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Abstract 
The present study reconstructs Holocene fluvial dynamics in the southern Amazonian foreland 

basin through the analysis of 36 stratigraphic profiles taken along a 300 km long transect 

across the Llanos de Moxos (LM), in the Bolivian Amazon. Based on 50 radiocarbon ages from 

paleosols intercalated with fluvial sediments, the most important changes in floodplain 

dynamics on a millennial scale are reconstructed and the links between pre-Columbian cultural 

processes and environmental change in the region explored. Results show that the frequency 

of river avulsions and crevasses, as inferred from the number and age of the cored paleosols, is 

stable from 8k cal. yrs BP to 4k cal. yrs BP and increases significantly from 4k to 2k cal. yrs BP, 

following the strengthening of el Niño/la Niña cycle and an increase in average precipitation. 

Fluvial activity then decreases and reaches its minimum after 2k cal BP. A comparison between 

the stratigraphic record and the archaeological record shows a match between periods of 

landscape stability in SW Amazonia (low river activity) and periods of pre-Columbian human 

occupation. The first Amazonians lived in the LM until 4k yrs. BP, when an abrupt increase in 

the frequency of river avulsions and crevasses forced the abandonment of the region. After 

two thousand years of archaeological hiatus, which matches the period of highest river activity 

in the region, agriculturists reoccupied the Bolivian Amazon.  
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1 Introduction 
The Llanos de Moxos (LM), an extensive savannah that covers most of the Bolivian Amazon, 

covers an important part of the South American wetlands and provides valuable ecological 

services (Junk, 2013; Melack and Hess, 2011). It is a fragile hydrological system, increasingly 

threatened by global warming and human activity (Junk, 2013; Müller et al., 2011; Pacheco, 

2006). The landscape of the LM is constantly being reshaped by the region’s very active rivers, 

with important implications for local livelihoods and biodiversity (Lombardo, 2016, 2017). The 

LM is home to a rich biodiversity, including several endemic species (Langstroth, 2011), and it 

is the area in Amazonia with the highest cultural and genetic diversity among its modern 

indigenous populations (Bert et al., 2004; Crevels and van der Voort, 2008). The LM is also 

known for its archaeological heritage, amongst the most important in Amazonia (Erickson and 

Walker, 2009; Lombardo et al., 2013a; Lombardo and Prümers, 2010; Prümers and Jaimes 

Betancourt, 2014). Despite the LM’s ecological and cultural significance, very little is known 

about how the landscape here has evolved during the Holocene. Reconstructing the evolution 

of the landscape is key in order to understand the links between pre-Columbian cultural 

processes and environmental change in the region; the origin of its modern landscape and 

biodiversity; and the potential changes they could undergo due to global warming and other 

anthropogenic pressures. The extent to which changes in the natural environment have 

influenced pre-Columbian cultural trajectories, and vice versa, is a controversial and much 

debated topic amongst Amazonian archaeologists and paleoecologists (Bush and Silman, 2007; 

Erickson, 2008; Lombardo et al., 2015; Meggers, 1971, 2007; Sponsel, 1986). While some 

scholars have downplayed the importance of the environment in shaping pre-Columbian 

cultural trajectories in the LM (Erickson, 2008), others have argued that climate change had a 

direct impact on the archaeological record because of the changes it induced on vegetation 

(Carson et al., 2014; Iriarte et al., 2017) or the disruption brought about by changes in the 

ENSO cycle (Lombardo et al., 2011a; Meggers, 2007; Rodrigues et al., 2016). It has also been 

argued that, in Amazonia, river activity has had an important impact on the evolution of the 

landscape (Kalliola et al., 1992; Lombardo, 2016; Salo et al., 1986) and local livelihoods 

(Lathrap, 1968; Pärssinen et al., 1996). Rivers have a paramount role in controlling many 

fundamental aspects of Amazonian ecology (Ayres and Clutton-Brock, 1992; Ferreira and 

Stohlgren, 1999; Remsen and Parker, 1983). Rivers are also of great importance for local 

populations, providing aquatic resources, fertile land for agriculture and waterways for 

transportation (Junk, 1984; Marengo, 2008; McGrath et al., 1993). Archeological research has 

shown that, in Amazonia, rivers greatly influenced pre-historic settlement patterns too 

(Denevan, 1996; McMichael et al., 2014; Neves, 2008). 

However, with a few exceptions (Lathrap, 1968; Lombardo et al., 2012; Neves, 2008; Pärssinen 

et al., 1996), the relationship between changes in river dynamics and pre-Columbian 

settlement patters in Amazonia has been largely overlooked in the literature. 

Given the LM’s highly active rivers (Aalto et al., 2002; Aalto et al., 2003; Gautier et al., 2010; 

Hanagarth, 1993; Lombardo, 2014, 2016, 2017; Plotzki et al., 2015; Schwendel et al., 2015) and 

the importance of the region’s archaeological record (Erickson, 2000; Jaimes Betancourt, 2013; 

Lombardo and Prümers, 2010; Lombardo et al., 2013b; Prümers and Jaimes Betancourt, 2014; 

Rodrigues et al., 2015; Rodrigues et al., 2016; Walker, 2004), the LM offers an excellent study 



area to investigate the relationships between river dynamics, landscape evolution and human 

histories.  

Recent archaeological research shows that the eastern LM were inhabited since the early 

Holocene until about 4k cal yrs BP (Lombardo et al., 2013b). Beside hunting and gathering, 

these first inhabitants cultivated maize (Brugger et al., 2016) and even domesticated rice 

(Hilbert et al., 2017). Abundant archaeological evidence suggests that complex societies 

repopulated this area, known as the Monumental Mounds Region (MMR) (Lombardo et al., 

2013a), in 2k cal yrs BP until the arrival of the Spaniards (Carson et al., 2014; Erickson, 2000; 

Lombardo and Prümers, 2010; Prümers and Jaimes Betancourt, 2014; Whitney et al., 2014). 

Between these two periods of occupation, there is an archaeological hiatus of about 2000 

years. It has been suggested that this hiatus was related to a period of increased fluvial activity 

during which Río Grande deposited a sedimentary lobe that covered early and mid-Holocene 

archaeological sites (Lombardo et al., 2013b) and created the conditions for the later 

development of the Monumental Mounds culture (Lombardo et al., 2013a; Lombardo et al., 

2015; Lombardo et al., 2012). However, it is as yet unclear whether the increased activity of 

Río Grande was an isolated phenomenon, due to intrabasinal processes, with localized effects; 

or if it was part of a larger scale change in river behavior that affected the whole of the 

Bolivian Amazon, and, if so, what triggered this large-scale change.  

In this study we aim to identify which parts of the early Holocene landscape were covered with 

mid or late Holocene alluvia. We discuss the implications of our findings in terms of 1) the 

evolution of the landscape in the Bolivian Amazon and the possible triggers of change in river 

activity (to what extent crevasse splays and river avulsions were controlled by climate, 

tectonics or were the result of intrabasinal processes); and 2) the impact of this change on pre-

Columbian settlement patterns and the preservation of the archaeological record.  

 

2 Study area 
The Llanos de Moxos (LM), an approximately 150,000 km2 seasonally flooded savannah in the 

Bolivian Amazon (located between 12o S and 16o S), is the foredeep of the southern Amazonian 

foreland basin (Figure 1). It is bordered by the central Andes, to the W–SW, and the Brazilian 

Shield, to the E. The Brazilian Shield dips gently towards the Andes, underlying unconsolidated 

sediments (Hanagarth, 1993; Plafker, 1964). The annual rainfall, ranges from 1200 mm in the 

northeastern LM to 3500 mm in the southern LM (Hijmanns et al., 2005). Rainfall is 

concentrated between November and April. Evapotranspiration is estimated to be 1220 mm 

(Roche et al., 1991). Temperatures are high throughout the year, with an average of 25 Cº. 

From June to September, short-lived incursions of cold fronts from the south, locally called 

Surazos, can occasionally cause sharp drops in temperature. The extent of the flooded area 

varies greatly every year, ranging between 30000 km2 and 80000 km2 (Hamilton et al., 2004). 

Very little is known about the stratigraphy and thickness of these foreland deposits. The region 

is drained by three rivers: the Mamoré, the Beni and the Iténez Rivers. These three rivers 

converge with the Madre de Dios River to form the Madeira River, which is the largest 

tributary of the Amazon River. In the central and southern LM, the landscape is characterized 

by savannahs crisscrossed by strips of forest growing on river levees and paleo-levees. Here, 



the forest-savannah boundary is controlled by the local topography, with annual cycles of 

seasonal floods and severe drought that impede tree growth in the low-lying savannah and 

trees growing on relatively elevated fluvial levees (Mayle et al., 2007). The drainage of the LM 

is impeded by the region being almost completely flat, with an average slope of 10 cm per Km 

(Lombardo et al., 2012). This is partly due to the fact that the northern part of the Bolivian 

Amazon is uplifting (Dumont and Fournier, 1994; Lombardo, 2014).  

 

Figure 1 Topographic map of western South America with some important geological 

features. The south-eastern part of the Fitzcarrald Arch constitutes the LM’s north-western 

border, which, together with the Brazilian Shield, to the north-east of the LM, forms a 

continuous barrier which impedes the drainage of the LM (see Lombardo, 2014). The box 

identifies the study area, shown in Fig. 2A. 

3 Methods  
In order to investigate how the southern Bolivian Amazon changed throughout the Holocene 

and what processes controlled these changes, we looked at 36 stratigraphic profiles across the 

southern LM, along a 300 km long transect from the pre-Andes to the eastern LM (Fig 2). Most 



of the paleosols have been radiocarbon dated. Stratigraphic profiles comprehend four river 

outcrops (518, 481, 499 and 35), one dug profile (SB_29), one dug profile plus auger (296), two 

profiles from pits excavated with heavy machinery for road maintenance (40 and 480) and 17 

stratigraphic profiles obtained with a Wacker vibra-corer. Description of grainsize, 

hydromorphic features and identification of stratigraphic units are based on field observation. 

Five sub-regions have been defined. In three cases, cores 518, Estan and 296, stratigraphic 

information is partially or completely missing, nevertheles the cores have been included 

because they document the presence or absence of paleosols. The pre-Andes sub-region 

includes the two most western profiles, which are closer to the Andes and outside the 

influence of the larger rivers. Two other sub-regions, the Maniqui and the Sécure, have been 

defined based on the spatial distribution of the paleorivers observable in satellite imagery 

(Lombardo, 2016). The Mamoré sub-region is defined based on its geographical closeness to 

the Mamoré River and the similarity of its stratigraphy with published stratigraphy along the 

Mamoré river banks (May et al., 2015). Finally, the Río Grande sub-region is defined as the 

area covered by this river’s paleochannels and the late Holocene sedimentary lobe, as 

described in Lombardo et al. (2012) and in Plotzki et al. (2015). 

Radiocarbon dating was done in three different laboratories: the Poznan Radiocarbon 

Laboratory (POZ), the Direct AMS (D-AMS) and the LARA AMS Laboratory (LARA). Radiocarbon 

ages have been calibrated with CALIB 7.1 (http://calib.qub.ac.uk/calib/calib.html) using the 

SHCal13 calibration curve (Hogg et al., 2013). For the C/N analysis, 20 g of each sample were 

sieved through a 2 mm sieve and milled. Concentrations of C and N were measured by dry 

combustion and gas chromatographic separation with a CNS analyser. 

32 paleosols have been radiocarbon dated, obtaining a total of 50 ages (Table1). To 

radiocarbon date organic matter contained in paleosols is problematic, as the ages reflect the 

mean residence time of the organic matter plus the time of the burial (Wang et al., 1996). 

Therefore, radiocarbon ages of paleosols tend to overestimate the moment of the burial. 

Inconsistences between radiocarbon ages of humin and humate fractions can occur, often due 

to contamination with younger material from the soil above or older material such as charcoal 

or other fire-derived compounds that became incorporated in the soil. In our samples we often 

find discrepancies between ages of the residual (RES) fraction (humins) and ages of the soluble 

(SOL) fraction (humates), with important differences in cores SB_29, 415, 416, 440 and B1-247. 

In the case of the samples from cores 415 and 416, for which both the SOL and the bulk 

fractions were measured, the age of the bulk fraction is similar to the age of the SOL fraction. 

In the case of paleosols from cores 442, 447, 416 and 418 there were not enough humins to be 

extracted for AMS measurement of the RES fraction (see Table 1). When differences between 

the ages of the RES fraction (older) and the SOL fraction (younger) in soils and paleosols are 

found, the age of the RES fraction is normally considered more reliable than the humates, as 

the latter are easily contaminated with material from the topsoil (Goh and Molloy, 1978; Lowe 

and Walker, 1997). However, this might not be the case of the paleosols here described. The 

very low C:N values (Table 1) indicate high decomposition rates (Post et al., 1985), suggesting 

that organic matter in these tropical paleosols is almost completely degraded and humified by 

bacterial activity (Meentemeyer, 1978). Therefore, the RES fraction is likely to consist of the 

most recalcitrant materials to bacterial decomposition and its age could be strongly dependent 

on the presence of fire derived compounds (Schmidt et al., 2011). This could explain the large 

http://calib.qub.ac.uk/calib/calib.html


discrepancies in many of the RES/SOL coupled dating, as most of the RES signal probably 

derives from old, fire-derived recalcitrant material, thus being a better representation of the 

average age of the paleosol than the age at which the paleosol was buried. It is unlikely that 

the SOL fraction age is a result of contamination from upper layers as it is similar to the age of 

the bulk fraction, suggesting that humic and fulvic acids account for most of the organic matter 

in these paleosols. If the age of the SOL fraction was the result of contamination, most of the 

organic carbon stored in the paleosol should have originated in the upper level. However, all 

the paleosols have sharp upper boundaries (Figure 3). Such contamination would have black-

stained the sediment above the paleosols and probably blurred the upper boundaries of the 

palesols. For these reasons, we conclude that the age of the bulk (or SOL) fraction is the most 

reliable in terms of assessing the time when these paleosols were buried. 

 

 

Figure 2 Location of the stratigraphic profiles shown in Figure 4 



 

Figure 3 Contact between alluvium and paleosol (Ab) for core 415 and 416. 

4 Results and interpretation 
4.1 The stratigraphic setting 

The landscape of the central and southern LM has been almost completely reshaped during 

the Holocene, in some areas, more than once. With the exception of a few cores in the 

Maniqui and Grande systems, all the cores intercepted at least one paleosol that was buried 

during the Holocene (Figure 4).  



 

Figure 4 Cored profiles along a 300 km long transect across the central and southern LM. 

Location of cores in Figure 2. In ovals the radiocarbon ages of the paleosols in cal yrs BP. R 

stands for residuals (the humines fraction); S stands for Soluble (the humates fraction); and 

B stands for Bulk. For full results of the radiocarbon dating see table 1. 

 



Out of the 36 profiles analysed, 32 contain at least one paleosol (organic rich Ab horizon). A 

total of 45 paleosols have been identified. The great majority of the profiles reveal 

intercalations of clays, loams, silts, fine sands and palaeosols of varying thickness, often 

characterized by sharp boundaries. Paleosols always have sharp upper boundaries, with 

alluvium covering them (Figure 3). Granulometric changes can occur both below and above the 

paleosols. Sand is mostly fine and in no case we find sediments coarser than sand. In most 

cases, the core intersected only one paleosol, but in 7 profiles (194, 481,447, 416, 418, 449, 

205) we can identify several distinct organic horizons. While above the paleosols we find weak 

redoximorphic features, in the sediments below the paleosols we find strong red and orange 

oxids. Pedogenic gypsum crystals are found in five paleosols (profiles 419, 420, 159, 499 and 

185), but not in modern soils or in the alluvium covering the paleosols. The association of levee 

sands and silts, splay sands, backwater loams and clays is characteristic of an avulsive fluvial 

setting, which is consistent with the formation of megafans in actively subsiding basins 

(Hartley et al., 2010; Latrubesse et al., 2010; Rossetti et al., 2012; Weissmann et al., 2013; 

Weissmann et al., 2010). These stratigraphic sequences are also consistent with the region’s 

modern fluvial dynamics (Lombardo, 2016). Amid this general setting, regional differences 

exist. As expected, a trend towards finer sediments is observed at increasing distance from the 

Andes. Redoximorphic features are often found in association with clay in the profiles closer to 

the Mamoré River and to the eastern side of the transect. Based on the location and 

stratigraphy of the profiles, the transect can be sub-divided into five sub-regions: the pre-

Andean region, which only includes profiles 442 and 518, and four sub-regions associated to 

the rivers responsible for most of the sediment deposition: the Maniqui (from 485 to 416); the 

Sécure (from 441 to 440); the Mamoré (from 40 to 499); and the Grande River (from 195 to 

Beni 35) (Figure 4). 

Most of the Maniqui profiles show stratigraphic patterns typical of avulsive systems. However, 

differences exist between the group of profiles located to the west of the Maniqui (from 485 

to 482) and the rest (415, 447 and 416). The profiles to the west of the Maniqui show very high 

diversity. Profiles with thick sand and silt layers that intersect paleosols at a great depth, or 

that do not contain paleosols at all, are found very close to profiles with paleosols near the 

surface. For example, the profiles Estan (five meters of sand and silt, no paleosol), SB_29 (clay 

profile with paleosol at 60 cm below surface) and 296 (paleosol at 275 cm below thick fine 

sand layer) are only a few hundred meters apart (Fig 2E). We interpret this setting as the result 

of a landscape which was heavily incised during the early to mid- Holocene. The depressions 

were then filled with alluvium. Profile SB_29 represents the upper part of the ancient 

landscape, which resisted erosion, while the sand and silts of cores 485, 414 and 296 are the 

result of the infilling of paleo valleys. Profiles 415, 447 and 416 show sequences of varying 

grain size, similar to 414, 485 and Estan, although the latter two intercept no paleosol. The 

four cores that did not intercept a paleosol (485, Estan, 195 and 182) are mostly made of sand 

and silt, indicating highly energetic environments that could have caused the erosion of the 

ancient paleosols and the deposition of very thick layers of sediment. Profile 447 has five 

distinct organic horizons which record at least five changes, either avulsions or exceptionally 

large floods, in the feeding river. 

Like the Maniqui, the Sécure also forms a fan as it enters the alluvial plain. However, contrary 

to the Maniqui fan, the Sécure fan is crossed by other rivers which originate in the alluvial plain 



and flow through the Sécure’s paleocourses (for example the Apere River) or are directly 

connected to the Sécure River, such as the Tijamuchi River (Lombardo, 2016) (Figure 2A,B). The 

section of the transect that crosses the Sécure sub-region, which comprises cores 441 up to 

419 (Fig. 2B,F), is limited by the Apere, to the west, and the Tijamuchi, to the east (Fig 2B). The 

stratigraphic profiles here are similar to the Maniqui’s 415, 447 and 416, with one or more 

paleosols intercalated with layers of different grainsize. In profiles 441 and 417 the alluvium 

covering the paleosol gets finer towards the surface, while the opposite is true for profiles 418 

and 440. The Mamoré region has remarkably homogeneous profiles. All the Mamoré’s profiles 

have a shallow paleosol covered by clay. The paleosols are found at a depth between 60 and 

120 cm below the surface and overlay clay layers with strong red oxidation and the presence 

of gypsum crystals, similar to other stratigraphic profiles studied along the banks of the 

Mamoré River (May et al., 2015). Profile 499, the Mamoré river bank outcrop, has a total of 

four paleosols. The upper part of the profile comprises two paleosols, a clayey paleosol and a 

silty paleosol; these are covered by silt recently deposited by the river. A silty layer separates 

this upper section from the bottom part of the profile, where the other two paleosols are 

found. Here we only find clay; both the paleosols and the intercalated clay layers show 

abundant red mottling and gypsum crystals. The presence of gypsum crystals indicates 

evaporation of ground water (Van Breemen and Buurman, 2002). The absence of gypsum in all 

the modern soils suggests that modern conditions are wetter than the conditions under which 

these paleosols formed, which were probably characterized by a longer dry season and/or less 

rain in the wet season. 

These sedimentary sequences are in line with what one would expect in a very active foreland 

basin, and consistent with what has been already published for the Río Grande system 

(Lombardo, 2016; Lombardo et al., 2012). Two different depositional environments are 

identified: the deposition of alluvial sediments over large areas of the floodplain resulting from 

frequent fluvial avulsions; and the deposition of fine graded sediments along the Mamoré 

River, now outcropping along its fluvial banks. The first group includes most of the 

stratigraphic profiles, where deposits of varying grainsize overlay one or more paleosols. Here, 

sequences of several organic horizons separated by alluvium (for example profiles 447 and 

418) probably indicate frequent avulsions and crevasse splays, which are the result of 

floodplain building processes. The Maniqui, Sécure and Grande fans are responsible for the 

construction of most of the central and southern LM floodplain (Lombardo, 2016). The second 

group includes the deposits outcropping along the Mamoré River banks, formed by very fine 

grained and relatively thick paleosols intercalated by similarly fine grained alluvia. These thick 

paleosols have already been observed along most of the Mamoré river banks and interpreted 

as cumulic paleosols, where slow sedimentation is accompanied by soil formation (Lombardo, 

2014; May et al., 2015; Plotzki, 2013). We interpret the alluvium interlaced with paleosols as 

resulting from changes in sedimentation rate (probably related to changes in the frequency or 

intensity of river overflow) rather than indicative of an avulsive environment, which is quite 

unlikely for the Mamoré River, as it seems to have experienced only one avulsion, probably in 

the mid Holocene (Plotzki et al., 2013). 

4.2 The chronology 



The radiocarbon ages of the buried paleosols indicate that most of the sediment deposition 

occurred between 3815±73 cal yrs BP and 2238±91 cal yrs. BP. Based on the depth and 

distribution of the paleosols, it can be concluded that the whole of the SW LM was covered 

with late Holocene alluvia, in a similar way as the eastern part of the LM, where the Grande 

River deposited a sedimentary lobe that covered most of the late Pleistocene/early Holocene 

landscape (Lombardo et al., 2015; Plotzki et al., 2015). More than half of the paleosols dated 

(18 out of the 32) were buried during the late Holocene (Fig. 4). Only three paleosols were 

buried during the early Holocene. The fact that there are fewer palesols dating to the mid and 

early Holocene could be the result of not coring deep enough. However, a close examination of 

the data in Figure 5 suggests that the peak in the number of paleosols observed between 2K 

and 4K is real and not a consequence of bias in the coring method. The increase in number of 

paleosols observed after 4K is very sharp, breaking the trend of the older paleosols. Moreover, 

most of the topmost paleosols aged between 3K and 2K yrs BP overlay paleosols buried 

between 4K and 2K yrs BP, indicating very high river activity between 3K and 2K yrs BP. A sharp 

drop in the number of paleosols is observed after 2K (Figure 5). In four cases, there is an 

inversion in the radiocarbon ages. In the case of profile 447, the topmost paleosol is several 

thousand of years older than the two paleosols below found it. We assumed that this sample 

was contaminated and for this reason we did not include it in the histogram of figure 5. In the 

cases of profiles 414, 481 and 418 the inversion is always of few hundreds of years and the 

paleosols are stratigraphically close. It is likely that in these cases the top paleosol has been 

deposited shortly after the bottom one, as the presence of relatively coarse sediments 

between the two paleosols in 414 and 418 also suggests, and the inversion is due to some 

older carbon deposited within the colluvium.  

 

 

Figure 5 Histogram of number of paleosols (X axes) grouped by age (bins are 1K yrs.)  

Table 1 Radiocarbon ages and C:N values. The error of the calibrated ages is 2 Sigma. The 

codes “B”, “Hi” and “Ha” after the radiocarbon ages mean bulk, humines and humates and 

indicate the fraction that has been dated. RAUPD stands for “relative area under probability 

distribution”. Samples marked with “*” have been used in Figure 4; the sample marked with 



“X” has been excluded from analysis because of probable contamination; sample marked 

with “N” are those for which no residuals (Humin fraction) could be extracted by the lab. 

Profile Depth Lab code 14C Age Cal Age RAUP C [%] C:N Lat/Long 

442*N 100-110 D-AMS 006325 7355±30 B 8104±80 1 1.02 12.84 -14.758391/-67.171333 

518* 400 LARA 6154.1.1 1560±19 B 1390±43 0.97  - -14.756264/-67.07703 

414* 464 LARA 2836±42 B 2889±116 1 0.313 4.54 -14.878853/-66.720706 

414* 532 LARA 2408±26 B 2410±80 0.99 0.576 5.28 -14.878853/-66.720706 

SB_29 60-70 D-AMS 006330 7034±31 Hi 7803±80 0.8 0.285 5.67 -14.82639/-66.714925 

SB_29* 60-70 D-AMS 006330 2790±28 Ha 2845±80 1 0.285 5.67 -14.82639/-66.714925 

296* 270 D-AMS 006318 6163±41 Hi 7025±136 1 0.4 4.07 -14.82541/-66.712751 

481* 150 LARA 798±25 B 694±32 1 0.83 7.98 -14.842767/-66.68954 

481* 200 LARA 707±24 B 614±52 1 0.656 8.63 -14.842767/-66.68954 

481* 330 LARA 5024±50 B 5686±85 0.75 0.375 9.87 -14.842767/-66.68954 

415 210-215 D_AMS 006322 6386±34 Hi 7251±81 0.9 0.73 11.14 -14.931763/-66.439693 

415 210-215 D_AMS 006322 2954±27 Ha 3059±104 1 0.73 11.14 -14.931763/-66.439693 

415* 210-215 LARA 1785.1.1 3183±20 B 3386±60 0.84 0.73 11.1 -14.931763/-66.439693 

447
X
 178-183 LARA 3254.1.1 8125±67 B 8938±215 0.92 0.38 6.37- -14.860401/-66.345536 

447
X
 178-183 D-AMS 006323 14967±51 Hi 18137±187 1 0.38 6.37 -14.860401/-66.345536 

447X 178-183 D-AMS 006323 5430±39 Ha 6230±59 0.67 0.38 6.37 -14.860401/-66.345536 

447*
N 

330-334 LARA 2846±27 B 2918±78 0.95 1.938 9.45 -14.860401/-66.345536 

447* 386-391 D-AMS 006324 4348±32 B 4898±71 1 0.216 4.41 -14.860401/-66.345536 

416 335-340 D-AMS 006320 7178±35 Hi 7972±51 0.9 0.95 7.73 -14.831522/-66.119951 

416 335-340 D-AMS 006320 2430±27 Ha 2418±76 0.91 0.95 7.73 -14.831522/-66.119951 

416* 335-340 LARA 1783.1.1 2830±19 B 2897±60 0.9 0.95 7.73 -14.831522/-66.119951 

416N 390-394 D-AMS 006321 3010±27 Ha 3116±114 1 0.52 6.74 -14.831522/-66.119951 

416* 390-394 LARA 1784.1.1 3490±21 B 3731±97 1 0.52 6.74 -14.831522/-66.119951 

441* 225-230 LARA 6238.1.1 6340±55 B 7242±91 0.85 0.19 7.66 -15.008849/-65.71791 

441 225-230 LARA 6239.1.1 4327±45 Ha 4893±85 0.87 0.19 7.66 -15.008849/-65.71791 

441 225-230 LARA 6240.1.1 8548±110 Hi 9505±267 0.98 0.19 7.66 -15.008849/-65.71791 

417* 233-238 LARA 6237.1.1 2722±34 B 2798±54 1 0.26 4.74 -15.000101/-65.604185 

418*N 165-175 LARA 1780.1.1 2989±22 B 3090±94 0.97 0.52 8.5 -14.947707/-65.45867 

418*N 227-231 LARA 2681±26 B 2761±36 0.96 0.87 7.98 -14.947707/-65.45867 

418 260-265 D-AMS 006319 3216±33 Ha 3405±72 0.96 0.62 6.66 -14.947707/-65.45867 

418* 260-265 LARA 1782.1.1 3663±20 B 3915±73 0.96 0.62 6.66 -14.947707/-65.45867 

440 235-240 POZ-39569 6480±60 Hi 7358±106 1 1.31 10.08 -14.892468/-65.379499 

440* 235-240 POZ-39604 4520±40 Ha 5135±166 1 1.31 10.08 -14.892468/-65.379499 

40* 120-130 Poz-34300 2900±35 Hi 2968±110 0.98  - -14.905046/-65.329139 

480* 150-160 LARA 6241.1.1 9356±80 B 10486±221 1 0.33 5.24 -14.851667/-65.102172 

480 150-160 LARA 6242.1.1 7719±45 Ha 8474±86 1 0.33 5.24 -14.851667/-65.102172 

480 150-160 LARA 6243.1.1 9158±63 Hi 10311±127 0.96 0.33 5.24 -14.851667/-65.102172 

499* 90 LARA 3453±30 B 3648±80 0.92 0.592 7.69 -14.875451/-65.04486 

499* 160 LARA 3491±29 B 3730±101 0.99 0.417 5.09 -14.875451/-65.04486 

499* 330 LARA 8203±49 B 9138±133 1  - -14.875451/-65.04486 

52* 154-161 Poz-34303 6200±40 B 7049±123 0.99 0.34 5.63 -14.962122/-64.639981 

170* 224-226 Poz-38855 5610±50 B 6367±87 1 1.248 7.43 -14.930284/-64.480333 

B1-247 247 D-AMS 002335 9568±48 Hi 10879±214 1  - -14.816095/-64.472081 

B1-247* 247 D-AMS 002335 5618±40 Ha 6365±75 1  - -14.816095/-64.472081 

205* 292-295 Poz-38867 5070±40 B 5777±119 1 0.784 8.62 -14.935759/-64.398788 

205* 369-371 Poz-38868 5840±40 B 6603±131 1 0.316 6.58 -14.935759/-64.398788 

203* 85 Poz-39599 2035±40 Hi 1947±63 1 5.056 11.6 -14.690237/-64.353773 

203 85 Poz-39634 2245±40 Ha 2238±91 0.99 5.056 11.6 -14.690237/-64.353773 

Beni35 100 Poz 22767 4545±40 Hi 5172±134 0.98  - -15.123976/-64.326647 

Beni35* 100 Poz- 22766 4305±40 Ha 4794±98 0.92  - -15.123976/-64.326647 

 

5 Discussion 
 



5.1 Evolution of the landscape and possible triggers of increased river activity in the Bolivian 

Amazon 

Most of the landscape of the central and southern LM has been built by the Maniqui, Sécure, 

Mamoré and Grande rivers during the Holocene. Pollen based climate reconstructions show an 

increase in precipitation around 4K to 3K yrs BP, following a relatively dry mid-Holocene 

(Mayle et al., 2000). For the Río Grande system, it has been suggested that the activation of 

the fluvial system at the beginning of the Late Holocene was caused by this increase in 

precipitation (Lombardo et al., 2012). The histogram of the ages of the paleosols shown in 

Figure 4 seems to support this hypothesis. Reconstructions of past precipitation inferred from 

oxygen isotopes of Cueva del Tigre Perdido speleothems in Peru (van Breukelen et al., 2008) 

indicate an increase in the ENSO signal at about 4K BP. The strengthening of el Niño/la Niña 

cycle, together with the increase in the average precipitation, could have spurred the 

activation of the river system in the Bolivian Amazon.  

In the Maniqui system, where we have three paleosols for which we dated both SOL and RES 

fractions (SB_29, 415 and 416), the average age of the RES fraction is 7675 cal yrs BP (STDV 

377) and the average age of the SOL fraction is 2774 cal yrs BP (STDV 326). These small 

standard deviations suggest that, despite the fact that the paleosols are far apart, they 

underwent the same processes. If our interpretation of the radiocarbon ages of the two 

different fractions is correct, this means that these soils formed throughout a long period of 

several thousand years, which probably included fire episodes, and were all buried at the same 

time around 2700 years ago, which is considerably later than 4k yrs BP, when the precipitation 

reached its maximum and the ENSO signal is strengthened. An abrupt increase in 

sedimentation rates around 2700 cal yr BP has also been observed in two floodplain systems 

situated in the lower Amazon River and has been linked to an increased precipitation caused 

by a negative peak in solar irradiance (Moreira-Turcq et al., 2014). A speleothem from Bahia 

State in Brazil shows a precipitation peak at 2700 cal BP (Novello et al., 2012). The peak in the 

number of paleosols that we observe in the histogram in Figure 5 could well be the result of 

this 2700 cal yr BP event. 

The drop in river activity after 2K yrs BP is harder to link to climate alone, as it is not evident in 

the paleoclimate record that important changes happened around 2K yrs BP. An important 

factor that could help explain Holocene river dynamics in the central and southern LM could be 

neotectonics. It is known that the Bolivian Amazon has undergone several neotectonic 

subsidence/uplift events, some of them during the Holocene (Lombardo, 2014). A change in 

the general slope of the alluvial plain due to downriver uplift could explain the increase in river 

avulsions (Kalliola et al., 1992; Lombardo, 2016; Räsänen et al., 1987; Slingerland and Smith, 

2004). In particular, the area to the north of the transect here studied is probably uplifting, as 

suggested by the presence of underfit rivers and the formation of interior deltas (Lombardo, 

2014). The region to the north of the LM is uplifting because of the subduction of the Nazca 

Ridge (Espurt et al., 2010; Espurt et al., 2007; Lombardo, 2014). This uplift caused the 

formation of several ria lakes and repeated changes in the course of the Beni River (Dumont, 

1993; Dumont and Fournier, 1994; Hanagarth, 1993; Lombardo, 2014). Unfortunately, we 

know very little about the timing and location of the Holocene neotectonic events in Western 

Amazonia. Further research is needed in order to understand to what extent neotectonics has 



contributed to shape river dynamics and the evolution of the landscape in the Bolivian Amazon 

throughout the Holocene. 

5.2 Impact of river activity on pre-Columbian settlement patterns and the preservation of the 

archaeological record 

The timing of paleosol formation in the LM matches the timing of human occupation, as 

inferred from the archaeological evidence in the MMR in the eastern LM. People inhabited this 

area since the early Holocene and created shell middens, prehistoric waste dumps, which later 

became elevated patches of forest in the savannah, today known as forest islands (Lombardo 

et al., 2013b). After two thousand years of archaeological hiatus (from 4k to 2k cal. yrs BP), 

which matches the period of highest river activity in the region, agriculturists reoccupied the 

Bolivian Amazon. River avulsions are likely to be catastrophic, because while they suddenly 

flood and cover with alluvium new areas, old rivers become abandoned, with detrimental 

effects on the people living along them, as recent and historical cases show (Lombardo, 2016; 

Pärssinen et al., 1996). We know that the three early Holocene sites for which we have a 

chronology (Lombardo et al., 2013b), where abandoned probably because of the catastrophic 

effect of the Río Grande avulsion. However, as these sites are relatively close to each other, it 

is very difficult at this stage to say what happen to their inhabitants. Did they just move to 

areas a few tens of kilometres away? Did they migrate to areas of the Llanos de Moxos that 

are less prone to catastrophic floods? Did they migrate elsewhere? The abandonment of these 

sites coincides with the expansion of pre-ceramic sites in the area of the Pantanal (Iriarte et al., 

2016; Peixoto, 2003), suggesting a possible migration from the Llanos de Moxos towards these 

areas.” More archaeological research is needed to reconstruct the migration routes of these 

pre-ceramic groups at the end of the mid-Holocene. The late Holocene re-occupation of the 

LM was characterized by a rich diversity of earthworks and agricultural strategies that, in some 

cases (Lombardo et al., 2015; Lombardo et al., 2012), took advantage of the recently deposited 

fertile alluvium. These late Holocene “moundbuilders” deeply transformed the landscape by 

building monumental mounds, causeways, drainage and irrigation canals (Lombardo and 

Prümers, 2010; Prümers and Jaimes Betancourt, 2014). Through the construction of these 

earthworks, pre-Columbians changed the local and, in some areas, the regional hydrology. The 

Bolivian Amazon is a striking example of pre-Columbian human - environment interactions 

where changes in the hydrology shaped settlement patterns and, in turn, human engineering 

of the landscape changed the hydrology.  

An important part of the LM is covered with Late Holocene earthworks (Figure 7). In the MMR, 

these are strongly linked to the paleochannels of the Río Grande fan, with the monumental 

mounds built on the inner side of the abandoned meanders and the paleochannels often 

crossed by canals and causeways (Lombardo and Prümers, 2010). This archaeological evidence 

indicates that rivers have not been very active in more recent times, at least since the 

construction of the earthworks around 2k yrs BP. The timing of the construction of the vast 

late-Holocene pre-Columbian earthworks (Denevan, 1966; Erickson, 2000; Jaimes Betancourt, 

2016; Lombardo et al., 2011b; Prümers and Jaimes Betancourt, 2014) coincides with the drop 

in river activity around 2K yr BP, as inferred from the paleosol sedimentary record (Figure 6). 

This is not the case, however, in the region closer to the Andean piedmont, rivers within 60-70 

km from the piedmont have probably always been very active (Lombardo, 2017), as shown by 



the 1390±43 cal yr BP paleosol in profile 518, which is found below 4 meters of sediment and 

in association with pottery. While the late Holocene archaeological record has not been greatly 

affected by river activity, the same cannot be said for the early and mid-Holocene record. As 

the stratigraphy of the Isla del Tesoro shell mound (Lombardo et al., 2013b), figure 7, and the 

transect in Figure 4 show, most of the early and mid-Holocene soils (and the archaeological 

sites built on them) have been buried by alluvium over a large portion of the LM. This results in 

a very fragmented pre-ceramic archaeological record in the central and southern LM, where 

only the most elevated sites are still visible in the landscape today, such as the 2 meter high 

Isla del Tesoro, in the central LM. This introduces a “size bias”, where only the highest sites can 

be found and studied by archaeologists. Moreover, the size bias is not constant throughout the 

territory, as it depends on the thickness of the alluvium that buried them. In the areas 

belonging to the Maniqui or Sécure fans, where often paleosols are buried under more than 

three meters of sediment, it is likely that all the early and mid-Holocene archaeological record 

has been lost. It has been suggested that the mid-Holocene archaeological hiatus in Amazonia 

(the lack of mid-Holocene archaeological sites despite well documented and abundant Late 

Holocene sites) could be due to the fact that earlier sites have been buried by alluvial deposits 

(Neves, 2008). The data from the Llanos de Moxos here presented supports this hypothesis.  

 

Figure 6 Geographic distributions of the binned ages of the uppermost paleosol shown in Figure 5 and location of 
pre-Columbian earthworks based on (Lombardo et al., 2011b) and (Rodrigues et al., In press). 



 

Figure 7 Comparison between fluvial dynamics in central Llanos de Moxos and soil formation and human 
occupation at Isla del Tesoro site. Based on (Lombardo et al., 2013b) 

6 Conclusions 
This paper reconstructs Holocene fluvial dynamics in SW Amazonia trough the analysis of 36 

stratigraphic profiles taken along a 300 km long transect across the Bolivian lowlands. Based 

on 50 radiocarbon ages from paleosols intercalated with fluvial sediments, we reconstruct, on 

a millennial scale, the most important changes in the region’s floodplain dynamics. Fluvial 

activity is low from 10k cal. yrs BP to 4k cal. yrs BP and increases significantly from 4k to 2k cal 

yrs BP (with a peak around 2700 cal yrs BP) causing high rates of river avulsions and the 

formation of crevasse splays. Fluvial activity sharply decreases after 2k cal BP. The paleosol 

record matches existing climate reconstructions; however, further research is needed in order 

to assess the influence of neotectonics on the region’s fluvial dynamics during the Holocene. 

Rivers had a paramount impact on pre-Columbian people and the archaeological record. The 

periods of human occupation coincide with periods of limited fluvial activity, while an 

archaeological hiatus from 4k to 2k cal yr BP is synchronous with a sharp increase in river 

avulsions and sediment deposition. Most of the early and mid-Holocene archaeological sites in 

the central and southern LM are likely to have been buried by alluvium; while, the abundance 

of late Holocene earthworks suggests relative stability and limited river activity during the last 

2K yrs.  
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