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Abstract. Alluvial plains are formed with sediments that rivers deposit on the adjacent flood-basin, mainly
through crevasse splays and avulsions. These result from a combination of processes, some of which push the
river towards the crevasse threshold, while others act as triggers. Based on the floodplain sedimentation patterns
of large rivers in the southern Amazonian foreland basin, it has been suggested that alluvial plain sediment accu-
mulation is primarily the result of river crevasse splays and sheet sands triggered by above-normal precipitation
events due to La Nifia. However, more than 90 % of the Amazonian river network is made of small rivers and it is
unknown whether small river floodplain sedimentation is influenced by the ENSO cycle as well. Using Landsat
images from 1984 to 2014, here | analyse the behaviour of all 12 tributaries of the Rio Mamoré with a catchment
in the Andes. | show that these are very active rivers and that the frequency of crevasses is not linked to ENSO
activity. The data suggest that most of the sediments eroded from the Andes by the tributaries of the Mamoré
are deposited in the alluvial plains, before reaching the parent river. The mid-to-late Holocene paleo-channels of
these rivers are located tens of kilometres further away from the Andes than the modern crevasses. | conclude
that the frequency of crevasses is controlled by intrabasinal processes that act on a yearly to decadal timescale,
while the average location of the crevasses is controlled by climatic or neo-tectonic events that act on a millennial
scale. Finally, | discuss the implications of river dynamics on rural livelihoods and biodiversity in the Llanos de
Moxos, a seasonally flooded savannah covering most of the southern Amazonian foreland basin and the world’s

largest RAMSAR site.

1 Introduction

Alluvial plains along the Andean foreland represent a
large part of the South American wetlands and seasonally
flooded landscapes and provide important ecological services
(Melack and Hess, 2011; Junk, 2013). These landscapes
are characterized by fragile hydrological systems, increas-
ingly threatened by climate change and human activity (Junk,
2013). These alluvial plains are built with the sediments that
rivers bring from the eastern flank of the Andes and deposit
on the Andean foreland basin. River activity is continuously
reshaping the landscape, with far reaching implications for
rural populations and biodiversity. Through meandering, the
formation of crevasse splays, avulsions and backswamp sed-
imentation, rivers fill sedimentary basins (Slingerland and
Smith, 2004); they create an irregular topography, favouring

the formation of diverse ecological niches (Lewin and Ash-
worth, 2014); they generate the flood pulses that maintain the
biota in river-floodplain systems (Junk et al., 1989); and they
cause disturbance in forest structure, which, in turn, is key
in creating and maintaining biodiversity (Salo et al., 1986;
Nelson et al., 1994). River activity can cause important eco-
nomic losses (Latrubesse et al., 2009b; Marengo et al., 2013)
and greatly affect the livelihoods of rural communities, par-
ticularly indigenous people who are often settled along these
rivers and depend on their resources (Pérssinen et al., 1996).
Understanding what controls fluvial processes in the Andean
foreland basin and how these rivers react to external forcing
is fundamental in order to foresee how floodplains and al-
luvial plains will respond to future pressures (Thompson et
al., 2013).
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In the last few decades, an increasing number of
studies in the Andean-Amazonian foreland basin have
furthered our knowledge of river dynamics and flood-
plain erosion/sedimentation processes and forest disturbance
(do Nascimento Jr. et al., 2015; Dunne et al., 1998; Salo et
al., 1986; Peixoto et al., 2009; Constantine et al., 2014; Aalto
et al., 2003; Latrubesse et al., 2009a; Wittmann et al., 2009).
In the southern Amazonian foreland basin (SAFB) (Espurt et
al., 2007) it has been shown that large river floodplain sedi-
ment accumulation observed in ~ 100 dated floodplain cores
is primarily controlled by the El Nifio/Southern Oscillation
(ENSO) cycle (Aalto et al., 2003), with warm (El Nifio)
phases causing smaller shorter floods and low sedimentation
rates and cold (La Nifia) phases causing larger longer floods
and high sedimentation rates (Aalto et al., 2003; Schongart
and Junk, 2007).

However, most of these studies have focused on the Ama-
zon River’s main tributaries, Strahler stream order higher
than 7, overlooking the contribution of lower order tribu-
taries, which account for more than 90 % of the total length of
the Amazonian river network (Mayorga et al., 2005). Conclu-
sions drawn from these studies of large Amazon rivers can-
not be extrapolated to small rivers, because they differ in im-
portant aspects (Ashworth and Lewin, 2012). In the SAFB,
the patterns of paleo channels show that it is not the large
Rio Mamoré but rather its tributaries that have deposited
most of the sediments that form the modern alluvial plains
(Lombardo et al., 2012; Lombardo, 2014; Hanagarth, 1993).
Hence, it is important to further our understanding of the be-
haviour of these tributaries and the mechanisms controlling
alluvial plain sediment accumulation.

Thanks to the availability of Landsat imagery with sub-
annual temporal resolution covering the last 3 decades, it is
now possible to document river spatial and temporal changes
and make inferences regarding large-scale changes in hy-
drology, sedimentation patterns and river sedimentary loads
(Buehler et al., 2011; Peixoto et al., 2009; Constantine et
al., 2014). Here, 1 use several time series of LANDSAT im-
ages from 1984 to 2014 to analyse the behaviour of the 12
tributaries of the Rio Mamoré which have their headwaters
in the Andes: the Maniqui, Sécure, Moleto, Isiboro, Chipiriri,
Chapare, Chimoré, Sacta, Ichilo, Yapacani, Pirai and Grande
(Fig. 1). The geomorphology of these rivers has never been
studied before and hydrological and geochemical data only
exist for four of them: the Grande, the Pirai, the Yapacani
and the Ichilo rivers (Guyot et al., 1994, 2007). In this pa-
per | analyse the occurrence of crevasses, a breach in the
river levee, and river avulsions, the abrupt abandonment of
a channel for a new course at a lower elevation (Slingerland
and Smith, 1998, 2004) and the link between these processes
and strong to extreme ENSO events. | investigate how these
rivers contribute to the formation of the alluvial plain and
affect the local forest-savannah ecotone and forest distur-
bance. Although the analysis of optical remote-sensing im-
agery here presented does not provide quantitative data on
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sedimentary processes, it does allow a qualitative assessment
of these processes and a re-interpretation of existing quanti-
tative data. The impact of river dynamics on indigenous com-
munities and the rural economy is also explored, with partic-
ular emphasis on how these highly active rivers may affect
the viability of the planned highway across the National Park
Territorio Indigena y Parque Nacional Isiboro Secure (TIP-
NIS) in Bolivia.

2 Study area

The SAFB is a largely pristine environment, where rivers
move freely across the alluvial plains. The SAFB is drained
by three large rivers: the Beni, the Mamoré and the Iténez (o
Guaporé). It comprises two regions, the seasonally flooded
savannah of the Llanos de Moxos (LM), where nine out of
the 12 tributaries of the Mamoré are located, and the north-
ern part of the Department of Santa Cruz, where the remain-
ing three rivers are located (Fig. 1). These rivers drain the
Andean catchment of the Mamoré, which includes the sec-
ond most important rainfall hotspot of the southern tropi-
cal Andes (Espinoza et al., 2015). Several paleocourses of
the Rio Beni have been identified, these seem to be the re-
sult of avulsions caused by a fault located a few kilometers
from the Andes (Dumont and Fournier, 1994). The Mamoré
avulsed during the mid-to-late Holocene (Plotzki et al., 2013)
and occupied one of the Rio Beni paleocurses (Lombardo,
2014). Stratigraphic cores performed across the alluvial plain
have shown that, since the mid-Holocene, distributary flu-
vial systems formed by the Mamoré’s tributaries (Fig. 1)
have deposited thick layers of sediments over the south-
ern and central part of the LM (Lombardo, 2014; Plotzki
et al., 2015). This region hosts one of the most important
collections of pre-Columbian earthworks in Amazonia, in-
cluding monumental mounds, raised fields, ring ditches, fish
weirs, canals and causeways (Lombardo et al., 2011; Priimers
and Jaimes Betancourt, 2014). Throughout the Holocene,
river avulsions have played a central role in both causing
the abandonment and burial of early Holocene archaeolog-
ical sites (Lombardo et al., 2013) and later favouring the de-
velopment of pre-Columbian complex societies through the
deposition of fertile and relatively well drained sediments
(Lombardo et al., 2015, 2012). The LM is largely covered
by savannahs, crisscrossed by strips and patches of forest
that grow on slightly elevated fluvial deposits, mostly river
levees and crevasse splays. This forest-savannah patchwork
is key for the survival of its rich biodiversity, which in-
cludes several endemic, rare and threatened species (Herzog
et al., 2012; Wallace et al., 2013; Langstroth, 2011). The re-
cent designation of three new protected areas in the LM has
made it the world’s largest Ramsar site, which is a protec-
tion scheme for wetlands of worldwide ecological impor-
tance (http://www.worldwildlife.org/press-releases/ last ac-
cess: 15 March 2016). The LM constitutes the southern bor-

www.earth-syst-dynam.net/7/453/2016/


http://www.worldwildlife.org/press-releases/bolivia-designates-world-s-largest-protected-wetland

U. Lombardo: Alluvial plain dynamics in the southern Amazonian foreland basin 455

I:l Watershed

Paleocourses

Grande

Maniqui
Secure

Yapacani
250

Figure 1. The southern Amazonian foreland basin (SAFB) and the Rio Mamoré network. The rivers studied include all the tributaries of the
Rio Mamoré that have part of their catchment in the Andes. Out of the 12 rivers studied, nine are located in the seasonally flooded savannah
of the Llanos de Moxos: the Maniqui, Sécure, Moleto, Isiboro, Chipiriri, Chapare, Chimoré, Sacta and the Ichilo. The remaining three, the
Grande, the Pirai and the Yapacani, flow mostly within the Department of Santa Cruz. The Mamoré, together with the Rio Beni, provide most
of the sediments and water to the Rio Madeira, which is the largest tributary of the Amazon River. The Rio Beni drains about 70 000 km?
of the Andes. The 12 tributaries of the Mamoré drain more than 93000 kmZ. Elevation colours are rendered applying histogram equalize

stretch.

der of the Amazonian rainforest, hence a preferential area to
study forest—savannah dynamics (Carson et al., 2014; Mayle
et al., 2000; Whitney et al., 2011).

3 Methods

All 12 tributaries of the Rio Mamoré with a catchment in
the Andes have been included in this study. Crevasse splays
and avulsions since 1984 have been identified using the
Landsat Annual timelapse in Google Earth Engine (https:
[learthengine.google.org/#intro/Amazon). Subsets of Land-
sat imagery have been downloaded from the USGS ser-
vice LandsatLook (http://landsatlook.usgs.gov/viewer.html),
these include all the river reaches identified for all the years
where high-quality coverage is available (Table 1). Images
have been transformed into 2 bit (black and white) data sets
and channel centrelines have been digitalized using the Arc-
Scan extension of ArcGis software. Meander migration rates
have been calculated as in Micheli et al. (2004) and Con-
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stantine et al. (2014). Values of the Multivariate ENSO In-
dex (MEI) (Wolter and Timlin, 2011) have been downloaded
from http://www.esrl.noaa.gov/psd/enso/mei/rank.html. As
in Aalto et al. (2003), only the ranks of the early rainy season
months for Bolivia have been included in the analysis.

4 Results and interpretation

During the 30-year period for which images are available,
the Mamoré’s tributaries show extremely high activity: 41
crevasses opened up along seven of the 12 tributaries, 29 of
which initiated an avulsion process (Table 2, 3). Only 8 out
of the 41 crevasses for which the exact year of formation
has been identified coincide with La Nifia years, while 12
coincide with EI Nifio years and 21 crevasses opened up in
years of no moderate to strong ENSO activity (Table 4). No
crevasses initiated during El Nifio years 1987, 1992, 1998
and 2003 or during La Nifia in 1989 and 1999. Except for
the Rio Grande, crevasses are found at an average distance
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Table 1. Years for which images were not downloaded from the USGS service LandsatLook. Images taken in the years within the 1984-2014
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range not listed in the second column have been downloaded and used.

River Years with no quality imagery available within the 1984-2014 range Start point End point

Maniqui 2012 —66.91/—-15.18 —65.67/—14.00
Secure 1987, 1992, 1993, 1998, 2000, 2007, 2008, 2012 —66-17/—16.0  —65.50/—15.69
Moleto 1986, 1988, 1997, 2002, 2004, 2008, 2012 —65.93/-16.36 —65.36/—16.07
Isiboro 2008, 2012 —65.44/-16.53 —65.08/—15.95
Chipiriri 1986, 2012 —65.29/-16.78  —65.23/—16.30
Chapare 1984, 1985, 1987, 1992, 1994, 2000, 2001, 2003, 2005, 2006, 2007, 2008, 2012 —65.23/-16.94 —64.99/—16.56
Chimoré 1984, 1985, 1987, 1992, 1994, 2000, 2001, 2003, 2005, 2006, 2007, 2008, 2012  —65.09/—16.98 —64.83/—16.76
Sacta 1984, 1985, 1987, 1992, 1994, 2000, 2001, 2003, 2005, 2006, 2007, 2008, 2012 —64.81/—17.11 —64.78/—16.85
Ichilo 1984, 1985, 1987, 1992, 1994, 2000, 2001, 2003, 2005, 2006, 2007, 2008, 2012 —64.59/—17.05 —64.79/—16.85
Yapacani 1985, 1987, 1989, 1995, 2002, 2004, 2008, 2012, 2013 —64.11/-16.59 —64.53/—15.97
Pirai 1985, 1986, 1989, 1991, 1992, 1997, 1999, 2006, 2007 2008, 2012 —63.21/-17.54 —63.84/—16.50
Grande 1985, 1986, 2003, 2004, 2011, 2012 —62.72/-17.25 —63.40/-16.54

of 68 km (023) from the point in which the rivers enter the
alluvial plains. In the case of the Rio Grande this distance is
276 km (063.4). All the modern crevasses are closer to the
Andes than the mid- to late Holocene terminal splays of the
distributary systems formed by these rivers (Fig. 1), particu-
larly in the case of the Rio Grande, which during the mid- to
late Holocene deposited a sedimentary lobe 280 km further
away from the Andes (Lombardo et al., 2012).

Based on their behaviour (Table 3), the tributaries of the
Mamoré can be grouped into three categories (Fig. 2): rivers
that do not show evidence of avulsions in the last 30 years,
with a multi-thread channel along the piedmont that becomes
a single-thread meandering channel once it enters the al-
luvial plains (Chipiriri, Chapare, Chimoré, Ichilo, Sacta);
rivers avulsing on a multi-decadal timescale (Sécure, Isiboro,
Moleto, Yapacani); and rivers avulsing on a sub-decadal
timescale (Maniqui, Pirai, Grande).

4.1 Rivers with low avulsion rates

These rivers have high sinuosity and high meandering mi-
gration rates and show very little or no evidence of crevasse
splays in the last 30 years (Table 3). They bring most of their
total suspended sediments (TSS) to the Mamoré. In the case
of the Chimoré, Ichilo and Sacta rivers, there seems to have
been no change in the amount of sediments brought to the
Mamoré since the 1980s. However, important changes in
the sediment load of the Chapare and Chipiriri can be de-
tected. The Chapare and the Chipiriri, a tributary of the Isi-
boro, fan out from a common catchment. This catchment, al-
though relatively small, includes the second most important
rainfall hotspot of the southern tropical Andes (Espinoza et
al., 2015), where precipitation easily reaches 5000 mmyr—1.
Since 1984, the Chipiriri has been gradually taking over a
larger share of the total basin discharge at Villa Tunari, the
fan apex, at the expense of the Chapare (Fig. 3). The switch
of water flow from Chapare to Chipiriri became important
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Figure 2. Number of crevasses detected since 1984 plotted against
average river slope (see Table 3). Crevasses open up when the slope
falls below 7.5 (0.00075).

after 1998, as it can be observed by the increase in the me-
andering of the Chipiriri (Fig. 3f). A similar process was de-
scribed in the piedmont of the Chaco basin, where stream
captures can change the size of a given river’s drainage basin
(Baker, 1977). The width of the Chipiriri is about one third of
the Chapare in 1986 (Fig. 3a), but by 2014 the Chipiriri is far
wider than the Chapare (Fig. 3e). Between 1984 and 2014
two crevasses opened up in the Chipiriri, at 61 and 65km
downstream from Villa Tunari; none of these crevasses led to
avulsions.
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Table 2. Tributaries of the Rio Mamoré: crevasse splays and avul-
sion events since 1984. Dates refer to the day in which the image
used to identify crevasses and avulsions was taken; Start year is the
year in which the crevasse is first identified; End year is the year in
which the avulsion is completed, when the totality of the river flow
is diverted into a new channel; Distance is the down-valley distance
of the crevasse from the point where the river enters the alluvial
plain, expressed in kilometre. No data in End year indicates that the
crevasse did not develop into an avulsion.

River Dates Start year  End year Distance
(km)
Chipiriri ~ 14/04/1993 1993 - 65
Chipiriri ~ 07/08/1994 1994 - 61
Grande 11/01/1985 1985 - 270
Grande 26/06/1993 1993 1994 243
Grande 16/06/1995 1995 1995 240
Grande 12/06/2001 2001 2001 250
Grande 24/08/2002 2002 2002 250
Grande 17/08/1997 1997 in progress 430
Grande 23/09/2008 2008 2008 251
Isiboro 07/08/1994 1994 1996 74
Isiboro 24/10/2008 2008 - 79
Isiboro 03/10/2009 2009 - 78
Isiboro 16/08/2012 2012 2012 87
Isiboro 11/08/1984 <1984 in progress 71
Maniqui  10/11/1997 1997 1999 95
Maniqui ~ 25/08/2001 2001 2001 90
Maniqui ~ 25/02/2002 2002 2002 89
Maniqui ~ 31/08/2006 2006 2006 81
Maniqui ~ 03/09/2007 2007 - 79
Maniqui ~ 20/08/2008 2008 2011 79
Maniqui ~ 02/08/2013 2013 - 75
Maniqui ~ 22/09/2014 2014 2014 71
Maniqui ~ 05/10/1984 <1984 1993 96
Maniqui  05/10/1984 <1984 - 70
Moleto 12/02/1988 1988 1988 65
Moleto 12/06/2000 2000 2001 15
Moleto 08/01/2002 2002 - 9
Moleto 16/06/2010 2010 - 42
Moleto 06/08/2011 2011 - 40
Moleto 03/07/2012 2012 2013 38
Pirai 11/09/1986 1986 1986 98
Pirai 09/04/1988 1988 1989 54
Pirai 05/08/1990 1990 1990 106
Pirai 26/02/1990 1990 1990 73
Pirai 18/02/1993 1993 1993 54
Pirai 29/06/1994 1994 1994 54
Pirai 27/04/2006 2006 - 57
Pirai 14/04/2007 2007 - 53
Pirai 23/09/2008 2008 2008 113
Pirai 06/04/2010 2010 2010 113
Pirai 06/04/2010 2010 2010 63
Sécure 13/02/1986 1986 2006 45
Sécure 23/09/1997 1997 1997 47
Sécure 07/06/2010 2010 2010 54
Yapacani  30/04/1984 <1984 1994 160
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Figure 3. Rio Chipiriri and rio Chapare. From the fan apex in Villa
Tunari, several braided courses converge to form the Chipiriri and
the Chapare rivers. Landsat images taken at different times show
that since 1998 the Chiripiri has been taking an increasingly larger
share of the total surface water. Inset (f) shows that, since 1997, the
increase in the sedimentary load has caused a marked increase in
the channel width and normalized meander migration rate (Mr) of
the Chipiriri. The latter has increased from 0.0122 to 0.0532. See
locations in Fig. 1.

4.2 Rivers avulsing on a multi-decadal timescale

The second group comprises rivers with one or two full
avulsions since 1984. The Yapacani, a tributary of the Rio
Grande, started an avulsion before 1984 in its distal part,
about 40 km before reaching the Grande; it was completed in
1994. The DEM in Fig. 1 shows that the Yapacani formed a
10000 km? fan at its exit from the Andes, which, in its mid-
dle part, is about 15m higher than its surroundings. Other
than the Rio Grande, the Yapacani is the only river, of the 12
studied, that created such a large convex up topography.

The Isiboro shows evidence of five distinct crevasses, lo-
cated between 70 and 85 km downstream from Villa Tunari.
In 1984, when the record begins, a crevasse splay was al-
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Table 3. River characteristics. Catch is the Andean catchment in km?; Sin is the sinuosity measured along the meandering part of the river
calculated as the ratio of channel centreline length to the sum of the channel-belt axis lengths, Rio Grande and Pirai do not have a long
enough meandering reach to allow the measurement; D is the sum of the channel-belt axis lengths from the point at which the river exits
the Andes to the point where it reaches its parent river, expressed in kilometre; Slope is the average slope along the river measured as the
ratio of the difference in elevation between the point at which the river exits the Andes to the point where it reaches its parent river and D,
multiplied by 10; Width is the channel width measured along straight sections of the channel, expressed in meters +1 standard deviation; Mr
is the average meander migration rate normalized for the channel width, expressed as channel widths per year (ch — wyr—1) (Constantine et
al., 2014); NC is the number of crevasses; P is the parent river.

River Catch  Sin D  Slope Width Mr NC P
Chapare 5321 257 147 7.4 97.24+12.63 0.054 0 Mamoré
Chimoré 2092 210 61 10.0 193.7+£24.19 0.067 0 Mamoré
Ichilo 2603 316 97 111 134.2+19.35 0.034 0 Mamoré
Sacta 1873 281 51 16.1 135.7+12.87 0.051 0 Mamoré
Chipiriri 5049 167 84 10.9 89.74+£21.79  0.035 2 Isiboro
Yapacani 6439 1.85 196 6.9 72.3+6.08 0.030 1 Grande
Secure 2479 214 139 4.8 106.94+29.19 0.051 3 Isiboro
Isiboro 1419 199 205 4.2 84.5+8.88 0.041 5 Mamoré
Moleto 1187 262 116 55 - - 6 Isiboro
Maniqui 3534 1.73 260 2.9 105.74+22.18 0.027 10 Yucuma
Grande 62735 - 465 4.9 - - 7 Mamoré
Pirai 6439 - 290 55 - - 11 Grande
ready triggering an avulsion. By 2014, when the record ends, el
the avulsion had not yet been completed, as part of the water 1984
still flows through the original channel. The Isiboro is cur-
rently depositing its sediments on the invaded flood basin
through a sequence of crevasses and avulsions that expand
downstream (Fig. 4). More than 200 km? have been covered
with alluvium, causing important changes in the landscape.
Figure 4a and b show how, between 1996 and 2013, a lake s
was completely infilled and erased from the landscape. As
the Isiboro receives water from the Chipiriri, which in turn is
receiving an increasingly larger share of the water flow of the
Chapare, an important part of the sediments that the Chapare
used to bring to the Mamoré are instead being deposited on 008
the avulsion belt of the Isiboro. pos_-2
The Sécure and Moleto rivers’ avulsions began by chan-
nel annexation, but then changed to a progradational style
because the annexed channel was too small to convey the Km
whole diverted flow. Currently, overspills and new crevasse
splays are depositing most of the Sécure and Moleto rivers’ Figure 4. Avulsion of Rio Isiboro. The Avulsion has a prograda-
sedimentary load in the floodplain (Figs. 5, 6). tional pattern where new crevasses and avulsions take place down-
In the case of the Sécure, a full avulsion, initiated in 1986, stream from the previous ones. Insets a and b show how the deposi-
tion of sediments has reshaped the landscape, completely obliterat-

was completed in 2006. With this avulsion, the river, which
was a tributary of the Mamoré, occupied a pre-existing chan-
nel and became a tributary of the Rio Tijamuchi. This chan-
nel is not large enough to accommodate the total flow of
the Sécure, causing repeated large floods (Fig. 5) and new
crevasse splays and avulsions as part of the process of build-
ing a new course (Fig. 5a). The diversion sites are located
between 40 and 50 km downstream from the point where
the river enters the alluvial plain, with recent diversion sites
forming downstream from the older ones. The planned road

ing a lake.

from Villa Tunari to San Ignacio de Moxos cuts through this
very region in which the Sécure is building its new course.
The process of avulsion of the Sécure that was completed
in 2006 had devastating effects on local inhabitants, as 20 in-
digenous communities were settled along the section of the
river channel that was cut off. The abandoned channel now
holds standing water, triggering a sharp increase in water-
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Table 4. Number of crevasses of the 12 tributaries of the Mamoré
versus the rank of the Multivariate ENSO Index (MEI) for every
year between 1985 and 2014. For moderate or strong ENSO events,
MEI ranks from 1 to 13 would denote La Nifia, while ranks from 54
to 66 would denote EI Nifio. NC is the number of crevasse splays.
N-D is the MEI rank for the period November-December; D-J is
the MEI rank for the period December—January; J-F is the MEI rank
for the period January—February.

Year NC N-D D-J J-F

1985 1 19 22 21
1986 2 28 31 33
1987 0 57 60 60
1988 2 60 56 51
1989 0 5 7 6

1990 2 37 39 49
1991 O 40 42 41
1992 0 62 64 64
1993 3 48 52 58
1994 3 46 43 39
1995 1 58 59 57
1996 0 22 18 23
1997 3 26 25 22
1998 0 64 65 65
1999 0 13 8 9

2000 1 8 6 8

2001 2 21 23 16
2002 3 34 36 32
2003 O 56 58 56
2004 O 39 41 42
2005 O 49 40 52
2006 2 20 27 25
2007 2 53 55 48
2008 4 9 13 4

2009 1 17 16 15
2010 4 54 57 63
2011 1 4 2 2

2012 2 14 11 17
2013 1 35 38 34
2014 1 27 29 31

borne diseases and limiting peoples’ access to fish resources
and navigation courses (Sécure, el rio se estd muriendo, Es-
cape — Diario La Razén, http://la-razon.com/suplementos/,
last access: 15 March 2016).

The Moleto is a tributary of the Rio Isiboro. The analy-
sis of satellite images shows that since 1988 six crevasses
have opened up, three of which initiated a process of avul-
sion. These are located between 6 and 60 km from the point
at which the river exits the Andes. In 1988 a crevasse started
an avulsion process that went on for 12 years (Fig. 5). This
process was interrupted in the year 2000, when the Moleto
annexed a pre-existing channel and avulsed about 60 km up-
stream from the 1988 diversion site (Fig. 5). The annexed
channel is unable to accommodate the Moleto, hence, soon
after the avulsion was completed in 2001, a series of pro-
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Figure 5. Avulsions of the Rio Sécure. River overflow and new
crevasses form large floods (bluish areas) along the annexed chan-
nel. The planned road from Villa Tunari to San Ignacio will cut
through this area.

cesses started to transform the original channel. In the up-
per part, the new flow has been accommodated by the pre-
existing channel thanks to the formation of larger meanders
(Fig. 6¢). At about 30 km downstream from the diversion site,
the channel collapses into a series of crevasses (Fig. 6d, e).
Two scenarios are possible for the evolution of the Rio Mo-
leto. The partial avulsion that began in 2002 (Fig. 6a) could
be completed and the river could establish a new course fur-
ther north, or the 2002 crevasse could heal and the totality
of the river’s water and sedimentary load would then go to
the channel annexed in the year 2000. If the latter case takes
place, it is likely that there will be another avulsion about
the middle of the annexed channel, where crevasse sites are
currently moving backwards (Fig. 6d, €). As most of the sed-
iments are deposited through crevasses along the annexed
channel, and most of the water is diverted into the floodplain,
the second half of the pre-existing channel does not show
any change in its meandering rate (Fig. 6b). The planned
road from Villa Tunari to San Ignacio will cut through the
Moleto’s avulsion belt, as well as the Secure’s avulsion belt

(Fig. 6).

4.3 Rivers avulsing on a sub-decadal timescale

Rivers belonging to the third group, the Maniqui, the Pi-
rai and the Grande, show a decreasing discharge down-
flow, forming distributive fluvial systems (DFS) (Nichols and
Fisher, 2007; Hartley et al., 2010), with avulsions completed
immediately after the formation of the crevasses. The term
DFS refers to any deposit of a fluvial system which in plan-
form displays a radial, distributive channel pattern (Hartley
et al., 2010).

The Rio Maniqui is the first river south of Rio Beni. The
Maniqui’s paleo-channels cover a large extent of the west-
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Figure 6. Avulsions of the Rio Moleto. The channel annexed in the year 2000 adjusted the upper part of its course (c), but is unable to
carry the total flow in the middle part of the channel, where several crevasses have opened up, causing the collapse of the channel and the
deposition of the sedimentary load (d, e). A crevasse initiated in 2002, upstream from the current diversion site (a), and is leading to a
process of avulsion that could be completed in the next decade. Reddish areas in the Landsat images of insets d and e show dead forest due

to waterlogging. See location in Fig. 1.
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Figure 7. The Rio Maniqui. Insets (a) and (b) show crevasse splay deposits which are immediately covered with vegetation. Insets (c) and (d)
show the backward movement of the crevasse point and the sudden collapse of the original channel. The blue area to the right of inset (d) is a
depression that has been flooded because of the crevasse opened in 2014. After the crevasse of 2008 the river avulsed and took a new course,
but the new course lasted only until the crevasses of 2013 and 2014 (insets ¢ and d) re-established the backward trend.

ern part of the LM (Fig. 1). Up to date, the only study de-
scribing the Maniqui is a report by Hanagart and Sarmiento
(1990) where they notice that, during the rainy season, the
Maniqui’s overflow forms sheet-floods of turbid water that
reach the Rio Rapulo as black waters after being filtered by
the vegetation. In the last 30 years this river has been highly
active. A total of 10 crevasse splays have been identified,
seven of which led to an avulsion (Fig. 7). These are lo-
cated between 60 and 90 km downstream from the point at

Earth Syst. Dynam., 7, 453-467, 2016

which the Maniqui enters the alluvial plain. Two crevasses
opened up before 1984. Until 1994, the Maniqui was con-
nected with the Rapulo, which is a tributary of the Mamoré.
The connection with the Rapulo was lost when the avulsion
that started with the pre-1984 crevasse was completed and
the former channel was abandoned. Since then, the location
of the crevasse splays has gradually moved upriver. The lo-
cation of the 2014 crevasse is approximately 30 km south-
east of the 1997 one (Fig. 7). Following this upward move-
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Figure 8. Change in vegetation cover from savannah (reddish) to
forest (green). The area covered with savannah in 1984 (a) becomes
forested (b) after sediments are deposited by crevasses in the central
part of the image. In inset (b), paleo courses from 1984 to 1999 are
drawn.

ment of the levee breakage, new areas of the alluvial plain
have been flooded by the Maniqui every year. Those areas
that have been flooded for several consecutive years, for ex-
ample, the region in the upper part of Fig. 7 between 1984
and 1997, show a change in the land cover from savannah
to forest (Fig. 8) due to the deposition of alluvium and a
change in the topography. The forest growing on the 1984—
1997 alluvium covers more than 10 km?. However, changes
in topography are measurable even when the flooding is lim-
ited to a single year. Inset (b) in Fig. 7 shows that the 2006
floods created a vegetated splay of 0.47 km?. The width of
the Rio Maniqui when it reaches the town of San Borja is
105 m (measured using images taken in July 2013), but drops
to 70 m just before reaching the crevasse of 2008, which is
only 40 km down valley from San Borja. This suggests that
river discharge decreases along this 40 km stretch. Figure 7
shows that crevasses immediately followed by avulsions can
happen on a yearly basis. The drop in river discharge and
the frequency of avulsions suggest that the channel becomes
perched during the dry season. Therefore, it can be inferred
that while the infilling of the channel progresses, the point
of the next siltation/logjam formation moves upstream and
so does the location of the next crevasse. This sequence of
events probably continues until the crevasse opens up at a
point where the discharge is large enough to force a full
avulsion, limiting the formation of other crevasses upstream.
Given the speed at which crevasses are moving upstream, it
will probably be less than a couple of decades before the river
takes a completely new course.

Rio Pirai is the most important of all the rivers studied in
terms of potential threat to the population, as it goes through
Santa Cruz de la Sierra, the largest city in Bolivia, with about
1.5m inhabitants. In the past, floods of the Pirai have caused
huge economic losses (Latrubesse et al., 2009b). Since 1986,
there have been 11 crevasses, located between 50 and 110 km
downstream of the point in which the Pirai enters the al-
luvial plain. Of these 11 crevasses 9 initiated an avulsion.
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Figure 9. Avulsions of the Rio Pirai. There are two regions where
crevasse splays and avulsions are taking place, in the proximity of
the town of Montero (insets a—c), and about 30 km north. In the
more distal zone, the Pirai has formed several different avulsive
courses, causing large floods. In the last decade the river channel
has been straightened by farmers (upper part of the figure), in an
attempt to control the floods.

The crevasse splays are concentrated in two regions: one in
the proximity of the city of Montero and another one about
30 km further north (Fig. 9). During the period between 1977
and 1981, measurements at gauging stations located before
and after Montero showed an increase in the annual discharge
from 13 to 20m3s~1. The total suspended sediments (TSS),
on the other hand, showed a decrease of more than 50 %
(Guyot et al., 1994). The reduction in the TSS of the Pirai
is probably larger than 50 %, as several rivers join the Pi-
rai between the two stations. Between 1984 and 1988, the
southern part of the river ended in a terminal crevasse just
a couple of kilometres west of Montero (Fig. 9a). An avul-
sion in 1988, which was completed in 1990, now connects
the two reaches of the river. This new setting is maintained
until 2014, with the exception of 1993 when the river briefly
switched back to the pre-1988 channel for 1 year (Fig. 9b, c).
The aggradational area occupied by the crevasse splay de-
posits close to Montero is now under cultivation and the city
of Montero has greatly expanded, occupying the very same
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areas that were under severe flooding and high rates of sedi-
ment deposition until 1993. In the northern reach, a crevasse
in 1986 caused the flooding of a large area and the death of
the vegetation cover (reddish area in Fig. 9). After a second
crevasse in 1990, the river underwent two consecutive avul-
sions in 2008 and 2010. The river channel has been artifi-
cially straightened, first in 2010 and again in 2013 (see upper
part of Fig. 9). If it persists, this artificial straightening of the
river channel will probably push the zone of future crevasses
and avulsions further downstream.

Rio Grande, the most south-eastern of the 12 tributaries,
has by far the largest Andean catchment of all the Mamoré
tributaries and, at the town of Abapo, where the river enters
the alluvial plains, it carries 138 Mtyr—! of TSS (Guyot et
al., 1996). The Rio Grande exits the Andes forming braided
channels and becomes a single-thread channel at about the
same point where avulsions begin (Fig. 10). From 1984 to
2014 there have been six crevasse splays, located between
240 and 270 km downstream of Abapo. Except for the first
one in 1986, all the crevasses led to avulsions. The first avul-
sion took place in 1993. In 2008, after the last recorded avul-
sion, the Rio Grande established its modern course. It has
been estimated that about half of the Rio Grande’s TSS is de-
posited in the floodplain after its exit from the Andes (Guyot
etal., 1996). The estimate is based on the comparison of mea-
surements between a gauging station located at Abapo, on the
Rio Grande (AP, TSS 138 Mtyr—!; discharge 330m3s—1),
and a station on the Mamoré, in the proximity of Trinidad
(PG - Rio Mamoré at Puerto Varador, TSS 63 Mtyr—1; dis-
charge 2970 m3s—1) (Guyot et al., 1996). These data have
been used by several authors to estimate the amount of sed-
iment deposition along the Grande-Mamoré system. Char-
riere et al. (2004) have estimated that the Mamoré River de-
posits about 150 Mtyr—1 along the first 200 km of its course
downstream of Puerto Villarroel (i.e. before reaching the PG
gauging station); while Constantine et al. (2014) have es-
timated that Rio Grande provides 84 % of the TSS of the
Mamoré at PG. These estimates implicitly assume that other
tributaries of the Mamoré (several other rivers joining the Rio
Grande and the Mamoré between Abapo and Trinidad: the
Ichilo, the Pirai, the Chimoré¢, the Chapare, the Sacta, the Isi-
boro and the Yapacani) do not represent an important contri-
bution to its TSS at the PG gauging station. On the contrary,
the new data coming from the analysis of Landsat imagery
suggest that most of the Mamoré’s TSS at the station PG
does not come from the Rio Grande but from the other tribu-
taries. The analysis of the meander migration rate of the Rio
Grande just before joining the Mamoré (Fig. 11) suggests
that, through the repeated formation of crevasses and avul-
sions, almost all of the Rio Grande’s TSS is deposited in the
alluvial plains before it reaches the Mamoré, forming alluvial
deposits and extensive dune fields (May 2013; Latrubesse
et al., 2012). Immediately before the Rio Grande joins the
Mamoré, it receives water from the Rio Yapacani. The aver-
age meander migration rates of the Rio Grande before and
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Figure 10. Avulsions and crevasses of the Rio Grande. Inset (b)
shows that the Rio Grande has a multithreaded channel until it
reaches the point of the 1995 crevasse.

after receiving water from the Yapacani are 0.46 +0.4 and
3.53+2.9myr! respectively. This shows that an impor-
tant part of the sediments that the Rio Grande brings to the
Mamoré actually come from the Yapacani. In addition, al-
though data on the TSS of the rivers joining the Rio Grande
and the Mamoré between Abapo and Trinidad are very lim-
ited, these rivers cause an almost tenfold increase in river
discharge from AP (330 m3s~1) to PG (2970 m3s~1). There-
fore, several observations suggest that far more than the pre-
viously estimated 50 % of the sediments that the Rio Grande
brings from the Andes are sequestered in the alluvial plains
before reaching the Mamoré: (i) the important contribution
of the other tributaries to the Mamoré’s discharge; (ii) the
high meandering rate of some of them; (iii) the high number
of crevasses and avulsions experienced by Rio Grande; and
(iv) the changes in Rio Grande’s Mr in the proximity of its
connection with the Yapacani.

5 Discussion

In aggrading alluvial plains characterized by the presence
of well-developed paleosols within fine-grained alluvium, as
it is the case in the SAFB (Lombardo et al., 2012; Lom-
bardo, 2014), crevasse splays and river avulsions are the most
important depositional processes in alluvial plains (Slinger-
land and Smith, 2004; Smith et al., 1989). Despite a large
body of studies, the exact mechanisms controlling crevasse
splays and river avulsions are not entirely understood (Hajek
and Edmonds, 2014; Stouthamer and Berendsen, 2007; Ash-
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Figure 11. The last reach of the Rio Grande before joining the Mamoré. The comparison between the 1990 and the 2014 Rio Grande
channels before and after the connection with the Rio Yapacani shows that most of the meandering of the Rio Grande, when it reaches the

Mamoré, is due to the sedimentary load brought by the Yapacani.

worth et al., 2004). When the various processes that push
the river towards the avulsion threshold proceed at a faster
pace than those that act as triggers, the latter control the fre-
quency of crevasses and, eventually, avulsions (Jones and
Schumm, 1999). It is generally accepted that in southern
Amazonia the trigger behind the formation of crevasses in
large rivers is the sudden increase in river discharge that fol-
lows extreme precipitation events linked to La Nifia (Aalto
et al., 2003). In the SAFB, research suggests that the fre-
quency of river crevasse formation increases during la Nifia
events (Aalto et al., 2003), because higher precipitation in
the eastern flanks of the Andes is accompanied by reduced
precipitation in the lowlands. This increased precipitation to-
wards the Andes causes an important rise in the rivers’ dis-
charge, whilst the floodplain water table remains relatively
low. Under these conditions, the formation of crevasses be-
comes more likely because the water level inside the river
channel rises faster than the water level in the surrounding
floodplain (Aalto et al., 2003). The thick deposits of sediment
in the Mamoré and Beni floodplains are believed to be the
result of crevasse splays and sheet sand deposits that formed
in this way (Aalto et al., 2003; Aalto and Nittrouer, 2012).
Hence, Aalto et al. (2003) conclude that these deposits, trig-
gered by La Nifa events, cause most of the flood-plain sed-
iment accumulation across the lowland plains. However, the
validity of this hypothesis has been challenged by Gautier et
al. (2007), who did not find any visible evidence of crevasse-
splay formations along the Beni River, although their field
coring efforts were limited to a single transect on the lower
limb of an active meander.

The new data here presented challenges both the impor-
tance of large rivers in controlling alluvial plain dynamics in

www.earth-syst-dynam.net/7/453/2016/

the lowland plains of the SAFB and the role of La Nifia in
controlling the timing of crevasse splays.

The results of this study, combined with other published
data (Guyot et al., 1996; Lombardo, 2014; do Nascimento
Jr. et al., 2015; Plotzki et al., 2015), suggest that these small
rivers are highly active and play a dominant role in shap-
ing the SAFB alluvial plains. These rivers, and in particu-
lar the Sécure, Isiboro, Moleto, Maniqui, Pirai and Grande
rivers, show extremely reduced meander migration rates
downstream from where the crevasses opened up (for ex-
ample Fig. 6), probably as a consequence of a decrease in
their sedimentary load, following the same pattern described
for rivers in other geologic and climatic settings (Smith et
al., 1989; Buehler et al., 2011). Most of the sediments, along
with associated nutrients and carbon, eroded from the An-
dean catchment of the Mamoré are therefore sequestered in
the flood plains of its tributaries through the formation of
crevasse splays and avulsions. This can explain why about
half of the total sediment flux discharged from the Boli-
vian Andes is deposited in the SAFB (Guyot et al., 1996),
including most of the sand fraction (do Nascimento Jr. et
al., 2015). It also explains why the Rio Beni, which only has
one tributary with a catchment in the Andes (the Rio Madidi),
brings to the Madeira three times more sediments than the
Mamoré (Guyot et al., 2007; Aalto et al., 2002), despite the
fact that the Beni has a smaller catchment and an average wa-
ter discharge of 3070m3s~1, versus the 5080 m3s—1 of the
Mamoré (Guyot et al., 1996). This reinforces the observation
that, in the mid Holocene, the tributaries of the Mamoré de-
posited thick layers of sediments over the southern and cen-
tral part of the LM (Lombardo, 2014). This research adds
new evidence to the idea that most of the modern continental
sedimentary basins are filled primarily by DFS (Weissmann
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et al., 2013; Hartley et al., 2010) and shows that the SAFB
is an excellent natural laboratory for the study of river pro-
cesses in sedimentary basins.

The study of the tributaries of the Mamoré over a period of
30 years shows no link between the timing of the crevasses
and La Nifa events (Table 2). The behaviour of the rivers
Maniqui, Pirai and Grande seems to be controlled by the sea-
sonal lowering of the water table, below stream level, dur-
ing the dry season. This causes the river to leak water from
its channel into the ground beneath, causing a reduction in
the rivers’ sediment transport capacity, increased channel in-
filling and likelihood of logjam formations. However, as de-
scribed in the case of Rio Pilcomayo in the Chaco plains,
which shows a similar seasonal behaviour (Martin-Vide et
al., 2014), increased sediment discharge due to modern land
use changes in the Andes could also contribute to the channel
infilling. The behaviour of the studied rivers suggests that, on
an annual to decade timescale, the activity of southern Ama-
zonian small rivers is controlled by bed aggradation and log-
jams. These are likely caused by the rivers’ high sedimentary
load combined with a perched channel during the dry sea-
son and an extremely low along-valley slope, which not only
bring the rivers to the threshold conditions for the formation
of crevasse splays, but also trigger the crevasses. In this set-
ting, the decrease in average precipitation over the SAFB ex-
perienced in recent years (Espinoza Villar et al., 2009) and
the lengthening of the dry season (Fu et al., 2013) increase
the frequency of river crevasses and move their formation
closer to the Andes. The fact that all the modern crevasses are
closer to the Andes than the mid- to late Holocene distribu-
tary systems formed by the rivers in groups 2 and 3 suggests,
on a millennial scale, a common climatic (Mayle et al., 2000;
Baker, 1977) and/or neo-tectonic (Lombardo, 2014; Dunne
et al., 1998) control over the shifting of these rivers’ depo-
zone. A lack of discrete deposition events has been reported
along the Mamoré floodplain after 1971, which could have
been caused by a change in regional climate that took place
around this time (Aalto et al., 2003). Thus, further research
is needed in order to assess whether and how this change
could have affected the dynamics of the Mamoré tributaries.
Further research is also needed in order to better understand
the exact mechanisms behind the formation of crevasses; the
contribution of La Nifia driven sheet sand deposits to the total
floodplain sediment deposition of the Mamoré’s tributaries;
and the shift of the tributaries’ sedimentary depozones.

The evolution of the fluvial network and the constant and
frequent changes in river connectivity can have important ef-
fects on forest disturbance, aquatic ecosystems and the in-
digenous populations that live along these rivers. The to-
pographic changes caused by the deposition of fluvial sed-
iments have immediate effects on the local forest-savannah
ecotone, which is largely controlled by topography (Mayle et
al., 2007). Crevasse splays form on the lower part of the land-
scape, which is normally covered with savannah vegetation.
But, as the sediments are deposited, an elevated area is cre-
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ated that eventually becomes forested (Figs. 7, 8). Likewise,
crevasses and avulsions cause the flooding, and hence die-
off, of large areas of forest (see for example the reddish area
in the upper part of Fig. 9). Aquatic animals, especially mi-
gratory fish, must continuously adapt to the frequent changes
in the fluvial network. The regime of continuous river frag-
mentation and forest disturbance could explain the unusually
high fish and plant biodiversity found in this area (Pouilly et
al., 2004; Thomas, 2009).

It is important that Bolivian policy makers take into
account the dynamics of the SAFB’s river network in order
to mitigate future risks to the local population and to better
assess the feasibility of new development plans. In particular,
river avulsions can have catastrophic consequences on in-
digenous communities, as shown in the case of the Sécure. If
the trend in the formation of new crevasses continues in the
future, it is likely that the rivers Maniqui, Moleto and Isiboro
will change their course in the next decade or two. When this
happens, the indigenous communities settled along these
rivers will have to be relocated. The frequent avulsions of the
Pirai following the 1988, 1993 and 1994 crevasses suggest
that it could avulse again in the near future in this same
diversion site, flooding the city of Montero, with important
economic and human costs. The planned highway cutting
through the Territory and National Park Territorio Indigena
y Parque Nacional Isiboro-Secure (TIPNIS) has received
strong protests, for and against it (see for example http:
/iww.bbc.com/news/world-latin-america-15138784  and
http://www.bbc.com/news/world- latin-america-16804399).
Nevertheless, the technical feasibility of the project has
received little attention. The road, linking Villa Tunari to
San Igancio de Moxos, will go through areas that are under
constant threat of major floods resulting from the frequent
formation of crevasse splays and the avulsion of the rivers
Moleto and Sécure (Figs. 5, 6). It is likely that, if built,
the road will require costly and continuous maintenance.
Moreover, the road will dam these rivers, with unpredictable
effects on the aquatic ecosystems of this still largely pristine
environment.

6 Conclusions

This paper analyses the behaviour of 12 southern Amazonian
small rivers and their role in the formation of the SAFB al-
luvial plains. Several studies about alluvial plain dynamics
in Amazonia have focused on large rivers, concluding that
they cause most of the alluvial plain sediment accumulation.
It has been proposed that this sedimentation is primarily the
result of crevasse splays and sheet sand deposits triggered by
large, rapid-rise ENSO floods. The analysis of the 12 trib-
utaries of the Rio Mamoré over a period of 30 years shows
that these rivers are extremely active, continuously reshaping
the landscape, with immediate effects on the local topogra-
phy, the forest-savannah ecotone and the region’s biodiver-
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sity. Most of the sediments that these rivers bring from the
Andes are sequestered in the alluvial plains before they reach
the Mamoré. In contrast with what has been reported for the
Mamoré and Beni rivers in previous studies, in the case of
the smaller tributaries no correlation emerges between the
frequency of crevasse splays and ENSO events. In the case
of the southern Amazonian small rivers, the frequency of
crevasse splays and avulsions is controlled by intrabasinal
processes on a yearly to decadal timescale, while their loca-
tion, i.e. the average down-valley distance from the Andes
where crevasses form, is controlled by climate and tectonic
activity on a millennial scale. Small rivers’ fluvial activity
greatly affects the livelihoods of rural communities, partic-
ularly indigenous people who are often settled along these
rivers and dependent on their resources. The study has shown
how river avulsions can have a catastrophic impact on com-
munities settled on the reach of the river that is cut-off. On
the other hand, these highly active rivers have also favoured
agricultural development in some areas, through the depo-
sition of fertile sediments. It is important that alluvial plain
dynamics are taken into account by policy makers and de-
velopment organisations in Bolivia, particularly when plan-
ning major infrastructure projects in the area. In light of the
study’s results, it should be advisable that the technical feasi-
bility of the planned road linking Villa Tunari to San Ignacio
de Moxos is re-assessed.
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