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Abstract

:

The Ucayali River is one of the most dynamic large rivers in the world, with high rates of channel migration regularly producing cutoffs. In the lower portion of the Ucayali River, before its confluence to the Marañon River where the Amazon River is born, the increase in water and sediment discharge triggers bends with secondary channels (transitional stage from purely meandering to anabranching), which influence the planform migration rates and patterns of the sinuous channels. Based on remote sensing analysis, a comparison of planform dynamics of bends with and without secondary channels is presented. For the case of a bend with secondary channels (Jenaro Herrera, JH), detailed field measurements for bed morphology, hydrodynamics, bed and suspended load are performed for low-, transitional- and high-flow conditions (August, February and May, respectively). Additionally, a two-dimensional depth average hydraulic model is utilized to correlate observed migrating patterns with the hydrodynamics. Results indicate that the secondary channels have disrupted typical planform migration rates of the main meandering channel. However, at high amplitudes, these secondary channels reduce their capacity to capture flow and start a narrowing process, which in turn increases migration rates of the main channels (meandering reactivation process), suggesting that an imminent cutoff along the JH bend is underway by pure lateral migration or by the collapse into the existing paleochannels.
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1. Introduction


The Ucayali River is a large meandering river in the Peruvian Amazon Basin that drains an area of 360,000 km   2   [1,2]. It carries one of the highest suspended sediment loads of any of the tributaries to the Amazon River [3,4,5]. In terms of planform migration, the Ucayali is one of the most active rivers in the Amazon Basin, where oxbow lakes, neck and chute cutoffs are common [2,4,6,7]. Past studies have calculated the migration rates of bends (at the apex) in this river to be on average 60–80 m/year, with maximum migration rates reaching 150 m/year, while migration rates on reaches between the apex and the inflection point of a meander averaged around 25 m/year [2,4,8]. The Ucayali River has been important to the people that have populated its valley for thousands of years, due to the fertile soils along the floodplain, fishing, and the connectivity that it provides to other communities; the river still plays a vital role today for these same reasons, as regional roads are minimal—ninety percent of cargo and passenger traffic in the department containing the lower Ucayali River is on the fluvial network [7,9]. However, unlike traditional transportation networks, the distance of travel between two points on the Ucayali River changes over time due to migration of the river and the occurrence of cutoff channels. Cutoff processes play an important role in meandering river dynamics by reducing the complexity of a particular reach and also by acting as a noise that changes the dynamics of the river on a whole; thus, it is important to maintain the steady state of a river. Therefore, in the long term, the river maintains a dynamic steady state of geomorphic characteristics [10,11]. There are two types of cutoffs. In neck cutoffs, the sinuosity and tortuosity of the bend become so high that the water crosses the narrow neck, resulting in the two limbs effectively “colliding” [11,12]. In chute cutoffs, which typically occur in wide channels with large curvature, high discharges, high gradients, and poorly cohesive, weakly vegetated banks, a new channel is cut across the neck of a meander bend during floods that reduces sinuosity [11,13,14,15]; ref. [10] specify that a channel in a chute cutoff is “relatively long”; similarly, ref. [16] only consider cutoffs that occur at a distance greater than one channel-width as a chute cutoff, while [14] consider any process in which a new channel is incised as a chute cutoff. Herein, the definition of chute cutoff provided by [14] is used. Predicting chute cutoffs remains an unresolved problem, but it may be an important process for long-term sediment flux [10,17]. When a neck cutoff occurs, oxbow lakes are formed once the old channel becomes closed by sedimentation [10,18]. While a cutoff may reduce travel time for people using the river waterways, it can also lead to increased flooding risk downstream of the cutoff and the isolation of towns from their source of fishing, sites for planting crops, and the fluvial transportation network [19,20]. Along the Ucayali River, there is evidence of several oxbow lakes that were formed between 3000 to 3540 cal yr BP [21]. Ref. [22] analyzed the Ucayali River from 1985 to 2015 and found around 42 cutoffs (chutes and necks), and [22] analyzed processes with nonlinearities along the Ucayali River. Ref. [23] described the adaptation processes (upstream and downstream migration and channel widening) when meander cutoffs occurred along the Ucayali River. Similar processes for this river were previously discussed by [24].



In the Lower Ucayali River (Figure 1), two recent cutoffs occurred in the past twenty years, named herein as US and DS, and one more bend, Jenaro-Herrera (JH), appears to be under pre-cutoff conditions. From Figure 1, it is observed that the Ucayali River is very active, as the presence of paleochannels, scroll bars, and oxbow lakes along the river valley indicate. Indeed, ref. [25] has shown that the Ucayali River is responsible for the connectivity between river geomorphology and biodiversity in the Ucamara depression. This study aims to understand pre-existing conditions of the JH bend by temporal analysis of Landsat images and a numerical model paired with detailed field measurements. Typically, small towns living near the river relocate as the river migrates; however, the town of Jenaro Herrera, founded in 1954, is located on the apex of the bend and has around 5100 people, a relative large number in the region, and there is infrastructure that is difficult to displace (e.g., a school, an experimental research center, and roads) that might not allow the town to follow the Ucayali River. Rather, authorities might need to plan the logistics to develop projects related to access navigation, sewage system, and other economical activities in advance, foreseeing the future river migration.




2. Cutoffs near Jenaro-Herrera Town


In order to gain an understanding of the channel migration and cutoff processes in this reach of the Ucayali River near Jenaro Herrera town, a temporal analysis for recent bend cutoffs on the lower Ucayali has been performed. The temporal analysis was based on Landsat images, which have a resolution of 30 m (glovis.usgs.gov, accessed on 30 June 2022). Planform characteristics were calculated with mStaT, [27] for these bends in order to determine if there are any common factors in the cutoff processes. Figure 2, Figure 3 and Figure 4 show the changes in these bends (US, JH, and DS) from 1987 to 2020.



2.1. Upstream (US) Bend


The neck cutoff of the US bend (see Figure 2a) took place between September and December of 1990 (see Figure 2b). The US bend elongated significantly before the neck cutoff occurred, and a secondary channel similar to a chute cutoff was present in the bend. The upstream limb of the bend had a high sinuosity, and proceeded to collide into the downstream limb, which had a low sinuosity reach and was migrating at a lower rate.



This collision created a channel connection with a width approximately equal to the main channel width. By April 1991, the colors of the water in the new and old channels were different, indicating that the sediment concentration was different in these two portions of the channel and the water was flowing through the new channel and had abandoned the old channel, even though they still shared connectivity. By September 1995, the old channel had been completely abandoned on the upstream end, but there was still connectivity from a small channel. After the bend was abandoned, the new bend began a process of downstream translation, as expected in the early stages of a meander bend development [28].




2.2. Jenaro Herrera (JH) Bend


The JH bend (see Figure 3a,b), despite its high sinuosity, has not shown as much activity as the US and DS bends. The JH bend appears to cross a fault, and the reach near the apex, which is about 10 km long, borders the Upper Nauta and Ucamara formations instead of just alluvial deposits [29]. The lower Ucayali River is near the Brazilian Craton with an escarpment that borders the downstream portion of the JH bend [29,30]. The JH bend has secondary channels (as observed in Figure 3) that formerly were the main channel (wider channels, especially upstream of Jenaro Herrera town). However, due to a planform reconfiguration, on the one hand, the main channel is becoming more elongated and sinuous, and on the other hand, the secondary channels are undergoing a narrowing process (the trapping efficiency of water and sediments are being reduced). The loop on the upstream reach (Figure 3b) of the JH bend has become more rounded over the past years, with a larger radius of curvature, and has migrated downstream towards the downstream loop. The downstream reach (Figure 3b) has also migrated towards the upstream loop at its apex, but to a smaller degree because of the downstream translation of the entire bend. It seems that a cutoff might occur with the collision of the upper and lower reaches. Nowadays, the apex of the downstream loop (lower reach) seems to be more active and is migrating rapidly towards the upper reach. If the secondary channels in the lower reach do not increase their trapping efficiency (as it seems is happening now), the upper and lower reaches might collide in the near future.




2.3. Downstream (DS) Bend


The DS bend (Figure 4a) developed a cutoff processes between July and December 1996 (Figure 4b), when a small channel with a length of about one-ninth of the main channel width became incised on the downstream side of the meander loop, where the floodplain separated the two limbs by a distance of approximately 300 m, or about one-third of the main channel width. By June 1997, the cutoff process was completed, and the cutoff channel was approximately at full channel width.



The bifurcation of the cutoff channel was near the bifurcation of secondary channel on the downstream reach of the bend, and after the cutoff channel had formed, the flow downstream of the cutoff was rerouted through the secondary channel, a path that reduced the sinuosity. The flood season of 1996 (from late January through June) produced water levels above the average of the season, particularly in the transitional stage from October through December, but the water level did not exceed the average by more than 1.7 m. This cutoff process may be explained by the mechanism described by [14], where a channel is incised from the downstream side of the loop over multiple flood seasons. Some of the highest water levels of the period of record, exceeding the daily average by more than 4.5 m at some points, happened during 1993 and 1994, where 1993 showed some of the highest recorded stages for almost the entire year, and 1994 had one of the highest recorded stages from the peak through the transition into the low season. The river water levels during the high seasons of 1995 and 1996 were lower compared to the ones of 1993 and 1994, but were still higher than average. It appears that there was a narrow channel across the loop by June 1994; during 1996, the new channel appeared on the downstream end of where this same channel was located.




2.4. Migration Rates along the JH Bend


From the previous sections, both cutoffs (US and DS) appear to have occurred during the rising transition from the low to the high season. By the end of the high season, when the water level was decreasing, the new channel had been developed to full width and had become the preferred flow path. The US cutoff appears to have occurred in a year with unusually low flows during the high season and unusually high flows during the low season. This quick transition may have led to the contribution of less developed vegetation to the collision of the two reaches to form a new channel. The DS cutoff, however, was likely formed over a longer time period, but once the new channel was large enough to marginally connect the two limps, the cutoff was completed in the same year. These two bends, US and DS, show typical migration patterns of meandering channels, where secondary channels did not interfere with the process; however, in the case of the JH bend, the presence of secondary channels along the upstream and downstream reaches is clearly modifying its planform dynamics. Therefore, herein, a closer look into the migration rates of the JH bend is presented. [30] estimated an average migration rate of 60 m/year at the apex of meanders in the lower Ucayali River and estimated that it would take from 100 to 200 years for a meander loop to form, however as described before, migration rates are modulated by the presence or absence of secondary channels. Herein, the migration rates were calculated for the period of study using mStaT toolbox [27]. The migration rates were calculated for the upper and lower reaches of the JH bend (Figure 1c). Average migration rates of the outer banks were calculated for each year in the period of study using the bank lines from the current and previous year.



The analysis shown in Figure 5 indicates that the upper reach has developed averaged migration rates higher than 10 m/year (from 1986 to 2019), while the lower reach has increased the averaged migration rates from 3 m/year to peaks of 42 m/year since 1992. Nowadays, it seems that both upstream and downstream bends from Jenaro Herrera town have similar amplitudes; thus, migration rates of the upper and lower reaches are similar, around 25 m/year by 2019. The distance between the two bends is decreasing, being less than 300 m by 2022. Based on migration rates of the three bends (US, DS and JH), it seems that the presence of secondary channels in the JH bend drastically reduces the migration rates of the most outer channels; therefore, the time that the JH bend is taking to produce a cutoff is longer than the US and DS bends. However, as described earlier, the secondary channels along the JH bend are decreasing their channel widths (Figure 3a), evidence of a reduction in trapping efficiency; thus, a reactivation of migration along the main channel is observed. Figure 1d shows the geomorphic reconstruction of the JH bend, where scroll bars, paloechannels and oxbow lakes are present in the floodplain, along with scroll bars, as observed in Figure 3b). Therefore, not only are planform migration rates important to define when the upstream and downstream reaches might collide, it is also important that during high-flow events [2], the scroll bars and paleochannels can act as connecting channels that might incise and define the location where the upstream and downstream reaches of the bend may connect and not necessarily develop a cutoff by the collision of the channels. Consequently, a bend cutoff might occur under both alternatives. Therefore, detailed field measurements and hydrodynamic modeling was utilized to predict the potential neck cutoff in the JH bend.





3. Field Measurements along the JH Bend


Figure 3 shows that the JH bend is under an imminent neck cutoff process; thus, to start monitoring and predicting the cutoff, field measurement campaigns were carried out in May and August of 2013 and February 2019. The field measurements covered high and low flow seasons (as observed in Figure 1e). Field measurements included bed morphodynamics (May 2013), hydrodynamics (May and August 2013, February 2019), and sediment transport (August 2013 and February 2019).



3.1. Bed Morphodynamics


Bathymetry measurements were obtained along the entire bend during May 2013 at a spacing of 500 m at the upstream and downstream ends of the bend and at a spacing of 250 m in the JH bend (shown by Figure 6). Notice that the secondary channels (C1, C2 and C3) are elevated, as has been observed in anabranching channels [31].




3.2. Hydrodynamics


Velocity measurements were taken at stations (four measurements per station) along the JH bend for May and August 2013 and February 2019 during field campaigns using an acoustic doppler current profiler (ADCP, Workhorse Rio Grande 600 KHz RD Instruments) and processed using the velocity mapping tool (VMT) [17,32]. The ADCP measurements for May and August 2013 are shown in Figure 7, where the letters “M” and “A” indicate the month the measurement was taken. The measurements for February 2019 are shown in Figure 8. For the case of May 2013, the higher velocities (therefore high shear stresses) are located closer to the outer bank (at M1, M2 and M3). The secondary flow is quite noticeable in M2, where the flow moves towards the outer bank near the water surface and towards the inner bank near the bed, showing a typical secondary flow (tangential vectors) at high-amplitude bends [33]. The velocities are higher near the outer bank for M2, indicating more potential for erosion; however, the adjacent geologic formation and higher elevation of the terrain (see Figure 1a,d) does not allow the Ucayali River to further migrate to the east, where the Jenaro Herrera town is located. The Ucayali River has reached the valley edge near the Jenaro Herrera town, and as observed in Figure 6, the deepest bed erosion occurs just downstream of Jenaro Herrera town. As shown in Figure 3, Jenaro Herrera town might became isolated from the Ucayali River, while other small towns (that are located inside of the river valley) might undergo relocation due to planform migration processes. For the measurements of August 2013, the velocity distribution is similar to the case of May, with higher velocities towards the outer bank. It seems that even for low discharges, there are important velocity gradients that induce high shear stresses along the outer bank in the A1 and A5 stations.



Figure 8 shows the velocity measurements for February 2019. According to the flow hydrograph (Figure 1e), February’s discharge is close to peak discharge (usually similar to May’s and definitely higher than August’s discharge); therefore, the velocity magnitude is higher, and the secondary flow (see velocity arrows) is stronger in all stations. At station 4 (close to Jenaro Herrera town), the bed topography presents a mid-bar deposition (see station 4 in Figure 8), and the flow is divided into left and right channels, where the higher velocity is concentrated towards the right channel. Indeed, station 5 does not represent a typical meandering bathymetry, since the transversal bed slope is very weak and the flow is redistributed across the section. Along the upper (stations 1, 2 and 3) and lower reaches (stations 9, 10, and 11), it seems that the lower reach presents stronger secondary cells and deeper outer bank scour holes (>25 m).




3.3. Bed and Floodplain Sediment Characterization


Figure 9 shows the bed and floodplain sediment characterization for the JH bend. The sampling points at the main channel upstream Jenaro Herrera town are: S1-R, S1-C, S1-L, S2-C, S2-R, S3-L, S3-C, and S3-R; the sampling points at the floodplain are B-3m, F1, F2, F3, F4 and F5; and the sampling points downstream of Jenaro Herrera town at the main and secondary channels are: J1-L, J1-C, J1-R, J2-L, J2-C, J3-C and J4-C. Bed sediment samples along the main channel and floodplain (secondary channels) were collected in August 2013 (February 2019). Sediment concentrations (WL: wash load, SBM: suspended bed material) along the secondary channels were collected during February 2019. As observed in Figure 1, the bank material near Jenaro Herrera town belongs to an elevated tertiary formation; thus, the Ucayali River cannot migrate towards the east. Sediment samples along the floodplain were taken by penetration with a metallic pipe (≈50 cm, see pictures). At station 1 (S1-R, S1-C, S1-L), the   D 50   sediment size at the inner and outer banks are 0.3 mm (S1-R) and 1.1 mm (S1-L), respectively. A similar trend of finer material at the inner bank is observed in station 2. At station 3, the difference between the bed material at the inner bank and outer bank are not noticeable, since that portion of the bend presents less curvature (to induce sediment redistribution) and is affected by secondary channels C2 and C3 (see Figure 6). The sediment distribution along the floodplain seems to be quite homogeneous, having a   D 50   of around 0.2 mm (deposited by flooding and historical planform migration of the Ucayali River). The sediment sample taken at 3 m above the water surface along the outer bank in station 1 (B3m, Figure 9) shows similar distribution as the surface floodplain samples (F1 to F5). The bed sediment size distribution for the secondary channels shows that the   D 50   is around 0.2 mm, very similar to the sediment along the deposits along inner bank. As observed in Figure 6 (and similar to [34,35]), the bed elevation of the secondary channels are at a higher elevation than the main channel; therefore, most of the trapped sediments into secondary channels are finer material that is re-suspended into the water column. Thus, it is no surprise that the sediment size of the finer material (inner bank) along the main channel is similar to those along the secondary channels. Indeed, the sediment size distribution along the water column for the wash load has an almost homogeneous   D 50   of around 10um, while the suspended bed material has a range of   D 50   between 20 (close to the surface) to 300 μm (close to the bed). A similar trend is observed with the sediment concentration, which is homogeneous (1500 mg/L) for the wash load, while there is a slight stratification (from 1 to 1000 mg/L) for the suspended bed material.



Figure 10 shows measurements of longitudinal (3 km) bed profiles at the upper and lower reaches (see black lines in Figure 9). For the upper reach, based on the difference between the left and right profile elevations (≈10 m), there is an important transversal bed slope, describing a typical depositional (erosional) region near the inner (outer) bank of the meandering channel. For the lower reach along the first km, not much difference between the left and right profiles is found (indicating a stronger depositional pattern or accretion at the inner bank); however, further downstream, the transversal bed slope increases due to a planform curvature change. In this reach, the transversal morphology is not as developed as in the upper reach. Finally, using the discretization method proposed by [36], the dune heights were estimated as ≈2 m, with larger size bedforms observed along the center of the channel, providing a larger localized bedform roughness.





4. Hydrodynamic Characteristics of the JH Bend


In order to correlate the planform migration and the occurrence of neck cutoff along the JH bend with the hydrodynamics, a numerical model was used. The model utilizes the two-dimensional depth-averaged hydrodynamic model TELEMAC-2D [37]. The   k − ϵ   model was selected as the turbulence model, similarly to [31,34]. The downstream water surface elevation was obtained by interpolating Requena, Jenaro Herrera and Nauta stations, which are maintained by the Peruvian National Service of Meteorology and Hydrology (SENAMHI). Figure 6 shows the boundary conditions (discharge, water surface elevation at the downstream end, and bathymetry) of the computational domain. The discharge and water surface elevation boundary conditions are considered for both field measurements in 2013 (May and August). Therefore, velocities measured with ADCP were utilized to calibrate the numerical model, and the friction coefficient of the bed was adjusted until the modeled velocities were similar to the ones measured in the field campaign. Additionally, the parameters of the secondary flow correction of two-dimensional depth were adjusted.



The water surface gradient and elevation were calibrated using information from the gauging stations. Figure 11 shows the comparison of measured and predicted depth-averaged velocities for May and August flow conditions. In general, the agreement is acceptable for a very large river like the Ucayali River. Similar hydrodynamic modeling was previously used in [31,34]. Notice that for May flow condition, the secondary channels can transport around 10% to 25% of the total water discharge, while for August’s flow condition, the water discharge in the secondary channels is negligible.



The hydrodynamic modeling indicates that high shear stresses are present around the upper and lower reaches (Figure 5), particularly during low flow conditions (Figure 12a,b). Figure 12c,d shows the estimated bedload sediment transport rate (using [38]’s predictor) for high and low flows, respectively. It is clear that secondary channels are reducing their trapping efficiency (flow and sediment) and they might disappear in the near future, as in cases of the Amazon River [31]. The reduction in the size of the secondary channels increases the migration rates for the main channel.




5. Discussion


The JH bend is a peculiar one since, as it is opposite to the US and DS bends, the existence of secondary channels changes the typical planform migration rates and patterns of single-thread meandering channels. Indeed, as observed in Figure 13, the channel C1 is modified from having a channel width of around 80% of the main channel in 1969 to having around 10% in 2020. C1 has changed due to the formation of islands I1, I2 and the slightly growing island I3 (Figure 13e). Channel C2 has not experienced important changes in planform migration and channel width; thus, the flow and sediment discharge into the C2 channel might be constant throughout the period of this analysis. Channel C3 did not change dramatically in planform shape (there is a small growth of island I4), but a reduction in channel width occurred, a consequence of a low velocity near the entrance of C3 and therefore the depositional zone, as observed in Figure 13g,h, respectively. The depositional zone at the entrance of C3 channel produces a slightly increment on flow velocities in the main channel (as observed in Figure 11). As discussed by [31,34], the morphodynamic interactions between secondary and main channels govern the flow and sediment redistribution in anabranching rivers. A similar behavior is found for transitional rivers, and the main channel is dominated by morphodynamic features of meandering channels.



Two potential regions for cutoff occurrence are identified in Figure 13f (yellow rectangles showing Migration I and II). The first region located upstream of JH bend (see in Figure 13i) shows a downstream migration of the entire bend. The second region is located downstream of the Jenaro Herrera Town (upper and lower reaches, Figure 5). Migration I shows a downstream migration of a bend that might collapse with oxbow lakes Sahua and Supay, producing a cutoff through reconnecting oxbow lakes. Migration II was described extensively in the previous sections. Based on the planform analysis (Figure 3) and hydrodynamics modeling (Figure 11), planform migration II occurs somewhere around the closest region of the JH bend limps, since higher velocities (and higher shear stresses) develop near the river outer banks, particularly in the lower reach (see bed shear stresses in Figure 12b). Currently, the secondary channels are narrowing; with the potential development of a neck cutoff, it is probable that these secondary channels will be abandoned. If the secondary channels remain connected to the main channel, oxbow lakes will develop (similar conditions as the Sahua and Supay lakes). The local economy relies on fish production. [25] mentioned a high correlation between complex morphology (including oxbow lakes) with fish production; thus, further research is needed to describe the socioeconomic impacts of planform changes. By either mechanism of cutoff (based on migration I or II) occurrence, several towns will be impacted by the planform migration of the Ucayali River. Jenaro Herrera town is located in an elevated area along the right river bank and probably will not suffer direct river erosion, but will be subject to river isolation if the Migration II scenario occurs. Smaller towns (see Figure 14) might need relocation considering the modified planform configuration. Relocation and affectation of river dynamics to towns occurs continuously in the Amazon basin, mainly related to flooding [39] and river migration [40].




6. Conclusions


The Ucayali River, one of the most active meandering rivers in the Amazon Basin, has average migration rates of 60–80 m/year. Here, the analysis of three bends of the river was performed. Two of them developed cutoff processes during the period of analysis, and the other, located near Jenaro Herrera town, is close to start a cutoff. Based on the analysis of planform evolution between 1987 and 2020, the The JH bend had a migration rate of 25 m/year, a smaller magnitude compared to average migration rates in the Ucayali River. The latter is due to the presence of secondary channels and islands that reduce and modify the flow and sediment redistribution, a similar process as in anabranching rivers [31,34]. Two possible mechanisms of cutoff occurrence are described in the studied region (Migration I and II). Migration I might produce a cutoff through reactivation of oxbow lakes, while Migration II might happen based on a typical neck cutoff (where two bends collapse). Either mechanism will produce significant changes in the configuration of the entire JH bend (and sediment waves will produce erosional and depositional processes upstream and downstream of the cutoff location [24]). Long-term hydrogeomorphic monitoring (flow, sediment and bed and bank morphology) is necessary to: (1) understand where the cutoff and how the planform morphodynamic adaptation would occur near Jenaro Herrera town, (2) to develop socioeconomic planning based on town relocation (especially for small towns) and reconnection to the Ucayali River (especially for Jenaro Herrera town under the Migration II scenario), and (3) understand the effects of extreme events and climate change [41,42], and anthropic activities [43,44] into river dynamics.
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Figure 1. (a) The Ucamara depression (see the DEM) where the Ucayali River (meandering) meets the Marañón River (anabranching) to form the Amazon River (anabranching); (b) upstream (US) bend; (c) downstream (DS) bend; (d) the Jenaro Herrera (JH) bend along the Ucayali River. In (b–d) the main channel of the Ucayali River is shown as well as the reconstruction of paleochannels and oxbow lakes, describing the planimetric dynamic of the Ucayali River throughout time. For dynamics on the confluence between the Ucayali and Marañón Rivers, see [26], (e): the water surface elevation (m) at the Jenaro Herrera gauging station from 2007 to 2021. Shaded regions denote the field measurement campaigns in May and August 2013 and February 2019. 
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Figure 2. (a) Planform migration of the US bend (see Figure 1 for location) from 1987 to 2020. (b) The migration of the outer bank from 1985 to 1990, the interval when the neck cutoff occurred. 
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Figure 3. (a) Temporal (from 1987 to 2020) migration of the Jenaro Herrera (JH) bend (see Figure 1 for location). (b) Outer bank migration from 1987 to 2020. 
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Figure 4. (a) Planform migration of the DS bend (see Figure 1 for location) from 1987 to 2020. (b) The migration of the outer bank from 1985 to 1996 when the neck cutoff occurred. 
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Figure 5. Migration rates for upper and lower reaches of the JH bend (see Figure 3b). 
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Figure 6. Bed elevation of the JH bend (May 2013).    Q  h i g h − f l o w   =  19 , 071    m   3  /s and    Q  l o w − f l o w   = 5793   m   3  /s represent water discharges for May and August 2013, respectively.    H  h i g h − f l o w   = 94.96   m and    H  l o w − f l o w   = 87.75   m represent water surface elevation for May and August 2013, respectively. Secondary channels C1, C2 and C3 are elevated channels. 
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Figure 7. Velocity measurements of 2013 along the JH bend. The vectors represent the secondary flow using the Rozovskii decomposition, while the contours represent the velocity magnitude. M: May and A: August. May’s water discharges (Q (m   3  /s)) are 14,749.3 (M1), 17,034.6 (M2), and 12,999.4 (M3). August’s water discharges (Q (m   3  /s)) are 4947.4 (A1), 4670.3 (A2), 5449.8 (A3), 6018.5 (A4), 4745.4 (A5), 5162.7 (A6), and 5127.8 (A7). 
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Figure 8. February 2019’s velocity measurements along the JH bend. The vectors represent the secondary flow using the Rozovskii decomposition, while the contours represent the velocity magnitude. February´s water discharges (Q (m   3  /s)) are 18,825.8 (1), 18,900.3 (2), 18,682.5 (3), 19,541.6 (4), 19,256.8 (5), 19,331.3 (6), 19,471.3 (7), 17,521.5 (8), 16,642.3 (9), 16,392.4 (10), 16,257.8 (11), 16,148.3 (12), and 16,138.9 (13). 
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Figure 9. Sediment characterization (location, sediment size distribution and suspended sediment concentration) along the JH bend (main channel (S1-R, S1-C, S1-L, S2-C, S2-R, S3-L, S3-C, and S3-R) and floodplain (B-3m, F1, F2, F3, F4 and F5) samples were collected in August 2013, while secondary channel (J1-L, J1-C, J1-R, J2-L, J2-C, J3-C and J4-C) samples were collected in February 2019). Pictures show the collection of suspended and floodplain sediments. WL: wash load; SBM: suspended bed material. Along the upper and lower reaches, three 3-km longitudinal profiles for bedform characterization were collected. 
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Figure 10. Bathymetry and dune height along three longitudinal profiles (left, center, and right) and dune heights (m) for: (a) upstream reach, (b) downstream reach (see Figure 9). The discretization of bedforms was obtained by using [36]’s methodology. 
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Figure 11. Comparison of measured and predicted depth-averaged velocities for: (a) May 2013 (stations XS0 and XSA) and (b) August 2013 (stations A1 and A2). 






Figure 11. Comparison of measured and predicted depth-averaged velocities for: (a) May 2013 (stations XS0 and XSA) and (b) August 2013 (stations A1 and A2).



[image: Water 14 03059 g011]







[image: Water 14 03059 g012 550] 





Figure 12. Shear stresses computed with the numeric model, (a) high flow conditions, (b) and low flow conditions. Bedload sediment transport rate, (c) high flow conditions, and (d) low flow conditions. 






Figure 12. Shear stresses computed with the numeric model, (a) high flow conditions, (b) and low flow conditions. Bedload sediment transport rate, (c) high flow conditions, and (d) low flow conditions.



[image: Water 14 03059 g012]







[image: Water 14 03059 g013 550] 





Figure 13. (a–f) Planform evolution of the JH bend from 1969 to 2020; (g) depth-averaged velocities for February 2019´s ADCP measurements; (h) depositional region at the entrance of the C2 channel and (i) upstream bend migration towards paleochannels and oxbow lakes. 
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Figure 14. Towns (the location of towns were obtained from https://fishbrain.com/ (accessed on 30 June 2022)), paleochannels and oxbow lakes surrounding Jenaro Herrera town. Notice that during the last years, two preferential migration directions are observed (Migration I: to merge into paleochannels and oxbow lakes, Migration II: to produce a neck cutoff). 
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