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Abstract

The temporal and spatial evolution of malaria was described for the postfrontier phase of the
Brazilian Amazon in 2003—2013. The current ecological study aimed to understand the rela-
tionship between spatial population mobility and the distribution of malaria cases. The study
identified epidemiologically relevant areas using regional statistical modeling and spatial
analyses that considered differential infections and types of work activities. Annual parasite
incidence (API) in the region was highest in hotspots along the Amazon River and in the
south and west settlement zone of Hiléia, with concentrations in environmental protection
areas and acgai and Brazil nut extraction areas. The dispersal force decreased in the Central
Amazon due to rapid urbanization and improved socioeconomic conditions for workers in
consolidated settlement areas. The study characterized the spatial patterns of disease
transmission according to the economic activity and regionalization of geographic areas,
confirming that the incidence of infection by work activity and labor flow is linked to extractive
activities and agricultural settlements.

Introduction

In 2015, Brazil reported the lowest number of malaria cases in 40 years. The disease has resur-
faced in tropical regions in recent decades due to accelerated population growth and expanded
occupation of areas bordering forests [1]. Even with occasional outbreaks in other regions of
the country, the vast majority of malaria cases in Brazil (99.8%) are concentrated in the Ama-
zon basin, which contains the country’s largest remnants of equatorial forests, where several
factors favor the transmission of diseases and hinder their control.

The predominant incidence in the Amazon basin results from a series of regional socioen-
vironmental characteristics and the process of a region’s occupation. The natural environment
is more favorable for the proliferation of anophelines (the vector mosquito species for malaria)
due to the high year-round heat and humidity and dense forests and bodies of water covering
much of the territory [2] [3]. Malaria is thus one of the main causes of morbidity in the Brazil-
ian Amazon, although incidence rates vary between municipalities.
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The Legal Amazon has experienced intense and uncontrolled exploitation of natural
resources. It is an environmentally heterogeneous area with diverse land use, such as industrial
mining, agroforestry (organized settlements and various sizes of farms and ranches), extractive
reserves, and home to riverine and indigenous peoples [4], where important malaria outbreaks
occur. These economic activities have resulted in intense, continuous deforestation and urban-
ization and increased internal migration from other regions of Brazil, facilitated by transporta-
tion networks connected to remote, previously unconnected areas [5] [6] [7].

The Brazilian Amazon is an endemic region for malaria. It consists of 807 municipalities in
the states of Acre (AC), Amapa (AP), Amazonas (AM), Maranhdo (MA), Mato Grosso (MT),
Para (PA), Rondonia (RO), Roraima (RR), and Tocantins (TO). In 2010, the region’s total pop-
ulation was 25,469,352 inhabitants. Among the 807 municipalities in these states, 52 border
seven countries: Bolivia, Colombia, Guyana, French Guiana, Peru, Suriname, and Venezuela.

The concept of border or frontier malaria was coined to describe how processes of territo-
rial occupation of the Brazilian Amazon contributed to expanded incidence of the disease [8].
According to the author, the spread of border malaria involved three stages of territorial occu-
pation. The first stage was marked by a rapid increase in malaria incidence in the early years of
occupation caused by deforestation, agricultural settlement projects, construction of local
roads, substandard housing conditions, and the migrant population’s lack of knowledge con-
cerning the disease. The second stage showed a progressive decline in malaria rates due to
improved environmental and socioeconomic conditions in agricultural settlements three years
after developing land occupation fronts. Finally, the third stage was one of relative stability,
with lower malaria rates resulting from urbanization, an increased sense of community in the
population, improved socioeconomic conditions, and a reduction in environmental changes.

Population mobility is an important global issue for the circulation of certain diseases, espe-
cially the dynamics of vector-borne diseases due to both vector circulation and entry of suscep-
tible populations into transmission areas (in addition to carrying the parasite over long
distances) [9]. These areas require spatial and temporal studies and analyses to elucidate the
distribution of malaria cases.

The study of the determinants of malaria incidence in economic frontier expansion areas
requires approaches aimed at assessing both the occupational conditions and the spatial con-
text in which people become infected [10] [11] [12]. Malaria in the Amazon has been studied
to identify social [13], environmental, and climatic factors [14], while research on the impact
of economic macrodeterminants of malaria is rare [15]. The current study thus aimed to ana-
lyze the contextual characteristics that describe the main economic processes in territorial
occupation in relation to the spatial and temporal distribution of malaria in the Brazilian Ama-
zon from 2003 to 2013.

Materials and methods
Study area

In this study, the Brazilian Amazon frontier refers to regions where human settlement is still
occurring, marked by the construction of communications networks, emergence and growth
of towns and cities, human migration, and shaping of a new landscape [16]. Parts of the Ama-
zon are still affected by these activities, with different stages of government policy implementa-
tion and private investment, producing extensive heterogeneity and regional disparities.

In an attempt to regionalize the economic frontier in different zones of territorial occupa-
tion, the region was divided accordingly [17] to study the relevant temporal and spatial
dynamics in the expansion of the economic frontier and to contextualize and discuss the rela-
tionship between the spatial distribution of economic activities and the spatial dispersion of
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Fig 1. Range of economic frontier occupation: cities, highways, and waterways.

https://doi.org/10.1371/journal.pone.0217615.g001

malaria in the postfrontier phase. This was especially important because the economic frontier
is subject to dynamic changes and can shift or dissolve in the territory. The reconfiguration
and transformation of territorial organization in the Brazilian Amazon are now in the post-
frontier stage. The postfrontier should also be seen as a recontextualization of the Amazonian
geographic space, as new areas are incorporated with contemporary technologies, practices,
and institutions that regulate, characterize, and restructure the frontiers [17]. The frontier con-
solidation sequence is defined [18] as a phase of neoliberal land occupation in postfrontier
areas with a high percentage of business ownership and strong international links to agribusi-
nesses. Thus, we divided the range of economic frontier occupation into three major subre-
gions: the consolidated settlement zone, the Central Amazon, and the south and west Hiléia
settlement zone (Fig 1).

The consolidated settlement zone includes six areas: Belém, southeastern and eastern Para,
Tocantins, Mato Grosso, and Rondonia, all located along the southeastern and northeastern
portions of the region. Much of the subregion’s economy is based on logging, cattle ranching,
and soybean production. The subregion is highly dynamic, with a dense urban and roadway
network consisting of medium-sized cities and state capitals [19].

The Central Amazon includes some municipalities in the states of Acre, Amazonas, Mar-
anhio, Para, Tocantins, and Rondodnia and is located between the Cerrado (savannah) and
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Distal Level

Amazon biomes. The subregional economy specializes in logging, livestock, soybean produc-
tion, and mining. It has the second highest population density of the studied areas (more than
16 inhabitants per km?®) and a high urbanization rate [19].

The south and west Hiléia settlement zone includes some of the municipalities of the states
of Acre, Amapa, Amazonas, Para, Roraima, and Rondonia and is located in the northern and
northwestern portions of the Amazonian Hiléia. The economic structure of the subregion is
concentrated on forestry (agai and Brazil nuts), logging (timber and firewood), fishing, and
subsistence agriculture (manioc, bananas, and livestock, mainly water buffalo and beef cattle).
The subregion’s urban network is sparsely populated, consisting mainly of small towns and a
low population density (less than 1 inhabitant/km?). It contains the Amazon River valley,
which is still an important axis for human settlement [19] [20].

Theoretical and conceptual model

A three-tier theoretical and conceptual model (Fig 2) was developed to study associations
between the socioenvironmental determinants of malaria at the distal, intermediate, and prox-
imal levels. The conceptual model is based on the social determinants of health (SDH)
approach. In light of existing knowledge, the distal level included economic drivers embodie as
large projects (highways, dams, hydroelectric power plants, tourism, mining, hunt and fisher-
ies, and large-scale agriculture), per capita GDP and territorial occupation areas [21] [22] [9]
[13] [23] [24]. The intermediate level included malaria exposure proxies such as the extraction
of agai and Brazil nuts as well as family farm settlements [25] [26] [24]. The proximal level
included individual characteristics that influence malaria risks, such as the total number of
men and women with malaria, and types of occupation (agriculture, tourism, mining, vegetal
extraction and traveling) [22] [3] [14] [27] [23].

Data collection

Malaria data were obtained from the Malaria Epidemiological Surveillance Information Sys-
tem (SIVEP-Malaria) and retrieved by the Health Surveillance Department of the Brazilian
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Fig 2. Theoretical and conceptual ecological model for the relationship between socioenvironmental determinants and malaria in the Brazilian Amazon.

https://doi.org/10.1371/journal.pone.0217615.g002
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Ministry of Health (SVS/MS). The absolute number of cases diagnosed per year (2003-2013)
in each of the 771 municipalities of the Brazilian Amazon were considered, and the municipal-
ity where the infection occurred was used as the territorial reference.

Potential factors associated with the occurrence of malaria were extracted from several
sources and calculated according to municipality:

a. per capita gross domestic product (GDP): mean aggregate value per capita of goods and ser-
vices produced in a geographic space during the target year, measured in local currency and
at market prices and based on data from the Brazilian Institute of Geography and Statistics
(IBGE) [20] [28];

b. Number of malaria-positive individuals related to agriculture, tourism, gold mining, vegetal
product extraction, other, mining activities, traveling, and road and dam construction,
obtained from the Ministry of Health (SIVEP);

¢. Number of men and women with positive test results for each species of Plasmodium ana-
lyzed and total malaria rates, obtained from the Ministry of Health (SIVEP);

d. acai production: the total amount (tons) produced from agai extraction, obtained from the
Automatic Data Retrieval System (SIDRA) of the Brazilian Institute of Geography and Sta-
tistics IBGE) [20] [28];

e. Brazil nut production: the total amount (tons) of Brazil nuts produced from Brazil nut
extraction, obtained from the SIDRA system of the Brazilian Institute of Geography and
Statistics (IBGE) [20] [28];

f. human settlement: total number of settled families, provided by the regional reports by
states of the Brazilian Amazon in the General Information System on Agricultural Settle-
ments of the National Institute of Colonization and Agrarian Reform [29];

g. regionalization: consolidated settlement zone in the Central Amazon (arc of deforestation)
and the south and west Hiléia settlement zones.

The study was approved in June 2015 by the Institutional Review Board of the Oswaldo
Cruz Foundation (CAAE 44507015.8.0000.5241), case review 1.109.048.

Spatial mapping

The municipal digital grids for the years 2005 and 2013 were used to construct the maps. The
municipal grids and the population data with geographical coordinates of the municipal seats
were retrieved from the IBGE website.

Health and sociodemographic indicators were georeferenced in the municipal seats and
organized in layers in a Geographic Information System environment for the construction of
thematic maps.

The annual parasite incidence (API) was interpolated for spatial diffusion maps. API spatial
distribution estimates were calculated using the inverse distance weighting (IDW) [30] [31]
[32] geostatistical method, an application of the ArcGIS version 10 software (Esri, Redlands,
CA, USA), which estimates the value of an indicator in nonsampled areas based on samples
from neighboring municipal seats.

A map representing the space-time trend of malaria transmission in the Amazon region
was created by interpolating the value of the epidemic year for each municipality. In this study,
an epidemic onset was considered the first year in the series from 2003 to 2013 in which the
number of cases exceeded the value of 10.
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Statistical analysis

A spatial-temporal study on the occurrence of malaria was developed using four specific years
of SIVEP data: 2003, 2005, 2010 and 2013. These years were selected to analyze the factors
associated with the incidence of malaria in the year preceding an epidemic (2003), in an epi-
demic year (2005), in the year in which the Millennium Development Goals were defined by
the federal government (2010) and in the year after the implementation of the goals (2013).
The latter year was used to assess the possible impact of the MDGs on malaria prevention and
control.

Since the majority of the malaria cases were caused by Plasmodium Falciparum and Plasmo-
dium vivax, we opted to analyze the determinants of each of these two species as well as the
determinants of malaria as a whole. This strategy was used because municipalities simulta-
neously presented overlapping Plasmodium species. Therefore, the socioenvironmental deter-
minants of the different species were analyzed. The data were disaggregated and then
recombined to monitor and analyze the overlapping malaria cases.

Three dependent variables were constructed: 1) total number of individuals who tested pos-
itive for P. falciparum; 2) total number of individuals who tested positive for P. vivax; and 3)
total number of malaria cases (regardless of Plasmodium species).

The construction of study-dependent variables was based on the Plasmodium species and
the various combinations reported in SIVEP. The system differentiates individuals who have
been infected by a single protozoan specie or infected by more than one specie, namely, P. fal-
ciparum, P. falciparum +P. falciparum gametocytes, P. vivax, P. falciparum + P. vivax, P. vivax
+ P. falciparum gametocytes, P. falciparum gametocytes, Plasmodium malariae, and P. falcipa-
rum + P. malariae.

The analysis was conducted by municipality, which, in Brazil, constitutes a regional politi-
cal-administrative division and, in the case of the present study, contained SIVEP records for
one or more Plasmodium species, i.e., the same municipality could have more than one species
of malaria. Previously, an analysis was performed to verify which were the most frequently
reported Plasmodium species in the system to construct the dependent variables for the study.
The distribution of data showed that in Brazil, P. vivax and P. falciparum accounted for 80.0%
of the total malaria reports in SIVEP. Under this scenario, we opted to analyze which of the
selected determinants were related to each of the two most common Plasmodium species in
Brazil, as well as analyze how these determinants are associated with the different species in
the same locality.

Three dependent variables were constructed: 1) the sum of individuals who tested positive
for P. falciparums; 2) the sum of individuals whose tested positive for P. vivax; and 3) the total
number of cases of malaria (regardless of Plasmodium species). In this last dependent variable,
malaria case totals included P. falciparum, P. falciparum + P. falciparum gametocytes, P. vivax,
P. falciparum + P. vivax, P. vivax + falciparum gametocytes, P. falciparum gametocytes, P.
malariae, and P. falciparum + P. malariae.

An initial descriptive approach using bivariate analysis was followed by an analytical
method using multivariate analysis with zero-inflated binomial regression.

In the descriptive approach, the proportion of municipalities with positive malaria results
for, positive results for P. falciparum and positive results for P. vivax were calculated by year.
In the bivariate analysis, the means with the respective standard deviations of malaria cases by
year and type of regionalization were calculated.

The total number of P. falciparum and P. vivax cases according to regionalization of the
municipalities was organized in a historical series from 2003 to 2013 as well as by the
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contextual variables of economic production (agai extraction, Brazil nuts, and agricultural
settlements).

Since the dependent variables (number of P. falciparum, P. vivax, and total malaria cases)
were set as nonnegative integer count data with no upper limit, with a large numbers of zeros
and large dispersion of values, we decided to apply negative binomial regression models. This
model was chosen because it provided an alternative to excessive zero-count data where there
is usually data overdispersion [33] [27].

On the basis of the endemic levels of malaria in the resident population of the municipali-
ties of the Legal Amazon, a control diagram was constructed in the following stages: 1) identifi-
cation of the number of years with malaria cases exceeding 10; 2) identification of the year
with the highest occurrence of cases; 3) calculation of the annual average incidences as well as
their respective standard deviations; 4) calculation of the endemic upper limit, considering the
added mean plus two times the standard deviation; and 5) identification of an endemic out-
break defined by the statistical significance of the Poisson test using the maximum number of
cases in the period and the endemic upper limit.

Regional analysis

Concerning the association between contextual variables (per capita gross domestic product
(GDP), agai production, Brazil nut production, and human settlements), the analysis was
divided according to the theoretical conceptual model (Fig 1), namely, at the distal, intermedi-
ate, and proximal levels, with hierarchical modeling. Before modeling, a nonparametric corre-
lation analysis was conducted to assess potential multicollinearity between independent
variables. Contextual variables with correlations greater than 0.60 were excluded from the mul-
tivariate analysis, as in the case of hunting and fishing activities.

In the modeling strategy, all variables were introduced directly at the distal level, and only
those with p values less than 0.05 were maintained in the model. A similar procedure was used
for the intermediate level. For inclusion at the proximal level, only the variables from the distal
and/or intermediate levels that were significantly associated with the outcome (p < 0.05) were
maintained. This process was applied according to Plasmodium species and total malaria cases
by region and year.

Results

In 2003, 292,590 malaria cases were confirmed, of which 53,057 (18.1%) were P. falciparum
and 226,478 (77.1%) were P. vivax. There were a total of 419,095 confirmed malaria cases in
2005, of which 87,931 (21%) were P. falciparum and 311,317 (74.3%) were P. vivax. There were
236,243 confirmed cases in 2010, of which 30,293 (12.8%) were P. falciparum and 198,587
(75.4%) were P. vivax. The year 2013 had a total of 164,484 cases, of which 20,882 (12.7%)
were P. falciparum and 134,032 (81.5%) were P. vivax (Table 1).

The malaria results suggest there was a decrease in the number of municipalities affected by
malaria as a whole. For P. falciparum, the proportion of municipalities with confirmed cases
reached 47.9% in 2003 and decreased to 20.9% in 2013. For P. vivax, approximately 70% of the
municipalities reported cases in 2003, decreasing to 44.9% in 2013.

The malaria distribution in the economic frontier was not homogeneous (Fig 3). The con-
solidated settlement zone had a high population density, well-functioning public services,
large towns and cities, and an extensive road system. The area was not contributing to the
spread of malaria in the region due to the reduction in areas serving as natural habitats for vec-
tor reproduction.
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Table 1. Number of municipalities with Malaria cases records by Plasmodium species between 2003 and 2013.

Plasmodium species Year Municipalities with confirmed cases Total confirmed cases
P. falciparum 2003 369 (47.9%) 53,057
2005 349 (45.3%) 87,931
2010 263 (34.1%) 30,293
2013 161 (20.9%) 20,882
P. vivax 2003 542 (70.3%) 226,478
2005 506 (65.6%) 311,317
2010 435 (56.4%) 198,587
2013 346 (44.9%) 134,032
Plasmodium (all species) 2003 560 (72.6%) 292,590
2005 524 (68.0%) 419,095
2010 449 (58.2%) 236,243
2013 390 (50.6%) 164,484

Source: Malaria Epidemiological Surveillance Information System (SIVEP-Malaria)/Health Surveillance Department, Brazilian Ministry of Health (SVS/MS) [23]

https://doi.org/10.1371/journal.pone.0217615.t001
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Fig 4. Time trend of sites with high malaria incidence in the Brazilian Amazon (2003-2013).
https://doi.org/10.1371/journal.pone.0217615.g004

The Central Amazon had a high population density and the most economically dynamic
areas in the region, specializing in export commodities. Malaria incidence was high in western
Para (northern portion of the Brazilian Amazon), northern Mato Grosso (south-central por-
tion of the Brazilian Amazon) and Ronddnia (southeast of the Brazilian Amazon). This area
was the main corridor for human migration within the Brazilian Amazon to and from other
areas and disseminated the disease, thus constituting a prime location for the occurrence and
perpetuation of malaria epidemics.

The landscape in the south and west Hiléia settlement zone consisted mainly of forests with
few urban areas and little human habitation [34]. Even with a lower population than the other
zones, malaria incidence was high for all four years of the study, and the epidemic in 2005 was
particularly concentrated in this region.

Fig 4 represents the evolution of the spatial distribution of malaria epidemics in the Ama-
zon region. Lighter colors represent areas where epidemics occurred in the early years of the
studied period, and darker colors represent areas where epidemics occurred in more recent
years. According to the map, malaria epidemics shifted from the eastern and southern Amazon
borders toward the western areas. From the map, it can be seen that pioneer fronts were
responsible for malaria expansion during the beginning of the decade, while the more recent
malaria cases were concentrated in remote areas with specific economic projects,

PLOS ONE | https://doi.org/10.1371/journal.pone.0217615 June 18,2019 9/25


https://doi.org/10.1371/journal.pone.0217615.g004
https://doi.org/10.1371/journal.pone.0217615

@ PLOS|ONE

Malaria and economic frontier expansion

environmental protection areas, vegetal products extraction areas and deforestation fronts
were established.

As shown in Table 2, the effects of malaria as a whole (independently of Plasmodium spe-
cies) on occupation types differed according to annual disease trends and type of regionaliza-
tion. In the Central Amazon (the so-called arc of deforestation), the occupied areas with the
highest case incidence in the epidemic year 2005 were associated with distal determinants such
as agriculture (203.9 + 896.2), industrial mining (1.5 + 14.5), and proximal or individual level
such as illegal mining (30.6 + 285.1) Areas with tourism and road/dam construction (distal
determinants) showed peak mean incidence rates in 2010 (7.3 + 103.1 and 5.4 + 87.8,
respectively).

There was an important decrease in API values for all of the areas and types of occupations
in municipalities, especially for agriculture and the Central Amazon. The reduction was less in
the south and west Hiléia settlement zone. The consolidated settlement zone showed the low-
est mean API, with the exception of agriculture. In the south and west Hiléia settlement zone,
in the epidemic year 2005, the activities with the highest mean malaria incidence were due to
indivividual level determinants such as agriculture (470.9 £ 954), tourism (9.0 * 45.6), vegetal
product extraction (15.2 + 47.9), and travelers (57 + 508.3), while in 2010, the highest activities
were illegal mining (39.8 £ 236.2) and road and dam construction (3.7 £ 18.4).

As for the consolidated settlement zone, the activities with the highest incidence were prac-
tically at the proximal or individual level, as agriculture (27 + 151.9) and vegetal product
extraction (12.3 + 127.3), while in 2010 they were tourism (0.7 + 4.9), illegal mining
(2.6 + 42.7), industrial mining (1.3 £ 17.6), and travelers (2.1 £ 13.2).

Fig 5 shows the temporal distribution of mean API values by type of regionalization. The
south and west Hiléia settlement zone had the highest mean API for the entire period, with the
highest concentration between 2004 and 2008 and a sharp decrease in 2007. This zone had the

Table 2. Annual Parasite Index (API) according to regionalization, year, and occupation of the municipalities.

Region

/ Year

Central Amazon*

2003

2005

2010

2013

South and west Hiléia settlement*
2003

2005

2010

2013

Consolidated settlement*
2003

2005

2010

2013

Agriculture

169.8 (671.9)
203.9 (896.2)
75.4 (377.6)
21 (126.7)

285.7 (856)
470.9 (954)
259.5 (529.5)
169.2 (323.4)

16.8 (73.2)
27 (151.9)
20.8 (120.7)
23(12.2)

Occupation

Tourism | Illegal mining | Vegetal products extraction |Roads and dams |Industrial mining |Travelers

2.1(12) 22.8 (207.9) 15.3 (87.6) 0.7 (3) 1.1 (4.4) 3.7 (19)
42(37.8) |30.6(285.1) 11.4 (58.8) 0.8 (3.4) 1.5 (14.5) 3.5 (20.4)
7.3(103.1) | 254 (374.7) | 4.5(34.4) 5.4 (87.8) 1.3(17.2) 2.3(12.8)
2(19.7) 20.8 (356.7) 1.3(8.1) 1.2 (14.8) 0.2 (2.4) 1.5(9.8)
6.6(39.2) |36.4(187.1) |8.9(22.5) 1.1 (4.5) 3.7 (9.9) 29.4 (241.2)
9 (45.6) 37.1 (165) 15.2 (47.9) 3.2(10.7) 3.1(9.1) 57 (508.3)
8.6(38.7) |39.8(236.2) | 5.6(17) 3.7 (18.4) 1.1(3.1) 14.3 (40.2)
43(13.8) |22.3(100.9) |3.5(14.2) 2.4(7.9) 0.5 (1.4) 10.3 (20.4)
0.3(1.6) |0.2(0.8) 8.5 (71.2) 0.3 (1.5) 0.2 (1.5) 1.5 (7.6)
0.4(2) 0.5 (3.6) 12.3 (127.3) 0.2 (1) 0.2 (1.2) 1.4 (7.6)
0.7 (4.9) | 2.6(42.2) 11.5 (117.6) 0.1 (0.8) 1.3 (17.6) 2.1(13.2)
0.1(0.5) |0.1(0.3) 0.8 (6.9) 0(0.2) 0(0.1) 0.4 (2.4)

Note: The mean and standard deviation of API was considered. P-value < 0.05.

* P-value <0.05 for the student’s t-test of means.
Source: Malaria Epidemiological Surveillance Information System (SIVEP-Malaria)/Health Surveillance Department, Ministry of Health (SVS/MS). [23]

https://doi.org/10.1371/journal.pone.0217615.t002
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Ministry of Health (SVS/MS). [21]

Fig 5. Mean API values and number of P. falciparum and P. vivax cases by year of diagnosis and regionalization. Brazilian
Amazon, 2003-2013.

https://doi.org/10.1371/journal.pone.0217615.9005

highest concentration of P. falciparum and P. vivax cases throughout the target period. How-
ever, P. falciparum cases showed the greatest proportional drop in 2008.

Fig 6 shows the incidence distribution (total API, P. falciparum, and P. vivax) according to
economic activity. The analysis of API by economic activity showed that in areas with Brazil
nut production, there was a decrease in mean cases in 2005. For acai extraction areas, the
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Fig 6. Mean API values of P. falciparum, and P. vivax by year of diagnosis and economic activity. Brazilian Amazon, 2003, 2005,
2010, and 2013.

https://doi.org/10.1371/journal.pone.0217615.9006
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decrease started in 2006. Cases associated with agricultural settlements showed a wider varia-
tion, with peaks in 2005, 2007, 2009, and 2010. There was a smaller proportional variation in
P. falciparum incidence according to economic activity. However, with regard to P. vivax inci-
dence by economic activity, cases increased starting in 2008, with significant peaks in 2010
and 2011 in agricultural settlements, effectively, this represents the importance of the interme-
diate levels of SDH.

As shown in Figs 4 and 5, the malaria API patterns across the years and subregions was sim-
ilar for total malaria and Plasmodium species. Similar results were observed in the association
between malaria API and occupation, except for P. vivax from 2009 to 2011 (Fig 6).

Table 3 shows the results of the zero-inflated binomial regression models for the dependent
variable P. falciparum cases and potential risk factors. In 2003, the presence of agai production
in a municipality was associated with a 1.98 times greater risk (95% CI: 1.40-2.84) of P. falcipa-
rum infection than municipalities without acai production. Brazil nut production was associ-
ated with an increased risk of 2.49 times (95% CI: 1.69-3.67). In 2005, an epidemic year, agai
production was associated with a 1.86 times (95% CI: 1.22-2.85) greater risk of P. falciparum,
and Brazil nut production was associated with a 2.25 times (95% CI: 1.43-3.55) greater risk. In
2010, there was an increased risk of P. falciparum with the presence of Brazil nut production
[3.67 (95% CI: 2.34-5.75)] and vegetal product extraction[1.14 (95% CI: 1.07-1.21)], while
road and dam construction was a protective factor, with a 0.74 times (95% CI: 0.67-0.82) lesser
risk. In 2013, once again, agai production served as a risk factor for increased cases of P. falcip-
arum. Acai production was associated with a 5.45 times (95% CI: 3.44-8.64) greater risk in
municipalities with Plasmodium cases, compared to a 1.59 times greater risk for vegetal prod-
uct extraction (95% CI: 1.24-2.05) and a 1.72 times greater risk for travelers (95% CI: 1.22-
2.43).

Table 4 shows the results of the zero-inflated binomial regression models for the dependent
variable P. vivax cases and potential risk factors. In 2003, the only occupations associated with
P. vivax cases were agai and Brazil nut production, with a 1.01 times (95% CI: 1.01-1.02)
greater risk; mega-projects sucha as industrial mining, with a 1.23 times (95% CI: 1.12-1.35)
greater risk; and road and dam construction, with a 1.59 times (95% CI: 1.34-1.88) greater
risk. Travelers in the area, a protective factor in 2003, became a risk factor with a 1.11 times
(95% CI: 1.07-1.15) greater risk in 2010. In 2005, agai production, with a 3.14 times (95% CI:
2.14-4.61) greater risk; agricultural settlements, with a 1.81 times (95% CI: 1.20-2.73) greater
risk; and Brazil nut production, with a 1.55 times (95% CI: 1.01-2.38) greater risk, were posi-
tively associated with P. vivax, as were vegetal product extraction, with a 1.02 times (95% CI:
1.01-1.03) greater risk; industrial mining, with a 1.27 times (95% CI: 1.14-1.40) greater risk;
and road and dam construction, with a 1.42 times (95% CI: 1.23-1.62) greater risk. In 2010,
acail production was associated with a 5.46 times (95% CI: 3.74-7.96) greater risk of Plasmo-
dium transmission. A similar pattern was true for Brazil nut production, with a 3.85 times
(95% CI: 2.55-5.83) greater risk; and agricultural settlements, with a 4.46 times (95% CI: 2.08-
9.54) greater risk. In 2013, agai production with 4.76 (95% CI: 3.23-7.01), Brazil nuts produc-
tion with 2.05 (95% CI: 1.37-3.07), and agricultural settlements with 3.73 (95% CI: 1.44-9.62)
were positively associated with Plasmodium incidence.

Table 5 shows the results of zero-inflated binomial regression models for the dependent
variable “all malaria cases” and potential risk factors. Regarding economic production, for all
four years, the associations were similar to those for P. vivax. In 2003, the increased likelihood
of malaria transmission was as follows: municipalities with agai production had a 3.63 times
(95% CI: 2.61-5.05) greater risk, and municipalities with Brazil nut production has a 2.63
times (95% CI: 1.81-3.83) greater risk. For occupations, there was a positive association with
industrial mining, 1.20 (95% CI: 1.12-1.27), and road and dam construction, 1.54 (95% CI:
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Table 3. Risk factors of malaria associated with occupation for P. falciparum by years.

Variables

2003

2005

2010

2013

RR (95% CI)

RR (95% CI)

RR (95% CI)

RR (95% CI)

Distal Level

Mega-projects
Roads and dams

0.74 (0.67-0.82)

Industrial mining

Economic

Per capita GDP

Regionalization

Central Amazon

3.52 (2.39-5.19)

2.16 (1.41-3.29)

1.7 (1.08-2.69)

2.69 (1.58-4.56)

South and west Hiléia settlement zone

10.53 (6.40-17.35)

17.29 (9.95-30.04)

8.15 (4.50-14.75)

17.51 (9.23-33.21)

Consolidated settlement zone

1

1

1

1

Intermediate Level

Production

Agai

1.98 (1.40-2.84)

1.86 (1.22-2.85)

5.45 (3.44-8.64)

Agricultural settlements

Brazil nuts

2.49 (1.69-3.67)

2.25 (1.43-3.55)

3.67 (2.34-5.75)

Proximal Level
Types of Occupation

Tourism

Agriculture

1.02 (1.01-1.03)

1.04 (1.02-1.05)

1.05 (1.03-1.08)

Illegal mining

0.98 (0.98-0.99)

Vegetal product extraction

1.01 (1.01-1.03)

1.03 (1.01-1.04)

1.14 (1.07-1.21)

1.59 (1.24-2.05)

Travelers - 0.97 (0.97-0.98) - 1.72 (1.22-2.43)
Gender - - - -
Male 1.02 (1.01-1.02) - 1.01 (1.01-1.02) -
Female 0.98 (0.97-0.99) - - -
Municipalities with malaria 369 349 263 161
Total cases 53,057 87,931 30,293 20,882
Total municipalities 771

Note: Number of malaria cases was adjusted by zero-inflated negative binominal regression
Source: Malaria Epidemiological Surveillance Information System (SIVEP-Malaria)/Health Surveillance Department, Ministry of Health (SVS/MS). [23]

https://doi.org/10.1371/journal.pone.0217615.t003

1.36-1.75). In 2005, agai production and Brazil nut production were associated with increases
in malaria incidence on the order of 4.73 (95% CI: 3.19-7.01) and 2.02 (95% CI: 1.34-3.05),
respectively. The work most significantly associated with malaria was road and dam construc-
tion (1.21; 95% CI: 1.08-1.36). In 2010, malaria was associated with agai production, with a
4.77 times (95% CI: 3.27-6.97) greater risk; agricultural settlements, with a 4.20 times (95% CI:
1.97-8.96) greater risk; and Brazil nut production, with a 4.27 times (95% CI: 2.83-6.43)
greater risk. In 2013, Brazil nut production remained positively associated with malaria, with a
3.00 times (95% CI: 1.95-4.60) greater risk, while road and dam construction (0.84, 95% CI:
0.81-0.89) served as a protective factor.

Discussion

Malaria incidence in the Brazilian Amazon has dropped significantly in the last decade, with
the number of reported cases decreasing by half (Siqueira et al. 2016). However, malaria con-
trol measures have not been as successful in the south and west Hiléia settlement zone.
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Table 4. Risk factors of malaria associated with occupation for P. vivax by years.

Variables

2003

2005

2010

2013

RR (95% CI)

RR (95% CI)

RR (95% CI)

RR (95% CI)

Distal Level

Mega-projects

Roads and dams

1.59 (1.34-1.88)

1.42 (1.23-1.62)

0.85 (0.81-0.89)

Industrial mining

1.23 (1.12-1.35)

1.27 (1.14-1.40)

Economic

Per capita GDP

Regionalization

Central Amazon

2.2 (1.57-3.07)

2.97 (2.01-4.42)

3.35 (2.31-4.86)

2.3 (1.54-3.43)

South and west Hiléia settlement zone

8.76 (5.59-13.83)

12.14 (7.35-20.05)

10.19 (6.03-17.23)

11.04 (6.48-18.77)

Consolidated settlement zone

1

1

1

1

Intermediate Level

Production

Agai

3.14 (2.14-4.61)

5.46 (3.74-7.96)

4.76 (3.23-7.01)

Agricultural settlements

1.81 (1.20-2.73)

4.46 (2.08-9.54)

3.73 (1.44-9.62)

Brazil nuts

1.55 (1.01-2.38)

3.85 (2.55-5.83)

2.05 (1.37-3.07)

Proximal Level

Types of Occupation

Tourism

Agriculture

Illegal mining

Vegetal production Extraction

1.01 (1.01-1.02)

1.02 (1.01-1.03)

1.09 (1.01-1.18)

Travelers 0.98 (0.98-0.99) - 1.11 (1.07-1.15) -
Gender - - - -
Male - - - -
Female - - - -
Municipalities with malaria 542 506 435 346
Total cases 226,478 311,317 198,587 134,032

Total municipalities

771

Note: Number of malaria cases was adjusted by zero-inflated negative binominal regression
Source: Malaria Epidemiological Surveillance Information System (SIVEP-Malaria)/ Health Surveillance Department. Ministry of Health (SVS/MS). [23]

https://doi.org/10.1371/journal.pone.0217615.t1004

Moreover, “frontier malaria” has continued to expand in municipalities located in the expan-
sion region of the agricultural frontier [22] due to a combination of biological, environmental,
and socioeconomic factors favorable to transmission [35] [36] [26]. Historically, malaria has
been controlled or eliminated in various places, only to reemerge with even greater force due
to several factors [37]. This illustrates the vulnerability of this process and highlights the
importance of understanding the disease transmission dynamics over time in different settings
to maintain the gains achieved by malaria control and elimination programs [22] [38].
According to the findings, most of the malaria-positive municipalities were concentrated in
the south and west Hiléia settlement zone, where a marked API increase occurred between
2004 and 2008. This zone experienced a marked decrease compared to the other regions in
2009 and a higher concentration of P. falciparum and P. vivax cases throughout the period,
with the most significant risk for P. vivax. Interestingly, contrary to previous studies [22] [3]
and partly as a consequence of the process of occupation of the economic frontier, most of the
areas where malaria occurred (formerly areas with forest fringes, industrial mining, illegal
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Table 5. Risk factors of malaria associated with occupation for all Plasmodium species by years.

Variables 2003 2005 2010 2013
RR (95% CI) RR (95% CI) RR (95% CI) RR (95% CI)
Distal Level
Mega-projects
Roads and dams 1.54 (1.36-1.75) 1.21 (1.08-1.36) - 0.84 (0.81-0.89)

Industrial mining

1.20 (1.12-1.27) - - -

Economic - - - -

Per capita GDP - - - -
Regionalization - - - -
Central Amazon 2.44 (1.73-3.43) 2.37 (1.58-3.55) 2.88 (1.99-4.18) 1.40 (0.93-2.08)
South and west Hiléia settlement zone 5.50 (3.55-8.52) 9.22 (5.62-15.14) 9.32 (5.51-15.77) 7.25(4.15-12.66)
Consolidated settlement zone 1 1 1 1
Intermediate Level

Production

Agai 4.73 (3.19-7.01) 4.77 (3.27-6.97) -
Agricultural settlements - - 4.20 (1.97-8.96) -

Brazil nuts 2.63(1.81-3.83) 2.02 (1.34-3.05) 4.27 (2.83-6.43) 3.00 (1.95-4.60)

Proximal Level

Types of Occupation

Tourism

- 1.10 (1.06-1.13) - -

Agriculture

Illegal mining

Vegetal production Extraction

- - 1.09 (1.06-1.12) -

Travelers

Gender

Male

Female

Municipalities with malaria

560 524 449 390

Total cases

292,590 419,095 236,243 164,484

Total municipalities

771

Note: Number of malaria cases was adjusted by zero-inflated negative binominal regression.
Source: Malaria Epidemiological Surveillance Information System (SIVEP-Malaria)/Health Surveillance Department, Ministry of Health (SVS/MS). [23]

https://doi.org/10.1371/journal.pone.0217615.t005

mining, agriculture, road construction, deforestation, and agai and Brazil nut extraction) were
concentrated along the Amazon River and in the extractive reserves [39] [22] [40]. This study
aimed to integrate evidence-based disease surveillance and control by ranges or zones of terri-
torial occupation of the economic frontier according to economic activities.

The National Malaria Control Program (PNCM), which establishes disease control policy,
increased its activities during the study period. Programs to reduce malaria morbidity
expanded in 2015 compared to the relatively few programs in 2000.

The study also showed a clear lack of synchrony between the prevailing malaria control pro-
grams and the occupation model of the pioneer fronts, as there are still specific geographic
locations favoring disease transmission. Frontier malaria usually occurs in locations with weak
institutions, minimal community cohesiveness, political marginalization of settlers, and high
rates of internal and external migration, with sufficient human mobility to ensure the spread
of Plasmodium spp. [22]. Malaria in these areas is closely associated with deforestation and
agriculture and with the unplanned development of new agricultural settlements and is
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facilitated by the failures of former settlements and by settlers’ attempts to avoid new episodes
of the disease [40]. This dynamic setting combined with these conditions severely limits orga-
nizational attempts to minimize the malaria risk in tropical ecosystems and serves to promote
disease transmission.

Malaria risk according to economic activity

The extractive harvesting of acai and Brazil nuts is associated with an increased risk of malaria
transmission, especially P. falciparum. According to our results, farmers or agricultural work-
ers and travelers showed a nearly two-fold increased risk of P. falciparum infection. Mean-
while, there was a gradual decrease in malaria incidence associated with industrial mining,
illegal mining, and road and dam construction, and these activities appeared to act as a protec-
tive factor against Plasmodium infection in the respective municipalities. Several international
studies have shown an increased risk of malaria transmission in rural areas where people are
involved in extractive activities [22] [25] [3] [14] [38] [41] [40] [42] [43] [44] [24]. In the Bra-
zilian Amazon, a survey in 2000-2005 concluded that municipalities where 0.7% of the
remaining forests were selectively exploited had a higher risk of malaria (1.72, 95% CI: 1.18-
2.51) compared to areas with the highest selective logging rates, which had a lower risk (0.39,
95% CI: 0.23-0.67) (Hahn, Gangnon, Barcellos, Asner, & Patz, 2014). Several studies have also
documented malaria transmission in agricultural settlements in the Amazon, emphasizing the
importance of differentiated control measures according to the stage of the settlement project
(recent or past implementation) and the levels of transmission in each location [22] [25] [3]
[14] [38] [41] [40] [42] [43] [44] [24]. More recently, another study found evidence that prox-
imity to forest fringes increases the malaria incidence, especially in locations close to environ-
mental protection areas (EPA) where plant extractive activities usually occur [45].

In the south and west Hiléia settlement zone, the risk and exposure to malaria in acai
extractive or cultivated production areas varies by region. For example, in the Amazonian
estuary, the risk increased during the peak harvest season in July and August. From November
to May, the possible areas for malaria transmission are those with cultivated agai in the state of
Amazonas (Codajas, Itacoatiara, Careiro, Urucara, Parintins, and Maués) and with extractive
acal activities (Tefé, Coari, Codajas, and Manaquir). In Amapa, the high-risk areas are concen-
trated in Mazagdo, Serra do Navio, Pedra Branca, Santana, and Macapa from August to
December. Risk occurs year round in the municipalities of Cruzeiro do Sul, Méancio Lima,
Marechal Thaumaturgo, Porto do Acre, and Rodrigues Alves in the state of Acre, and in the
state of Rondonia, the risk is associated with cultivated acai from January to June in Porto
Velho [46].

Agai and Brazil nut extraction and cultivation are mostly concentrated in rural floodplains
[47] [48] that favor the development and permanence of immature anophelines, mainly
Anopheles darlingi, the principal malaria vector in the Amazon [49]. Water samples collected
from forest fringes were more likely to be positive for An. darling larvae [49].

In the south and west Hiléia settlement and Central Amazon zones, the highest malaria
incidence occurred in areas with Brazil nut extraction, located mainly in the states of Acre,
Amazonas, and Para, where the annual harvests occur. In Roraima, the harvest season runs
from March to September since meteorological conditions differ from the other Amazonian
states. The states of Maranhao, Mato Grosso, and Tocantins also have some areas with Brazil
nut extraction. Health services must focus on detection in December or January, except in
Roraima where detection is from March to September, due to the environmental conditions
and set goals for the containment of epidemics in these extractive production zones [46].
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This regional analysis of the Brazilian Amazon showed differences in the spatial distribu-
tion of malaria, clearly determined by the methods of territory occupation spatially and over
time. P. falciparum and P. vivax cases associated with potential risk factors over time were
used to assess malaria trends associated with occupation of the Amazonian frontier. Consider-
ing the three main zones of occupation in the Amazon, there was only a marked increase in
malaria risk in the south and west Hiléia settlement zone between 2003 and 2013. In 2005, this
subregion showed a 12.14 times (95% CI: 7.35-20.05) greater risk for P. vivax infection. In
2013, the increased risk was 17.51 times (95% CI: 9.23-33.21) greater in municipalities with P.
falciparum cases. This overview of regions with increased risk of malaria highlights the impor-
tance of integrating evidence-based surveillance and disease control by ranges or zones of ter-
ritorial occupation along the economic frontier.

This study emphasizes the importance of malaria risk according to territorial occupation
zones. Each zone, with its individual economic specialization, has areas and individuals who
can be affected differently by the dynamics of the health-disease process. This study highlights
common characteristics of the localities that help explain how the disease behaves depending
on the prevailing environmental conditions. For example, in the south and west Hiléia settle-
ment zone (the new mobile frontier for the exploitation of natural resources), malaria’s spatial
dispersion displays marked heterogeneity. In this subregion, malaria is strongly associated
with deforestation and subsistence agriculture due to the unplanned development of new agri-
cultural settlements [45].

One hypothesis suggests that the decreasing malaria incidence is associated with new forms
of occupation of the economic frontier, with export-oriented market mechanisms. This is par-
alleled by the frontier workers’ mobility due to the lack of governmental policies for organized
territorial settlement. This mobility increases the frontier workers’ vulnerability, with greater
risk of exposure to infection. These findings corroborate previous studies emphasizing the role
of mobility and area closure (postfrontier rationale) in the spatial dispersion of malaria in the
postfrontier stage, probably due to a combination of the following: (i) expanded mechanized
soybean monoculture, extensive agriculture, energy infrastructure projects (e.g., the Madeira
and Belo Monte hydroelectric dams), and industrial mining [46]; (ii) the establishment of pro-
tected areas and reduced deforestation regions [50] [42]; (iii) the introduction of cattle grazing
as part of established soybean and corn crop rotations [50], leading to the further concentra-
tion of land ownership and thus clearing fields and transferring infection risks to periurban
areas [22]; and (iv) the development of local surveillance and health care systems [43].

Mobility, spatial spread, and malaria

An important development in the Brazilian Amazon was reduced interregional migration,
suggesting that migration in the region was driven by specific projects associated with recent
Federal government policies such as “Brasil em A¢do” (Brazil in Action) and the Growth Accel-
eration Program (PAC) [19] [51]. In other words, migration in the region was determined by
specific projects that potentially attracted Brazilians to the states of Amazonas, Acre, Amapa,
and southwest of Par4, all of which experienced growing populations [52]. There has also been
significant population growth in urban areas, especially regional urban hubs and medium-
sized cities [53].

The south and west Hiléia settlement and Central Amazon zones showed a malaria risk in
all the years studied. However, there was a decrease in cases due to reduced economic activity
in the migratory frontiers in recent years, meaning the Brazilian Amazon had a lower rate of
migration to rural areas. Highly extensive agricultural activities (livestock, soybeans, cotton)
have led to a reduced labor force and reduced migration to rural areas [54]. Meanwhile, the
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region showed stable urbanization during the same period, with towns and cities becoming
the last option for migrants (a situation further aggravated by poor urban infrastructure, work
and employment conditions in the region’s towns and cities) [53].

Public services were effective in the consolidated settlement zone, which had large cities
and a dense road network. This zone did not contribute to malaria spread in the region due to
the reduced natural habitats for anopheline mosquito reproduction.

The current study corroborates several previous studies on malaria spread and mobility
[55] [56] [57], showing that human migration to endemic malaria areas increases the risk of
infection by thirty-fold. There are three stages in the spread of frontier malaria [8]: the first
stage is marked by a rapid increase in malaria incidence in the early years of agricultural settle-
ment projects. The second stage shows a progressive decline in malaria rates after three years
due to improved environmental and socioeconomic conditions in agricultural settlements.
Finally, the third stage is stability, with low malaria incidence as a result of urbanization,
increasing sense of community, improved socioeconomic conditions, and a reduction in envi-
ronmental changes. In 2003, the contiguous distribution of malaria occurred in the Central
Amazon and south and west Hiléia settlement zones. This contiguous distribution and subse-
quent reduction were evident in the 2005 epidemic in the south and west Hiléia settlement
zone; in 2013, malaria distribution was concentrated in the south and west Hiléia settlement
zone, specifically in the states of Amapa, Amazonas, and Roraima [35].

In the current study, municipalities with important agricultural colonization and environ-
mental protection areas for agai and Brazil nut extraction were associated with the spread of
malaria. In these areas with regular and intense human circulation, the proportion of recent
immigrants is assumed to be large, as is the proportion of young men in the population. These
municipalities are characterized by immigration and substandard living conditions; therefore,
these areas are socially vulnerable to malaria and maintain endemicity with high incidence
rates [22] [14] [58] [44]. Forest conservation in environmental protection areas can increase
the disease prevalence in the vector species [24] [59] [60], while the risk for transmission is
reduced in deforested areas of the Brazilian Amazon, which is generally covered by shrubs and
secondary vegetation, where forests tend to be replaced by pastures and soybean crops [61].

The observations of the economic activities and social mobility showed that malaria risk
was highest in individuals working in vegetal product extraction (agai and Brazil nuts) and
agricultural settlements, the latter specifically in the south and west Hiléia settlement zone.
The highest malaria risk for vegetal extraction activities was in young men, corroborating sev-
eral other studies and reflecting social determination and gender asymmetry in malaria inci-
dence. The literature shows that work near forest areas is mostly done by men and that the
mean number of malaria cases per month and per person tends to be higher in men than in
women [50].

Importantly, malaria risk can be associated with situations of social stratification caused by
differential access to land (i.e., workers’ activity on the economic frontier according to land
tenure and transformations in soil use observed over time) and the social mobility of individu-
als or families. In the Brazilian Amazon, trends in human mobility are not strictly linear.
Many people are in a cyclical transition between different stages of social stratification and dis-
placement on the economic frontier, and they can often be categorized differently at different
times; for example, a poor migrant with the social status of an illegal miner can become a set-
tler or landless squatter, or a settler can transform from small farmer to medium-sized or large
cattle rancher [62].

Circular migration in the Amazon is highly common. It occurs when the land, labor, ser-
vices, markets and preexisting social structures are marked by the concentration of land and
natural resources, fueling the marginalization of people and social inaccessibility, facilitating
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poor living conditions and a higher likelihood of displacement, social mobility, and the devel-
opment of adverse health conditions for malaria [54] [63] [64].

Malaria control on the Amazonian frontier

The implementation of the National Malaria Control Program (PNCM) in 2003 led to fluctua-
tions in transmission of the disease, and 2003 and 2005 were marked by periods of major epi-
demics followed by periods of reduced disease spread. Brazil achieved the Millennium Goal in
2015 with a reduction in malaria cases of more than 75% compared to the number of cases in
2000. In the last 15 years, the country has reported an average of 320,000 annual cases, which
is 50% of all malaria cases in the Americas [1].

The PNCM intensified its malaria control activities with an important increase in the net-
work of microscopy laboratories, a free supply of long-lasting insecticide-treated mosquito
nets (ITNs), indoor spraying focused in areas with increased risk, and improved community
awareness and education [65].

The P. vivax/P. falciparum ratio in Brazil increased from 3.8:1 in 2003 to 4.9:1 in 2013 and
7.8:1 in 2016. The ratio was approximately 1:1 until 1989. The introduction of combination
therapies with artemisinin derivatives (ACTs) for the treatment of P. falciparum in 2007 was
undoubtedly instrumental in reducing malaria cases in the country [66]. The expanded diag-
nostic network and inclusion of rapid diagnostic tests (RDT's) contributed to this decline by
interrupting the P. falciparum transmission chain, since P. falciparum takes 7 to 10 days after
the onset of symptoms to produce infectious gametocytes [39].

In 2003, the Brazilian Ministry of Health implemented an information system for the epide-
miological surveillance of malaria (SIVEP-Malaria), which allows disease case monitoring and
real-time updating by municipal health systems, although this does not always occur. Although
the system is simple, it is not always used by municipal managers to assess the epidemiological
situation and issue prompt alerts at the onset of epidemics. A study in 2010 using SIVEP data
showed that epidemics occurred in 41.9% of the municipalities in the endemic area, lasted 1-4
months in 58.3% of the municipalities, 5-8 months in 24.3% of the municipalities, and 9-12
months in 17.4% of the municipalities [39]. For control and elimination of the disease, ade-
quate use of this information system can be key for assessing the epidemiological situation,
detecting the early onset of epidemics and observing their main determinants to contain out-
breaks and make appropriate response decisions.

Regardless of the frontier workers’ mobility, moving from deforested areas to environmen-
tal protection areas exposes workers to different risk situations and thus requires close moni-
toring by malaria control policymakers.

Study limitations

The study had three important limitations. First, it drew mainly on secondary data, with the
potential for inaccurate information and omission of relevant variables. More than one posi-
tive test may have been performed and reported for the same malaria case (overreporting),
and some cases may not have been reported due to an incorrect diagnosis. Second, the annual
parasite incidence (API) was adopted as an indicator of malaria transmission risk and was
used to classify areas by an estimated disease incidence rate. The API consisted of counting
positive tests rather than actual cases of the disease. Third, since the API spatial interpolation
only provided an estimate of a value based on other known values, the distribution of malaria
cases and low data density in some municipalities may have impacted the quality of the results.
Additionally, the resolution of the interpolation grids must be consistent with the resolution of
the sample grids. We emphasize that these three limitations are typical of studies conducted on
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regional geographic scales, demonstrating the difficulty in determining inherent relations
between local dynamics and broader regional scales, the results of which may or may not be
generalizable to a broader spatial context and may overlook many of the local complexities of
malaria transmission.

Conclusion

The study aimed to elucidate the associations between types of economic occupation, social
mobility, and regionalization of territorial occupation and the incidence of malaria. Analyzing
the dynamics of infection by type of economic activity, Plasmodium species, and modeling
strategies at the regional scale, we aimed to observe the spatial-temporal variations in malaria
rates to identify specific patterns in the transmission of the disease in different areas of territo-
rial occupation.

Describing malaria in the postfrontier stage of the Brazilian Amazon assumes that the dis-
ease displays different temporal and spatial dissemination patterns, which are driven by the
replacement of high incidence rates caused by occupation and ecological transformations due
to local deforestation combined with human migration. These conditions are altered by pro-
cesses of urbanization, which are interventions (especially with the introduction of imperme-
able surfaces and drains) that create environments that are inhospitable to Anopheles darlingi
larvae and are increasingly removed from the forest fringes, thereby substantially reducing
human exposure to the disease [67]. Currently, malaria is spatially concentrated in hotspots
along Amazon River channel and in the south and west Hiléia settlement zone, where environ-
mental protection areas and agai and Brazil nut extraction are concentrated. Thus, this study
characterized spatial patterns of disease transmission according to the economic activities and
regionalization of geographic spaces, confirming that infection is associated with productive
activity and labor flow linked to extractive activities and agricultural settlements, which can be
a useful tool in malaria surveillance for mapping risk areas.

We identified four distal socioenvironmental determinants of malaria (Distal Level) that act
as economic drivers interrelated with the risk of malaria in the Brazilian Amazon: roads, and
dam construction, industrial mining, Central Amazon and south and west Hiléia settlement
zone. However, the data suggest that the risk is persistently higher in the areas of the south and
west Hiléia settlement zone in each year and for each of the Plasmodium species and some-
what lower in the Central Amazon. Although, large projects as roads and dams construction
and industrial mining are also associated with the risk of malaria, strength of association is
lesser and it was not observed in all years and for all species studied. In fact, a couple of years it
appears as a protective factor. These factors increase the likelihood of malaria transmission,
considering that the dynamics of the malaria health-disease process can be affected differently
each zone according to territorial occupation, with its individual economic specialization. The
associations of intermediate level which corresponds to malaria exposure proxies can be
reduced to three distinct but interrelated social determinants: agai and Brazil nuts commercial
production and agricultural settlements appears persistently associated with the risk of becom-
ing ill in practically every year and for all Plasmodium. This risk is not so high for agricultural
settlements that was associated with of the disease by P. vivax but not for P. falciparum. In the
three cases, that kind of exposure actually increased the access of workers to regions at risk of
malaria, displacement to receptive areas that proximity to forest fringes, such as substandard
living conditions, contact increase with Anopheles vectors and high immigration of infected
populations. Finally, the proximal level corresponds to individual characteristics that influence
of malaria risks. In the current study, it was found as a determinant of proximal risk, a forestry,
as occupation which was seen in P. vivax and P. falciparum in practically all studied years,
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despite being weakly associated with malaria. Travelers and tourism, are known to be at
greater risk of malaria, however, it should be studied in more depth as well as male individuals
which has been associated with the risk to get sick for P. falciparum, but weakly. We postulate
that the risk to individuals working is greater because they disproportionately live situations of
social stratification caused by differential access to land and the social mobility of individuals
or families. If young men in the population move in endemics areas, with high incidence rates
and adverse social conditions, they might experience other social determinants, reflecting
social determination and gender asymmetry in malaria incidence.

Supporting information

S1 Table. Annual Parasite Index (API) and Plasmodium species according to year and
regionalization.
(XLSX)

Author Contributions

Conceptualization: Patricia Feitosa Souza, Diego Ricardo Xavier, Martha Cecilia Suarez
Mutis, Christovam Barcellos.

Data curation: Patricia Feitosa Souza.

Formal analysis: Patricia Feitosa Souza, Diego Ricardo Xavier, Martha Cecilia Suarez Mutis,
Jurema Corréa da Mota, Vanderlei Pascoal de Matos, Monica de Avelar Figueiredo Mafra
Magalhées, Christovam Barcellos.

Methodology: Patricia Feitosa Souza, Diego Ricardo Xavier, Martha Cecilia Suarez Mutis, Jur-
ema Corréa da Mota, Paulo Cesar Peiter, Vanderlei Pascoal de Matos, Christovam
Barcellos.

Project administration: Patricia Feitosa Souza, Christovam Barcellos.

Supervision: Patricia Feitosa Souza, Martha Cecilia Suarez Mutis, Paulo Cesar Peiter, Christo-
vam Barcellos.

Writing - original draft: Patricia Feitosa Souza, Diego Ricardo Xavier, Martha Cecilia Suarez
Mutis, Jurema Corréa da Mota, Christovam Barcellos.

Writing - review & editing: Patricia Feitosa Souza, Diego Ricardo Xavier, Martha Cecilia Sua-
rez Mutis, Jurema Corréa da Mota, Paulo Cesar Peiter, Vanderlei Pascoal de Matos, Monica
de Avelar Figueiredo Mafra Magalhées, Christovam Barcellos.

References

1. Organization WH. Health in 2015: from MDGs, millennium development goals to SDGs, sustainable
development goals.; 2015b. Available from: http://apps.who.int/iris/ bitstream/10665/200009/1/
9789241565110_eng.pdf.

2. Peiter PC. Geografia da saude na faixa de fronteira continental do Brasil na passagem do milénio. [The-
sis] Rio de Janeiro: Instituto de Geociéncias, Universidade Federal do Rio de Janeiro; 2005.

3. Silva NS, Silva-Nunes M, Malafronte RS, Menezes MJ, D’Arcada RR, Komatsu NT, et al. Epidemiology
and control of frontier malaria in Brazil: lessons from community-based studies in rural Amazonia. Trans
R Soc Trop Med Hyg. 2010; 104: p. 343-350. https://doi.org/10.1016/j.trstmh.2009.12.010 PMID:
20106494

Crocia N. The frontier cycle. In. Durham: University of Durham; 1994. p. 32.

5. Monte-Mér RL. Urbanizagdo extensiva e l6gicas de povoamento: um olhar ambiental. Territdrio, globali-
zacéao e fragmentacéo. In. Sdo Paulo: Hucitec; ANPUR; 1994. p. 169-181.

PLOS ONE | https://doi.org/10.1371/journal.pone.0217615 June 18,2019 22/25


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0217615.s001
http://apps.who.int/iris/
https://doi.org/10.1016/j.trstmh.2009.12.010
http://www.ncbi.nlm.nih.gov/pubmed/20106494
https://doi.org/10.1371/journal.pone.0217615

@ PLOS|ONE

Malaria and economic frontier expansion

10.

11.

12

13.

14.

15.

16.
17.

18.

19.
20.
21.

22,

23.

24,

25.

26.

27.

28.
29.

Sathler D, Monte-Mér RL, Carvalho JA. As redes para além dos rios: urbanizagéo e desequilibrios na
Amazonia brasileira. Nova Economia. 2009; 19(1): p. 11-39. http://dx.doi.org/10.1590/S0103-
63512009000100002. 10.1000/182

Monte-Moér RL. Urbanizacdo e modernidade na Amazénia contemporanea. In Limonad E, Haesbaert
R, Moreira R, editors. Brasil Século XXI por uma nova regionalizagdo? Sao Paulo: Max Limonard;
2004. p. 112—-122.

Sawyer DR. Malaria and the environment. In. Brasilia: Instituto SPN; 1992.

Prosper O, Ruktanonchai N, Martcheva M. Assessing the role of spatial heterogeneity and human
movement in malaria dynamics and control. J Theor Biol. 2012; 21(303): p. 1-14. https://doi.org/10.
1016/}.jtbi.2012.02.010

Charlwood JD. Biological variation in Anopheles darlingi Root. Mem Inst Oswaldo Cruz. 1996; 91(4): p.
391-398. https://doi.org/10.1590/s0074-02761996000400001 PMID: 9070397

Rejmankova E, Rubio-Palis Y, Villegas L. Larval habitats of anopheline mosquitoes in the Upper Ori-
noco, Venezuela. J. Vector Ecol. 1999; 24: p. 130-137. PMID: 10672542

Sinka ME, Rubio-Palis Y, Manguin S, Patil AP, Temperley WH, Gething PW, et al. The dominant
Anopheles vectors of human malaria in the Americas: occurrence data, distribution maps and bionomic
precise. Parasit Vectors. 2010; 3: p. 1-26. https://doi.org/10.1186/1756-3305-3-1

Lana RM, Riback T, Lima Tl, Silva-Nunes M, Cruz OG, Oliveira FG, et al. Socioeconomic and demo-
graphic characterization of an endemic malaria region in Brazil by multiple correspondence analysis.
Malar J. 2017; 16: p. 397. https://doi.org/10.1186/s12936-017-2045-z PMID: 28969634

Hahn MB, Gangnon RE, Barcellos C, Asner GP, Patz JA. Influence of deforestation, logging, and fire on
malaria in the Brazilian Amazon. Plos One. 2014; 9(1): p. e85725. https://doi.org/10.1371/journal.pone.
0085725 PMID: 24404206

Valle D, Lima JM. Large-scale drivers of malaria and priority areas for prevention and control in the Bra-
zilian Amazon region using a novel multi-pathogen geospatial model. Malar J. 2014; 20(13): p. 443.
https://doi.org/10.1186/1475-2875-13-443

Monbeig P. Pioneiros e fazendeiros de Sdo Paulo. 2nd ed. Sao Paulo: Hucitec; 1998.

Larsen PB. Post-frontier resource governance. Indigenous rights, extraction and conservation in the
Peruvian Amazon London: Palgrave Macmillan; 2015.

Browder JO, Pedlowski MA, Walker RT, Wynne RH, Summers PM, Abad A, et al. Revisiting theories of
frontier expansion in the Brazilian Amazon: a survey of the colonist farming population in Rondonia’s
post-frontier, 1992—2002. World Development. 2008; 36(8): p. 1469—-1492. https://doi.org/10.1016/].
worlddev.2007.08.008

Becker BK. Amazonia: geopolitica na virada do Il milénio. Rio de Janeiro: Garamond; 2004.
Instituto Brasileiro de Geografia e Estatistica. Censo agropecuario. Rio de Janeiro: IBGE; 2010.

Tauil PL, Deane L, Sabroza PC, Ribeiro C. A malaria no Brasil. Cad Saude Publica. 1985; 1:p. 71—
111.

Castro MC, Monte-Mér RL, Sawyer DO, Singer BH. Malaria risk on the Amazon frontier. Proc Natl Acad
Sci U S A. 2006; 103(7). https://doi.org/10.1073/pnas.0510576103

Brasil, Ministério da Saude, Secretaria de Vigilancia em Salde. Sistema de Informagéo de Vigilancia
Epidemioldgica da Malaria. [Online]. Available from: http://www.webcitation.org/getfile ?fileid=
37cb614143090770979ba9a8d3325a07e3fd5204.

Moutinho PR, Gil LH, Cruz RB, Ribolla PE. Population dynamics, structure and behaviour of Anopheles
darlingi in a rural settlement in the Amazon rainforest of Acre, Brazil. Malar J. 2011; 10: p. 174. hitps://
doi.org/10.1186/1475-2875-10-174 PMID: 21702964

Silva-Nunes M. Impacto de alteragdes ambientais na transmisséo da malaria e perspectivas para o
controle da doenga em areas de assentamento rural da Amazoénia Brasileira. Oecologia Australis.
2010; 14(3): p. 603-622. https://doi.org/10.4257/0ec0.2010.1403.02

Sampaio VS, Siqueira AM, Alecrim MD, Mourdao MP, Marchesini PB, Albuguerque BC, et al. Malaria in
the State of Amazonas: a typical Brazilian tropical disease influenced by waves of economic develop-
ment. Rev Soc Bras Med Trop. 2015; 48(Supl. 1): p. 4—11. https://doi.org/10.1590/0037-8682-0275-
2014

Agresti A. Wiley series in probability and statistics. In Agresti A. Analysis of ordinal categorical data.
2nd ed. London: Wiley; 2002. p. 397—405.

Instituto Brasileiro de Geografia e Estatistica. Censo demografico. Rio de Janeiro: IBGE; 2000.

Instituto Nacional de Colonizagédo eReforma Agraria. Incra nos Estados: informacgdes gerais sobre os
assentamentos da Reforma Agraria. INCRA. [Online].; 2010. Available from: http://painel.incra.gov.br/
sistemas/index.php.

PLOS ONE | https://doi.org/10.1371/journal.pone.0217615 June 18,2019 23/25


http://dx.doi.org/10.1590/S0103-63512009000100002
http://dx.doi.org/10.1590/S0103-63512009000100002
https://doi.org/10.1016/j.jtbi.2012.02.010
https://doi.org/10.1016/j.jtbi.2012.02.010
https://doi.org/10.1590/s0074-02761996000400001
http://www.ncbi.nlm.nih.gov/pubmed/9070397
http://www.ncbi.nlm.nih.gov/pubmed/10672542
https://doi.org/10.1186/1756-3305-3-1
https://doi.org/10.1186/s12936-017-2045-z
http://www.ncbi.nlm.nih.gov/pubmed/28969634
https://doi.org/10.1371/journal.pone.0085725
https://doi.org/10.1371/journal.pone.0085725
http://www.ncbi.nlm.nih.gov/pubmed/24404206
https://doi.org/10.1186/1475-2875-13-443
https://doi.org/10.1016/j.worlddev.2007.08.008
https://doi.org/10.1016/j.worlddev.2007.08.008
https://doi.org/10.1073/pnas.0510576103
http://www.webcitation.org/getfile?fileid=37cb614143090770979ba9a8d3325a07e3fd5204
http://www.webcitation.org/getfile?fileid=37cb614143090770979ba9a8d3325a07e3fd5204
https://doi.org/10.1186/1475-2875-10-174
https://doi.org/10.1186/1475-2875-10-174
http://www.ncbi.nlm.nih.gov/pubmed/21702964
https://doi.org/10.4257/oeco.2010.1403.02
https://doi.org/10.1590/0037-8682-0275-2014
https://doi.org/10.1590/0037-8682-0275-2014
http://painel.incra.gov.br/sistemas/index.php
http://painel.incra.gov.br/sistemas/index.php
https://doi.org/10.1371/journal.pone.0217615

@ PLOS|ONE

Malaria and economic frontier expansion

30.

31.
32.

33.

34.

35.

36.

37.

38.

39.

40.

4,

42,

43.

44.

45.

46.
47.
48.

49.

50.

51.

Isaaks EH, Srivastava RM. An introduction to applied geostatistics New York: Oxford University Press;
1989.

Cressie N. Statistics for spatial data. New York: Wiley; 1991.

Berveglieri A, Meneguette Junior M, Piteri MA. Aplicacéo do interpolador krigagem em modelos digitais
de terrenos, comparando-se os casos de isotropia e anisotropia. In Anais XV Simpdsio Brasileiro de
Sensoriamento Remoto—SBSR; 30 abr.-05 maio 2011; Curitiba, PR: INPE. p. 22-28.

Lewsey JD, Thomson WM. The utility of the zero-inflated Poisson and zero-inflated negative binomial
models: a case study of cross-sectional and longitudinal DMF data examining the effect of socio-eco-
nomic status. Community Dent Oral Epidemiol. 2004; 32(3): p. 183—189. https://doi.org/10.1111/j.
1600-0528.2004.00155.x PMID: 15151688

Rojas LI, Toledo LM. Espago e doenga: um olhar sobre o Amazonas. In. Rio de Janeiro: Editora Fio-
cruz; 1998.

Rosa-Freitas MG. An ecoregional classification for the state of Roraima, Brazil: the importance of land-
scape in malaria biology. Mem Inst Oswaldo Cruz. 2007; 102(3): p. 349-358. https://doi.org/10.1590/
s0074-02762007005000052 PMID: 17568941

Barros FS, Arruda ME, Gurgel HC, Honorio NA. Spatial clustering and longitudinal variation of Anophe-
les darlingi (Diptera: Culicidae) larvae in a river of the Amazon: the importance of the forest fringe and of
obstructions to flow in frontier malaria. Bull Entomol Res. 2011; 101(6): p. 643—658. https://doi.org/10.
1017/S0007485311000265 PMID: 21729392

Cohen JM, Smith DL, Cotter C, Ward A, Yamey G, Sabot OJ, et al. Malaria resurgence: a systematic
review and assessment of its causes. Malar J. 2012; 11: p. 1-17. hitps://doi.org/10.1186/1475-2875-
11-1

Ferreira MU, Castro MC. Challenges for malaria elimination in Brazil. Malar J. 2016; 15(1): p. 284.
https://doi.org/10.1186/s12936-016-1335-1 PMID: 27206924

Braz RM, Duarte EC, Tauil PL. Characteristics of malaria epidemics in the municipalities of the Brazilian
Amazon, 2010. Cad. Saude Publlica. 2013; 29(5): p. 935—44.

Guimaraes RM, Valente BC, Faria PA, Stephanelli LL, Chaiblich PV, Arjona FB. Deforestation and
malaria incidence in the legal Amazon Region between 1996 and 2012. Cad Saude Coletiva. 2016; 24
(1): p. 3-8. https://doi.org/10.1590/1414-462X201500040125

Braz RM, Guimaraes RF, Carvalho Junior OA, Tauil PL. Dependéncia espacial das epidemias de
maldria em municipios da Amazonia Brasileira. Rev Bras Epidemiol. 2014; 17(3): p. 615-628. https://
doi.org/10.1590/1809-4503201400030004 PMID: 25272256

Vasconcelos CH, Novo EM, Donalisio MR. Use of remote sensing to study the influence of environmen-
tal changes on malaria distribution in the Brazilian Amazon. Cad Saude Publica. 2006; 22(3): p. 517—
26. https://doi.org/S0102-311X2006000300006 PMID: 16583095

Oliveira-Ferreira J, Lacerda MV, Brasil P, Ladislau JL, Tauil PL, Daniel-Ribeiro CT. Malaria in Brazil: an
overview. Malaria J. 2010; 9(1): p. 115. https://doi.org/10.1186/1475-2875-9-115

Castro MC, Singer BH. Meio ambiente e saiide: metodologia para analise espacial da ocorréncia de
malaria em projetos de assentamento. Rev Bras Estud Popul. 2007; 24: p. 247-62. https://doi.org/10.
1590/S0102-30982007000200005

Valle D, Clark J. Conservation efforts may increase malaria burden in the Brazilian Amazon. PLoS One.
2013; 8(3): p. €57519. https://doi.org/10.1371/journal.pone.0057519 PMID: 23483912

Agéncia Embrapa de Informagao Tecnoldgica. Brasilia: Ageitec; 2017.
Nogueira OL, Figueirédo FJ, Miller AA. Acai. In. Belém: Embrapa Amazénia Oriental; 2005.

Empresa Brasileira de Pesquisa Agropecuaria. Manejo de Acaizais Nativos de Florestas de Varzea
para a Producéo de Frutos. Embrapa; 1999. Available from: https://www.embrapa.br/amazonia-
oriental/busca-de-solucoes-tecnologicas/-/produto-servico/638/manejo-de-acaizais-nativos-de-
florestas-de-varzea-para-producao-de-frutos.

Barros FS, Hondrio NA. Deforestation and Malaria on the Amazon Frontier: Larval Clustering of Anoph-
eles darlingi (Diptera: Culicidae) Determines Focal Distribution of Malaria. Am J Trop Med Hyg. 2015;
93(5): p. 939-953. https://doi.org/10.4269/ajtmh.15-0042 PMID: 26416110

Coy M, Klingler M, Kohlhepp G. De frontier até pds-frontier: regides pioneiras no Brasil dentro do pro-
cesso de transformagéo espago-temporal e sécio-ecoldgico. Confins—Revista Franco-Brasilera de
Geografia. 2017; 30. http://journals.openedition.org/confins/11683.

Rocha GM, Gongalves SF. Consideragdes sobre a federalizagéo e a gestdo compartilhada do territdrio
na Amazonia brasileira. Confins. Revista Franco-Brasilera de Geografia. 2017; 30. http:/journals.
openedition.org/confins/11665.

PLOS ONE | https://doi.org/10.1371/journal.pone.0217615 June 18,2019 24/25


https://doi.org/10.1111/j.1600-0528.2004.00155.x
https://doi.org/10.1111/j.1600-0528.2004.00155.x
http://www.ncbi.nlm.nih.gov/pubmed/15151688
https://doi.org/10.1590/s0074-02762007005000052
https://doi.org/10.1590/s0074-02762007005000052
http://www.ncbi.nlm.nih.gov/pubmed/17568941
https://doi.org/10.1017/S0007485311000265
https://doi.org/10.1017/S0007485311000265
http://www.ncbi.nlm.nih.gov/pubmed/21729392
https://doi.org/10.1186/1475-2875-11-1
https://doi.org/10.1186/1475-2875-11-1
https://doi.org/10.1186/s12936-016-1335-1
http://www.ncbi.nlm.nih.gov/pubmed/27206924
https://doi.org/10.1590/1414-462X201500040125
https://doi.org/10.1590/1809-4503201400030004
https://doi.org/10.1590/1809-4503201400030004
http://www.ncbi.nlm.nih.gov/pubmed/25272256
https://doi.org/S0102-311X2006000300006
http://www.ncbi.nlm.nih.gov/pubmed/16583095
https://doi.org/10.1186/1475-2875-9-115
https://doi.org/10.1590/S0102-30982007000200005
https://doi.org/10.1590/S0102-30982007000200005
https://doi.org/10.1371/journal.pone.0057519
http://www.ncbi.nlm.nih.gov/pubmed/23483912
https://www.embrapa.br/amazonia-oriental/busca-de-solucoes-tecnologicas/-/produto-servico/638/manejo-de-acaizais-nativos-de-florestas-de-varzea-para-producao-de-frutos
https://www.embrapa.br/amazonia-oriental/busca-de-solucoes-tecnologicas/-/produto-servico/638/manejo-de-acaizais-nativos-de-florestas-de-varzea-para-producao-de-frutos
https://www.embrapa.br/amazonia-oriental/busca-de-solucoes-tecnologicas/-/produto-servico/638/manejo-de-acaizais-nativos-de-florestas-de-varzea-para-producao-de-frutos
https://doi.org/10.4269/ajtmh.15-0042
http://www.ncbi.nlm.nih.gov/pubmed/26416110
http://journals.openedition.org/confins/11683
http://journals.openedition.org/confins/11665
http://journals.openedition.org/confins/11665
https://doi.org/10.1371/journal.pone.0217615

@ PLOS|ONE

Malaria and economic frontier expansion

52.

53.

54.

55.

56.

57.
58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Rocha GM. Aspectos recentes do crescimento e distribuicdo da populagdo da Amazénia brasileira. In
Aragdn LE. Populagdes da Pan-Amazonia. Belém: NAEA p. 141-152.

Cunha JM. Dinamica migratéria e o processo de ocupagéo do Centro-Oeste brasileiro: o caso de Mato
Grosso. R Bras Est Pop. 2013; 23(1): p. 87-107.

Machado LO. Urbanizagéo e mercado de trabalho na Amazonia Brasileira. Cadernos IPPUR. 1999; 13
(1): p. 109-138.

Osorio L, Todd J, Bradley DJ. Travel histories as risk factors in the analysis of urban malaria in Colom-
bia. Am J Trop Med Hyg. 2004; 71: p. 380-386. PMID: 15516630

Gatrell AC, Elliott SJ. Geographies of health: an introduction. 2nd ed. Malden, MA: Wiley-Blackwell;
2009.

Meade MS, Emch M. Medical geography. 3rd ed. New York: Guilford; 2010.

Bicalho AM, Hoefle S. On the cutting edge of the Brazilian frontier: new and old agrarian questions in
the South Central Amazon. Journal of Peasant Studies. 2008; 35(1): p. 1-38.

Deane LM. Malaria vectors in Brazil. Mem Inst Oswaldo Cruz. 1986; 81(Supl. Il): p. 5-14.

Povoa MM, Conn JE, Schlichting CD, Amaral JC, Segura MN, Carla CB, et al. Malaria vectors, epidemi-
ology, and the re-emergence of Anopheles darlingi in Belem, Para, Brazil. J Med Entomol. 2003; 40: p.
379-386. https://doi.org/10.1603/0022-2585-40.4.379 PMID: 14680100

Nepstad D, Soares-Filho B, Merry F, Lima A, Moutinho P, Carter J, et al. The end of deforestation in the
Brazilian Amazon. Science. 2009; 326: p. 1350—1351. https://doi.org/10.1126/science.1182108 PMID:
19965742

Fearnside PM. The roles and movements of actors in the deforestation of Brazilian Amazonia. Ecology
and Society. 2008; 13(1): p. 23.

Santos M. A natureza do espago. Técnica e tempo. Razao e emogdo Sao Paulo: Editora da Universi-
dade de Sao Paulo; 1996.

Silva SS. Valor e renda da terra. O movimento do capital no campo S&o Paulo: Editora da Universi-
dade de S&o Paulo; 1981.

Lima IS, Lapouble OM, Duarte EC. Time trends and changes in the distribution of malaria cases in the
Brazilian Amazon Region, 2004—2013. Mem Inst Oswaldo Cruz. 2017; 112(1): p. 8-18. https://doi.org/
10.1590/0074-02760160263 PMID: 27925018

Brasil, Ministério da Saude, Secretaria de Vigilancia em Saude. Situagéo epidemioldgica da malaria no
Brasil, 2000 a 2011. Boletim Epidemioldgico. 2013; 1(44): p. 1-16.

Hiwat H, Bretas G. Ecology of Anopheles darlingi Root with respect to vector importance: a review.
Parasit Vectors. 2011; 4: p. 177. https://doi.org/10.1186/1756-3305-4-177 PMID: 21923902

PLOS ONE | https://doi.org/10.1371/journal.pone.0217615 June 18,2019 25/25


http://www.ncbi.nlm.nih.gov/pubmed/15516630
https://doi.org/10.1603/0022-2585-40.4.379
http://www.ncbi.nlm.nih.gov/pubmed/14680100
https://doi.org/10.1126/science.1182108
http://www.ncbi.nlm.nih.gov/pubmed/19965742
https://doi.org/10.1590/0074-02760160263
https://doi.org/10.1590/0074-02760160263
http://www.ncbi.nlm.nih.gov/pubmed/27925018
https://doi.org/10.1186/1756-3305-4-177
http://www.ncbi.nlm.nih.gov/pubmed/21923902
https://doi.org/10.1371/journal.pone.0217615

