brasil (More Doctors) Program
brought 339 doctors into the IAs [25,26], which has always been a healthcare challenge in
these territories. Therefore, the Indigenous Healthcare Subsystem is considered a victory of
the indigenous, indigenist, and health movement in Brazil. With its expansion, it soon reached
previously unattended regions and improved access to healthcare services, and it had a positive
impact on health indicators in some regions. These units are essential in the implementation
of preventive actions against child malnutrition, breast cancer, cytopathological diseases, or
even suicide [27-31]. These units have demonstrated their importance in the dissemination
and implementation of vaccination campaigns [32]. However, in recent years, the initial con-
ception of the subsystem and the paradigm for special care have been deconstructed [33]. The
Xingu Project team’s field reports indicate a change in the downward trend in infant mortality
at different times [34]. The destabilization of this Subsystem became evident during this pan-
demic. Regarding the dissemination of the instructions adopted by the WHO, such as social
distancing and the use of face masks to combat COVID-19 globally, the UBSIs appear to have
not had relevance in IAs. It is also worth mentioning the case that occurred in the DSEI Alto
Rio Solimées (third in the number of cases and deaths by COVID-19), in which the contact of
local communities with an infected health professional [35] affected the initial rates of conta-
gion and exposed the unpreparedness of this Subsystem in dealing with the possibility of iatro-
genic transmission and containing the spread of the disease in indigenous lands.

The results of this study indicate that changes that impact the landscape of the DSEIs, such
as fires and mining, also impact the legal IAs. Therefore, the IAs are not spared from explor-
atory processes in the district’s landscape. These data corroborate the conclusions made by
BenYishay et al. [36] that the formalization of indigenous communities’ rights to land does not
affect deforestation, as no improvements were verified, even in communities that receive sup-
port for surveillance and inspection. Thus, it is questionable whether indigenous land rights
programs are justified in protecting against deforestation [37]. In Brazil, the government for-
malized the territorial rights of indigenous populations in its 1988 Constitution. Since then,
indigenous lands have been formalized in more than one-fifth of the Brazilian Amazon. How-
ever, these results might be attributable to the locations of these lands, which are often located
near the frontiers of deforestation expansion. Nevertheless, in these high-pressure areas,
demarcation of indigenous lands can slow the process of vegetation loss [38]. Jusys [39] has
shown that although indigenous lands were effective in preventing the highest percentage of
deforestation during 2001-2004 and 2005-2008, deforestation prevention patterns began to
change during 2009-2014, when strictly protected areas exceeded indigenous lands in terms of
percentage of preserved forests. The critical component for deforestation in indigenous areas
of the BLA may be found in the illegal leasing of these areas by farmers and ranchers who
transform the landscape, promoting the loss of natural habitat and compromising soil quality.
This practice has become common, as the current Brazilian government’s efforts to legalize
mining and leasing activities in indigenous territories [40].

In general, deforestation practices in the Brazilian Amazon are related to the use of fire to
remove natural vegetation and plant agricultural crops or pastures [41]. In recent years (partic-
ularly 2018, 2019, and 2020), annual deforestation rates in the Amazon have increased signifi-
cantly, especially in protected areas such as IAs [42]. This increase is driven by the political
turmoil between the opposing interests of rural producers and environmentalists [43] and the
economic recession in Brazil [44]. The economic recession has favored deforestation and the
expansion of agricultural activities in these areas, leading to increased stress on rights to indig-
enous lands and jeopardizing indigenous populations and other protected groups and

PLOS Gilobal Public Health | https://doi.org/10.1371/journal.pgph.0000166 March 7, 2022 10/15


https://doi.org/10.1371/journal.pgph.0000166

PLOS GLOBAL PUBLIC HEALTH Access routes to indigenous populations increase the number of infections by COVID-19

traditional lifestyles in the Amazon [43]. If cases of deforestation and fires in the Amazon are
related, the latter has contributed to elevating the risks of respiratory health and the air quality
crisis in Brazil [11].

Our model, which included fires in IAs, was able to explain the number of COVID-19
deaths in the indigenous population in 2020. In a technical note, the Oswaldo Cruz Founda-
tion [45] issued a warning about the impact that a large occurrence of fires in the Amazon
(which reached record highs in 2020) combined with low humidity would have on the
COVID-19 pandemic. According to the foundation, the particulate matter and toxic gases gen-
erated by burning biomass could reach cities, as well as riverside populations, quilombos, and
indigenous lands hundreds of kilometers from the fires. Particulate matter has considerable
inflammatory potential, which can aggravate inflammation associated with COVID-19 cases,
and it constitutes a gateway for respiratory infections. This foundation proposed two priority
areas for reinforcing the healthcare and fire control systems in the BLA: the Western Amazon,
which does not have adequate road networks and healthcare infrastructure, and the arc of
deforestation, mainly in northern Mato Grosso and southeastern Para, with a higher number
of vulnerable indigenous populations and incidence rates of COVID-19.

An unprecedented survey conducted by Global Forest Watch (https://www.
globalforestwatch.org/map/) showed that Brazilian indigenous lands had been devastated by
more than 115,000 fire outbreaks by October 2020. Satellite data also revealed that the indige-
nous lands of the Xingu (MT) were affected the most this year. Our data demonstrated that the
incidence of these fires might be related to the number of COVID-19 deaths in this region.
This scenario is relevant, given the disruption caused by the current Brazilian government to
the crucial institutions that prevent fires in indigenous lands, such as Funai (National Indian
Foundation) [46], and combat COVID-19, such as the Ministry of Health (Brazil).

We found that the DSEIs with significant air transport and road networks were more
affected by COVID-19. Airports are known as excellent venues for the import and transmis-
sion of COVID-19 infections [47]. In Brazilian airports, no actions were taken to control and
restrict the movement of individuals who had not been tested for SARS-CoV-2 for domestic
transit, even when the community transmission of new variants had not yet been confirmed.
The air transport and road networks have become real mechanisms that facilitate the spread of
COVID-19 in the BLA. In general, the DSEIs with limited accessibility, such as Parintins and
Médio Rio Purus, had few COVID-19 cases and deaths in the indigenous population. In a
report on indigenous populations’ geographic and sociodemographic vulnerability to COVID-
19 in Brazil, the Oswaldo Cruz Foundation [4] indicated that about 21.1% of the rural indige-
nous population in the BLA lived in municipalities with a high risk (>50%) for COVID-19. In
fact, the internalization of the pandemic, which occurred more rapidly in areas having greater
access by air or road, led to a significant increase in the number of indigenous people at high
risk.

We observed that the development of larger cities with more than 100,000 inhabitants
seems to encourage investments in road networks but also increases the environmental vulner-
ability of the DSEIs, exposing them to vegetation loss due to deforestation. Studies demon-
strate that planned investments in highway paving and large infrastructure projects in the
Brazilian Amazon accelerate forest loss [48]. Furthermore, the network increases access to the
region for the purpose of logging or mining. According to Jusys et al. [49], official and unoffi-
cial roads are directly responsible for driving deforestation into remote areas of the BLA.
Although low-volume roads facilitate transport to rural communities, logging and mining
operations, and resource management [50], they accelerate deforestation, forest fragmenta-
tion, and degradation [51-53]. The same is the case with the spread of COVID-19 among
indigenous people in the BLA.
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We support the hypothesis that population connections established by the air and road
network contributed to the spread of COVID-19cases in DSEIs in the BLA in 2020. Associ-
ated with this, the loss of vegetation related to the increase in fires and activity illegal mining
activities may have acted as aggravating factors for the impacts of the pandemic on indige-
nous populations before to the start of vaccinations. Recently, Laudares and Gagliardi [54]
found a clear connection between deforestation and the spread of COVID-19 among indige-
nous peoples in Brazil, suggesting that the main mechanisms through which deforestation
intensifies human contact between indigenous and infected people are illegal mining and
conflicts. Thus, this study constitutes an attempt to correlate the processes of environmental
disturbance, and the mechanisms of population accessibility with the incidence of cases and
deaths of indigenous people by COVID-19 in DSEIs in the BLA. Although we know that
most countries do not officially recognize their indigenous groups and have inaccurate or
unpublished statistical data about them, generating sparse systematic information on health,
morbidity, and mortality [55], we assessed the effects based on data about COVID-19 cases
and deaths among the indigenous population that was made available by a government
agency. In the future, data made available by other sources, such as news outlets and research
institutions, may clarify the relationships between the factors. Moreover, the poor application
of existing environmental laws and the current policy of deconstruction of scientific institu-
tions that investigate the acceleration of deforestation and the impact of COVID-19 on indig-
enous populations in Brazil constitute challenges to efforts that limit the environmental
impacts of development activities and mortality by COVID-19 in the Brazilian Amazon. The
current governance, based on the denial of isolation measures, the allocation of public
resources for the production and distribution of drugs proven to be ineffective, and delays in
vaccination, has driven the rise in the number of cases and deaths among indigenous popula-
tions in Brazil.

Supporting information

S1 Data. Dataset including information from DSEIs, number of inhabitants of cities asso-
ciated with DSEIs and airports located in the area of each DSEI.
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