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ABSTRACT 

The Upper Peruvian Amazon Rivers present different types of planform patterns, from meandering to well-matured 
anabranching channels. Meandering Rivers tend to have higher lateral migration rates than Anabranching Rivers, 
consequently achieving higher amplitudes and more elongated bends. Meandering rivers deviate from their dynamic 
equilibrium condition by producing meander trains under erosive and depositional floodplain-scale processes. 
Anabranching structures are defined as having one single main channel and several secondary channels. The degree of 
coupling among these channels modulates the dynamics of the anabranching structure. These anabranching structures 
achieve dynamic equilibrium conditions determined by their periodicity in the occurrence of anabranching structures. 
Fluvial transportation requires deep understanding of these morphodynamics patterns and of their evolution, not only 
for engineering but also for geological time scales. Herein, some examples of river evolution and some hypothesised 
ideas are discussed in light to relate river dynamics to fluvial transportation. 

Keywords: Amazonian rivers; morphology; fluvial transportation. 

RESUMEN 

Los ríos de la cuenca del alto Amazonas presentan diferentes tipos de patrones en planta, desde meandrícos a canales 
anabranching desarrollados. Ríos meandrícos tienden a tener mayores tasas de migración lateral que los ríos 
Anabranching, logrando así una mayor amplitud y con curvas mas alargadas. Los ríos meandrícos se desvían de su 
condición de equilibrio dinámico mediante la producción de trenes de meandros que se encuentran bajo procesos 
erosivos y de deposición a la escala de la llanura de inundación. Estructuras de Anabranching se definen por tener un 
solo canal principal y varios canales secundarios. El grado de acoplamiento entre estos canales modula la dinámica de 
la estructura anabranching. Estas estructuras anabranching pueden alcanzar condiciones de equilibrio dinámico 
mediante la periodicidad en la aparición de estructuras anabranching a lo largo del rio. El transporte fluvial requiere 
una comprensión profunda de estos patrones morfodinámicos y su evolución no sólo para escalas de tiempo 
ingenieriles, sino también para las escalas de tiempo geológicas. Aquí, algunos ejemplos de la evolución del río y 
algunas ideas hipotéticas se discuten a la luz de relacionar la dinámica de los ríos para el transporte fluvial. 

Palabras clave: ríos amazónicos; morfología; transporte fluvial. 
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INTRODUCTION 

The Peruvian Amazon is known as one of the most biodiverse regions on the planet which has the 
world records in biodiversity per unit area and a high concentration of endemic species (e.g. 
reptiles, amphibians, trees, primates and birds), of which only 2-3% are known until now. Some of 
the theories to explain this great biodiversity are based on correlations with river dynamics 
(Puhakka and Kalliola, 1993). The seasonal increase and decrease in water discharge in the Upper 
Peruvian Amazon Rivers produces large variations in elevation of the surface water, river floods, 
riverbank erosion, navigation, changes in terrestrial and aquatic ecosystems, and in the long term, 
changes in river planform and altimetry patterns. These morphological changes present in the 
Peruvian Amazon depend on the classification of rivers, being the most frequent: meandering and 
anabranching. The continuous field measurements that the Service of Hydrography and Navigation 
of the Amazon (SHNA) has been developing along the last decades are related to the hydrodynamic 
and morphodynamic variations of the Amazonian rivers, especially to determine its navigability. 
These high-resolution measurements have been performed using acoustic instruments, and they 
have been complemented by the application of highly resolved mathematical models to predict the 
morphodynamic changes of these Amazonian rivers for engineering (decades) and geological time 
scales (thousands of years). Thus, thanks to the combination of theoretical approaches with detailed 
field measurements and mathematical modelling, a deeper understanding of the planform evolution 
of the most important rivers (in terms of navigability) have been acquired during the last years. 

This study focuses on the variability of the channels patterns found in the Upper Amazon Basin, 
understanding their morphodynamic behaviour and how these physical processes could be linked to 
fluvial transportation, especially when new investments are along the way. MTC (2010) described 
the investment in ports for the IIRSA (Integration of the Regional Infrastructure of South America) 
project. Several ports have been placed to the west of the Andes along the Pacific Ocean, while in 
the Amazon region; the ports of Iquitos, Yurimaguas and Pucallpa are the main developments. The 
estimated investment for these three ports is around 60 USD millions. Recently, the MTC (2013) 
and the Embajada de Brasil (2013) also placed the navigability along the Amazon River as priority 
for funding and development.  

THE UPPER PERUVIAN AMAZON RIVERS 
The main rivers in the Upper Peruvian Amazon basin present either anabranching or meandering 
configuration as observed in Figure 1. In all the rivers described in Figure 1, the flow goes towards 
the east of the South American continent, to the Atlantic Ocean. The intermediate and small rivers 
present a meandering (single channel) configuration while the large rivers present an anabranching 
(multiple channels) planform configuration. The Putumayo River and the downstream portion of the 
Amazon River describe the political boundary between Colombia and Peru, while the Yavari River 
represents the political boundary between Brazil and Peru. The Morona, Pastaza, Tigre-Corrientes, 
and Napo Rivers flow from Ecuador into the Marañon and Amazon Rivers. The Madre de Dios 
River flows into the Madeira River (Brazil) and then into the Amazon River in the Brazilian 
portion. The Huallaga River flows into the Marañon River and together with the Ucayali River form 
the Amazon River near Nauta city. It is evident that along the longitudinal direction, either the 
meandering and anabranching rivers are superimposed into a longitudinal terrain gradient from the 
Andes to the Atlantic Ocean. The planform geometry statistics (e.g. arc-wavelength, amplitudes) of 
the channel patterns along this geological gradient changes accordingly to the modification of water 
discharge, sediment discharge, vegetation, soil heterogeneity, and microclimate that could produce 
different rainfall patterns (Gutierrez and Abad, 2013). For the case of rivers located close to the 
Andes, the rivers tend to have a certain degree of geological confinement, where the river centerline 
does not change dramatically for decades, while for rivers located in the east Peruvian portion, the 
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degree of geological confinement is reduced drastically producing in some cases, freely meandering 
channels such as the Nanay, the Ucayali, the Itaya, and the Yavari Rivers. Thus, not only the rivers 
might differ for their planform shape, but also specific parts of them might differ due to the their 
location along this geological gradient from the Andes towards the Atlantic Ocean. 

 

Figure 1: Main Rivers in the Upper Peruvian Amazon Basin. (A) Anabranching Rivers, (M) Meandering Rivers. 
Source: SHNA. 

 

Characteristics of Meandering and Anabranching Rivers 

A meandering river (as the Ucayali shown in Figure 2) is defined as having a single channel, where 
the velocity (and thus the near-bank shear stresses) tends to be higher at the outer bank of the 
channel, thus lateral migration occurs. The presence of high near-bank shear stresses is due to the 
steering effect of depositional point bars at the inner bank, where the finest sediment particles are 
found (Abad and Garcia, 2009a, 2009b). Rivers present altimetric geomorphic instabilities such as 
bedforms, thus in meandering channels the near-bank shear stresses are increased of nearly 50% 
when having progressive bedforms along the channel, thus fluvial erosion is increased (Abad et al., 
2013). Meandering rivers oscillates towards the dynamic equilibrium stage (that remains 
statistically constant if no external forcing is included), having epochs where train of meanders 
migrates (elongating their bends, thus increasing their bend amplitude), while other train of 
meanders are subjected to erosional patterns (e.g. cutoff), maintaining the dynamic equilibrium. 

An anabranching river is defined as a river with the main channel with additional secondary 
channels, as observed in the Muyuy anabranching structure along the Amazon River (Figure 2). The 
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planform dynamics of anabranching structures are quite different from the dynamics of purely 
meandering channels (Abad and Montoro, 2013). Depending on the degree of coupling between the 
main and secondary channels, the planform dynamics of the anabranching structures could be 
dominated by the main channel dynamics or by the secondary channel dynamics. The number of 
islands per anabranching structures differs along the Peruvian Amazon River and does not correlate 
directly to the local curvature of the mean centreline of the anabranching structure. In fact, there is 
still a need for research to really develop a reliable conceptual model for the evolution of 
anabranching structures.   

 

Figure 2: (A) Anabranching Rivers (Marañon, Amazonas), (M) Meandering Rivers (Ucayali). The 1990 images show 
the old traces (paleo channels) along the river floodplain. The images have been obtained from Landsat mosaic images, 
EarthSatMrSID coverages (https://zulu.ssc.nasa.gov/mrsid/). Iquitos city is the largest city in the Peruvian Amazon (~ 
400,000 habitants). The enlarged anabranching structure on the Amazon River is Muyuy, where detailed measurements 
are performed yearly. 

In general, the planform dynamics of either meandering or anabranching channels are governed by 
the water flow rate, the suspended and bed-load sediment transport rates, the type of vegetation, the 
geological setting, the soil composition, among other parameters. Abad and Montoro (2013) have 
described that along the Peruvian Amazon Rivers, there is a spatial periodicity of about 50 km in 
the appearance of anabranching structures. Therefore, it is hypothesised herein that anabranching 
rivers achieve a sort of dynamic equilibrium stage not by migration and erosive patterns in group of 
meanders (as in meandering channels), but rather by achieving a periodicity on the appearance of 
anabranching structures. This finding reported in Abad and Montoro (2013) could definitely change 
the sedimentary conceptual models that scientists have developed for the case of anabranching 
structures, where the avulsion processes were mainly used to explain their sedimentary record. 
Herein, we deal with analysis of modern channel patterns. 

https://zulu.ssc.nasa.gov/mrsid/
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EXAMPLES OF HISTORICAL EVOLUTION OF MEANDERING AND 
ANABRANCHING RIVERS 
The Confluence Marañon and Ucayali Rivers 

A good example of planform evolution of meandering and anabranching channels is defined by the 
confluence of the Marañon and Ucayali River to form the Amazon River (near Nauta City). Figure 
3 shows the satellite images of the confluence for years 1973, 1987, 1999, and 2009. We observe 
that the Marañon River does not present important migration rates in few decades, while the 
Ucayali River presents more significant changes and a cutoff close to the year 1999. When 
calculating the sinuosity of both rivers, it is not surprising that the Marañon River presents lower 
sinuosity than the Ucayali River, thus showing that meandering channels present higher amplitudes 
and their planform dynamics are more important than anabranching channels. In other words, 
meandering channels might migrate at faster rates along their floodplain, reworking the soils and 
mixing the vegetation, of course under comparable geological settings. In this case, the local 
dynamics of the confluence is highly governed by the dynamics of the meandering river (the 
Ucayali River). This presents very important issues respect to the sedimentary structure near 
confluences (in geological time scale) and to the navigability for engineering time scales. It is 
important to notice that in the monitored period of time, each of the two rivers present different 
hydrographs for water and sediments, but it seems that morphodynamic processes modulates and 
filters some of these hydrodynamics processes.  

 

Figure 3: Confluence between the Marañon River and the Ucayali River. The images have been obtained from Landsat 
mosaic images. The sinuosity of a channel is defined as the length along the channel centreline (λc) divided by the 
length along the valley centreline (λv). The values for the sinuosity of both rivers were calculated using at least 40 
bends for the case of the Ucayali River and at least 20 anabranching structures for the Marañon River. 
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The Ucayali River near Pucallpa City 

Abad et al. (2012) presented an interpretation of the dynamics of the Ucayali River near Pucallpa 
city. Herein, we summarize the findings related to the Ucayali River. It seems that downstream of 
the city, from 1975 to 1996, a long wave of erosional processes has happened manifesting the 
occurrence of several cutoffs (bend 1, bend 2, and bend 3). At this reach, after the channel has been 
straightened, lateral migration of the channel occurs in order to reach the dynamic equilibrium stage 
(denominated Z1 region). Upstream of the city, the process is quite similar after 1998, where a 
cutoff is observed in bend 5. It is observed that the Z2 region is being reduced in sinuosity, thus 
diminishing lateral erosion. The region Z2 also involves several bends, thus, the adaptation from a 
purely erosive process to a purely depositional process could have a periodicity (unique temporal 
scale to a river), which should be further investigated since it could decipher long-term 
morphodynamic patterns of channel adaptation to current conditions, or under external conditions 
such as climate changes. More discussion on the processes of erosive and depositional waves is in 
Abad et al. (2012). 

 
Figure 4: After Abad et al. (2012). The circle identifies Pucallpa city. The images have been obtained from Landsat 
mosaic images. 



International Conference IDS2013 - Amazonia 
17th – 19th July 2013, Iquitos, Peru 
 

Congreso Internacional IDS2013 - Amazonía  
17 – 19 de Julio de 2013, Iquitos, Perú 

 

 

 
13-7 

The Amazon River near Iquitos city 

Figure 5 shows the temporal evolution of the anabranching structure near Iquitos city, from 1973 to 
2009. This structure is located immediately to the north of the one shown in the inset map of Fig. 2. 
Depending on the degree of coupling between the main channel and the secondary channels, the 
dynamics of the anabranching structure might be modulated by the main channel, or by any or a 
group of secondary channels. The case of the anabranching structure near Iquitos is quite 
interesting, prior to 1973, two channels of almost the same width are observed (being the smaller 
channel close to Iquitos City), and thus the definition of main and secondary channel is not obvious. 
Prior to 1973, the main channel was closer to Iquitos city, and sometime in 1993, the main channel 
started to move towards the opposite channel. Garcia and Bernex de Falen (1994) and Villarejo et 
al. (2008) described the retreat of the Amazon River away from the Iquitos city, and in fact, by 
2009, only one main channel and small secondary channels are observed. It seems that the 
anabranching structure is also migrating towards the downstream direction (if we compare the 1973 
and 2009 images). This translation and the natural dynamics of the anabranching structure have 
caused important navigable issues to the ENAPU port in Iquitos. As observed in the image for 
1973, the Itaya River is a right tributary of the Amazon River and due to the planform changes, 
Iquitos city is located in the shore line of a lake-type water body, which stills has direct connectivity 
to the Amazon River. Under low-flow conditions, this connectivity is reduced due to sedimentation 
patterns at the river mouth, a widely known processes at this type of confluences.   

 

Figure 5: Iquitos anabranching structure. Historical evolution of the Amazon River near Iquitos city (shown with a 
circle), which shows the progressive change of the main channels and secondary channels. It is also observed that the 
entire anabranching structure is shifting downstream. The images have been obtained from Landsat mosaic images. 

IMPORTANCE FOR FLUVIAL TRANSPORTATION 
Figures 3, 4 and 5 show the planform evolution of some typical meandering and anabranching 
channels in the Peruvian Amazon basin. Despite the fact that the water discharges changes along the 
entire Amazon basin (Espinoza et al., 2009, 2011 and 2012), the planform morphodynamic patterns 
of the meandering channels and anabranching channels respond to time scales larger than those of 
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the flow time scales. Thus, most of the times, quasi-steady state approximations between the flow 
and sediment processes are adequate for developing conceptual models for long-term evolution of 
their morphodynamics. The most important effect in navigability is related to the variation of the 
water surface elevation and its hydrodynamic adjustment (velocities, shear stresses). As observed in 
Figure 6, the difference in the water surface elevation for low-flow and high-flow conditions could 
differ dramatically, thus modifying not only hydrodynamic, morphodynamic patterns, but also the 
navigability and local operations of river ports. 

 
Figure 6: Water surface changes near Iquitos city. Left: low-flow, right: high-flow. Source: Paredes (2002). 

Salonen et al. (2011) described transportation zones around the city of Iquitos accounting for the 
typical capacities for passengers and cargo in each transport vessel. They also described the 
Euclidian distance and time of transportation from the city of Iquitos to other cities/towns. In fact, 
as observed by the discussion of meandering and anabranching planform sinuositites presented 
above, the meandering channels present higher sinuosities than anabranching (also higher migration 
rates along the floodplain), therefore the transportation distances might be affected considerable. 
Furthermore, depending on the characteristics of each river, the river’s planform morphodynamic 
change could produce important modifications and reworking of the floodplain, thus changes on the 
fluvial transportation. In the case of meandering channels, the occurrence of cutoff might trigger 
changes along the planform configuration and thus apparent local reduction of horizontal distance, 
but the initiated vertical morphodynamic processes (as those discussed for the Ucayali River near 
Pucallpa city) might trigger higher migration rates of the structures at different locations along the 
river. Therefore, it might be better to use an instrinsic coordinate system that could change in time 
adapting to the river planform evolution, rather than a fixed cartesian coordinate system. For the 
case of the anabranching rivers, depending on the water surface elevation, the traveled distance 
could be modified dramatically by having the secondary channels acting as the main pathways, 
especially for large vessels.  

CONCLUSIONS  
This paper summarizes some of the on-going research that the Service of Hydrography and 
Navigation of the Peruvian Navy, together with Dr. Abad’s research group, is developing during the 
last years. This synergy has allowed the scientific community to be aware that anabranching 
dynamics is quite different to meandering dynamics, as they reach different physically based 



International Conference IDS2013 - Amazonia 
17th – 19th July 2013, Iquitos, Peru 
 

Congreso Internacional IDS2013 - Amazonía  
17 – 19 de Julio de 2013, Iquitos, Perú 

 

 

 
13-9 

equilibrium conditions. As climatic global models are predicting changes in the rainfall pattern in 
the Amazon basin, it is important to characterize the current conditions of these rivers, thus, 
prediction of morphodynamic adaptation to external forcing could be elaborated. This prediction is 
important since lately, investment on infrastructure or enhancement of the navigability along the 
Amazonian rivers is a hot topic, but it requires a deep understanding of the morphodynamic patterns 
of these rivers, not only those concerned with engineering time scales, but also with longer secular 
and geological time scales.  

ACKNOWLEDGMENTS 
Thanks to the officers and to technical personnel from the Peruvian Navy, especially to Bruno 
Peralta, Cesar Ferrer, Julio Salinas, and Piero Correa. The Department of Civil and Environmental 
Engineering and Swanson School of Engineering of the University of Pittsburgh provided startup 
funding for Dr. Abad’s participation. Thanks to the Center for Latin American Studies (CLAS) of 
the University of Pittsburgh for proving field research grants to Dr. Abad. Thanks to Alejandro 
Mendoza for discussions on the dynamics of the anabranching structure near Iquitos city. 

REFERENCES  
Abad, J. D. Montoro, H., "Anabraching structures in the Upper Amazon River, a place for quasi-freely and non-

developed meanders", under review, 2013. 

Abad, J. D., Frias, C., Garcia, M., Buscaglia, G. “Modulation of the flow structure by progressive bedforms in the 
Kinoshita Meandering channel”, accepted, Earth Surface Processes and Landforms, 2013. 

Abad, J. D., Peralta, B., Paredes, J., Frias, C., Gutierrez, R., Montoro, H. “The meandering Ucayali River, a cyclic 
adaptation of cutoff and planform migration”. River Flow 2012. September 5-7, San Jose, Costa Rica, 2012, 

Abad, J. D., and M. H. Garcia. “Experiments in a high-amplitude Kinoshita meandering channel: 1. Implications of 
bend orientation on mean and turbulent flow structure”, Water Resources Research, 45, W02401, 
doi:10.1029/2008WR007016, 2009a. 

Abad, J. D., and M. H. Garcia. “Experiments in a high-amplitude Kinoshita meandering channel: 2. Implications of 
bend orientation on bed morphodynamics”, Water Resources. Research, 45, W02402, 
doi:10.1029/2008WR007017, 2009b. 

Embajada de Brasil. “La apertura del rio Amazonas a la navegación internacional”. 
http://www.perubrasil.com/system/embajadabrasil/integropedia/ip_content_subchapter.asp?edt=1&ch=3&sub=4, 
2013. 

Espinoza, J. C., Ronchail, J., Guyot, J. L., Cochonneau, G., Drapeau, G., Martinez, J. M., Santini, W., Vauchel, P., 
Lavado, W., Ordoñez, J., Espinoza, R. “From drought to flooding: understanding the abrupt 2010-11 hydrological 
annual cycle in the Amazonas River and tributaries”. Environmental Research Letters, 7, 2012. 

Espinoza, J. C., Ronchail, J., Guyot, J. L., Junquas, C., Vauchel, P., Lavado, W., Drapeau, G., Pombosa, R. “Climate 
variability and extreme drought in the upper Solimoes River (western Amazon Basin): Understanding the 
exceptional 2010 drought”. Geophysical Research Letters, 38, 2011. 

Espinoza, J. C., Ronchail, J., Guyot, J. L., Cochonneau, G., Naziano, F., Lavado, W., Oliveira, E., Pombosa, R., 
Vauchel, P. “Spatio-temporal rainfall variability in the Amazon basin countries (Brazil, Peru, Bolivia, Colombia, 
and Ecuador)”. International Journal of Climatology, 29: 1574-1594, 2009. 

Garcia, J., Bernex de Falen, N. “El rio que se aleja”. CETA-IIAP. In Spanish, 1994. 

Gutierrez, R., Abad, J. D., “Planform characterization of meandering rivers using wavelet transforms and principal 
component analysis and Frechet distance”, in review, Water Resources Research, 2013. 

MTC, “Proyectos de Inversion Programados 2013”, Ministerio de Transportes y Comunicaciones, 
http://www.mtc.gob.pe/portal/logypro/Proyectos%20programados%202013.pdf. 2013. 

MTC, “Puertos”, Ministerio de Transportes y Comunicaciones, 
http://www.mtc.gob.pe/portal/logypro/proy_puertos2009.pdf. 2010. 

http://www.perubrasil.com/system/embajadabrasil/integropedia/ip_content_subchapter.asp?edt=1&ch=3&sub=4
http://www.mtc.gob.pe/portal/logypro/Proyectos%20programados%202013.pdf
http://www.mtc.gob.pe/portal/logypro/proy_puertos2009.pdf


International Conference IDS2013 - Amazonia 
17th – 19th July 2013, Iquitos, Peru 
 

Congreso Internacional IDS2013 - Amazonía  
17 – 19 de Julio de 2013, Iquitos, Perú 

 

 

 
13-10 

Paredes, J. R. “Proyecto de dragado para la rehabilitación del terminal de Iquitos”. Engineering thesis, Department of 
Fluid Mechanics, Universidad Nacional Mayor de San Marcos, Lima, PERU, 2002. 

Puhakka, M., Kalliola, R. “La vegetación en aéreas de inundación en la selva baja de la Amazonia Peruana”, Chapter 8 
of Amazonia Peruana, vegetación húmeda tropical en el llano subandino. R. Kalliola, M. Puhakka and W. Danjoy 
(editors), Proyecto Amazonia, Universidad de Turku (PAUT), Oficina Nacional de Evaluacion de Recursos 
Naturales (ONERN), ISBN 952-90-4387-2, Finland, 1993. 

Salonen, M., Toivonen, T., Cohalan, C. M., Coomes, O. “Critical distances: Comparing measures of spatial accessibility 
in the riverine landscapes of Peruvian Amazonia”. Applied Geography, 32, 501-513, 2011.  

Villarejo, A., Herrera, J., Garcia, J., Tafur, L., Panduro, M. “Iquitos, una ciudad y un rio”, Centro de Estudios 
Teologicos de la Amazonia (CETA), Iquitos, PERU, in Spanish, 2008. 

 
 

 

 

 

 

 


	"MORPHODYNAMICS OF THE UPPER PERUVIAN AMAZONIAN RIVERS, IMPLICATIONS INTO FLUVIAL TRANSPORTATION" by Jorge D. Abad, Jorge Vizcarra, Jorge Paredes, Hugo Montoro, Christian Frias and Carlos Holguin
	ABSTRACT
	RESUMEN
	INTRODUCTION
	THE UPPER PERUVIAN AMAZON RIVERS
	Characteristics of Meandering and Anabranching Rivers

	EXAMPLES OF HISTORICAL EVOLUTION OF MEANDERING AND ANABRANCHING RIVERS
	The Confluence Marañon and Ucayali Rivers
	The Ucayali River near Pucallpa City
	The Amazon River near Iquitos city

	IMPORTANCE FOR FLUVIAL TRANSPORTATION
	CONCLUSIONS 
	ACKNOWLEDGMENTS
	REFERENCES 


