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Abstract

:

Over the past 40 years, roads have been the main driver behind the State of Acre’s occupation and development. However, the expansion of roads, has often been associated with the advance of deforestation, habitat fragmentation, and social conflicts. There are no up-to-date data available on the current extent of Acre’s road network nor its environmental and socioenvironmental impacts. In this study, we updated the State of Acre’s road network map for the period 2007 to 2019 through the visual interpretation of 153 Landsat images (5, 7, and 8) at a scale of 1:50,000. To estimate the impact of roads, we measured the distribution of roads in municipalities and in different land tenure categories and calculated the correlation between roads and annual deforestation. Up to 2019, we estimated 19,620 km of roads, of which 92% were unofficial roads, 6% federal roads, and 2% state roads. The roads increased at an average annual rate of 590 km year−1. The most significant advance in road length between 2007 and 2019 was in protected areas (240%), followed by public lands (68%) and settlement projects (66%). We recommend monitoring of the road network to understand the landscape’s evolution and support actions against illicit environmental and socioenvironmental impacts.
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1. Introduction


Historically, the Amazon occupation occurred along rivers and roads, which facilitated the transportation of people and cargo, but roads are also one of the main drivers of deforestation in the region [1,2,3]. The Brazilian Federal Government built highways in the Amazon with a strategy of land integration and infrastructure for transportation of commodities (BR-163—Cuiabá-Santarém, BR-230—Transamazônica Pará/Amazonas, BR-319—Porto Velho/Rondônia-Manaus/Amazonas) from the 1960s through to the 1980s. Government programs initiated in the 1990s, such as the Brazil in Action program (Programa Brasil em Ação), followed by the Advance Brazil Program (Programa Avança Brasil), and the Program for the Acceleration of Growth (PAC—Programa de Aceleração do Crescimento) aimed at economic growth, boosted the expansion of the network of roads in the Amazon [4,5]. These roads favored the migration of people from various parts of Brazil, which has led to the intensification of logging, deforestation, fires, and expansion of the agricultural frontier [6,7,8]. These roads have been pointed out as the most significant drivers of deforestation and fires in the Amazon [6,9,10,11].



Road construction in the Amazon is still a dilemma [12]. Roads bring social and economic benefits to the region, such as increasing the accessibility of agriculture and industrial products, electricity, and essential public services (e.g., education and health). Roads also enable significant environmental and social impacts, such as deforestation and fires, the influx of exotic species, hunting, illegal logging, and the rise of diseases and criminality. Even major roads such as BR-319, BR-163, and BR-230 lack development plans that reconcile social, economic, and environmental issues [10,12]. The continuous pursuit of an ecological–social–economic balance is needed to diminish the environmental impacts that compromise regional social development [11].



Brandão Jr and Souza Jr [13] identified that two types of roads are predominant in the Amazon: official and unofficial roads. Official roads are extensive roads built mainly by the Federal Government in the 1970s to interconnect the region to the rest of Brazil. Unofficial roads were mostly built by the private sector to explore and access natural resources in the Amazon. Often, unofficial roads do not appear on official maps of the National Department of Transportation and Infrastructure (DNIT—Departamento Nacional de Infraestrutura de Transportes) and the Brazilian Institute of Geography and Statistics (IBGE—Instituto Brasileiro de Geografia e Estatística).



The road extraction from remote sensing images is still a challenge, which depends on the spectral and/or spatial resolution of the images and the road’s infrastruture (diverse road material and complex backgrounds—urban or rural), which affect the mapping method [14]. Automatic or semi-automatic mapping methods are based on high spatial resolution images, which have a high cost and low temporal availability [15,16,17]. Road mapping in the tropical forest, when there is an objective of temporal and spatial analysis (regional, state, or municipal level), still uses manual mapping methods [13,18,19].



Vicinal roads or agro-roads, subtypes of unofficial roads, also occur in the region. They are the driving force behind the expansion of new fronts of deforestation, irregular occupation, fires, and illegal logging, and require constant monitoring of their emergence to combat illegal environmental activities. In the State of Pará, unofficial roads almost doubled between 1996 and 2001 [13]. In the State of Acre, Nascimento et al. [20] showed increases of up to 412% between 2000 and 2014. However, there is a lack of detailed analysis on the expansion and impacts of roads in the State of Acre and their spatio-temporal dynamics, limiting the understanding of the regions most affected by road growth and the relationship of these roads with deforestation. Our goal is to map the expansion of roads in the State of Acre to understand their spatio-temporal dynamics and their impact on the forest cover. To this end, we propose to answer the following questions: (1) What is the annual growth rate of roads in the State of Acre from 2007 to 2019? (2) Which municipalities and land categories have the highest total length of roads in Acre? (3) What is the correlation between roads and deforestation (forest clear-cutting)?




2. Materials and Methods


2.1. Characterization of the Study Area


The study area is the State of Acre in the southwestern Amazon (Figure 1). The boundaries of the State of Acre are formed by international frontiers with Peru (West) and Bolivia (South), and state boundaries with Amazonas (North) and Rondônia (East). With a total area of 164,422 km2, twice the size of Ireland, the State is divided into 22 municipalities (Figure 1). Approximately 63% (101,645 km2) of its territory is covered by protected areas, consisting of Conservation Units (Federal, State, and Municipal) with 48% (77,744 km2) and Indigenous Lands with 15% (23,901 km2) [14]. Additionally, almost 10% (15,039 km2) of the State was deforested by 2019, the sixth-highest among Brazilian Amazon states [21].




2.2. Road Identification, Mapping, and Analysis


We identified and mapped the roads in the State of Acre from 2007 to 2019 based on the visual interpretation and digitalization of roads detected in Landsat satellite images, at a scale of 1:50,000 (Figure 2). We analyzed 153 Landsat images from TM (Thematic Mapper) and OLI (Operational Land Imager) sensors from June to December, to minimize occurrence of clouds. The images were accessed from the United States Geological Survey (USGS). We used the blue, green, and red bands (Landsat 5 and 7 with bands 1-2-3 and Landsat 8 with bands 2-3-4) to identify the roads (Supplementary Material Table S1). The contrast of reflectance between the exposed soil of the road with different land uses (forest, pasture, and/or water bodies) served to delineate the roads.



The Ecological Economic Zoning of the State of Acre for 2006 and the Rural Environmental Registry (CAR—Cadastro Ambiental Rural) of 2014 served as baseline mapping. All the roads visualized in the 2006 Landsat image indicate that roads exist until this date, without the definition of the date of visualization. With this database for 2007–2014, we segmented the lines (roads) as the roads are visualized in the Landsat images. For the period from 2015 to 2019, the roads viewed in the Landsat images were scanned manually, with identification of the year of view (Figure 2).



The validation of the road mapping was carried out from the random drawing of 2000 points within a range of 10 m from road axes and 10,000 random points in four sample regions of 27,000 km2. We used Planet satellite images with a spatial resolution of 3 m as references (https://www.planet.com/nicfi). The Kappa coefficient served to estimate the overall mapping accuracy [22].




2.3. Road Growth Characterization in Terms of Land-Tenure and Municipalities


We used two databases to understand the dynamics of the growth of road extensions by land-tenure and municipalities. The first was the land base of the 2010 Ecological Economic Zoning (ZEE—Zoneamento Ecológico Econômico) [23]. The classes considered in the ZEE were: Conservation Units, Indigenous Lands, Settlement Projects, Private Properties, and Public Land. The second was the base of official municipal limits of IBGE updated for 2015 [24].




2.4. Relationship of Roads and Deforestation


We analyzed the spatio-temporal relationship between the length of roads and forest loss (forest clear-cutting) based on the deforestation data from the Project for Monitoring Deforestation in the Legal Amazon (PRODES—Programa de Monitoramento da Floresta Amazônica Brasileira por Satélite) maintained by the Brazilian National Institute for Space Research (INPE—Intituto Nacional de Pesquisas Espaciais) [21]. The INPE makes annual deforestation data available to the State, which was studied at different spatial scales. We analyzed the relationship between road and deforestation at four scales: state, municipalities, land-tenure, and buffers up to 50 km along the road. To understand the relationship between roads and accumulated deforestation until 2019, we used the municipality limit as a sample spatial clipping unit. To analyze the road distance buffers, we used critical thresholds of 50% and 95% deforestation along the roads to understand forest protection level considering the entire State of Acre and the Conservation Units. This analysis serves as a predictor of the dynamics of roads versus deforestation for new roads in Acre. We used correlation and regression analysis to evaluate the strength of the relationship between roads and deforestation.





3. Results


3.1. Roads in Acre


We identified 19,620 km of roads by 2019, with 17,983 km of official and unofficial roads (92% of the total), 1247 km of federal highways (6% of the total), and 390 km of state highways (2% of the total) (Figure 3A). From 2007 to 2019, the roads increased by 7665 km, representing 39% of the total road extent. The overall accuracy of road mapping in Acre was 98%, considering Planet images as a reference. We did not identify 266 stretches or 439 km of roads on the official CAR base until 2014, thus being defined as “unidentified”. These stretches were visible before 2007, but in the 12 years evaluated, these pathways were no longer visible in Landsat images.



Roads are present in all 22 municipalities in Acre, and most of the local roads (87.9%) are directly and indirectly connected to federal highways (BR-307, BR-317, BR-364) and state highways (AC-40, AC-99, AC-400, AC-405). Exceptions to this trend can be found in Porto Walter, Marechal Thaumaturgo, Jordão, and Santa Rosa do Purus, where no road is connected to federal or state highways. These roads demonstrate the isolation of these municipalities, which have waterways and airways as their main transportation access. In the 12 years evaluated, the average annual increase was 590 km year−1. The year with the highest increment of roads was 2019, with 1050 km, followed by 2007 (863 km), 2009 (830 km), 2013 (726 km), and 2016 (580 km), representing peaks every three years (Figure 3B). Over time, there was a downward trend in the annual growth rate of roads until 2019, the year with the largest annual increase.




3.2. Distribution of Roads among the Municipalities of Acre


Of the 22 municipalities in Acre, the one with the largest extension and annual increase in roads is the capital, Rio Branco, with 2669 km and 95 km year−1, followed by Sena Madureira and Xapuri, with 1587 and 1406 km, and with 73 and 56 km year−1, respectively (Table 1). Regarding roads’ density by the municipal area, Acrelândia, Senador Guiomar, and Capixaba have the highest densities, with 0.56, 0.53, and 0.51 km km−2, respectively. The municipality of Jordão increased the length of all roads by 95% in 2007–2019.




3.3. Distribution of Roads among Land-Tenure Categories in Acre


The Settlement Projects have the largest total extension of roads in Acre, 7032 km, or 36% of the state total, followed by Private Properties and Public Lands, 5818 km and 30%, and 5187 km and 26%, respectively (Figure 4A). The increase between 2007 and 2019 was largest in Private Properties, followed by Settlement Projects, Public Lands, Conservation Units (CUs), and Indigenous Lands (ILs). However, the highest percentage of increase between 2007 and 2019, considering the number of roads until 2006, was in Conservation Units, with an increase of 240%. The CU with the highest increase in roads was the Chico Mendes Extractive Reserve, representing 73% of the 2007–2019 total increase of roads in Conservation Units (Supplementary Material Table S2). The IL has the shortest extension of roads, with 72 km, occurring in the IL along the BR-364 highway, such as the IL Campinas Katukina and IL Katukina/Kaxinawá (Supplementary Material Table S3).




3.4. Deforestation and Roads


Of the 23,350 km2 of total deforestation in Acre by 2019 [11], 50% is concentrated within 1 km of the all-road axis and 95% is concentrated within 11 km (Figure 4B). In Conservation Units, the distance from road axes increases to 2 km for 50% of the deforestation and 26 km for 95%. Correlation analysis showed a decrease in deforestation with an increase in distance from roads (r2 = 0.99).



There was a strong positive correlation between the total deforestation and the total roads in the State of Acre, using the municipality limits as the sample unit (r2 = 0.88, p-value < 0.001, Spearman Correlation; Figure 4C). The municipalities with the largest extension of roads, such as Rio Branco, Sena Madureira, and Xapuri, are the municipalities with large, deforested areas up to 2019. However, in some municipalities, such as Tarauacá and Feijó, which concentrate deforestation along their navigable rivers, such a relationship does not hold.



Analyzing the correlation between deforestation and the extension of roads by land tenure, we observed a positive correlation (r2 = 0997, p-value < 0.001, Spearman Correlation; Figure 4D). The land tenure project class has the largest deforested area and the most considerable extension of roads.





4. Discussion


4.1. Road Mapping in the Southwestern Amazon: Advances and Limitations


This study presents, for the first time for the entire State of Acre, the temporal and spatial construction of road emergence between 2007 and 2019. Similar studies were carried out by Brandrão Jr and Souza Jr [13] for part of Pará and by the Institute of Man and Environment of the Amazon (Imazon—Instituto do Homem e Meio Ambiente da Amazônia) for the entire Amazon Biome. This is an important database, as it allows for an understanding of the dynamics of the roads, such as the rate of growth of the road network annually and the places where this has been occurring, in addition to more detailed analysis, such as the relationships between the roads and changes in the road land use and coverage.



However, it is necessary to proceed with new remote sensing studies that improve the detection of roads. Our study mapped the roads when they were visible in satellite images with a spatial resolution of 30 m, requiring roads close to deforested areas to be detected. The dynamics of opening or building unofficial roads can occur through narrow paths and forest areas that make detection difficult, requiring high-resolution images and improved image processing techniques [16,17]. Some recent studies have shown that Deep Learning techniques can automatically extract roads from high spatial resolution satellite images with high accuracy [14,25]. However, few studies have applied these techniques in the Amazon.




4.2. Increase in Roads in the Southwestern Amazon


At the western end of the Arc of Deforestation, in the State of Acre, 590 km year−1 of roads are built, equivalent to the opening of a BR-319 highway every 1.5 years, representing 3% of the opening of new roads in the Amazon [19]. In the last 12 years (2007–2019), the road network has increased by 39%, centered in the State’s eastern and central region, and expanding agricultural frontier. The deforestation arc expansion is underway, a dynamic that concentrates on the emergence of unofficial roads [19]. A downward trend was observed in the annual growth rates of roads up to 2018; however, 2019 had the highest growth in the analyzed time series. This explosion in the appearance of roads is directly related to the significant increase in deforestation in Acre and the entire Amazon [21].



To understand the current spatial distribution of roads in the state of Acre, it is necessary to rescue the historical occupation process. Human occupation occurred from east to west of Acre state. In the east region, where the state capital, Rio Branco, is located, was quantified the highest spatial density of roads and 72% of all roads in Acre, from the connection with BR-364 that connects it with other Brazilian states. This region has the majority of economic activities, with an emphasis on agricultural enterprises and the largest and oldest settlement projects. The western region where the second-largest city in the state is located, Cruzeiro do Sul, had its occupation history formed mainly by the Juruá river, and until the end of the 2000s, the BR-364, which cuts the state from east to west, did not have traffic for several months of the year. The western region occupied only 12% of all roads.



Ahmed et al. [19] show that the highest growth rates in the extension of roads in the Brazilian Amazon are along the Arc of Deforestation. Currently, we have 11 municipalities with growth rates greater than 0.019 km km−2 year−1. In Acre, road expansion occurs from existing roads, mainly linked to federal highways such as BR-364 and BR-317. However, even in municipalities with access only by river and air, such as Porto Walter, Santa Rosa do Purus, and Jordão, there was road construction to connect communities. The most striking example is the municipality of Jordão, which, until 2006, had 3 km of roads, and then expanded its road network to 58 km between 2007 and 2019. In 2019, there is no municipality without roads detected, even those where access is fluvial or aerial. The expansion of roads in isolated municipalities raises concerns about the lack of government planning and monitoring, which will lead to deforestation and uncontrolled forest fragmentation, real estate speculation, extractive logging operations, increased risk of fire, and loss of biodiversity and carbon, without guaranteeing economic and social development for the region [9,26,27,28,29,30,31,32,33].



In all land categories, 92% of the roads are in settlement projects, private properties, and public lands. The high growth of roads in public lands is a result of disorderly and uncontrolled occupation. The expansion of roads in Conservation Units is a warning, even though it represents only 8% of the roads in the State; in the last 12 years, the growth of roads was 240% compared with the existing roads up to 2006. This result raises concerns about the future of Conservation Units if monitoring and control strategies are not implemented, such as Reducing Emissions from Deforestation and Forest Degradation (REDD) policies and National, State, and Municipal Plans for deforestation control [9]. Just in the Chico Mendes Extractive Reserve, the increase in roads was 400% in the period analyzed, representing 73% of all extensions mapped in CUs across the State; dynamics that may have explanations in the expansion of pasture areas and reduction of forest product chairs, chestnut and rubber [34]. This reflects the pressure that CUs in the Amazon have been experiencing over time.



The primary justification for the construction and paving of roads in the Amazon is economic development, as occurred with the BR-319, BR-163, Inter-Oceanic Highway, and Cruzeiro do Sul-Pucallpa Highway, where the latter has its planned route passing through the Serra do Divisor National Park [35,36,37,38,39]. However, the lack of governance over the expansion of road networks in the Amazon from major highways is influenced by real estate speculation and commodity markets, neglecting environmental and socioeconomic impacts on a local and regional scale [12,28,39]. Vilela et al. [28] note that 45% of the Amazon roads will generate economic losses without considering the social and environmental externalities. Their study, however, analyzed only the major road infrastructure projects and a complete analysis needs to include small roads, such as those mapped by this study.




4.3. Roads and Deforestation


As in other studies, we found a high correlation between roads and deforestation [9,11,26,28]. For large highways, studies show that the influence of roads on deforestation can extend up to 50 km [10,11]. However, in Acre, 90% of the State’s deforestation is within 4 km of the road axes. This result is similar to that pointed out by Barber et al. [9], showing that 95% of deforestation in the Amazon is concentrated within 5.5 km of official and unofficial roads.



This pattern also occurs when we analyze the relationship using the land classes as a sample unit. The land tenure classes, Indigenous Lands and Conservation Units, had the lowest deforestation ratio to roads, corroborating studies that show protected areas as a barrier to deforestation [9,40,41,42]. Land grabbing and land speculation in public lands aggravate the uncontrolled expansion of deforestation [43]. Deforestation across the Brazilian Amazon and the State of Acre in 2019 was the highest since 2008 [21]. Such tendencies are serving to pressure institutions to dismember protected areas or withdraw their protected status [44,45].



The strong association between roads and deforestation shows the importance of the continuous monitoring of roads, which should be one of the factors to be included in State and National plans to combat Deforestation. The State of Acre stands out among the states of the Amazon for its environmental policies, such as the State Plan to Combat Deforestation (PPCD-AC—Plano Estadual de Prevenção e Controle do Desmatamento do Acre) and the Incentive System for Environmental Services (SISA—Sistema de Incentivos a Serviços Ambientais); however, none of them includes road monitoring.



The deforestation policy may have influenced the increase in deforestation and new roads under the presidential administration that began in January 2019. The current federal administration has weakened institutional enforcement capacity, resorting to an emergency approach to environmental policy [3,46,47,48]. The combination of concrete institutional changes and anti-environmental discourse encourages both deforestation and road building.





5. Conclusions


The official and unofficial roads must be continuously monitored as land access routes have determined the legal, and mainly illegal, deforestation fronts in the Amazon. The application of remote sensing techniques is critical for monitoring illicit environmental activities. Consequently, the dataset produced in this study will be a valuable basis for the validation of future road maps generated by automatic algorithms in the Amazon region.



Within the scope of this research, we observed that in recent years there had been a tendency to decrease the rate of expansion of unofficial roads in Acre, with a change in this pattern and greatly increased extension of unofficial roads in 2019. In the State of Acre, there is no municipality without roads, which shows the need for constant monitoring of road expansion to improve environmental and social control actions.



It is well known that there is a strong relationship between deforestation and roads, where 90% of deforestation in the entire State is within 4 km of road axes. Around 92% of roads are in the land categories that also concentrate deforestation: Settlement Projects, Private Properties, and Public Lands. We highlight the concern of the increase of roads in Conservation Units, where in the last 12 years the growth of roads was 240% compared with the existing roads up to 2006.
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Figure 1. Study area with indigenous lands, conservation units, and deforestation areas in the State of Acre, Brazil in 2019. 
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Figure 2. Example of roads visible in the Landsat-8 band 4 (red) images for the years 2018 (A,C) and 2019 (B,D). 
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Figure 3. (A) Spatial–temporal distribution of roads in the State of Acre. (B) Annual increment of roads and deforestation in the State of Acre from 2007 to 2019. 
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Figure 4. (A) Roads and land class relations in Acre. (B) Percentage accumulation of total deforestation until 2019 for the State of Acre and Conservation Units as a function of distance from the road axes. Dashed lines indicate the distance from the road when 95% of deforestation accumulates for each unit, black line—State of Acre, and green line—Conservation Units. (C) Relationship between road extension until 2019 with deforestation until 2019 in the State of Acre. Each point represents a municipality. (D) Relationship between road extension until 2019 with deforestation by land class until 2019. The dashed black line in Figure 4C,D is the 1:1 line. 
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Table 1. The total length of roads, density, and annual increment by municipality of the State of Acre for the period 2007–2019. The list of municipalities is ranked by the highest total length of roads.
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	Municipality
	Municipality Area (km2)
	Total Length of Roads (km)
	Length 2007–2019 (km)
	Density (km km−2)
	Annual Increment (km)





	Rio Branco
	8830
	2669
	1146
	0.30
	95



	Sena Madureira
	23,737
	1587
	944
	0.07
	73



	Xapuri
	5344
	1406
	725
	0.26
	56



	Bujari
	3033
	1268
	531
	0.42
	41



	Brasiléia
	3913
	1249
	548
	0.32
	42



	Senador Guiomard
	2321
	1235
	151
	0.53
	12



	Porto Acre
	2604
	1176
	229
	0.45
	18



	Cruzeiro do Sul
	8810
	1113
	375
	0.13
	29



	Plácido de Castro
	1943
	1106
	148
	0.57
	11



	Feijó
	27,982
	1057
	636
	0.04
	49



	Acrelândia
	1809
	1018
	232
	0.56
	18



	Capixaba
	1702
	873
	306
	0.51
	24



	Epitaciolândia
	1654
	756
	301
	0.46
	23



	Tarauacá
	20,192
	744
	300
	0.04
	23



	Rodrigues Alves
	3091
	677
	224
	0.22
	17



	Manoel Urbano
	10,628
	580
	413
	0.05
	34



	Assis Brasil
	4972
	391
	144
	0.08
	11



	Mâncio Lima
	5481
	355
	92
	0.06
	7



	Porto Walter
	6466
	154
	97
	0.02
	7



	Marechal Thaumaturgo
	8216
	86
	58
	0.01
	4



	Jordão
	5367
	61
	58
	0.01
	4



	Santa Rosa do Purus
	6144
	60
	7
	0.01
	1



	Total
	164,240
	19,620
	7665
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