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G E O L O G Y

Mid-late Pleistocene evolution of fluvial landscapes in 
Central Amazonia: Shaping ecosystems and areas 
of endemism
Cristiano P. Galeazzi1, Renato P. Almeida2*, Carlos E. E. Mazoca2, Liliane Janikian3,  
André O. Sawakuchi2, Felipe T. Figueiredo4, Camila C. Ribas5,  
Florian Wittmann6, Fabiano N. Pupim7

The influence of Amazonian rivers and landscape changes on species origin and distribution remains debated. 
Here, we combine sedimentary, geomorphological, and chronological evidence from Central Amazonia to show 
that the main Amazonian rivers constructed large tracts of land that now support present-day Amazonian upland 
forest (terra firme). These deposits record a sequence of landscape rearrangements driven by river processes in 
Central Amazonia during the Pleistocene redefined the spatial boundaries of key habitats critical for many spe-
cies. Our findings reveal that Amazonian rivers have acted not only as biogeographic barriers but also as powerful 
agents of landscape and habitat transformation, offering a unified framework for understanding how geological 
and biological processes together shaped the evolution of Amazonian biodiversity.

INTRODUCTION
The distribution of the extraordinary species-rich biodiversity of 
Amazonia has long been linked to the major river systems. Now ob-
served biotic distributions are often bounded by the current position 
of river channels and their associated habitats (1–4). It is generally 
accepted that many patterns of current species distribution were 
driven by paleogeographic rearrangements involving rivers (2, 4–7), 
yet the physical processes that shaped their spatial arrangement re-
main unclear. Current biogeographical models emphasize the role 
of rivers as barriers to gene flow but overlook how those same river 
systems have built and reshaped the landscape over time (4, 8). Fol-
lowing the establishment of the transcontinental Amazon drainage 
system (9–11), which replaced extensive fluvio-lacustrine environ-
ments during the Late Miocene (12–14), the nature and timing of 
subsequent landscape modifications remain poorly understood.

An ongoing debate on the interaction between landscape changes 
and biotic distribution centers on the question of whether Amazonian 
rivers acted primarily just as persistent barriers to gene flow, con-
straining dispersal of populations, or if they were engines of specia-
tion, through dynamic evolution and reorganization (4, 8, 15–26). 
One key area to investigate the relation of landscape changes and spe-
cies distribution is Central Amazonia (Fig. 1A), where the extensive 
lowlands host the record of mid-late Pleistocene alluvial deposits 
(27–29) and well-known areas of endemism, now bounded by major 
rivers (2, 6, 30). Genetic evidence indicates that diversification of 

clades that have species on these distinct areas occurred mainly during 
the Pliocene-Pleistocene (6, 17, 19, 30–32), providing a framework 
for the integration of geological and genetic studies on the distribu-
tion of Amazonian biota (8, 33).

The lowlands of Central Amazonia comprise two main geomor-
phological elements that support distinct ecosystems (Fig. 1B): Ele-
vated interfluves, standing several meters above river level and never 
flooded by rivers, support nonflooded terra firme, while river val-
leys, lying at flood stage elevation, host the wetlands and the season-
ally flooded environments, such as várzea and igapó (34, 35). Many 
Amazonian species are habitat specialists associated with one of these 
types of habitats (36). Species that define areas of endemism (Fig. 1C) 
are typically associated with terra firme habitats, such as primates 
(1, 15, 32, 37) and especially birds (6, 7, 19, 30, 31, 38–40). The bound-
aries of these areas of endemism are associated not only with the pres-
ence of major rivers but also with their respective wide river valleys 
and floodplains, covered by seasonally flooded habitats (várzea and 
igapó) (4, 37, 41). Thus, reconstructing how these interfluves formed 
and large rivers evolved during the past few hundred thousands of 
years is key to understanding current biogeographic patterns.

The interfluves of Central Amazonia exhibit key geomorphologi-
cal and sedimentological features that record past fluvial dynamics, 
preserved within basin-scale sedimentary deposits accumulated 
between the Guianan and Brazilian shields and uplifted Subandean 
regions (Fig. 1A). Notably, the sedimentary deposits of these inter-
fluves are organized into a sequence of fluvial terraces, where each 
lower level represents a younger depositional surface (28, 29). Satel-
lite imagery and digital elevation models (DEMs) reveal that terrace 
surfaces exhibit curved ridges, interpreted as scroll bars, which are 
depositional features produced by river channels (42–44). These struc-
tures are common in modern rivers (45), but their occurrence on 
interfluve surfaces brings new possibilities to interpret the evolution 
of this region. Previous interpretations have used these scroll bars to 
infer paleochannel positions (28, 44), but there are major implica-
tions that have not been addressed so far, related to the scale of these 
scroll bars, which is indicative of the magnitude of the rivers that formed 
them (46–48), and to their elevation, which indicates that they were 
formed at a higher base-level position than the modern (49).

1State Key Laboratory of Oil and Gas Reservoir Geology and Exploitation, Chengdu 
University of Technology, Chengdu, China. 2Instituto de Geociências, Universidade 
de São Paulo, Rua do Lago, 562, Cidade Universitária, São Paulo, SP 05508-900, Brazil. 
3Departamento de Ciências do Mar, Universidade Federal de São Paulo, Rua Carvalho 
de Mendonça, 144, Santos, SP 11070-100, Brazil. 4Departamento de Geologia, Pro-
grama de Pós-graduação em Geociências e Análise de Bacias (PGAB), Universidade 
Federal de Sergipe, Avenida Marechal Rondon Jardim, s/n - Rosa Elze, São Cristóvão, 
SE 49100-000, Brazil. 5Coordenação de Biodiversidade, Instituto Nacional de Pesquisas 
da Amazônia, Av. André Araújo, 2936, Manaus, AM 69060-000, Brazil. 6Department 
of River and Wetland Ecology, Institute for Geography and Geoecology, Karlsruhe 
Institute for Technology–KIT, Josefstr. 1, 76437 Rastatt, Germany. 7Departamento de 
Geografia, Universidade de São Paulo, Av. Prof. Lineu Prestes, 338, Cidade Universitária, 
São Paulo, SP 05508-000, Brazil.
*Corresponding author. Email: rpalmeid@​usp.​br

Copyright © 2026 The 
Authors, some rights 
reserved; exclusive 
licensee American 
Association for the 
Advancement of 
Science. No claim to 
original U.S. 
Government Works. 
Distributed under a 
Creative Commons 
Attribution 
NonCommercial 
License 4.0 (CC BY-NC). 

D
ow

nloaded from
 https://w

w
w

.science.org on M
ay 27, 2026

mailto:rpalmeid@​usp.​br
http://crossmark.crossref.org/dialog/?doi=10.1126%2Fsciadv.aee2085&domain=pdf&date_stamp=2026-05-13


Galeazzi et al., Sci. Adv. 12, eaee2085 (2026)     13 May 2026

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

2 of 18

In this study, we reconstruct the mid-late Pleistocene evolution of 
the physical landscape of Central Amazonia and assess its implica-
tions for present-day biotic distribution. We examine four stages of the 
fluvial deposits preserved within the interfluves of Central Amazonia 
by a combination of remote sensing and field work and integrate these 
analyses with published geochronological data. The latter constrains 
the three youngest landscape stages to the last c. 350 thousand years 
(ka) (28, 29, 50–55), whereas the earliest stage represents an older, 
poorly constrained phase that is unlikely to predate ~1 million years 

(Ma) (56). We propose a new model for the paleogeographic evolu-
tion of the fluvial depositional systems in Central Amazonia, which 
encompasses the characterization of the paleo-rivers and the recurrent 
alternation between aggradational phases and events of coupled val-
ley incision and interfluve formation through time, with implications 
for the spatial distribution and functioning of biotic habitats. The 
proposed model brings new insights to elucidate mechanisms that 
shaped and structured the current distribution of Amazonian biodi-
versity and observed areas of endemism.

B

A

C

Fig. 1. Overview of Central Amazonia. (A) Elevation map of Central Amazonia emphasizing the variations in the alluvial terrains with key geographical features super-
imposed. MA, Manaus; IQ, Iquitos. (B) Relationship between geomorphology and type of vegetation cover illustrating the strong spatial correspondence between fluvial 
landforms and the distribution of flooded and nonflooded forest types. (C) Biogeographical areas of endemism in Central Amazonia, illustrating how major interfluves 
correspond to distinct biogeographic regions. Boundaries of areas of endemism follow interpretations presented in previous studies (4, 22, 30).
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RESULTS
Fluvial terrace stratigraphy and morphology
Qualitative evaluation of DEMs derived from the Shuttle Radar To-
pography Mission (SRTM) reveals that the interfluves of Central 
Amazonia comprise three main terrace stages (Fig. 2A), organized 
in a stepped topography where the oldest surfaces occur at the pe-
ripheral higher elevations. Each terrace consists of laterally continu-
ous, flat surfaces gently dipping toward the valleys of the Solimões 

and Negro rivers. Meter-scale scarps separating adjacent terraces 
indicate cross-cutting relationships that allow relative chronological 
interpretation (Fig. 2B).

Stage I represents the oldest and highest terraces, preserved 
mainly along the southern, western, and northwestern basin mar-
gins. Their surfaces lie between ~150- and 100-m elevation and are 
deeply dissected by local drainage. Stage II forms intermediate terraces, 
both in elevation (100 to 40 m) and degree of dissection, typically 

A

B

Fig. 2. Terrace stratigraphy of Central Amazonia. (A) The three main terrace stages (I, II, and III) and local subdivisions (designated by letters) in the same area of Fig. 1A. 
Light blue dashed lines indicate areas where deposits were examined in river-cut outcrops. Symbols on the map indicate chronological constraints, and the adjacent 
numbers correspond to their references: red squares for stage II [quartz OSL: (28, 29, 54)], yellow circles for stage III [quartz OSL: (29, 52, 54)], and gray triangles for stage IV 
[quartz OSL: (29, 52, 54, 55) and 14C: (50, 51, 53, 55)]. Undetermined stages refer to low terraces that appear younger based on position but exhibit dissection typical of 
older surfaces. A full-resolution kmz file is available in the Supplementary Materials (data S1). (B) Elevation and geological profile showing stratigraphic correlations 
among terraces, characterized by stepped-down gentle slopes toward central regions. Question marks denote uncertainty about the strata beneath the terrace units, 
which may correspond to deposits that predate the studied terrace systems or remnants of older terrace stages. Note that elevations include forest canopy height, as the 
SRTM-derived DEM does not represent bare-earth topography.
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occurring between the basin margins and the modern valley floors. 
Stage III corresponds to the youngest terrace level, less dissected and 
located near the modern Solimões River, with surface elevations of 
60 to 30 m. Modern floodplains and smaller in-valley terraces rep-
resent stage IV. Each stage includes local subunits labeled with letters, 
without implying regional correlation, given uncertainties in abso-
lute depositional ages. In the lowermost areas, some terraces remain 
undetermined because pronounced desiccation gives them the ap-
pearance of older landforms, making confident assignment to a spe-
cific stage uncertain (fig. S1).

Published geochronological data provide age constraints for the 
above-mentioned stages. Considering analytical uncertainties, the 
mapping scale, and the limited number of dated samples available 
for this region, the following ages should be regarded as approximate. 
Although stage I lacks direct dating, its stratigraphic position above 
uplifted Late Miocene deposits of the Fitzcarrald Arch (Fig. 1A), 
which was estimated to have been uplifted during the Pliocene (57), 
and its well-preserved fluvial morphology suggests a Pleistocene 
depositional age (56). Stage II terraces yield quartz optically stim-
ulated luminescence (OSL) ages predominantly between ~90 and 
>300 ka (28, 29, 54). Stage III deposits are dated (quartz OSL) pre-
dominantly to ~50 to 90 ka (29, 42, 54), whereas stage IV, correspond-
ing to modern valleys and floodplains, records deposits with quartz 
OSL and radiocarbon (14C) ages from the Holocene to 45 ka (29, 50–55).

Across the region, terrace successions display a systematic pat-
tern produced by successive phases of fluvial incision, during which 
rivers cut into older depositional surfaces to generate progressively 
younger terrace levels. This incision produced narrow proximal val-
leys that gradually widen downstream over hundreds of kilometers 
into low-gradient, elongated landforms. In several areas, these paleo-
alluvial plains preserve fan-shaped morphologies with radii extend-
ing over hundreds of kilometers (Fig. 2).

Planform analysis of the terraces reveals clear evidence of paleo-
alluvial systems. Each terrace level exhibits diagnostic fluvial mor-
phologies, including point bars, scroll bars, and abandoned channels, 
with individual depositional elements reaching kilometer-scale dimen-
sions (Fig. 3). Multiple sets of paleochannels at similar elevations on 
the same terrace indicate episodes of regional avulsion [sensu (58)]. 
In fan-shaped terraces, paleochannels display radial arrangements 
originating from nodal points at higher topographic positions, con-
sistent with large-scale distributive fluvial systems (Fig. 3).

Paleohydrology of the terrace systems of Central Amazonia
The term “terrace system,” as used here, refers to a sequence of ter-
races derived from the same fluvial system, in which younger levels 
are deposited topographically below older ones in a stepwise arrange-
ment, and whose sedimentary provenance is presumably interpreted 
to be the same. Terraces were grouped in eight terrace systems, ac-
cording to the location and stratigraphic relationships of incisions, 
scale of depositional elements, and observed paleochannel direc-
tions, from where paleoflow can be inferred. Names were assigned 
according to the kilometer-scale depositional features, which indi-
cate deposition from large rivers, the spatial coincidence between the 
locations of the incisions, and the present courses of major Amazonian 
rivers, namely, Solimões, Japurá, Madeira, Juruá, Purus, Içá, Jiparaná, 
and Aripuanã (Fig. 4). Paleoflow directions were reconstructed from 
the orientation of paleochannels observed in remote sensing imagery 
(Fig. 3) and field measurements of cross-strata. The Solimões, Japurá, 
and Içá systems show eastward paleoflow; Juruá and Purus trend 

northeastward; Madeira is northward; and Jiparaná and Aripuanã 
are northwestward (Fig. 4). The terrace systems of the Solimões, 
Japurá, Madeira, and Juruá account for most of the exposed surfaces 
and preserve abundant scroll bars suitable for quantitative morpho-
metric analysis.

To assess the discharge scale of the paleo-rivers, the radii of cur-
vature of scroll bars were measured and compared with those from 
modern rivers and small tributaries incised into the same interfluves 
(Fig. 5). Scroll bars within the active floodplains of large Amazonian 
rivers (Solimões, Japurá, Madeira, and Juruá) exhibit large-scale 
curvature radii, with 75% exceeding 2000 m, whereas small tributar-
ies display radii consistently smaller. On the other hand, scroll bars 
preserved on the terrace surfaces show large-scale curvature radii 
with more than 75% exceeding 2000 m, matching those of modern 
large rivers rather than local tributaries. The Paleo-Solimões terrace 
system exhibits the largest preserved scroll bars, followed by the 
Paleo-Madeira, Paleo-Juruá, and Paleo-Japurá systems. Except for 
the Paleo-Juruá, the size of scroll bars in the terrace systems closely 
resembles their modern counterparts.

Statistical comparisons of scroll bar radii of curvature further 
support these interpretations (table S1). In all terraces, paleo-major 
rivers and their modern counterparts show small differences in mean 
curvature (fold change of ~1 in Japurá, Solimões, and Madeira rivers 
and ≤2 in Juruá River), whereas contrasts between paleo-major rivers 
and modern local tributaries exhibit order-of-magnitude differences 
(fold change of 5 to 13). Normal tests on mean curvature radii yield 
P < 0.001 for all comparisons, indicating significant differences in 
central tendency. However, Kolmogorov-Smirnov (KS) tests reveal 
that paleo-river distributions closely resemble the modern main-
stem rivers (D = 0.10 to 0.51, P = 10−5 to 10−87) but are highly dis-
tinct from the local tributaries (D = 0.97 to 1.0, P < 10−160). These 
results demonstrate that the entire distribution of curvature radii in 
the terrace systems aligns with the scale of modern large rivers rather 
than small rivers. Thus, the preserved scroll bar systems record the 
planform geometry of high-discharge Paleo-Solimões, Paleo-Madeira, 
Paleo-Juruá, and paleo-Japurá rivers (fig. S2).

Sedimentology of terraces
Exposures on modern river cuts reveal sections of these terraces. 
The interpretation of the terrace vertical exposures supports the 
kilometer-scale nature of the depositional elements described above. 
Two main facies associations are recognized from the observed fa-
cies (figs. S3 and S4) in these outcrops: large-scale sandy bars depos-
its (FA1) and floodplain deposits (FA2) (table S2). These exposures 
may be tens of meters high and hundreds of meters long (Fig. 6).
FA1: Large-scale sandy bar facies association
The deposits forming FA1 are dominated by fine to coarse sands with 
granules, characterized by the predominance of decimeter-scale cross- 
strata sets and fining up sequences that may reach 20 m in thickness. 
At their bases, granule and pebble-sized mud clasts are frequent with-
in meter-scale cosets of inclined decimeter-scale cross-strata sets 
[compound cross strata-sets; (59, 60)], whereas the upper portions 
gradually transition into finer-grained beds. Submetric silt and clay 
lenses, commonly less than 25-cm thick and laterally continuous for 
less than 100 m, occur mostly in the upper part of the sections (Fig. 6A). 
These bodies may display internal large-scale low-angle inclined sur-
faces, forming meter-scale inclined beddings, with internal decimeter-
scale cross-stratified sets. These surfaces may display decimeter-scale 
lenses of mud (fig. S5A). Measurements of cross-strata orientation from 
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this facies association were taken at several locations in each terrace 
system, yielding a spatial distribution of river paleoflow directions. 
The Solimões and Japurá terrace systems display a relatively low an-
gular dispersion of individual paleocurrent measurements around the 
mean paleoflow direction, whereas the Madeira and Juruá terrace 
systems exhibit substantially higher paleoflow dispersion (Fig. 4).

The 5- to 20-m-thick, fining-up sequences imply several meters-
deep channels at the time of deposition. Coarse-grained inclined 
cosets are interpreted as the product of large compound dunes with 
superimposed dunes on the leeside that occur at the base of large 
rivers (Fig. 6A) (59–61). Large-scale inclined beddings draped by mud 
lenses with internal cross-stratification are interpreted as surfaces of 

Fig. 3. Evidence of avulsion-dominated fluvial deposition in paleo-alluvial plains. DEM of the stage II terrace of the Paleo-Juruá alluvial plain and the respective in-
terpreted image. The interpreted image depicts kilometer-scale scroll bars preserved on the surface of the terrace characterizing a fan-shaped terrace with a radial avul-
sive system stemming from a nodal point, whose location is roughly coincident with the inset box. Inset boxes illustrate in detail a meander of the paleo-channel, with its 
respective scroll bars. See location in Fig. 1.
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Fig. 4. Map of deposits attributed to major paleo-Amazonian rivers. Interpreted river paleoflow map for terrace systems of stages I, II, and III. White arrows point to 
the reconstructed flow directions based on preserved scroll bars observed from the surface of the terraces through the analysis of the SRTM-based DEM. Black arrows 
represent the mean paleocurrent direction measured in several locations of the terrace systems from outcrops during field work. Dispersion of paleocurrent directions 
reflects spatial variability in flow orientation across terrace systems.

A B

Fig. 5. Comparison of mid-late Pleistocene and modern scroll bars. (A) DEM shows scroll bars on the surface of the Purus-Madeira interfluve (pink), which are much 
larger than those found in the modern small tributaries in the same area (green to blue), and of similar scale to the ones found in the Purus modern in-valley alluvial plain 
(pale orange). (B) Boxplots comparing radii of curvature of scroll bars preserved on the major terrace systems (TS) of Central Amazonia, on modern alluvial plains of their 
respective major Amazonian rivers, and on the alluvial plains of small local tributaries (labeled as “local rivers”). The scale of scroll bars preserved on the terrace surfaces 
aligns with those of major rivers (Solimões, Madeira, Japurá, and Juruá rivers) rather than to the small, low-discharge tributaries that presently occupy the interfluves 
surface. See location in Fig. 1.
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Fig. 6. Representative outcrops of mid-late Pleistocene terraces of sandy bars and floodplain deposits. (A) Fluvial sandy bars deposits (FA1) in the Purus River: 
meter-scale thick fining-upward sequence, with large-scale scours and mud clasts at the base and dominated by decimeter-scale cross-bedded sands, overlain by a suc-
cession of mud layers. (B) Floodplain deposits (FA2) in the Japurá River: interbedded mud and fine sand with the occurrence of climbing ripples in fine sand and sandy 
mud. Location of outcrops is indicated in Fig. 2. c, clay; s, silt; vf, very fine; f, fine; m, medium; c, coarse; vc, very coarse.
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lateral or oblique accretion of bars at the margins of the channel, 
where mud lenses may be related to deposition during waning stag-
es of the river (fig. S5A). The sedimentological interpretation of the 
dominant sandy bars facies association agrees with the plan view 
pattern of large river deposits described above, revealing the depos-
its of large-scale sandy bars of 10 to 20 m, formed by deep, large 
rivers, similar to those in the active large rivers in the same region 
(59–63). The measured paleocurrent directions are consistent with 
the general flow of each terrace system, interpreted from the paleochan-
nels in a plan view of the terrace systems. The mean river paleoflow 
direction in the Solimões and Japurá terrace systems has a lower dis-
persion around the mean river paleoflow direction than the Madeira 
and Juruá terrace systems (Fig. 4). This contrast reflects differences 
in the spatial variability of paleoflow directions across the terraces and 
may be attributed to differences in paleo-channel sinuosity, with lower- 
sinuosity systems producing more uniform paleoflow directions and 
higher-sinuosity systems generating greater directional variability (45).
FA2: Floodplain deposits facies association
The deposits forming this facies association are characterized by 
fine-grained sediments displaying laminated sandy mud, which may 
have abundant plant remains, or laminated heterolithic bodies of fine 
sand, silt, and clay, but meter-scale beds of centimeter-scale sets of 
cross-laminated silt also occur, as well as decimeter-thick fine to me-
dium sand lenses rich in mud clasts (Fig. 6B). In some sections, 
several-meters-thick successions of muddy silt display inclined, inter-
nally laminated sets or climbing ripples at the base that progressively 
coarsen upward into decimeter-scale intercalations of cross-bedded 
fine to medium sand and mud (fig. S5B).

These horizontally laminated fine-grained deposits mostly depict 
sedimentation in an environment of stagnant water or stagnant water 
with intermittent currents that bring slightly coarser-grained sedi-
ments. Fine-grained deposits with cross-lamination represent the de-
posits of climbing ripples formed during flow deceleration coupled 
with aggradation. Whereas the sand bodies with mud clasts are inter-
preted as floodplain channels (Fig. 6B). The fine-grained successions 
found with inclined sets of muddy silt in outcrops of the modern 
Solimões River record wide submerged floodplain environments, 
similar to the great floodplain lakes flanking the modern-day Amazon 
River downstream of the Negro River junction, and the coarsening 
upward trend is interpreted as the successive stages of progressive 
infill of such lakes (64). The thickness of these sequences further pro-
vides important constraints on the scale of the fluvial systems to which 
they are related (fig. S5B).

DISCUSSION
Dynamic alluvial systems of Central Amazonia during the 
mid-late Pleistocene
Understanding the configuration and evolution of Pleistocene alluvial 
systems is essential for reconstructing how the modern Amazonian 
landscape and its zonation in seasonally flooded (várzea and igapó) 
and upland (terra firme) ecosystems came to be. These systems re-
cord the processes by which large rivers repeatedly reshaped the 
lowlands, influencing the distribution of seasonally flooded and 
nonflooded environments that underpin the region’s present-day 
biogeography. Although a transcontinental drainage was already es-
tablished by the Late Miocene (9, 10, 12), the landscape of the topo-
graphically depressed region of Central Amazonia remained far 
from static during the Pleistocene (29, 65). Instead, sedimentary, 

geomorphological, and stratigraphic evidence reveal that this region 
underwent major reorganization during the mid-late Pleistocene, as 
large river systems avulsed across broad unconfined plains and pro-
gressively infilled the basin with extensive alluvial deposits (Fig. 7).

The stratigraphic record corresponding to the time interval be-
tween the Late Miocene establishment of the transcontinental Amazon 
River, at c. 9 to 12 Ma (8, 9, 11), and its modern drainage configura-
tion is scarce and only partially preserved in subsurface sedimenta-
ry successions [e.g., (66, 67)]. It is largely inaccessible in outcrops 
across Central Amazonia, where exposed successions mostly corre-
spond to the overlying, younger Pleistocene alluvial deposits studied 
herein. Throughout this interval, subsurface studies from cores inter-
pret the presence of extensive wetlands and fluvial systems (68), and 
provenance analysis in one core in the western portion of Central 
Amazonia shows that detrital zircon populations are comparable to 
the modern Amazon River (69), indicating that the mid-late Pleisto-
cene alluvial systems analyzed here can therefore represent the latest 
phase of a long-lived, dynamically evolving fluvial landscape.

The preserved mid-to-late Pleistocene deposits (Fig. 2) record at 
least eight extensive alluvial systems, likely corresponding to the an-
cestors of the modern large Amazonian rivers (Fig. 4). Kilometer-scale 
depositional elements (Fig. 3), terrace scroll bar radii of curvature 
(Fig. 5), and vertical facies successions (Fig. 6) indicate that these 
paleo-rivers were comparable in scale to the modern large Amazonian 
rivers but operated at higher base levels. The Paleo-Solimões and 
Paleo-Madeira plains display roughly parallel paleochannels and 
alluvial ridges, whereas the Paleo-Japurá, Paleo-Juruá, Paleo-Içá, Paleo-
Purus, Paleo-Jiparaná, and Paleo-Aripuanã systems exhibit fan-shaped 
morphologies with radial paleochannels. The Paleo-Solimões and 
Paleo-Madeira likely functioned as the principal trunk rivers, while 
systems such as the Paleo-Japurá, Paleo-Juruá, and Paleo-Purus formed 
large megafans (70) draining into them. These interpretations derive 
from preserved paleoflow directions (Fig. 4) and scroll bar radii of 
curvature (Fig. 5), the latter indicating that the Paleo-Solimões and 
Paleo-Madeira had the largest paleo-discharges. Paleogeographically, 
the Paleo-Solimões, Paleo-Japurá, Paleo-Içá, and Paleo-Madeira sys-
tems likely drained directly from the Andes, whereas the Paleo-
Purus and Paleo-Juruá originated east of the Subandean thrust 
front, on the Fitzcarrald Arch (Fig. 1A), where their terraces are in-
cised (Fig. 2A), similar to their modern counterparts, indicating broad 
continuity in basin-scale organization. The Paleo-Negro is also in-
terpreted to have been a trunk river. Although no alluvial deposits 
attributable to the Paleo-Negro have been identified, its presence is 
inferred by the northeastward paleoflow orientations of the Paleo-
Solimões and Paleo-Japurá, which must have ultimately converged 
along the course of the modern Negro River. The lack of preserved 
deposits likely reflects the draining of low–sediment yield crystal-
line terrains of the Guiana Shield (71), which supplied predominantly 
suspended load that was transported through the system rather than 
stored as aggradational plains.

Modern analogs for these paleo-systems include the Bermejo and 
Pilcomayo Rivers, which form narrow, confined megafans, and the 
Pastaza, Kosi, and Paraná megafans, which display broad radial distrib-
utive geometries (Fig. 8) (70, 72). Avulsive channel migration likely 
occurred on centennial- to millennial-scale timescales (50, 58, 73, 74). 
The resulting depositional architecture, from stage I (>350 ka) to 
stage III (until 45 ka), reflects a landscape dominated by aggrada-
tional, avulsion-controlled river systems rather than the erosive river 
valleys separated by upland interfluves seen today.
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The down-stepping geometry of the Central Amazonia terraces 
(Fig. 2) records successive base-level drops, each marking a shift from 
widespread sedimentation to valley incision and floodplain aban-
donment: The higher interfluves relative to modern valleys indicate 
deposition under higher base levels, and their cross-cutting relation-
ships attest that each avulsive phase ended with base-level fall and 
valley incision, which lead to subsequent erosive widening. Terraces 
at various elevations thus represent diachronic alluvial systems formed 
in response to cycles of rising and falling of the base level (Fig. 2).

Each base-level fall followed a similar pattern (Fig. 9): Starting 
from wide avulsive plains and megafans (Fig. 9A), base-level lower-
ing caused rapid valley incision of major tributaries. Former flood-
plains became terraces, incision propagated upstream, and valley 
knickpoints retreated through tributaries (Fig. 9B). Once the base 
level stabilized, rivers reestablished distributive patterns in uncon-
fined areas, depositing a new sedimentary wedge that prograded from 
the basin margins toward its central depression, forming new allu-
vial plains. Repeated base-level falls produced a stepped topography 

A B

C D

Fig. 7. Evolution of mid-late Pleistocene physiographic and biotic landscapes in Amazonia. (A) Stage I depicts widespread aquatic and seasonally flooded environ-
ments, with the lowlands displaying the extensive alluvial plains of all the paleo-river systems. Alluvial plains mainly comprise vegetation adapted to seasonal flooding, 
such as várzea forests, backswamps, and nutrient-poor swampy regions. (B) Stage II records the first major base-level drop, characterized by terrace formation from the 
eastern and southern margins, coupled with the expansion of terra firme ecosystem. Sedimentary wedges formed by the paleo-megafans occupy more central regions. 
(C) Stage III depicts a second major lowering of the base-level and is characterized by an extensive area of terrace formation and further expansion of terra firme forest, 
especially south of the modern-day Solimões River. During this stage, the Paleo-Solimões River flows toward the Paleo-Negro River, meeting it upstream of the modern-
day point of confluence. During stage IIIb, terra firme occupied the terrace in the central region, spreading from the Iranduba High (Fig. 1A). (D) Stage IV illustrates the final 
configuration before the establishment of the modern drainage network, after the capture of the Solimões River by a knickpoint from the east. Note that courses of paleo-
rivers and extension of várzea forest at their margins are schematic.
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of nested terraces (Fig. 9C). Knickpoint retreat may also have trig-
gered river capture, as observed in the modern Juruá course (Fig. 9, 
B and C) (44). This process likely repeated during the stage IV course 
change of the Solimões River (Fig. 7D) and the capture of the Juruá 
headwaters by the Purus River, which now has a higher discharge 
than the Juruá River, explaining the difference of scroll bar size ob-
served in the Paleo-Juruá River compared to the modern-day Juruá 
River (Fig. 5).

From stage I to stage III, the Amazonian lowlands thus functioned 
as vast, distributive fluvial systems characterized by frequent avul-
sion and lateral channel mobility. An overall net base-level lowering 
influenced the basin infill of the basin though sedimentary wedges 
that prograded from the margins toward its central depression. This 
evolving alluvial landscape provides the tools for understanding 
the subsequent paleoenvironmental transitions from widespread 
floodplain environments to the terra firme–dominated landscapes 
described below.

Paleoenvironmental reconstruction of Central Amazonia 
during the mid-late Pleistocene
The geological reconstruction outlined above leads to a long-term 
transition, at the scale of hundreds of thousands of years, from sea-
sonally flooded environments to terra firme–dominated landscapes 
in Central Amazonia during the mid-late Pleistocene (Fig. 7). The 
process that lies behind this transition reflects successive stages of 
base-level fall, valley incision, and interfluve development (Fig. 9) 
(29). The regional-scale paleoenvironmental reconstruction is de-
tailed below.

Stage I (>350 ka) was characterized by extensive low-relief alluvial 
plains with shallow groundwater tables (Fig. 8). Unlike the modern 

lowland Amazonia, where major river valleys are relatively narrow 
and dominated almost entirely by nutrient-rich várzea ecosystem 
(Fig. 1B) derived from the continual reworking of Andean sedi-
ments (with exceptions such as the Negro River), the Pleistocene 
paleo-alluvial plains were supplied by the same Andean-fed river 
systems but extended hundreds of kilometers in width. Consequently, 
the wide paleo-alluvial plains would have supported a broader mo-
saic: várzea forests flanking the main rivers, large tracts of várzea 
backswamps, and numerous lakes resulting from a persistently high 
groundwater table (Fig. 7A). In such flood-dominated settings, várzea 
backswamps develop away from the main channels, where surfaces 
remain stably waterlogged throughout the year (35, 75). Areas lack-
ing input of nutrient-rich waters would instead support nutrient-
poor swamps and forests (35). Modern analogs include the Ucayali 
River south of Iquitos, where the width of the plain restricts flooding 
to channel-proximal areas, producing alternating belts of várzea for-
est and backswamps (Fig. 8). Abundant lakes would mainly be pres-
ent in the center-most regions of the basin, where the trunk river 
flows and the topography and topographic gradients are at their low-
est. Examples of lake-dominated alluvial plains may be seen in the 
modern reaches of the Amazon River (Solimões River downstream the 
Negro River mouth), the Solimões River upstream of the Japurá and 
upstream of the Purus, and in the Ucayali River (Fig. 8). At this stage, 
terra firme–dominated landscapes would be restricted to the non-
depositional, topographically higher outskirts of Central Amazonia, 
which predate the terrace systems, such as the Subandean regions, 
the Guianan and Brazilian shields, and the Iranduba high (Fig. 1A) 
(76), all of which are defined geomorphologically as areas lying be-
yond the maximum lateral extent of Pleistocene alluvial aggradation 
and not affected by seasonal river-related floods.

A B

C

Fig. 8. Modern avulsion-dominated alluvial plain in Amazonia (Ucayali River and Pastaza Fan, Peru). (A) Overview of the area encompassing the Pastaza Fan and 
the Ucayali River. (B) Detailed view of the Pastaza Fan. (C) Detailed view of the Ucayali River. In both examples, the várzea forest is restricted to areas near the main chan-
nels, whereas backswamps dominate more distal areas of the floodplains. Images of (A) to (C) are from Google Earth; zoom-ins of (C) are from Bing Maps.
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Stage II (350 to 90 ka) followed the first base-level fall. Valley 
incision lowered both flood height and groundwater table. This fa-
vored the replacement of vegetation adapted to the seasonal flood-
ing cycle by vegetation adapted to nonflooded substrates (35, 75, 77,  
78), lastly converting former floodplain environments into interfluves 
now occupied by terra firme forests, which expanded from adjacent 
higher terrains (Fig. 7B). Each event of base-level fall leads to a net 
reduction of floodplain extension followed by a gradual, partial re-
covery due to the erosional widening of river valleys (Fig. 9). Since 
incision due to the erosional lowering of the main trunk river acts 
from the downstream end of the tributaries upward (Fig. 9), a dis-
connection occurs from the main várzea corridors flanking the rivers, 
temporarily fragmenting seasonally flooded habitats until lateral 
erosion reestablished wider valleys.

Stage III (90 to 45 ka) represents a further stepped-down con-
figuration of stage II, marked by the continued expansion of terra 
firme environments toward the basin axis. The established incised 

river valleys act as barriers between the expanding terra firme areas 
(Fig. 7C).

Stage IV (<45 ka), the modern setting, corresponds to fully in-
cised valleys and stabilized interfluves that host continuous terra firme 
forest, with várzea and igapó vegetation confined to narrow flood-
plains along active channels (Fig. 7D). Incision progressed until the 
Holocene, when aggradation within incised valleys started a new 
phase of floodplain deposition and expansion of seasonally flooded 
environments (55).

Thus, the transition from wide alluvial plains to incised river val-
leys led to the shift from seasonally flooded environments to terra 
firme–dominated landscapes, thereby allowing terra firme taxa to 
spread into the lowlands from peripheral areas such as the Fitzcarrald 
Arch, the Guianan and Brazilian shields, and the Andean foothills. 
Although there may be differences in terra firme forest composition 
between older high terrains and newly available terrace substrates 
due to variations in soil chemistry (79), this hypothesis explains the 

A B

C D

Fig. 9. Schematic evolution of the main processes associated with base-level fall events, exemplified by the perspective view of the lower Paleo-Juruá megafan 
from stage II to stage IV. (A) Fan development stage (stage II): frequent lateral shift of channel position through nodal avulsion dominates fan construction. Older terrace 
(T1) bears terra firme, whereas alluvial plain bears várzea forest, backswamps, and small lakes. (B) Onset of incision (stage III): Base-level fall triggers entrenchment of the 
Juruá River along its final course within the megafan, forming a new terrace (T2) colonized by terra firme forest. (C) Second base-level drop (stage IV): tributaries to the 
lower position of the Solimões River, producing valley incision and upstream retreat of knickpoints, leading to formation of a younger terrace (T3) and capture of the Juruá 
River into its modern course. (D) Digital-elevation model illustrating the current scenario of multiple terrace levels and the present alluvial plain. Note that courses of 
paleo-rivers and extension of várzea forest at their margins are schematic. See Fig. 1 for location (perspective view).
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existence of continuous areas of endemism whose substrates are com-
posed of both Pleistocene deposits and older geological units (Fig. 1C). 
Notably, the predicted reduction of Amazonian wetlands and the 
respective replacement of vegetation are observed in palynological 
studies from core retrieved at the mouth of the Amazon River, which 
led to the interpretation of a reduction in Amazonian wetlands that 
started around 700 ka and intensified from 400 ka (80).

Regional and temporal context of Central Amazonia 
mid-late Pleistocene deposits
From a source-to-sink perspective, the lowlands of Central Amazonia 
form a major continental sediment repository located between the 
Andes and the Andean foreland system to the west and the lower 
Amazon valley, bounded by crystalline shields, which routes sedi-
ments to the Amazon Fan, the main marine depositional sink of the 
Amazon drainage basin to the east (Fig. 1A). In fluvial sequence 
stratigraphy, base-level rise generally promotes sediment accumula-
tion, whereas base-level fall and lowstand conditions favor incision, 
erosion, and the formation of stratigraphic discontinuities (81–83). 
In addition to base-level controls, climatic forcing is expected to mod-
ulate fluvial stacking patterns through changes in water discharge 
and sediment supply, with incision typically occurring during peri-
ods of increased discharge and/or reduced sediment flux and aggra-
dation occurring during periods of reduced discharge and/or increased 
sediment supply (82, 84, 85).

The Andes have acted as effective orographic barrier for Atlantic-
originated moisture since at least the Miocene (10, 12, 86), and 
Pleistocene records from the Amazon Fan indicate that climate has 
exerted a control on detrital input, with Andean-derived fine-grained 
sediments displaying cyclic behavior correlated with climatic oscil-
lations (80, 87). These records show that climatic signals reached the 
Amazon Fan from the Andes, implying that water discharge vari-
ability in the Amazon drainage basin responded to regional precipi-
tation changes (88) even at the orbital cycle timescale. Recent studies 
further show that eustatic forcing can propagate far inland in large, 
low-gradient river systems, with glacial-interglacial sea level oscilla-
tions influencing depositional patterns more than 1000 km from the 
coastline (89). In this way, the Central Amazonian sedimentary re-
cord may reflect depositional and erosive forcings related to climati-
cally induced discharge variability at the scale of tens to hundreds of 
thousands of years (90) and the inland propagation of sea level oscil-
lations at the scale of hundreds of thousands of years (91).

Within this regional framework, Central Amazonia records four 
major depositional phases (Fig. 2) separated by episodes of incision 
(Fig. 9), likely associated with global sea level falls (89). Although 
current geochronological constraints do not allow robust correlation 
of individual terrace formation stages with specific marine isotope 
stages (29), the systematic alternation between aggradation and in-
cision across an area approaching one million square kilometers and 
operating at hundreds of thousands of years timescales strongly sug-
gests modulation by mid-late Pleistocene glacial-interglacial cyclic-
ity. The widespread synchronicity of alluvial deposition across the 
Amazon basin since around 15 ka, correlated with sea level rise follow-
ing the Last Glacial Maximum (55, 92), demonstrates that base-level 
changes can propagate efficiently inland despite the great distance from 
the coast. By analogy, earlier glacio-eustatic cycles likely exerted com-
parable controls on the older depositional stages identified here. This 
study therefore establishes a process-based framework linking erosion 
and aggradation in Central Amazonia to base-level fluctuations, 

providing the sedimentary and geomorphological framework nec-
essary for future high-resolution chronostratigraphic analyses.

The hypothesis of tectonic control for a similar configuration has 
been proposed for Pleistocene fluvial systems in the Peruvian fore-
land that drained into the Amazonian plain and are now preserved 
as terrace systems supporting terra firme forest (93). The position of 
these deposits within the Andean foreland suggests that relatively 
recent tectonic activity was the primary local control driving these 
landscape changes. To some extent, the Pleistocene fluvial deposits 
identified in Central Amazonia may correlate with those in adjacent 
Peruvian Sub-Andean basins, which overlie older strata and display 
fining-upward fluvial successions 10 to 40 m thick (93). However, 
the precise temporal implication of this potential correlation re-
mains uncertain, given geochronological limitations and the strong 
tectonic control on base-level fluctuations in the Peruvian foreland 
setting. In contrast, in Central Amazonia, possible tectonic deforma-
tion affecting Pleistocene deposits is mainly inferred from lineaments 
in remote sensing imagery and is interpreted as predominantly 
strike-slip in nature (94) and therefore unlikely to have exerted a 
major control on regional base-level evolution.

Implications for Central Amazonian biogeography
The paleogeographic reconstruction presented above has important 
implications for the availability of upland forest (terra firme) and 
seasonally flooded forest (várzea and igapó) habitats through time and 
for shaping the riverine barriers that now delimit the distributions 
of several species associated to upland terra firme forests. As a conse-
quence, paleogeographic evolution during the mid-late Pleistocene 
potentially reshaped species distributions and defined current ende-
mism patterns in lowlands of Central Amazonia (Fig. 1C).

It follows from our results that large river valleys acted as dy-
namic physical barriers that both restricted gene flow, acting as sec-
ondary barriers, and episodically promoted allopatric divergence 
among terra firme taxa in opposite interfluves through processes of 
valley incision and river capture. The main implications for paleo-
biogeographic studies are detailed below.

It follows from our results that large river valleys acted as dy-
namic physical barriers that restricted gene flow, functioning as sec-
ondary barriers. Episodic allopatric divergence among terra firme 
taxa in opposite interfluves, as well as subsequent secondary contact, 
may have resulted from processes of valley incision and river cap-
ture. The main implications for paleobiogeographic studies are de-
tailed below.
Allopatric vicariance
The vicariant role of rivers originates from base-level falls that trig-
ger knickpoint retreat and valley incision, fragmenting previously 
continuous terra firme forests into distinct interfluves (Fig. 9). Each 
episode of base-level fall generates new erosional valleys, which grad-
ually widen and develop seasonally flooded vegetation, separating 
upland habitats and isolating populations of terra firme organisms 
on opposite margins. Such widened alluvial valleys act as a barrier 
for terra firme taxa (4, 37, 41). The effectiveness of base-level falls in 
promoting speciation would rely on the extension and duration of 
incision and width of the seasonally flooded environments formed 
within the incised valleys. Because base-level lowering is initiated at 
the trunk river and incision propagates upstream via knickpoint mi-
gration, this mechanism predicts a higher probability of river capture 
in the lower reaches of tributaries than in their more distal headwa-
ter segments (Fig. 9). Consequently, these downstream segments 
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may have acted as less persistent biogeographic barriers over time 
than the middle portions of the same rivers, contrary to what is gen-
erally assumed in tests of the riverine barrier hypotheses (8).
Secondary contact and mixed endemism
River valleys act as long-lived but not permanent barriers to disper-
sal. When base-level falls and incision propagates upstream, subse-
quent episodes of river capture may alter drainage patterns (Fig. 9). 
When a river is diverted into a different location downstream, the 
former valley, with its várzea corridor, is abandoned. Once the valley 
floor becomes colonized by terra firme vegetation, previously isolated 
populations may reestablish contact, generating zones of hybridiza-
tion or “suture zones.” The contact between the Napo and Jaú areas 
of endemism is a clear example of a suture zone that may be explained 
by this process (Fig. 7D). The localized and sequential nature of these 
capture events may account for the temporal mismatches observed 
among divergence dates of sister taxa distributed across major rivers 
(19). Thus, alternating phases of isolation and reconnection would 
have created a complex spatial and temporal mosaic of evolutionary 
processes across Amazonian landscapes, which may explain areas of 
mixed endemism, where old and new evolutionary lineages are found 
(7, 23). This process may potentially affect even terra firme taxa to 
which crossing the river valley barrier is more difficult, given that pop-
ulations may be passively transferred to the opposite margin (Fig. 9).
Riverine barrier hypothesis
Given that molecular divergence times among terra firme species are 
generally older than the ages of terrace formation (4, 6, 17, 29, 32), 
the role of mid-late Pleistocene river valleys was likely to spatially 
reorganize previous population subdivisions rather than initiate spe-
ciation, acting as a dynamic physical dispersal barrier (Fig. 10). While 
the vicariant role of the river may have occurred in headwaters at a 
time that predates the studied Pleistocene landscape changes and may 
explain reported discrepancies in speciation ages among areas of 
endemism (Fig. 9), the large rivers now separating the areas of ende-
mism in the lowlands of Central Amazonia are here regarded as sec-
ondary barriers, or meeting points (16), of species from the distinct 
areas of endemism. In the lowlands, the landscape reconstruction 
(Fig. 7) shows that valleys separating terra firme regions were sub-
stantially wider than in the modern landscape, gradually narrowing 
through time (Fig. 10), and that terra firme within each area of en-
demism expanded in area toward Central Amazonia, increasing habi-
tat availability for terra firme specialist populations. Consequently, 
many modern river boundaries that appear to be easily crossable still 
coincide with persistent ecological and genetic discontinuities (15,   
17, 18, 21, 22, 24). This suggests that current areas of endemism re-
sult from long-term ecological structuring within evolving landscapes 
during the mid-late Pleistocene, maintaining their unique endemic 
taxa even if present-day river barriers are weak or ephemeral (16, 17,  
19–22). From this model, we support the conclusion that speciation 
of terra firme taxa must have occurred in the outskirts of Central 
Amazonia (16, 23), at a time when the lowlands were occupied 
by hundreds-of-kilometers-wide alluvial plains and large rivers that 
frequently shifted position through nodal avulsions. These taxa sub-
sequently dispersed toward the lowlands following base-level drops 
and the expansion of terra firme forests, leading to their present-day 
distribution in adjacent interfluves (Fig. 10).
Aquatic environments
From an aquatic and wetland perspective, the long-term persistence 
of large river systems implies the continued occurrence of the an-
nual flood pulse within their floodplains. The temporal continuity of 

this process allowed várzea ecosystems to remain widespread along 
their floodplain corridors since at least the mid-late Pleistocene, 
providing a unique evolutionary setting for aquatic and semiaquatic 
biota. For floodplain trees, this environmental continuity creates sta-
ble adaptive conditions of seasonal flooding, driving the evolution 
(35) of floodplain specialists (26) and even endemic várzea tree spe-
cies (25). This phenomenon is globally unique, as no other major 
floodplain system is known to host flood-adapted, endemic tree lin-
eages (25). Moreover, the temporal continuity of várzea landscapes 
implies the long-term maintenance of refugia for drought-sensitive 
terrestrial taxa capable of tracking shallow groundwater tables (25,  
33) during phases of reduced precipitation in Amazonia (90, 95). 
River channels and their connected várzea environments also pro-
vide dispersal routes for fishes and floodplain-related organisms (35,  
55). In the case of fish communities, the reorganization of drainage 
networks through knickpoint retreats (Fig. 9) would lead to episod-
ic isolation of formerly connected drainages, promoting allopatric 
divergence and speciation (96). Such processes are consistent with 
observed patterns of fish diversity and endemism in Amazonian riv-
ers, where many lineages are strongly related to individual subbasin 
drainages and diversification appears linked to long-term geomor-
phological compartmentalization (97).

Testable hypothesis derived from the 
paleogeographic model
The paleogeographic interpretation of the terrace systems of Central 
Amazonia reveals that the role of rivers in changing the physical land-
scape goes far beyond the simple idea of horizontally shifting the posi-
tion of barriers to gene flow through river dynamics (Fig. 7). Channel 
position shifts due to nodal avulsion are known to take place at the 
hundred-year scale in modern large-scale distributive fluvial systems 
(58, 73, 74), and such fast dynamics would prevent any riverine bar-
rier effect. Instead, a more fundamental process controls long-term 
habitat reorganization, that is the vertical adjustment of river profiles 
through base-level changes leading to erosion or sediment accumu-
lation, which drives the merged expansion or fragmentation of up-
land environments (Fig. 9).

In that sense, the model presented herein predicts that events of 
base-level fall, due to the upstream readjustment of the river profile 
to a lower sea level, an increase in discharge of the main trunk river, 
or the combined effect of both processes (49, 55, 86, 92), result in the 
incision of a deeper valley on previous deposited sediments, thus caus-
ing the incision of tributaries and the lowering of the local ground-
water table. The process results in the expansion of terra firme from 
older upland areas at the expense of aquatic environments and mo-
saics of seasonally flooded forest and water-logged, nutrient-poor 
vegetation, as has been occurring for the last few hundred thousand 
years (Fig. 7).

Viewed within a broad temporal framework, these incision and 
aggradation cycles appear broadly consistent with variations in base 
level and climate within a hundred thousand years span during the 
mid-late Pleistocene. Given that deposition in modern alluvial plains 
has been shown to correlate with the post–Last Glacial Maximum 
highstand (55), it is plausible that the major stages outlined in this 
study reflect a similar process. However, because of limited data and 
geochronological uncertainties, a detailed correlation of deposition-
al stages with specific controls on base-level change, such as glacial-
interglacial cycles, is not attempted here. Rather, this study provides 
a framework for future research on this topic.
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A

B

Fig. 10. Expansion of terra firme and areas of endemism during the mid-late Pleistocene. (A) Progressive advance of terra firme from peripheral uplands toward the 
central lowlands from stage I to stage IV, following successive base-level drops and terrace formation as shown in Fig. 7. (B) Schematic representation of the corresponding 
expansion of areas of endemism, showing how biogeographic boundaries shifted as a consequence of the progressive inland spread of terra firme. Shaded colors in (A) 
and (B) indicate the presence of terra firme and areas of endemism that predate the studied deposits.
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The model presented herein stipulates that base-level drops re-
sulted not only in the growth of terra firme but also in the expansion 
of areas of endemism during the mid-late Pleistocene, which fol-
lowed the expansion of the terra firme from the upland areas, where 
the biota was already isolated in separated interfluves by the up-
stream reaches of the same major rivers (Fig. 10). Gene flow across 
channels would hardly be prevented if it was not for the role of the 
incised valleys that separate interfluves. Within these valleys, wide 
tracts of seasonally flooded environments subject to dynamic changes 
in the position of channels and bars act as barriers to terra firme taxa 
dispersion (4, 37, 41).

The main testable hypotheses derived from our model are as follows:
1) Populations of terra firme taxa expanded to lowland Central 

Amazonia as previously isolated units bounded by the upland 
reaches of the main rivers. The process of creation of new terra firme 
environments by river incision kept those populations isolated as 
they expanded on the extended interfluves.

2) These population expansion events occurred successively dur-
ing events of base-level fall (either due to the inland propagation of 
sea level oscillations or to increased river discharge) that are record-
ed in the stratigraphy of mid-late Pleistocene deposits. The last events 
occurred as late as 45 ka (29).

3) During the mid-late Pleistocene, repeated episodes of relative 
base-level fall across the alluvial plains progressively reduced both 
seasonally flooded vegetation (including flooded forests and water-
logged open environments) and aquatic systems. These events pro-
moted a stepwise expansion of terra firme from the Andean flanks 
and adjacent shield areas through valley incision and groundwater 
lowering. Each phase of incision caused an abrupt contraction of 
flooded and aquatic environments, followed by partial recovery dur-
ing subsequent valley widening and sediment aggradation. Overall, 
the long-term trajectory reflects a net expansion of terra firme at the 
expense of both seasonally flooded and aquatic habitats.

Current limitations mainly concern chronological resolution. 
Additional geochronological constraints are required to refine the 
history of landscape evolution in Central Amazonia during the 
Pleistocene. Nonetheless, geological and geomorphological evidence 
supports a dynamic and stepwise landscape evolution throughout 
the mid-late Pleistocene, with important implications for paleobio-
geographic studies.

MATERIALS AND METHODS
Experimental design
The objective of this study was to evaluate whether major rivers in 
Central Amazonia have acted as persistent biogeographic barriers 
throughout the mid-late Pleistocene by reconstructing the fluvial 
landscape evolution and assessing its implications for habitat distri-
bution and areas of endemism. To address this, we designed an inte-
grative geological approach combining remote sensing, quantitative 
geomorphological measurements, field observations, and chrono-
logical constraints.

First, we mapped terrace surfaces and paleochannel deposits us-
ing a SRTM-based DEM to identify preserved fluvial landforms and 
their spatial relationships. Second, we quantified planform deposi-
tional element dimensions (scroll bar radii of curvature) on both ter-
race surfaces and modern active floodplains. These measurements 
allow comparison of channel sizes through time and provide a test 

for the presence and scale of major rivers at the time of terrace for-
mation while also yielding plan view paleoflow indicators.

Third, we conducted targeted field campaigns guided by the DEM- 
mapped features, where we described sedimentary facies and archi-
tectural elements to verify the geomorphological interpretations and 
to identify depositional environments represented by the terrace suc-
cessions and obtain high-resolution paleoflow measurements from 
cross-stratifications.

Last, we compiled and evaluated available geochronological ages 
(OSL and radiocarbon) from published sources and our data to con-
strain the relative chronology of landform development and the ab-
solute timing of terrace deposition. These datasets collectively enabled 
reconstruction of fluvial dynamics across the mid-late Pleistocene 
and assessment of the long-term persistence or reorganization of 
major rivers relevant to the riverine barrier hypothesis.

Terrace stratigraphy
Fluvial terraces of Central Amazonia were mapped and correlated 
using interpretation of satellite imagery (Landsat) and SRTM-derived 
DEM. The recognition of individual gently dipping surfaces of flat 
terrace tops, bounded by erosional escarpments truncating older 
surfaces. The cross-cutting relationships between these surfaces es-
tablished a relative chronology of terrace formation. Depositional 
ages were compiled from published datasets, including OSL ages on 
detrital sediments and radiocarbon (14C) ages on organic material.

Field-based sedimentology
Field investigations targeted representative successions of distinct 
terrace generations during five field campaigns conducted in the dry 
seasons from 2015 to 2023. Stage II and III successions were exam-
ined in exposures dated by (27) and in additional outcrops of the 
Juruá megafan along the Solimões River (between Coari and São 
Francisco do Içá). Equivalent terrace stages were also documented 
in the Japurá valley (between Japurá and Tefé) and in the Purus val-
ley (between Boca do Acre and Lábrea). Sedimentological analysis 
followed the architectural element approach in (98), integrating ver-
tical profiles, lithofacies descriptions, and interpretation of hydro-
dynamic structures to reconstruct depositional environments.

Measurement of scroll bars radii of curvature
Radii of curvature of scroll bars were measured in areas represent-
ing modern or very recent formation of bars within the active allu-
vial plains and were selected to be close to a gauging station with 
available water discharge data. For each individual scroll bar in the 
recent alluvial plain, five georeferenced points were collected in 
Google Earth based on underlying Landsat imagery and processed 
SRTM digital elevation data, composing a single kml file for each 
area. These kml files were then processed with a Python code writ-
ten for that purpose (see data S2 in the Supplementary Materials), 
which calculated radii of curvature from sets of three points using 
the law of cosines, yielding three estimates per bar. Mean bar radius 
of curvature was determined for each site. The same procedure was 
applied to preserved bar structures identified on terrace surfaces. 
All kml files are presented in the Supplementary Materials (data S2).

Statistical analysis
The method outlined above enabled quantitative comparison of bar 
morphometrics between modern alluvial plains and Pleistocene ter-
race deposits. For each site, basic descriptive statistics were computed 
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to summarize variability in radii of curvature, and boxplots were 
used to visually assess differences in central tendency and spread.

To assess whether mean scroll bar radii differed between modern 
and Pleistocene samples, we used a nonparametric bootstrap test for 
equality of means. For each comparison, let x represent the Pleistocene 
terrace sample and y the corresponding modern river or tributary 
sample. Values equal to 0.0 were treated as missing and removed 
from both samples before the analysis, to avoid biasing the estimates 
when zeros represent absent or invalid measurements. The observed 
test statistic is the difference in sample means: Δ_obs = mean(x) −  
mean(y). Under the null hypothesis H0: μx = μy, both samples are 
assumed to originate from the same underlying distribution, so all 
observations were pooled. We then generated n_boot = 10,000 boot-
strap replicates by repeatedly resampling, with replacement, from 
the pooled data, splitting each resample into groups of sizes n1 and 
n2, and recomputing the mean difference. This produced an empiri-
cal null distribution of Δ. The P value was calculated as the propor-
tion of bootstrap replicates as or more extreme than Δ_obs, using 
either a two-sided or one-sided alternative as appropriate. This pro-
vides a distribution-free assessment of whether the observed mean 
difference could arise from sampling variability (table S1).

To assess differences in the full distributional shape, we also used 
the two-sample KS test, which compares the empirical cumulative 
distribution functions (ECDFs) of the two samples. The KS statistic 
D is the maximum vertical distance between the ECDFs. Unlike the 
bootstrap mean test, the KS test is sensitive to changes in central 
tendency, spread, skewness, and tail behavior. Its associated P value 
gives the probability, under the null hypothesis of identical continu-
ous distributions, of observing a distance D as large or larger than 
the one measured. Together, the bootstrap and KS tests provide com-
plementary assessments of differences in bar radius distributions 
(table S1). All used codes are included in the Supplementary Materi-
als (data S2).

Supplementary Materials
The PDF file includes:
Figs. S1 to S5
Tables S1 and S2
Legends for data S1 and S2

Other Supplementary Material for this manuscript includes the following:
Data S1 and S2
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