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Glacial-aged vegetation dynamics of the Humaiti—Western Brazilian Amazonia were studied by pollen,
sedimentary facies, '*C dating, §'*Corg and C/Npolar Two sediment cores were taken to a depth of 10 and 8 m
from areas covered by grassland and dense/open forest, respectively. The deposits represent a succession of
sediment accumulation in active channel (>42,600 cal yr B.P.), abandoned channel/floodplain (>42,600 to
~39,000 cal yr B.P.), and oxbow lake sedimentary environments (~39,000 cal yr B.P. to modern). The predomi-
nance of mud sediments, depletion of 8‘3C0,g and decrease in C/Npoar Values identify the lake establishment.

ll:le,i,:svords' In these settings, low energy subaqueous conditions were developed, locally favoring preservation of a pollen
Brazilian Amazonia assemblage representing herbaceous vegetation, some modern taxa from Amazonia and cold-adapted plants
C isotope from the Andes represented by Alnus (2-11%), Hedyosmum (2-17%), Weinmannia (0-18%), Podocarpus (0-4%),
Last Glacial Maximum Ilex (0-4%) and Drymis (0-1%), at least between >42,600 and <35,200 cal yr B.P. The herbs and modern taxa
Palynology from Amazonia persisted through the Holocene, while the cold pollen assemblage became absent. The

Sedimentary facies co-occurrence of Alnus with other cold adapted plants from the Andes during the late Pleistocene indicates

that Alnus probably penetrated the Western Amazonia lowland or was growing closer to the study site due to
cooler temperatures during glacial times. The present study presents the first report of a glacial age forest
containing Alnus in areas of the Brazilian Amazonian lowlands. In addition to its palaeogeographical importance,
this work demonstrates the effectiveness of using a combination of proxies for reconstructing sedimentary

environments associated with vegetation.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

The nature of the vegetation and climate within the Amazon basin
during the Last Glacial Maximum (LGM) remains a subject of scientific
debate. With regard to the humidity (e.g. Irion, 1982; Rdsdnen et al.,
1987; Salo, 1987; Colinvaux et al., 2000), pollen studies estimate a range
from invariant rainfall (Colinvaux, 1998) to a reduction of about 20-55%
(Bush, 1994; van der Hammen and Absy, 1994; van der Hammen and
Hooghiemstra, 2000). A biogeochemical record from Lagoa da Pata, Rio
Negro basin, revealed three hydrological and climatic regimes. The first
phase, between 50,000 and 26,300 cal yr BP, was characterized by a rela-
tively wet climate. The second phase, between 26,300 and 15,300 cal yr
BP, was characterized by a dry phase, and the third phase, from approxi-
mately 15,300 to 10,000 cal yr BP, was characterized by a wetter climate
(Cordeiro et al.,, 2011). Due to this dry phase, the Amazon humid forest
area probably shrank to 54% of their present-day extent during the LGM
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(Anhuf et al. (2006). However, speleothem oxygen isotope indicates
that ecosystems in western Amazonia have not experienced prolonged
drying over the past 94,000 years (Mosblech et al., 2012), and during
the last glacial period, a modest increase in precipitation occurred in west-
ern Amazonia, whereas a significant drying occurred in eastern Amazonia
(Cheng et al., 2013).

Unlike the paleoprecipitation records, there is greater agreement of
cooler surface conditions during the LGM. Andean ice cores contain
isotopic evidence that tropical late Pleistocene temperatures may have
been depressed as much as 8-12 °C at high elevations (Thompson
et al,, 1998). Pollen records from Bolivia, Ecuador, Peru and Brazil
provide evidence for cooling in glacial times (Liu and Colinvaux, 1985;
Bush et al., 1990; Bush et al., 1992; De Oliveira, 1992; Ledru, 1993;
Colinvaux et al., 1996a; Mourguiart and Ledru, 2003; Bush et al., 2004;
Pessenda et al., 2009; Urrego et al., 2010). Also, downslope movement
of montane elements such as Podocarpus, Drimys, Hedyosmum and
Alnus occurred in mid-elevations in Amazonian areas during the LGM
(Liu and Colinvaux, 1985; Bush et al., 1990; Colinvaux et al., 1997;
Bush et al,, 2004; Urrego et al., 2010).

Pollen in a sediment core sampled from Lake Consuelo (1360 m
above sea-level, asl) adjacent to the Bolivian border in southeastern
Peru indicates that the forest surrounding the lake was dominated
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between 43.5 and 22 kcal yr B.P. by a mixture of upper montane and
lowland elements. Upper montane taxa include Alnus, Vallea, Podocarpus,
Myrsine and Symplocos, which are virtually absent from the modern
pollen assemblage (Urrego et al., 2005). Palaeocological studies in north-
eastern Bolivia (600 to 900 m asl) near the southern margin of Amazonia
identify the presence of pollen of Podocarpus, Alnus and Ilex between
50 kcal yr B.P. and the LGM (Burbridge et al., 2004). A palaeoclimate
record from a shallow lake situated along the Paraguay River indicates
that between ~45.0 and 19.5 kyr B.P. the climate was colder (4 °C
lower compared to modern) and drier than present (Whitney et al.,
2011). This set of records contributes to expanding the paleobotanical
evidence (e.g., Behling, 1996; Behling et al., 1999; Colinvaux et al.,
2000; Ledru et al., 2001) for cooler temperatures (5 °C below present)
(Stute et al., 1995; Burbridge et al., 2004).

The LGM pollen cores for lowland Amazonia indicate also a cooling
(Behling, 1996; Colinvaux et al., 1996b; Haberle and Maslin, 1999;
Mayle et al., 2000; Ledru et al., 2001; Bush et al., 2004), and the few
non-plant-based estimates of lowland temperature change suggest
~6 °C decrease from present from isotopic and elemental analyses of
Caribbean corals (Guilderson et al., 1994) and Brazilian groundwater
noble gases (Stute et al., 1995).

According to Bush (2002), the lowland forest in Amazonia contained
significant populations of plants typical of modern montane areas
during the LGM. This finding suggests that during early Holocene global
warming, plants intolerant to the warmer climate became extinct in the
lowland forest (Colinvaux et al., 2000).

As a contribution towards further evaluation of the geographic
expression of a cooler climate during the late Pleistocene and a warmer
climate during the Holocene, we studied two sediment cores that accu-
mulated during these periods on the left margin of the Madeira River,
the largest tributary of the Amazon River (Fig. 1a). Based on multiple
proxies, including sedimentary facies, pollen, 613Corg, C/Nolar ratio,
and AMS radiocarbon dating, this paper provides insight into the extent
of cooler tropical temperature effects on lowlands (elevation of
~100 m) of the Western Amazon forest.
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2. Study area

The study area is located between the city of Porto Velho, north of the
State of Rondonia, and the town of Humaita, south of the State of Amazo-
nas in the Western Brazilian Amazonia (Fig. 1). It is characterized by trop-
ical climate with a short dry season (Am in Képpen's classification), with
mean annual temperature between 24 °C and 26 °C, and mean annual
precipitation between 2250 and 2750 mm. The relative humidity in the
region is 85%. Rainy periods begin in October, with precipitation peaks
in January to February, while dry periods are between June and August
(Brasil, 1978). The principal vegetation cover consists mostly of arboreal
vegetation including dense and open forest and dense woodland savanna
that are intermingled often in sharp contact with large patches of pioneer
formations and natural grassland/shrubland savanna vegetation (Fig. 1a)
(Brasil, 1978). These vegetation units are not subject to periodic flooding
of fluvial waters. These areas of natural savanna vegetation around
Humaita cover 615 km? (Vidotto et al., 2007). In the study area, a large
patch of open vegetation (mostly pioneer vegetation/grassland savanna)
is present, which averages nearly 20 km in length and up to 10 km in
width (Fig. 1a). The arboreal vegetation is mainly represented by
Euphorbiaceae, Bignoniaceae, Fabaceae, Moraceae, Anacardiaceae,
Malpighiaceae, Malvaceae, Sapotaceae, Rubiaceae and Apocynaceae,
whereas herbs are mainly represented by Poaceae, Cyperaceae and
Asteraceae. Near the sampling sites, 138 species and genera distributed
among 37 families of arboreal and herbaceous vegetation were identified
(Vidotto et al,, 2007) (Table 1).

The region has a small elevation range (~100 m elevation, Fig. 1b).
The Quaternary sediments (Pessenda et al., 2001; Latrubesse, 2002)
occur mainly along the fluvial terraces and above the modern floodplain
area with altitudinal variations ranging from 45 to 100 m. The region con-
tains a paleomorphology recording a large riverine meander belt (Fig. 1a).
This landscape consists of a semi-circular shape displaying a set of con-
centric lines, which is in sharp contact with surrounding areas. The geo-
logical setting of the study area is within the southwestern and
southeastern part of the Solimdes Basin, which is a foreland basin of
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Fig. 1. a) Sediment core location, main geomorphologic features, surface wind directions, modern Alnus distribution, and location of vegetation units; b) topographic profile from Andes to

study site.
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Table 1
Taxa identified near the sampling sites (Vidotto et al., 2007). During the sampling Table 1 (continued)
of arboreal and herbaceous vegetation was used the methods of Quadrant Point Family and species Biological form Veg. units
(Cottam and Curtis, 1956) and Point Contact (Whitman and Siggeirsson, 1954),
respectively. Fabaceae
Andira sp Arboreal Forest
Family and species Biological form Veg. units Bauhinia guianensis. Arboreal Forest
K Bauhinia sp Arboreal Forest
Anacardiaceae ) . X
. ) . Dioclea cf huberi Ducke Liana Forest
Tapirira guianensis Aubl. Arboreal Forest .
Dipteryx odorata (Aubl.) Arboreal Forest
Annonaceae
Hymenaea sp Arboreal Forest
Annona sp1 Arboreal Forest
Inga sp Arboreal Forest
Annona sp2 Arboreal Forest -
Mimosa sp Arboreal Forest
Annona sp3 Arboreal Forest )
Ormosia sp Arboreal Forest
Annona sp4 Arboreal Forest X .
Sclerolobium paniculatum Arboreal Forest
Annona sp5 Arboreal Forest R .
Tachigali myrmecophilla Arboreal Forest
Annona sp6 Arboreal Forest .
Annona sp7 Arboreal Forest Flacourtiaceae
P Casearia grandiflora Cambess. Arboreal Forest
Guatteria sp Arboreal Forest .
X . Casearia sp Arboreal Forest
Xylopia aromatica Arboreal Forest L
Apocynaceae Heliconiaceae
) . Heliconia psittacorum Herb Savanna
Couma guianensis Aubl. Arboreal Forest P
. Lauraceae
Geissospermum aff. urceolatum Arboreal Forest R

. Aniba sp1 Arboreal Forest

Himatanthus sucuuba Arboreal Forest .
Aniba sp2 Arboreal Forest
Araceae Nectandra cuspidata Arboreal Forest
Philodendron s Epiphyte Forest
. P Piphyt Nectandra lanceolata Arboreal Forest
Araliaceae Ocotea sp1 Arboreal Forest
Schefflera morototoni Arboreal Forest 'p
Eschweilera sp Arboreal Forest
Arecaceae .
Allagoptera caudescens Linaceae
80P Ochthocosmus cf barrae Arboreal Forest
Astrocaryum acaule Arboreal Forest
. Lythraceae
Euterpe precatoria Shrub Savanna
. Cuphea sp Herb Savanna
Geonoma multiflora Shrub Savanna .
. Physocalymma scaberrimum Arboreal Forest
Lepidocaryum tenue A
I 3 Malpighiaceae
Mauritia flexuosa Arboreal Forest L
" Banisteriopsis sp Arboreal Forest
Mauritiella armata Arboreal Forest .
Byrsonima sp1 Arboreal Forest
Oenocarpus bacaba Arboreal Forest .
Byrsonima sp2 Arboreal Forest
Oenocarpus bataua Arboreal Forest . .
. 3 Byrsonima cf verbascifolia Arboreal Forest
Oenocarpus minor Arboreal Forest
Orbignya speciosa Arboreal Forest Malvaceae
Snya sp . Hibiscus furcellatus Arboreal Forest
Socratea exorrhiza Arboreal Forest
Marantaceae
Asteraceae
X Monotagma sp Herb Savanna
Eupatorium sp Herb Savanna . -
. Bellucia grossularioides Arboreal Forest
Vernonia herbacea Arboreal Forest RO, .
. . Miconia tiliifolia Naudin Arboreal Forest
Bignoniaceae Lo
Miconia sp Arboreal Forest
Jacaranda sp 1 Arboreal Forest - 3}
Miconia sp3 Arboreal Forest
Jacaranda sp 2 Arboreal Forest
. Marantaceae
Bromeliaceae . .
. Tibouchina aspera Shrub Savanna
Ananas ananassoides Herb Savanna . .
Tibouchina sp Arboreal Forest
Burseraceae A
Monimiaceae
Bursera sp Arboreal Forest . . .
S 3 Siparuna guianensis Shrub Savanna
Hemicrepidospermum sp Arboreal Forest ;
. ; Siparuna sp Arboreal Forest
Protium paniculatum Arboreal Forest
. Moraceae
Protium sp1 Arboreal Forest .
. Naucleopsis caloneura Arboreal Savanna
Protium sp2 Arboreal Forest L
Myristicaceae
Celastraceae
R Iryanthera sp Arboreal Forest
Goupia glabra Arboreal Forest ! .
Virola sebifera Arboreal Forest
Chrysobalanaceae X y .
. Virola surinamensis Arboreal Forest
Couepia sp Arboreal Forest .

S Virola sp Arboreal Forest
Licania sp1 Arboreal Forest .

. Virola sp2 Arboreal Forest

Clusiaceae
. Myrtaceae
Caraipa savannarum Arboreal Forest .

- . Eugenia sp1 Arboreal Forest
Vismia cayennensis Arboreal Forest .

o g . Eugenia sp2 Arboreal Forest
Vismia guianensis Arboreal Forest Myrdia s Arboreal Forest
Vismia latifolia Arboreal Forest . u p

- Piperaceae
Vismia sp Arboreal Forest X

Pipersp 1 Shrub Savanna
Cyperaceae Piper sp 2 Shrub Savanna
Bulbostylis sp Herb Savanna per sp
Cyperus s Herb Savanna Poaceae
¥ P . p Andropogon bicornis L. Herb Savanna
Fimbristylis sp Herb Savanna
X Andropogon lanatus R. Br. Herb Savanna
Kyllinga sp Herb Savanna
Andropogon leucostachyus Herb Savanna
Rhynchospora sp Herb Savanna . .
. Aristida capillacea Herb Savanna
Scleria aff reflexa Herb Savanna
IR Axonopus aureus Herb Savanna
Dilleniaceae Lasiacis cf ligulata Herb Savanna
Curatella americana L. Arboreal Forest . su o
. . . Panicum parvifolium Herb Savanna
Davilla rugosa Poir Liana Forest ;
. Paspalum sp1 Herb Savanna
Euphorbiaceae .
I Rubiaceae
Hevea brasiliensis Arboreal Forest o .
Alibertia edulis Arboreal Forest
Jatropha phyllacantha Arboreal Forest Palicoured s Arboreal Forest
Mabea caudate Arboreal Forest P
Mabea subsessilis Arboreal Forest (continued on next page)
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Table 1 (continued)

Family and species Biological form Veg. units
Sapotaceae

Pouteria guianensis Arboreal Forest

Pouteria sp1 Arboreal Forest
Selaginellaceae

Selaginella fragilis Herb Savanna
Strelitziaceae

Phenakospermum guianensis Arboreal Forest
Ulmaceae

Trema micrantha Arboreal Forest
Vochysiaceae

Qualea grandiflora Arboreal Forest

Qualea parviflora Arboreal Forest

Qualea sp Arboreal Forest

Salvertia convallariodora Arboreal Forest

Vochysia haenkeana Arboreal Forest

Vochysia sp Arboreal Forest

600,000 km? that was formed by intraplate extension combined with de-
formation during the rise of the Andean Chain in the Cretaceous and Ter-
tiary (e.g. Rossetti et al., 2005).

3. Material and methods
3.1. Remote sensing

The morphological aspects of the study area were characterized
from analysis of Landsat images 5-TM that were obtained in August
2008 by the Brazilian National Institute for Space Research—INPE. The
topographic profile is based on Shuttle Radar Topography Mission-
SRTM data. They were acquired from the National Aeronautics and
Space Administration—NASA. Global Mapper 8 (Global Mapper LLC,
2009) was used to process the topographic data (Fig. 1).

3.2. Field sampling and sediment description

Ten sediment cores were collected from lowland Amazonia. However,
only two cores contained sufficient pollen concentrations for pollen
analysis. The sediment cores investigated are located near the towns of
Humaita (HUO1, S7° 55’ 26”/W63° 04’ 59”) and Porto Velho (PV02, S8°
46’ 43"/W63° 56’ 48") ca. 20 km and 0.5 km from the Madeira River,
respectively. The Porto Velho site (PV-02) is dominated by dense and
open forest, and the Humaita site (HU-01) presents natural savanna
patches surrounded by dense and open forest. The cores were taken
from old fluvial terraces that are located about 15 m higher than the
modern floodplain on the left margin of the Madeira River (Fig. 1a).
Both cores were taken from filled oxbow lakes using a Percussion
Drilling System (Hammer Cobra TT). The cores recovered sediment to
a depth of 10 and 8 m in a savanna (HU-01) and forest area (PV-02),
respectively.

Grain size was determined by laser diffraction using a Laser
Particle Size SHIMADZU SALD 2101 in the Laboratory of Chemical
Oceanography/UFPA. Prior to grain size analysis, approximately 0.5 g
of each sample was immersed in H,O, to remove organic matter, and
the residual sediments were disaggregated by ultrasound (Franga et al,
2012). The grain-size scale of Wentworth (1922) was used in this
work with sand (2-0.0625 pm), silt (62.5-3.9 um) and clay fractions
(3.9-0.12 um). Facies analysis included descriptions of lithology, texture
and structures (Harper, 1984; Walker, 1992).

3.3. Palynological analysis

For pollen analysis 1.0 cm? samples were taken at 5.0 cm intervals in
the HU-01 and 20 cm intervals in the PV-02, for a total of 240 samples.
All samples were prepared using standard pollen analytical techniques

including acetolysis (Faegri and Iversen, 1989). Sample residues were
mounted on slides in glycerin jelly. Pollen and spores were identified
by comparison with reference collections of about 4000 Brazilian forest
taxa and various pollen keys (Salgado-Labouriau, 1973; Absy, 1975;
Markgraf and D'Antoni, 1978; Roubik and Moreno, 1991; Colinvaux
et al,, 1999), jointly with the reference collections of the Laboratory of
Coastal Dynamics—Federal University of Pard and '*C Laboratory of
the Center for Nuclear Energy in Agriculture (CENA/USP) to identify
pollen grains and spores. A minimum of 300 pollen grains were usually
counted for each sample, but for some specific depths 200 or 250 grains
were counted due to their low pollen concentrations. Microfossils
consisting of spores, algae and some fungal were also counted, but
they were not included in the sum.

Sixty five pollen taxa were identified (Table 3), but the pollen
diagrams (Figs. 2 and 3) show only the most abundant pollen taxa
(>5% pollen sum) and the different ecological groups defined by
Vidotto et al. (2007). The pollen diagrams were statistically subdivided
into pollen assemblage zones using a square-root transformation of
the percentage data, followed by stratigraphically constrained cluster
analysis (Grimm, 1987). The intervals 10-8.6 m and 3.6-0.8 m in core
HU-01, and 5.2-0.4 m in core PV-02, exhibit absolute absence of pollen
or few pollen grains (<3000 grains/cm?), and these data were not
presented in the pollen diagrams.

3.4. Isotopic and chemical analysis

Ninety samples (6-50 mg) were collected at 20 cm intervals from
the sediment core, and were treated with 4% HCl to eliminate carbonate,
washed with distilled water until pH 6, dried at 50 °C, and finally
homogenized. These samples were analyzed for total organic carbon
and nitrogen at the Stable Isotope Laboratory of the Center for Nuclear
Energy in Agriculture (CENA/USP). The concentration results are
expressed in percent of dry weight after the removal of carbonate,
with an analytical precision of 0.09 (TOC) and 0.07% (TN). Our C/N
data represent the molar ratio between carbon and nitrogen. The organic
matter 8'3C results are expressed as 5'>C, with respect to VPDB stan-
dard, using the following notation:

613(: (%") = {(Rlsample/RZStandard> _1] -1000

where Risample and Rastandara are the '>C/'2C ratio of the sample and stan-
dard. Analytical precision is 4- 0.2%. (Fritz and Fontes, 1980; Hoefs, 1987;
Peterson and Fry, 1987; Pessenda et al., 2004).

Different sources of organic matter will be environmentally depen-
dent and will have different 6'>C and C/N compositions (e.g. Lamb
et al., 2006) as follows: C3 terrestrial plants have &'3C values between
—32%. and —21%. and C/N ratios >12, whereas C4 plants have 5'>C
values ranging from —17%. to —9%. and C/N ratios >20 (Deines,
1980; Tyson, 1995; Meyers, 1997). Freshwater algae have 8'>C values
between —25%. and —30%. (Schidlowski et al., 1983; Meyers, 1997)
and marine algae around — 24%. to — 16%. (Haines, 1976; Meyers,
1997). In general, bacteria and algae have C/N ratios of 4-6 and <10,
respectively (Meyers, 1997; Tyson, 1995).

3.5. Radiocarbon dating

Based on lithostratigraphic changes, ten samples of sedimentary
organic matter (10 g each) were selected for radiocarbon analysis, five
in core PV-02 and five in HU-01. In order to avoid contamination by
shell fragments, roots and seeds (e.g. Goh, 2006), the sediment samples
were examined and physically cleaned under a stereomicroscope.
Dating was carried out by BETA Analytic Laboratory using an accelerator
mass spectrometer (AMS). Radiocarbon ages were normalized to a 5'>C
of —25%. VPDB and reported as calibrated years (cal yr B.P.) (20) using
CALIB 6.0 software and Intcal09 curve (Reimer et al., 2009). The
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Table 2
AMS '“C dating of samples derived from sedimentary deposits.

BETA Core Depth 51%C Measured age 2 sigma calibration Mean calibrated age
(m) (%0) (BP) (calyrB.P.) (cal yr B.P.)
288718 HUO1 0.8-0.9 —16.5 6310 + 40 7317-7163 ~7200
288719 HUO1 26-2.7 —25.1 13,770 + 60 17,065-16,717 ~16,900
285261 HUO1 4.0-4.1 —26.6 30,800 £+ 170 35,584-34,804 ~35,200
304791 HUO1 46-4.7 —26.8 34,030 + 200 39,593-38,494 ~39,000
288720 HUO1 6.7-6.8 —26.0 38,130 £ 360 43,168-42,033 ~42,600
288714 PV2 0.65-0.75 —253 3050 + 40 3367-3158 ~3250
285259 PV2 3.65-3.70 —254 9590 + 50 11,144-10,741 ~11,000
304790 PV2 40 —25.1 9700 + 50 11,231-11,068 ~11,150
296243 PV2 6.8-6.9 —284 6270 + 40 7273-7154 ~7200
288715 PV2 7.8-8.0 —26.0 9470 + 50 10,819-10,574 ~10,700

sedimentation rates were based on the linear interpolation between age
control points.

4. Results
4.1. Radiocarbon dates
Dates of core samples are shown in Table 2 and range from 3367-

3158 cal yr B.P. to 43,168-42,033 cal yr B.P. The dates of core HU-01
indicate that its sedimentary deposits accumulated relatively

Table 3
Pollen taxa identified in the HU-01 and PV-02.
Taxa Taxa
Aizoaceae Fabaceae
Amaranthaceae/Chenopodiaceae Bonara
Amaranthaceae Copaifera
Gomphrena/Pfaffia Macrolobium
Alternanthera Myroxylon
Anacardiaceae Mimosa
Anacardium Lamiaceae
Annonaceae Origanum
Annona Lauraceae
Apocynaceae Malpighiaceae
Aquifoliaceae Byrsonima
llex Malvaceae
Araliaceae Melastomataceae/Combretaceae
Didymopanax Meliaceae
Arecaceae Moraceae/Urticaceae
Euterpe Myristicaceae
Mauritia Virola
Asteraceae Myrtaceae
Betulaceae Nyctaginaceae
Alnus Onagraceae
Bignoniaceae Piperaceae
Boraginaceae Piper
Burseraceae Poaceae
Protium Podocarpaceae
Cannabaceae Podocarpus
Celtis Polygonaceae
Chloranthaceae Symmeria
Hedyosmum Proteaceae
Chrysobalanaceae Roupala
Clusiaceae Rubiaceae
Clusia Alibertia
Connaraceae Borreria
Convolvulaceae Psychotria
Cunoniaceae Spermacoce
Weinmannia Rutaceae
Cyperaceae Sapotaceae
Dilleniaceae Selaginellaceae
Curatella Tiliaceae
Ericaceae Winteraceae
Euphorbiaceae Drymis
Alchornea
Mabea
Pachystroma

undisturbed. However, core PV-02 between 7 and 4 m contains age in-
versions (Fig. 3) that may reflect a rapid filling of the lake during the
early Holocene. Alternatively, the two samples between 4 and 3.7 m
(Table 2) that are older than the base of this profile may be the products
of an eventual reworking of other Holocene sedimentary sequences, as
suggested by the difference in grain size around 3.7 m (Fig. 3) that is
significantly different from the rest of this stratigraphic profile. There-
fore, this age inversion prevents establishing a chronological model
that integrates the samples in the 3.7 and 4 m depth with the other
dates in core PV-02.

The calculated sedimentation rates in core PV-02 are 0.3 mm/yr
(8.0-6.9 m), 1.5 mm/yr (6.9-0,75 m) and 0.2 mm/yr (0.75-0 m),
whereas core HU-01 accumulated at rates of 0.6 mm/yr (6.8-4.7 m),
0.2 mm/yr (4.7-4.1 m), 0.1 mm/yr (4.1-2.7 m), 0.2 mm/yr (2.7-0.9)
and 0.1 mm/yr (0.9-0 m). Although the rates are nonlinear between
the dated points, they are of the same order of magnitude as the vertical
accretion range of lakes reported by other authors (e.g. Burbridge et al.,
2004).

4.2. Facies description

Lakes, tidal flats and fluvial floodplains provide suitable conditions
for muddy accumulation and preservation of pollen grains sourced
from vegetation living at the time that the sediment was deposited.
Lacustrine sediments preserve pollen carried by wind and from vegeta-
tion surrounding the lake. The spatial representation of the lacustrine
pollen signal depends on wind strengths and the extent of the drainage
system feeding the lake. The proportion of the pollen signal provided by
each vegetation type is distance-weighted (e.g. Davis, 2000; Xu et al.,
2012), with closer sources usually being greater. Tidal-flats and fluvial
floodplains collect a smaller spatial representation of vegetation than
lacustrine environments, inasmuch as pollen traps in a tidal-plain in
Northern Brazil influenced by rivers and colonized by herbaceous
vegetation recorded <1% pollen from mangroves located ~1 km distant
(Behling et al., 2001).

The pollen records from active fluvial system reflect a mixture of
pollen signals of different rocks/sediments from different times, as the
sediment deposited by rivers is a product of reworked material from
their margins. In addition, some studies have reported pollen transport
in rivers (e.g. Brush and Brush, 1972; Solomon et al., 1982).

Therefore, we consider the pollen studies combined with the facies
analysis highly relevant. Pollen and spore records, 813C0rg and C/Npolar
values were interpreted in addition to sedimentological characteristics
in order to define four facies that represent the shift from an abandon-
ment channel to a lacustrine environment (Fig. 4).

4.2.1. Active fluvial channel facies (>~42,500 cal yr B.P.)

This facies occurs in core HU-01 between 10 and 8.2 m depth
(Fig. 2). It is characterized by fining upward sandy deposits. Pollen
grains are absent in this interval. There is an oscillation in total organic
carbon (TOC), but with an increasing trend from the bottom (0.1-
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0.3%) to the top (0.5%) and a slight decrease at 8.4 m depth (0.3%). Total
nitrogen (TN) oscillated between 0.02% and 0.06%. §'3Coyg and C/Noar
values range from — 25%. to —23%,, and from 4.5 to 14, respectively.

4.2.2. Abandoned fluvial channel/floodplain facies (>~42,500 to
~39,000 cal yr B.P.)

This facies occurs in core HU-01 between >~42,600 cal yr B.P. and
~39,000 cal yr B.P. (8.2-4.6 m). The sandy deposits grade upward into
heterolithic mud/sand deposits. TOC oscillated between 0.3% and 0.4%
with a decrease to 0.1% in 4.8 m. TN oscillated between 0.02% and
0.07%. The 8'3Corg and C/Nporar data show upward increasing trends,
with values varying from —23%. to —20%. and 7 to 17, respectively.
Pollen assemblages are characterized by a slight upward increase in
herbs (35-70%) and a decrease in forest components. Herbs are repre-
sented by Poaceae (27-63%) and Cyperaceae (0-12%). The modern
representative taxa from Amazonian forest pollen (15-35%) consists
mainly of Euphorbiaceae (0-10%), Fabaceae (3-20%), Bignoniaceae
(0-20%), Sapotaceae (0-3%) and Apocynaceae (0-6%). Pollen compo-
nents from these sediments also include an assemblage representative
of taxa currently found under colder climates (10-27%), such as Alnus
(2-11%), Hedyosmum (2-17%), Weinmannia (0-18%), Podocarpus
(0-4%), Ilex (0-4%) and Drymis (0-1%). Palm pollen (0-17%) is also
present (Fig. 2).

4.2.3. Oxbow lake facies

4.2.3.1. Core HU-01 (~39,000 cal yr B.P. to modern). This facies occurs in
the top of core HU-01 from ~39,000 cal yr B.P. until the present (4.6-
0 m, Fig. 2). These deposits consist mainly of laminated or massive
mud. The transition from abandoned fluvial channel to oxbow lake
deposits is marked by a significant decrease in TOC (0.4% to 0.1%), but
the TN presents an increasing trend (0.04% to 0.06%). It also shows a
drop of 8'3Coyg values (—20%. to —27%.), followed by a decrease in
C/Nmolar Values (17 to 3). During the past ~16,900 cal yr B.P. (2.6-
0 m) increases occur in TOC (0.1% to 0.4%) and TN (0.04% to 0.08%),
and progressive increases of 8'3Corg (—27%0 to — 14%,) and C/Npolar
values (2 to 10) occur (Fig. 2).

Between ~39,000 cal yr B.P. and ~35,200 cal yr B.P., pollen data
record an expansion of herbs (50-85%), mainly Poaceae (50-75%)
and Cyperaceae (6-10%). Representative taxa that occur in Amazon
forest today decreased during this phase (5-26%), while taxa cur-
rently found under colder climates, represented by Hedyosmum (2-
20%), Alnus (1-7%), Podocarpus (0-5%) and Ilex (1-9%), remained
relatively high (5-23%). An absolute absence of pollen or few pollen
grains (<3000 grains/cm?) were recorded between ~35,200 cal yr
B.P. and ~7200 cal yr B.P., and are thus not included in the pollen di-
agram. Since ~7200 cal yr B.P., herbaceous pollen (90-100%), mostly
Poaceae (57-100%), Cyperaceae (0-17%), and Asteraceae (0-5%)
dominated. This time interval recorded taxa that occur in the savan-
na today and the absence of taxa currently found under colder
climates.

4.2.3.2. Core PV-2 (~10,700 to ~3700 cal yr B.P.). The oxbow lake facies
occurs in the lower sections of core PV-02 (8-1.3 m, Fig. 3). It records
heterolithic and muddy deposits. The deeper part of this core records
a succession that ends in a massive reddish mud. TOC has relatively
low values around 0.2% between 6.4 and 0.8 m, but between 8 and
6.8 m an increasing trend from 0.2% to 0.7% occurs. TN values show a
weak increasing trend from 8 m until 1.4 m (0.05% to 0.07%). §"3Coyg
and C/Npar Values exhibit abrupt changes from —25%. to —30%.
and 10 to 4, respectively. Younger deposits have §'%C,,g values around
—27%o, and C/Noar ratios oscillate between 2 and 6 (Fig. 3).

Between 8 and 5.3 m depth, the forest pollen percentage values are
between 10 and 55%, being mainly represented by Fabaceae (4-12%),
Bignoniaceae (1-11%), Anacardiaceae (0-4%) and Euphorbiaceae
(0-10%), and herbs (40-87%) are represented by Cyperaceae (6-90%)

i
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forests
Lowland
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T Palms

Herbs

Fig. 4. Geomorphologic and vegetation evolution model for the study site.

and Poaceae (2-50%). In the 6.5-5.3 m interval, the forest pollen
percentages increase (55-73%), and, consequently, the herbaceous
pollen percentages decrease (15-60%). Pollen grains were absent in
the interval between 5.4 m and 0.7 m depth.

4.2.4. Crevasse splay/levee facies (~3700 cal yr B.P. to modern)

This facies occurs only in top of core PV-02 and consists of massive
pelite (Fig. 3). TOC and TN values exhibit an increasing trend from
0.2% to 0.8% and 0.07% to 0.16%, respectively. The §'3Co,g values are
between —27.5 and —26%., whereas the C/N,o1ar Values remain
between 5 and 6.3. Since ~3250 cal yr B.P., the forest pollen percentage
(55-60%) has higher values than herbaceous (27-42%) and palm pollen
(0-11%).

5. Discussion
5.1. Palaeoenvironmental interpretation

The fining upward sandy deposits at the base of core HU-01
(10-8.2 m, Fig. 2) are representative of the active phase of the fluvial
channel infilling (Fig. 4). Although pollen grains are absent from
this interval, the relation of §'3Coyg (—25% and —23%.) and C/Nolar
values (4.5-14) suggests that it contains a mixture of organic matter
from Cs plants (macrophytes and flooded vegetation) and freshwater
algae.

Between >~42,600 cal B.P. and ~39,000 cal yr B.P. (8.2-4.6 cm), the
sandy deposits grade upward into heterolithic mud/sand deposits. This
interval is probably related to the gradual abandonment of the fluvial
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channel and consequent lake development. §'3Coyg (—23%0 to —20%s)
and C/Nporar (7 to 17) data show upward increasing trends, suggesting
increased contributions from C4 plants. Pollen assemblages are consis-
tent with this trend as they are characterized by a slight upward
increase in herbs (35-70%). Although the taxa representative of modern
Amazonian forest (15-35%) occur during this interval, a significant pol-
len percentage is from an assemblage representative of taxa currently
found under colder climates (10-27%) (Figs. 2 and 4).

Sediments in the upper sections of core HU-01, from ~39,000 cal yr
B.P. until the present (4.6-0 cm), correspond to the oxbow lake phase
developed after complete channel abandonment (Figs. 2 and 4). The
transition from an abandoned fluvial channel to oxbow lake deposits
is marked by a significant lowering of §'3C,g values (—20% to
—27%o), followed by a decrease in C/Npo1ar Values (17 to 3) caused by
the decrease of TOC and increase of TN percentage values (Fig. 2). The
depletion of 613C0rg and decrease in C/Npar Values were probably caused
by the relative increase in contribution of organic matter from freshwater
algae during the lake establishment. Pollen data showed expansion of
herbs (50-85%) between ~39,000 cal yr B.P. and ~35,200 cal yr B.P.,
with a probable presence of C3 grasses. Generally, macrophytes in lakes
of the Amazon basin present isotopic values typical of C3 plants (e.g.
Zocatelli et al., 2011). Representative taxa that occur in Amazon forest
today decreased during this phase (5-26%), while taxa currently found
under colder climates remained relatively high (5-23%).

The sediments that accumulated during the LGM did not yield
radiocarbon dates. Considering the relative low sedimentation rate
(0.1 mm/yr) between ~35,200 and ~16,900 cal yr B.P. and the chrono-
logical model proposed for core HU-01 (Fig. 2), a sedimentary hiatus
probably occurred in the beginning of the phase having no or few
pollen. Ledru et al. (1998) reevaluated pollen records from lowland
tropical forests of South America and concluded that probably in
none of the published records are LGM sediments present or abundant.
This conclusion is based on the occurrence of abrupt lithologic
changes coupled with changes in sedimentation rate interpolated
from radiocarbon dates. These findings suggest that the LGM was repre-
sented probably by a hiatus of several thousand years, indicative of a dry
climate.

The progressive increases of §'3Cyrg (—27%o to — 14%o), TOC (0.1
to 0.5), TN (0.02 to 0.07), and C/No1ar (2 to 10) values in core HU-01
during the past ~16,900 cal yr B.P. indicate a progressive increased con-
tribution of C4 plants. This change may be related to a greater influence
of C4 macrophyte communities in the top of the sequence and/or to an
increase in the contribution of terrestrial C4 herbs near the study site.
Noteworthy is that few pollen grains were preserved during the late
Pleistocene and early Holocene in core HU-01 (Fig. 2) and the early
and mid Holocene in core PV-02 (Fig. 3). This feature is probably due
to an oxidizing environment that is recorded by laminated mud with
iron staining and ferruginous nodules that may be related to a dry period
during the early and mid Holocene (e.g. Pessenda et al., 1998; Mayle
et al,, 2000; Pessenda et al., 2001; Burbridge et al., 2004; Moreira et al.,
2012) in distinct locations of the Amazon region. Biogeochemical data
from Comprido Lake, eastern Amazonian basin, revealed a dry climate
between 10,300 and 7800 cal yr B.P., and a gap in sedimentation due
to a complete dryness of the lake occurred between 7800 and 3000 cal
yr B.P. (Moreira et al.,, 2013). This dry event may also have established
conditions for post-depositional destruction of pollen grains accumulated
during the late Pleistocene, inasmuch as the absence of pollen may be
caused by oxidation (Havinga, 1967), which is recorded as ferruginous
nodules and iron staining along the absence or few pollen preservation
phase (Fig. 2).

The top section of core HU-01, which is characterized by massive
mud sediment, is marked by a strong increase of TOC (0.1 to 0.5), TN
(0.04 t0 0.07), 8"3Copg (—21%0 to — 18%,), and C/Npoyar (4 to 10) values.
The lacustrine environment likely remained completely isolated from
the river, at least since ~7200 cal yr B.P., because since this time herba-
ceous pollen (90-100%) have dominated. This time interval also recorded

low values of taxa that occur in Amazon forest today (0-8%) and an
absence of taxa currently found under colder climates. In addition,
core PV-02 has a mixture of herbaceous, palm and forest pollen, but
no glacial forest pollen preserved in heterolithic and muddy deposits
related to the Holocene oxbow lake sedimentation (Fig. 3).

5.2. Transported or local occurrence of Alnus?

In Brazil, Alnus pollen has been recorded in several studies, but it
occurs in low percentages (<4%), even in pollen records of the LGM
(Absy, 1979; Colinvaux et al., 1996a; Haberle, 1997; Behling et al.,
2004; Macedo, 2009). However, the current study finds a cold pollen
assemblage (4-26%) associated with relatively high Alnus pollen per-
centages (2%-11%) between >42,600 cal yr B.P. and <35,200 cal yr
B.P. in core HU-01. Because these new data are the first evidence that
Alnus trees colonized areas of Western Amazonia, at least during the
pre-LGM time interval, we consider a discussion about the possible
influences of wind and fluvial transport of Alnus pollen to the study
site especially relevant.

5.2.1. Alnus in other pollen records in South America

In southern Peru, Alnus pollen values of <2% are almost certainly
attributable to long-distance dispersal, whereas its presence at >5%
probably indicates the local occurrence of this plant (Weng et al.,
2004b). Alnus occurs at 4-13% in samples collected above 2300 m,
reflecting the abundance of Alnus trees in the moist Andean forest belt
between 2300 and 2800 m (Weng et al., 2004b; Reese and Liu, 2005).
Pollen records from two lakes, one in northeastern lowland Bolivia
and the other in southwestern Amazon Basin, report Alnus pollen in
very low abundance (<0.5%) in recent sediments (Burbridge et al.,
2004).

5.2.2. Wind transport

Open vegetation is likely to have a higher proportion of long distance
transport pollen rain, but under a relatively closed canopy the pollen
rain should indicate local deposition (Weng et al., 2004b; Gosling
et al., 2009). Our stratigraphic record during the late Pleistocene
showed a denser arboreal vegetation than today, probably growing
around a relatively small body of water (<2 km length), similar to
those found today in the study site (Fig. 1a). Hence, this setting may
have attenuated the possible effectiveness of wind transport. Further-
more, surface winds blow from east to west in this sector of western
Amazonia (Satyamurty et al., 2008, Fig. 1a), thus excluding long dis-
tance transport of Alnus pollen by wind from the Andes to the study site.

5.2.3. Fluvial transport

During the lake phase some influence of Madeira River on the pollen
record is possible. However, the fluvial transport of Andean taxa proba-
bly did not affect the pollen signal in the study site because core PV-02,
which was acquired from an old oxbow lake, contains only modern taxa,
such as Cyperaceae (6-90%), Poaceae (2-50%), Fabaceae (4-55%),
Bignoniaceae (1-40%), Anacardiaceae (0-40%) and Euphorbiaceae (0-
10%) (Fig. 3) in its Holocene sequence, whereas core HU-01 contains
mainly Poaceae (57-100%), Cyperaceae (0-17%), Spermacoce (0-20%)
and Asteraceae (0-5%) during the past ~7200 cal yr B.P. (Fig. 2).

Naturally, a certain percentage of Alnus pollen (<5%, Weng et al.,
2004b) transported from Andean areas by rivers cannot be completely
ruled out. However, considering the relatively high percentages of
cold (4-26%) and Alnus pollen (2%-11%) between >~42,600 cal yr B.P.
and <~35,200 cal yr B.P. and their absence from the Holocene section
of cores PV-02 (15 samples) and HU-01 (14 samples), Alnus likely pop-
ulated the Western Amazonia lowlands during the pre-LGM time due to
cooler temperatures.
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5.3. Glacial pollen elements in lowland Amazonia

Modern biogeographic data indicate that Alnus occurs along the
Andes and Central American mountains at about 2000-3000 m from
southern Mexico to 28°S in northwest Argentina (Fig. 1a). In South
America, it covers whole mountainsides where mean annual tempera-
tures are between 8 and 18 °C and minimum winter temperatures are
no lower than — 10 °C (Furlow, 1979; Weng et al., 2004b; Punyasena
etal, 2011).

Considering our palaeorecords, the lowland Amazonia between
>~42,600 cal yr B.P. and <~35,200 cal yr B.P. was probably dominated
by a mixture of both upper montane and lowland elements. Upper mon-
tane taxa include Weinmannia, Hedyosmum, Alnus, Podocarpus, Ilex and
Drymis, which are virtually absent from the Holocene (Figs. 2 and 3)
and modern pollen assemblages (Table 1). Taxa characteristic of low-
land vegetation such as Anacardium, Alchornea, Psychotria, Annona and
Byrsonima are represented in the Holocene forest (Fig. 3). Apart from
fairly well defined upper montane and lowland taxa, a significant abun-
dance of persistent elements such as Poaceae, Cyperaceae, Fabaceae,
Melastomataceae/Combretaceae and Moraceae/Urticaceae is recorded
throughout the glacial and in the Holocene pollen assemblages.
Reconstructing vegetation from these pollen types is therefore challeng-
ing, and it is difficult to interpret unequivocally the climatic significance
of these assemblages. Nevertheless, the abundance of highland taxa be-
tween >43 kcal yr B.P. and <35 kcal yr B.P. and the absence of montane
elements from the Holocene pollen assemblage indicate significant dis-
tinction between glacial and Holocene vegetation at the studied site.

With respect to the Ilex pollen recorded in core HU-01 during
the late Pleistocene, several species of Ilex that are common in swamp
forest communities occur today in Mauritia palm swamps of lowland
abandoned channels of Western Amazonia (Roucouxa et al.,, 2013).
However, Ilex was not found currently in our study region (Vidotto
et al,, 2007, Table 1), and Ilex pollen was not recorded during the
Holocene phase in our record (Fig. 3). The presence of llex with the pol-
len assemblage representative of taxa currently found in colder climates
should suggest that this species of Ilex in our record is adapted to cold
climate (e.g. Colinvaux et al., 1996a, 1996b; van der Hammen and
Hooghiemstra, 2000; Ledru et al., 2001; D'Apolitoa et al.,, 2013).

Given that the glacial Pleistocene assemblage formed by Weinmannia,
Hedyosmum, Podocarpus, Ilex and Drymis is well represented by
pollen types that are relatively less dispersed and/or produced in
low quantities relative to Alnus pollen (Weng et al., 2004b), at least
suggests that cold-adapted plants (Weinmannia, Hedyosmum,
Podocarpus, Ilex and Drymis) were occupying terraces near the
lakes and zones topographically higher than fluvial plains in the
study site. Alnus was likely inhabiting the Western Amazonia low-
land, but it may have occupied zones comparatively more distant
from the study site. Its terrain was not subject to flood influence,
inasmuch as these taxa are generally not found in floodplain envi-
ronments. This cold-climate forest probably colonized areas of the
Western Amazonia lowland close enough to the study site to allow
the dispersal of their pollen grains and their preservation in lakes
and floodplains sediments of the Humaita region.

5.4. Palaeoclimatic implications of local occurrence of Alnus

Palaeoecological studies indicate a cooling (5-9 °C) in the lowland
Amazonian rain forest during the LGM (e.g. Bush et al.,, 2004). Consider-
ing that the current mean annual temperature is between 24 °C and
26 °C (Brasil, 1978) at the study site, which is located 1100 km from
the foot of the Andes (Fig. 1b), and that Alnus occurs in areas with
mean annual temperatures between 8 and 18 °C (e.g. Furlow, 1979;
Weng et al., 2004a), the local occurrence of Alnus calls for a significant
decrease in mean annual temperature during the onset of the LGM, at
least in this sector of Western Amazonia, to allow the downslope expan-
sion into the lowland rain forest of significant populations of plants

more adapted to cold temperatures. The 1100 km of horizontal and
2000 m of vertical relocation within a time scale of thousands of years
is plausible for Andean trees to colonize the lowlands in response to
cooling temperature (Feeley et al.,, 2011).

Pollen studies suggest that polar air influenced the climate and
vegetation of the Brazilian Amazon forest during the Late Quaternary,
with the expansion of Podocarpus and other montane elements into
the lowland forest (e.g. Ledru, 1993; Ledru et al., 1994; Colinvaux
et al.,, 1996a; De Oliveira, 1996; Haberle and Maslin, 1999;
Colinvaux et al., 2000; Ledru et al., 2001). However, pollen records
from the southern margin of Amazonia in eastern Bolivia (750 km
away from HU-01), indicate that savanna communities dominated the
catchment of this site continuously from 43,000 to 2240 cal yr B.P. An-
other core, also from eastern Bolivia (650 km away from core HU-01),
records mainly Alchornea, Leguminosae (Papilionoideae), and Talisia-
type pollen between ~47,000 and ~43,000 cal yr B.P. All three taxa in-
clude species present in the Amazonian rain forest, Cerrado (upland
grassland, savanna, and woodland), and Chiquitano dry forest biotas.
No sedimentation occurred at this site during the LGM (Mayle et al.,
2000).

Today's moisture sources along the eastern slope of the Andes are
the tropical Atlantic and the Amazon River basin (Martin et al., 1997).
By contrast, snowfall in Bolivia is dependent on winter precipitation re-
lated to polar air outbreaks (Vuille and Amman, 1997). The observed
difference in moisture and temperature changes between Bolivia and
the Brazilian Amazon during the LGM may reflect latitudinal precipita-
tion and temperature gradients. Cold air was brought as far north as
the equator. This mechanism explains the observed vegetation changes
in Amazonia, which would be related to increased penetration of cold
air as represented by the Mobile Polar High concept of Leroux (1993).
The present findings are also in good agreement with Rind's models,
in which changes in latitudinal temperature gradient affect large-scale
atmospheric dynamics (Rind, 2000).

Although our data represent the onset of the LGM (~42,600 cal yr
B.P. and ~35,200 cal yr B.P.), which probably was not as cold as the
LGM (in the Titicaca region the LGM is defined as 26,000-22,000 cal
yr B.P.,, Weng et al., 2006), the maximum glacier extension was earlier
than 24,000 cal yr B.P. in the central Andes (Klein et al., 1998). Terminal
moraines were dated (Smith et al., 2005) at their lowest elevation in
Bolivia at ~34,000 cal yr B.P., and deglaciation began between 21,000
and 19,000 cal yr B.P. (Seltzer et al., 2002). The climate warmed
progressively in many high montane locations between ~20,000 and
18,000 cal yr B.P. (Seltzer et al.,, 2002; Paduano et al.,, 2003; Bush et al.,
2005).

6. Conclusions

The present study describes sedimentary deposits representative of
active channel (>42,000 cal yr B.P.), abandoned channel/floodplain
(>~42,600 to ~39,000 cal yr B.P.), and oxbow lake sedimentary environ-
ments (~39,000 cal yr B.P. to modern). In these settings, reducing and
low energy subaqueous conditions were developed, locally favoring
preservation of a pollen assemblages made up initially of herbaceous
vegetation, some modern representative taxa from the Amazon forest,
and cold-adapted plants (4-26%) from the Andes, represented by
Alnus (2-11%), Hedyosmum (2-17%), Weinmannia (0-18%), Podocarpus
(0-4%), Ilex (0-4%) and Drymis (0-1%) at least between >~42,600 cal
yr B.P. and <~35,200 cal yr B.P. The herbaceous vegetation and modern
representative taxa from Amazonian forest persisted through the
Holocene, while the cold pollen assemblage became absent. Considering
the relative abundance of Alnus during the late Pleistocene (core HU-1)
compared to Holocene succession (core PV-2) and modern surface
samples, the Alnus probably populated the Western Amazonia lowland,
or it was growing closer to the study site due to cooler temperatures
during glacial times.
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