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ABSTRACT

During the Pleistocene, long-term trends in global climate were controlled by orbital cycles leading to
high amplitude glacial-interglacial variability. The history of Amazonian vegetation during this period is
largely unknown since no continuous record from the lowland basin extends significantly beyond the
last glacial stage. Here we present a paleoenvironmental record spanning the last 1800 kyr based on
palynological data, biome reconstructions, and biodiversity metrics from a marine sediment core that
preserves a continuous archive of sediments from the Amazon River.

Tropical rainforests dominated the Amazonian lowlands during the last 1800 ka interchanging with
surrounding warm-temperate rainforests and tropical seasonal forests. Between 1800 and 1000 ka,
rainforest biomes were present in the Amazon drainage basin, along with extensive riparian wetland
vegetation. Tropical rainforest expansion occurred during the relatively warm Marine Isotope Stages 33
and 31 (ca. 1110 to 1060 ka), followed by a contraction of both forests and wetlands until ca. 800 ka.
Between 800 and 400 ka, low pollen concentration and low diversity of palynological assemblages
renders difficult the interpretation of Amazonian vegetation. A strong synchronicity between vegetation
changes and glacial-interglacial global climate cycles was established around 400 ka. After 400 Ka,
interglacial vegetation was dominated by lowland tropical rainforest in association with warmer tem-
peratures and higher CO,. During cooler temperatures and lower CO, of glacial stages, tropical seasonal
forests expanded, presumably towards eastern Amazonia. While this study provides no evidence sup-
porting a significant expansion of savanna or steppe vegetation within the Amazonian lowlands during
glacial periods, there were changes in the rainforest composition in some parts of the basin towards a
higher proportion of deciduous elements, pointing to less humid conditions and/or greater seasonality of
precipitation. Nevertheless, rainforest persisted during both glacial and interglacial periods. These
findings confirm the sensitivity of tropical lowland vegetation to changes in CO,, temperature, and
moisture availability and the most suitable conditions for tropical rainforests occurred during the
warmest stages of the Mid Pleistocene Transition and during the interglacial stages of the past 400 kyr.

© 2022 Elsevier Ltd. All rights reserved.

* Corresponding author.

1. Introduction

The Mid-Pleistocene Transition (~1250—700 ka; MPT; Clark
et al., 2006) represents a major climate interval of the

E-mail address: annkkern@gmail.com (A.K. Kern).

https://doi.org/10.1016/j.quascirev.2022.107867
0277-3791/© 2022 Elsevier Ltd. All rights reserved.


mailto:annkkern@gmail.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.quascirev.2022.107867&domain=pdf
www.sciencedirect.com/science/journal/02773791
http://www.elsevier.com/locate/quascirev
https://doi.org/10.1016/j.quascirev.2022.107867
https://doi.org/10.1016/j.quascirev.2022.107867

AK. Kern, TK. Akabane, ].Q. Ferreira et al.

Pleistocene, marking a shift from lower-amplitude, high frequency,
obliquity driven ~41 kyr glacial-interglacial cycles to a high-
amplitude, lower frequency, eccentricity-driven periodicity of
~100 kyr (Mudelsee and Schulz, 1997). Following the MPT, inter-
glacial stages attained higher temperatures and atmospheric CO,
levels than previously, whereas the glacial stages of the late Pleis-
tocene became far colder with lower atmospheric CO, levels
(Lisiecki and Raymo, 2005; Chalk et al., 2017; Berends et al., 2021).
These resulted in changes of ice sheet dynamics, glacial ice volume,
sea ice extent, eustatic sea level, and ocean and atmospheric
meridional heat transport (Clark et al., 2006, 2017; Bell et al., 2015;
Willeit et al., 2019), and in turn had a major impact on the nature
and composition of global ecosystems (Dupont et al., 2001; Oliveira
et al,, 2017).

However, continuous records of the dynamics of terrestrial biota
and ecosystems during this period are limited (e.g., Torres et al.,
2013; Tarasov et al., 2013; Hooghiemstra et al., 2022). Particularly
in the tropics, Pleistocene records of environmental change are
rare, including Amazonia, the region with the highest biodiversity
on Earth (da Silva et al., 2005; Rull, 2011). To date, only one archive
from the high tropical Andes (yet outside the bounds of the Amazon
drainage basin) continuously describes vegetation dynamics
beyond 1 Ma (Hooghiemstra, 1984; Torres et al., 2013). Pleistocene
paleoenvironmental records are also not well resolved in the
longest marine palynological studies of Amazonian history (e.g.
Hoorn et al., 2017). Among continental records from the Amazonian
lowlands, there are few vegetation and climate records covering
more than one glacial-interglacial cycle (Absy et al, 1991;
Hermanowski et al., 2012). As a result of the limited number of
pollen records, many open questions on past glacial vegetation in
Amazonia remain, even for the most recent glacial stage, the Last
Glacial Maximum (LGM, 26.50—19 ka; Clark et al., 2009).

Haffer's (1969) Pleistocene Refugia hypothesis, which postu-
lated an expansion of savannas that acted as both a barrier for
tropical forest species and a driver of biodiversity, catalyzed inter-
est in studies about the late Pleistocene environments of Amazonia.
Many subsequent palynological, geochemical, and modelling
studies have arrived at divergent conclusions (e.g., van der
Hammen, 1974; van der Hammen and Absy, 1994; Colinvaux
et al,, 1996, 2000; Ledru et al., 1998; D'Apolito et al., 2013; van
der Hammen and Hoogiehmstra, 2000). Drier-than-modern con-
ditions for the LGM have been suggested for eastern Amazonia
(Haggi et al.,, 2017; Wang et al., 2017) where vegetation modelling
studies suggest potential for biome turnover under low CO, and
increased fire activity (Sato et al., 2021; Maksic et al., 2022). Yet,
overall proxy records remain ambiguous concerning both the
magnitude of decreased humidity and extent of the increased
openness of rainforest vegetation in different parts of Amazonia
across glacial-interglacial intervals of the Pleistocene (e.g.
Colinvaux et al., 2000; Baker and Fritz, 2015; Wang et al., 2017; Reis
et al., 2017; Baker et al., 2020).

Here, we present a new pollen-based record from marine
sediment core CDH-79 collected from the top of a seamount in the
western equatorial Atlantic immediately adjacent to the Amazon
continental margin (Fig. 1; 2). The record spans the last 1.80 Ma
(Ferreira et al., 2021) and represents the longest and most contin-
uous Quaternary vegetation reconstruction for the Amazon Basin.
By reconstructing affinities of all biomes within the Amazon
drainage basin following Marchant et al. (2009), we document the
history of Amazonian biomes (Fig. 1B) and the impact of global
climate and CO; change on prevailing vegetation types. In addition,
we analyze patterns of Amazonian biodiversity by calculating
specific metrics to identify significant vegetation variations and
turnovers through time.
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2. Regional setting
2.1. Vegetation types in the Amazonian drainage basin

The Amazonian drainage basin covers a large area with various
vegetation types. The vegetation types of tropical South America
are strongly affected by large gradients in elevation (to >6000 m;
Fig. 1A) and precipitation (Burnham and Graham, 1999; Daly and
Mitchell, 2000). It remains challenging to classify the vegetation
on a continental scale, considering the high heterogeneity of
certain vegetation types, their often disjunct areas, and varying
classification of local vegetation (Pires and Prance, 1985; Daly and
Mitchell, 2000). Several concepts have been developed to
describe the vegetation types of tropical South America and inside
the Amazonian drainage basin, but the number, size, and extent of
single biomes still varies depending on source information and
focus. In this context, the term “biome” represents a physiognomic
vegetation unit established on a global scale, which is defined by
plant traits and climate (Prentice et al., 1992; Marchant et al., 2009).
Biomes are one basis to establish ecoregions, which additionally
recognize distinct assemblages of natural communities and species
to set boundaries (Olson et al., 2001, Fig. 1B).

The main biome of the modern Amazon drainage basin (Fig. 1B)
is the evergreen moist tropical rainforest known as the Amazonian
rainforest (tropical rainforest; TRFO; Marchant et al., 2009, Table 1),
part of the tropical and subtropical moist broadleaved forest (Olson
et al,, 2001, Fig. 1B). It is characterized by a predominantly closed
canopy with emergent trees and structured layers in the sub-
canopy, intolerant to fire and frost (Daly and Mitchell, 2000;
Marchant et al., 2009). In certain areas, it extends to altitudes as
high as 1000 m (Furley, 2007).

Open vegetation types in the lowlands of the Amazonian
drainage basin (Fig. 1B) include the surrounding savannas (e.g.
Cerrado, Guyannas, Llanos de Moxos) and edaphically constrained
enclaves such as the campinaranas (Fig. 1B) (Pennington et al.,
2000; Furley, 2007). The Cerrado occupies a large portion of
southeastern Amazon basin (Fig. 1B) and is a mosaic of vegetation
types varying in its openness between grass-dominated vegetation,
woodlands and open forests (Eiten, 1972; Werneck, 2011) classi-
fiying as tropical and subtropical grasslands, savannas and shrub-
lands according to Olson et al. (2001, Fig. 1B). While climate, fire,
and topography define the extent of the Cerrado, nutrient-poor and
aluminum-rich soils also play a significant role in its distribution
(Daly and Mitchell, 2000; Oliveira and Marquis, 2002; Werneck,
2011). Further, water storage capacity and soil-moisture deter-
mine the height and density of the woody elements (Furley, 2007).
According to the classification of vegetation biomes used in
Marchant et al. (2009), there is no single biome to represent the
modern Cerrado. This vegetation tyoe is split into its woody
component, merged in the Tropical Dry Forest (TDFO), and its grass
and herbaceous dominated component which is included in the
steppe biome (STEP) (Table 1; Supplementary Table 2).

A transitional biome between the evergreen moist tropical for-
est and the tropical dry forest is the Tropical Seasonal Forest (TSFO)
as classified by Marchant et al. (2009), although no distinction was
made by Olson et al. (2001; Fig. 1B). The TSFO represents a forest
characterized by a mix of evergreen and sclerophyllous elements
(“Cerrado elements”), comparable to the Mato Grosso seasonal
forest (Fig. 1B) (Daly and Mitchell, 2000). During most of the year,
the TSFO has a closed canopy with vegetation structure similar to
the tropical rainforest, which only opens during the short dry
season when the deciduous taxa shed their leaves. Therefore, some
refer to this biome as semi-deciduous forests (e.g. Daly and
Mitchell, 2000). Within the Amazon basin, the modern TSFO only
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Fig. 1. A: Digital Elevation Model of the Amazon drainage basin and the location of core site CDH-79; B: Ecoregions of the Amazon drainage basin following Olson et al. (2001);
selected WEFF terrestrial ecosystems were added including the azonal wetland (varzea and igapd) ecosystems along the Amazon River and its catchment; the campinarana
vegetation (white-sand vegetation) in the northernmost Amazon basin and the Mato Grosso seasonal forest. Cerrado vegetation is part of the tropical and subtropical grasslands,
savannas and shrublands whereas paramo and puna are integrated in the montane grasslands and shrublands. Additional local vegetation classifications of each biome are listed in

Table 1. The location of site CDH-79 is also shown.

Table 1

Overview of the main biomes within the Amazonian drainage basin today along with their abbreviations and main information summarized from Marchant et al. (2009).

Code Biome name Description

Additional information

TRFO Tropical rainforest Closed canopy lowland evergreen forest,
precipitation >1500 mm, frost-intolerant

Closed canopy forest with deciduous elements,
seasonally dry (1—4 months)

Mixed forest, longer dry season than in the TSFO

leads to drought and high water stress

TSFO Tropical seasonal
forest

TDFO Tropical dry forest

WTRF Warm temperate
rainforest

Lower evergreen closed forest with trees >20 m,
transitional forest type (1000—2500 m), frost-
intolerant
WEFO Warm temperate Evergreen, semi-closed forest, frost-intolerant
evergreen broadleaf
forest
COMI Cool mixed forest Low woodlands (<5 m) with an open canopy, frost-
tolerant (night frosts)
Tropical-alpine environment above the forest line in
the Andes
High Andean grassland with tussock grasses and
cushion plants

Dominated by grasses with shrubs and herbs

CGSH Cool grass- and
shrubland
CGSS Cool grasslands

STEP Steppe

Amazonian rainforest known as terra firme forest including coastal mangrove
vegetation

Mixed of mesophyllous and sclerophyllous taxa, mainly savanna gallery forest and
seasonal swamp forest

Xerophytic vegetation types such as Andean xerophytic bush, Rupununi savanna,
cerrado, cerradao, campos rupestres, campo cerrado, cactus forest, deciduous
xerophytic forest, campina, campinarana, restinga, dune forest

(Moist) lower montane forest with a mix of mesophyllous and sclerophyllous
elements, also referred to as submontane or evergreen premontane rainforest and
evergreen lower montane forest

Transitional and upper Andean forest (1000—2000 m) similar to the WTRF in higher
elevation, not present in the eastern Brazilian highlands

High Andean forest with mainly evergreen elements; upper montane forest

Poaceae-dominated cool grassland with shrubby/woody vegetation like paramo and
subparamo

Poaceae-dominated cool grassland or heath, including puna, cushion paramo and
super-paramo

Warm grasslands of mainly Poaceae and Amaranthaceae in NE Brazil, including campo
limpo, caatinga type serid6

occupies patches near the Guianas and at the southern margins of
the Amazonian rainforest (Daly and Mitchell, 2000; Furley, 2007).

Montane and submontane forests in the Amazonian drainage
basin are found on the Guiana and Brazilian Shields and in the
Andes (Fig. 1B). Generally, as altitude increases, diversity and height
of the vegetation gradually decrease (Homeier et al., 2008 and
references therein), favoring the presence of herbs and shrubs at
higher elevations (Daly and Mitchell, 2000). A low-elevation forest
with a high biodiversity persists up to ca. 1500 m and shares many
elements with lowland forest (Pérez-Escobar et al, 2021).
Marchant et al. (2009) define several altitudinal forest biomes,

based on an increasing number of montane elements. The lowest,
warm temperate rainforest (WTFO) and the warm temperate
evergreen broadleaf forest (WEFO), are both frost intolerant and
occur up to an elevation of 2000 m. The upper montane forests are
distinguished by the regular occurrence of night frosts (Pérez-
Escobar et al., 2021) and by small trees (<10 m). One type is the
cool mixed forest (COMI; Marchant et al., 2009) whereas cooler
forest types such as the cold temperate rainforest (CTRF; Marchant
et al., 2009) are not present within the Amazon drainage basin
today. At the edges of the Amazonian drainage basin, two tropical
alpine grass-dominated biomes occur in the high Andes (Fig. 1B),
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commonly referred to as paramo and puna (Cuatrecasas, 1958;
Halloy et al., 2008). Plants of both vegetation types are adapted to
frost and occur at elevations between forest line and permanent
snow cover (Londono et al., 2014). Due to its higher precipitation
(1000—3000 mm annually), the paramo is characterized by com-
mon presence of shrubs and dwarf trees, which are almost absent
in the arid puna (Halloy et al., 2008). In both vegetation types,
higher density of cushion plants occur with increasing elevation at
the expense of decreasing grass abundances (Halloy et al., 2008;
Londono et al., 2014). Marchant et al. (2009) also distinguishes two
high alpine grassland biomes. These mainly differ due to the
presence of cushion plants associated with the cool grasslands
(CGSS) while the cool grass- and shrubland (CGSH) has an addi-
tional component of dwarf trees and shrubs. A summary of all bi-
omes and their abbreviations within the Amazonian drainage basin
is listed in Table 1 and further includes regionally-used names of
vegetation types.

2.2. Ocean currents in the western equatorial Atlantic

The material studied herin originates from a marine core
labelled CDH-79, which was collected in a seamount in the equa-
torial western Atlantic. The upper water column surrounding the
site CDH-79 is occupied by the North Brazil Current (NBC; Fig. 2A), a
warm surface current that flows northwestwards along the
northeastern South American continental margin (Peterson and
Stramma, 1991). The NBC has two main roles in the global ocean-
—it is part of the wind-driven equatorial Atlantic gyral circulation,
and it feeds the northward cross-equatorial current that balances
the deep, southward-flowing North Atlantic Deep Water, both be-
ing important portions of the Atlantic Meridional Overturning
Circulation (AMOC) (Fratantoni et al., 2000; Buckley and Marshall,
2016). By virtue of its dual roles, it is likely that the NBC has been
present along the equatorial margin of South America since the
establishment of AMOC and Atlantic equatorial ocean gyres
(Nilsson et al., 2013), but these histories are not well known.
Further, the NBC transports the freshwater and terrigenous sus-
pended sediment that are delivered to the mouth of the Amazon, as
well as rivers of Northeastern Brazil (e.g. Tocantins, Parnaiba,
Mearim, Acarad, Grande do Norte rivers; Fig. 2A) (Lentz, 1995;
Allison et al., 2000). A substantial portion of the Amazonian

0 250 500 km
[

-15 -15—

0 250 500 km
-_—
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sediments sink in the water column along its way to the Caribbean
and are deposited off northeastern South America (e.g. Govin et al.,
2012; Haggi et al., 2016).

At greater water depth, between ca. 1200 and 4000 m, the Deep
Western Boundary Current (DWBC) transports North Atlantic Deep
Water southeastwards into the South Atlantic (Fig. 2B) (Molinari
et al., 1992; Fischer and Schott, 1997; Richardson and Fratantoni,
1999). Importantly, the DWBC entrains and transports Amazonian
sediments southeastwards (Petschick et al., 1996), controlling the
small terrigenous sediment deposition at the seamount site of
CDH-79 (Fig. 2B).

3. Material and methods

3.1. Site description and age model

Marine sediment core CDH-79 (00° 39.69' N, 44° 20.77' W;
32.20 m core length; 2345 m water depth) was retrieved from a
seamount located 320 km off the modern coastline of northeastern
Brazil in the western equatorial Atlantic during the oceanographic
expedition R/V Knorr (KNR 197—4) in February 2010 (Fig. 2). Sur-
rounding water depth averages 3100 m; thus, the seamount stands
~750 m above the seafloor, where it is largely unaffected by
downslope bottom sedimentation and erosion.

The age model for CDH-79 is based on radiocarbon (4C) ages,
Quaternary planktonic foraminifera biostratigraphy (Ericson and
Wollin, 1968; Wade et al., 2011), and stable oxygen isotopic ana-
lyses (3'80) (Ferreira et al., 2021). Oxygen isotopic analysis (Fig. 3A)
were undertaken on planktonic foraminifera (Globigerinoides ruber
(white) within the size fraction 250—350 um and benthic forami-
nifera (Uvigerina peregrina and Cibicidoides wuellerstorfi within the
size fraction >125 pm). Details regarding the age dating can be
found in Ferreira et al. (2021). Sediment deposition was nearly
continuous except for a depositional unconformity visible as a 2-
cm-thin bed of sand at ~55 cm core depth between two biostrati-
graphic zones (Ferreira et al., 2021).

3.2. Neodymium isotopes

To determine the provenance of sediments of core CDH-79, the
neodymium isotopic composition of 22 carbonate-free sediment

bathymetry (m)

50
o
—1-20
[3-100
[ -200
-500
[ -1000
B -1500

global sea
level LGM

-60 -55 -50 -45 -40 s -30

-55 -50 -45 -40 L - -25

Fig. 2. Schematic map showing the main ocean currents in the equatorial western Atlantic affecting the sediment transport to site CDH-79. The red line represents the lower global
eustatic sea level during the LGM based on CIMP5 (Abe-Ouchi et al., 2015) downscaled by woldclim (http://www.worldclim.com/). A: Surface currents following Peterson and
Stramma (1991) and Richardson et al. (1994); BC: Brazil Current; NBC: North Brazil Current; NECC: North Equatorial Countercurrent; SEC: South Equatorial Current. B: Deep
water currents following Stramma and England (1999) and Boning and Kroger (2005); DWBC: Deep Western Boundary Current. (For interpretation of the references to colour in this

figure legend, the reader is referred to the Web version of this article.)
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Fig. 3. Overview of various proxies from CDH-79 covering the last 1800 ka. Vertical grey bars indicate glacial stages, which are labelled on top of figure. A: Measured 530 ratios
(Ferreira et al.,, 2021); B: accumulation rate calculated with the age model by Ferreira et al. (2021) with the highest peak, 26.44 to 26.35 ka, truncated; C: eng ratios measured on
carbonate bulk-free samples; D: pollen concentration calculated as pollen grains per gram dry sediment for all palynological samples; E: Percentage Poaceae in pollen assemblages.
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samples were analyzed at the Center of Geochronological Research
(CPGeo), University of Sao Paulo (Brazil). Samples of 10 cm? of bulk
sediment were freeze-dried and ground with an agate pestle and
mortar. All chemical procedures were carried out in an ultra-clean
laboratory class 10,000, equipped with a laminar flow fume hood
class 100. For decarbonation, powdered samples were washed with
ultra-pure water and reacted with a solution of hydrochloric acid,
sodium acetate and ultra-pure water. The carbonate-free sediment
powder was dissolved by acid digestion using HNO3 + HF + HCI
(purified in the sub-boiling device Distiller STD-1000 at low tem-
peratures) in discrete steps in teflon beakers (Savillex®), at a
temperature of 100 °C. The Nd was separated from other rare earth
elements first by a specific resin (RE-Spec) and second by the resin
Ln-Spec. Then, Nd samples were deposited in rhenium parallel
filaments with the addition of ultra-pure H,0. The 3Nd/#*Nd
ratios were obtained by thermal ionization mass spectrometry
(TIMS), using a Finnigan Triton mass spectrometer. Replicate anal-
ysis of JNdi standard (n = 19) yielded
43Nd/14Nd = 0.512093 + 0.000009 (1c). Nd procedure blanks
were about 70 pg. The >Nd/™“Nd values were normalized to
146Nd/144Nd = 0.7219 (DePaolo, 1981) and expressed in the eng
notation, that is normalized by present-day chondritic uniform
reservoir (CHUR) *3Nd/'"4Nd value, namely 0.512638 (Jacobsen
and Wasserburg, 1980).

3.3. Palynology

In total, 154 palynological samples were taken at 20-cm in-
tervals from the same sediment horizons as the foraminifera
samples that were analyzed to establish the age model (Ferreira
et al., 2021). Sample preparation was undertaken at the U.S.
Geological Survey (Reston, Virginia, USA) following the methods of
Faegri and Iversen (1975), Doher (1980), Traverse (1988) and Brown
(2008). Sample size was approximately 10 g of dry sediment. Hy-
drochloric acid was used to remove all calcareous material, and cold
hydrofluoric acid was used to dissolve silicate minerals. Processing
continued by using acetolysis and potassium hydroxide (KOH). Due
to the low pollen concentration in deep marine deposits, wet-
sieving was performed using al50 um mesh to remove larger
particles and a 5 pm mesh to remove smaller ones and amorphous
organic matter. In rare cases, pollen abundance was further
enriched by heavy liquid separation using zinc chloride (ZnCly)
with a density of 2.1 specific gravity. At least two slides per sample
were prepared with glycerin jelly for investigation under the light
microscope and the remaining material was stored in distilled
water at the US. Geological Survey in Reston. One Lycopodium
clavatum spore tablet (batch number 938934, average number of
spore 10,679) was added at the beginning of the sample prepara-
tion to allow calculation of pollen concentrations (Stockmarr, 1971).

Identification of pollen and spores was based on comparison
with several pollen atlases (e.g. Roubik and Moreno, 1991;
Colinvaux et al., 1999; Silva et al., 2016), online databases (e.g. Bush
and Weng, 2007), publications (e.g. Burn and Mayle, 2008; Gosling
et al., 2009; Barros et al., 2013), and the tropical pollen reference
collection of Frank E. Mayle (University of Reading, United
Kingdom).

In samples with low pollen abundance, at least one slide was
fully counted to enable the calculation of pollen concentration
along the entire core. The pollen sum of 100 percent was calculated
excluding fern spores and Poaceae due to an unusual high presence
of grains in all samples. (Supplementary Table 2). Additional cal-
culations for Poaceae abundance used the entire pollen count.
Environmental interpretations are based on a subset of 79 paly-
nological samples, in which more than 150 grains were counted
and Poaceae pollen comprised less than 60%, providing a reliable
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vegetation description. Pollen data were summarized in a diagram
in the software R (R Core Team, 2020) using the packages “Rioja”
(Juggins, 2020) and “Vegan” (Oksanen et al., 2019). Pollen data were
log-transformed and analyzed using Principal component analysis
(PCA; Kenkel, 2006; Legendre and Birks, 2012) using PAST
(Hammer et al., 2001). Various datasets containing all samples and
taxa, as well as on the limited 79 sample dataset that excluded
Poaceae (dominance) and Cyperaceae (because their thin wall
impacted preservation in the deeper section of the core; Li et al.,
2005; Jantz et al., 2013), were utilized to examine potential biases.

Pollen abundances were used to reconstruct biome affinity
scores. Each pollen taxon was assigned to one or multiple plant
functional types (PFTs) and each PFT was assigned to one or mul-
tiple biomes following Prentice et al. (1992, 1996) and the classifi-
cations of Marchant et al. (2009). This process of ‘biomisation’
represents a globally applied objective method (Izumi and Lézine,
2016; Tian et al., 2018; Altolaguirre et al., 2020) to use pollen data
for biome reconstructions on the basis of standard algorithms
taking into account that individual species distributions occur
across various biomes and ecosystems. The applied classification
uses 26 PFTs distinguished by the structure, leaf form, phenology,
and climatic adaptions of plants (Prentice et al., 1996). In this
context, a PFT represents a vegetation unit with an affinity relative
to three environmental parameters: namely temperature, seasonal
warmth and the Priestley-Taylor coefficient (o) of plant available
moisture further explained in Marchant et al. (2009). A full
description of the 26 PFTs can also be found in Marchant et al.
(2009). Calculations used the software Biomise 3.0 developed by
Ben Smith (University of Lund, Sweden) following the statistical
background of Prentice et al. (1996). Results show the biome af-
finities of each sample, providing estimates of the most likely
biome for each palynological assemblage. Newly assigned plant
taxa followed Plants of the World Online (http://www.
plantsoftheworldonline.org/), the IUCN red list of threatened spe-
cies (http://www.plantsoftheworldonline.org/), Reflora (http://
reflora.jbrj.gov.br/), eflora of Ecuador (http://www.efloras.org/
flora_page.aspx?flora_id=21), GBiF (https://www.gbif.org/), BIEN
(https://biendata.org/), Useful Tropical Plants (http://tropical.
theferns.info/), the Gymnosperm Database (https://www.conifers.
org/), and selected other publications (e.g. Reese and Liu, 2005;
Gosling et al., 2009; Ortuno et al., 2011). All associations are sum-
marized in Supplementary Table 3.

Biodiversity indices also were calculated based on pollen counts
using PAST (Hammer et al., 2001) to increase the evaluation of
taxonomic richness against taxonomic evenness (Pardoe et al.,
2021). A combination of biodiversity metrics was used to over-
come the shortcomings of single parameter methods; selected
metrics included the Shannon heterogeneity index (Shannon H
Index) to determine the diversity of assemblages and address the
issue of varying pollen counts per sample, taxonomic evenness to
compare the relative abundance of pollen taxa in different assem-
blages, dominance to highlight if single taxa comprise the main
count of a sample, and rarefaction analysis set to a sample size of
100 counted pollen grains to standardize diversity measurements
among the different samples (Pardoe et al., 2021 and references
therein). The full range of reconstructed biodiversity metrics is
summarized in Supplementary Table 4.

4. Results
4.1. Sedimentation rates and eng
CDH-79 recorded sedimentation rates (Ferreira et al., 2021) of

1.52 cm/kyr between 1930 and 400 ka and 6.69 cm/kyr during the
last 400 ka (Fig. 3B). Peak rates, exceeding 10 cm/kyr, occurred only
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in the time interval from 400 ka to the top of the core. An event at
26.44 to 26.35 ka had an exceptional accumulation rate of ~110 cm/
kyr (Supplementary Table 1).

The eng ratios vary only slightly, ranging between —12.10
and —14.17 with an average of —12.91 (Fig. 3C). The Andean-
dominance in the terrestrial provenance remains the consistence
source of terrestrial material of the CDH-79 record showing no
indication of stronger river-inflow from e.g. the Northeast. There-
fore, the Amazon draingage basin is the source of the terrestrial
sediment throughout the entire 1800 ka record at site CDH-79
(Supplementary Table 1).

4.2. Palynology

4.2.1. Pollen abundances

Pollen concentrations in CDH-79 are low during the entire study
interval, ranging from zero to 1971 pollen grains/g of dry sediment
(Fig. 3D; Supplementary Table 2). All samples below 3104 cm core
depth are barren, limiting the basal age of the pollen record to 1796
ka. Pollen concentrations in the uppermost section, covering the
last 218 ka, exceed 100 grains/g and the highest concentrations
>1000 grains/g occur in the samples deposited between 1354 and
1203 ka. Pollen and spore concentrations display similar trends,
with higher values between 1600—1500 ka and 800—600 ka due to
higher spore occurrences (Supplementary Fig. 1; Supplementary
Table 2). In general, higher pollen concentrations were found in
interglacial sediments (Fig. 3D). Fern spores reached values
exceeding 80% relative to all pollen and spore counts with an
average of 63% (Supplementary Fig. 1). Identified fern spore taxa
primarily include genera of the Polypodiaceae family followed by
genera from the Cytheaceae and Selaginellaceae families. The
abundances of all ferns displayed little variation with core depth
(Supplementary Table 2).
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Poaceae is the most abundant pollen taxon found in CDH-79,
which showed a significant, somewhat step-wise, decrease from
the base towards the top of the core (Fig. 3E; 4). Average values of
60% in older samples decreased after 1300 ka to levels around 50%.
These values persisted until approximately 700 ka, when the
abundance again decreased to about 40% in the entire remaining
portion of the record. PCA (supplementary material) supports a
major shift in the pollen assemblages between 900 and 700 ka
considering all samples and all pollen taxa.

Changes around ~758 ka are evident using the limited pollen
record (subset of 79 samples, see Material and methods), which
holds similar results in both analyses considering the entire log-
transformed pollen dataset and excluding Poaceae (due to its
overrepresentation) and Cyperaceae (apparent preservation bias).
CONISS analysis indicates important vegetation changes around
~960 ka, 758 ka and 300 ka (Fig. 4). In the core section older than
758 ka, Alchornea, Hedyosmum, and Borreria dominats the pollen
spectrum, while the younger section is characterized especially by
Arecaeae, Moraceae-Urticaceae, and Piper (supplementary
material). Additional important elements contributing to the pol-
len spectra are Asteraceae, Rubiaceae and Solanaceae, which
increased from the base until ~500 ka and remained high there-
after, opposed by decreasing trends in Alchornea, Apiaceae, and
Melastomataceae-Combretaceae (supplementary material). Addi-
tional important components in the pollen record including
Mauritia, Bignoniaceae, Apocynaceae and Araceae exhibited no
clear trends in the entire record (Fig. 4; Supplementary Table 2).

4.2.2. Biome reconstruction

Seventy-nine samples were included in the biome re-
constructions (Fig. 5; Supplementary Table 3). The majority of
samples indicated warm temperate rainforest (WTRF) as the most
likely biome on the basis of the pollen assemblage with several
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exceptions: tropical rainforest biome (TRFO) was dominant in ten
samples (1653, 1579, 985, 939, 758, 738, 264, 260, 201, 122 ka);
three other samples revealed highest biome scores for the tropical
seasonal forest (TSFO) (1283, 365, 155 ka) (Fig. 5; Supplementary
Table 3). The long-term trend of many biomes through time
showed general similarities due to the shared taxa and PFTs indi-
cated by positive correlation factors (Supplementary Table 3).
Strong correlation occurred between the lowland rainforest biomes
(TRFO; TSFO) and the WTRF with values above 0.9 (Pearson linear
correlation) due to a generally increasing trend throughout the
record (Fig. 5A, B and C; Fig. 6A).

A trend towards higher amplitude oscillations in forested bi-
omes up-core is visible after ~750 ka, and even more notably in the
last ~400 ka (Fig. 5A—D). The higher elevation forest biomes of the
cold temperate rainforest (CTRF) and cold mixed rainforest (COMI;
Fig. 5E) correlated with 0.88 and shared high similarities with the
lower elevation warm mixed forest (WAMF) and the warm
temperate evergreen forest (WEFO) (Fig. 6A). The desert (DESE) and
steppe (STEP) biomes show the lowest correlation with all other
biomes (below 0.35) (Supplementary Table 3; Fig. 6A). STEP
(Fig. 5F), DESE, and the high elevation cool grassland (CGSS) and
cool grass- and shrubland (CGSH, Fig. 5G) have strong fluctuations
in their affinity scores, yet do not show clear trends through time
(Supplementary Table 3). PCA further reveals a shift in statistical
distances between the biomes following the division suggested by
CONISS at 758 ka (Fig. 4). In the sequence between 1800 and 758 ka,
mainly the higher elevation biomes (COMI; CTRF; CGSH; CGSS)
show a clear distinction (Fig. 6B). In contrast, in the section younger
than 758 ka, the lower elevation dense forests (TRFO, TSFO) and the
low elevation forests (WTRF) form a clear group with higher dis-
tance from the TDFO (Fig. 6C).

4.2.3. Biodiversity metrics

The highest pollen concentrations occurred in the intervals
between 1400 and 1100 ka and between 350 and 100 ka (Fig. 7A).
These intervals also have the highest diversity of pollen taxa with a
maximum number of 68 identified pollen taxa per sample at 201 ka
(Supplementary Table 4). Between 1800 and 1500 ka, results show
high dominance and low evenness values (Fig. 7B; C). While
dominance decreased more or less continuously through time
without strong variations, the evenness of the pollen assemblages
remained low until reaching a peak around 700 ka, with higher
values during the last 300 ka. This is a similar trend to that
expressed by rarefaction (T100) and Shannon H Index, which are
highest between 342 and 196 ka (Fig. 7D) indicating an interval of
high biodiversity (Fig. 7E). Biodiversity also was slightly higher
during the earlier interval of high pollen concentration and
numbers of taxa numbers, between 1300 and 1100 ka. All recon-
structed biodiversity indices are summarized in the Supplementary
Table 4.

5. Discussion
5.1. Depositional setting and taphonomy

The eng values range only slightly between —12.10 and —14.17
(Fig. 3C) indicating that the terrestrial sediment arriving at core site
CDH-79 was continuously composed of an Amazon River source
during the last 1800 ka. These eng isotopic values are similar to
other marine deposits with Amazon provenance (e.g., Zhang et al.,
2015; van Soelen et al., 2017; Hoorn et al., 2017). These values
further point to the dominance of Andean-derived sediments
among the Amazon detritus (e.g., Hoppner et al., 2018) and contrast
with other known tropical South American rivers transporting
sediments from cratonic sources (Guiana and Brazilian Shields),
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which all have values less than —16. Less radiogenic enq signals are
also reported for marine sediments off NE Brazil that derived
sediment from rivers draining the Brazilian Shield (e.g. Zhang et al.,
2015; Sousa et al.,, 2021).

Cratonic rivers, such as the eastern Amazonian tributaries, must
also constitute at least minor amounts of the sediment in CDH-79
hence contribute to the enq isotopic signal of core CDH-79 in
addition to the dominant sediment input from the Andes (Meade,

1994). An increase in river runoff from eastern Amazonia relative
to the Andean-sourced rivers that contribute to western Amazo-
nian tributaries, would produce small shifts in eng towards less
radiogenic values (Figs. 1A and 3C). Variations in precipitation
distribution between eastern and western Amazonia have been
previously postulated for Heinrich stadials and glacial stages,
resulting in slight changes in the composition of Amazonian sedi-
ments delivered to the ocean (Hoppner et al., 2018; Crivellari et al.,
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Fig. 7. Selected biodiversity metrics of the reduced sample set of 79 samples from
CDH-79 showing A: pollen concentration (pollen per gram dry sediment); B: Domi-
nance (Simpson Index); C: Evenness (homogeneity of each pollen sample considering
the total counts); D: Rarefaction T (100) (re-calculated biodiversity to a standard pollen
count of 100); E: Shannon H Index (indicator that considers pollen counts per sample
and dominance of pollen types). Vertical grey bars indicate glacial stages; marine
Isotope Stages (MIS) are numbered in the top of the figure.

2019; Mason et al., 2020). Lower global mean sea level (Fig. 2; 3) did
not significantly alter the transport of terrestrial material to the
seamont (Abe-Ouchi et al., 2015). A predominantly Amazon River
provenance for the sediments deposited at site CDH-79 is further
supported by the observations of pollen of plants with current
distributions limited to the Andes. Most significantly, this includes
Alnus (Fig. 4), but also rarer occurrence of other Andean-limited
taxa, specifically Polylepis, Ephedra and Balbesia, are found
throughout the entire record (Supplementary Table 2).

Although the location of the CDH-79 is southeast of the Pleis-
tocene Amazon Fan, our data indicate a constant input of terrestrial
material from the Amazon River to the top of the seamount (Fig. 1;
2). As modern surface circulation in this region is dominated by the
NBC (Fig. 2A), which carries Amazonian suspended sediment to the
northwest (Govin et al., 2014; Zhang et al., 2015; Haggi et al., 2017),
another mechanism must be responsible for the delivery of
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Amazonian sediment to the CDH-79 site. While the bulk fraction is
carried to the northwest by the NBC, part of the Amazonian
terrigenous sediment is transported southeastward (Damuth et al.,
1995; Haggi et al., 2016; Hoppner et al., 2018) by the southward
flowing DWBC (Fig. 2B). Presumably, sediments settling from the
DWBC accumulated slowly atop the seamount, consistent with the
low sedimentation rate of the CDH-79 record (Fig. 3B).

Bulk sediment accumulation rates at site CDH-79 show higher
values after 400 ka (Fig. 3B), co-occurring with a significant in-
crease in pollen concentration since Marine Isotope Stage (MIS) 10
(359 ka; Fig. 3D). During this time period, we observe accumulation
rates and pollen concentrations were greater during interglacial
stages than glacial stages. This visual observation at CDH-79 con-
trasts with previously published deep marine sedimentary records
from the continental slope and Ceara Rise which generally indicate
increased Amazonian sediment mainly controlled by decreased
sea-levels (Flood and Piper, 1997; Curry and Cullen, 1997; Harris
and Mix, 1999; Mason et al., 2020). Possibly, higher velocity of
the DWBC during interglacial stages relative to glacial stages
(Poirier and Billups, 2014; Howe et al., 2016) favored this deep
southeastwards transport of Amazonian sediments towards
seamount site CDH-79.

5.2. Vegetation and biome reconstruction

5.2.1. Vegetation history of the Amazonian drainage basin

The pollen assemblages recorded in CDH-79 were the result of a
long and complex transport across the Amazon drainage system
and the western equatorial Atlantic (Fig. 1; 2), that was variably
impacted by changes in precipitation, and river hydrology on the
continents (Jennerjahn et al., 2004; Musher et al., 2022), as well as
offshore variations in sea level and the strength and position of
ocean currents (Gonzdlez and Lupont, 2009; Piacsek et al., 2021).
The impact of these collective taphonomic factors is impossible to
quantify in this record.

Increases in pollen concentration and biome affinity scores
(Fig. 3; 5) appear to co-vary, although low statistical correlation
among these proxies (between 0.12 and —0.11; Supplementary
Table 4) suggest that independent mechanisms determined pol-
len transport. Due to the low correlation between pollen input and
its content (Supplementary Table 4) and the constant presence of
typical elements of Amazonian sourced pollen assemblages (e.g.
Alnus, Hedyosmum, Podocarpus, Alchornea, and others) (Haberle,
1997; Hoorn, 1997; Hoorn et al., 2017), the changes in the pollen
record mainly represent shifts in the vegetation within the Amazon
drainage basin. Nevertheless, taphonomic factors may also play a
role, although are yet to be investigated.

In our biome reconstruction, biomes are treated as physiog-
nomic units representing the vegetation within the Amazon
drainage basin (Prentice et al., 1992; Marchant et al., 2009). The
highest biomes scores during the last 1800 ka indicated a domi-
nance of warm temperate rainforest (WTRF), followed by the
tropical rainforest (TRFO) (Fig. 5A; B; Table 1). These high values of
the WTRF biome scores could result from a combination of three
different mechanisms: (1) a significant expansion of low-elevation
elements into the lowlands; (2) a constant mixture of pollen from
different elevations in the pollen assemblages; (3) a statistical
artifact due to the high number of taxa shared with the TRFO
(Marchant et al., 2009; Supplementary Table 3). After critically
evaluating each mechanism, a combination of (2) and (3) is
considered most likely. Marine sediment deposits produced by
Amazon River discharge constantly receive pollen from the entire
drainage basin, consistent with the observed mix of elements from
vegetation types of low and high elevations. Moreover, many plants
today have an overlapping distribution between the TRFO and
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WTRF which is expressed in shared PFTs constructing the biome
scores (Supplementary Table 3). The integration of pollen gathered
across the basin during transport and the shared plants of both
rainforest types probably resulted in the highest scores for the
WTRF. This does not necessarily indicate the dominance of low-
elevation elements in the Amazonian lowlands, but rather sup-
ports the conclusion that the Amazon Basin remained mostly
forested over the entire Pleistocene with biotic turnover associated
with glacial-interglacial cycles (Fig. 5). However, there is evidence
that cold-affinity taxa did increase in lower elevations and possibly
in lowland forests during the glacial stages (e.g. Colinvaux et al.,
1996; Fontes et al., 2017; Reis et al., 2022).

Despite the low temporal resolution of our reconstruction, the
affinity scores of the TRFO and WTRF show an increase over the last
1800 ka. This was caused either by an expansion of lowland and
low-elevation rainforests, a higher input of pollen from these
vegetation units potentially caused by increased runoff from trop-
ical rainforest areas, a progressive decrease of floodplains and
higher contribution of uplands or a combination of those factors.
Both rainforest types (TRFO and WTRF) are positively correlated
with all biodiversity indices (Fig. 7D; E), especially the rarefaction
(both >0.85) and Shannon H Index (TRFO 0.76; WTRF 0.79). A
negative correlation between the TRFO and the WTRF and the
dominance index (TRFO -0.73; WTRF -0.77) is also observed, indi-
cating the high diversity (Giesecke et al., 2014; Pardoe et al., 2021),
particularly during the last 400 ka. No additional biome scores are
significantly correlated with biodiversity metrics (Supplementary
Table 4). This confirms the prevalence of these rainforest types
relative to other biomes within the Amazonian drainage basin
through the entire record and suggests the diversity of the lowland
rainforests may have increased through time. Another possibility is
that the progressive decrease of Poaceae over the last 1800 ka may
suggest a retraction of floodplains while the contribution from
more diverse uplands increases.

Between 1800 ka and 1500 ka, ongoing long-term Pleistocene
cooling had an impact on the cold-adapted vegetation in the Andes
while lowland units appeared stable. Therefore, the high elevation
vegetation is the only clearly distinct group in the lower section of
CDH-79 (Fig. 6B). Signals of the expansion of high elevation vege-
tation coincided with high peaks of Podocarpus, Hedyosmum and
Alnus (Figs. 4 and 5E; G), whereas tropical rainforests might have
been dominated by few taxa as indicated by lower biodiversity
indices (Fig. 7D; E). Between 1400 and 1100 ka high peaks in pollen
concentration occurred and biodiversity metrics began a progres-
sive increase associated with an expansion of TRFO and WTRF
peaking towards MIS 33 and MIS 31. At 1100 ka, an opposite trend
set in, with comparable decrease in lowland and montane forests.
During this period (1000—800 ka), herbaceous taxa such as Borre-
ria, Asteraceae, Gomphrena and Alternanthera suggest an increase in
open (STEP and DESE) and seasonal vegetation (TDRF) pointing to a
significant expansion of a distinct dry season in at least parts of the
Amazonian drainage basin (Fig. 4; 5; Table 1). While the
herbaceous-dominated biomes of the high Andes (CGSH and CGSS)
were continuously represented between 800 and 600 ka (Fig. 5G),
cold forest biomes remained stable during this time interval,
resulting in low biodiversity signals, high dominance and low
evenness (Fig. 7).

While interpretation of the stability of vegetation is inconclusive
due to the low temporal resolution and low pollen concentration
between 800 and 400 ka, a distinct new dynamic in Amazonian
vegetation began around 400 ka. This is marked by increased pollen
concentrations and accumulation rates and a major expansion of
TRFO and WTRF and of biodiversity indices (Fig. 3; 5; 7). During
warm MIS 9 and 7, the TRFO dominated, whereas during cooler MIS
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10 and MIS 6, seasonal forests (TSFO) were the major biome in the
Amazon drainage basin in some individual samples (Fig. 5;
Supplementary Table 3). This suggests a higher water stress on
plants but not a significant opening of the canopy. The hypothesis of
extensive open savanna within the Amazonian lowlands dates back
to Haffer (1969), who posited that the separation of rainforest
refugia by open grasslands during past glacial stages was an
important mechanism for producing the high biodiversity of the
Amazonian lowlands. An expansion of savanna has been recon-
structed based on vegetation models (Allen et al., 2020; Sato et al.,
2021) and is supported by pollen studies at the margins of the
Amazon rainforest (Hermanowski et al., 2012; Fontes et al., 2017;
Reis et al., 2017). However, interpretations of savanna expansion
have focused on Poaceae as a key ecological indicator for grasslands
(Maksic et al., 2022). Yet, despite numerous uncertainties in the
interpretation of the CDH-79 record and its relative low temporal
resolution, there is no clear signal for an expansion of TDRF or STEP
and likewise there is no evidence for any substantive expansion of
open savanna vegetation in favor of the TRFO during any glacial
interval (Fig. 5D, F). Results of LGM model experiments, under at-
mospheric CO, concentrations of 180 ppm and 4 °C lower-than-
pre-Industrial temperature (Beerling and Mayle, 2006; Maksic
et al,, 2022) suggested that western and central Amazonian ever-
green tropical rainforest persisted during glacial stages in agree-
ment with the biome reconstruction. In addition, these models
showed eastern Amazonia may have experienced drier conditions
and increased patches of tropical seasonal forest or deciduous
broadleaf forests as well as reduced tropical rainforest at the mar-
gins of Amazonia. Our data support such a scenario for previous
glacial stages during the last 400 ka, where fragmentation of the
rainforest may have occurred seasonally and separation by open
vegetation was limited. Pollen indicators of open grasslands other
than Poaceae, such as Gomphrena and Alternanthera, occurred in
both glacials and interglacials, although their climatic significance
may be somewhat obscured due to the large and climatically-
heterogeneous catchment system of the Amazon River and its
tributaries (Fig. 1; 4). Considering the higher proportion of
Amazonian lowland pollen input from eastern Amazonia to the
Atlantic (Akabane et al., 2020), the CDH-79 pollen data presumably
also reflect the tropical seasonal forest primarily present in eastern
Amazonia during MIS 10 and MIS 6. During MIS 8, TSFO also
increased but values did not exceed those of the tropical low
elevation and lowland rainforest (Supplementary Table 3). Yet,
higher abundance of the steppe vegetation during MIS 8 and 6
further points to a relative glacial expansion of semi-arid vegeta-
tion, although some peaks are also recorded during interglacial
stages. It may be that the expansion of savanna did not occur
exclusively during glacial stages or might have occurred in different
times in the northern and southern part of the Amazonian drainage
basin (Bueno et al., 2017). Nevertheless, the CDH-79 record shows
continuous rainforest vegetation in glacial stages prior to the LGM,
supporting the hypothesis of a seasonally fragmented, but densely
forested, vegetation cover.

During glacial stages of the last 400 ka, high elevation Andean
biomes reached their highest values (Fig. 5E; G; Supplementary
Table 3). A presumed xpansion of all cold biomes occurred almost
simultaneously during cooler temperatures in glacial periods with
highest affinities of the entire record during MIS 12 and 8. Glacial
values of COMI and CTRF are strongly controlled by the abundance
of Alnus, while the herb Borreria also increased significantly during
MIS 12,10 and 8 (Fig. 4). Characteristic cold-adapted elements, such
as Hedyosmum and Podocarpus, contribute less to the cold biome
reconstruction during the last 400 ka despite their importance in
many LGM records (e.g. Colinvaux et al., 1996; Lima et al., 2018).
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5.2.2. Poaceae in the CDH-79 record

CDH-79 recorded unusually high levels of Poaceae (30—65%) in
comparison with the modern Amazon River (<20% in Haberle,
1997; <30% in Akabane et al., 2020) and previous marine palyno-
logical studies (<20% in Haberle, 1997; <40% in Hoorn et al., 2017).
Although strong signals of grasses were previously interpreted as
an expansion of grassland in the lowlands or high Andes (e.g.
Hermanowski et al., 2012; Hoorn et al., 2017; Fontes et al., 2017),
our data often show opposing trends between Poaceae and savanna
and grassland vegetation types (STEP, TDFO; Fig. 5). In this biome
analysis, Poaceae is not assigned to any of the applied biomes
(Marchant et al., 2009) because of its wide ecological distribution
(e.g. Bush, 2002; Marchant et al., 2009; da Silva et al.,, 2020;
Akabane et al., 2020). As a consequence, biome calculations are
based on more ecologically distinctive taxa, none of which support
the presence of expansive savanna grasslands (TDFO or STEP) or
more widely distributed montane grasslands (CGSS or CGSH) over
the last 1800 kyr (Fig. 5D; F). Although the total number of grass
pollen grains certainly represents a mixture from various biomes,
we consider the abundance of Poaceae was from a proximal source,
such as azonal vegetation along the rivers and the coast. Previous
studies of modern Amazonian sediments showed the highest
concentrations of grass pollen in the Amazon estuary as well as the
Para River and the Tapajés-Amazon confluence (Akabane et al.,
2020), and the highest values of grass pollen were found in sus-
pended sediment east of Santarem (Haberle, 1997). In these areas,
herbaceous plants dominate the modern riparian wetland vegeta-
tion (Melack and Hess, 2011; Hess et al., 2015) and Poaceae is both
common and a prolific pollen producer. Combing the herbaceous
wetland indicator taxa determined by Akabane et al. (2020)
(excluding Cyperaceae due to its strong preservation bias) and
Alchornea as a riparian component (Burn et al., 2010), the data
shows a consistent pattern with the abundance of Poaceae in CDH-
79 (Fig. Supplementary Fig. 2; Supplementary Table 2). In addition,
palynological analysis of Cenozoic sediments from Amazonian
riverbanks commonly exhibit Poaceae as the main taxa, likely
associated with wetlands deposits (swamps, floodplains) (e.g.
Latrubesse et al., 2010; Pupim et al., 2019).

In CDH-79, Poaceae reached the highest abundances before
1300 ka, but favorable conditions continued until 700 ka (Fig. 3E;
8 F). At this time, all wetland indicators declined coinciding with
the transition to higher amplitude sea-level oscillations (Fig. 8G),
which may have played a significant role in shaping the long-term
fluvial system (Irion et al., 2010). Subsequently, low values of Poa-
ceae and wetland elements co-occurred with an overall vegetation
transition between 800 and 600 ka (Fig. 4; supplementary mate-
rial), when biodiversity metrics began a progressive increase
associated with an expansion of TRFO and WTRF (Fig. 8C; D).
Furthermore, there is no clear correlation between Poaceae and
climatic variations, as peaks in abundance occurred during both
glacials and interglacials (Fig. 8F).

5.2.3. Appearance of Alnus in South America

Alnus is present in CDH-79 throughout the entire 1800 kyr re-
cord. It appears in all pollen-containing samples and reaches a
maximum value of 5.4% (Fig. 4; Supplementary Table 2). The
modern distribution of Alnus in South America is limited to the
Andes, where it occurs in the montane cloud forest zone (COMI;
CTRO; Marchant et al.,, 2009). In certain areas where the cloud
forest is more open, Alnus forms monospecific stands (Brown et al.,
2001), and it also successfully colonizes disturbed areas as a
pioneer taxon due to its rapid growth (Blodgett, 1998; Wicaksono
et al., 2017). Pollen grains of Alnus are commonly found in mod-
ern Amazon River samples (Haberle, 1997; Akabane et al., 2020) as
well as in Pleistocene marine deposits receiving Amazon River

12

Quaternary Science Reviews 299 (2023) 107867

age (ka)
0 500 1000 1500
I 1 1 1 I l 1 1 1 1 L 1 1 1 1 I 1 1L 1
MIS .2 Sl B2 16| 20 2428 32 36 40 44 48 52 56 60 64
2 6 10, 14 18 22 26/30 34 38 42 46 50 54 58 62

accumulation rate (cm/kyr)

150
457
354
254

15|

7] Poaceae (%f)

relative sez:a level (m)

T T T T | T T T T T

T i T T I T
1000 1500
age (ka)

Fig. 8. Comparison of various proxies of the last 1800 ka to data from CDH-79. A: CDH-
79 accumulation rate; B: reconstructed values of atmospheric CO, (red dots) are based
on boron isotopes (Honisch et al., 2009) and compared with the modelled CO, levels of
Berends et al. (2021); C: T100 rarefaction represents biodiversity of CDH-79; D: biome
affinity scores for the tropical rainforest; E: Percentages for wetland vegetation of total
pollen counts (excluding Poaceae and Cyperceae; Supplementary Table 2); F: Poaceae
percentages considering all pollen counts; G: modelled global eustatic relative sea
level (de Boer et al., 2014). Vertical grey bars indicate glacial stages, and the turquoise
panel represents the Mid-Pleistocene Transition (MPT); the orange dashed lines sep-
arates the early from the late MPT, while the dark red dashed line marks the onset of
the last 400 ka following the Mid-Brunhes Event. (For interpretation of the references
to colour in this figure legend, the reader is referred to the Web version of this article.)
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runoff (e.g. Hoorn, 1997; Haberle, 1997; Piacsek et al., 2021). In
general, during glacial stages, higher amounts of Alnus pollen are
found in terrestrial pollen records of the western Amazon, possibly
as a result of the downslope migration of Alnus into the Amazonian
lowlands (Cohen et al,, 2014; Lima et al., 2018). In CDH-79, Alnus
pollen reached its highest values during MIS 10 and MIS 8 with a
subsequent decrease in younger sediments (Fig. 4; Supplementary
Table 2). High values (>5%) were also present at ~1500 and ~950 ka,
indicating that Alnus was present in the parts of the Andes and that
Andean pollen grains were consistently transported to the Atlantic
Ocean by the Amazon River and its tributaries. Alnus abundances
near or below 5% are comparable to values previously observed in
late Pleistocene sediments of the Amazon Fan (Haberle, 1997;
Hoorn, 1997), although these values were surpassed by peak values
of 8% in the late Pleistocene and Holocene sediments from a marine
core collected on the continental slope slightly southeast of core
CDH-79 (Piacsek et al., 2021). The consistent occurrence of Alnus
combined with the high number of up to 10 pollen grains per
sample in the CDH-79 record (Fig. 4), strongly supports our inter-
pretation that it reached the Amazon Basin in the earliest Pleisto-
cene, agreeing with extra-Amazonian records from northernmost
South American records (e.g. Germeraad et al., 1968; Pocknall et al.,
2001).

The presence of Alnus as early as 1.8 Ma at CDH-79 stands in
contrast to its first well-dated occurrence at 1 Ma in the Bogota
Basin of Colombia at an elevation of 2550 m (Hooghiemstra and
Cleef, 1995; van der Hammen and Hooghiemstra, 2000; Torres
et al., 2013). Previous studies indicate that Alnus migrated from
North America to southern Mexico during cooling climates of the
Pliocene (Graham, 1976, 1999), but other records in Central America
remain unconfirmed (e.g. Neogene of Panama; Graham, 1999). In a
previous pollen study of marine sediments from offshore
Venezuela (Germeraad et al., 1968) noted the consistent presence
of Alnus from the Paria Formation during Pleistocene. An early
Pleistocene age of the Paria Formation was also provided by
Macsotay (2005), which would support the hypothesis of an earlier
arrival of Alnus in South America than previously estimated.
Although no precise age is currently confirmed in the studies from
Venezuela, the well dated sedimentary sequence of core CDH-79
clearly suggests an arrival of Alnus in South America prior to 1800
ka.

A later first appearance of Alnus in the Bogota Basin in Colombia
relative to the Amazon and Orinoco drainage basins is puzzling.
Alnus in South America is associated with moist climates and high
atmospheric humidity (Fournier, 2002; Weng et al., 2004). Simi-
larly, European studies have documented delayed expansion of
Alnus in arid regions (Douda et al., 2014). Prior to the first occur-
rence of Alnus in the Bogotd Basin at MIS stage 29 (1.01 Ma) in the
Colombian records, the area was covered with a drainage system,
lakes and swamps, where Myrica grew within the same niche
occupied by Alnus today. A plain forest was present at higher
grounds (Torres et al., 2013). After Myrica decrease significantly
between 1500 and 1200 ka, Alnus was established in the vegetation
of the Bogotd Basin; these changes have been correlated with large
fluctuations in temperature and local tree line (Hooghiemstra and
Ran, 1994; Hooghiemstra and Flantua, 2019). It is possible that
the difference in first occurrences of Alnus among the sites reflect
different migration routes related to variation in moisture avail-
ability, but further research is required to resolve this question.

5.3. Amazonian vegetation and global climate
Continuous dominance of rainforest vegetation across the low-

lands that interchanges with warm temperate rainforests suggests
the persistence of rainforest vegetation in the Amazonian drainage

13

Quaternary Science Reviews 299 (2023) 107867

basin during the last 1800 kyr. Biome expansions and contractions
were not necessarily coupled with glacial-interglacial cycles before
400 ka, although this pattern may be a product of the lower
amplitude of climate variation prior to the Mid-Bruhnes Event
(~430 ka; MBE; Barth et al., 2018) and is challenged by the low
temporal resolution of this study.

The CDH-79 record indicates that the first significant expansion
of lowland rainforests and of biodiversity occurred between 1200
and 1100 ka during the extremely warm interglacials of MIS 33 and
MIS 31, which were separated by an unusually short glacial stage
(Teitler et al., 2015; de Wet et al., 2016). Boron isotopes also hint at
somewhat higher CO, levels during this time (Honisch et al., 2009,
Fig. 8B), which may have favored the spread of diverse tropical
rainforest in Amazonia (Fig. 8C; D). Although higher CO, values
during this time are not confirmed by model reconstructions (e.g.
Willeit et al., 2019; Berends et al., 2021, Fig. 8B), global vegetation
studies indicate favorable conditions that led to warmer and/or less
seasonal vegetation (Tzedakis et al., 2006; Tarasov et al., 2013;
Oliveira et al., 2017).

On the high Colombian Bogota Plateau at 2550 m elevation,
palynological records indicate that cool climatic conditions per-
sisted during MIS 33 and 31, although alternatively the coincident
upward migration of the sub-Andean forest line could imply a
regional shift toward warmer conditions (Hooghiemstra, 1984;
Torres et al., 2013). Following this apparently anomalous period,
changes in the high Andean vegetation of the Bogotd Plateau
resembled changes observed in CDH-79, which both record strong
glacial pulses between 1000 and 850 ka. Lowland Amazonian
vegetation reconstructions suggest cooler and presumably drier
conditions during this time, resulting in a reduction of all types of
forested vegetation (Fig. 5; 5) while modelled global CO, declined
(Fig. 8B). This relatively cool and dry phase in the Amazonian realm
coincides with the late MPT, global climate change related to sub-
stantial growth of the large Northern Hemisphere ice sheets (Chalk
et al., 2017; Willeit et al., 2019; Berends et al., 2021). Nevertheless,
lowland rainforests remained the dominant biome across Ama-
zonia, and river-associated wetlands may have benefitted from
higher-than-modern sea-level stands (Irion et al., 2010; de Boer
et al.,, 2014) (Fig. 8E—G).

Following the MPT, with the onset of the large-amplitude, long-
period glacial-interglacial cycles of the late Pleistocene, lowland
vegetation underwent its most significant compositional changes
of the entire record (Fig. 4; 6). The periodically lower sea levels after
700 ka are correlated with a diminished extent of wetland vege-
tation. Although sea level change likely would not have a significant
impact on rivers farther inland (Pupim et al., 2019), it plausibly may
have influenced the eastern section of the Amazon Basin (Irion
et al., 2010), affecting herbaceous wetland taxa. Overall vegeta-
tion change does not appear to have become synchronized with
glacial-interglacial climate variations until ca. 400 ka, after the Mid-
Bruhnes Event (Lisiecki and Raymo, 2005; Barth et al., 2018).
Despite strong global climate, sea level, and CO, oscillations be-
tween 800 and 400 ka (Lisiecki and Raymo, 2005; Liithi et al., 2010;
Willeit et al., 2019; Berends et al., 2021), the nature of the pollen
record of CDH-79 precludes accurate evaluation of vegetation
change, possibly due to the low influx of terrigenous material (i.e.
the low accumulation rate and pollen concentration) during this
interval (Fig. 3B; D).

During the past 400 ka, Amazonian lowland vegetation was
characterized by synchronous variation between high-diversity
tropical rainforest during interglacial stages and mixed rainforest,
including evergreen and seasonally deciduous elements, during
glacial stages (Fig. 8). Higher interglacial temperatures and partic-
ularly atmospheric CO, levels apparently favored rapid growth of
rainforest trees, even in potential relative dryness (Maksic et al.,
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2022). In particular, it appears that at the onset of MIS 9 and 7,
rainforests expanded rapidly coincident with increasing CO, levels.
Ongoing interglacial conditions and a small decrease of CO, co-
occurred with a drop in evergreen rainforests, while tropical sea-
sonal and dry forests presumably persisted in the drier and more
seasonal climatic zones within the drainage basin (Fig. 5B; C;
Supplementary Table 3). Our observations support the hypothesis
that high CO, is an important driver for evergreen Amazonia
(Bueno et al., 2017).

As we observe prominent pulses of open vegetation types (e.g.
STEP; Marchant et al., 2009) in the CDH-79 record during both
glacial and interglacial stages, no interpretation of the precipitation
patterns over Amazonia is conclusive. This might be the result of
contributions from disparate sources within the large and hetero-
geneous Amazon catchment. Instead of an expansion of savanna
(TDRF), however, the apparently drier regions in eastern Amazonia
remained largely forested during all recorded glacial stages in CDH-
79. Shifting compositions towards a seasonal forest (TSFO) implies
an extended dry season that favors sclerophyllous and deciduous
trees in parts of lowland Amazonia (Table 1). This forest type may
have undergone sufficient expansion during glacial stages to peri-
odically establish a biotic corridor with northeastern Brazil, which
itself may have exhibited wetter conditions during the last glacial
stage (Piacsek et al., 2021) and, presumably, previous glacial stages
as well.

Whereas some vegetation model experiments indicate a limited
impact of low CO, during glacial stages on Amazonian vegetation
(Beerling and Mayle, 2006; Sato et al., 2021), others suggest a sig-
nificant control (Scheff et al.,, 2017; Maksic et al., 2022). From a
plant physiological point of view, lower CO, favors the growth of C4
plants over C3 plants, making the former more competitive during
glacial stages (Beerling and Osborne, 2006; Murphy and Bowman,
2012; Bellasio et al., 2018). Although lower CO, levels could pro-
mote an expansion of grass vegetation by inhibiting tree growth
(Murphy and Bowman, 2012), our reconstructions do not show
strong vegetation turnover during any glacial stage in Amazonia.
The switch from a rainforest to savanna is controlled by multiple
variables and feedback mechanisms, particularly in South America,
where neither mean annual precipitation nor dry season soil
saturation appear to be good indicators for the distribution of
modern forest vegetation relative to savanna (Murphy and
Bowman, 2012). In any case, the CDH-79 dataset suggests glacial
transitions to more tropical seasonal forests (Maksic et al., 2022)
and an opening of the forest canopy during some time during the
year (Cowling et al., 2001) particularly during the last 400 ka.

6. Conclusion

The marine palynological record from CDH-79 records the his-
tory of Amazonian biomes for the past 1800 kyr exceeding the
temporal length of previous records by an order of magnitude. The
biome reconstruction reveals a continuous presence of a highly
diverse tropical rainforest in large areas of the Amazon drainage
basin since the middle Pleistocene. During the exceptionally warm
interglacial stages MIS 33 and 31 (i.e. early MPT), the tropical
rainforest expanded across Amazonia. Subsequently, global climate
cooling and CO, decrease led to a forest compositional change to-
wards colder and possibly drier forest elements. A major change
occurred at the end of the MPT around 800—700 ka, probably
marked by a strong reduction of the eastern Amazonian wetlands,
partly driven by falling of long-term mean sea level. Global climate
and Amazonian vegetation changed synchronously during the last
400 ka of intensified glacial-interglacial cycles. High temperature
and CO; levels during interglacial stages likely favored the expan-
sion of lowland tropical rainforest while during glacial stages,
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tropical seasonal forests increased and even dominated at certain
times. Our data show no indication of a significant expansion of
savanna-like vegetation in the Amazon River drainage basin during
the entire 1800 kyr record. This study is the first continuous record
of Amazonian lowland vegetation as seen from offshore the Bra-
zilian coast spanning the last 1800 ka. It shows important events of
Pleistocene climate history such as the Mid-Pleistocene Transition
and the Mid-Bruhnes Event. In addition, it raises questions on the
migration route and first occurrence of Alnus towards South
America. Our study gives insights into the response of Amazonian
vegetation to the strengthening of glacial-interglacial cycles and
supports CO; as a key driver of Amazonian vegetation distribution.
None-the-less, additional regional studies using quantitative
methods and records with higher temporal resolution are neces-
sary to further capture the magnitude of vegetation and climate
change in the Amazonian realm.
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