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Abstract

:

Over the decades, hydropower complexes have been built in several hydrographic basins of Brazil including the Amazon region. Therefore, it is important to understand the effects of these constructions on the environment and local communities. This work presents a land use and land cover change temporal analysis considering a 33-year period (1985–2018) in the direct influence zone of the Braço Norte Hydropower Complex, Brazilian Amazonia, using the Collection 4.1 level 3 of the freely available MapBiomas dataset. Additionally, we have assessed the Brazilian Amazon large-scale deforestation process acting as a land use and land cover change driver in the study area. Our findings show that the most impacted land cover was forest formation (from 414 km2 to 287 km2, a reduction of 69%), which primarily shifted into pasturelands (increase of 664%, from 40 km2 to 299 km2). The construction of the hydropower complex also triggered indirect impacts such as the presence of urban areas in 2018 and the consequent increased local demand for crops. Together with the ongoing large-scale Amazonian deforestation process, the construction of the complex has intensified changes in the study area as 56.42% of the pixels were changed between 1985 and 2018. This indicates the importance of accurate economic and environmental impact studies for assessing social and environmental consequences of future construction in this unique region. Our results reveal the need for adopting special policies to minimize the impact of these constructions, for example, the creation of Protected Areas and the definition of locally-adjusted parameters for the ecological-economic zoning considering environmental and social circumstances derived from the local actors that depend on the natural environment to subsist such as indigenous peoples, riverine population, and artisanal fishermen.
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1. Introduction


Land use and land cover changes (LULCC) have been the subject of recent studies focusing on landscape changes [1,2], land degradation/deforestation [3,4], and landscape fragmentation [5,6]. Human activity is the main driver of LULCC in the world [7]; as a result, human activities have substantially affected 75% of the Earth’s land surface, mostly related to agricultural activities [8]. This is set to increase to 85% until 2050, according to the projections of the Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services (IPBES) [9].



Land use practices are distinct throughout the world, varying according to culture, traditions, and purposes. A general concept is that the acquisition of natural resources is always acceptable when it is addressed for meeting immediate human needs [10,11]. In this context, electricity generation plays a key role. Despite being considered as a “greener” method for generating electricity, hydroelectric power plants are an environmental concern because of their impacts associated with the disruption of the natural course of rivers, food systems and agriculture, endangerment of forests and biodiversity, loss of water quality, and social impacts such as the relocation of people [12,13]. Reservoirs may also become hotspots for greenhouse gas emissions, potentially affecting how sustainable hydropower is compared to fossil-fuel burning [14]. Aside from the direct impacts of these constructions in the LULCC, their indirect impacts such as the increasing population and local demands in the surroundings areas should also be considered. These impacts are highlighted when we consider that almost 40% of the global population is currently facing water scarcity, consequently creating an urgent need to manage water resources adequately [15].



Hydropower is the largest renewable source of electricity across the world, accounting for up to 65% of all renewable sources and around 16.5% of all electric generation sources [16,17]. The increased use of hydropower is currently driving the greatest surge in global dam construction since the second half of the 20th century; consequently, most of the important rivers where this is possible are now dammed and face a block of essential nutrient flow that leads to nutrient alteration, retention via sedimentation, and gaseous elimination, factors that degrade terrestrial and coastal environments downstream [14,18]. Hydroelectric power plants generate 70% of the Brazilian electrical energy [12,19] and this is expected to increase in the near future due to the dams and hydroelectric power plants under construction [13,20]. This expansion has been mainly happening over the Brazilian Amazon [21,22], a region where Land Use and Land Cover (LULC) is already suffering increasing pressures related to deforestation, logging, and agriculture [3,23,24].



Aside from the direct and indirect impacts of these constructions over LULCC, the large-scale Amazonian deforestation process must also be addressed for fully understanding the drivers of LULCC in hydropower complexes in this unique region of the world [20]. By combining all drivers above-mentioned, it is possible to assess the impacts caused by previously constructed hydroelectric power plants over LULCC in the Amazon region and show possible environmental impacts derived from future construction.



With the advance of remote sensing, image processing, and machine learning techniques, novel approaches have been developed to complement the Brazilian official monitoring system to track annual deforestation in the Amazon. These efforts are highlighted in the MapBiomas project, which consists of a multi-disciplinary network responsible for providing annual LULC maps for the entire Brazilian territory since the 1980s using the Landsat Archive and the Google Earth Engine platform [25,26], allowing the analysis of LULCC for long time periods.



There are no previous works in the literature that have analyzed LULCC temporally in the Braço Norte Hydropower Complex, Brazilian Amazon. To face this challenge, we used LULC data with a spatial resolution of 30 meters for a 33-year period (1985–2018), comprising the beginning of the construction of the first hydroelectric power plant in the complex and the current period. LULC was derived from the MapBiomas dataset [25], which provides information on the LULCC dynamics possibly caused by the construction of the complex and allows the assessment of the interaction between the construction and the protection of its direct influence zone. The LULC maps provided by this dataset are more suitable for decision makers due to their higher spatial resolution, which addresses tactical and operational purposes.



This work also considers the large-scale Amazonian deforestation process acting as a LULCC driver. Deforestation in the Brazilian Amazon is a process that has been taking place mainly in the Mato Grosso State for many years [27]. In this way, we propose a spatially explicit and replicable method for assessing LULCC not only in the Braço Norte Hydropower Complex, but that is applicable to other areas impacted by hydropower complexes.




2. Materials and Methods


2.1. Study Area


The study area includes the direct influence zone of the Braço Norte Hydropower Complex, located in the northern region of the state of Mato Grosso, Brazilian Amazonia (Figure 1). Braço Norte is located within the Tapajós River Basin, specifically between the municipalities of Guarantã do Norte and Novo Mundo.



The Braço Norte Hydropower Complex encompasses four hydroelectric power plants (Braço Norte, Braço Norte II, Braço Norte III, and Braço Norte IV). Although the construction of Braço Norte started in 1985, its inauguration occurred in December/1997, followed by Braço Norte II in April/1998, Braço Norte III in October/2003, and Braço Norte IV in August/2007. Combined, these four hydroelectric power plants generate over 44.09 MW/h [28], consisting of an important renewable source of electric energy in this region. The delimitation of the direct influence zone of the complex followed the proposition of Carvalho et al. (2018) [29], that is, a 7 km buffer around each of the four hydroelectric power plants totaling 460 km2. Additionally, we tested three more buffers of 14 km, 21 km, and 28 km, respectively.




2.2. Land Use and Land Cover Data Processing


The LULCC temporal analysis in the study area was performed using the freely available LULC dataset provided by the MapBiomas Project-Collection 4.1 [25]. This dataset is based on Landsat images, generated with 30-meter spatial resolution, and has been used as a reference in several LULC-related recent studies conducted in the Brazilian Amazon [30,31,32,33,34]. According to Bonanomi et al. (2019) [35], the MapBiomas classification scheme provides annual LULC maps for Brazil since 1985 through an automatic classification routine using cloud processing on the Google Earth Engine platform. The classification scheme is based on a pixel-by-pixel classification of Landsat images using the machine learning algorithm random forest [36]. This algorithm classifies targets using the spectral response of each Brazilian biome from the database, automatically classifying areas with the same spectral pattern [37]. The applied method, fully described in MapBiomas 2020b and in Souza Junior et al. 2020 [26,36], distinguishes 22 LULC classes in the most detailed classification level (level 3).



In this work, we selected three annual MapBiomas LULC maps of the Collection 4.1 level 3. The 1985 LULC map represents the study area in the year when the construction of the first hydropower plant began; 1998 represents LULC in the year when the reservoir started being filled (it only started after the inauguration of the first hydroelectric power plant in December/1997); and 2018 represents LULC in the current period (this is the last annual LULC map currently available in MapBiomas-Collection 4.1). These three LULC maps were clipped to the delimitation of the direct influence zone of the Braço Norte Hydropower Complex and then each LULC class was quantified. Although MapBiomas distinguishes 22 LULC classes, only six of them were identified in the study area: forest formation, non-forest natural formation, pasture, annual and perennial crop, water, and urban.




2.3. MapBiomas-Collection 4.1 Accuracy Assessment


The accuracy of the mapping presented in this study is linked to the accuracy of the MapBiomas LULC dataset. MapBiomas provides specific accuracy assessment statistics for its collections considering the entirety of Brazil and, separately for the six distinct Brazilian biomes. The MapBiomas-Collection 4.1 accuracy assessments were performed based on ~75,000 samples per year distributed over the Brazilian territory using the Pontius and Millones (2011) method [38]. Considering the 1985–2018 period for the entire Brazilian territory and the LULC classes from level 3, this dataset collection has an annual average overall accuracy of 86.40%, allocation disagreement of 11.06%, and area disagreement of 2.5% [39]. On a biome scale, the annual average overall accuracy of the Amazon reaches 95.80%, which is the highest among the Brazilian biomes [39]. For the specific years analyzed in the present study, the annual overall accuracy in the Brazilian Amazon is also high, corresponding to 96.30% for 1985, 95.80% for 1998, and 95.00% for 2018 [39]. These results show the effectiveness of MapBiomas-Collection 4.1 at accurately identifying the LULCC in the study area.





3. Results


The annual LULC maps show that substantial changes have occurred in the direct influence zone of the Braço Norte Hydropower Complex from 1985 to 2018 (Figure 2). Forest formation was the major LULC class in 1985 (414 km2) and also the one most reduced during the 1985–2018 period (287 km2, a reduction of 69%).



The variations derived from the LULCC process considering the years 1985, 1998, and 2018 are properly described in Figure 3.



Deforested areas were mainly converted into pasture, which increased 644% (from 40 km2 to 299 km2) between 1985 and 2018. Annual and perennial crops were identified only in 2018, representing 3.66% of the direct influence zone of the Braço Norte Hydropower Complex. The increase in water, related to reservoir filling, was also significant (1565%, from 1 km2 in 1985 to 17 km2 in 2018). Annual and perennial crops, other non-forest natural formation, and urban did not have significant changes.



In addition to the large-scale Amazonian deforestation process, the construction of the Braço Norte Hydropower Complex has exerted more pressure and intensified land cover transitions. To make this clearer, we identified all pixels where LULCC occurred between 1985 and 2018 in the direct influence zone of the Braço Norte Hydropower Complex (7 km buffer) and three additional buffers (14 km, 21 km, and 28 km) (Figure 4). In the direct influence zone of the Braço Norte Hydropower Complex, 56.4% of the pixels showed changes, and with the increase in the buffer size, this percentage decreased: 52.31% in the 14 km buffer, 47.69% in the 21 km buffer, and 47.68% in the 28 km buffer. It is also possible to observe the additional pressure related to the construction of the complex due to the fact that the 14 km buffer is closer to the BR-163 highway, often related to more intense LULCC [40], but LULCC was less intense than in the direct influence zone of the Braço Norte Hydropower Complex.




4. Discussion


When the construction of the Braço Norte Hydropower Complex began, a total of 414 km2, representing 90% of its direct influence zone, was covered by forest formations. In 1998, this LULC class decreased to 234 km2 and reached 127 km2 in 2018, equivalent to a decrease of 69% in the 33 years analyzed. In 2018, for example, only 27.6% of the area was covered by forest formations. This is in agreement with Fearnside et al. (2016) [20], who found that hydroelectric projects can stimulate deforestation around reservoirs in the Amazon. Similar LULCC patterns have been found in other hydroelectric dams constructed in the Brazilian Amazon such as Balbina [41], Belo Monte [42], and Tucuruí [43].



The other non-forest natural formations had a distinct pattern where it increased from 4 km2 in 1985 to 11 km2 in 1998, but decreased to less than 0.1 km2 in 2018. According to the MapBiomas classification scheme, other non-forest natural formation areas in the Amazon biome are represented by savanna formations [36]. The presence of non-forest natural formation patches close to pasturelands may indicate a misclassification of MapBiomas as savanna formations are not frequent in this region and are usually confused with pasturelands when using medium-resolution images due to their seasonality and spectral similarities [44,45] and to their intra-class spectral heterogeneity [46,47].



We have also observed that most of the non-forest natural formations in 1998 (central portion of the study area, Figure 2) were converted to annual and perennial crops in 2018. This class was only identified in the latter year analyzed, reinforcing that the main consequence of the deforestation in the region was a dynamic variation between anthropogenic land-uses. The trend of expanding annual agriculture in the early 2000s in the Mato Grosso State was driven by an increase in soybean export to Europe and China [48]. Despite the apparent success of the Soy Moratorium, an agreement that inhibits soy planting on deforested areas of the Brazilian Amazon after 2008 that reported positive effects in curbing deforestation [23,49], a recent work has pointed out that part of the Brazilian exported soybeans come from illegally deforested areas of the Amazon [50].



The filling of the Braço Norte Hydropower Complex reservoir has also directly impacted the water class, which is associated with the flooding of forest formations and other LULC classes. This has increased from 1 km2 in 1985 to 7 km2 in 1998 when the reservoir started being filled. The reservoir filling ended after the inauguration of Braço Norte IV, accounting for 3.75% (17 km2) of the direct influence zone in 2018. The visual interpretation of Figure 2 shows that the water class expanded mostly over forest formation areas. This is a recurring impact on the construction of hydroelectric power plants in Northern Brazil [51] and was also found by de Resende et al. (2019) [52], who identified considerable floodplain forest loss derived from flood pulse changes as an effect of the Balbina dam construction, also located in the Brazilian Amazon.



These results help to contest the claim of the “greening” of hydropower in the Amazon. The development, submission, and acceptance of robust Environmental Impact Assessment plans for environmental and social damage is imperative prior to the construction of hydroelectric dams in Amazonia [53,54]. Cochrane et al. (2017) [55] conducted a case study comparing the water areas calculated from Landsat-derived LULC maps to the Environmental Impact Assessment estimations used to approve the construction of the Santo Antônio and Jirau mega dams in the Madeira River and found that the reservoirs were at least 341 km2 (64.5%) larger than expected, and an additional 160 km2 of natural forest areas were flooded than expected. Furthermore, dams fragment rivers, affecting freshwater connectivity [56]. Studies in the Amazon have found high rates of deforestation in riparian permanent preservation areas delimited to protect small rivers and maintain forest and water connectivity [57], showing that deforestation is happening in a much larger area across the Amazonian Arc of Deforestation because of the many dams along small streams [58].



In contrast to forest formations, pastures increased in the period analyzed. Its area was equal to 40 km2 in 1985 and increased to 207 km2 and 299 km2 in 1998 and 2018, respectively, accounting for 65% of the total area of the direct influence zone of the Braço Norte Hydropower Complex in the latter year. Along the analyzed period, the increase in pasturelands over deforested areas of the Brazilian Amazon has been considered the predominant LULCC pattern [59,60,61,62]. The increasing local demands for food crops and cattle, the structural changes in social aspects, and the creation of surplus labor force generated from the migration of workforce and subsequent growing population led by the construction of the Braço Norte Hydropower Complex, as observed from the presence of the urban LULC class in 2018, have also influenced LULCC patterns. This is a recurrent situation found in other hydroelectric projects constructed in the Brazilian Amazon [63,64]. Some pasture areas in the Amazon result from illegal deforestation, where part of the cattle raised in these areas are for consumption on the internal market and another part is exported mainly to Europe and China [50]. Official data from Brazilian Institute of Geography and Statistics—IBGE (2017) [65] showed low soybean production in the study area, but a significant presence of cattle herds, agreeing with the results of Figure 3. This crop type is the most important in Mato Grosso and has experienced a significant expansion in the last 20 years. Other studies have also observed the low presence of soybean production in this region even after the soybean boom in Mato Grosso after 2000 [66,67]. However, the pasture expansion in Mato Grosso State has also been driven by the soybean expansion over pasture, causing ranchers to expand their production over natural vegetation and secondary vegetation [62].



We also note from Figure 2 and Figure 3 that forest formation conversion was higher between 1985 and 1998 than between 1998 and 2018: this LULC class decreased 180 km2 in the first period and 107 km2 in the latter. The local historical analysis confirmed that the major period of deforestation occurred before 1998 [40,68,69] and that the main LULCC pattern is forest converted to pasturelands [70]. Furthermore, the municipalities of Guarantã do Norte and Novo Mundo are within the influence of the BR-163 highway. LULCC dynamics in the BR-163 highway region include cattle ranching, the most common practice, and the more recent but small development of agriculture with soybean expansion in 2008 [40,69,71]. This is in agreement with the traditional Brazilian Amazon deforestation process that includes: (i) the price of commodities driving the subsistence activities of small farmers who are encouraged to settle on forestlands; (ii) meat market prices driving forest conversion to pasture; and (iii) agricultural market prices and the pavement of roads, in this case, the BR-163 highway, driving forest conversion to croplands [70].



Besides the direct and indirect impacts of the Braço Norte Hydropower Complex construction in LULCC, we also highlight important large-scale initiatives that were taken as an attempt to decrease deforestation in the Brazilian Amazon such as the Action Plan to Prevent and Control Deforestation in the Amazon (PPCDAm) in 2004 [72] and the Soy Moratorium [23,68]. However, these two initiatives could not fully curb deforestation in the region.



Episodes involving local environmental actors suggest weak law enforcement by local authorities that contributes to deforestation in the region where the study area is located [68,71,73]. According to Fearnside (2007) [71], during the early 2000s the mayor of Guarantã do Norte declared himself the ‘‘green mayor’’ and announced several initiatives to reduce deforestation along the BR-163 highway, but in response, local loggers took the head of the National Fund for the Environment (FNMA) as a hostage and held her until the mayor declined the creation of two natural reserves previously proposed. Moreover, the Brazilian Institute of the Environment and Renewable Natural Resources (IBAMA) office in Guarantã do Norte suffered an arson fire in 2004 for which local loggers were considered primary suspects [71]. This suggests that it is necessary to go beyond punishments to reduce the impact of the anthropic intervention in this region, incorporating initiatives such as tenure regularization, territorial management, the implementation of the Rural Environmental Registry (CAR), monitoring and surveillance, financial incentives for sustainable production, improvement of agricultural and livestock practices, and environmental education. However, such actions, mostly depending on federal initiatives, are far from being taken as an anti-environmental agenda has been adopted by the Brazilian Federal Government inaugurated in 2019 [74,75,76].




5. Conclusions


Assessing LULCC is challenging in regions where complex actors drive these transitions. In the Brazilian Amazonia, infrastructure projects drive deforestation, providing environmental, social, and economic consequences, especially in the surroundings of these projects, and also lead to indirect impacts such as urban growth. The temporal analysis in the Braço Norte Hydropower Complex showed substantial LULCC within the direct influence zone of the complex over the past 33-years. Furthermore, large-scale drivers have also impacted on the LULCC, suggesting that both local-scale and large-scale drivers must be considered before the construction of future hydropower complexes in the Amazon region.



Results showed that the LULC dataset MapBiomas-Collection 4.1 can be used for LULCC analysis in the Brazilian Amazon, but we reinforce the need for local-scale accuracy assessment of this dataset in future studies. We also reinforce the need for public managers to use geotechnologies as an essential tool for territorial planning, since they allow a broader vision of the environment and, in this case, without the associated high implementation monetary costs.



Finally, our results reveal the need for adopting special policies to minimize the impact of these constructions, for example, the creation of Protected Areas and the definition of locally adjusted parameters for ecological–economic zoning considering the environmental and social circumstances derived from the local actors that depend on the natural environment to subsist such as indigenous peoples, riverine population, and artisanal fishermen.
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Figure 1. Location of the study area in South America, the Brazilian territory, the Brazilian Amazon, and the Mato Grosso State. Red polygon represents the direct influence zone of the Braço Norte Hydropower Complex. 
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Figure 2. Land use and land cover in the direct influence zone of the Braço Norte Hydropower Complex representing the year when the construction began (1985), the filling of the reservoir (1998), and the current period (2018). Source: MapBiomas-Collection 4.1 level 3 dataset [25]. 
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Figure 3. Annual total area (km2) and percentage of the LULC classes identified in the direct influence zone of the Braço Norte Hydropower Complex in 1985, 1998, and 2018. 
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Figure 4. Map showing whether changes have occurred in land use and land cover in the direct influence zone of the Braço Norte Hydropower Complex (7 km buffer), and in the influence expansion zone (14 km, 21 km, and 28 km buffers) between 1985 and 2018. Source: MapBiomas-Collection 4.1 level 3 dataset [25]. 
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