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Abstract

:

This article analyzes the flows of water and total suspended sediment in different reaches in the lower course of the Negro River, the largest fluvial blackwater system in the world. The area under study is the Anavilhanas Archipelago, which is a complex multichannel reach on the Negro River. Between the years 2016 and 2019, data about water discharge, velocity, and concentration of total suspended solids (TSS) were acquired in sample sections of the Negro River channels located upstream, inside, and downstream of the Anavilhanas Archipelago. In the study area, the Negro River drains an area greater than 700,000 km2, and the mean water discharge observed before the Anavilhanas was about 28.655 m3·s−1, of which 97% flows through two channels of the Archipelago close to the right and left banks. The mean TSS concentration of the Negro River upstream and downstream the Archipelago was 3.28 mg·L−1 and 1.63 mg·L−1, respectively. Within the Archipelago, we observed more TSS in the channel on the left bank of the Negro River (mean of 4.50 mg·L−1). The total suspended sediment discharge of the Negro River before (3.14 Mt·year−1) and after (1.43 Mt·year−1) the Anavilhanas Archipelago indicates a 55% retention of the suspended load due to the low water slope and reduced flow velocity caused by the backwater effect of Solimões River on the Negro River. The hydro-sedimentary scenario of the low course of the Negro River characterized in this study indicates a slow and continuous sedimentation process in the Anavilhanas Archipelago. The results presented will serve as a baseline to assess the impacts of the dams on the Branco River, the main tributary for both water and sediment in the Negro River basin.
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1. Introduction


Large tropical rivers play a key role in shaping the landscape, as well as maintaining ecosystems and the climate at different scales [1,2,3,4]. The Negro River is the largest tributary of the left bank of the Amazon River. It is considered the sixth largest river in the world in water volume [2], with a mean annual water discharge of 28,400 m3·s−1 [5]. This huge fluvial system also possess an anabranching pattern with the presence of archipelagos [2]. Despite that large amount of water discharge, this river provides little suspended sediment input to the Amazon River [5,6], but its black waters have a high particulate and dissolved organic carbon concentration [7,8]. These hydrological characteristics together with a contrasting physiography (geology, geomorphology, climate, and vegetation) make the Negro River a unique river system flowing across a variety of rocks ranging in age from Precambrian to Quaternary, capable of maintaining large ecosystems of forests flooded by blackwaters, poor in nutrients (Igapó forest), savannas, and the largest fluvial archipelagos on the World, the Mariuá and Anavilhanas [9].



Located near the confluence of the Negro and Solimões rivers, the Anavilhanas Archipelago is the most prominent geomorphological feature on the lower Negro River. It contains an enormous diversity of islands and lakes [9,10,11], sustains one of the largest flooded blackwater systems in the world [12,13,14], and maintains a rich biodiversity of fish [15,16] and birds [17,18]. However, previous studies conducted in the region [2,11,19,20,21] did not deepen our understanding of the current dynamics of water flows and total suspended sediment discharge of this complex anabranching river system.



Suspended sediment transport on the Amazon River has been studied since the 1960s [22]. Currently, there are more than 260 sedimentometric stations on Amazonian rivers managed by Brazilian agencies, but only 6% of them are located in the Negro River basin [23]. The quantification and monitoring of suspended sediment transport is an important tool to understand the sensitivity of river systems to extreme weather events [22,24,25], impacts on soil management [26], and the construction of hydroelectric plants [27,28,29,30,31]. The lack of this type of data makes it difficult to understand the formation and functioning of the landscape, maintenance of habitats, and transport of nutrients [22,27].



The first estimations of the total suspended solids (TSS) concentration in the Negro River were obtained in the 1970s from surveys of the Alpha Helix project [32], indicating values around 5 mg·L−1. Data collected by the Hybam Project in the 1990s [33] found that the TSS is composed mainly of inorganic material that varies with water discharge, with lower concentration in the period of low water and higher concentrations during the high water [6,8]. The suspended solids transported by the Negro River come mainly from the of Guiana Shield and from areas covered by savannas, with a mean suspended solid discharge of 8 Mt per year [5,34]. The main tributary of the basin is the Branco River, coming from the northern hemisphere. This river has a mean annual water discharge of 3000 m3·s−1 and contributes approximately with 40% of the total suspended sediment discharge in the Negro River basin [5,35]. These estimations come from the Serrinha and Caracaraí sedimentometric stations, located inside the basin, hundreds of kilometers from the mouth of the Negro and Branco rivers, respectively. These data are not enough to certify the amount of sediments contributed to the Anavilhanas Archipelago and to understand how this island system works.



The base level of the Negro River in approximately 300 km of its low course is controlled by the Solimões River [36]. This huge river has a mean water discharge of 103,000 m3·s−1 and generates a backwater effect, whose influence on the hydrological system and transport of suspended solids on the Negro River is not yet well understood. The level of knowledge about the hydrological dynamics and their relationship with the formation of the Archipelago is also limited, resulting in gaps about the evolution of this complex Amazonian river system. The aim of this article is to report data collected at the Anavilhanas Archipelago and lower Negro River, concerning temporal and spatial variability of water and suspended solids flows. In addition, this study put in evidence an important dataset that can be useful to analyze consequences of the hydroelectric dam planned to be done at the Branco River [28,29,37,38], considering the importance of the sediments that can be retained by the dam and that currently feed the rich biodiversity of the Anavilhanas [39].




2. Materials and Methods


2.1. Study Area


With an area of 712,000 km2, the Negro River basin (Figure 1) is located between 5° N and 3° S and between 58° and 72° W with an altitude ranging from 10 m.a.s.l. to 2900 m.a.s.l. Plains predominate in the basin, with the presence of plateaus, pediplains, and hills [40]. The upper reach of the Negro River flows over crystalline rocks of the Guiana Shield and sedimentary deposits of the Amazon basin. The medium and low course crosses terrains with Paleozoic rocks, restricted to narrower areas of the river. Cretaceous sedimentary rocks belonging to the Alter do Chão Formation, with small areas containing sedimentary rocks from the Solimões Formation, outcrop near the Anavilhanas Archipelago [41], whose substrate consists mainly of Holocene alluvium [11]. The soils in the region are poor in nutrients and covered by a dense equatorial forest [42,43], with an erosion rate ranging from 0 to 10 ton·km2·year−1 [5].



This study was carried out on the 300 km reach of the lower Negro River located upstream, inside, and downstream of the Anavilhanas Archipelago. This Archipelago is located in the municipalities of Novo Airão and Manaus (state of Amazonas, Brazil) and has hundreds of islands, lakes, and small channels on the 120 km reach of the Negro River. As a refuge area for a great diversity of fauna and flora, the Anavilhanas is a National Park, a Ramsar Site [44], a UNESCO World Heritage Site, and a Biosphere Reserve.



Precipitation in the region has an annual mean of more than 2000 mm and exceeds 3500 mm in the northwestern portion of the basin, mainly from the North Tropical Atlantic and with intense recycling through forest evapotranspiration [45]. The water level of the Negro River in the Anavilhanas has annual variability of about 10 m, with over seven months of flooding, and the maximum and minimum levels occur in the period of June–July and October–November, respectively [46]. Black river water (i.e., based on Sioli classification [47], the main types of water in the Amazon rivers can be grouped into rivers with white, clear, or black water) is typical in the Negro River basin, with predominantly high acidity (pH near 4), low electrical conductivity (<20 µs), high concentration of dissolved organic carbon (>8 mg·L−1), and TSS less than 10 mg·L−1 [8]. Although it experiences high precipitation, the Negro River basin has a slow denudation rate, in the order of 0.04 mm·year−1 [34], due to the presence of the old lands of the Guiana Shield and weak tectonic activity.




2.2. Data Collection and Analysis


Data acquisition took place in five sample sections in the lower Negro River between 2016 and 2019 (Figure 1). The sections are located in the channels of the Negro River upstream (RN-1), inside (RN-2, RN-3, and RN-4), and downstream (RN-5) of the Anavilhanas Archipelago. In the interior of the Anavilhanas, the sections RN-2, RN-3, and RN-4 are located in the central region of the Archipelago. To establish a balance of the total suspended sediment discharge transported by the Negro River before and after the Anavilhanas, measurements of water discharge (Q), mean flow velocity (V), and water surface collections were performed to determine the concentration of total suspended solids (TSS), estimate particle size, and calculate total suspended sediment discharge.



The water discharge and mean flow velocity were obtained using an Acoustic Doppler Current Profiler (ADCP) operating at 600 kHz (Workhorse River Grande, Teledyne RDI), installed on a vessel and coupled with a GPS receiver (R4, Timble). For the water samples, a section area was used, composed of nine georeferenced points for water surface collection according to Filizola et al. [48]. Data on the level of the Negro River observed between 2016 and 2019, from the national hydrometeorological network [23] and altimetric data from the Sentinel-3A satellite available in the Hybroweb Project—THEIA/CNES [49], were used to analyze the variability in water height of the area studied.



The sampling and laboratory procedures for determining TSS followed the protocol of the SO-Hybam Observatory [33], which is based on the recommendations of the UNEP GEMS/Water Program [50] and Filizola and Guyot [6]. Water samples were filtered on cellulose acetate membranes (0.45 µm porosity), weighed beforehand on a precision scale. Then, the filters were dried in an oven at 105 °C for two hours and weighed again after cooling. The TSS was determined from the difference in the initial and final weights of the filters, divided by the volume of water in the sample. The size of the suspended particles was determined using the Malvern Mastersizer 2000 laser granulometer at the Mineral Analysis Laboratory (LAMIN) of the Brazilian Geological Service (CPRM—Manaus).



To assess the variation of TSS in the Negro River as a function of depth, a point sampler (5 L of capacity tied to a 50 kg ballast) was used in sections RN-1 and RN-5 (upstream and downstream of the Anavilhanas). In these sections, nine samples were collected at three points along the Negro River cross section and at three depths (Figure 2). Before filtration, all samples passed through a 63 µm diameter sieve.



Equation (1) was used to obtain the total suspended sediment discharge (Qs) in each sample section:


Qs = c × Q × TSS



(1)




where Q is the water discharge (m3·s−1), TSS is the mean concentration of total suspended solids (mg·L−1), and c is the conversion factor 0.0864 used to obtain values in metric tons per day (ton·day−1) [5].



The Negro River sediment transport capacity was assessed using the specific stream power (ω), defined as:


ω = Ω/w



(2)




where w is the channel width and Ω is the stream power obtained through Equation (3):


Ω = γ × Q × s



(3)




where γ is the specific weight of water, Q is the water discharge, and s is the slope of water surface.



Rainfall monthly data (P) was estimated from the satellite-based precipitation product CHIRPS.v2 with 0.05 spatial resolution. Pearson correlation coefficients (r) were calculated with the statistical software PAST (v. 3.20) in order to evaluate the possible relationships between the variables covered in this study (TSS, Q, V, H, and P). An image from the Landsat 8 satellite (OLI Sensor), acquired in 2017 during the high-water period, was analyzed to help interpret the spatial variability of suspended solids in the Anavilhanas.





3. Results


3.1. Water Level Variability in the Negro and Branco Rivers


Records of water levels data indicate that the flood peak of the Negro River occur near the middle of the year (Figure 3a), extending from May to July at Moura and Novo Airão stations (section RN-2), and are a little more in Manaus (May to early August). The influence of the backwater effect from the Solimões River extends for more than 300 km, reaching the Moura station, close to the confluence of the Negro and Branco rivers, indicated by the almost linear relations in Figure 3b. The lower Branco River exhibits a different behavior from the Negro River, with a high period from June to August, but with a well-marked maximum in July. The water levels of the Negro River indicate a low water period in November, while in the lower Branco River the minimum levels occur in February–March.



The water level data from conventional fluviometric stations do not allow a detailed analysis of the influence of the backwater from the Solimões River in the Anavilhanas, because Novo Airão is the only fluviometric station on the right bank of the channel in the Anavilhanas (section RN-2 in Figure 1). On the other hand, water level data derived from altimetry satellites can provide insight into this complex fluvial system. Figure 4 shows the longitudinal profile of the Negro River from altimetric measurements of the Sentinel-3A satellite between 2016 and 2019 in the regions upstream, inside, and downstream of the Anavilhanas.



Water level data from radar altimetry indicate that between 2016 and 2019 the mean annual amplitude was around 11 m in the region upstream of the Anavilhanas and 12 m inside of the Archipelago and downstream. These values are similar to those observed by the conventional fluviometric stations. Upstream of the Anavilhanas, the Negro River is above the mean annual level for about six months (between March and August). Inside and downstream Anavilhanas, the river remains above the annual mean level for seven months (February to August). The mean annual height difference of the water surface in the reach before, after and inside Anavilhanas was around 1.54 m, varying from 0.33 m to 2.23 m between rising and low seasons, respectively. The annual mean slope of the water surface was about 0.82 cm·km−1. Values ranging from 0.18 cm·km−1 (rising water) until 1.19 cm·km−1 (low water).




3.2. The Water Discharge and the Flow Velocity from the Negro River


Table 1 presents the values of water discharge and mean flow velocity in the different sections of the Negro River upstream, inside, and downstream of the Anavilhanas. The water discharge ranged from 14,484 m3·s−1 to 48,248 m3·s−1 upstream, and from 13,155 m3·s−1 to 63,356 m3·s−1 downstream the Archipelago. The mean water discharge upstream (RN-1), inside (RN-2 + RN-3 + RN-4), and downstream the Archipelago (RN-5) was 28,655 m3·s−1, 29,589 m3·s−1, and 34,450 m3·s−1, respectively. In the region inside of the Anavilhanas, the mean water flow was 3% higher than that observed upstream, since the difference between the interior and downstream regions was +14%.



Within the Archipelago, the water flows mainly through two channels located on the right bank (section RN-2) and the left bank (section RN-4), with a mean of 47% and 50%, respectively, of the water flow observed upstream (section RN-1). During falling, low, and rising water level periods, the left bank channel had a water discharge of 3% to 12% higher than that on the right bank. During the flooding peak, the water discharge in the RN-2 and RN-4 sections were almost the same, because during this period, the water flow from the Negro River exceeds the limit of its banks and inundates all channels and lakes in the Anavilhanas.



The mean velocity of the water flow observed in the channels within the central region of the Anavilhanas was around 0.50 m·s−1, with differences of less than 10% in the hydrological periods analyzed. There was a direct relationship between the water discharge and velocity in sections RN-1, RN-2, and RN-4. Upstream of the Anavilhanas, the mean velocity ranged from 0.35 m·s−1 to 0.87 m·s−1, while downstream of the Archipelago, it was between 0.20 m·s−1 and 0.69 m·s−1, with the maximum and minimum observed in July, 2017 (RN-1) and November, 2018 (RN-5), respectively (Table 1).



The reduction in the mean velocity between the sections located upstream (RN-1) and within the Anavilhanas (RN-2 and RN-4) was 10%, while the mean velocity before (RN-1) and after (RN-5) the Anavilhanas reduced by 32%. Despite the high volume of water and low flow velocity, the Negro River in the Anavilhanas Archipelago does not have much stream power for the fluvial work of erosion and suspended solids transport (Table 2).




3.3. Temporal and Spatial Variability of Suspended Sediment Concentration in the Lower Negro River


The mean TSS concentration was 3.02 mg·L−1 (±5%), ranging from 0.36 mg·L−1 to 10.47 mg·L−1. During the period of high and low water, the mean values were 2.29 mg·L−1 (±9%) and 3.22 mg·L−1 (±5%), respectively. Table 3 shows the mean TSS concentration obtained in each sample section.



The mean TSS concentration upstream (section RN-1), inside (RN-2 and RN-4), and downstream (RN-5) was 3.29 mg·L−1, 3.09 mg·L−1, and 1.47 mg·L−1, respectively. The left (RN-2) and right (RN-4) channels presented mean concentrations of 3.97 mg·L−1 and 2.21 mg·L−1, respectively. Upstream of the Anavilhanas (RN-1), the mean TSS concentration ranged from 0.44 mg·L−1 to 6.35 mg·L−1, while downstream of the Archipelago (RN-5), the amplitude was lower (0.48 mg·L−1 to 3.24 mg·L−1). The greatest amplitude (0.54 mg·L−1 to 10.47 mg·L−1) was observed in the RN-4 section with minimum and maximum TSS obtained in field cruise III and VIII, respectively, during the rising and low water periods of the Negro River. Except in the data collected during cruise VI, the TSS concentration reduced in the Negro River between the RN-1 and RN-5 sections in the different hydrological periods (Table 3).



The particle size of suspended solids in the Negro River indicates a predominance of fine particles (90% less than 80 µm) and D50 ranging from 19 to 29 µm, whereas in the Branco River, 90% of suspended particles observed were less than 60 µm (Figure 5).



In the Negro River, it was not possible to detect a specific behavior in the TSS and water discharge relationship (TSS = aQb), probably due to the large volume of water drained, the type of particles, and the extremely low concentration of TSS. Thus, a clear trend could not be obtained to analyze the TSS = f(Q) in this region (Figure 6).



In order to evaluate the relationships between TSS, hydrological and climatic variables correlations were determined. As expected, water discharge was found to correlate positively with flow velocity and altimetric water level in all sections. We observed that TSS was significantly correlated with altimetric water level in the sections RN-2 (r = −0.58, p < 0.05) and RN-5 (r = −0.62, p < 0.05; Supplementary Figure S1). During the high water levels period (Supplementary Figure S2) the TSS was significantly correlated with altimetric water level in the section RN-5 (r = 0.99, p < 0.05), while during the low water levels period (Supplementary Figure S3), the TSS was significantly correlated with flow velocity in the section RN-2 (r = −0.83, p < 0.05).




3.4. Variation of Suspended Sediment with Depth and in the Water Surface


TSS concentration varies in the Negro River at different depths (V1, V2, V3) mainly in the section RN-5 (Figure 7). On the surface, the TSS concentrations were 4.82 mg·L−1 in the RN-1 section and 2.88 mg·L−1 in the RN-5 section. When considering all depths, the mean TSS concentrations were 4.11 mg·L−1 and 2.07 mg·L−1, in sections RN-1 and RN-5, respectively, indicating a slight reduction in the suspended load as a function of depth. The variability of TSS concentration at RN-1 varied less in vertical 1 due to the influence of the Branco River, which flows into the left bank of the Negro River. Near the mouth (section RN-5), greater concentrations occurred on the surface. In both sections, no particles larger than 63 µm (grains of sand) were observed in both the depth and surface samples.



The Negro River upstream of the Anavilhanas (Section RN-1) has an average width of 2600 m, and during the period of high water levels, the spatial variability of the TSS on the surface (Figure 8a) became more evident, causing a heterogeneous distribution of the sediment, with higher values close to the left bank in this section. During the low water period, the suspended load from the Branco River was reduced, which caused greater TSS concentration near the right bank of the Negro River channel.



The spatial variation of the suspended sediment in the surface water can also be detected in multispectral images from satellites. Figure 8b corresponds to a 70 km reach of the Anavilhanas Archipelago and illustrates the distribution of the suspended sediment plume close to the left bank of the Negro River at Anavilhanas. The black color in Figure 8b corresponds to the channel on the right bank and the red area indicates the region that receives the greatest amount of suspended sediment from the Branco River.



The data presented in Table 3 and in Figure 8b indicate spatial variation in the transport of suspended solids by the Negro River from upstream to downstream, and between the channels on the left bank, the central region, and the right bank. The spatial and temporal variability of the load suspended in the channels of the Archipelago indicates more TSS in the RN-4 section.




3.5. Balance of the Suspended Discharge in the Lower Negro River


Table 4 presents estimates of the total suspended sediment discharge (Qs) based on the samplings performed. The Negro River upstream of the Anavilhanas exhibits Qs in the order of 3.14 Mt·year−1 (section RN-1). The RN-4 section is located on a channel near the left bank 73 km downstream of RN-1 and had a 38% reduction in the total suspended sediment discharge. In the section of the right bank channel (RN-2) 74 km downstream from RN-1, the difference is −73%. The balance the water flow indicated an increase of 20% (Table 1) and the total suspended sediment discharge reduced by 55% before and after the Archipelago, indicating a mean stored volume of around 1.71 Mt·year−1.



In the central region, the Negro River channel flowing over the left bank of the Anavilhanas Archipelago (section RN-4) exhibited a mean Qs 230% higher than that observed on the right channel (section RN-2). During the 2017 high period (cruise V), the difference in Qs in the RN2 and RN-4 sections was over 1000%.





4. Discussion


The results here described indicate that the Negro River upstream and downstream of the Anavilhanas Archipelago has a behavior that causes the storage of water and suspended solids in the transition periods between high and low water levels. This mainly occurs in the period of rapid water level reduction in the Negro River between the months of August and September, a period of greater contribution of Q and Qs from the Branco River. In addition, the different behavior of the lower Branco River in relation to the Negro River, with high peak of the first between June to August and of the second in June and July, suggests a greater Qs to Anavilhanas at the beginning of the second semester, especially as it is also the season of increased water discharge [6,51].



Relationships analysis between TSS, hydrological, and climate conditions indicated few significantly correlations (p < 0.05; Supplementary Figure S4), reflecting a complex dynamic of the suspended sediments in the lower course of the Negro River. However, it is emphasized that an important controlling factor in the transport of suspended solids is the 32% of reduction in the mean velocity of the Negro River from upstream to downstream, which greater deposition of the finer particles due to the extremely slow water flow.



Despite the high volume of water, the Negro River in the Anavilhanas has low power available for fluvial work such as erosion and transport of suspended solids (ω < 1.80 W·m2). The Negro River at the mouth (section RN-5) has a very low specific stream power compared to other large rivers, such as the Madeira River (23 W·m2) and the Orinoco River (19 W·m2) [2]. The low specific stream power of the Anavilhanas channels occurs due to the very low velocity values (Table 1) and the slope of the water surface (Figure 4), as well as the backwater effect from the Solimões River [36]. The low-energy available, together with the fine and cohesive material of the islands and their dense vegetation, contributes to the high stability of the channel banks and a minimal erosion process in the Anavilhanas [2,11,20,41,46].



Concerning TSS, the data in this study indicate a subtle difference between periods of low and high water levels, with less concentration during the high water levels and more during the low water levels period in the Anavilhanas. This seasonal variability can be viewed as a consequence of the suspended load dilution by the larger volume of water available during high waters period, a process similar to that observed on the Amazon River floodplain [52,53] and at the confluence between the Negro and Solimões rivers [54]. The mean TSS concentration of the Negro River obtained in this study was in mean 50% lower than the values of Meade et al. [32], Filizola [55], Moreira-Turcq et al. [8], and Fassoni-Andrade et al. [56]; however, this difference may reflect the sampling methodologies and the period analyzed of those studies.



The reduction of TSS by around 50% of the amount downstream of the Anavilhanas indicates material retention in the Archipelago as observed by Franzinelli and Igreja [41] and quantified in this study. Within the Anavilhanas, the Qs value was greater in the channel on the left bank (section RN-4), this local dynamic influences the types of soils and vegetation of this section of the Archipelago [39,57].



The suspended sediments of the Negro River are composed of minerals such as kaolinite, quartz, gypsum, and traces of mica/illite, with a concentration 30 times less than the Solimões River [58]. As highlighted by Filizola [55] and confirmed in this work, the Negro River has little variation in the transport of suspended material depending on the depth and throughout the hydrological year. Analysis of the flow of velocities, water discharge, and suspended sediment as a function of the depth was performed by Filizola [55] in the Rio Negro downstream of the Anavilhanas. That author indicated that the suspended sediment discharge on the surface corresponds to 81% of the total suspended sediment discharge. The results here presented also indicated that the low variation of TSS as a function of depth can be related to the predominance of fine suspended particles (Figure 5) and the low variation in the vertical distribution of the velocity flow in the analyzed sections (Figure 2), differently in relation to rivers of Andean origin, such as the Madeira and Solimões rivers [22].



The mean annual total solid discharge of 1.43 Mt·year−1 obtained in the RN-5 section corresponds to 21% of the value estimated by Filizola and Guyot [5] for the Negro River basin and less than 1% when compared to the Amazon River at Óbidos station, which evidence the almost zero contribution of the sediments from the Guiana Shield to the Amazon River.



4.1. Modern Hydrological Dynamics Versus the Formation of the Anavilhanas


The sediment budget estimated in this study quantified the input, transport, and output processes of the total suspended sediment discharge in the Anavilhanas Archipelago. Data collected in different hydrological periods indicate that only part of the total suspended sediment discharge observed before the Anavilhanas reaches the mouth of the Negro River. This hydro-sedimentary process predominantly retains suspended sediment in this anabranching reach of the Negro River, an area under strong influence of the backwater effect from the Solimões River.



The formation of fluvial archipelagos in the Negro River is intended to be the result of a set of factors such as the low energy of this river, the large amount of fine sediments available, the tectonically controlled valley, and the change in the base level during the transition from the upper Pleistocene to the Holocene, with climate changes that profoundly affected the sediment transport in this period [11,41].



As described by Latrubesse and Stevaux [9], the debate about the origin of the Anavilhanas islands started in the 1970s with Tricart [59], who modeled the formation of the Archipelago from a delta model in the Negro River, as a result of the ascent sea level in the middle Holocene, after the Last Glacial Maximum (LGM). Subsequently, Leenher and Santos [60] indicated the occurrence of flocculation of suspended sediments in the Branco River by the waters of the Negro River, and that this process created deposits on the islands of the Archipelago. In a complementary way, Sioli [61] pointed out that the islands were formed as a consequence of the sediments transported by the Branco River. However, some of these ideas are not confirmed, especially the one about the Branco River contributions, since the Mariuá Archipelago, located above the mouth of the Branco River, has features and geomorphological forms similar to the Anavilhanas, but does not have a current source of sediments, such as the Branco River [9,11].



Some problems in the interpretations of Tricart [59] and Sioli [61] were highlighted by Latrubesse and Franzinelli [11], who claimed that the Anavilhanas islands would have formed between 3700 and 1000 years BP (before present), much more recent than the LGM (~20,000 years BP). These authors pointed out that the Branco is a sandy river, with insufficient suspended load to produce large scale deposition, as observed in the Anavilhanas. As for the formation of the Branco River valley, Cremon et al. [62] estimated the sedimentary filling in this region with a minimum age starting at 18,700 years BP, since this river would have drained towards the Caribbean Sea in the geological past, and with sandy and muddy alluvial deposits.



For the formation of the Anavilhanas Archipelago, a low-energy environment was essential, a significant amount of sediments, mainly clay and silt, as well as a space of linear accommodation in the valley [41], because the substrate for the islands in the Anavilhanas has predominately fine and cohesive sediments (clay and silt) with the presence of very fine and fine sand [63]. Latrubesse and Franzinelli [11] pointed out that in addition to these three components, an increasing base level of the Negro River may have contributed to the development of the islands in the Archipelago. These authors state that during the transition from the Late Pleistocene to the Holocene these conditions were reached, but did not achieve equilibrium, and the floodplains on the lower Negro River today remain unfilled with sediments. Therefore, a tectonically controlled valley together with an increase in the base level are the processes considered to have created the Mariuá and Anavilhanas archipelagos on the Negro River [11,41].



The backwater effect on the Negro River caused by the Solimões River is considered to be one of the key factors for the formation of the Anavilhanas Archipelago [11,20]. This effect is now corroborated by the data presented in this work, namely by the 32% reduction in the mean flow velocity from upstream to downstream (Table 1) and the reduction in the water slope near the mouth of the Negro River (Figure 4). Thus, the decrease in the velocity of the water flow due to the backwater effect from the Solimões River favors in the Archipelago of 55% retention of the sediment discharge transported by the Negro River (Table 3). The migration from the Intertropical Convergence Zone (ITCZ) during the Late Quaternary could have had a major impact on the backwater effect on the Negro River, as it may have affected the liquid discharge of the Solimões River [64]. This backwater effect occurs on a seasonal basis, which causes sedimentation during periods of greater influence of the Solimões River on the Negro River.



Sediment dating from Lake Acarabixi, located on the Negro River floodplain upstream from the Mariuá Archipelago based on radiocarbon dating, indicate that Negro River had more energy and strong seasonality around 10,840 years cal BP [65]. Additionally, that after 8240 years cal BP, a change lowered the energy and reduced the river dynamics. The sedimentation rate of that lake indicates values ranging from 0.09 to 0.47 mm·year−1 [66]. Cunha [64], based on OSL dating of quartz grains and sedimentological analysis, interpreted that a greater formation of the islands in the Anavilhanas Archipelago began 7000 years ago. Additionally, according to the same study, the deposition of the islands did not occur continuously, with the greatest deposition periods during the Late Holocene. Finally, Barbosa [63] estimated a sedimentation rate in the order of 3.1 mm·year−1 for the substrate of the islands and identified sedimentary gaps in the Late Holocene, with the presence of paleosols in the Anavilhanas islands.



The sediment discharge presented in this work indicates that the volume stored in the Archipelago is around 1.71 Mt·year−1 (Table 4). Considering a density of the suspended particles of 2.7 g·cm−3 [34], an area of 2050 km2 of the sedimentary basin in the Anavilhanas [11] and uniformly deposition processes, a current sediment accumulation rate of 0.31 mm·year−1 can be estimated, a rate close to the values found by Costa [67] and Silva [68] in lakes in the Negro River floodplain and inside the Anavilhanas, respectively, but lower than the rates estimated by Barbosa [63] and Cunha [64] for the Anavilhanas islands (Table 5).



Based on OSL dating, Soares et al. [69] suggested that the onset of sedimentation on the riverbank terraces on the right bank of the Negro River (downstream from the Anavilhanas) occurred around 44,000 years BP. Additionally, based on OSL dates, Sant’Anna et al. [70] affirmed that the bars deposited near the right bank of the Anavilhanas is less than 1000 years, an age that does not agree with the actual hydro-sedimentary dynamics of the Negro River presented in this work. On the other hand, biogeographic studies of the local avifauna indicate that island specialized species in the Negro River basin have been present since the transition from the Middle Pleistocene to the Holocene [18], which would make the presence of the island fluvial environments in the region older than the proposed age of origin of the Anavilhanas Archipelago.



Considering that the formation of islands in anabranching rivers occurs slowly [71], taking into account the actual functioning of the system and the value of 0.31 mm·year−1 as a minimum sedimentation rate of the Negro River in a condition of hydro-sedimentary stability in the Late Quaternary, it would have taken approximately 60,000 years to form islands with a substrate of approximately 20 m elevation in the Anavilhanas, older than those suggested by Latrubesse and Franzinelli [11], Barbosa [63], Cunha [64], and Sant’Anna et al. [70].



However, the Negro and Branco rivers were not in a stable condition for sedimentary processes in the Late Quaternary [11,62,65]. Considering that the current conditions of the Negro River were established in the last 1000 years [11,65], the sedimentation rate estimated in this study indicates a deposition of approximately 30 cm of pelitic deposits in the Anavilhanas region. These results reinforce the idea that the Anavilhanas, which have little erosion process, still has areas with active deposition and an environment that continues to slowly form. However, these dynamics are different from the idea of geomorphological heritage proposed by Latrubesse and Stevaux [9].




4.2. Impacts of the Branco River Hydropower Dams on the Fluvial Environment of the Anavilhanas


Mean flow velocity data in the lower Negro River indicate a very slow flow of water due to the backwater effect from the Solimões River on the Negro River, as well as the low water slope and the large number of the Anavilhanas islands. These factors favor the retention and deposition of sediment transported in suspension, especially sediments from the Branco River.



The input of suspended sediments from the Branco River is responsible for the greater fertility of the soil observed along the left bank of the Negro River until the Anavilhanas Archipelago [39,57]. This contribution of suspended sediments could be modified if the Bem Querer hydropower dam is built on the Branco River [37], since a large part of the suspended sediments observed at the Caracaraí hydrosedimentometric station (located downstream from the proposed reservoir area) come from areas drained by the Tacutu and Uraricoera rivers [35], belonging to the Boa Vista and Tacutu sedimentary formation [62,72].



The rivers in the Negro River basin are characterized by a low suspended sediment load [5,6,51], little erosion process [20], channels with a very low migration rate, and moderate annual water level variability [27]. Although this basin has the lowest hydropower dams density in operation in the Amazon, construction projects for at least seven plant are planned [29], with four in the Branco River basin alone [37].



The Bem Querer dam is considered the largest hydroelectric plant that will be built in the Branco River basin. The estimated power is about 650 MW and it has a flooded area of more than 500 km2 [37]. This hydropower dam seems to have the same potential magnitude for environmental impact on this flooded area as the Belo Monte dam on the Xingu River [73]. As observed in recent research in the Amazon basin [27,28,29,74], the reduction of sediment input and the regulation of the hydrological system by construction of hydropower dams significantly impacts human populations and the flooded ecosystems located hundreds of kilometers downstream from the reservoir.



The flooded forest and fauna of the Negro River basin are vulnerable to changes in the hydrological system, whether of climatic origin (El Niño/La Niña) or due to the construction of a hydropower dams [38,39]. The regulation of water flows and sediment discharge on the Branco River by the Bem Querer dam and other tributaries in the basin will reduce the amount of sediments that arrive in the Anavilhanas as it was previewed for other areas in the Amazon basin [27,28]. Thus, the floodplains on the lower Negro River will not be maintained and its rich biodiversity may be profoundly altered.



Currently, the four hydroelectric plants planned for the Branco River, together with the easing of environmental licensing and weakening of regulatory agencies are the main threats in the Negro River basin [38,75,76], especially on the Anavilhanas Archipelago. Currently, studies to evaluate the impacts of dams in the Brazilian Amazon mainly consider the area directly affected. However, it is important that discussions include the direct and indirect impacts of the Branco River reservoir on the hydrological and sedimentary system of the lower Negro River.





5. Conclusions


This article investigated the distribution of water and total suspended sediment discharge in different sections of the Negro River in the fluvial complex of the Anavilhanas. The mean concentration of total suspended solids was 3.02 mg·L−1, higher in the low-water period (3.22 mg·L−1) and lower in the high-water period (2.29 mg·L−1). Within the Archipelago, the two main channels of the Negro River did not exhibit differences in water discharge and mean flow velocity; however, the difference in the sediment discharge was in the order of 60%. Despite the large volume of water (≈28,000 m3·s−1), the Negro River is a low-energy environment (ω < 1.80 W·m2) due to the influence of the backwater effect from the Solimões River, slow velocity (≈0.50 m·s−1), and low slope of the water surface (≈0.80 cm·km−1).



The Guiana Shield in the area drained by the Negro River was estimated to contribute less than 1% of the total suspended sediment discharge to the Amazon River (≈1.43 Mt·year−1). The characterized hydro-sedimentary balance indicated that the main function of the Anavilhanas Archipelago, from the fluvial standpoint, is to act as a sink for suspended sediments, mainly from the Branco River. The current sedimentation rate is about 10 times less than the estimates proposed for the period when the Archipelago formed.



The results of this work can be used as a baseline to assess the possible impacts of extreme climate events and those from the construction of the Bem Querer hydropower dam on the Branco River, especially the reduction of the suspended sediments discharge to the lower Negro River. However, further research must be carried out to better assess the bed-forms of the Negro and Branco rivers, as well as integrate remote sensing, biogeographic, and geochronological data in studies on the evolution of the Negro River and the origin of the Anavilhanas and Mariuá archipelagos.
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Figure 1. Location of the Negro River basin and sample sections in the Anavilhanas Archipelago (RN-1, RN-2, RN-3, RN-4 and RN-5). 
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Figure 2. Distribution of flow velocity in sections RN-1 (a) and RN-5 (b) Black dots indicate the location of samples collected at different depths. 
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Figure 3. (a) Mean monthly water level normalized in relation to the annual mean. (b) Mean monthly water level at Manaus station (RN-5) versus mean monthly water level at Novo Airão (RN-2) and Moura stations both on the Negro River and Santa Maria do Boiaçu station on the Branco River. The location of the stations can be seen in Figure 1. 
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Figure 4. Mean seasonal variation in the elevation of the Negro River water surface upstream, inside, and downstream of the Anavilhanas. 
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Figure 5. Particles suspended size in the Negro River in the Anavilhanas (a) and region of confluence with the Branco River (b). 
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Figure 6. Data of suspended solids concentration versus water discharge in the Negro River in the RN-1 section in 2017 (a) and 2019 (b). Indexes I to XIII indicate the field cruise number. 
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Figure 7. Variability of total suspended solids (TSS) concentration as a function of the depth in the Negro River upstream (a) and downstream (b) from the Anavilhanas. 
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Figure 8. (a) Variation of TSS concentration during July 2017 and November 2017 in the sampled section area located upstream of the Anavilhanas. (b) Landsat-8 image (composition R-4; G-5; B-6) of the Negro River on 30 July 2017 superimposed on a DEM-SRTM. Red-colored water bodies illustrate greater TSS concentration than black. 
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Table 1. Water discharge and mean flow velocity in the Negro River and Anavilhanas Archipelago.
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Field Cruise

	
Date

	
Station




	
RN-1

	
RN-2

	
RN-3

	
RN-4

	
RN-5






	
Water discharge (m3·s−1)




	
I

	
16 November

	
17,676

	
8177

	
641

	
9234

	
*




	
II

	
17 January

	
30,960

	
14,692

	
2110

	
16,091

	
*




	
III

	
17 March

	
26,125

	
13,106

	
2070

	
12,924

	
29,328




	
IV

	
17 May

	
40,626

	
19,104

	
2936

	
19,019

	
49,529




	
V

	
17 July

	
48,248

	
22,797

	
3807

	
21,976

	
60,524




	
VI

	
17 October

	
20,425

	
9767

	
772

	
10,685

	
22,405




	
VII

	
17 November

	
18,253

	
8847

	
816

	
9488

	
18,863




	
VIII

	
18 November

	
14,484

	
6644

	
647

	
7432

	
13,155




	
IX

	
19 May

	
24,345

	
12,181

	
1985

	
11,622

	
31,380




	
X

	
19 July

	
47,376

	
23,639

	
3443

	
24,946

	
63,356




	
XI

	
19 September

	
35,472

	
15,733

	
2089

	
16,158

	
41,256




	
XII

	
19 November

	
23,801

	
10,344

	
999

	
12,458

	
24,238




	
XIII

	
19 December

	
24,717

	
11,313

	
1357

	
12,617

	
24,918




	
Mean flow velocity (m·s−1)




	
I

	
16 November

	
0.55

	
0.52

	
0.28

	
0.48

	
*




	
II

	
17 January

	
0.70

	
0.59

	
0.45

	
0.62

	
*




	
III

	
17 March

	
0.51

	
0.48

	
0.36

	
0.48

	
0.33




	
IV

	
17 May

	
0.70

	
*

	
*

	
*

	
*




	
V

	
17 July

	
0.87

	
0.76

	
0.58

	
0.78

	
0.63




	
VI

	
17 October

	
0.66

	
0.61

	
0.35

	
0.57

	
0.31




	
VII

	
17 November

	
0.57

	
0.46

	
0.30

	
0.49

	
0.27




	
VIII

	
18 November

	
0.47

	
0.38

	
0.24

	
0.40

	
0.20




	
IX

	
19 May

	
0.35

	
0.42

	
0.32

	
0.40

	
0.34




	
X

	
19 July

	
0.84

	
0.78

	
0.54

	
0.74

	
0.69




	
XI

	
19 September

	
0.77

	
0.69

	
0.49

	
0.70

	
0.69




	
XII

	
19 November

	
*

	
0.55

	
0.34

	
0.57

	
0.51




	
XIII

	
19 December

	
0.57

	
0.55

	
0.38

	
0.54

	
0.33








* Data not available.
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Table 2. Steam power, mean width, and specific stream power of the analyzed sections.
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	Station
	Stream Power (W·m−1)
	Width (m)
	Specific Stream Power (W·m2)





	RN-1
	3600
	2662
	1.35



	RN-2
	1704
	1267
	1.34



	RN-3
	229
	431
	0.53



	RN-4
	1784
	1138
	1.57



	RN-5
	4328
	2452
	1.76
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Table 3. Concentration of total suspended solids (mg·L−1) analyzed in 2016–2019.
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Field Cruise

	
Date

	
Station




	
RN-1

	
RN-2

	
RN-4

	
RN-5






	
I

	
16 November

	
4.19

	
3.77

	
4.61

	
*




	
II

	
17 January

	
3.31

	
1.60

	
3.67

	
*




	
III

	
17 March

	
0.92

	
0.36

	
0.54

	
0.48




	
IV

	
17 May

	
3.82

	
3.13

	
3.15

	
1.15




	
V

	
17 July

	
6.35

	
0.56

	
6.60

	
0.79




	
VI

	
17 October

	
0.44

	
1.28

	
4.46

	
1.93




	
VII

	
17 November

	
2.37

	
4.78

	
2.18

	
1.86




	
VIII

	
18 November

	
4.82

	
6.15

	
10.47

	
2.88




	
IX

	
19 May

	
1.42

	
1.23

	
1.67

	
1.19




	
X

	
19 July

	
2.71

	
1.05

	
3.13

	
1.43




	
XI

	
19 September

	
4.32

	
2.40

	
6.05

	
1.36




	
XII

	
19 November

	
3.72

	
2.59

	
6.18

	
3.24




	
XIII

	
19 December

	
4.25

	
1.49

	
5.80

	
*








* Data not available.
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Table 4. Mean of total suspended sediment discharge (Qs), mean error (ε), and observed variation from upstream to downstream (Δ).
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	Section
	Mean Qs (Ton·Day−1)
	Qs Year (Ton·Year−1)
	ε (%)
	Δ (%)





	RN-1
	8600
	3.14 × 106
	±22
	



	RN-2
	2316
	0.85 × 106
	±16
	−38



	RN-4
	5351
	1.95 × 106
	±16
	−73



	RN-5
	3908
	1.43 × 106
	±17
	−55
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Table 5. Sedimentation rates in different floodplain units of the Negro River.
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	Author
	Rate (mm·Year−1)
	Age
	Location





	Costa [67]
	0.09–0.47
	<8 ky
	Acarabixi Lake



	Cordeiro et al. [66]
	2.3–19.5
	<11 ky
	Acarabixi Lake



	Barbosa [63]
	1.3–5.5
	<2.5 ky
	Anavilhanas Islands



	Cunha [64]
	0.10–7.85
	<7 ky
	Anavilhanas Islands



	Silva [68]
	0.3–0.7
	<2 ky
	Anavilhanas Lake



	This work
	0.31
	Present
	Anavilhanas
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media/file13.jpg
Depthim)

TS mgL) TS mgL)
0w 10 2 500 AW 50 6w w w20 s
o o
. w0
3 H
s T
NIEES »
i [omw
“

(@)

(b)





media/file4.png
Velocity (m-s-1)

Right bank

Left bank

0.75

0.50

0.25

0.00

o

==
S % 8
N9

() pdaq

22,50

30.00

640

1280

Length (m)

(a)

Velocity (m-s-1)

1920

2

Right bank

0.25 0.50 0.75

0.00

Left bank

(m) pdaq

60

2300

1725

1150
Length (m)

(b)





nav.xhtml


  water-12-01073


  
    		
      water-12-01073
    


  




  





media/file16.png
J

1°569'0"S

1°59'20"S

61°15'30"W 61°15'0"W 61°15'30"W 61°15'0"W
Upstream Left bank | |Ypstream . Left bank
o
=
3 O @ O ¢
e
@ O @ @
%
: " @ O :
@ /
i /
Right bank Downstream Right bank . Downstream
TSS (mg L") JULY 2017 300 TSS (mg L") NOVEMBER 2017
m
c0® 0@
< ~ 2 — 8 &
™ 0 g o
(a)

(¢) TSS (mglL")
Altitude (m)
200

100
- 10

[ 5 Jkm
=






media/file2.png
2°0'0"S

3°0'0"S

61°Ol'0"W

60°0'0"W

RIO NEGRO BASIN

‘;‘{ Caracaraj

Sta. Maria
do Boiagu

Japuré Serrinha
‘River,
Moura©®
RN:2 @
Solimées L,

= N
Manau
River w4

+) Sample section
& Rivers
|Altitude (m)

- 220

" | 100
‘C‘ R

2°0'0"S

3°0'0"S

el
“.\ I d‘:
3y “\I:
,’{ &
South America ‘ | 50 lkm N
61°0'0"W 60°0'0"W





media/file5.jpg
T o iy o A S O N Mo ariert

(@ (b)






media/file3.jpg
Rk

Leghie)

®)






media/file1.jpg
2005

3005

South America

Simoes
River M

6100w






media/file7.jpg
2
2
20
18
16
14
12
10

Height (m) EGM (2008)

Upstream Anavilhanas Downstream
-
—- .
e i R
- EE ST—

250 200 150 100
Distance of mouth (km)

50

—o—Rising —e—High =% ~Falling_--&--Low






media/file10.png
Volume (%)

Volume (%)

100
90
80
70
60
50
40
30
20
10

0.01

100
90
80
70
60
50
40
30

® RN-1 ;‘x
x RN-2 1,:‘
= RN-4 Slex
B 10X
||+ RN-5 8
o 18X
0.10 1.00 10.00 100.00 1,000.00  10,000.00

Grain size (um)

(a)

e Negro River before Branco River

+ Branco River

20

10

0 <

0.01

0.10 1.00 10.00 100.00 1000.00 10000.00

Grainsize  (um)

(b)





media/file12.png
TSS (mgL?)
o —_ N W H~ Q1 (o) ~N

\Y

I

I

IV

VII

I
VI

10,000 20,000 30,000 40,000 50,000 60,000
Q (m?s)

(a)

TSS (mg L)
o — N @ H~ Ul (o) N

60,000

XIII X1
XII
X
IX
10,000 20,000 30,000 40,000 50,000
Q (m3s?)

(b)





media/file9.jpg
Volume (%)

Volume (%)

100 ﬂ———

[ ]+ revs]

ol

.

e 5
o
xRN %
)

RN E
bl
s

o0 010 100 1000 10000 100000 10,0000

100

Grain size (um)

(@

%

s

n

0
50

+ Negro River before Branco River

+ BrancoRiver

W

3

2

10

o001

pg — ot

010 100 1000 10000 100000 1000000

Grainsize  (um)

(b)





media/file0.png





media/file14.png
TSS (mgL")
0.00 1.00 2.00 3.00 4.00 5.00 6.00
O 1 1 1 1 a ’d . ]
Phd e '
2 T :
4: . ,, ” ,,I I‘
V4 . ]
T 6 - u ?
:_g: N - \\\ Ill
Q-( 8 . -~ -~ \\\ II
(<9} -y ~ 1
a S~_. . e
10 A I N,
| —e-vi “o
-BH=V2
14 1| --©-V3

(a)

TSS (mg L")
4.00

0.00 1.00 2.00 3.00
0 1 ] ? ————— = ,"4) ]
Ui ‘—— "I
10 T ’./ : ,/”
\\ U III
Y / e
20 - ® L7
E /’, /’,Q
£ 30 | O
Qo S
7] ’
o
40 |
,/ -'." Vl
o
-0O-V2
50 A
--0-- V3
60 -
(b)





media/file8.png
Height (m) EGM (2008)

24
22
20
18
16
14
12
10

Upstream Anavilhanas Downstream
[ —
x _________
o === - === =¥
Ammeee
----- Ao
250 200 150 100 50

Distance of mouth (km)

—e— High - % -Falling --4&--Low






media/file11.jpg
TS mg L)

T imst)

10000 20000 000 000 o0 om0
Q)

(@)

1000 2000 3000 4000 50000 000
Qs

(b)





media/file6.png
1.70

1.30

1.10

0.90

Normalized water level

0.70

0.50

Local water level

Jan Feb Mar Apr May Jun Jul Aug Sep

= Sta M. Boiagu

Moura === Novo Airao

2000
1800
1600
1400
1200
1000
800
600
400
200

oo
O O
a
o o0
O Y ()
O -~ A-
————— .—————— A ’,A
______ Ko N
T
R
2300 2500 2700

Manaus water level

O Novo Airdo  --A-- Sta. M. Boiagu






media/file15.jpg
B e o ©
e . [ ] o .

B . L]

L Y 3






