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Introduction 
 
The Amazon basin is constituted by a large river 

network, where we can find meandering rivers with the 

fastest migration rates. Most of the studies in the 

Amazon basin are concentrated in the large tributaries 

of the Amazon river. Their planform shape and the 

changes they experience over time depend on many 

factors such as the climate, human interactions, 

vegetation, etc. Small meandering rivers in the southern 

part of the Amazon basin have not been as much 

studied as the large tributaries of the Amazon river 

despite the fact that a large part of the Amazonian river 

network is constituted of small tributaries. These small 

rivers exhibit different characteristics compared to the 

larger tributaries, such as short periods of flooding and 

high fluctuation in the water levels. There is still the 

need to keep studying these rivers in order to answer 

important questions about their planform shape and the 

factors that control it. Therefore, this thesis examines 

the characteristics of a small meandering river in the 

southern part of Bolivian Amazon: the Ichilo River. 

The research is based on satellite imagery analysis, field 

observations and numerical simulations.  

 

Methodology 
 

A combined approach of remote sensing, field works 

and numerical model was used to study the Ichilo river. 

 

Spatiotemporal analysis of satellite imagery 

 

First, a spatiotemporal analysis of the Ichilo River was 

performed using Landsat satellite imagery to obtain 

different meandering characteristics such as, migration 

rates, cutoffs, river widths and oxbow lakes. They are 

qualitatively and quantitatively analyzed in order to 

understand what are the main controls of meander 

migration in the river.  

The analysis of the planforms was performed using the 

River Morphodynamics from Analysis of Planforms 

(RivMAP) toolbox of (Schwenk et al., 2017).  

RivMAP consists in a combination of MATLAB codes 

based on the image-processing morphological 

operations offered by MATLAB(Schwenk et al., 2017). 

This toolbox was developed to calculate metrics of 

meandering rivers from channel masks as input. The 

following information was quantified with the toolbox: 

centrelines, banklines, river widths, channel belt, 

migrated areas, cutoffs, and erosion and accretion rates. 

More detailed information about the RivMAP toolbox 

can be find in (Schwenk et al., 2017). 

Field surveys 

 

An integrated approach that combines structure from 

motion (SfM) photogrammetry and bathymetric surveys 

using a Multibeam Echosounder (MBES) was used to 

obtain bank profiles and underwater features of around 

13 kilometers of river length of the Ichilo River. The 

studies were complemented with measurements using a 

Pocket Erodometer Test (PET) (Briaud, Bernhardt and 

Leclair, 2012) and soil samples.   

Field data were acquired during two field campaigns 

performed during the rainy season in February and May 

of 2019, respectively. During the first campaign, 

orthophotos were collected using unmanned aerial 

vehicles (UAV), and a Pocket Erodemeter Test (PET) 

was performed in the banks of the Ichilo River to check 

the erodibility of the bank material. The objective of 

this first campaign was to evaluate the conditions to 

perform a second campaign. The second campaign 

(May) had the objective to perform a bathymetric 

survey complemented with SfM photogrammetry to 

obtain bank profiles. 

The combined methodology allowed us to collect 

bathymetric data and bank profiles from the Ichilo river 

with high accuracy that was later used for the numerical 

simulations. The field works were supported with 

pictures taken from the river that helped us to discuss 

bank erosion and bank accretion processes in a 

quantitative manner. Important river morphological 

features such as, erosion of the riverbed around the 

confluence and near the port of Puerto Villarroel, were 

identified. 

 

Numerical modelling 

 

Numerical models that can reproduce meander 

migration are usually composed by the following main 

components: flow field and bed topography of curved 

channels, bank erosion and bank accretion, and cutoffs 

(Crosato, 2008). The numerical model of (Asahi et al., 

2013) offers these components and therefore was 

selected for this study. The model includes a module 

that couples the flow field with a bed evolution model, 

considers channel width variation and reproduces cutoff 

development by realigning the channel when an 

intersection in the channel is observed. 

The numerical tests performed in an experimental scale 

channel demonstrated that the model was able to 

reproduce flow fields, bed topography and realistic 

planform shapes using steady and unsteady flow. 

However, further modifications of the model were 

necessary to simulate long term simulations at a large  



 

scale such us those rivers in the Amazon basin.  In here, 

I modified the model of (Asahi et al., 2013) by 

improving the cutoff module in order to overcome the 

sudden changes that were presented by the cutoff in the 

bed elevation. The bed elevation was smoothed after the 

occurrence of a cutoff to allow the simulation to 

continue. A general description of the model is given in 

the following paragraphs but more detailed information 

can be find in (Asahi et al., 2013). 

 

Results 
 

Spatiotemporal analysis 

 

Figure 1 serves as evidence of the changing nature of 

the Ichilo River, showing the paths where the river used 

to flow through the last thirty years. Moreover, it helps 

us to identify the location of the migrated areas and 

occurrence of cutoffs. As expected in a meandering 

river, the planform shape indicates that erosion area was 

larger in the concave parts of the bends while the 

deposition was observed in the inner part of them. 

Furthermore, cutoffs were identified and shown in a 

detailed zoom. 

 

 
Figure 1. Meander migration areas for 30 years’ period. 

In zoom, areas where cutoffs where observed 

 

Although both, chute cutoffs and neck cutoffs are 

observed, the dominant type of cutoff in the Ichilo 

River was the neck cutoff with a total of ten neck 

cutoffs in our studied area. The largest cutoff in terms 

of area observed in the Ichilo River, corresponds to a 

human-induced cutoff, located near the confluence with 

the Sajta river. 

An increase in the migration rates is observed from 

2005 with a peak that occurred in the year 2008.  

 

From November 2007 to April 2008 Bolivia suffered a 

severe season of flooding where the city of Puerto 

Villarroel was affected by ‘La Nina’ events. 

The data indicates that the Ichilo River remained five 

days flooded in January of 2008, with water levels over 

the bank level (>7.8 m). Another event of high 

precipitation was registered on 2014 where water levels 

remained over the banks for almost 23 days, being these 

the largest event registered in the 30 years’ period. It is 

possible that the high meander migration rates in 2008 

were related to the high precipitation event occurred in 

that year, and this could have triggered the development 

of the cutoffs that were observed in the following years. 

Similar to the event of 2008, the high precipitation 

observed in 2014 seemed to have promoted the 

occurrence of cutoffs and increased of the river width 

but no change in the meander migration rates were 

observed. Furthermore, the maximum annual stage 

(Smax) was plotted against the annual averaged 

migration rates (Mrcl) (Figure 2a) and the results 

showed a small to moderate correlation (R2=0.16). 

 

      
 

        
 

Figure 2 a) Correlation between annual maximum stage 

and migration rates; b) Evolution of the distance before 

the occurrence of a cutoff event for cutoffs #F1 and 

#F2. 

 

#F1 #F2 



Furthermore, two points in the Ichilo River, cutoff #F1 

and cutoff #F2 (see location in Figure 1) were identified 

to be susceptible to the occurrence of a cutoff. I 

compared the evolution of the distance before cutoff 

occurrence in both sections using satellite imagery and 

the orthophotos. (Figure 2b). The graph indicates that 

the distance in the neck of #F1 has been decreasing at a 

faster rate than in #F2. The distance in the neck has 

decreased an 87.4% of the initial distance (761.7m) in 

1988, while the neck distance in #F2 has decreased 

47.8% only. Our last field measurement (from the 

orthophotos obtained in May, 2019) showed that the 

distance left to the intersection and formation of cutoff 

in #F1 (neck) was of 96.1 m. 

 

Field works 

Figure 3 shows the measurements of the bed 

topography with the MBES and the orthophotos 

collected during the second survey. The data from the 

UAVs and the MBES bathymetry was combined in 

order to obtain cross sectional profiles of the banks of 

the Ichilo River, showing high consistency between the 

results of the UAVs and the echosounder.  

 
Figure 3 Bathymetry obtained with the MBES together 

with the orthophotos obtained in the month of May 

(2019). The red dots mark the places where the GCPs 

were taken and the blue ones the location of the soil 

samples. 

 

Some areas could not be surveyed because the boat 

could not reach these locations due to shallow water 

and the presence of vegetation that obstructed the 

access. The maximum water depth retrieved during the 

measurements was around 14 m near the area of the 

port. Other point of interest was located downstream of 

the confluence where the difference of the riverbed 

elevation of the Ichilo and Sajta rivers was around 10 m 

(Figure 3 near section C-C’). Bank failures were 

observed all along the Ichilo riverbanks where the 

deepest part on the riverbed profile was located in the 

outer bank of the bends.  

Numerical simulations 

 

The model was tested in three parts of the Ichilo River, 

showing its ability to reproduce the trends of meander 

migration in terms of the planform shape evolution, 

location of cutoffs and area of abandoned oxbow lakes, 

being these, one of the first results that show 

meandering evolution including the development of 

cutoffs in the Amazon basin. The purposed model can 

be applied to assess the trend of planimetric changes of 

meandering rivers at the scale of the Ichilo River due to 

climate change and/or other perturbations which is 

important for the communities that inhabit the banks of 

the Ichilo River. 

 

Case 1 

 

The predicted planimetric evolution is shown in Figure 

4. A cluster of three cutoffs were observed in the 

satellite imagery in years 2007, 2009 and 2015.  The 

predicted location of the cutoffs and the area of the 

oxbow lakes formed agree well with the observations in 

the satellite imagery, with the exception of the cutoff of 

2009. In this part, the river could have taken two 

possible paths to make the cutoff, upstream (full line) or 

downstream (dashed line). The satellite imagery shows 

that the development occurs in the upstream part but in 

the simulations the river took the downstream path, 

creating an oxbow lake with a larger area as shown in 

Figure 4-2009 and in Figure 5. In general, we observed 

that the model underestimated the areas abandoned by 

the channel as illustrated in Figure 5.  The order in 

which the cutoffs developed starting in the middle, then 

downstream and finally upstream show that cutoffs may 

affect the planform geometry upstream and downstream 

of where they occur. 

 

 

 
Figure 4 Observed vs computed planform shape of 

Ichilo River for Case 1. For the year 2009, the circles 

with a full line show the location of the cutoff in the 

numerical model while the circle with a dashed line 

shows the location where it was actually observed. 

 

 

 

 



 
Figure 5 Comparison of the areas of the oxbow lakes 

formed during the cutoffs for Case 1. 

 

Case 2 

Figure 6 below shows the predicted river planimetric 

evolution for Case 2. Three cutoffs were observed 

along the channel during the simulated period. In this 

case, I compare the observed bed topography obtained 

during the bathymetric surveys for the initial stage of  

 

 

 
Figure 6 Background: study area in 2018 from a 

Landsat image. The letters (a) to (e) show the channel 

paths at different times, where (a) correspond to the 

initial channel shape of the river in 2018 and (e) the 

final shape at the end of the simulations. 

 

Case 3 

 

The planimetric changes of this case are shown in 

Figure 7a. Although validation is impossible since this 

is a hypothetical case, the computed trends agree with 

the planform changes observed until the development 

of the first cutoff. After that, the model was left to run 

to observe further changes in the planform. In the 

simulations, the 1st cutoff occurred near the location 

where the cutoff was expected to occur (Peters, 1998). 

As a consequence, the area where the port is located 

was abandoned by the river as predicted by Peters 

(1998). Differences between the predicted and observe 

planform may be explained by the presence of non-

erodible banks in the river in the area of the port. 

Several protection works have been constructed to 

avoid erosion and flooding, using different materials 

such as concrete and gabions.  

 

 

The model assumes a heterogeneous floodplain and this 

effect is not considered. Furthermore, during the 

calibration different degrees of smoothing after bank 

accretion and bank erosion were tested along the 

simulations. Figure 7 shows the comparison of the 

numerical simulations with exact same values but the 

number of times of the smoothing varies from 0 (a) to 3 

(b). The difference in the planforms is very clear, with 

higher smoothing  

 

 
 

 

 
 

Figure 7 Hypothetical case C3 where the Ichilo River is 

left without the human interventions of 1997. The 

orange channel corresponds to the planform of Ichilo 

River in the year 1994, yellow line the planform 

evolution just at the moment of the 1st cutoff and the 

blue line the final form at the end of the simulation. a) 

Results without smoothing after bank accumulation and 

bank erosion, and b) the results where the smoothing is 

performed 3 times. 
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Conclusions 
 

The lack of information about meandering rivers in the 

Bolivian Amazon basin still rises many questions that 

are waiting for an answer. What are the controls on 

meander migration in this rivers? How to collect 

information in this rivers? and can we reproduce the 

trends about meander migration in the short-to-medium 

term? 

I chose a meandering river in the southern part of 

Bolivia with the characteristics mentioned above: The 

Ichilo River. Topographic surveys in the river were 

performed by using a combined methodology of SfM 

and a Multibeam Echosounder (MBES). The collected 

data allowed us to explore the bathymetric data of the 

Ichilo River and the shape of the banks at a high 

quality. The study of this river was complemented with 

a spatiotemporal analysis to understand the river from 

an integral point of view that considers the past history 

of the river with the available tools. 

This analysis suggest that neck cutoffs play an 

important role in the planform configuration of the 

Ichilo River. High events of precipitation may explain 

the increased migration rates observed after 2007, and 

the event of 2014 may be related with the occurrence of 

cutoffs observed after that period. 

Furthermore, I present a numerical model that captures 

important characteristics that have been observed from 

the results of the spatiotemporal analysis and the field 

works to reproduce the trends of meander migrations. 

The model considers the following characteristics: 

i) Planform shape evolution after cutoff 

ii) Profile change due to cutoff 

iii) Inner bank accretion and outer migration as a result 

of the water level variation 

The model is able to reproduce the trends of meander 

migration in terms of the planform shape evolution, 

location of cutoffs and area of abandoned oxbow lakes, 

and the results presented here is one of the first that 

show meandering evolution in a river of the Bolivian 

Amazon basin. 

The purposed model can be applied to assess the 

planimetric changes of meandering rivers at the scale of 

the Ichilo River. This study has also found that future 

planimetric planform changes are very likely to occur in 

the river in the near future due to the menace of future 

cutoff (#F1). 

Future work, should consider the extension of current 

modeling framework. It is assumed at this stage that the 

floodplain is homogeneous in time and space. It has 

been previous demonstrated the effect of bank 

heterogeneity has effects on the planform shape of 

meanders and therefore should be included in the 

analysis. Also, the effect of the ground water level 

should be taken into account, especially in places like 

the Ichilo River where water levels show high variation 

in a relative short period of time. Water level variations 

may affect the groundwater levels and at the same time 

decrease the bank stability, further studies are necessary 

on this matter, specifically field works. 
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