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Riparian vegetation performs important ecosystems services, improving water quality, mitigating erosion, and maintaining regional plant and animal biodiversity. Regular annual flooding maintains riparian forests through an intermediate disturbance regime. In response, seasonally flooded vegetation has developed adaptations for seed dispersal and gas transfer to survive and reproduce while undergoing periods of flooding. In the Amazon, a dam building boom threatens the integrity of riparian vegetation by moving riparian corridors into dry-adapted ecosystems and reducing downstream flooding of riparian areas. Additionally, the region is undergoing intense development pressure resulting in the conversion of native riparian vegetation into agriculture. In this study, we measure how the installation of six large dams on the Tocantins River, coupled with land cover change from native forest and savanna to cattle pasture, has changed the land–water interface of this region. Using land cover data provided by MapBiomas, we quantified land cover change from 1985 to 2018 and measured changes in the riparian areas of the still free-flowing areas of the Tocantins River, riparian areas surrounding reservoirs, and in-stream vegetation dynamics. We found that deforestation in the riparian areas of the Tocantins River downstream of the dams is occurring at a higher rate than deforestation in the watershed. Additionally, reservoir filling resulted in creating hundreds of square kilometers of new riparian areas, pushing the riparian zone away from forest-dominated ecosystems into savanna-dominated areas. The quantity of in-stream vegetation throughout the study was dynamic and initially increased after damming before declining for the last decade of the study. Changes to native land cover in riparian areas of the Tocantins River threaten the integrity of ecosystem services provided by riparian vegetation and are likely to lead to further degradation of these areas.
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INTRODUCTION

Riparian corridors are important for protecting river ecosystems. Ecosystem services performed by these areas include improving water quality through reducing siltation and agrochemical contamination (Newbold et al., 2010; Rieger et al., 2014), decreasing stream flow velocity and sediment transport (Keesstra et al., 2012), and protecting rivers from erosion (Wynn et al., 2004). In addition to regulating water quality and quantity (de Souza et al., 2013; Helfenstein and Kienast, 2014) and groundwater recharge (Bruijnzeel, 2004), riparian forests also maintain regional biodiversity of both plant and animal species (Naiman et al., 1993; Surasinghe and Baldwin, 2015) and are important for food security of riparian communities who use these nutrient rich areas for subsistence agriculture (Hiraoka, 1985; Laufer et al., 2020).

Riparian forests are shaped by their interaction with river ecosystems. Regular annual flooding maintains riparian forests (Junk et al., 1989). Trees in riparian forests that undergo annual flooding events have developed myriad adaptations to survive and reproduce in response to regular, long-term flooding (Parolin and Wittmann, 2010; Parolin, 2012). For instance, many trees reach peak fruiting during high flooding and for many species, seeds are dispersed by water (hydrochory) or fish (ichthyochory) (Kubitzki and Ziburski, 1994; Anderson et al., 2009). Regularly flooded trees also have morphological adaptations to survive prolonged flooding, including the formation exaggerated pores on stems to increase oxygen available to roots during periods of inundation (hypertrophy of lenticels), formation of adventitious roots, and development of soft tissues with air channels (aerenchyma) (De Simone et al., 2002; Parolin et al., 2004). The flooding depth gradient across riparian forests also allows for the existence of diverse species with different flood tolerances throughout the floodplain (Wittmann et al., 2008; Budke et al., 2010).

Given the strong effects of river flooding on forested riparian ecosystems, the alteration of rivers by dams has effects on both river hydrology and ecology as well on riparian forest structure and function. Hydrologic alterations can lead to tree mortality both upstream and downstream of dams (Nilsson and Berggren, 2000; Assahira et al., 2017; Resende et al., 2019). Changes in the flooding regime can also affect growth patterns of riparian trees (Resende et al., 2020) and lead to demographic changes as younger trees are unable to establish if the floodplain gets drier as a result of damming (Nilsson and Dynesius, 1994; Thomas, 1996). Over time, the composition of riparian forests that no longer regularly flood as a result of damming may come to resemble that of upland forests (Thomas, 1996; Rocha et al., 2019).

Impacts of dams on riparian forest are different between the reservoir and downstream areas. Reservoir creation alters the location of riparian areas, often pushing them into a new and different vegetation type than what bordered the free-flowing river. These new riparian vegetation types are often in dry-adapted ecosystems and may not perform the same ecosystem function as the original riparian vegetation (Nilsson and Berggren, 2000; Yang et al., 2018). Downstream of the dam, riparian forests may be impacted by changed river and floodplain hydrology. For instance, decreases in sediment transport downstream of a dam can lead to reduced regeneration for some species (Mallik and Richardson, 2009) or limit the range of wetland-dependent species (Alldredge and Moore, 2014). In the long term, these disruptions may lead to altered species composition and shifts in vegetation and land cover types in the riparian zone. Dam-induced changes, such as decreased water flow, in river hydrology can also increase in-stream vegetation on sandbars no longer subjected to regular flooding (Choi et al., 2005; Woo et al., 2010). These riparian forest changes may be heightened by two additional factors: cumulative impacts of multiple dams on the same river and concurrent land use changes as regions with dams undergo economic development.

The Amazon basin has some of the most extensive and species rich riparian and floodplain systems in the world (Junk, 2010; Wittmann et al., 2010). These forests are socially and ecologically important for their role in preserving fish biodiversity and maintaining fisheries, providing food and shelter to many species during high water periods (Lobón-Cerviá et al., 2015; Arantes et al., 2018). However, these forests may be threatened by extensive damming throughout the Amazon region (Lees et al., 2016). The dam building boom in the Amazon may have significant and cumulative impacts on riparian forest composition and function (da Rocha et al., 2019), yet relatively few studies have examined the impacts of dams in this region. Most studies focus at local scales (0.1–10 ha; e.g., Ferreira et al., 2013; de Lobo et al., 2019) or on effects of a single dam (e.g.,Assahira et al., 2017; da Rocha et al., 2019; de Lobo et al., 2019). However, installation of additional dams is likely to lead to cumulative impacts on rivers both locally and at the scale of whole river basins.

Dams are not the only threat to riparian forests—land cover change also imperils riparian ecosystems (Fernández et al., 2014). Natural vegetation has a role in regulating processes such as sediment transport (Keesstra et al., 2012) and erosion (Wynn et al., 2004), which impact channel morphology and affect regional biodiversity (Naiman et al., 1993). Despite the relationship between forest cover and riparian ecosystem functioning, few studies have quantified land cover change in riparian ecosystems globally (Zomer et al., 2001 in Europe; Jones et al., 2010 in the United States; Clerici et al., 2014 in Nepal) with no studies in the tropics. Land cover change in riparian forests may be context dependent and currently lower in areas where there has already been historic land cover change (Todd and Elmore, 1997) and higher in areas that are undergoing economic development (Clerici et al., 2014). These differences in land cover change may be reflective of different management or development priorities, and in some cases, may be the result of natural disturbance (Zomer et al., 2001).

Most countries recognize the importance of riparian forests and have made laws to protect them. Laws often include provisions to limit riparian forest removal within a buffer zone and/or to restore degraded or deforested riparian areas. In Brazil, the importance of riparian vegetation is recognized and codified through their forest code. Established in 1965, the forest code (Law 4771/65) requires 500 m buffers around rivers greater than 600 m wide where vegetation cannot be altered. If the buffer was destroyed or altered for any reason, it had to be replanted using native vegetation (Joly, 2010). The Brazilian forest code was revised in 2012 and the protections of riparian buffers were weakened, allowing removal of native vegetation for some economic activities (Covre et al., 2015). These changes to the Brazilian forest code have been widely criticized (da Silva et al., 2017; Biggs et al., 2019; Valera et al., 2019) and negatively impact both riparian vegetation and species that are dependent on this vegetation (Ledo and Colli, 2016; da Silva et al., 2017).

Despite their importance, riparian areas also get incomplete legal consideration in environmental impact assessments (EIA) which are required for large hydroelectric dams built in Brazil and other Amazonian countries. With respect to dam impacts to riparian areas, these EIA quantify deforestation expected from reservoir creation, but generally do not estimate expected changes to riparian forest outside of the reservoirs (Cochrane et al., 2017; Ritter et al., 2017). Accounting for alterations to riparian areas beyond deforestation resulting from reservoir creation is important for mitigating impacts of dams to riparian ecosystems and restoring productive riparian zones.

Given the importance of riparian forests for ecosystem services, ecology, biodiversity, and food security, understanding the impacts of dams and land cover change on these systems is essential. In this study, we investigated how vegetation cover in the land–water interface of the Tocantins River, the most dammed river in the Amazon region, changed from 1985 to 2018. We defined riparian areas broadly as those lands bordering rivers and lakes (National Research Council, 2002). Our objectives were to quantify land cover change and deforestation in (1) lotic (free-flowing portions of the river downstream of dams) and (2) lentic (areas that are now reservoirs after damming) portions of the river and to compare land cover change in these two zones to land conversion (3) from reservoir creation and (4) across the Tocantins landscape, combining riparian areas fronting lotic and lentic environments. Our final objective was to (5) measure changes in alluvial (in-stream) vegetation within the lotic portions of the river before and after damming. The outcome of this study will help us understand how land cover is changing within the riparian zone of the Tocantins River and how these changes are different for riparian areas along lotic and lentic habitats.



MATERIALS AND METHODS


Study Site

We conducted this study along a stretch of the Tocantins River that runs from the south of Lavrinhas in Goiás, where it meets a major tributary, north to to the confluence of the Tocantins with the Araguaia River (Figure 1). We chose the Tocantins River because it has recently experienced land cover change due to both extensive damming and conversion of natural lands to agriculture. The river runs from south to north with its headwaters in the state of Goiás and drains into the Atlantic Ocean near the city of Belém in the state of Pará. The Tocantins River has a total drainage area of 767,000 km2 with a mean annual discharge of approximately 11,000 m3/s (Costa et al., 2003).
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FIGURE 1. Map of the Tocantins River watershed from the headwaters in Goiás to the confluence with the Araguaia River in Maranhão. The green area in the inset map of Brazil indicates the Legal Amazon. Inset images show examples of riparian vegetation, a reservoir, and Cerrado (savanna) on or near the Tocantins River.


Tocantins is the youngest state in Brazil, formed in 1988. As a result, the Tocantins watershed has undergone extensive development in recent decades. Population density increased from 2.66 inhabitants/km2 in 1980 to 5.73 inhabitants/km2 in 2020 (IBGE, 2020). The Belém-Brasília Highway (BR-153), which runs through Tocantins, acts as a regional development corridor (de Oliveira, 2015). Native vegetation throughout the region has been converted to pasture and soy monoculture (Treuhaft et al., 2009). The river is also the most dammed river in the Amazon region, with seven large dams (>30 MW) from its headwaters to its mouth and an additional two large dams planned for future development (Akama, 2017). The study region includes stretches of river downstream of six of the seven large dams (Serra da Mesa, Cana Brava, São Salvador, Peixe Angical, Lajeado, and Estreito; Figure 1) and reservoirs of those same six large dams.

The Tocantins River runs through the Cerrado biome, one of the world’s biodiversity hotspots (Myers et al., 2000). Cerrado ranges from open grassland to nearly closed canopy forest. Canopy trees in the Cerrado range from 12 to 15 m in height, but the most prominent form of Cerrado has a stunted canopy (2–8 m tall) interspersed with large shrubs and grassy groundcover (Ratter et al., 1997). Cerrado vegetation is generally dry-adapted and drought tolerant and therefore not naturally the dominant vegetation type in riparian areas in the Tocantins. Surrounding the river, Cerrado transitions into riparian forests (matas cilliares; Ribeiro and Walter, 1998). Around small streams and tributaries, the riparian vegetation is gallery forest, and alluvial forests form within the stream bed (Ratter et al., 1997; Oliveira-Filho and Ratter, 2002). Approximately 13% of the Tocantins watershed is considered protected land, the lowest of any major Amazonian watershed (Trancoso et al., 2009).



Measuring Land Cover Change

To understand how land cover changes may be different in different portions of this highly dammed system, we divided the land–water interface of the main channel of the Tocantins River into three separate regions: (1) the lotic zone, defined as portions of the river between the current reservoirs; (2) the lentic zone, defined as portions of the river that became a reservoir; and (3) the alluvial zone, defined as areas within the river channel (Figure 2). We examined land cover change in these zones in three land cover types: forest, savanna (Cerrado), and pasture. We selected pasture to represent agriculture because it was the dominant agricultural type in our dataset, accounting for approximately 99% of agricultural land in the region. To compare land cover change in the riparian area to areas away from the riparian zone in the lotic zone, we measured land cover type and deforestation rates in three locations for: (1) a 500 m buffer defined as riparian area of permanent protection by the Brazilian forest code, (2) a 500–1,000 m buffer beyond the riparian area of permanent protection, and (3) the Tocantins River watershed through the confluence with the Araguaia. For the lentic zone, we quantified forest loss in the 500 m riparian area of permanent protection. We compared the land cover composition in the lentic zone before reservoir creation, when the riparian area of permanent protection bordered a free-flowing river, to after reservoir creation, when this area bordered a standing lake. We quantified total areal coverage of forest and savanna lost to reservoir creation (where deforestation rates are near 100% due to inundation from the reservoir) and compared it to the amount of forest and savanna loss from other sources (shifting of the riparian zone after reservoir creation, land cover change in the riparian area of the lotic zone). We quantified alluvial forest cover only in the portions of the river that were lotic for the entire study period.
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FIGURE 2. Satellite imagery of the region surrounding the Cana Brava dam (installed 2002) near the city of Minaçu, Brazil showing (A) before the dam (1998), (B) after the dam (2020), and (C) close-up of alluvial vegetation within the river (2020). The regions in the solid rectangles represent the lotic zones of the river—areas that remained free-flowing throughout the study. The dashed rectangles represent the lentic zones of the river—areas that became dammed during the study. The dotted rectangle shows the alluvial forest found within the lotic portion of the river.


We used shapefiles from Brazil’s Agência Nacional das Águas to define the boundaries of the lotic portions of the river and the reservoirs. We digitized the pre-dam river within the reservoirs based on historic satellite imagery using Google Earth Pro. Using QGIS v. 3.14, we created a 500 m buffer around the different portions of the river. We also created a 1,000 m buffer around the lotic river areas, then subtracted the 500 m buffer from this region to get a 500–1,000 m buffer. In both these buffer spaces, we removed the river or reservoir boundaries so that we were only measuring the vegetation.

We used the MapBiomas v. 4.1 land cover data (Souza et al., 2020) to quantify percent forest, savanna, and pasture cover in the buffers and reservoir areas before and after the reservoirs were filled. The MapBiomas project derived land cover annually from 1985 to 2018 from Landsat imagery at a 30 m × 30 m pixel size (Souza et al., 2020). Land cover percentages and land cover conversion rates were calculated in R (R Core Team, 2020), and code as well as accompanying data are available at DOI 10.5281/zenodo.448841 and 10.5281/zenodo.462008, respectively. We used Puyravaud’s equation (Puyravaud, 2003) to quantify land cover conversion rates, where r is the rate of land cover change and t1 and t2 were the first and last year of the study, respectively. A1 is the total area in the first year and A2 is the total area in the last year.
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RESULTS


Land Cover Conversion in the Lotic Zone

Over the 34-year study period, both savanna and forest in the riparian zone were converted to pasture at a nearly linear rate surrounding the lotic areas of the river that are currently free-flowing (Figure 3). In the 0–500 m buffer, forest declined at an annual rate of 0.85% while savanna declined by 0.96% annually. Pasture increased at an annual rate of 2.60% (Figure 3A). There was a total loss of 108.17 km2 of forest and 69.31 km2 of savanna during the study period.
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FIGURE 3. Changes in composition of forest, savanna, and pasture in the (A) 0–500 m and (B) 500–1,000 m buffers surrounding the lotic portions of the Tocantins River. Dashed lines indicate years when a dam became operational (in order: Serra da Mesa, Lajeado, Cana Brava, Peixe Angical, São Salvador, Estreito). This analysis is restricted to portions of the river that are currently free-flowing and excludes any portion that eventually became a reservoir. Supplementary Figure 1 shows changes in composition of forest, savanna, and pasture across the watershed.


The area 500–1,000 m from the lotic portions of the river has more savanna and less forest than the area 0–500 m from the river (Figure 3B), demonstrating that the near shore environments of free-flowing rivers are important in supporting forest in this savanna-dominated landscape. In the area 500–1,000 m from the lotic portions of the river, there was a similar linear decline of forest (1.21% annually) and savanna (1.27% annually) and linear increase of pasture (3.13% annually; Figure 3B). Savanna was initially the dominant land cover in this region, but it was overtaken by pasture in 2015.

The watershed as a whole (excluding the 500 m riparian buffer; Figure 1) was dominated by savanna throughout the study (Supplementary Figure 1). By the end of the study, savanna and pasture were almost co-dominant, with savanna covering 35% of the watershed and pasture covering 30%. Annual deforestation rates of both forest (0.68%) and savanna (0.78%) were lower in the watershed than in the riparian buffer while pasture also grew at a lower rate (1.70%) in the watershed than in the riparian zone.



Land Cover Conversion in the Lentic Zone

The creation of reservoirs resulted in expanding the area considered riparian zone in this region (Figure 4). All reservoirs had at least double the riparian area that previously bordered the stretch of free-flowing river lost to the reservoir. The Serra da Mesa reservoir created 735.10 km2 of new riparian area, an increase of 339%. Even the smallest reservoir, São Salvador, had a 136% increase in riparian area, growing from 38.56 km2 before the dam to 91.07 km2 after the dam.
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FIGURE 4. Total area of the riparian buffer (0–500 m) in the stretches of river that are currently dammed, pre-dam (green; when the river was free-flowing) and post-dam (beige; where the river is now a reservoir). Dams are ordered by position on the river from upstream to downstream (left to right).


The new riparian zone created by the reservoirs also had a different vegetation composition compared to the riparian area that once bordered the corresponding stretches of free-flowing river (Figure 5). All the stretches of river converted to reservoir were dominated by forest immediately before damming except the stretch of river that became the Lajeado reservoir, which had nearly equal cover of forest (37.2%) and savanna (41.0%). After damming, each newly created lentic zone had lower forest cover in the reservoir riparian zone compared to the previous free-flowing river riparian zone (Figure 5). The Peixe Angical reservoir area, for example, had 45.5% forest cover pre-damming. That amount dropped to only 16.8% after the reservoir was installed. Except for Lajeado, all riparian areas bordering reservoirs had a greater savanna cover than the riparian areas surrounding the corresponding free-flowing river. In fact, savanna became the dominant vegetation in the riparian zone surrounding all the reservoirs after damming, except for the Cana Brava reservoir riparian zone, which was still dominated by forest (46.8% forest, 31.9% savanna). Even in the Lajeado area, which was not dominated by forest in either period, the proportion of forest dropped after the reservoir was opened (37.2% dropping to 15.4%). For the Lajeado and Serra da Mesa reservoirs, pasture cover in the riparian zone increased immediately after damming. In the Serra da Mesa riparian zone, pasture increased from 9.8% before the dam to 35.1% after the dam, while in the Lajeado riparian zone, pasture increased from 11.7% before damming to 25.4% immediately after damming.
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FIGURE 5. Changes in composition of forest, savanna, and pasture in the 0-500 m riparian buffers surrounding the lentic portions of the river. The dashed line indicates when each dam opened. Lines to the left of the dashed lined indicate the buffer surrounding the pre-dam free-flowing river and those to the right of the dashed line indicate the buffer surrounding the post-dam lentic reservoir. Dams are ordered by position on the river from upstream to downstream (left to right, top to bottom).




Reservoir Creation

Reservoir filling resulted in the loss of forest, savanna, and pasture for all six dams (Figure 6). Serra da Mesa, which has the largest reservoir, deforested 846.04 km2 of natural land cover, more than double the area of any other single dam and an area larger than the total forest and savanna lost from the creation of all other reservoirs combined (812.47 km2). The dominant land cover inundated by the reservoir varied, with forest loss being the greatest for the Serra da Mesa, Cana Brava, and Estreito dams; savanna the majority land cover being lost to the Peixe Angical and Lajeado reservoirs and pasture being the dominant land cover lost to the São Salvador dam (Figure 6). Despite all dams except Serra da Mesa being labeled as run-of-river and supposedly having lower impacts on hydrology and riparian ecosystems, the filling of every reservoir resulted in complete loss of the original riparian vegetation (Figure 6). Serra da Mesa, the largest reservoir by far (Figure 4), had the lowest percent loss of riparian forest (31%). The other five reservoirs had a higher proportion of forest loss within the riparian zone, ranging from 48% to 88%. Except for the Estreito dam, the percent of savanna lost that was in the riparian buffer was lower than the percent of forest lost within the riparian buffer. In Cana Brava, São Salvador, and Estreito, more than half of the savanna lost to reservoir creation occurred in the riparian area.
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FIGURE 6. Total loss in area (km2) of forest, savanna, and pasture cover after the filling of each reservoir. The hatched area represents riparian forest in the 0–500 m buffer around the river before damming. Numbers are the percent of deforested area accounted for by the riparian buffer for each land cover class. Dams are ordered by position on the river from upstream to downstream (left to right).


The total amount of deforestation from reservoir creation, which is almost always the only land cover change accounted for in environmental impact statements, was 1,938.93 km2. However, reservoir filling moved riparian environments, creating a total of 2,176.67 km2 new riparian habitat, an area 112% the size of all the vegetated reservoir area across the landscape. Furthermore, another 926.36 km2 of riparian forest in lotic areas downstream of dams will most likely be impacted by hydrologic changes from dam operations.



Land Cover Change Across the Tocantins Landscape

When examining the riparian zone of the Tocantins River landscape (combining lotic and lentic environments), we see a large shift in dominant land cover from forest to savanna and pasture over the 34-year study (Figure 7). Although total area of forest cover remained relatively steady over time (mean = 779.05 km2, range = 725.22–846.77 km2; Figure 7A), the amount of savanna and pasture that occurred in the riparian zone increased dramatically. Because of the increase in savanna and pasture cover, the proportion of forest in the riparian zone declined from 51.9% in 1985 to 24.1% in 2018 (Figure 7B). The total area of the land-water interface increased with the opening of each dam, from 1,631.18 km2 in 1985 to 3,063.82 km2 in 2018. The land cover where the new reservoir shoreline is located is dominated by savanna and pasture rather than forest. Thus, savanna cover increases in the riparian zone with the opening of each dam (Figure 7). The largest change in riparian zone land cover occurred after the opening of the Serra da Mesa dam, which created a large reservoir bordered by savanna and pasture (Figure 7). However, it is clear land cover in the riparian zone is also changing not only from dam creation. This is best illustrated by the increase in pasture and declines in forest and especially savanna after the last dam was installed in 2011 (Figure 7).
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FIGURE 7. (A) Total area (km2) and (B) percent cover of forest, savanna, and pasture in the 0–500 m buffer surrounding the combined lotic and lentic areas of the Tocantins River. Dashed lines indicate the year a dam opened (in order: Serra da Mesa, Lajeado, Cana Brava, Peixe Angical, São Salvador, Estreito).


Over time, the proportion of riparian land cover fronting lotic versus lentic water has also changed. Before any damming, 100% of the riparian area fronted a lotic river (Figure 8). With the filling of the Serra da Mesa reservoir, this percentage decreased to approximately 60% lotic and 40% lentic. The opening of each subsequent dam led to a further increase in the proportion of lentic environment over the landscape (Figure 8). After the filling of the sixth reservoir, only 29% of the riparian vegetation surrounding the Tocantins River fronted lotic waters (Figure 8).
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FIGURE 8. Proportion of riparian vegetation fronting lotic versus lentic environments over the landscape. Dashed lines indicate the year each dam opened (in order: Serra da Mesa, Lajeado, Cana Brava, Peixe Angical, São Salvador, Estreito).




Alluvial Forest

Over the study period, alluvial forest decreased by 2.35 km2, less than 1% of the total area of the lotic river channel (Figure 9). From 1996 to 2007, forest cover increased by an average of 2.88 km2. This coincides with the filling of the first reservoir, which started in 1996. After the 2007 peak, alluvial forest declined steadily from 2007 until 2014, after which there was a slight increase. Alluvial forest during the study period ranged from 7.03 to 8.24% of the total river area.
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FIGURE 9. Area of forest cover within the river channel over the study period (1985–2018). Dashed lines indicate the year a dam opened (in order: Serra da Mesa, Lajeado, Cana Brava, Peixe Angical, São Salvador, Estreito).




DISCUSSION

The Tocantins River basin is a dynamic system impacted by extensive human alteration in the past few decades. Our results show this alteration has large impacts on critical riparian areas in the Tocantins basin. Two distinct processes are leading to land cover change in riparian areas: first, the installation of dams, leading to hydrologic change in the Tocantins River and surrounding riparian areas, and second, the conversion of natural ecosystems to pasture. Damming has indirect impacts on areas much larger than those deforested by the reservoir. In this system, we expect the area of indirect impacts of the installed dams to be at least one and a half times larger than the area impacted by reservoir creation. Environmental impact assessments (EIA) that ignore indirect impacts of dams will underestimate the biophysical effects of damming on riparian areas both upstream and downstream of the dams (Cochrane et al., 2017; Ritter et al., 2017). Deforestation rates in the lotic areas of our study region are higher than the 0.6% annual loss over the Brazilian Cerrado as a whole during a similar study period (1990–2010; Beuchle et al., 2015). Studies in the eastern Amazon similarly showed higher rates of deforestation in the riparian buffers set up by the Brazilian forest code than in surrounding upland forest (Nunes et al., 2019). These high rates of deforestation within the riparian buffer likely point to shortcomings with the Brazilian forest code (da Silva et al., 2017). Despite mandates to protect and restore riparian areas, these areas continue to be degraded and deforested.

The installation of dams led to an increase in the total amount of riparian area of the Tocantins River through the creation of reservoirs. However, as these new riparian zones have been pushed far from the original free-flowing river and are bordering lentic reservoirs, they are dominated by vegetation that may not be well-adapted to periodic flooding (de Oliveira et al., 2015; Pires et al., 2018). Development of riparian forest with species composition adapted to periodic flooding along reservoir margins may take decades or longer, or may never happen, due to the changed hydrology of the lentic environment compared to the lotic (Nilsson et al., 1997). Riparian vegetation surrounding lentic water may suffer stress from a higher water table, which could lead to floristic compositional changes and species mortality (Jin et al., 2019; dos Santos et al., 2020). Addition of newly created riparian zones around reservoirs and changes in flooding regime around reservoir areas can also lead to species invasions (Lesica and Miles, 1999; Nilsson and Berggren, 2000; Commander, 2013), further changing the composition of riparian vegetation in the region.

Downstream of the dams, riparian areas may experience smaller, shorter seasonal floods that are decoupled from the rainy season (Swanson et al., unpublished data). These changes in floodplain hydrology may affect the riparian vegetation downstream of dams, causing species that are highly specialized for regular, long-term flooding to be outcompeted by upland species (Latrubesse et al., 2020). Smaller floods may also disrupt seed dispersal via hydrochory or ichthyochory leading to changes in species composition in areas that no longer experience regular flooding (da Rocha et al., 2019). It is likely that in the long-term, riparian areas downstream of the dams in the Tocantins River may come to be dominated by savanna species and experience decline of forest due to decreases in seed dispersal and seedling establishment.

Decreased flooding downstream of the dams may also have a synergistic relationship with land cover conversion to pasture. While Cerrado vegetation is fire adapted, the riparian vegetation of this region is not (Walter and Ribeiro, 2010). However, the main method of promoting grass regrowth for pasture is through the use of fire (Klink and Machado, 2005; Lúcio et al., 2014). As the riparian areas are no longer inundated, they may become more susceptible to fire due to accumulation of coarse woody debris (Ellis et al., 1999; Stromberg, 2001), which could lead to further degradation and conversion to pasture. Additionally, changes to the Brazilian forest code weakened protections for riparian buffers, making it so those riparian areas that have been degraded may not have to be reforested with native riparian species (Covre et al., 2015). This could further increase susceptibility to fire within riparian areas.

Additional pressures to deforest riparian lands may come from changes in fisheries or ability to practice subsistence agriculture. Installation of dams can lead to declines in abundance of commercially important fish (Hallwass et al., 2013), increases in overfishing (Doria et al., 2020), and reduced catch, especially of long-distance migratory species (Leite Lima et al., 2020). Irregular flooding can lead to abandoning subsistence floodplain agriculture, which can be used to supplement local diets (Laufer et al., 2020). Reduced flooding in riparian regions decreases soil fertility, which also diminishes the ability to practice floodplain agriculture or increases the cost due to the need purchase fertilizers (Laufer et al., 2020). Disruptions to income streams and food production may lead to increased deforestation in riparian regions to convert these areas to more profitable cattle pasture or for sale of hardwood.

Our results indicate the in-stream forest cover in the lotic portions of the Tocantins River is dynamic. A stable rise in in-stream vegetation started coincident with the filling of the Serra da Mesa reservoir. The alluvial vegetation remained higher throughout the study period until the opening of the São Salvador dam, the fifth on this stretch of the river. It is possible that the initial opening of the Serra da Mesa storage dam promoted formation of stable sand bars within the river, consistent with what has been observed after damming in some Asian rivers (Choi et al., 2005; Woo et al., 2010). However, the effects of damming on in-stream vegetation and island formation in the Tocantins River seem to be variable, suggesting the need for further study (Manyari and de Carvalho, 2007).

The riparian zone of the Cerrado plays an important role in providing various ecosystem services. Much of the landscape is being converted to agriculture, and these riparian zones act as buffers to reduce chemical outflows from agricultural fields into rivers (Nóbrega et al., 2020). The conservation of riparian forests in the Cerrado is also important for preserving terrestrial animal species abundance and diversity (Cabette et al., 2017; Paolino et al., 2018). Because of the ecosystem services provided for water quality, nutrient uptake, and biodiversity, as well as the intrinsic value of riparian habitats, it is important that they be conserved. The riparian zone of the Tocantins River is under increased pressure from both land cover change and hydrologic change from dams. However, there is evidence that restoration of riparian forest can be effective for preserving at least some ecosystem services these forests offer (Alcântara et al., 2004; Araujo et al., 2018).
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