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Abstract. Linking the distribution of plant species to geology has generally been biased by the over-
simplification of landscape evolution and the lack of understanding of complex geological processes. The
Amazonian lowlands have forests in different successional stages, and a growing perception is that such
heterogeneity results from long-term environmental changes. This hypothesis is investigated by designing
an analytical model based on past and present-day vegetation and successions of the plant communities,
combined with an advanced understanding of geological history. An area of southwestern Amazonia was
selected for floristic inventories, and we interpreted the paleovegetation based on C/N and d13C analyses
of sedimentary organic matter. These data were examined in the context of the geological evolution on the
basis of new sedimentological and chronological data. The topographically high Late Pleistocene deposits
had continuous and highly diversified late-successional terra firme forests as well as local fluvial pale-
olandforms of younger ages with less diversified campinarana forests. Late Pleistocene–Holocene terrains
in intermediate elevations had terra firme forests, but shorter trees with lower basal areas and ecotonal for-
ests appeared near the confines of the forest–savanna, while Holocene deposits recorded only seasonally
flooded varzea forests. Several deposits of Late Pleistocene and Late Pleistocene–Holocene age recorded an
expansion of C4 terrestrial plants before the establishment of the forest from ~20,000 cal yr BP to 7578 cal
yr BP, which is not related to past arid episodes. We recorded forests with onsets at 6130–3533 cal yr BP,
3402–2800 cal yr BP, and 1624–964 cal yr BP to terra firme, varzea, and ecotonal forests, respectively. How-
ever, not all forests have reached maturity stages due to their location on terrains with a diverse history of
terrace downcutting and deposition, which had a direct impact on local hydrology with the interaction of
topographic gradients. The hydrology of the study area was also controlled by the distance from the main
river valley. Capturing long-term disturbances over this region of still pristine forests may help elucidate
the potential mechanisms that also determine trends in tree growth and forest diversity in other Neotropi-
cal regions.
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INTRODUCTION

The Amazonian rainforest is well known as
having the world’s greatest biodiversity and
landscape complexity. The rainforest is linked to
global carbon cycling and climate regulations,
and this feature of the ecosystem has encouraged
floristic inventories and studies to establish bio-
geographic patterns on a large scale and to
understand the functioning and evolution of the
forest. As a result, large-scale tree variations
were often associated with modern climatic gra-
dients (ter Steege et al. 2006) or soil filtering (ter
Steege et al. 1993, Sabatier et al. 1997, Hau-
gaasen and Peres 2006, Pitman et al. 2008).
Although lacking consensus and supporting data
on a large scale (Guit�et et al. 2016), there is agree-
ment that geology is an important factor for
other environmental properties, such as soil and
climate, which restrict species distribution and
diversification in this region (see Baker et al.
2014 for a full review on this topic). In contrast, a
consensus on how geology may have interfered
in defining the modern distribution of plant com-
munities throughout the Amazonian ecosystem
has not yet been achieved. The lithological con-
trasts between Neogene and Plio-Pleistocene
geological formations produced large-scale func-
tional soil units for forest partitioning in Amazo-
nia (Higgins et al. 2011). Landscape disturbances
caused by recent geological events have also
been proposed to explain the increase in tree
diversity following trends of higher soil fertility
and smaller seeds of rapid germination (ter
Steege et al. 2006). However, high neotropical
biodiversity in general has also been related to
complex ecological and evolutionary trends due
to Neogene tectonics and glacial/interglacial
Pleistocene fluctuations (Bush 1994, Rull 2011). A
major problem in linking the distribution of plant
species to geological processes has generally
been the over-simplification of biogeographic
models and the misunderstanding of complex
geological processes (Guit�et et al. 2016).

The design of models based on biological data
from several Amazonian areas with an advanced
understanding of geological processes seems to
be fundamental when analyzing the distribution
of the present-day communities of plant species.
Improvements in this field have mainly focused
on mosaics of open vegetation within the forest

matrix (e.g., Fine et al. 2010, Wittmann et al.
2013, Fortunel et al. 2014). Although less empha-
sized, the Amazonian rainforest is also heteroge-
neous in composition, structure, and function. A
feature of mature and old-growth forests is the
hyperdominance of some tree species in contact
with forest mosaics in several successional
stages. This variation in plant communities was
attributed to the global increase in tree growth in
response to the increased anthropogenic CO2

atmospheric concentration in the last decades
(Baker et al. 2014, Levis et al. 2017). However,
several stochastic events of low and localized
intensity, such as fires, extreme droughts, blow-
downs, storms, or prehistoric anthropogenic
land clearings, were also claimed as the cause of
large-scale changes in tropical forests (Nelson
et al. 1994, Esp�ırito-Santo et al. 2010, Newbery
et al. 2013, Tanner et al. 2014). For instance, Afri-
can rainforests showed large-scale changes even
with small fluctuations in intensity or duration of
the dry season (Malhi et al. 2013). A recent publi-
cation has also related large-scale changes in the
Amazonian rainforest to seasonal variations
(Zemp et al. 2017). A growing perception, how-
ever, has been that variations within present-day
tropical forests were imprinted by long-term (i.e.,
secular to millennial scale) environmental
changes (Patton et al. 2000, Vlam et al. 2017, and
references contained therein). Thus, identifying
the timing and mode of forest establishment and
development is critical to examine the origin of
the forest’s present-day diversity and understand
its functionality.
Large-scale tree mortality and regeneration

over a decadal timescale can be detected by for-
est monitoring, but many of these processes in
modern tropical forests are inherited from past
disturbances at a centennial (Burslem et al. 2000,
Baker et al. 2005), millennial (Da€ınou et al. 2010,
Lebamba et al. 2012), or perhaps an even longer
timescale. Some studies on tree rings from non-
Amazonian areas have provided information on
long-term (i.e., centennial) disturbances in tropi-
cal forests (Baker et al. 2005, Middendorp et al.
2013, Nock et al. 2016, Vlam et al. 2017). Untan-
gling the long-term history of forest disturbances
in Amazonia requires floristic and geological
data, which can be obtained through the analysis
of the sedimentary record. While this is a long-
term research that needs to integrate efforts of
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botanists and geologists, advancing this field can
help researchers better understand the processes
of tropical forest development and the origin of
the high heterogeneity in tree communities in
diverse Amazonian ecosystems.

We investigated tree forests in an extensive
area of the middle Madeira River in the south-
western Amazonian plains (Fig. 1), where high
sedimentary dynamics induced by tectonic reac-
tivations in the Late Pleistocene–Holocene period
was previously documented (e.g., Rossetti et al.
2014). The aim was to examine the effects of geo-
logical disturbances in the past and present-day
forest composition and structuring, and to link
these events to climatic patterns. A previously
established geological framework (Fig. 1A) was
analyzed in light of new sedimentological and
chronological data, the latter obtained by radio-
carbon and optically stimulated luminescence
(OSL) dating. Floristic inventories led to the char-
acterization of present-day forest types and com-
positions. C/N and d13C analyses of sedimentary
organic matter allowed the determination of the
time of the last colonization of trees across the
studied terrains. The combination of these proce-
dures provided a robust database to examine
whether the heterogeneous pattern of the pre-
sent-day forest is related to past environmental
disturbances within the period of a millennial
scale or more, an issue that has not yet been
investigated (Clark et al. 2010). This may also
facilitate the evaluation of links among vegeta-
tion patterns, geological processes, and climatic
history along the Late Pleistocene–Holocene.
Capturing long-term forest disturbances in this
area of still undisturbed tree canopies has the
potential to contribute to advancing understand-
ing of the potential mechanisms that determine
trends in tree growth and forest diversity in
many tropical regions.

GEOLOGICAL FRAMEWORK

We investigated geological and floristic data
from an area marginal to the Madeira River in the
lowlands of southwestern Amazonia in detail
(Fig. 1A, B). This tropical region presents an aver-
age annual temperature of 28°C and an average
precipitation of 2500–3000 mm/year. The vegeta-
tion mainly consists of ombrophylous forest, with
local spots of open (savanna-like) vegetation

(Radambrasil 1978), the latter being a topic of an
ongoing work to be presented elsewhere. The
topography is essentially low and flat, with alti-
tudes generally less than 100 m.
The study area is located in the intracratonic

basin of Solim~oes (Fig. 1A), which was estab-
lished on Precambrian rocks of the Amazonian
Craton mainly during the Paleozoic period
(Tassinari and Macambira 1999). This basin
evolved into a foreland structure from the Creta-
ceous to the Cenozoic due to the Andean uplift-
ing. Its sedimentary fill is up to 3.8 km thick, but
on the surface, it consists of deposits mapped as
the Ic��a Formation of an estimated Plio–
Pleistocene age (cf. Maia et al. 1977). In addi-
tion, Pleistocene–Holocene to modern alluvial
sediments are recorded over a wide area, partic-
ularly in the Madeira River basin. The deposits
in this region occur on three geomorphological
units (T1–T3; Fig. 1B) that record the sedimen-
tary history of fluvial systems during the late
Quaternary (Rossetti et al. 2014). T1 is the high-
est terrain that stands at elevations ranging from
100 to 65 m. Despite the mapping of these
deposits as part of the Ic��a Formation, dating of
sediment samples from this plateau recorded
only Late Pleistocene OSL ages between 65.4 �
16.9 and 346.6 � 48.6 ky (Rossetti et al. 2015),
and the 14C ages before 43,500 and 31,696–
32,913 cal yr BP (Rossetti et al. 2014). T2 is a flu-
vial terrace recorded on the left bank of the
Madeira River at elevations of 85–50 m. This ter-
race is composed of fluvial deposits with 14C
ages between 25,338 and 26,056 and 14,129–
14,967 cal yr BP. T3 is the youngest terrace
formed on both banks of the river at altitudes of
65–45 m and includes deposits younger than
12,881–13,245 cal yr BP.
The history of deposition and erosion of the

sedimentary terrains marginal to the Madeira
River was related to neotectonic reactivations of
the Madre de Dios-Itacoatiara Transcurrent Fault
Zone (Souza–Filho et al. 1999, Rossetti et al.
2014). According to these authors, this structure,
which parallels the modern Madeira River, also
controlled its course in the past. This is shown, for
instance, by the large-scale avulsion of this river
to the northwest of the study area, recorded by a
segment almost 200 km long from a paleovalley
approximately 20 km west of the modern river
(Hayakawa et al. 2010). In addition, a
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Fig. 1. Location map. (A, B) Location of the study area in the Solim~oes Basin of lowland Amazonia and simplified
geological context (modified from Rossetti et al. 2014). (C) DEM-SRTM with location of the studied transect (I–II)
along the valley of the Madeira River, with indication of all geological sections (PV) and floristic inventories (HT).
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paleodrainage network in the western sector of
the study area was related to the inversion of pre-
vious tributaries of the Madeira River due to tec-
tonic tilting (Bertani et al. 2015). A profusion of
other documented fluvial paleolandforms on this
region also evidences tectonic control (Hayakawa
and Rossetti 2015), although a genesis linked to
climate changes has also been proposed (Latru-
besse 2002).

MATERIALS AND METHODS

The study in southwestern Amazonia was
based on a transect across the Madeira River
(Fig. 1C), which was chosen for its location in an
area with extensive and still pristine forest cover.
Here, we define as pristine those forests with no
detectable evidence of extensive deforestation,
logging, fire, or other anthropogenic activities
that may have influenced the structure and com-
position of vegetation over the past few centuries.
It is not possible to be sure if the forests studied
here were managed by pre-Columbian Amerin-
dian populations (sensu Levis et al. 2017), since
the disturbances caused by this management are
difficult to detect at the present times. However,
stands with high density (>10 adult individuals/
ha) of Brazil nut trees (Bertholletia excelsa, Lecythi-
daceae) were excluded from the study due to the
putative anthropic origin of these forests in the
Rio Madeira region (Scoles and Gribel 2011, 2015)
and in the Amazon as a whole. In addition to the
pristine forest, the area of the Madeira River was
chosen due to the availability of detailed paleoen-
vironmental reconstruction in the latest geologi-
cal history based on previous sedimentological
and chronological studies, and expressive geolog-
ical disturbances related to the high fluvial
dynamics of the Madeira River by tectonic reacti-
vations. This set of features rendered this area as
highly suitable to test whether and how millen-
nial-scale sedimentary events affected the estab-
lishment and development of present-day forest
tree communities.

The geological framework and detailed recon-
structions of fluvial terraces of the Madeira River
were presented in previous publications (Rossetti
et al. 2014, Bertani et al. 2015; Fig. 1B). Addi-
tional geological data-based outcrops (river
bank, road cut) and cores were collected at indi-
vidual sites to complete the existing

interpretation of the geological history. The cores
were collected using an RKS percussion drilling
system, model COBRA mk1 (Eijkelkamp Agri-
search Equipment, Giesbeek, The Netherlands),
which provided 5 cm diameter continuous cores
at depths up to 15 m. The new data consisted of
boreholes acquired with a manual soil sampling
auger with a 20-cm sampler. Descriptions of
facies included characteristics such as lithology,
texture, sedimentary structure, and the type of
facies contact, which were recorded in measured
lithostratigraphic sections. A total of 37 sections
were used to improve the geological knowledge
and provide information along a transect that
recorded different geological settings of the
study area on both banks of the Madeira River
(Figs. 1C, 2, and 3). While 30 sections were
acquired exclusively for this work, we also
added seven sections already reported in a previ-
ous publication (Rossetti et al. 2015) to complete
the geological view along the transect studied.
Among all sections, 18 recorded the geomorpho-
logical unit T1, of which 12 were on the western
bank of the Madeira River and six were on the
eastern bank of this river. Units T2 and T3 were
represented by 12 and 7 sections, respectively.
In addition to 23 ages published by Rossetti

et al. (2014), we dated an additional 48 sediment
samples (Fig. 3, Tables 1–3), which helped us to
improve the chronological framework using both
14C and OSL techniques. The 14C ages were
obtained for 23 samples (Table 1) by an accelera-
tor mass spectrometer (AMS) at Beta Analytic
Radiocarbon Dating Laboratory, Florida, USA.
Sampling did not follow regular spacing but
depended on the availability of fresh, organic-
rich muddy sediments. Acceptance was defined
as the total laboratory error known to be within
2-sigma. The equipment used in these analyses
was the Thermo Delta-Plus isotope ratio mass
spectrometer (d13C precision of �0.3&) and the
single-stage 250-kV NEC particle accelerator
(AMS precision of �0.001–0.004 fractions mod-
ern). The radiocarbon ages are reported in years
before AD 1950 (yr BP), normalized to d13C of
�25& VPDB and in cal yr BP according to
SHCal13 (Reimer et al. 2013). The software
CALIB Radiocarbon Calibration version 7.1 html
(Stuiver et al., 2018) was used for age calibration.
The OSL ages were obtained for 25 samples
(Fig. 3, Tables 2 and 3) in the Laboratory of
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Dating and Dosimetry of the Federal University
of S~ao Paulo (UNIFESP) using the Risø OSL/TL
model DA-20 and DA-15 equipment with blue
LEDs, Hoya U-340 filters, and built-in 90Sr/90Y

beta sources. We used the single-aliquot regener-
ation protocol to measure equivalent doses (Mur-
ray and Wintle 2003, Duller 2004). The mass
fraction of U, Th, K for the calculation of the dose

Fig. 2. Topographic framework of the transect I–II (see Fig. 1B for location). (A) Elevations derived from the
DEM-SRTM, with indication of the studied geological sections (PV). The horizontal hatched lines indicate the
average elevation of individual geomorphological units, discounting the effect of vegetation as interpreted from
remote sensing data combined with field observations. (B) Distribution of the geological sections (PV) and floris-
tic plots (HT) along the geomorphological units, with indication of the various types of vegetation cover, inter-
preted from remote sensing data, Digital Globe and WebGLEarth (webglearth.com) images, and eye views and
photographs obtained with a Phantom-3 drone.
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Fig. 3. Geological sections with corresponding chronology based on 14C and OSL dating (see location in Fig. 1
and topographic framework in Fig. 2).
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rates was determined by instrumental neutron
activation analysis (INAA) with a Germanium
(hyperpure) detector, model GX2519 from Can-
berra, with a resolution of 1.90 keV at the
1332.49 keV c-peak of 60Co. The samples were
irradiated in the swimming pool research reactor
IEA-R1 of the Nuclear and Energy Research
Institute, IPEN-CNEN/SP, at a thermal neutron
flux of 1.2 9 1012 cm�2 ∙ s�1 for 8 h. Spectra were
collected with a Canberra S-100 multi-channel

analyzer with 8196 channels. The Standard Refer-
ence Material NIST-SRM1633b was used as stan-
dard for analysis and the IAEA-Soil-7 for the
analytical quality control. The software Genie-
2000 NAA Processing Procedure was used to ana-
lyze the gamma-ray spectra. The daughter
nuclides were also calculated with an efficiency
calibration based on the ISOCS (In Situ Object
Counting System) for the used HPGe detector.
The total error of dose rates and ages was

Table 1. AMS 14C dating of samples derived from sedimentary deposits representative of the three geomorpho-
logical units cited in the text.

Geom unit
Locality/laboratory

number Coordinates Depth (m)
14C yr BP

conventional

Cal yr BP
2-sigma calibration-AMS
(median probability)

T2 PV5 (288718)† 7°55026″ S (63°04060″W) 0.8 6450 (�40) 7265–7422 (7345)
T2 PV5 (288719)† 7°55026″ S (63°04060″W) 2.7 13,770 (�60) 16,316–16,863 (16,574)
T2 PV5 (304791)† 7°55026″ S (63°04060″W) 4.7 30,770 (�170) 34,272–34,999 (34,657)
T2 PV5 (285261)† 7°55026″ S (63°04060″W) 5.0 34,000 (�200) 41,770–42,768 (42,271)
T2 PV5 (288720)† 7°55026″ S (63°04060″W) 6.8 38,110 (�360) 42,033–43,168 (42,600)
T2 PV7 (309798)† 7°18004″ S (63°10010″W) 0.5 3350 (�50) 3446–3641 (3533)
T2 PV7 (304792)† 7°18004″ S (63°10010″W) 2.7 7940 (�40) 8591–8814 (8727)
T2 PV7 (309799)† 7°18004″ S (63°10010″W) 4.2 28,130 (�140) 31,431–32,456 (31,842)
T2 PV12 (304797)† 6°42028″ S (61°42028″W) 0.9 12,440 (�50) 14,129–14,967 (14,548)
T2 PV12 (309801)† 6°42028″ S (61°42028″W) 4.3 15,630 (�60) 18,626–18,914 (18,770)
T3 PV38 (309812) 8°13039″ S (63°12012″W) 2.4 9650 (�50) 10,980–10,782 (10,888)
T3 PV38 (309814) 8°13039″ S (63°12012″W) 5.1 13,290 (�50) 16,610–16,300 (16,450)
T2 PV50A (397678) 8°49044″ S (63°10010″W) 0.6 2700 (�30) 2742–2844 (2772)
T2 PV50A (406686) 8°49044″ S (63°10010″W) 1.5 9870 (�30) 11,190–11,275 (11,233)
T2 PV50A (397679) 8°49044″ S (63°10010″W) 2.9 16,000 (�60) 19,028–19,482 (19,252)
T2 PV53A (397683) 7°56027″ S (63°05002″W) 0.2 1190 (�63) 963–1094 (1027)
T2 PV53A (397685) 7°56027″ S (63°05002″W) 4.8 15,170 (�50) 18,287–19,597 (18,440)
T3 PV57 (397688) 7°28031″ S (62°56040″W) 0.8 920 (�30) 732–922 (824)
T3 PV57 (397687) 7°28031″ S (62°56040″W) 3.5 14,810 (�60) 17,764–18,167 (17,968)
T3 PV58 (406692) 7°29010″ S (63°00046″W) 2.2 3280 (�30) 3384–3515 (3459)
T3 PV58 (309814) 7°29010″ S (63°00046″W) 4.9 9200 (�30) 10,232–10,420 (10,309)
T1 PV59A (406695) 7°52016″ S (63°15026″W) 0.3 1110 (�30) 924–995 (964)
T1 PV59A (406696) 7°52016″ S (63°15026″W) 0.9 7180 (�30) 7871–7895 (7964)
T1 PV59A (397693) 7°52016″ S (63°15026″W) 2.8 15,580 (�60) 18,645–18,926 (18,795)
T1 PV60A (397695) 7°54030″ S (63°14054″W) 0.4 1750 (�30) 1469–1748 (1624)
T1 PV60A (406698) 7°54030″ S (63°14054″W) 0.8 4170 (�30) 4529–4729 (4670)
T1 PV60A (397696) 7°54030″ S (63°14054″W) 2.2 17,400 (�60) 20,700–21,182 (20,937)
T3 PV62A2 (397702)‡ 7°26015″ S (63°01011″W) 0.2 630 (�30) 552–613 (600)
T3 PV62A2 (397703)‡ 7°26015″ S (63°01011″W) 1.3 2950 (�30) 3001–3183 (3110)
T3 PV62A2 (397701)‡ 7°26015″ S (63°01011″W) 9.0 5010 (�30) 5655–5766 (5741)
T1 PV72A2 (476312) 7°29050″ S (63°32054″W) 1.9 9370 (�30) 10,418–10,607 (10,539)
T1 PV73A (476313) 7°30039″ S (63°32051″W) 2.7 5210 (�30) 5886–5995 (5928)
T1 PV73A (476314) 7°30039″ S (63°32051″W) 4.0 6370 (�30) 7166–7325 (7259)
T3 PV76A (476315) 7°29004″ S (62°57048″W) 3.0 4550 (�30) 5053v5189 (5159)
T1 PV91A (476317) 7°39042″ S (63°17023″W) 4.0 11,350 (�30) 13,111–13,281 (13,194)
T2 PV124A (476327) 7°11050″ S (63°06049″W) 6.3 30,880 (�160) 34,452–35,138 (34,789)

Note: All samples are derived from organic sedimentary deposits.
† Age from Rossetti et al. (2014).
‡ Age from Rossetti et al. (2015).
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calculated according to the Gaussian law of error
propagation. The number of aliquots per sample
ranged from 9 to 16, with exponential or linear–
exponential growth functions used to describe
dose–response curves. The central (Galbraith and
Roberts 2012) or finite mixture (Galbraith and
Green 1990) age models were used when the
equivalent dose (De) dispersion values were
lower or higher than 20%, respectively. The values
of De were calculated using the numerical soft-
ware package statistical numOSL (Peng et al.
2013). We only used aliquots with the recycling
test <10% and recovery test <5%.

We selected 12 geological sections (Figs. 4–6) to
perform analyses of total organic carbon, total
nitrogen, and d13C to reconstruct changes in vege-
tation patterns before the establishment of the pre-
sent-day forest. Among these sections, five were
from unit T1, four were from unit T2, and three
were from unit T3. Soil degradation can enrich
13C (e.g., Chikaraishi and Naraoka 2006, Garcin
et al. 2014, Schwab et al. 2015), but the d13C val-
ues in the soil are within the range of the values of
present-day plants (Garcin et al. 2014). For this
reason, this proxy has been used in paleoclimatic
reconstructions (Meyers 1997, Cloern et al. 2002,

Table 2. Summary of radioisotope concentrations in samples dated by optically stimulated luminescence.

Sample
Coordinate
lat/long Depth (m) U ppm Th ppm K % Water (%)

PV5 7°55026″ S (63°04060″W) 8.6 4.49 � 0.07 13.20 � 0.15 1.86 � 0.01 28
PV5 7°55026″ S (63°04060″W) 9.7 5.00 � 0.08 17.57 � 0.17 2.15 � 0.02 29
PV7† 7°18004″ S (63°10010″W) 7.2 3.17 � 0.58 9.16 � 0.55 1.19 � 0.19 43
PV7† 7°18004″ S (63°10010″W) 8.4 1.67 � 0.56 7.53 � 0.53 1.12 � 0.26 45
PV9† 7°29031″ S (62°55043″W) 6.3 3.65 � 0.53 9.30 � 0.82 1.15 � 0.04 32
PV9† 7°29031″ S (62°55043″W) 7.3 1.88 � 0.39 8.25 � 0.50 1.10 � 0.15 43
PV9† 7°29031″ S (62°55043″W) 9.7 1.73 � 0.40 7.48 � 0.47 1.22 � 0.19 43
PV9† 7°29031″ S (62°55043″W) 12.3 0.64 � 0.31 2.92 � 0.38 0.56 � 0.12 43
PV12† 7°37038″ S (63°04087″W) 5.6 3.20 � 0.56 9.75 � 0.60 1.55 � 0.53 27
PV12† 7°37038″ S (63°04087″W) 6.8 1.84 � 0.42 7.05 � 0.43 1.1 � 0.44 30
PV12† 7°37038″ S (63°04087″W) 7.7 1.95 � 0.50 9.96 � 0.61 1.16 � 0.68 40
PV50A 8°49044″ S (63°10010″W) 4.8 3.11 � 0.41 10.12 � 0.55 1.45 � 0.30 22
PV50A 8°49044″ S (63°10010″W) 8.7 2.95 � 0.42 12.2 � 0.65 1.21 � 0.72 30
PV53A 7°56027″ S (63°05002″W) 4.9 2.88 � 0.36 10.24 � 0.38 1.23 � 0.52 17
PV56A† 7°33040″ S (62°50009″W) 2.2 2.48 � 0.00 13.06 � 0.00 0.51 � 0.03 4
PV56A† 7°33040″ S (62°50009″W) 3.4 1.19 � 0.00 5.71 � 0.00 0.26 � 0.02 10
PV57A 7°28031″ S(62°56040″W) 4.8 3.55 � 0.51 9.10 � 0.72 1.16 � 0.20 19
PV57A 7°28031″ S (62°56040″W) 6.9 1.90 � 0.29 8.63 � 0.47 1.14 � 0.17 25
PV60A 7°54030″ S (63°14054″W) 4.3 3.08 � 0.36 12.03 � 0.61 1.36 � 0.15 28
PV60A 7°54030″ S (63°14054″W) 5.7 3.22 � 0.45 10.04 � 0.55 1.65 � 0.51 30
PV62A2 7°26015″ S (63°01011″W) 10.8 2.34 � 0.42 11.2 � 0.50 0.61 � 0.03 13
PV74A 7°31027″ S (63°20043″W) 6.0 – – – –
PV79A2 7°37054″ S (62°39049″W) 6.0 – – – –
PV88A 7°32055″ S (62°52038″W) 0.5 1.55 � 0.07 5.99 � 0.30 0.15 � 0.01 9
PV94A1 7°35034″ S (63°11023″W) 0.5 1.75 � 0.07 6.46 � 0.38 0.10 � 0.01 7
PV94A3 7°35034″ S (63°11023″W) 3.0 1.80 � 0.07 6.65 � 0.39 0.11 � 0.01 7
PV94A2 7°35034″ S (63°11023″W) 5.8 1.89 � 0.07 7.14 � 0.42 0.17 � 0.01 8
PV101A1 7°30004″ S (63°24055″W) 1.8 2.73 � 0.07 14.04 � 0.70 0.20 � 0.01 10
PV103A1 7°30018″ S (63°22017″W) 1.7 – – – –
PV105A1 7°30002″ S (63°28053″W) 0.7 3.90 � 0.07 14.08 � 0.61 0.08 � 0.01 8
PV120A1 7°57018″ S (63°21041″W) 0.9 1.81 � 0.07 9.35 � 0.43 0.08 � 0.01 8
PV120A3 7°57018″ S (63°21041″W) 3.0 – – – –
PV122A1 7°33043″ S (62°48045″W) 1.0 2.10 � 0.07 7.14 � 0.44 0.05 � 0.01 8
PV123A1 7°17014″ S (63°09048″W) 2.5 2.05 � 0.07 9.31 � 0.40 0.10 � 0.01 7
PV124A1 7°11050″ S (63°06049″W) 5.7 – – – –

Note: En dash indicates below detection.
† Age from Rossetti et al. (2015).
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Ogrinc et al. 2005), with values between �33.0&
and �23.0&, and between �15.0& and �9.0&
being related to C3 and C4 terrestrial plants,
respectively (Deines 1980). Since the d13C values
of terrestrial plants may overlap with those of
aquatic plants, the isotopic ratio should be used
with C/N to discriminate freshwater phytoplank-
ton (C/N = 4.0 to 10.0; Meyers 1997) from land
plants (C/N ≥ 12.0; e.g., Cloern et al. 2002, Wilson
et al. 2005). These proxies were applied in sections
with chronologically similar sedimentary records
on the studied plateaus in an attempt to detect

and compare the time for the establishment of
modern forests. Samples, generally collected at
intervals of 20 cm, were prepared following stan-
dard procedures in the Iso-Analytical Laboratory
of England. The reference material used during
the d13C analysis of acid-washed samples was IA-
R001 (wheat flour, d13CV-PDB = of �26.43&). The
results were expressed as percentage dry weight
(total C and N) and as d13C over the VPDB stan-
dard using conventional d (&) notations.
We inventoried 16 forest plots (Figs. 1C and

2B), which covered a total of 4.5 ha, with each

Table 3. Optically stimulated luminescence dated samples with corresponding depths, equivalent doses (De),
total annual dose rate (AD), aliquot number (N), and ages.

Sample Depth (m) De (Gy) AD (Gy/ky) N Age (ky)

PV5 8.6 261 � 25 3.37 � 0.69 16 77.5 � 7.6
PV5 9.7 284 � 15 3.46 � 0.13 16 82.1 � 5.3
PV7 7.2 124 � 20 1.78 � 0.14 16 69.6 � 12.6
PV7 8.4 138 � 12 1.39 � 0.16 16 99.0 � 14.5
PV9† 6.3 81 � 20 2.02 � 0.11 12 40.3 � 15.0
PV9† 7.3 107 � 17 1.49 � 0.11 16 72.1 � 12.9
PV9† 9.7 116 � 16 1.48 � 0.12 16 79.0 � 12.7
PV9† 12.3 94 � 19 0.63 � 0.08 16 148 � 34.8
PV12† 5.6 154 � 3 2.36 � 0.35 16 65.4 � 16.9
PV12† 6.8 146 � 2 1.57 � 0.28 11 92.9 � 20.2
PV12† 7.7 195 � 2 1.64 � 0.39 09 118.9 � 30.7
PV50A 4.8 123 � 8 2.86 � 0.25 16 43.0 � 4.7
PV50A 8.7 221 � 10 2.66 � 0.57 16 83.9 � 18.3
PV53A 4.9 105 � 8 2.01 � 0.31 16 52.2 � 9.0
PV56A† 2.2 200 � 26 1.95 � 0.14 11 102.8 � 15.2
PV56A† 3.4 200 � 22 1.05 � 0.07 11 190.2 � 25.4
PV57A 4.8 53 � 2 2.64 � 0.19 16 20.1 � 1.6
PV57A 6.9 90 � 5 2.15 � 0.15 16 41.8 � 3.7
PV60A 4.3 105 � 6 2.87 � 0.14 16 36.6 � 2.7
PV60A 5.7 108 � 5 3.01 � 0.41 16 35.9 � 5.1
PV62A2† 10.8 185 � 19 2.00 � 0.16 09 92.4 � 12.0
PV74A 6.0 – – – ‡
PV79A2 6.0 – – – ‡
PV88A 0.5 12.6 � 0.3 1.03 � 0.25 08 7.5 � 0.2
PV94A1 0.5 10.7 � 0.2 1.15 � 0.27 11 9.3 � 0.3
PV94A3 3.0 109 � 2 1.23 � 0.30 15 88.8 � 32.8
PV94A2 5.8 125 � 6 0.95 � 0.28 12 131.3 � 7.2
PV101A1 1.8 37.5 � 1.0 1.96 � 0.47 16 19.1 � 0.8
PV103A1 1.7 – – – ‡
PV105A1 0.7 16.3 � 0.3 2.14 � 0.65 14 7.6 � 0.80.3
PV120A1 0.9 13.2 � 0.3 1.49 � 0.34 17 8.9 � 0.3
PV120A3 3.0 – – – ‡
PV122A1 1.0 125 � 6 1.40 � 0.30 11 89.0 � 4.7
PV123A1 2.5 75 � 3 1.64 � 0.36 09 45.6 � 2.2
PV124A1 5.7 – – – ‡

Note: N is number of measured aliquot. En dash indicates below detection.
† Age from Rossetti et al. (2015).
‡ Saturated sample.
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Fig. 4. d13C, TOC, and C/N data from geological sections located in the T1 unit (see Fig. 1 for location).
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Fig. 5. d13C, TOC, and C/N data from geological sections located in the T2 unit (see Fig. 1 for location).

 ❖ www.esajournals.org 12 October 2018 ❖ Volume 9(10) ❖ Article e02457

ROSSETTI ET AL.



plot varying in size from 0.2 e 0.5 ha. All trees
had a diameter at breast height ≥30 cm, and their
crowns reached the canopy or sub-canopy. For
the comparison of the plots, the abundance and

basal area were standardized to 1 ha (individu-
als/ha and m2/ha, respectively). Each plot was
categorized according to forest types (cf. IBGE
2012) and positions in the geomorphological

Fig. 6. d13C, TOC, and C/N data from geological sections located in the T3 unit (see Fig. 1 for location).
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units T1–T3 (cf. Rossetti et al. 2014) as follows:
non-flooded terra firme forest in units T1 (HT03,
HT09, HT14, HT18) and T2 (HT04, HT06, HT11,
HT16, HT17, HT26, HT27); white-sand camp-
inarana forest on paleochannels in unit T1
(HT02, HT12, HT20); and seasonally flooded
varzea forest in unit T3 (HT07, HT13). Terra
firme forests were further classified as continu-
ous (HT03, HT06, HT14, HT09, HT16, HT17,
HT18, HT27) and ecotonal (HT04, HT11, HT26).
Ecotonal forests consist of border forests in con-
tact with regional savannas (Gottsberger and
Morawetz 1986), the latter being complex forma-
tions to be dealt with more detail in a separate
publication. Relative abundance (i.e., the propor-
tion of individuals of each species per plot) was
processed by cluster analysis to establish the
floristic relationship among the inventoried
plots. The UPGMA (unweighted pair-group
method using arithmetic averages) clustering
was applied with the Bray-Curtis similarity
index (Bray and Curtis 1957), and each binding
was tested with a 1000-bootstrap resampling.
The percentages of replicates that each dendro-
gram node supports were provided. To ordinate
and graphically express the floristic relationship
among the plots, we performed the NMDS (non-
metric multidimensional scaling; Krustal and
Wish 1978) analysis using the basal area (m2/ha)
for each species per plot as the abundance rela-
tive to the measure. The data were transformed
by square root before analysis to avoid over-
weight of the highly frequent species (Clarke
and Green 1988, Clarke 1993). Trees were prelim-
inarily identified in the field with the help of
experienced botanists, and the samples were
classified at the lowest possible taxonomic level
in comparison with reference specimens depos-
ited in the herbarium of the National Institute of
Amazonian Research and virtual collections
(such as: http://reflora.jbrj.gov.br/reflora/Principa
lUC/PrincipalUC.do?lingua=en).

We used the original (30m-resoluiton) digital
elevation model (DEM) from the Shuttle Radar
Topography Mission (SRTM) for topographic
characterization (downloaded from https://
www2.jpl.nasa.gov/srtm/). In addition, high-
resolution optical images from Digital Globe and
WebGLEarth (webglearth.com) as well as views
and photographs taken with a Phantom-3 drone
completed our analysis of the forest structure.

RESULTS

Sedimentological characteristics and depositional
environments
The facies analysis revealed that the three geo-

morphological units consist of siliciclastic litholo-
gies that vary in grain size from mud to sand, and
locally gravel (Fig. 3). Massive and cross-stratified
gravels and sands were formed by high-energy
flows within channels as evidenced by fining-
upward successions <5 m thick and based on
sharp erosional surfaces locally with intraforma-
tional pebbles. The channelized deposits were
amalgamated or interbedded with low-energy
floodplain strata. The latter consisted of massive or
parallel-laminated mud intergraded with various
proportions of sand and mud as streaky, lenticular,
and wavy heterolithic beddings. Floodplain depos-
its graded upward into coarsening-upward sandy
successions <1 m thick were related to crevasse
splays of sand overflows into adjacent floodplains
at high-channel stages. All these deposits pre-
sented different degrees of phytoturbation associ-
ated with several local-scale paleosols, which are
typical of fluvial environments.
A comparison of the sedimentological charac-

teristics from all geological sections revealed
some important differences when the three geo-
morphological units were compared. Thus, unit
T1 showed deposits with a higher degree of
induration than the two younger units due to the
greater degree of lithification and development of
lateritic paleosols, being characterized by incipi-
ent ferruginous concretions. Lateritic paleosols
were reworked as fragmented concretions within
overlying deposits. The iron oxides/hydroxides of
these concretions were remobilized and cemented
in the surrounding deposits, which further
increased the hardness of the unit T1. We found
that such processes were less effective in units T2
and T3, which contained softer and usually less
oxidized lithologies than T1. In addition, the unit
T3 recorded comparatively more frequent and
denser floodplain deposits.
Although the studied units were promptly

identified by sedimentological, geomorphologi-
cal, and topographic characteristics presented in
Rossetti et al. (2014), their chronology proved to
be not so simple due to multiple phases of sedi-
ment deposition and erosion, which produced
several hiatuses in the sedimentary successions.
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In addition, sediment reworking by channels
established mainly in units T1 and T2 caused not
only erosion, but also added new sediments to
their surfaces at different times after the origin of
the individual plateaus. As a result, the top of
unit T1 had local sedimentary successions to the
deposits of units T2 and T3 (Fig. 3) and the top
of unit T2 had sediments as young as the age of
unit T3. Another important observation was that,
although they were deactivated as depositional
sites, the paleochannels were still underfilled, in
which case they were marked by slightly
concave-up morphologies that are still flooded
during wet seasons. This is an important infor-
mation to consider when analyzing the drivers
for the present-day forests because communities
located within a given geomorphological unit
may have several substrates formed at various
ages and hydrological conditions.

Floristic data
The inventory of the 16 forest plots resulted in

the record of 306 species, out of which 50 with
basal area ≥0.59 m2/ha (Appendix S1; Figs. 7 and
8). The cluster analysis (Fig. 8) based on the rela-
tive abundance of species per plot showed three
groups, which correspond to the three physiog-
nomies of the forest: campinarana, varzea, and
terra firme. The nodes that separate two plots of
campinarana forest (HT02 and HT20) and two
plots of varzea forest (HT07 and HT13) from for-
ests remaining in the dendrogram were sup-
ported by the high proportion of bootstrap
resampling (100% and 94%, respectively). The
third cluster was formed by twelve plots of terra
firme forest, including the HT12 plot located on
an inactive channel paleolandform. It was not
clear from the analysis how these forest plots
were floristically related, since the bootstrap val-
ues at the cluster nodes were always low.

The floristic data revealed that the continuous
terra firme forests of the units T1 and T2 har-
bored tree assemblages with some floristic simi-
larity, as shown by their close occurrence in the
branches of the cluster dendrogram (Fig. 7).
These plots also had the highest diversity
(Table 4, Fig. 8A, B) among the sampled forests.
Although terra firme forest plots were not distin-
guished on the basis of their floristic similarity
by the clustering analysis, the tree community
structure in this forest type varied visibly as the

plots of unit T1 exhibited basal areas larger than
those in unit T2 (44.1 and 23.5 m2/ha, respec-
tively; t-test, P = 0.035; Fig. 8A, C). The continu-
ous forest in unit T1 also recorded taller trees
compared to T2 (22.1 and 18.6 m, respectively),
although this difference did not have high statis-
tical significance (t-test, P = 0.083). Two palm
species (Attalea speciosa Mart and Euterpe precato-
ria Mart, Arenacaceae) were among the five more
populous species of these.
Pouteria guianensis Aubl. (Sapotaceae) were the

more populous trees. The emergent species with
the highest basal areas were Bertholletia excelsa
Bonpl. (Lecythidaceae), Brosimum parinarioides
Ducke (Moraceae), Caryocar villosum (Aubl.) Pers.
(Caryocaraceae), Cariniana micrantha Ducke
(Lecythidaceae), and Hymenolobium excelsum
Ducke (Fabaceae).
Another difference between units T1 and T2

was that the latter presented a significant propor-
tion of ecotonal forests (i.e., plots HT04, HT11,
and HT26) bordering two large savanna vegeta-
tion patches. Among these plots, HT11 and HT26
were located in a slope area with ravines that
exposed deeper soil layers for tree colonization.
The sloping forests were topographically lower
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than the adjacent flat plain areas covered by
savanna vegetation. Although they have lower
richness and diversity (Table 4), these two forest
plots had floristic compositions that resemble the
set of continuous forests in T1 and T2. Because
they harbored some tree species of riverine and
ecotonal (forest/savanna) habitats, their positions
in the two axes of the NMDS diagram were
slightly further away from the central group
composed of the terra firme forests of T1 and T2
(Fig. 8). The most abundant trees in these two
plots were Goupia glabra Aubl. (Celastraceae),
Iryanthera laevis Markgr. (Myristicaceae),
Ruizterania retusa (Spruce ex Warm.) Marc.-Berti
(Vochysiaceae), Pseudolmedia laevigata Tr�ecul
(Moraceae), Rudgea viburnoides (Cham.) Benth
(Rubiaceae), Iryanthera paraensis Huber (Myristi-
caceae), and Mouriri nigra (DC.) Morley (Melas-
tomataceae), while the most abundant palms
(Arecaceae) were Euterpe precatoria Mart., Attalea
speciosa Mart., and Oenocarpus minor Mart.
HT04 consisted of a forest that differed floristi-

cally from all other forests in T1 and T2, as indi-
cated by its isolated position in the cluster
dendrogram and in the two-axis NMDS ordina-
tion (Figs. 7 and 8). The HT04 plot was from a
site with paleomeander scars at the same topo-
graphic level as the adjacent savannas, and fea-
tured successional characteristics such as thinner
and lower trees, a scarcity of epiphytes and lia-
nas, and a large abundance of palms and sec-
ondary forest trees. The most abundant species
recorded in this plot were the palms Euterpe pre-
catoria Mart. and Attalea speciosa Mart. (Are-
caceae), which represented 46% of the stems
sampled in the plot, while the most common
trees were the secondary growth species Vismia
sprucei Sprague (Hypericaceae), Guatteria olivacea
R.E.Fr. (Annonaceae), Miconia acinodendron (L.)
Sweet (Melastomataceae), Isertia sp. (Rubiaceae),
and Schefflera sp. (Araliaceae).
Among the forests that colonized the channel

paleolandforms of unit T1, those from the areas
still influenced by floods (HT02 and HT20;
Fig. 9A–D) were characterized by species rich-
ness, diversity, and basal area much lower than
in all other forests of the region (Table 4, Fig. 8).
These plots were covered by campinarana forests
(Fig. 9C, D) that transitioned to grasslands to the
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south along this feature (Fig. 9A, B) and con-
trasted with surrounding terra firme forests
(Fig. 9E). The different floristic composition and
structure of these plots were shown by a unique
branch derived from the first cluster dendrogram
node, supported by 100% bootstraps (Fig. 7),
and by the wide separation from other forest
stands on the x-axis of the NMDS diagram
(Fig. 8B). We observed in the field that the sub-
strates of HT02 and HT20 plots presented
slightly concave-up morphologies that are
flooded during the peak of wet seasons and
intense rainfall events followed by storm water
inflows. These paleochannels were directly con-
nected to a drainage flowing to the southwest
(Fig. 9B) and attributed to the inversion of for-
mer tributaries of the Madeira River (cf. Haya-
kawa and Rossetti 2015). The deposition of
sediments within the channels continued even
during the mid-/late Holocene (Bertani et al.
2015, see also Rossetti et al. 2017). The most
abundant species of trees in these paleochannel

forests were Vochysia divergens Pohl (Vochysi-
aceae), Ruizterania retusa (Spruce ex Warm.)
Marc.-Berti (Vochysiaceae), Couma utilis (Mart.)
M€ull.Arg. (Apocynaceae), Hebepetalum humiri-
ifolium (G.Planch.) Benth. (Linaceae), Goupia gla-
bra Aubl. (Celastraceae), and Humiria balsamifera
Aubl. (Humiriaceae) In addition, the palm spe-
cies Euterpe precatoria Mart. and Mauritiella
armata (Mart.) Burret (Arecaceae) were present,
which characterize many campinarana forests of
the Amazonian lowlands.
Plot HT12 was from a site where a channel

paleolandform was still visible in remote sensing
images (Fig. 10A), although this site is no longer
affected by seasonal flooding. As a result, the for-
est had floristic composition, diversity, and basal
area intermediate between terra firme forests and
campinarana forests on paleochannels of the plots
HT02 and HT20, as evidenced by the position of
these plots in the NMDS two-axis plot (Fig. 8; see
also Fig. 10B–D). The most abundant tree species
recorded in these plots were Licania heteromorpha

Table 4. Floristic and structural characterization of the plots inventoried in the region of the middle Madeira
River.

Plot
Geom.
unit Forest type

Sedimentary
substrate

Density
(#/ha)

Basal area
(m2/ha)

DAP (cm)
(mean � SD)

Tree height (m)
(mean � SD) Richness

Shannon
diversity

HT03 T1 Terra firme Sandy channel 690 33.8 20.5 � 14.2 19.4 � 9.1 60 3.8
HT09 T1 Terra firme Muddy (abandoned)

channel/floodplain
605 54.7 25.5 � 22.4 23.8 � 9.8 57 3.8

HT12 T1 Terra firme Muddy (abandoned)
channel/floodplain

610 22.5 19.4 � 9.6 23.1 � 8.3 39 3.1

HT14 T1 Terra firme Pebbly sandy channel 428 48.5 28.8 � 17.9 22.7 � 9.2 59 3.8
HT18 T1 Terra firme Muddy (abandoned)

channel/floodplain
458 39.5 23.5 � 18.1 22.6 � 8.5 79 3.8

HT02 T1 Campinarana Muddy (abandoned)
channel

505 9.2 14.1 � 5.6 14.5 � 3.6 7 1.2

HT20 T1 Campinarana Sandy channel 484 9.5 15.1 � 4.6 18.3 � 5.7 22 2.5
HT04 T2 Terra firme Muddy (abandoned)

channel/floodplain
650 18.5 17.6 � 7.1 17.0 � 5.3 25 2.3

HT06 T2 Terra firme Muddy (abandoned)
channel/floodplain

585 27.0 20.4 � 13.1 16.6 � 7.9 57 3.7

HT11 T2 Terra firme Sandy channel 595 37.5 23.4 � 16.1 20.9 � 8.5 43 3.4
HT16 T2 Terra firme Muddy (abandoned)

channel/floodplain
408 23.0 22.7 � 14.3 16.5 � 5.8 83 4.1

HT17 T2 Terra firme Muddy (abandoned)
channel/floodplain

418 21.1 22.2 � 12.3 19.6 � 7.4 69 3.8

HT26 T2 Terra firme Muddy (abandoned)
channel/floodplain

372 34.7 29.3 � 18.2 20.7 � 7.2 41 3.1

HT27 T2 Terra firme Sandy channel 250 22.9 27.9 � 37.3 21.8 � 7.8 56 3.7
HT07 T3 V�arzea forest Muddy (abandoned)

channel/floodplain
460 37.2 24.6 � 20.6 18.0 � 9.3 64 4.0

HT13 T3 V�arzea forest Sandy crevasse splay in
muddy floodplain

368 25.0 23.1 � 18.3 16.6 � 10.3 37 3.1
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Benth. (Chrysobalanaceae), Licania micrantha Miq.
(Chrysobalanaceae), Qualea paraensis Ducke
(Vochysiaceae), Vochysia divergens Pohl (Vochysi-
aceae), Ruizterania retusa (Spruce ex Warm.)
Marc.-Berti (Vochysiaceae), Hirtella bicornis Mart.
& Zucc. (Chrysobalanaceae), and Goupia glabra
Aubl. (Celastraceae), while the most abundant

palms (Arecaceae) were Oenocarpus bataua Mart.
and Euterpe precatoriaMart.
The two plots HT07 and HT13 (Fig. 11) of var-

zea forest of unit T3 presented a floristic composi-
tion considerably different from all forests in units
T1 and T2, as indicated by their grouping in an
independent branch with a bootstrap of 95% in

Fig. 9. Physiographic and floristic contexts of the plots HT02, HT03, HT18, and HT20. (A) Composite Landsat
images with a broad view of the area under the influence of a paleolandform related to a drainage flowing to the
south (purple and red = grassland/shrubland and exposed soil; light green = terra firme forest; dark
green = white-sand vegetation on paleochannel). (B) Detail of A with the plots location, where HT02 and HT20
correspond to campinarana forests on paleochannels, and HT18 and HT20 are terra firme forests on surrounding
interfluvial areas. (C) Details of the area containing the plots HT02 and HT03, with the first represented by camp-
inarana forests on paleochannels (white dashed lines) and the latter represented by terra firme forests on interflu-
vial areas. (D) Detail of the campinara forest in the plot HT2. (E) Detail of the terra firme forest in the plot HT3. C
to D are aerial drone photographs in orthogonal (C, E) and oblique views (D) (see Fig. 1 for location).
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Fig. 10. Physiographic and floristic contexts of the plot HT12. (A) DEM-SRTM with the location of the plot
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the second node of the cluster dendrogram
(Fig. 7). In addition, they were clearly differenti-
ated by more negative values on the y-axis of the
NMDS ordering diagram (Fig. 8). In contrast to
the two plots of campinarana forest, the two plots
of varzea forest presented diversity and species
richness within the range of T1 and T2 terra firme
forests (Table 4, Fig. 8B), with HT07 being the

third more diverse among the studied forests
(Fig. 2B). Likewise, the basal areas of the trees in
this plot were the highest in the present study
(Table 4, Fig. 8C). The species of trees with the
greatest abundance in varzea forests were Sloanea
guianensis (Aubl.) Benth. (Elaeocarpaceae),
Maquira coriacea (H.Karst.) C.C.Berg. (Moraceae),
Apeiba echinata Gaertn. (Tiliaceae), Protium

(Fig. 10. Continued)
HT12 in on elongated, branched paleolandform that presumably corresponds to a channel morphology (dark
and light ocher areas = grasslands/shrublands; gray tons = forest; hatched lines = paleochannel). (B–D) Detail of
the campinarana forest in the plot HT2 in oblique (B) and orthogonal views (C, D) based on drone photographs
(see Fig. 1 for location).

Fig. 11. Drone photograph illustrating the varzea forest of the T3 unit at the HT13 plot (see Fig. 1 for location).
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hebetatum Daly (Burseraceae), Pterocarpus rohrii
Vahl (Fabaceae), Qualea paraensis Ducke (Vochysi-
aceae), Zygia juruana (Harms) L.Rico (Fabaceae),
and Virola surinamensis (Rol. ex Rottb.) Warb
(Myristicaceae), while the Astrocaryum murumuru
Mart. and Attalea phalerata Mart. ex Spreng. were
the most common palm species (Arecaceae).

The forest types were not exclusive to a single
lithology. For instance, neither the T1 and T2 con-
tinuous forests, nor the T2 ecotonal forests
showed any preference for a sandy or muddy
substrate (compare Figs. 2B and 3; see also
Fig. 12). Despite the classification as camp-
inarana forests, the paleochannel forests also pre-
sented several substrates that varied from sandy
(HT20) to heterolithic bedded (HT02) or even
muddy (HT12) sediments; only varzea forests
were exclusive of muddy sediments. A compar-
ison of the vegetation types of all sections stud-
ied, based on the integration of remote sensing
information and eye drone views, confirmed the
lithological independence of the various forests
in the study area.

d13C and C/N analyses
The sections selected for d13C and C/N analysis

(Figs. 4–6) had values of �28.66 to �14.38& and

0.61 to 16.50, respectively, with upward varia-
tions independent of the lithological characteris-
tics or depositional settings. Although depleted
d13C and low to intermediate C/N generally pre-
dominated in all sections, there were also
marked variations in some stratigraphic intervals
worthy of description. Thus, deposits with OSL
ages older than 43.0 ky were detected only in the
lower half of section PV50A (Fig. 5), and were
included in two successions of sandy channels
with d13C depleted values of �26.46 to �24.21&,
with an upward enrichment. The corresponding
C/N varied between 3.15 and 8.70, with a pro-
gressive decrease upwards. Sandy channel
deposits with OSL ages equal to 36.6 ky occurred
only at one site, that is, at the base of PV60A
(Fig. 4), which had d13C and C/N between
�27.07 and �26.30& and between 2.8 and 5.3,
respectively, with both proxies decreasing in
value upwards.
The deposits of the upper half of the section

PV50A located in a site with ecotonal forests
(Fig. 2B) recorded muddy floodplain and sandy
crevasse splay environments. These deposits had
a relative reduction of d13C up to �27.31& and
lower C/N from 1.70 to 4.0 until 11,233 cal yr BP.
The d13C was enriched to �14.38& in an

Fig. 12. Distribution of the different forests characterized in the study area according to substrate types.
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estimated age of 1400 cal yr BP, with an upward
return in more depleted values. This d13C trend
was accompanied by a gradual increase in C/N
at the surface.

The low C/N with correspondingly depleted
d13C comparable to those recorded after 43 ky in
section PV50A was also present in the lower and
intermediate parts of the other sections of unit T2
and in all sections of unit T1 (Figs. 4 and 5); it is
interesting to note that these intervals also con-
sisted of muddy floodplain and sandy crevasse
splay deposits. Another notable observation is
that, similar to PV50A, all sections, except
PV78A2, tended to increase d13C and C/N values
upwards, independently of the depositional
environment of sandy/muddy channels or flood-
plains. Despite the general similarity in the
curves, d13C varied according to the location and
proximity to modern savannas. Thus, d13C val-
ues as enriched as �14.38& to �18.02& were
recorded in the sections of ecotonal forests of T2
(i.e., PV50A, PV69A, and PV82A) and T1
(PV59A, PV60A). This proxy was as depleted as
�21.28& and �25.36& in PV72A and PV73A,
respectively, and both were located in T1. PV72A
consisted of a campinarana forest on a channel
paleolandform (Fig. 9C, D). In contrast, PV73A
was located only 1.5 km from PV72A and
<700 m from other areas of the paleochannel
landform, but was covered by typical terra firme
forest (Fig. 9E). The PV75A, which is a terra
firme forest, also in unit T2 recorded the richest
d13C (�21.27&), similar to PV72A. To top, the
d13C trend in all these sections resulted in rela-
tively more depleted values, while C/N contin-
ued to increase, as in PV50A. Where ages were
available, the time for enriched-depleted d13C
values in some of these sections was similar to
this event in PV50A, that is, 11,573 cal yr BP in
PV59A, and 11,189 cal yr BP in PV69A. This epi-
sode occurred earlier, that is, in ~20,000 cal yr BP
in PV75A, later in 8734 cal yr BP in PV82A, and
in 7578 cal yr BP in PV60A. Depletion in PV69A
occurred almost at the same time as in PV50A,
slightly older (i.e., 1624 cal yr BP) in PV60A and
slightly later (i.e., after 964 cal yr BP) in PV59A.
However, this event started as early as 3396 cal
yr BP and 6130 cal yr BP in PV82A and PV75A,
respectively.

The previously described enriched–depleted
d13C pattern was not recorded in the sections of

T3, nor in PV78A2 of T1. In T3, dominated by
varzea forests, d13C vales ranged from �28.26 to
�24.15&, while this proxy varied even less (i.e.,
�28.66 to �26.29&) in terra firme forests of
PV78A2. C/N ranged widely from 0.61 to 13.00
in the T3 sections and from 4.63 to 8.73 in
PV78A2. In all these sections, there was a sudden
increase in C/N at the top, accompanied by a
d13C depletion tendency. These changes, initiated
after estimated ages of 3402, 3174, and 2800 cal
yr BP, became more effective after 1550, 1360,
and 515 cal yr BP in the sections PV38, PV57,
and PV58, respectively. The time for changes in
d13C and C/N in PV78A2 could not be deter-
mined because of the lack of dating in this sec-
tion. However, other correlated deposits of this
terrain were several thousand years old (Fig. 13).
Thus, we speculate that the onset of the present-
day forest in section PV78A2 may even have pre-
dated this event in the other sections.

DISCUSSION

History of vegetation and time of the present-day
forests
The non-random vertical distribution, the

good correspondence of temporally equivalent
deposits, and the lack of lithological control
together motivated the use of d13C and C/N of
the sedimentary organic matter to interpret the
past vegetation in the study area. Thus, a recon-
struction of vegetation that existed before mod-
ern forests could be discussed, considering that
C/N distinguishes between terrestrial (≥12.0) and
aquatic (4.0–10.0) plants (e.g., Meyers 1997, Clo-
ern et al. 2002, Wilson et al. 2005), while d13C
distinguishes C3 (�32 to �20&) from C4 (�17 to
�9.0&) plants (Boutton 1996). The integration of
these data with the characteristics of present-day
forests in the study area allowed inferences about
the vegetation dynamics in the context of envi-
ronmental changes. We consider this fundamen-
tal understanding to discuss the factors that led
to the change in vegetation over time and the
establishment of the forests studied.
The prevalence of generally low C/N, particu-

larly in the lower and middle parts of the studied
sections, suggests a high contribution of algae and
phytoplankton. This interpretation is compatible
with the widespread development of aquatic
environments consisting of river channels and
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Fig. 13. Distribution of open and forest vegetation during the Last Glaciation compiled from several
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extensive floodplains. Channels that extend over
a wide area, such as the Madeira River basin,
have the potential to concentrate organic matter
of terrestrial plants. The pulses and upward trend
of C/N increased from 3.15 to 8.70 in deposits of
sandy channels as old as 43 or 37 ky (e.g., PV50A
and PV60A) probably indicate the contribution of
terrestrial plants. The corresponding d13C values
between �26.46 and �24.21& (PV50A) and
between �27.07 and �26.30& (PV60A) suggest
organic matter derived from plants with C3 pho-
tosynthetic pathways. These values are relatively
more enriched than those recorded in the leaves
of the modern Amazonian forest trees, usually
<�29.7& (cf. Ometto et al. 2006) or <�28.9& (cf.
Francisquini et al. 2014), even assuming an iso-
topic fractionation of 3.0& during the decomposi-
tion of organic matter in soils (Boutton 1996). In
contrast, these values approach those of soils sam-
pled from many tree savanna sites in this region,
generally >�25& (Magnusson et al. 2002). These
comparisons led to an inference that the rainforest
and tree savanna could have contributed as
sources to the organic matter deposited in the
river channels before 43 ky. The depleted d13C
and low C/N in deposits with ages between 43 ky
and ~11 cal ky BP of T2 and T3 indicate only phy-
toplankton with low or no inputs of terrestrial
plants; an exception was PV75A, where this pat-
tern ended at approximately 20 cal ky BP.

The subsequent trend in dominantly low C/N
up to ~11 cal ky BP in most sections and up to
7.5 cal ky BP in PV60A suggests depositional
environments dominated by phytoplankton and
low or no terrestrial plant inputs. If not coinci-
dental, the prevalence of muddy floodplains and
crevasse splays during this time interval suggests
the amplification of low-energy environments
away from land plant sources. However, the
enriched-depleted d13C trend with the increase in
C/N toward the top of all sections in units T1 and
T2 (except PV78A2) shows some variations that
require clarification. The increase in C/N reveals
a greater contribution of terrestrial plants over

time. The intervals with d13C up to �14.38& or
at least �18.02& in some T2 (PV50A, PV69A,
and PV82A) and T1 (PV59A, PV60A) sections are
related to the increase in C4 terrestrial plant
inputs. This interpretation is consistent with the
fact that these sections are from campinarana or
ecotonal forests found on paleochannels. Thus,
broader areas of savanna probably existed before
the present-day forests, a process initiated at
~11,000 cal yr BP in most sections, earlier in
~20,000 cal yr BP in PV75A, and later in 7578 cal
yr BP in PV60A. The d13C enriched-depleted
trends in PV72A and PV73A also attest changes
in past vegetation, but higher values of only
�21.28& and �25.36&, respectively, prevented
the confirmation of a direct relationship with C4

terrestrial plants in these sites. These values sug-
gest a degree of disturbance in past forests more
open than the modern canopy. The past forests,
particularly in PV72A, had values compatible
with Amazonian tree savanna soils (Magnusson
et al. 2002, Francisquini et al. 2014). The begin-
ning of this vegetation type could not be dated in
PV73A, but occurred at the end of the Holocene
after deposition of the channel in PV72A. Values
of d13C up to �21.27& on the PV75A substrate
suggest a relatively more open past vegetation
structure than the current terra firme forest of
this site.
The depleted d13C and the low-to-intermediate

C/N in T3 indicate that C4 terrestrial plants did
not develop in areas closer to the Madeira River,
which remained dominated by phytoplankton or
a mixture of phytoplankton and C3 terrestrial
plants (probably from varzea forests) over this
time interval. The values of d13C as low as
�26.13 to �28.66& in PV78A are also compatible
with the absence or low contribution of this type
of plant in the deposits of unit T1 east of the
Madeira River.
We infer that the increase in depletion of d13C

in all sections studied, while C/N continued to
increase, marks the colonization of terrestrial
grasses followed by present-day forests. The

Amazonian areas, including data from the present work and previously published in Rossetti et al. (2014). The
correspondence with major paleoclimatic episodes is included. d18O curve is from stalagmites of the Peruvian El
Condor cave in western Amazonia (Cheng et al. 2013). The d18O stages 1 to 3 from are Emiliani (1955) and Shack-
leton (1969).

(Fig. 13. Continued)
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beginning of forestation on several occasions
between 6130 and 964 cal yr BP attests to long-
term disturbances. However, a simple pattern of
variation in plant communities was not detected,
even when comparing temporally equivalent
deposits located over short distances, which
makes it difficult to determine the driver (s) of
environmental disturbances.

Linkage to past climate
The upsurge of grasslands and their transition

to present-day terra firme and ecotonal forests
should be analyzed together when relating the
contrasting vegetation in the study area to long-
term disturbances. The increase in the contribu-
tion of C4 terrestrial plants before present-day
forests is remarkable, particularly considering the
forest onsets at various ages between 11,189 and
11,573 cal yr BP (Fig. 13), that is, near the
Younger Dryas (YD) between 12,900 and
11,700 cal yr BP (cf. Carlson 2013). The imprint of
this event in South America remains to be investi-
gated in greater depth. However, there is a sug-
gestion that the extensive savanna of the Gran
Sabana in the Orinoco region of northern Amazo-
nia occurred during this climatic event, followed
by the amplification of the Holocene savanna due
to anthropogenic fires (Rull et al. 2017). The
record of C4 terrestrial plants has been used to
suggest dry periods in other Amazonian areas,
not only in the YD, but also in the Last Glacial
Maximum (LGM) and Oldest Dryas (OD; e.g.,
Absy et al. 1991, van der Hammen and Absy
1994, Mayle et al. 2000, Colinvaux et al. 2000).

The grassland vegetation of the study area was
interpreted as relics of dry climatic episodes from
early to mid-Holocene (Freitas et al. 2001, Pes-
senda et al. 2001). A recent publication, however,
recorded its asynchronous development in the
mid-late and late Holocene (Rossetti et al. 2016).
Rather than due to climatic changes, these
authors also related the establishment of this
vegetation type to sedimentary dynamics,
because: these grasslands are confined to fluvial
landforms; global humidity increased >40% after
the YD (Maslin and Burns 2000); pollen data
indicated forestation in many other Amazonian
areas when savannas were formed (e.g., Absy
et al. 1991, Colinvaux et al. 2000, Mayle et al.
2000, Toledo and Bush 2008; Fig. 13). In addition,
several grasslands of considerable dimension are

mixed with forests in the modern landscape of
this equatorial region (e.g., Adeney et al. 2016);
thus, relating past grasslands to dry climates is a
simplified interpretation.
The new discovery of grasslands in the YD, as

well as before the mid-Holocene (PV60A and
PV82A) and in the LGM (section PV75A;
Fig. 13), supports the idea that climate was not
the main driver for the establishment of grass-
lands in the Madeira region. Pollen data of the
studied area indicated a cold but humid climate
before the LGM between >42,600 and <35,200 cal
yr BP, as well as grasslands and forests represen-
tative of modern tree species, which suggest a cli-
mate comparable to today’s, at least during the
Holocene (Cohen et al. 2014). However, since the
late Quaternary climatic data from the lowlands
of Amazonia are still few and contradictory
(Fig. 13), independent paleoclimatic data are
needed to confirm these climatic patterns.
Paleoclimatic reconstructions based on d18O of

speleothems pointed to opposite climatic patterns
when comparing data from western and eastern
Amazonian caves. Thus, the data of the Para�ıso
cave in the eastern Amazonia (4°40 S, 55°270 W)
indicated reduced humidity between 45 and 18
ky, with a trend of 60% compared to current levels
during the LGM (Wang et al. 2017, see the gray
curve in Fig. 13). These authors recorded enriched
d18O of �3.0& between 19 and 21 ky, when the
rainforest probably persisted with a reduced tree
cover. Then, the d18O was depleted to the modern
level of �6.0&, but with a peak of �8.7&
between 6 and 5 ky, when precipitation was prob-
ably 142% higher than current levels. Data from
the Peruvian caves of Diamante (5°440 S/77°300 W)
and El Condor (5°560 S/77°180 W) in western Ama-
zonia, however, indicated a wet LGM followed by
a moderately dry last interglacial period for the
early/mid-Holocene, when d18O reached values as
enriched as �4& (Cheng et al. 2013, see the black
curve in Fig. 13). The increase in humidity in the
region began 5 ky ago and culminated in values
of d18O from �6 to �7&, which is only slightly
more depleted than the LGM levels. The shifts in
the position of the Intertropical Convergence
Zone (ITCZ) under the influence of the Atlantic
Meridional Ocean Circulation were claimed as the
cause for the east-to-west gradient in humidity
over the lowlands of Amazonia since the begin-
ning of the LG (Wang et al. 2017).
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Whether the changes in the ITCZ also affected
the central and southern Amazonian areas in
past geological times is unknown (Wang et al.
2017). An increased eastward depletion in d18O
of �1& per 1000 km is estimated as a result of
the ITCZ displacement, but this displacement
decreases over time when data from the Amazo-
nian caves are contrasted (Wang et al. 2017).
Based on these premises, it is most likely that the
study area, located ~1500 km west of the cave of
Para�ıso and ~1300 km of the Peruvian caves, pre-
sented humidity levels that contrasted less with
current levels before and during the LG and sub-
sequent interglacial stages. This interpretation is
consistent with the record of forests in the study
area over the last ~40,000 cal yr BP, as suggested
by the pollen data. The paleoclimatic scenario
also agrees with the proposals of a relatively
undisturbed Amazonian forest over the last
50,000 yr (e.g., Colinvaux et al. 1996, 2000, Coli-
vaux et al. 2001, Bush et al. 2004, Irion et al.
2006, Mayle and Power 2008, Toledo and Bush
2008). The abundance of aquatic environments
with high phytoplankton content in the studied
sections is compatible with moisture throughout
the deposition time.

Potential driver of vegetation change in space and
time

We postulate that factors other than just cli-
mate influenced the beginning of the grasslands
and, later, the types of forest studied, with a suit-
able hypothesis involving the soil. However, an
earlier publication that focused more on contrast-
ing forest and savanna vegetation revealed soils
in the study area with similar chemical and iden-
tical mineralogical attributes (Martins et al.
2006). Thus, factors other than soil should also be
considered.

The episodes of grassland expansion in the
study area should be analyzed considering that
grasslands: that existed prior to present-day for-
ests were recorded in all sections of T2 but only
in two sections of T1 (i.e., PV59A, PV60A) and
none in T3; grasslands occur on the modern land-
scape of T1 and T2, but not of T3; most of this
formation is confined to fluvial paleolandforms
(see also Bertani et al. 2015); all sections of T2
and two sections of T1 with past grassland
records are adjacent to areas currently colonized
by this type of vegetation; and the grassland

records in the two sections of T1 were not syn-
chronous, occurring at ~11 cal ky BP and 7.5 cal
ky BP in PV59A and PV60A, respectively. All
data together suggest a clear connection between
past and present-day grasslands. Thus, the most
probable scenario is that units T1 and T2 had
areas of savanna that diminished in size from the
mid-Holocene by their replacement by forests. If
this interpretation is correct, the ecotonal and
campinarana forests on paleochannels would
record younger and less mature communities of
lower diversity than the terra firme forests,
because they are in an intermediate successional
stage between savannas and terra firme forests.
More sites are still needed to improve our

database, but a relationship between forest matu-
rity and time could be invoked by T1 terra firme
forests with a higher basal area and taller trees
than similar forests in relatively younger depos-
its of T2, as well as lower species diversity of the
ecotonal and campinarana forests on paleochan-
nels, both with substrates younger than those of
terra firme forests. This interpretation is consis-
tent with the earlier onset (6130 cal yr BP) of
terra firme forests compared to ecotonal and
campinarana forests on paleochannels (between
3396 and 964 cal yr BP).
However, forests can only take 100–400 yr to

reach maturity (Guariguata and Ostertag 2001),
with a proposed threshold of 450 yr (Liu et al.
2014). Taking into account these ages, all forests
studied should exhibit highly diversified com-
munities, considering their time of formation
between 6130 and 964 cal yr BP. On the other
hand, a recent research (i.e., Martin et al. 2016)
stated that a threshold age for forest maturity
may not exist because many factors beyond time
influence forest development, such as tempera-
ture and precipitation (Anderson et al. 2006,
Anderson-Teixeira et al. 2013), extreme climatic
events (Wright 2005), seasonality (Zemp et al.
2017), or anthropogenic interferences (Norden
et al. 2015, Levis et al. 2017).
We postulate that time may have had only an

indirect influence on the maturity of the forest
in the study area. The most probable explana-
tion is that the downcutting and deposition of
terraces along the Madeira River due to tectonic
reactivation (cf. Rossetti et al. 2014) might
have played a fundamental hole in the distribu-
tion of savanna and forests over time. This
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interpretation is consistent with the fact that
diversified terra firme forest communities with
higher trees and greater basal areas were
restricted to stable surfaces of T1, where sedi-
ment deposition was deactivated long ago. As a
consequence of sedimentary dynamics, these
sites were also not disturbed in topographically
higher positions, remaining above the water
table, even during humid peak seasons. The
undisturbed environment would have kept the
terra firme forests stable over time, allowing the
regeneration of the trees to follow complete suc-
cessional stages into the terra firme forests.
However, renewed sedimentation in this plateau
by subsequent river dynamics locally disturbed
existing forests, as recorded, for instance, by the
campinarana forests on paleochannels (parcels
HT2, HT20, and HT12). These plots are, respec-
tively, of sections PV72A, PV105A, and PV59A,
which end up in sedimentary successions
formed by renewed channeling renovation later
than the depositional surface T1. The first two
sections record an earlier tributary network of
the Madeira River (Fig. 1A, B). The segments of
this paleodrainage south of the study area con-
sist of sandy channels that transited to muddy
fluvial rias, with sediment deposition continuing
at least until the mid-/late Holocene (Bertani
et al. 2015, Rossetti et al. 2017). This environ-
mental disturbance in a geologically recent time
seems to be still imprinted in the modern land-
scape. This is suggested by our personal obser-
vation that PV72A remains inundated longer
during wetter seasons than adjacent lands. This
is also suggested by the gradation of present
campinarana forests into grasslands to the south
along the paleodrainage. It is interesting that
PV73A, although located only 1.5 km from
PV72A, has a continuous terra firme forest,
which can be explained by its external position
to the paleochannel landform of PV72A
(Fig. 1C). In addition, the values of d13C
�25.36& along PV73A indicate terra firme for-
ests with a more open canopy than the one pre-
sent, which were related to environmental
disturbances caused by intermittent overbank
sedimentation in the floodplains adjacent to the
channels. The occurrence of PV59A in a channel
paleolandform no longer affected by seasonal
flooding (differently from PV72A and PV105A)
may justify a vegetation with composition,

diversity, and basal area intermediate between
the terra firme and campinarana forests of the
plots HT02 and HT12. In comparison, the
depleted peak of d13C to �21.27& in the PV78A
(HT09) terra firme forest plot could also be an
indication of tree savanna vegetation before the
establishment of the present-day forest.
The various vegetation patterns of T2 provided

additional elements to support the proposed
influence of time and environmental changes on
the spatial distribution of the studied forests. The
location of continuous forests from the plots
HT06, HT16, HT17, and HT27 on substrates
older than 3533 cal yr BP could suggest a rela-
tionship with time. Such an interpretation would
be consistent with the fact that PV75A, also a site
of continuous terra firme, recorded a turnover
from savanna to forest at 6130 cal yr BP. How-
ever, the ages of this event between 1624 and
964 cal yr BP in the ecotonal forests (PV50A,
PV69A, and PV82A) should have led to forest
maturity, considering the 450-yr forest maturity
threshold of Liu et al. (2014). In addition, the plot
HT4 on substrates as old as 14,458 cal yr BP rein-
forces the claim that forest development occurred
in a relatively recent time because, despite the
old substratum, this parcel is in an ecotonal for-
est with even thinner and smaller trees and
poorer epiphytes and lianas than similar forests
in T2. We postulate that, instead of time, the
lower topographic location in relation to T1 due
to progressive terrace downcutting explains the
coexistence of terra firme and ecotonal forests in
T2. Although protected against seasonal floods,
this terrain is closer to the Madeira River than
T1, thus it could have been more affected by
exceptional floods. For instance, the historical
floods of this river in 2014 raised the water level
more than 20 m, inundating a large area located
more than 20 km from the main river course
(e.g., http://www.ceped.ufsc.br/2014-cheia-do-rio-
madeira-afeta-rondonia-acre-e-amazonas/). Similar
floods were recorded only in 1997 (cf. http://
maisro.com.br/sipam-garante-que-nova-enchente-
recorde-do-madeira-so-daqui-a-180-anos/). Based
on this information, we infer that comparable
flood events may have occurred in past geological
times, probably keeping many areas on the sur-
face of T2 flooded. We speculate that this is why
T2 had larger areas of grasslands in the former
and modern landscape, where they remain
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flooded during the wet seasons. As a result, all
sites close to this open vegetation (i.e., all sections
in T2 except PV75A) are covered by ecotonal for-
ests because they are influenced by hydrological
disturbances caused by eventual flood events.

Unit T3 is located closer to the Madeira River
in a location more susceptible to frequent inun-
dations than the other geomorphological units.
Consequently, T3 is dominated by flood-tolerant
species, such as those of the plots HT07 and
HT13. The deposition of C3 terrestrial plants
between 3402 and 2800 cal yr BP in this terrain,
revealed by the increase in C/N values, probably
occurred when the Madeira River cut down the
lower T3 unit. As expected, C3 terrestrial plants
were mixed with abundant aquatic plants due to
the gradual abandonment of subaqueous deposi-
tional environments, such as channels and flood-
plains. The increased sign of C3 terrestrial plants
with more depleted d13C values at ~1550 cal yr
BP shows the earlier development of varzea
forests in T3.

A recent publication suggested that the evolu-
tion of savannas and forests in the central and
southern Lhanos de Moxos in Bolivian Amazo-
nia was due to changes in fluvial environments
by tectonic reactivation during the Holocene
(Lombardo 2014). Likewise, the history of Late
Pleistocene–Holocene terrace downcutting and
deposition along the Madeira valley has been
related to reactivations along the Madre de Dios-
Itacoatiara Transcurrent Fault Zone (Souza–Filho
et al. 1999, Rossetti et al. 2014). This geological
process, which seems to have continued even in
recent geological times as evidenced by a
1341 cal yr BP seismite (Rossetti et al. 2017),
would have favored the topographic gradients
that were fundamental to control the hydrology
and distribution of vegetation communities in
the study area.

CONCLUSIONS ANDWAYS FORWARD

Our study concludes that neither climate nor
mineralogical or edaphic changes can explain the
past savannas or the present-day distribution of
various types of forest in the study area. In fact,
the onsets of savanna, a phytophysiognomy still
present within the rainforest matrix, occurred at
different times ranging from the LGM to the
mid-Holocene, regardless of climate. In the same

way, the various types of forest were formed at
different ages between 6130 and 964 cal yr BP.
The evolution of fluvial terraces, perhaps, con-
trolled by tectonic reactivations, seems to have
been fundamental for the creation of in situ topo-
graphic gradients and consequent hydrologic
variations at various scales. We propose that
these environmental changes, rather than the
time of forest maturity, were fundamental to the
establishment of various types of forest and their
maintenance over the landscape under study.
Savannas decreased in size over time, with
replacement by forests.
The results of the present study point to the

need to reinforce initiatives aimed at the conserva-
tion of tropical areas in terrains with complex sed-
imentary histories. In the study area, hydrological
gradients shaped different types of habitats, with
transitions from forests to savannas, which
increased the biodiversity considering the land-
scape as a whole. Our data suggest that long-term
secondary succession processes dating back to
Late Pleistocene led to the progressive replace-
ment of savannas by forests, with the consequent
increase in biomass in older terrains. We con-
cluded that environmental heterogeneities con-
tributes in a way that has not yet been measured
by studies aiming the conservation of Amazonian
biodiversity and atmospheric carbon sink.
It is worth noting that this work considered

only pristine forests and disregarded second-
growth anthropogenic forests that were also pre-
sent in the study area. Ancient anthropogenic
forests from the management by the Amerindi-
ans, such as the dense aggregations of Brazil nut
trees (castanhais), were also avoided in this study.
However, we recommend further investigation
that can consider also human influences in the
structure and floristic composition of the terraces
studied along the Madeira River.
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