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Abstract

:

The expansion of hydroelectric dams that is planned, and under construction, in the Amazon basin is a proposal to generate “clean” energy, with the purposes of meeting the regional energy demand, and the insertion of Brazil into the international economic market. However, this type of megaproject can change the dynamics of natural ecosystems. In the present article, the spatiotemporal patterns of deforestation according to distance from the reservoir in the vicinity of the lake of Tucuruí, and within a radius of 30 km from it, are analyzed. A linear spectral mixture model of segmented Landsat-thematic mapper (TM), enhanced thematic mapper plus (ETM+), and operational land imager (OLI) images, and proximity analysis were used for the mapping of the land-cover classes in the vicinity of the artificial lake of Tucuruí. Likewise, landscape metrics were determined with the purpose of quantifying the reduction of primary forest, as a mechanism of loss of ecosystem services in the region. These methods were also used for the evaluation of the influence of the distance from the reservoir on the expansion of anthropogenic activities. This methodology was used for the scenarios of pre-inauguration, completion of phase I, beginning of construction phase II, full completion of the Tucuruí hydroelectric project, and the current scenario of the region. The results showed that the highest deforestation rate occurred in the first period of the analysis, due to the areas submerged by the reservoir and due to the anthropogenic disturbances, such as timber extraction, road construction, and the conversion of forests into large areas of agribusiness.
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1. Introduction


The Brazilian Amazon attracts continued interest in its natural resources and its energy sources. This situation is due to the increase in the insertion level of Brazil into the international economic market, with the export of primary products, such as agricultural and mineral commodities [1]. One of the factors that contributed to the exploration of new sources of energy was the “blackout crisis” in 2001, which was linked to the combination of a lack of planning, and lack of investments in the generation and transmission of electrical energy, with a prolonged drought. This drastically reduced the levels of the main water reservoirs in the Southeast and Northeast regions. Thus, the Brazilian population was forced to change its energy consumption habits [2,3]. Therefore, in the Brazilian territory, hydroelectric dams are proposed under the concept of “energy security”, with the highest hydroelectric potential in South America, and expected to supply energy and meet the growing regional demand [4,5,6].



In recent years, the accelerated expansion of the hydroelectric dams planned and under construction in the Brazilian Amazon has raised social and environmental concerns, due to its impacts on the Amazon basin. On the one hand, hydropower is clean, efficient, renewable, and allows for multiple uses of the water [7,8]. On the other, researchers argued that dams can motivate hydrological and climatic alterations; can affect the fauna and flora due to the flooding of forests, fields, and arable areas; and can also modify land use and provoke the need to relocate the population, leading to the fragmentation and loss of forests [9,10,11,12,13,14,15,16].



The conjunctures of the oil crisis of the 1970s and the stimulus of the Japanese government led to the construction of the Tucuruí hydroelectric dam, with the objective of developing the energy-intensive industry of aluminum in the Brazilian Amazon [17,18]. The construction of the Tucuruí hydroelectric dam was a milestone in the socio-economic dynamics of the region, due to the magnitude of the hydroelectric project. This event led to labor mobility, to meet the strategy of forming labor markets in the border areas of natural resource extraction, and lead to resettling residents of the flooded area, causing significant social problems in the region [19]. The construction of the Tucuruí hydroelectric dam was the first large-scale hydroelectric project in the Amazon region [20], and due to its 33 years of operation, is an ideal case to evaluate the long-term impacts of mega-dams on the loss and degradation of tropical forests.



Regarding the loss of tropical forest induced by the Tucuruí dam, when the period between 1988 and 2008 was analyzed, it was found that the deforestation rates were equal around the dam, both in the river downstream as well as in the river upstream [21]. Nevertheless, this rate was significantly reduced during the last period, between 2008 and 2013. Following a protocol using remote sensing, it was found that the average degradation rate was 17.8% of the rate of deforestation [21]. In that study, the edges’ effects were not taken into account, but recent studies showed the harmful effects of the edges for biodiversity, water and carbon cycle, and other ecosystem processes [22,23]. In addition, others studies revealed that deforestation in the municipalities affected by the construction of the Tucuruí hydroelectric plant was not proportional to the percentage of territory occupied by the lake in each of the municipalities, between the years 1988, 1999, and 2010 [24,25]. This leaves open the question of what happened to the deforestation rates and spatiotemporal patterns of the forest cover in the vicinity of the artificial lake of Tucuruí.



In this way, the importance of mapping the land-cover is highlighted as a mechanism to identify and spatialize the influence of the reservoir on the changes in forest cover. In this study, geotechnologies and landscape analysis were used to evaluate the deforestation patterns around the reservoir. These patterns were formed by the Tucuruí hydroelectric dam during its 33 years of operation and expansion, from 1984 to 2017.




2. Materials and Methods


2.1. Study Area


The study area included a buffer of 30 km around the reservoir centered on Lake Tucuruí (03° 28’ and 05° 27’ S, 50° 13’ and 48° 57’ W). It encompassed part of the seven municipalities (Breu Branco, Goianésia do Pará, Itupiranga, Jacundá, Nova Ipixuna, Novo Repartimento, and Tucuruí) directly affected by the construction of the Tucuruí Hydropower Complex, all in the State of Pará (Figure 1).



The Tucuruí Hydropower Complex, in the Baixo Tocantins basin, obstructed the Tocantins river and flooded an area of 2430 km2 [26]. This complex was the first large-scale hydroelectric project in the Amazon region [12,27]. The construction of phase I of the Tucuruí Hydropower Complex, to generate 4000 MW (Megawatts) of electric power, was completed in 1984 [26,28]. Phase II of the construction began in 1998, reaching an installed capacity of 8370 MW of electric power in 2007 [9]. Finally, in 2010, the works of the mega hydroelectric project were concluded, with the inauguration of the Tucuruí locks, which allowed reestablishment of the navigability of the Tocantins river [29,30].




2.2. Acquisition of Remote Sensing Data


The images used (scenes) were obtained by the Landsat 5, 7, and 8 satellites. They were acquired from the collection of images by the United States Geological Survey, with level L1TP (level-1 terrain precision correction), atmospherically corrected, orthorectified with universal transverse mercator (UTM) projection, a WGS1984 datum/spheroid, and an accuracy greater than 0.8 pixels [31]. The images correspond to the months of May to October of the years 1984, 1988, 1999, 2010, and 2017, composing a series covering 33 years (Table 1). In particular, the data for the years 1984, 1988, and 2010 were acquired by the Landsat-5 TM sensor. The data from 1999 were collected by the Landsat-5 TM and Landsat-7 enhanced thematic mapper plus (ETM+) sensors. For the data of 2017, images from the Landsat-8 operational land imager (OLI) sensor were used. Although multiple sensors were used to collect the data, the quality of the images, the spatial resolution, the geometry and the length of the images remained consistent [31].



In order to cover the entire study area, five scenes of adjacent images were acquired for each year (Table 1). Due to the high percentage of cloud cover in the region, and with the objective of minimizing the area of this type, complementary images of different dates were used for three scenes of the year 2010 with orbits/points: 223/64 dated 8 January 2009, 224/63 dated 21 June 2009, and 224/64 dated 8 August 2009.




2.3. Classification


The software TerraAmazon [32] and PostgreSQL [33] were used to perform the classification and store the results. First, the geographic projection UTM zone 22S and the WGS84 coordinate system were defined. Subsequently, the boundaries of the municipalities surrounding the Tucuruí reservoir were imported in vector format and scaled 1:250,000, as made available by the Brazilian Institute of Geography and Statistics [34].



In order to assist with the identification of the features in the classification process, the RGB (Red, Green, and Blue) color compositions were prepared using the near-infrared (NIR), shortwave infrared (SWIR-1), and red (R) bands respectively. A linear contrast enhancement was applied on the images, to improve the distinction between classes.



In addition, the linear spectral mixture model (LSMM) for each image listed in Table 1 was used. Thus, endmembers representative of the shadow, soil, and vegetation components of the image [35], and the spectral behavior were analyzed. The LSMM was used to estimate the pixel proportions of shadow, vegetation, and soil, and to enhance these components. This also facilitated the identification of deforestation [36].



To facilitate the discrimination of the classes, an algorithm of image segmentation by region growth, aiming at group adjacent and similar pixels, was applied, generating homogeneous regions based on two thresholds; similarity and area. The similarity threshold indicates the distance (in digital number) at which a pixel may belong to the cluster, whereas the area threshold defines the minimum area (in pixels) to form each group of pixels [35]. For the algorithm, the similarity thresholds of 16 digital numbers, and area thresholds of 8 pixels (~0.7 ha) were used. These values were previously used in part of the study area, providing good results [24,25,37]. The segmented shade and soil fraction images were also used for the visual interpretation in the polygon-to-polygon classification.



The key to the class identification was based on the Amazon Deforestation Monitoring Project (PRODES, by its name in Portuguese) [36,38,39] and on the spectral behavior of the components, primarily in relation to the shade and soil response of the LSMM. Based on reference [24], the following classes were considered: (1) forest, considered as forest formations with little or no anthropogenic disturbance; (2) anthropized areas, including areas where anthropogenic interference occurred in forest formations, directly related to human activities that resulted in deforested areas, occupation mosaics, agriculture, pasture, and exposed soils; (3) flooded areas, encompassing all water of the Tocantins River upstream of the dam; (4) hydrography, comprising the area downstream of the hydropower plant occupied by the Tocantins River and other bodies of water (rivers and lagoons); (5) urban areas, involving urban sites and major engineering ventures, such as airports and the Tucuruí dam; (6) clouds, areas covered by cloud and their shadows.



Based on [25], the polygon–polygon classification of the fraction images for shade and soil was performed. The classification was obtained according to the spectral responses of the components in the RGB color composition of the NIR, SWIR-1, and red bands of the satellite images. A scale of 1:30,000 was used on the computer monitor. Then, the matrix editing of the edges of the polygons that presented mixed classes, by means of visual classification with the scale 1:30,000, was performed.




2.4. Analysis of Deforestation Patterns


After obtaining the land-cover maps, a GIS (geographic information system) proximity analysis was used to evaluate the influence of the distance from the reservoir on the loss of forest areas, using ArcGIS software [40]. Specifically, six buffer rings were used, from 5 to 30 km around the Tucuruí Lake of each mapped year, at intervals of 5 km per ring. This methodology was adapted from the method found in [21]. Due to variations in the flooded area in each scene, for all years, the buffer rings were made using the 1988 artificial lake edge as a reference, except for the year 1984, in which the border of the river was used. Thus, it was possible to determine the percentage of land-cover of the forest fragments in the six buffer rings around the Tucuruí reservoir, in the years 1984, 1988, 1999, 2010, and 2017. It was also possible to elaborate the transition matrices of the land-cover within a 30 km radius of the lake during the periods 1984–1988, 1988–1999, 1999–2010, and 2010–2017. In addition, the relative annual deforestation rates (ADR) were calculated based on following Equation (1),


  A D  R t  =   1 +    d t     f  t − 1        1 n    − 1                



(1)




where ADR is the annual deforestation rate, t is the time (mapping year), n is the number of years between t and t − 1, f is the forest area, and d is the total deforested in the period, n; it can also be obtained from ft−1 − ft.



In addition, the amount of carbon (C) emissions was calculated using the above ground biomass (AGB) 266 Mg ha−1 [41], and assuming that 48% of it is carbon. Furthermore, it was considered that 20% of the AGB is below ground biomass (BGB). Thus, the total of C emission considering AGB and BGB was 153.2 Mg ha−1.




2.5. Landscape Structure Metrics


Metrics at the landscape level were employed to analyze the spatiotemporal patterns of landscape change to estimate the loss of ecosystem services within a 30 km radius of the lake. Seven landscape metrics were selected, including patch density (PD), edge density (ED), largest patch index (LPI), landscape shape index (LSI), effective mesh size (MESH), Shannon’s diversity index (SHDI), and Shannon’s evenness index (SHEI) because they are related to fragmentation and changes in forest cover [42,43,44]. The calculation of landscape level indexes (PD, ED, LPI, LSI, SHDI, and SHEI) aimed to give an overview of the variations in landscape patterns. The software FRAGSTATS [45,46] was used to compute the selected metrics. After getting the indexes value, a comparative analysis was done, in respect of landscape fragmentation between the years 1984, 1988, 1999, 2010, and 2017.



Overall landscape level diversity was assessed by calculating Shannon’s diversity index (SHDI) and Shannon’s evenness index (SHEI). SHDI = 0 when the landscape contained only one patch, and the value increased with the number of patch types and/or as the proportional distribution of the area among patch types became more equal. However, the SHEI was also used to describe the distribution of patches [45].





3. Results and Discussion


Based on the land-cover results obtained within a 30 km radius of the Lake Tucuruí for the years 1984, 1988, 1999, 2010, and 2017, roads were the primary driver inducing the spread of deforestation. In the 1984 classification, the main roads, classified as anthropized area, followed the North–South direction, the same as the main river. In the following years, this anthropized area began around the highways and spread from them [47]. The opening of roads, the improvement of the road network, along with the flows of population and investment that the roads attracted, generated the continuous creation of corridors to access the region, which were the main determinants for the constant increase in deforestation [48,49] (Figure 2).



According to the thematic maps of the land-cover in Figure 2, the map of the year 1984 has the smallest flooded area, as this represents the reservoir filling period, that is, the pre-inauguration scenario of the Tucuruí hydroelectric dam. At this stage, the area of the Tocantins river, classified as a flooded area, extended over 37,728 ha. In the maps of other years, the length of Lake Tucuruí was 276,114 ha, 264,264 ha, 262,688 ha, and 290,992 ha for the 1988, 1999, 2010, and 2017 scenarios, respectively (Table 2).



From the thematic maps, land-cover transition matrices (between the years analyzed) within the 30 km radius of the Tucuruí reservoir (Table 2) were generated. Likewise, it was possible to generate information on the dynamics of the propagation of the anthropized areas, in time and space, in the six buffer rings surrounding the flooded area, within the municipalities directly affected by the construction of the Tucuruí Hydropower Complex, for the five scenarios analyzed (Figure 3).



From the forested area in 1984 (1,500,572 ha) only 28% remained as forest in 2017 (418,141 ha). More than a million hectares were converted into another land cover type. In this area, 185,386 ha of forests (9.7% of the territory) were flooded by the Tucuruí reservoir and 189,085 ha of forests (9.9% of the territory) changed to anthropized areas. This also impacted part of the Parakanã Indian reservation, with 2290 ha deforested throughout the analysis period. Lake Tucuruí flooded, in addition to forest areas, 46,541 ha of anthropized areas (2.4% of the territory), reaching part of the railway Estrada de Ferro Tocantins and the highways BR-230 and BR-422 [50].



In the year 1984, the deforested areas were concentrated in the rings B0–5 and B5–10 of the municipalities of Tucuruí and Itupiranga (Figure 3). The urban spots of the old Tocantins railroad and the highways Transamazônica (BR-230) and BR-422 are located in these areas. The latter were implemented in the first half of the 1970s by the road program and the colonization policies of the National Integration Program [49]. In the municipality of Breu Branco, in the B0-5 ring, there was a reduced concentration of forest fragments (Figure 3), a zone influenced by the urban centers (Breu Velho and Breu Branco) and by the PA-263 and PA-151 highways. In comparison to the other municipalities, Nova Ipixuna presented low forest cover in the B25-30 ring buffer (Figure 3), presumably due to the settlements along the PA-150 highway.



For the year 1988, the lowest percentage of forest cover was located in the regions distant from the reservoir, in the rings B10–15, B15–20, B20–25, and B25–30 of the municipality of Nova Ipixuna, and in rings B5–10, B10–15, B15–20, B20–25, and B25–30 in the municipality of Jacundá (Figure 3). These localities were affected by the urban settlements and farms along the PA-150 highway, which is an interlinking road with the dynamic city of Marabá [26]. There were also low percentages of forest cover in the ring near the lake in the municipalities of Itupiranga (B0–5) and Breu Branco (B0–5) (Figure 3). Coincidentally, the territory within this ring is crossed by the highways BR-230, PA-263, and PA-151.



In the last three scenarios, the percentage of forest cover in every ring declined drastically for all the municipalities (Figure 3). Globally, in the scenario of 1999, between 39% and 47% of the areas in the rings were covered by forest fragments. For the year 2010, this percentage was between 26% and 32%; and in the 2017 scenario, between 23% and 28% of these areas were covered by forest. These results corroborate the transitions of land-cover that occurred between 1988 and 1999, 1999 and 2010, and 2010 and 2017, as presented in Table 2.



Between 1988 and 1999 (Table 2), 37.3% (710,221 ha) of the territory remained as forest but suffered the highest substitution of forest by anthropized areas, with the alteration of 21.6% (411,021 ha) of the territory. Between 1999 and 2010 (Table 2), 24.4% (464,599 ha) of the territory continued as a forest, and 13.9% (264,084 ha) of the territory was substituted by anthropized areas. Finally, between 2010 and 2017 (Table 2), 21.4% (406,593 ha) of the territory remained as forest. This period experienced the smallest modification of forest by anthropized areas, with a change of 3.8% (72,262 ha) of the territory.



Thus, it is possible to have a representation of the variation of the patterns of deforestation in the surroundings of Lake Tucuruí, among the five scenarios of 1984 and 2017. Specifically, the highest forest loss rate occurred in the first period (1984–1988), with a loss of 374,726 ha of forests (93,681 ha/year). This effect is corroborated by Table 3, which presents the deforestation rates in relation to the remaining forest area, with a deforestation rate of 5.7% in this first period, caused mostly by the filling of the artificial lake of Tucuruí. All areas would have been deforested in less than eighteen years if these deforestation rates were kept at the same level. In addition, land was needed for the resettlement of the residents, who had previously lived in the areas flooded by the reservoir [12]. According to [50], the Timber Industry Union of Tucuruí and Region, in the period between 1983 and 1990, the region had become the largest center of timber extraction and processing in the state of Pará.



In relation to other periods, deforestation led to the loss of 394,108 ha, 248,431 ha, and 65,167 ha of forest, that is, deforestation rates of 2.8%, 2.7%, and 1.8% in the periods from 1988 to 1999, 1999 to 2010, and 2010 to 2017, respectively (Table 3). Although the rate of deforestation decreased over time, the total percentage of forest dominance has been severely affected. Two main reasons may have contributed to the decline in deforestation rates. First, since 1999, more than 50% of the study area was already deforested (Figure 3 and Table 2). Secondly, in 1998, the Law of Life was promulgated: Law on Environmental Crimes (Law No. 9605, dated February 12, 1998), with the objective of protecting the country’s flora and fauna, as well as curbing degradation and deforestation of the forest [51]. Another factor that also contributed was The Action Plan for the Prevention and Control of Deforestation in the Legal Amazon (PPCDAm) that reduced Amazon deforestation from 27,772 to 4571 km2 [52,53].



This deforestation associated with the construction of the Tucuruí plant was directly responsible for the emission of more than 218,000 Gg of carbon during the analysis period (Table 3). Other factors that should also be considered, but that were not measured in this work, are the loss of the carbon absorption that the forest stopped performing, and the amount of methane that it started to emit because of the flooding of the forest for the creation of the artificial lake [9]. However, the harmful effects are not restricted to the emission of greenhouse gases, the loss of habitat must also be taken into account. The calculation of the landscape structures can be of great assistance to achieve this.



The landscape metrics showed that the PD increased over time, with less variation in the last period (Figure 4). Considering the land cover transitions (Table 2), it was inferred that numerous fragments of anthropized area replaced the large patches of forest, while the patches fragmented over time. The LSI and ED showed similar trends between them. The smallest values, presented in 1984, indicate patches of greater compaction, linked in particular to the consolidation of the forest. On the other hand, the highest LSI and ED values imply disaggregated covers in the landscape matrix, which, for 1988, experienced the highest value, influenced by the recent presence of Lake Tucuruí. For the coming years, these metrics gradually decreased in value. This can be understood as a process of landscape compaction, associated exclusively with the continuous predominance of anthropized areas.



In the metrics at class level, the values of LPI and MESH showed different behaviors between the two classes considered in Figure 5. The high values of LPI and MESH for the forest class in 1984 confirmed their initial predominance and the good connectivity for patches. The most notorious variation in habitat loss and fragmentation occurred in 1988. The LPI and MESH values of the forest patches experienced a considerable drop in their predominance and connectivity, as the anthropized patches grew even greater. This effect was caused by the sudden presence of Lake Tucuruí. In the following scenarios, the LPI and MESH indicators of the forest patches recorded their lowest values, being surpassed by the LPI and MESH of the anthropized areas, which gradually increased for each scenario. This implies the loss of large patches of forest, giving space to the predominance and good connectivity of the patches of anthropized areas. This caused a diversity of effects, altering the size and dynamics of populations, trophic interactions, and ecosystem processes [54].



The years 1984 and 2017 presented the highest LPI values, which quantifies the total percentage of the landscape area covered by the largest patch. For the year 1984, this value is associated with the dominance of forest cover and, for the year 2017, with the predominance of anthropized areas. The smallest LPI values were presented in 1988 and 1999, related to the loss of tropical forest prevalence and to the competition of different classes in the new process of consolidation of the landscape matrix, as shown in Figure 4. Finally, the SHDI and SHEI diversity indexes demonstrated similar behaviors, with the smallest value in 1984, which indicates a landscape with smaller types of patches and smaller distribution in the area of the different types of patches present. This is understood as a less fragmented landscape. For the years 1988 and 1999, consecutive increases were observed, with the highest value in the year 1999, a scenario where more than 50% of the study area was deforested (Table 2).



It is important to know the behavior and evolution of the deforestation that causes loss of habitat in areas of the Amazon forest, affected by the implementation of hydroelectric projects, to plan and prevent the same issues from occurring again. Studies have found that deforestation rates were consistent in the first 80,000 km2 around the Tucuruí hydroelectric dam during the period 1988-2008 [21]. This behavior was not the same if they analyzed the municipalities directly affected by the reservoir. The deforestation in these municipalities was not proportional to the percentage of territory occupied by Lake Tucuruí in each of them between 1988, 1999, and 2010 [24,25]. Therefore, it is necessary to know the behavior and progress of deforestation and forest fragmentation exclusively around the reservoir, associated with the creation of Lake Tucuruí in 1984. In this study, the highest rate of deforestation per year (5.7%) was detected during the pre- and post-inauguration period of the hydroelectric project (1984–1988); in this period an emission of over 109,000 Gg of carbon was observed (Table 3). It is important to note that the behavior and evolution of deforestation exclusively around the lake was distinct within each affected municipality (Figure 3).



With the increase in fragmentation there was a strong reduction in the abundance of plant and animal species, sometimes even promoting changes in the composition of entire communities. The edge effects caused a large number of patches between 1984 and 2017, with a high prevalence of deforested areas for the 2017 scenario. It is known that a forest divided into small fragments causes several effects such as the change of size and dynamics of populations, trophic interactions and ecosystem processes as isolated fragments degrade [55,56]. In tropical forests, the reduction in the size of the fragment and the increase in the proportion of the edge habitat cause changes in the physical environment that lead to the loss of large and old trees in favor of pioneer trees, with subsequent impacts on the community of insects. In addition to these changes in the physical environment, forest fires are facilitated due to the reduction in the relative humidity of the air. The size of the fragment also affects the rate of succession, so that the increased penetration of light and the sources of altered seeds in smaller fragments modify the ecological succession rate in relation to the larger fragments [55,56]. In the 33 years of analysis, the region under study experienced a high fragmentation of its forests, producing many small fragments, encouraging the reduction of the population of species housed within each forest fragment, since the effects of habitat loss and fragment size act together.



For purposes of reflection, in 2002, through Law No. 6451, the government of the state of Pará created the Environmental Protection Area (APA, by its name in Portuguese) of the Lake de Tucuruí, with an extension of 568,667 ha [57]. According to the objectives proposed for the creation of APA-type protected areas, biodiversity should be protected and restored, altered areas should be restituted, and the natural resources needed for the subsistence of the local population should be protected, among other things. However, it is easy to verify that the achievement of these objectives did not occur. This was in view of the reduction of the forest cover prevalence in the B0-5 ring at a global level, which was the best indicator to prove this fact. Thus, forest areas covered 44%, 28%, and 23% of the areas of the first buffer ring, in the scenarios of 1999, 2010, and 2017, respectively.




4. Conclusions


The results obtained allowed us to evaluate the changes in forest cover related to the implementation of the artificial lake of the Tucuruí hydroelectric dam, and its complementary works, over time. Such results also provide vital information to be considered in the evaluation of future ventures in the Amazon rainforest. It was found that the highest rate of deforestation occurred in the first period (1984–1988), with a loss of 93,681 ha per year. From these areas, 185,386 ha were flooded by the Tucuruí reservoir and another 189,085 ha were affected by anthropized areas, associated with timber extraction and the expansion of agro-cultivable areas and roads. These activities focus on distant territories from the reservoir banks (more than 5 km from the reservoir, in areas not bordered by highways conducing to the lake), and close to the main highways in the region (BR-230, PA-263, PA-150, and PA-151). The peak values in the LSI and ED metrics, as well as the sudden drop in the LPI and MESH values of the forest patches for the 1988 scenario confirm the degradation in the landscape matrix and loss of connectivity between the forest patches for this scenario.



In the last three periods, the deforestation rates were lower, with losses of 35,828 ha per year, 22,585 ha per year, and 9,310 ha per year, for the periods 1988 to 1999, 1999 to 2010, and 2010 to 2017, respectively. This effect may be associated with the high percentage of areas already deforested (approximately 50% of the study area) since the 1999 scenario, together with the promulgation of the Law of Life: Law of Environmental Crimes, which had the purpose of stopping forest deforestation.



Without doubt, the construction of the Tucuruí hydroelectric plant and the implementation of the artificial lake modified the ecosystem of the region, responsible for the emission of more than 218 thousand Gg of carbon during the entire period analyzed. However, roads and highways were found to route the devastation, and they accelerated forest deforestation when they were located in the vicinity of the reservoir (in the first 5 km of the lake).
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Figure 1. Location of the study area: the lake of Tucuruí and the radius of 30 km around the reservoir. 
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Figure 2. Thematic maps of land-cover within the 30 km radius of Lake Tucuruí in the five scenarios from 1984 to 2017. 
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Figure 3. The percentage of forest per year in the six buffer rings surrounding the flooded area. The data belong to the scenarios of 1984, 1988, 1999, 2010, and 2017, for the entire study area, and part of the municipalities of Tucuruí, Breu Branco, Goianésia do Pará, Jacundá, Nova Ipixuna, Novo Repartimento, and Itupiranga. B0–5—Buffer from 0 km to 5 km; B5–10—Buffer from 5 km to 10 km; B10–15—Buffer from 10 km to 15 km; B15–20—Buffer from 15 km to 20 km; B20–25—Buffer from 20 km to 25 km; and B25–30—Buffer from 25 km to 30 km. 
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Figure 4. Landscape change as measured by landscape-level metrics from 1984 to 2017. 
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Figure 5. Habitats loss and fragmentation as measured by class-level metrics from 1984 to 2017. 
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Table 1. Images (scenes) from the Landsat satellite used to map the deforestation.
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	Path/Row
	1984
	1988
	1999
	2010
	2017





	223/63
	27 July
	22 July
	13 July
	5 September
	6 July



	223/64
	11 July
	22 July
	21 July
	3 July
	6 July



	224/62
	22 October
	14 August
	28 July
	26 July
	13 July



	224/63
	31 May
	14 August
	5 August
	26 July
	13 July



	224/64
	31 May
	29 July
	28 July
	26 July
	13 July
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Table 2. Transition matrix of land-cover from 1984–1988, 1988–1999, 1999–2010, and 2010–2017, within 30 km of Lake Tucuruí, with areas in hectares (ha).
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Land Cover 1984




	
Land Cover 1988

	
Hydrography

	
Flooded Area

	
Urban Area

	
Forest

	
Anthropized

	
Cloud

	
Total (b)

	
Var. (b-a)




	
Hydrography

	
7131

	
55

	
0

	
368

	
569

	
13

	
8136

	
−781




	
Flooded area

	
577

	
37,279

	
320

	
185,386

	
46,541

	
6012

	
276,115

	
238,386




	
Urban area

	
35

	
6

	
780

	
19

	
523

	
15

	
1379

	
267




	
Forest

	
275

	
35

	
0

	
1,124,967

	
567

	
2

	
1,125,846

	
−374,726




	
Anthropized

	
898

	
353

	
13

	
189,085

	
293,061

	
5856

	
489,266

	
147,864




	
Cloud

	
0

	
0

	
0

	
746

	
141

	
35

	
922

	
−11,011




	
Total (a)

	
8916

	
37,728

	
1113

	
1,500,572

	
341,402

	
11,933

	
1,901,664

	




	
Permanence

	
80%

	
99%

	
70%

	
75%

	
86%

	
0%

	

	




	

	
Land Cover 1988




	
Land Cover 1999

	
Hydrography

	
Flooded Area

	
Urban Area

	
Forest

	
Anthropized

	
Cloud

	
Total (b)

	
Var. (b-a)




	
Hydrography

	
7483

	
35

	
5

	
426

	
855

	
0

	
8805

	
669




	
Flooded area

	
1

	
258,703

	
0

	
4103

	
1450

	
7

	
264,264

	
−11,850




	
Urban area

	
5

	
6

	
1357

	
76

	
1005

	
0

	
2449

	
1069




	
Forest

	
205

	
5281

	
0

	
710,221

	
15,733

	
298

	
731,738

	
−394,108




	
Anthropized

	
443

	
12,090

	
17

	
411,021

	
470,222

	
616

	
894,409

	
405,143




	
Cloud

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
−922




	
Total (a)

	
8136

	
276,114

	
1379

	
1,125,846

	
489,266

	
922

	
1,901,664

	




	
Permanence

	
92%

	
94%

	
98%

	
63%

	
96%

	
0%

	

	




	

	
Land Cover 1999




	
Land Cover 2010

	
Hydrography

	
Flooded Area

	
Urban Area

	
Forest

	
Anthropized

	
Cloud

	
Total (b)

	
Var. (b-a)




	
Hydrography

	
7803

	
4

	
13

	
269

	
1335

	
0

	
9425

	
620




	
Flooded area

	
9

	
253,899

	
5

	
2785

	
5990

	
0

	
262,688

	
−1577




	
Urban area

	
8

	
11

	
2317

	
1

	
1834

	
0

	
4172

	
1723




	
Forest

	
145

	
1518

	
0

	
464,599

	
17,045

	
0

	
483,307

	
−248,431




	
Anthropized

	
839

	
8832

	
114

	
264,084

	
868,204

	
0

	
1,142,072

	
247,664




	
Cloud

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
Total (a)

	
8805

	
264,264

	
2449

	
731,738

	
894,409

	
0

	
1,901,664

	




	
Permanence

	
89%

	
96%

	
95%

	
63%

	
97%

	
0%

	

	




	

	
Land Cover 2010




	
Land Cover 2017

	
Hydrography

	
Flooded Area

	
Urban Area

	
Forest

	
Anthropized

	
Cloud

	
Total (b)

	
Var. (b-a)




	
Hydrography

	
7761

	
1

	
33

	
348

	
1793

	
0

	
9935

	
511




	
Flooded area

	
64

	
260,249

	
38

	
4103

	
26,538

	
0

	
290,992

	
28,304




	
Urban area

	
6

	
2

	
4099

	
1

	
1012

	
0

	
5120

	
948




	
Forest

	
109

	
1158

	
0

	
406,593

	
10,281

	
0

	
418,141

	
−65,167




	
Anthropized

	
1485

	
1277

	
2

	
72,262

	
1,102,450

	
0

	
1,177,476

	
35,403




	
Cloud

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
Total (a)

	
9425

	
262,688

	
4172

	
483,307

	
1,142,073

	
0

	
1,901,664

	




	
Permanence

	
82%

	
99%

	
98%

	
84%

	
97%

	
0%
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Table 3. Amount of forest area and deforestation area in hectares (ha), cumulative deforestation rates in the period and relative annual deforestation rates in percentage (%), and carbon emissions from deforestation (Gg C) within a 30 km ring of Lake Tucuruí. ADR = annual deforestation rates.






Table 3. Amount of forest area and deforestation area in hectares (ha), cumulative deforestation rates in the period and relative annual deforestation rates in percentage (%), and carbon emissions from deforestation (Gg C) within a 30 km ring of Lake Tucuruí. ADR = annual deforestation rates.





	Year (t)
	Forest [ha]

(f)
	Deforestation [ha]
	Cumulative Deforestation Rates [%]
	ADR [%]
	Carbon Emissions from Deforestation

[Gg C]





	1984
	1,500,572
	341,402
	-
	-
	52,308.25



	1988
	1,125,846
	374,726
	25.0
	5.7
	57,414.02



	1999
	731,738
	394,108
	35.0
	2.8
	60,383.65



	2010
	483,307
	248,431
	34.0
	2.7
	38,063.60



	2017
	418,141
	65,166
	13.5
	1.8
	9,984.47











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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