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Abundance of impacted forest 
patches less than 5 km2 is a key 
driver of the incidence of malaria in 
Amazonian Brazil
Leonardo Suveges Moreira Chaves1, Jan E. Conn2,3, Rossana Verónica Mendoza López4 & 
Maria Anice Mureb Sallum1

The precise role that deforestation for agricultural settlements and commercial forest products plays in 
promoting or inhibiting malaria incidence in Amazonian Brazil is controversial. Using publically available 
databases, we analyzed temporal malaria incidence (2009–2015) in municipalities of nine Amazonian 
states in relation to ecologically defined variables: (i) deforestation (rate of forest clearing over time); 
(ii) degraded forest (degree of human disturbance and openness of forest canopy for logging) and (iii) 
impacted forest (sum of deforested and degraded forest patches). We found that areas affected by one 
kilometer square of deforestation produced 27 new malaria cases (r² = 0.78; F1,10 = 35.81; P < 0.001). 
Unexpectedly, we found both a highly significant positive correlation between number of impacted 
forest patches less than 5 km2 and malaria cases, and that these patch sizes accounted for greater than 
~95% of all patches in the study area. There was a significantly negative correlation between extraction 
forestry economic indices and malaria cases. Our results emphasize not only that deforestation 
promotes malaria incidence, but also that it directly or indirectly results in a low Human Development 
Index, and favors environmental conditions that promote malaria vector proliferation.

The relationship between deforestation and malaria in the Amazon is controversial, with some studies claiming 
that deforestation can diminish malaria incidence1,2, and others that Plasmodium Marchiafava & Celli trans-
mission risk is enhanced by deforestation3–6. An extensive recent review found no overwhelming evidence for 
a direct, consistent relationship between deforestation, forests, and malaria incidence7, but results of the sur-
veyed literature showed that contexts, specific questions/hypotheses, and methodologies employed differed, and 
strongly influenced outcomes. The Amazon biome is the largest extant area of continuous tropical rain forest, 
and one of the last remaining active forest frontiers in the world8. Exploitation and export of natural resources, 
including mahogany and other wood of high commercial value worldwide, are linked directly and indirectly 
to Brazilian economic growth, and associated with the development of new agriculture frontiers9. Continuous 
demands for economic, social and political transformation10 lead to increased forest destruction, changes in 
land cover, ecosystem degradation, and reduced biodiversity11–13. Furthermore, illegal logging is widespread, 
and usually associated with precarious human living conditions14. Rural development policies in the Amazon are 
primarily focused on land distribution, allegedly to eliminate extreme poverty and decrease social inequalities. 
Nevertheless, both small and large landholders play an important role in deforestation for the development of 
pastures and crops15,16. Economic growth in Brazil is partially dependent on the availability of new forest areas 
for agri-business investment and human occupation, hastening destruction of the Amazon forest17,18. According 
to data from the Brazilian Institute of Geography and Statistics (IBGE)19, the inclusion of forestry products in the 
commercial exploitation of natural resources in 2015 represented an increase of approximately USD$ 1.5 billion 
in the gross value of Brazilian commodities. Commercial forest products included approximately 26 million tons 
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of firewood, 12 million tons of logs and 331 thousand tons of wood charcoal. Could there be an unexplored, pos-
sibly indirect association between forestry product production and malaria incidence?

Malaria in the Amazon is characterized by a low transmission landscape, interspersed with malaria hotspots, 
that are spatially and temporally variable20,21. In such a heterogeneous landscape, malaria is a persistent pub-
lic health threat1,22–24. It is also seasonal, and has been shown to be linked to rainfall, dry season length and/
or survival of the main malaria vector Nyssorhynchus darlingi (Root)25–27. The risk of acquiring malaria in an 
agricultural settlement is mainly associated with environmental and socioeconomic determinants that include 
characteristics of human dwellings, proximity of dwellings to larval habitats of Ny. darlingi, exposure to infected 
biting females, and forest cover21,23,26,28,29; access to health facilities, diagnostic and treatment for malaria, the edu-
cational level of human communities that is associated with community organization and knowledge relative to 
malaria transmission, history of previous migration, and the economic development of the communities, among 
others29–31. Moreover, economic growth of an Amazonian rural settlement depends on the development of a mar-
ket network, robust transport system and social and public infrastructure, including construction of health facili-
ties. These activities are associated with what is defined as pendulum mobility32, which implies continuous human 
movement between rural areas and cities, a process that can establish and sustain a high incidence of malaria31.

Deforestation and changes in land use or land cover are frequently associated with the emergence of larval 
habitats suitable for Ny. darlingi, i.e., small streams or igarapés with partial shade, usually located at the forest 
edge. The size of a forest patch can increase the distance between larval habitat and forest edge, and modify 
sunlight incidence, increasing Ny. darlingi abundance33–36. Kweka et al.37 found that land cover change is a key 
driver for increasing the abundance of mosquitoes that coincidentally are vectors of pathogens. Although there 
is evidence that links deforestation and malaria occurrence4,38 a statistical analysis of deforested patch sizes, and 
the potential impact of commercial forestry products on malaria incidence are missing, and we hypothesize that 
they are overlooked economic drivers in the Amazonian ecosystem with important consequences for Plasmodium 
transmission. The objectives of this study were to: (1) assess the impact of deforestation (km²) on malaria; (2) 
address temporal and spatial correlation of malaria and deforestation; and (3) verify association between selec-
tive logging, charcoal production and malaria; (4) verify correlation of rainfall and the number of malaria cases, 
deforestation and degraded forest; and between the municipalities with the highest number of malaria cases; (5) 
test the impact of exploitation of timber and charcoal on malaria incidence, and (6) address the Amazon social 
service chain of connectivity (supplies, transport, trade and public service demands) and malaria incidence across 
these network linkages.

Materials and Methods
Database.  Malaria incidence, forest degradation and deforestation data used in the analysis included all 
municipalities of the endemic states of Acre, Amapá, Amazonas, Maranhão, Mato Grosso, Pará, Rondônia, 
Roraima and Tocantins (Fig. 1) from 2009–2015. The Amazon biome represents the spatial unit, and months 

Figure 1.  Map of the geographical area studied. Highlighted: Brazilian Amazonian states and the areas of 
timber distribution, deforestation/degradation, and connectivity between regions of forest exploitation and 
transport, commercial regions of established forestry production and new frontiers of exploitation.
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from 2009–2015, the temporal unit for the variables. The premise for wood transport routes is the presence of 
the roads and the new frontier logging zones are classified according to the forest type (commercial tree species) 
and conditions of access (Fig. 1). Asner et al.39 verified that nearly all logging occurs within 25 km of main roads, 
and within that area, the probability of deforestation for a logged forest (algorithm provided estimates of canopy 
damage) was up to four times greater than for unlogged forests, helping to support the new frontier logging zone 
depicted in Fig. 1.

Deforestation and degradation data were obtained as free vectorial shapefiles from the Imazon© (Institute 
of Man and Environment of the Amazon) web site (http://www.imazongeo.org.br) that created a system called 
Deforestation Alert System (DAS). Autochthonous cases of malaria in the Amazonian region were obtained from 
the Ministry of Health platform (http://portalsaude.saude.gov.br), this data refer to total of malaria cases caused 
by both Plasmodium vivax Grassi & Feletti (responsible for most cases) and Plasmodium falciparum Welch (less 
frequent). Data of the network of the geopolitical and social links, and of the geopolitical centers and managerial 
importance of the territory were obtained from the Brazilian Institute of Geography and Statistics (Região de 
influência das cidades, 2007 – IBGE (http://www.ibge.gov.br)). The criteria to construct the links between the 
endemic municipalities of the states were based on the number of autochthonous malaria cases. Thus, the munic-
ipalities that did not have reached 80% of total annual malaria case participation, whose annual malaria cases 
totaled less than 20,000 in that state, were excluded from the geopolitical map, i.e., municipalities of the states of 
Roraima, Mato Grosso, Maranhão and Tocantins.

Accumulated rainfall (mm³) was used to determine correlation between malaria cases and deforestation. 
Rainfall data were obtained from automatic meteorological stations located in the areas included in this study 
and available on the Brazilian Institute of Meteorology (Instituto Nacional de Meteorologia – INMET (http://
www.inmet.gov.br)). Data of economic variables, timber (logs and firewood) and wood charcoal, were obtained 
from the Brazilian Institute of Geography and Statistics databases (Instituto Brasileiro de Geografia e Estatística –  
IBGE (http://www.ibge.gov.br)).

The Imazon© Deforestation Alert System (DAS).  The Imazon DAS is based on data of the detec-
tion of deforestation in real time of the DETER (Real Time Deforestation Detect) and PRODES (Deforestation 
Monitoring Project in the Amazon). DETER and PRODES provide data that are collected and administrated 
by the Brazilian Institute for Space Research – INPE (http://www.obt.inpe.br/prodes/). DETER uses satellite 
images supplied by MODIS (NASA) (MOD09GQ and MOD09GA), with cloud filtration, to monitor the forest 
and guide the Brazilian Institute of Environment and Renewable Natural Resources (IBAMA) to inspect illegal 
deforestation. The detection capacity of Imazon DAS is 0.05 km² (with 100% accuracy and 78% correlation for 
polygons 0.03–1.00 km² compared with Landsat images)40. Imazon images allow quantifiable estimation of small 
deforested areas by MODIS image composites40,41. As our study verified the temporal correlation of deforestation 
and malaria over time, we adopted the Imazon DAS for our analysis, because this system is more systematic and 
samples are taken more frequently compared with Landsat images42,43.

Ecological concepts and economic variables.  We adopted the definitions of deforestation and degra-
dation in the text box from a study by Lima et al.7 For our analysis, impacted forest patches were quantified using 
the sum of the deforested and of the degraded areas in square kilometers. The number and the size of patches in 
square kilometers were adopted based on bionomics characteristics of Ny. darlingi in certain landscapes, because 
this species uses the forest edge for maintenance of its immature forms44.

The economic variables were related to exploitation of forest natural resources, i.e., the scale of production 
and the value of the products such as logs, firewood and charcoal. The rationale for selecting these variables is 
that they have a direct impact on deforestation activities. In contrast, variables such as cattle ranching are only 
indirectly correlated with deforestation45, and not were measured here. To convert the value of production from 
Brazilian currency (Real) to USD$ (United States Dollar), we adopted the daily mean exchange rate from the 
period between the years 2009–2015.

Data analysis.  The total area of deforestation, degradation, and both and the number of malaria cases were 
calculated monthly. For statistical descriptive analyses we employed boxplots and barplot graphs to determine 
whether there were an association between malaria and deforested, forest degraded and both (impacted forest) 
area. Impacted forest areas were employed to construct polygons, thus the patches were used to determine the 
association between the number of malaria cases and patterns of deforestation. Six categories of patch sizes were 
defined: number of patches larger than 5 km², and number of patches smaller than 5 km², 0.5 km², 0.25 km², 
0.10 km² and 0.08 km². To evaluate the percentage of the annual decrease of the number of impacted forest 
patches we included one more category that was defined as the number of patches smaller than 15 km² in each 
month.

Spearman’s correlation index was utilized to verify the correlation among rainfall, impacted forest, factors of 
the economic activity (forestry timber production) and the number of malaria cases. The non-parametric test of 
Kolmogorov-Smirnov was employed to verify whether the number of malaria cases had a normal distribution 
(at a significance level of 5%). Quarterly moving means of deforestation impact (km²) and accumulated rainfall 
(mm³) were employed to verify an exploratory correlation of the seasonality on the number of malaria cases 
and the impact of deforestation (km²). Models of simple and multiple linear regression were adopted for the 
six categories of impacted forest patch sizes in km², abundance of impacted forest patch units, rainfall (mm³) 
and number of malaria cases. Correlation between economic variables (production and aggregate value) and 
the number of malaria cases was evaluated using the ratio between the amount of money earned in USD$ and 
the total production (m³) of forestry extraction in the Brazilian Amazon, and analyzed by Pearson’s statistical 
test. We employed the software QGIS 2.8 (Wien, Boston, MA) for mapping, analysis and quantification of the 
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geographical polygon data. The statistical analyses were carried out using R v.2.15.3 software (R Development 
Core Team, R Foundation for Statistical Computing, Austria) R-project (available at http://www.r-project.org) 
and stats package.

Results
From 2009–2015, malaria case numbers in Amazonian Brazil varied from a high of 327,142 in 2010 to a low of 
138,697 in 2015. Overall, during the study period, 32,698 km² of forest were impacted by deforestation and forest 
degradation. The total area was distributed into 36,689 polygons with areas that ranged from less than 0.05 km² 
to 180 km².

Table 1 shows a correlation matrix where the unit of analysis was the size of the deforested patches. Here, we 
sum the number of the satellite polygons which represented the same patches sizes, with or without forest degra-
dation, in a landscape. There is a high positive correlation between the number of impacted patches from 5 km² to 
0.25 km² and number of malaria cases. When added to the number of patches of less than 0.10 km², however, this 
correlation loses statistical significance (r = 0.46; P = 0.12).

In addition, between number of fragments greater than 5 km² and malaria case numbers the correlation was 
insignificant. Patches less than 5 km² were of particular relevance because this spatial resolution showed a signifi-
cant correlation with malaria cases (0.81; P < 0.005) and deforestation (0.96; P < 0.0001), and this patch size may 
be biologically linked to preferred larval habitats Ny. darlingi (partial shade near the forest fringe)33,44,46. When 
polygons greater than 5 km² were excluded, there was a high positive correlation between deforested areas and the 
number of malaria cases within impacted forest (r = 0.73; P = 0.009). As Fig. 2 illustrates, deforestation was more 
strongly correlated (r = 0.82; P = 0.002) compared to impact and degradation was moderate (r = 0.58; P = 0.05).

Simple linear regression analyses showed that each km² of deforestation corresponded to an increase of 27 
new malaria cases (r² = 0.78; F1,10 = 35.81; P < 0.001), whereas each km² of impacted forest corresponded to an 
increase of 16 new cases (r² = 0.63; F1,10 = 17.23; P = 0.001). The result of the analysis of the data on degradation 
was not significant (r² = 0.30; F1,10 = 4.37; P = 0.06).

Table 2 presents results of simple linear regression analyses for the variables studied. It was possible to con-
struct three models of multiple linear regression; variables from the first model - cases and rainfall, the second 
model - cases and deforestation, and the third model - cases and impact. The number of patches (0 ¬ 0.10 km ²) 
was employed to adjust variables for the three models tested. The dependent variable was the number of malaria 
cases, and the independent variables were: deforestation, degradation, impact, rainfall and sizes of non-forest 
patches. Table 3 show annual production and value produced by forestry extraction, from 2009–2015.

In the simple linear regression analysis, the variables that were correlated with malaria cases were: deforest-
ation, impact, accumulated rainfall, number of patches <5 km², number of patches <0.5 km² and number of 
patches <0.25 km². In the multiple linear regression analysis, we constructed three models for the variable, num-
ber of malaria cases, considering the correlation between the independent variables: model 1 – with accumulated 
rainfall; model 2 – with deforestation and model 3 – with impact.

Statistical correlation between mean monthly malaria cases and the three levels of forest use considered in this 
study differed: malaria and deforestation was positive (r = 0.80; P = 0.002); malaria and forest impact was moder-
ate (r = 0.56; P = 0.06); and malaria and forest degradation was weak (r = 0.25; P = 0.43). In contrast, correlation 
analyses using annual malaria incidence (data from Supplementary Table S1) between malaria and deforestation 
(km²), forest degradation (km²) and number of impacted patches were not significant (P = 0.30; P = 0.60 and 
P = 0.23 respectively).

Variables

No. of 
malaria 
cases

Deforestation 
(km²)

Degradation 
(km²)

Impact 
(km²)

Accum. 
rainfall 
(mm³)

No. of 
patches 
(>5 km²)

No. of 
patches 
(<5 km²)

No. of patches 
(<0.5 km²)

No. of patches 
(<0.25 km²)

No. of patches 
(<0.10 km²)

Deforestation (km²) 0.82c

Degradation (km²) 0.58 0.87b

Impact (km²) 0.73d 0.96a 0.93a

Accum. rainfall (mm³) −0.80c −0.90a −0.82b −0.86b

No. of patches 
(>5 km²) 0.24 0.63e 0.87b 0.68d −0.60e

No. of patches 
(<5 km²) 0.81c 0.96a 0.87a 0.94a −0.94a 0.64e

No. of patches 
(<0.5 km²) 0.80c 0.89a 0.83b 0.89a −0.98a 0.56 0.96a

No. of patches 
(< 0.25 km²) 0.72d 0.84b 0.82b 0.85b −0.94a 0.55 0.88a 0.95a

No. of patches 
(<0.10 km²) 0.46 0.47 0.46 0.54 −0.52 0.37 0.57e 0.56 0.63e

No. of patches 
(<0.08 km²) 0.33 0.30 0.28 0.35 −0.27 0.23 0.40 0.33 0.42 0.89a

Table 1.  Matrix of the correlation between the variables of deforestation activities, landscape and the 
environment (rainfall), and the number of malaria cases in Brazilian Amazonian States. aP < 0.0001; bP < 0.001; 
cP < 0.005; dP < 0.01; eP < 0.05.

http://www.r-project.org


www.nature.com/scientificreports/

5SCIENTIFIC REporTS |  (2018) 8:7077  | DOI:10.1038/s41598-018-25344-5

Spearman’s correlation tests between rainfall and deforestation (monthly means between the years 2009–2015) 
was negative (r = −0.88; P = < 0.001), where 82% of the increase in each km² of deforestation was accompanied 
by a reduction of each 0.95 mm³ in rainfall of the respective month (r² = 0.82; F1,10 = 47.22; P < 0.001). In contrast, 
the correlation with forest degradation was moderate, but not significant (r = −0.64; P = 0.02). When the forest 
impact was evaluated, the correlation was positive and significant (r² = 0.65; F1,10 = 18.96; P = 0.001). A reduction 
of each 0.40 mm³ in rainfall of the respective month was correlated with 65% decrease in each kilometer square 
of forest impact. Quarterly averages of rainfall accumulation in the Amazon region are in Fig. 3 (Supplementary 
Dataset S1). Maximum rainfall occurred between November and April.

The Fig. 4 shows the distribution of deforested and degraded patches numbers above and less than 5 km² over 
the years (2009–2015). Degraded patches showed the greatest number of patches above 5 km² (right panel, Fig. 4), 
when compared with number of deforested patches (left panel, Fig. 4), especially in 2010 and 2011 (right panel, 
Fig. 4).

Related to the exploitation of natural forestry resources, there was a highly negative correlation between the 
extraction forestry economic indices (value produced and total production) and the number of malaria cases 
(r = −0.96; P = 0.002) (Fig. 5).

The Supplementary Table S1 shows the total data per year. The greatest deforestation (3,098 km²) occurred 
in 2015, followed by 2014 (2,993 km²). The largest degraded area was in 2011 (4,494 km²), followed by 2010 
(4,315 km²). The largest area impacted by land use transformation was observed in 2015 (6,596 km²), followed 

Figure 2.  Graphs of dispersion between the number of malaria cases and the areas affected by deforestation, 
degradation and impacted forest with areas of less than 5 km², between 2009–2015.

Variables
β1 SLR coefficient 
(P value) Model 1

β1 MLR adjusted (P value)

Model 2 Model 3

Deforestation (km²) 27.45 (0.00013) 23.45 (0.003)

Degradation (km²) 31.89 (0.063)

Impact (km²) 16.64 (0.002) 12.76 (0.02)

Accumulated rainfall (mm³) −21.15 (0.0021) −16.18 (0.018)

No. of patches (>5 km²) 82.93 (0.53)

No. of patches (<5 km²) 8.83 (0.0009)

No. of patches (<0.5 km²) 11.73 (0.0013)

No. of patches (<0.25 km²) 19.39 (0.004)

No. of patches (<0.10 km²) 234.40 (0.017) 120.41 (0.14) 73.51 (0.30) 113.19 (0.18)

No. of patches (<0.08 km²) 373.90 (0.18)

Table 2.  Models of simple and multiple linear regression for the variables about deforestation activities, 
landscape composition (e.g., abundance of patch units), rainfall (environmental parameter) and number of 
malaria cases in Brazilian Amazonian States. SLR: Simple Linear Regression; MLR: Multiple Linear Regression.
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Year
Timber production 
(m³) Charcoal (m3)

Value produced 
(timber)

Value produced 
(charcoal) Index

2009 20,096,262 2,615,457 USD$ 764,503.88 USD$ 118,794.40 4.58

2010 18,464,248 1,964,922 USD$ 767,057.12 USD$ 100,669.87 5.16

2011 19,355,297 1,865,409 USD$ 984,770.40 USD$ 97,918.74 5.30

2012 18,642,557 1,879,235 USD$ 704,366.15 USD$ 108,184.22 5.79

2013 19,494,554 1,699,578 USD$ 865,974.44 USD$ 112,392.72 6.66

2014 18,722,351 1,949,900 USD$ 894,193.86 USD$ 132,263.72 6.83

2015 16,071,876 1,442,070 USD$ 816,336.65 USD$ 113,581.69 7.93

Total 130,847,145 13,416,570 USD$ 5,797,202.49 USD$ 783,805.37

Table 3.  Production and value produced by forestry extraction in the period from 2009 to 2015 in Brazilian 
Amazonian States and the index of value produced (USD$)/production (m3). Note:The conversion result of 
the exchange value of R$ (Real) to USD$ (United States Dollar) in the period of the study (2009–2015) was as 
follows: R$ 1.00 corresponded to USD$ 2.18 (CI = ±0.12).

Figure 3.  Distribution of number of cases of malaria, impacted areas of forest affected, quarterly moving mean 
of impacted deforestation and quarterly averages accumulated from 2009–2015 in Brazilian Amazonian States.

Figure 4.  Percentage of the number of polygons of deforestation (dark grey) and degradation (light grey) with 
areas of less than 5 km² (left panel) and greater than 5 km² (right panel).
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by 2011 (5,956 km²) and 2010 (5,805 km²). The greatest number of impacted polygons (patches) was observed in 
2010 (7,372 patches), followed by 2009 and 2015. Monthly distribution of malaria cases, deforestation, degrada-
tion and impacted forest are found in Supplementary Figures S1 and S2.

Supplementary Table S2 lists the principal municipalities with malaria cases by state. Amazonas and Pará 
states presented the highest annual number of malaria cases, followed by Acre, Rondônia and Amapá. Figure 6 
shows the municipalities and their geopolitical and social networks. The municipalities included in the cur-
rent frontier of forest exploitation (Fig. 6) accounted for 41% of malaria among all municipalities listed in 
Supplementary Table S2.

The annual percentage of the number of impacted forest patches of less, respectively, than 15 km², 5 km², 
0.5 km² and 0.25 km² per month is in Supplementary Table S3. There was a significant decrease of more than 50% 
in the number of patches of less than 0.25 km² in the study period. The monthly averages of the data collected for 
each variable are presented in Supplementary Table S4.

Discussion
Results of the analyses conducted for this study indicate a strong positive correlation between the number of 
malaria cases, deforestation and forest degradation in the Brazilian Amazon forest frontier. Furthermore, 

Figure 5.  Graph of the dispersion between the total number of malaria cases and the economic index (value 
produced (m³)/production (m³) *100) between 2009–2015 in Brazilian Amazonian States.

Figure 6.  Map of the principal municipalities with autochthonous malaria cases (2009–2015), their network of 
geopolitical and social links, within the Brazilian Amazonian biome.
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deforestation increases the risk and incidence of malaria, representing a considerable impact on malaria epide-
miology. Several authors have found associations involving ecological factors and changes in land use for occupa-
tion, and the globalization of commercial and social relationships within the dynamic of infectious diseases35,47,48. 
Here we corroborated that deforestation (as defined herein) is a substantial risk factor for malaria in the Brazilian 
Amazon, mainly when it occurs by clearcutting areas of 5 km² or less. Therefore, decreasing the deforestation rate 
could be an effective measure for controlling malaria in Brazil49.

Taking into consideration all the results, it is plausible to assume, by analogy, a relationship of commensal-
ism between malaria and deforestation. Malaria incidence positively increases with deforestation, benefited by 
a landscape that favors the presence and dispersal of Anophelinae vector species. There is a positive correlation 
between modifications in the natural environment of the Amazon tropical forest and the number of malaria cases. 
The new landscape resulting from human presence favors some species of malaria mosquitoes, whereas other 
species become rare or are replaced by other vector species50. Nyssorhynchus darlingi, the primary malaria vector, 
is positively favored by the ecology of the new human landscape, becoming abundant and dominant, especially in 
and around human dwelling. Furthermore, the new landscape delineated by the pattern of deforestation and soil 
occupation may favor dispersal of Ny. darlingi by creating forested areas interspaced by deforested areas, which 
are linked by forest corridors along the igarapés and shaded dirt roads such as those observed in Machadinho 
D’Oeste, Rondônia state, Brazil by Castro & Singer30.

The difference between the results of the annual and monthly correlation between malaria and deforestation 
analyses, confirms hypotheses by Lefèvre et al.20, Santos et al.21 and Becker et al.10, that economics and seasonal 
aspects are associated with the dynamics of forest frontier expansion and occurrence of malaria. In this context, 
the forest frontier and the malaria are elements that are linked to the spatial and temporal landscape where the 
drivers of the first (forest loss) are followed by an increase in the second. It was only possible to understand the 
dynamics involved in the behavior of the variables in our study when the data were distributed in relation to the 
seasonal variation of the Amazonian region. Terrazas et al.5 found a positive correlation of environmental indica-
tors (average annual deforestation rate and percentage of areas under the influence of watercourses) and malaria 
incidence, strengthening the importance of implementing socioeconomic development policies articulated with 
actions of environmental protection and health care for the population.

It is important to highlight the actions of malaria control by the Brazilian Health Secretariat (vector control, 
active case detection and treatment and distribution of mosquito nets), which may have contributed to the decreased 
number of malaria cases in 2015. However, such a determination was beyond the scope of this study, because these 
activities are inconsistent and shift according to changing government policies and priorities, and available munici-
pality budgets (for example, actions to combat dengue fever reduce malaria control activities in rural areas)51.

Our results verified that malaria increases along with deforestation, following the seasonality of the Amazon, 
driven by the rainfall regime. The latter is also an important environment component for the spread of Ny. dar-
lingi52. Therefore, the annual data were not significantly correlated between malaria and the deforestation varia-
bles, because annual data hide the seasonal pattern, which is very marked in the Amazon. The driest months were 
associated with the largest deforested and impacted areas and the greatest numbers of malaria cases. Our findings 
strongly corroborate those of Kirby et al.53 who discovered that localities in the Amazon with the least rainfall 
and longest dry seasons were consistently more prone to deforestation, compared to those with heavier annual 
rainfall and shorter dry seasons.

Our major finding of a highly significant correlation between malaria incidence and patch size <5km2 indi-
rectly supports the hypothesis that large deforested areas, with patches of exposed land and degraded forest larger 
than 5 km², are not favorable to Ny. darlingi, a vector that uses the forest edge for maintenance of its immature 
forms26,54. Barros et al.33 verified that malaria was correlated with shorter distances to potential transmission hot-
pots and people living within 400 m of such hotspots had a 2.60 higher risk of malaria. One apparent discrepancy 
in our findings was that April 2011 registered a large impacted area (2,074 km²), though the number of malaria 
cases that month was smaller (15,267 cases) than that of the previous month (March/2011: 16,615 cases). The 
most likely reason for this apparent discrepancy is that a greater number of patches >5 km² accounted for the 
smaller number of cases in April, i.e., only 8% of the total number of polygons accounted for 62.8% of the total 
area impacted. This observation reinforces the role of small patches in malaria epidemiology.

Decisions and delimitation of areas that will be used to develop and start a new rural settlements are under-
taken, as a rule, in the absence of specific projects capable of generating income, improving socioeconomic 
growth and wellbeing, or promoting environmental sustainability of the rural communities involved55. It appears 
that localization of malaria cases and areas of deforestation are highly sensitive to Indirect Land Use Change 
(ILUC), a phenomenon that occurs when agricultural activities are transferred from one region and reconstituted 
in another56. Arima et al.57 observed that displacement of cattle breeding, due to agricultural expansion, lies 
behind changes in land use in municipalities hundreds of kilometers away. This is driven by land speculation, a 
search for basic supplements such as wood for fences or house construction, migration and a demand for labor. 
Thus, both deforestation and malaria may be being determined, in part, by distant events.

Our analyses of the economic data emphasize the forces that have expanded the scope of deforestation in 
the search for commercially valuable forest resources. The abundance of a particular resource leads to its rapid 
exploitation, which, in turn, leads to its long-term decline either by virtue of its scarcity or because the offer 
exceeds the demand, thus lowering its domestic and foreign market value15. With the increase in demand, the 
mechanism of the market will lead to a rise in the product price, attracting a larger number of producers and 
encouraging additional deforestation.

A closer look at the networks of geopolitical and social links among the municipalities (Fig. 6), strengthens 
the premise that malaria in the Amazon may be subject to deforestation activities hundreds of kilometers away. 
Schneider & Peres58 demonstrate that rural Amazonian settlements have increased deforestation and among the 
principal contributory activities they highlight timber, firewood and charcoal production. The authors observed 
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that timber and firewood production begins to increase well before the formal launching of the settlements, 
timber exploitation increases for 5 years after the official launch, then falls abruptly after 9 years, probably due to 
a lack of wood of adequate market value. During this process, charcoal production grows rapidly from initiation 
until a settlement completes an estimated 6 years of activity, then abruptly falls, characterizing a final phase, last-
ing until the opening of new fronts of deforestation.

Results of our economic index analysis demonstrate that the greater the production in terms of value pro-
duced, the lower the index, and the greater the correlation with the number of cases of malaria. Hahn and colleg-
ues49 found that over half of the municipalities with forest exploitation for timber production were also affected 
by an additional 7% selective logging that was causing deforestation in areas of preserved forests. The selective 
forest wood resources exploitation is associated with an increase in malaria49 and further supports the frontier 
malaria concept.

Frontier malaria has been defined by Sawyer1,6,59, Singer & Castro22, Castro et al.23 and Castro & Singer30 as 
a process associated with settlements, characterized by environmental disturbance, increased vector abundance, 
primary forest reduction for agriculture, and the establishment of precarious communities. This process causes 
obvious changes in land use for human occupation. The settlers’ demands of land for agriculture and timber for 
firewood, fencing and house construction lead inevitably to deforestation.

There are interesting parallels between the occupation of the Brazilian Atlantic Forest in the 1920’s60,61 for coffee 
plantation and firewood exploitation, and the present Amazon Basin occupation for beef and soybean production62. 
If in the early 20th century malaria incidence had been more than 80% in the Atlantic Forest63, today, with only 
12.5% of the original forest cover remaining (https://www.sosma.org.br), malaria migrated together with deforest-
ation to the Amazon, where more than 99% of malaria cases currently occur63 and represent one of the biggest 
deforestation fronts in the world (http://wwf.panda.org). With an average predominance of 60% of patches less than 
0.5 km², our study showed that deforestation is a major pathway for malaria cases in the Amazon.

Many factors contribute to the challenge of malaria control, for instance, there are other vector species com-
petent to transmit Plasmodium and adapted to deposit eggs in open areas with partial shade, such as Ny. mara-
joara (Galvão & Damasceno)50,64,65, and Ny. deaneorum (Rosa-Freitas)66. These species have distinctive ecologies 
compared with Ny. darlingi and require alternative strategies for control. Human migration into areas of malaria 
risk to start a new rural settlements is also an important determinant of malaria incidence67. In Brazil, human 
migration into endemic transmission areas is promoted by the Brazilian’s National Institute of Colonization and 
Agrarian Reform (Instituto Nacional de Colonização e Reforma Agrária - Incra), responsible for a national land-
holder program whose main pillar is land distribution in rural areas to decrease poverty and decrease unemploy-
ment rate in Brazil. In this context, frontier malaria operates at three spatial scales. At the lowest, or micro scale, 
there is increased anopheline vector abundance resulting from a range of disturbances in the ecosystem, and 
increased human exposure as a consequence of inadequate housing68. At the community scale, weak institutions, 
marginalized settlers, high rates of in and out-migration, and human mobility together ensure the proliferation 
of Plasmodium parasites24,30. The national scale is characterized by an unplanned development program of land 
occupation based on distribution of small land properties30.

Our findings also present the opportunity to promote the maintenance of ecosystem services rendered by the 
Amazonian forest on all geographical levels, here considered to be an important aspect of the control of malaria in 
Brazil. Just as the identification of hotspots of threatened species is an essential approach for setting conservation 
priorities, production and consumption of global goods and services can be connected through commercial geo-
political links69. Austin et al.70 found a positive associations between deforestation rates and malaria prevalence 
across 67 nations and suggest that anthropogenic drivers of environmental degradation (rural population growth 
and specialization in agriculture) are an important factor to consider in explaining cross-national variation in 
malaria rates. Therefore, locating malaria driven by the global consumption of goods and services can help to 
connect epidemiological surveillance, supplies and demands, companies and governments in order to better 
target malaria control actions in futures research.

Conclusions
Deforestation is an major risk factor for malaria in the Brazilian Amazonia, mainly when it occurs in areas of 
less than 5 km². This activity directly or indirectly results in a low Human Development Index (HDI) and envi-
ronmental conditions favorable to vector proliferation. Despite recent advances in vaccine development71 and 
the effective treatment of malaria with new drugs and techniques72, vector interventions, adequate planning of 
land use and occupation, and promotion of the minimum conditions necessary for the generation of income for 
the subsistence and financial autonomy of humans living in the Amazon, are sadly lacking and need to become a 
priority to prevent forest ecosystem failure and further public health discrepancies.

Supplementary information is available for this paper. The taxonomic nomenclature of Anophelinae followed 
that proposed by Foster et al.73 Accordingly, except in references Anopheles (Nyssorhynchus) darlingi Root is 
herein referred as Nyssorhynchus darlingi (Root).
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