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Abstract: The early Pleistocene was driven by 41 kyr glacial cycles that have been rarely characterized in
continental records, especially in South America. Most of long-term records derive from marine records
(e.g. sea surface temperatures (SST)) and have been widely used to infer past climate dynamics but
implications for the continent have rarely been evaluated. We present an early Pleistocene record (COL17c)
from the Coldnia basin in the Atlantic forest domain in southeastern Brazil. Our aim was to integrate past
environmental dynamics and the drivers of change between ca. 1.5 to 1.3 Myr at the latitude of Col6nia
(23°S; ca. 700 m a.s.l.). We applied a multi-proxy approach including pollen, charcoal, X-Ray fluorescence
scanning (XRF), biomarkers and diatoms. We identified three glacial periods and four interglacials
containing a continuous cool forest, mainly dominated by Araucaria. The glacial periods were
characterized by increases in organic matter input on the lake, semi-deciduous forest, and shore and
herbaceous vegetation. In contrast, the interglacials were marked by increases in evergreen forest and
reduced organic matter input. We attribute these alternating phases of vegetation and lake productivity
to meridional temperature differences that regulated the input of moisture at the latitude of Colénia. After
1.430 Myr, glacial and interglacial periods showed a different dynamism with an increase in cool forests
and drops in relative temperature, concomitant with regional long-trend cooling observed in marine
records. The observed forest responses inferred from the COL17c record are in phase with regional climate
features such as the development of the cold Pacific tongue and the equatorward migration of subpolar
fronts, highlighting the strong influence of the Southern Hemisphere at Colénia during the early
Pleistocene.

Introduction

A major challenge to testing the responses of tropical diversity to climate change is the scarcity of
continuous long sediment records associated with the succession of glacial and interglacial cycles. The
Pleistocene was characterized by two types of glacial-interglacial cycles, 41 kyr and 100 kyr cycles, with
an intermediary phase, the mid-Pleistocene transition (MPT), between 1.25 and 0.7 Myr (Clark et al.,
2006; Schackleton and Opdyke, 1976). The Pleistocene started 2.58 Myr ago (Head et al., 2021) with the



onset of Northern Hemisphere glaciations and the beginning of cooling of the subtropical zones,
expressed differently depending on latitude (Ravelo et al., 2004). In the Southern Hemisphere, the early
Pleistocene was marked by increased contributions of subtropical surface waters to the Sub-Antarctic
Atlantic (i.e. ODP site 1090; Martinez-Garcia et al., 2010) caused by the equatorward expansion of the
polar and subpolar frontal systems and the associated contraction of the subtropical gyres between 1.8
and 1.2 Myr (Fig. 1) (Becquey and Gersonde, 2002; Martinez-Garcia et al., 2010; McClymont et al., 2013).
A rapid increase in Antarctic ice volume was observed at 900 kyr while the persistence of freezing
temperature has been observed in the southern ocean at every glacial maximum at least since 1.5 Myr
(Elderfield et al., 2012; McClymont et al., 2013 and literature therein). Today, the subtropical front (STF)
is located in the western portion of the Atlantic sector at 40°S (Graham and De Boer, 2013).The location
of the STF has varied over time and migrated proportionally to the severity of each glacial period (Bard
and Rickaby, 2009) in phase with the Antarctic expansion of glacial sea ice (Hou et al., 2020; McClymont
et al.,, 2013) and the northward shift of the polar front isotherms (Becquey and Gersonde, 2002).

Few sedimentary archives are available to assess the impact of these strong oceanic and atmospheric
reorganizations on vegetation during the early Pleistocene. In the Northern Hemisphere, Mediterranean
vegetation assemblages show profound changes from the Pliocene to the present with the decline of
subtropical taxa and the establishment of xeric vegetation (Combourieu-Nebout et al., 2015). In the
tropics, the closest relatives of many extinct or highly restricted taxa such as the conifer Araucaria are
generally found today in cooler tropical mountain tropical areas (Ledru and Stevenson, 2012). In
southeastern Australia, between 1.84 and 1.56 Myr, climate reconstruction based on beetles and pollen
deposited in a paleolake (37°S), showed a temperature that was warmer than today and high humidity
year round (Sniderman et al., 2007, 2009). These conditions imply large scale changes in circulation
compared to current winter-dominant rainfall regimes. Near the equator in South America, the
composite Funza09 pollen record (4°N, 2550 m a.s.1.) located in the Bogota basin (Colombia) covers the
last 2.24 Myr. The basin was composed of wetlands and swamps until ca.1.3 Myr when faster subsidence
of the basin floor transformed the zone into a big deep lake that lasted until the MPT (Torres et al., 2013).
Upward shifts in the tree line in the region were paced by the succession of the glacial interglacial cycles
(Torres et al., 2013). Despite the existence of such record, there is no clear description of the
environmental dynamics and the climatic system that dominated during the early Pleistocene in South
America. Here we present the palaeoenvironmental characterization of an early Pleistocene section from
the COL17c composite record (1.5 Myr; Simon et al., 2020) for the Colonia basin. We integrate past
vegetation dynamics and drivers of change in an unexplored period in the South American tropics in
the Atlantic forest domain in southeastern Brazil. Today, the Brazilian Atlantic forest domain occupies
a 3,500 km latitudinal range extending from the Equator to southern Brazil (Fig. 1). In southeastern
Brazil, the domain is composed of a narrow coastal evergreen rainforest, a semi-deciduous forest in the
hinterland that occupies the largest area, and a subtropical forest characterized by the ancient conifer
Araucaria, covering the extensive inner highlands (Oliveira-Filho and Fontes, 2000). At higher altitudes
with shallower soils, the Atlantic forest merges with high elevation grasslands (Scheer and Mocochinski,
2009). The different forest expressions are related to rainfall distribution in the winter and summer
regimes, and temperatures in winter or the occurrence of frost (Fig. 1; Oliveira-Filho et al., 2015). In
austral winter, the climate in this region is mainly influenced by northward shifts of polar air masses
(e.g. the STF) resulting in permanent drizzle and moisture. In contrast, during austral summer, the
climate is strongly influenced by the South American summer monsoon (SASM) and the position of the
South Atlantic Convergence Zone (SACZ) (see Fig. 1 in Rodriguez-Zorro et al., 2020). Following the
penultimate glacial period the Brazilian Atlantic forest responded to climate changes regulated by the
SASM and the polar air masses (Rodriguez-Zorro et al., 2020). First, a northern shift of the STF during
the penultimate glacial allowed the northward expansion of the Araucaria forest in the region
(Rodriguez-Zorro et al., 2020). Then, starting at 95 kyr, climate reorganizations related to dominance of
the SASM over the influence of the polar masses regulated forest expansion and regression phases that
were mainly driven at precession scale (Cruz et al., 2005; Rodriguez-Zorro et al., 2020). High altitude
grasslands in southern Brazil show that they were covered with grassland until the expansion of the



subtropical forest in the last 3,000 years under a year-round rainfall regime (e.g. Behling, 2000; Jeske-
Pieruschka et al., 2013, Ledru et al.,, 2016). In fact, phylogeography showed that forest fragmentation
explains the species divergence observed during the late Pliocene and early Pleistocene, likely paced by
climatic oscillations (Batalha-Filho et al., 2019). In the existing studies from the Atlantic forest domain
three phylogenetic groups have been identified according to their geographical location: south, central
and north. Differences have been attributed either to geographical barriers or to different patterns of
climate change (e.g., Batalha-Filho and Miyaki, 2016; Carnaval et al., 2009). If according to D’'Horta et
al. (2011), the northern and south-central groups are separated and antiphased, other analyses suggest
specific evolutionary patterns indicating spatial variation between the southern and central groups in
the persistence of these forests during the Pleistocene (e.g., de Sousa et al.,2020; Thomé et al., 2010). In
light of the changes in glacial-interglacial cycles, ice volume and temperature throughout the
Pleistocene, we would infer marked modifications in the distribution and floristic composition of the
tropical Atlantic forest to explain both past fragmentation and the modern patterns.

The aim of the present study was to characterize early states of the Atlantic forest to evaluate the link
with southern hemisphere climate variability at orbital scales using a sediment core located at the
transition between SASM and subtropical front influences, which is also located between the central
and southern phylogeographic groups. The COL17c composite record was analyzed based on pollen,
charcoal, elemental composition of bulk sediment obtained by X-Ray fluorescence scanning (XRF),
biomarkers (branched glycerol dialkyl glycerol tetraethers (brGDGTs), n-Alkanes and Hopanes) and
diatom material.

Study area

The COL17c composite record was taken from the Colonia basin (23°52'03"S,

46°42'27"W, ca. 700 m a.s.l.), Sao Paulo, Brazil. Colonia is a crater-like structure with an annular ring of
hills reaching 925 m a.s.l. and an inner depression characterized by a wetland and alluvial plain mainly
filled with alluvial sediments (Prado et al., 2019; Riccomini et al., 2011). The regional climate is strongly
influenced by northward shifts of polar air masses that result in permanent drizzle and moisture in
winter (JJA), while during austral summer (DJF), the regional climate is affected by the SASM and the
position of the SACZ (see Fig. 1 in Rodriguez-Zorro et al., 2020). Mean annual precipitation is 1,600 mm,
including two months with less rainfall in austral winter (a short dry season in July and August), but
natural fires nevertheless do not occur during this period due to high moisture availability in the area.
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Figure 1. Study site. A) Location of Colonia and marine sea surface temperature (SST-°C) records
reporting a cooling during the early Pleistocene (1.8 to 1.2 Ma) according to McClymont et al. (2013).
B) Vegetation types in southeastern Brazil between ca. 20 and 30

°S. The red star shows the location of Colonia. The map in A) was generated with Ocean

Data View software, (Schlitzer, 2021) using the modern annual mean SST values from the World
Ocean Atlas 2018 (WOA18; Boyer et al., 2018). For more details on the basin see Riccomini et al., 2011;
Prado et al., 2019 and Simon et al., 2020.



The mean annual temperature is 20 °C and the average winter temperature is ~17 °C (Rodriguez-Zorro
et al., 2020).

The rim surrounding the Coldnia basin is covered by Atlantic rainforest mainly represented by the
families Myrtaceae, Rubiaceae, Bromeliaceae,Arecaceae, along with other evergreen forest species
(Garcia and Pirani, 2005). The swamp located in the center of the basin is dominated by Poaceae,
Xyridaceae (Xyris), Lentibulariaceae, Sphagnaceae (Sphagnum) and Asteraceae. Forest patches inside the
basin are represented by Myrtaceae, Melastomataceae, Arecaceae and Cyatheaceae (Garcia and Pirani,
2005, Camejo et al., 2022).

Methods

Coring and sampling

The COL17c record is composed of 5 parallel core sections reaching a total of 52 m corrected depth
(COL17-1(14.7 m), COL17-2(51 m), COL17-3(52 m), COL18 (2 m) and COL19 (8 m) (Simon et al., 2020).
In the present study, we analyzed the deepest part of the record corresponding to a lacustrine section
from cores COL172 and COL17-3, between 45.99 to 51.71 meters composite depth (mcd), with 93%
sediment recovery. The COL17-2 and COL17-3 cores were drilled using a built-in pushing corer with
rotary tubing mounted on a 6T Caterpillar® drill rig (Simon et al., 2020). Following sedimentological
description, the core sections (1.5 m long) were sampled with u-channels (rigid u-shaped plastic liners,
2x2 cm cross section) from the center of the working halves for magnetic and XRF analyses (Simon et
al., 2020). Each cm of the working halves was then sampled for biological proxies (pollen, diatoms and
biomarkers). Samples were stored in zip-lock bags at 4 °C in a dark room at ISEM, University of
Montpellier, France.

XRF analyses

High-resolution non-destructive elemental analysis was performed using an XRF core scanner (ITRAX,
Cox Analytical Systems) at CEREGE. The relative abundance of Si, K, Ti and Rb was measured to
estimate the variability of detrital inputs, while the ratio of Compton scatter (incoherent) to Rayleigh
scatter (coherent), inc/coh ratio, was used to represent variations in the relative proportions of light and
heavy elements, a proxy for organic matter content (Croudace et al., 2006). The measurements were
made at 5mm spatial resolution at 30 kV and 45mA with 15 s of counting with a Mo tube as the X-ray
source.

Biomarkers: brGDGTs, n-Alkanes and Hopanes

For the analysis of branched glycerol dialkyl glycerol tetraethers (borGDGTs), nalkanes and hopanes, 0.3
to 0.4 grams of freeze-dried and mortar-ground sediment from 51 samples were extracted using an
accelerated solvent extraction system (ASE350, Thermo Scientific). The lipid extracts were first
separated into non-polar (containing n-alkanes and hopanes) and polar fractions (containing brGDGTs)
by Alumina B gel column chromatography (Supelco) followed by an additional cleanup of the non-
polar fraction on a Si-Ag column. brGDGTs were analyzed by HPLC-MS following the method
described by Hopmans et al. (2016) and adapted at CEREGE by Davtian et al. (2018), and described in
detail for the record CO14 in Rodriguez-Zorro et al. (2020). n-alkanes and hopanes were analyzed using
a FID equipped gas chromatograph (Thermo Scientific Trace GC), a 60 m x 0.25 mm x 0.1 pm non-polar
fused silica column DB-5-MS (J&W) fitted with a 2.5 m x 0.53 um deactivated retention gap and using
hydrogen as carrier gas. Concentrations of n-alkane and hopane were determined by comparison with
an internal standard (hexatriacontane).

In order to estimate the origin of brGDGTs and to select the most appropriate calibration for the
reconstruction of the mean annual air temperature (MAAT), we used the ratio of specific brGDGTs as
qualitative indicators of terrestrial organic matter versus aquatic production: the brGDGTS }1lla/} Ila



and the branched and isoprenoid tetraether (BIT) index (See Methods section in Rodriguez-Zorro et al.
(2020) and literature therein). We calculated temperature anomalies with respect to the mean over the
full record by using several soil- and peat-specific temperature calibrations (de Jonge et al., 2014;
Martinez-Sosa et al., 2021; Naafs et al., 2017a, 2017b; Véquaud et al., 2022) as well as two lake
temperature calibrations (Martinez-Sosa et al., 2021; Russell et al., 2018; Fig. 3a).

The concentration of long-chain n-alkanes, expressed as the sum of C24 to C35alkanes concentrations,
is a well-known contribution of terrestrial plants to the organic matter in soils and lake sediments.
Hopanes and brGDGTs are also abundant in lake sediments and peat, corresponding to the bacterial
contribution to the sediment (Innes et al., 1997; Weijers et al., 2006). Hopanes and brGDGTs can originate
from bacterial production in the lake or be transported into the sediments among terrestrial organic
matter.

Pollen and charcoal analyses

A total of 138 pollen samples were taken from the undisturbed sections of the COL17c. The sampling
resolution was of 4 cm based on the liner depth of each of the core sections. The depth of the samples
was corrected to mcd based on (Simon et al., 2020).

The pollen samples were prepared using 0.5 cm?® sample volume, and treated with 40% HF, 15% HCl
and 10% KOH. For better pollen preservation, we omitted sieving and acetolysis. Lycopodium clavatum
tablets were added to calculate pollen, spore and microcharcoal concentrations (Stockmarr, 1971). We
took care to add a minimum of 30,000 L.clavatum spores per sample as we used different batches of
tablets (#3862, #1031, and #161018201; with a mean spore number per batch of 9,666, 20,848, 17,461
respectively).

Pollen counting was based on at least 400 terrestrial pollen grains per sample, excluding aquatic taxa
and spores. Pollen and spore identification was based on pollen reference literature (Lorente et al., 2017;
Lorscheitter et al., 1999, 1998), the Atlantic forest reference collection belonging to the department of
Geosciences at the University of Campinas, Brazil, and the pollen reference collection belonging to
ISEM, University of Montpellier, France. Pollen ecological grouping of the terrestrial pollen sum was
based on the local vegetation survey conducted by Garcia and Pirani, (2005), literature on regional
southeastern Brazil (Colli-Silva et al., 2021; Garcia et al., 2004; Marchant et al., 2002; Montade et al., 2019;
Neves et al., 2017; Pennington et al., 2000) and the Brazilian flora checklist (Flora do Brasil, 2020).
Terrestrial pollen taxa were grouped as evergreen forest (EF), semideciduous forest (SDF), cool taxa
indicators (AF-Araucaria dominated cool forests) and herbaceous vegetation (see Supplementary
Material Fig.1).

The number of zones in the pollen diagram was based on terrestrial pollen sum using optimal splitting
by sums-of squares. The number of statistically significant zones was then evaluated using the broken
stick model (Bennett, 1996). The pollen diagram was drawn and zones were analyzed using Psimpoll
(Bennett, 2009). Pollen sample richness was calculated using rarefaction to a base of 400 counts (E (T400))
(Matthias et al., 2015; Rodriguez-Zorro et al., 2017). The non-metrical multidimensional scaling (NMDS)
of the terrestrial pollen was applied using the package Vegan (Oksanen et al., 2015). The NMDS analysis
included pollen taxa with a sum > 5% along the record. Microcharcoal particles were counted on the
pollen slides without differentiation and expressed as concentration (particles/cm?) based on (Finsinger
and Tinner, 2005).

A total of 124 subsamples of 1 cm?® were prepared for macro-charcoal analysis by treating them with
bleach and KOH to concentrate the charcoal particles. The subsamples were then sieved through 160
um mesh and analyzed under the microscope to separate the charcoal particles. The particles were
counted and their size and area measured using WinSeedle software. The data used for this paper are
expressed as the concentration of charcoal particles/cm3.

Pollen data used for multi proxy comparison were analyzed using R Development Core Team, (2020).



Diatoms

A total of 87 samples from the section COL17-3 were analyzed, using the same resolution as for pollen.
The sediment samples (0.5 cm? per sample) were cleaned using 30% H:0: followed by 10% HCI, then
heated at 90 °C for 1-6 hours to remove organic matter (Battarbee et al., 2001). Next, the samples were
rinsed several times with deionized water to remove all supernatant fluids after digestion. The cleaned
frustules were mounted in Naphrax (RI= 1.74). Relative abundance was estimated by counting at least
400 valves with an efficiency count of at least 90% (Pappas and Stoermer, 1996). Diatoms were identified
by comparison with reference collections (e.g. Kulikovskiy et al., 2015; Metzeltin and Lange-Bertalot,
2007, 1998; Rumrich et al., 2000). Diatom analyses of the section COL17-2 are ongoing.

A total of 64 types of diatoms were found in COL17-3 and ecological grouping was based on the 8
dominant taxa. The first group contains the shallow water indicators including Pseudostaurosira craterii,
Planothidium scrobiculatum, Gomphonema spp. Eunotia spp., an araphid diatom from the genus
Staurosirella spp and an unidentified diatom genus1. Turbid environment indicators include Aulacoseira
granulata and A. ambigua (Bicudo et al., 2016; Costa et al., 2017; Kociolek et al., 2015; Taylor et al., 2007).

Refining the age model

Applying the °Be age model (Simon et al., 2020) to the analyzed proxies, we observed analogous
changes in the COL17c proxies, which displayed cycles close to the 41 kyr period. To refine the original
10Be-based age model (Simon et al., 2020), we adjusted the sedimentation rate by fitting the depth cycles
of XRF inc/coh ratio signal to a 41-kyr period (for further details and discussion see section 6.3 and
Supplementary Material Figs. 2-4). We performed an evolutive harmonic analysis (EHA) using the
Thomson multitaper method (Thomson, 1982) by applying the eha function of Astrochron R-package
(Meyers, 2014) to linearly interpolate the inc/coh signal at 5mm resolution, with a 2.5 mcd window
moved in 1 cm steps between frequencies of 0.2 cycle/m and 1.2 cycle/m. Then, at each depth in
centimeter composite depth (cmcd) z, we determined the frequency f(z), expressed in cycles/m, with
maximum F-test probability and computed the local sedimentation rate in cmcd/kyr as
s(z)=100(41.0-f(z)). Next, the age model was anchored to maximize the correlation between the XRF
inc/coh ratio and LR04 benthic 880 stack (Lisiecki and Raymo, 2005) and to fit a drop in reconstructed
MAAT between 47.41 and 47.19 mcd to an observed drop in sea surface temperature (SST) from the
record ODP-1090 (Martinez-Garcia et al., 2010) at around 1.434 Myr.

Results

Description of sediment and intensity of the XRF elements

The COL17c composite record is characterized by two distinct sedimentary units separated by a sharp
transition: a) organic-rich silty-clayey brown-grey to greenish lacustrine sediments from 51.71 to 14.26
mcd, and b) organic rich peaty sediments from 14.26 mcd on (Simon et al., 2020). The cores analyzed in
this study belong to the lacustrine unit from 51.71 to 45.99 mcd (ca. 6 meters in length). These lacustrine
sediments are characterized by alternating bands of light brownish grey to black organic fine grained
sediments. The sediments contain large quantities of mica grains, especially in sections with higher clay
and silt contents. The disturbed sections in each sediment core are characterized by wet brown-
yellowish siltyclayey mud intervals, easily recognizable by their typical “chimney” structure, parallel
to the liner (Fig. 2 and Simon et al., 2020).

In the silty-clayey sections, the XRF intensities of Ti, K, Si, and Rb increased. Conversely, the dark
organic layers showed high inc/coh ratios (i.e. the relative abundance of light and heavy elements; see
Fig 3¢, Simon et al., 2020 and Supplementary Material Figs.7 and 8).
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Figure 2. Sediment from the section 51.71 to 45.99 mcd, based on liner depth for COL17-2 and COL17-
3 (see Simon et al., 2020). Orange rectangles identify the sections discarded from each liner (for more
details see section 3 in Simon et al., 2020).

Biomarkers: MAAT anomalies based on brGDGTs, n-Alkanes, Hopanes
and brGDGTs concentrations

The ) IIla/} Ila ratio is on average =~ 0.2 with a standard deviation of 0.03, and the BIT index is on average
= 0.9 with a standard deviation of 0.05. Both proxies suggest that the tetraethers are of terrestrial origin
(Fig. 3b and see Methods section in Rodriguez-Zorro et al., 2020). The amplitudes of the MAAT curves
are very different using the peat-soil (MAATS: 7 to 15°C) or lake calibrations (MAATSs: 17 to 27°C). The
highest MAAT values in COL17c using the peat calibrations (not shown) overlap with those obtained
in the lacustrine section of CO14 (13 to 17°C using the peat calibration by Naafs et al. (2017b) and de
Jonge et al. (2014); see Rodriguez-Zorro et al., 2020), however minima are cooler in COL17c. These
temperatures are also lower than the seasonal range of modern temperatures in the region (15 to 25°C;
INMET, 2020). Therefore, for interpreting the temperature data of core COL17c despite the lack of an
adequate regional calibration, we have used temperature anomalies with respect to the mean MAAT of
COL17c, obtained from the calibrations of Naafs et al. (2017a, 2017b), de Jonge et al. (2014), Russell et al.
(2014), Martinez-Sosa et al., (2021) and Véquaud et al. (2022). The range of temperature anomalies (-5 to
+4°C) is similar for the seven calibrations (Fig.3a). Another contribution of the tetraether analyses is their
total concentration in the sediments (Fig. 3b). The sum of brGDGTs (1la, IIa, Iabc) shows three prominent
cycles synchronous with those observed in the in the pollen assemblages (Fig. 4) and the XRF inc/coh



ratio (Fig. 3c) which is a qualitative proxy for organic matter. These three organic matter cycles are also
clearly expressed (Fig. 3b) in the total concentrations of C24-C35 n-alkanes, hopanes and the GDGT
proxies (Y Illa/y Ila ratio, BIT).
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Figure 3. Biomarkers and selected XRF element intensities from the COL17c section 51.71 to 45.99
mcd. A) Mean annual air temperature (MAAT) anomalies with respect to the mean over the full
record by using the Lake calibration (Russell et al., 2018: MAAT°C = 32.42xMBT’' 5ME - 1.21, RMSE
~ + 2.44), the soil and peat calibrations of Naafs et al.2017a, b (MAAT® Cs0il=39.09xMBT’ 5ME -
14.50, RMSE~ + 4.1; MAAT® Cpeat=52.18xMBT' 5ME - 23.05, RMSE =~ * 4.7), soil calibration by
de Jonge et al., 2014 (MAAT® C = 31.45xMBT' 5ME - 8.57, RMSE =~ * 4.8), the lake and soil and
peat calibrations of Marti{nez-Sosa et al., 2021 (MAAT® Clake=33.33MBT’ 5ME-0.075, RMSE~=
12.9; MAAT® Csoil&peat=38.46MBT’ 5ME-0.27, RMSE~ 13.9), and the soil and peat calibration
of Véquaud et al., 2022 (MAAT® C=35.98xMBT’ 5ME-12.74, RMSE~ = 5.2) B) In purple, branched
and isoprenoid tetraether (BIT) index, in light blue, X IIIa/¥~ Ila ratio of brGDGTs, in pink long-
chain n-alkanes, in red Hopanes and in green the concentration of brGDGTs. C) XRF intensity of
elements inc/coh and Ti.



Pollen, spores, charcoal and diatoms

Pollen was very well preserved throughout the sections analyzed, with relatively high concentrations
(values between 44,845 and 38,3125 grains/cm?). A total of 150 types of pollen and spores were identified
(Fig. 4 and Supplementary Material Fig. 1).

In general, forest taxa dominated the analyzed interval, with mean frequencies of 80 + 6 %, followed by
20 = 6 % for herbaceous vegetation. The optimal splitting by sums-of squares of the terrestrial pollen
sum and the broken stick model suggest

5 statistically significant zones with the lowest pollen sample richness in zones COL17c-1 and COL17c-
4. The NMDS reached a convergent solution after 20 iterations (stress=0.16), using 83 taxa that met the
criterion of having a sum >5% along the record (Fig. 5 and supplementary material Table 1). More
negative NMDS]1 values are attained by herbaceous vegetation and SDF taxa, while more positive
values are attained by evergreen forest taxa. On the other hand, cool forest taxa had more negative
NMDS 2 values, except for Ericaceae which seems to have more affinities with evergreen forest taxa
(Figs. 4 and 5). Microcharcoal particles have a mean value of 18,490 + 9,540 particles/cm? while
macrocharcoal particles are rare, with values between 0 and 29 particles/cm3.

Pollen zone COL17c¢-1 (51.71-50.65 mcd; 28 samples) is dominated by forest vegetation with high
frequencies of evergreen forest (71 + 5%), mainly characterized by Podocarpus (12-36%), llex (3-8%),
Myrsine (10-25%) and Myrtaceae (4-14%). The SDF has on average 14 + 4% including dominant taxa
such as Celtis (0-4%), Citharexylum (0-4%) and Moraceae/Urticaceae (1-5%).

Lastly, cool forest (on average 2 + 1%) is dominated by Araucaria (0-5%) and Weinmannia (0-2%).
Herbaceous taxa are represented mainly with Poaceae frequencies (8 + 2%). Acaena appears with values
between 0 and 0.5 %. Pollen concentrations are relatively high with mean values of 135,417 + 29,667
grains/cm?. Shore vegetation is dominated by the macrophyte fern Isoetes with mean values of 17 + 9%.
Fern taxa represents the highest percentages of the record (mean of 18 + 8%), with dominant elements
such as tree ferns Cyathea (1-8%) and Lophosoria (1-10%), Blechnum (1-7%) and Polypodiaceae (1-9%).
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Figure 4. Pollen percentage diagram of 17 selected pollen taxa from the COL17c section 51.71 to 45.99
mcd. From left to right, Depth (mcd); Summary diagram of evergreen forest (EFgreen), Araucaria
Forest (AF-blue), semi-deciduous forest (SDF-pink) and herbaceous (yellow) vegetation from
Colonia. Pollen sample richness. Total pollen concentration (based on the pollen sum taxa) and
micro/macrocharcoal concentration. Zones and dashed lines based on optimal splitting by sums-of
squares. See full pollen diagram in Supplementary Material Fig. 1.



Aquatic taxa like the algae Botryococcus are the most frequent of the record (36 + 14% on average).
Diatoms indicating shallow environments show high values towards the top of the zone (from 50.81 to
50.65 mcd), some samples have zero diatom contents whereas others have high percentages, i.e. up to
98%. Diatoms indicating turbid environments are found in the same interval with the highest peak at a
depth of 50.77mcd (54%). Concentrations of microcharcoal range between 7,340 and 2,4227 particles/cm?
and concentrations of macrocharcoal between 0 and 20 particles/cm?.

Pollen zone COL17c-2 (50.61-49.27mcd; 33 samples) is characterized by an increase in SDF (mean value of
18 + 5%), including Alchornea (1-4%), Celtis (03%), Citharexylum (0-6%), Bignoniaceae (0-4%), Fabaceae
(1-7%), among others. The frequencies of herbaceous taxa also increase (on average 20 + 4%) dominated
by Poaceae (4-21%), Ambrosia (0-5%), Baccharis (0-6%) and Sauvagesia (0-3%). Acaena oscilates between 0
and 0.4%. In contrast, evergreen forest taxa (mean value of 59+7%) such as Ilex (0-7%), Myrsine (2-15%),
Myrtaceae (9-23%), and Podocarpus (5-26%) decrease. Cool forest have a mean value of 2 + 1%. Pollen
concentrations decrease with mean values of 110,288 + 34,442 grains/cm?. Tree fern taxa such as Cyathea
(0-6%) and Lophosoria (0-5%) have low values in the bottom part of the zone but increase toward the top,
while Polypodiaceae (1-5%) has higher frequencies at the bottom of the zone and decreases toward the
top. The frequency of shore vegetation increases intermittently with mean values oscillating between 0
and 6%; Juncus appeares for the first time in the record in this phase (04%). The macrophyte Isoetes has
the highest values of the entire record in the first part of the interval, however, its values decrease
significantly toward the top of the zone (9-58%), whereas Botryococcus decreases slightly then remains
stable with mean values of 28 +11%. Diatoms indicating shallow environments have high values toward
the bottom of the zone from 50.61 to 50.51 mcd and 50.34 to 50.02, with values ranging between 0 and
95%. Subsequently, diatoms in this group disappear from zone 2. Diatoms indicating turbid
environments are only found at 50.56 and 50.02 mcd at low frequencies (1 and 10% respectively).
Microcharcoal concentrations increase with mean values of 17,624 and 6,771 particles/cm?.
Macrocharcoal concentrations oscillate between 0 and 17 particles/cm?® From this zone onward,
frequencies of wind transported and non-native Nothofagus aff. dombeyii are found in the COL17c record
(0-1%) (Fig. 4 and Supplementary Material Fig. 1).

Pollen zone COL17c-3 (49.24-48.27 mcd; 28 samples) is characterized by decreased forest vegetation,
reaching the lowest values of the entire analyzed record (oscillating between 63 and 80%). Evergreen
forest (41 + 6%) taxa like Ilex (0-3%), Myrsine (5-18%), Myrtaceae (2-9%) and Podocarpus (1-22%) decrease
in frequency, whereas the percentage SDF and herbaceous vegetation increase, oscillating between 13-
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Figure 5. Non-metric multidimensional scaling analysis of pollen data from the COL17c¢ section 51.71
to 45.99 mcd. On the left, samples plotted on depth differentiated by color based on the pollen data
zones (optimal splitting by sums-of squares). On the right, the color of the pollen taxa refers to their
associated forest type: green (EF), blue (cool tolerant taxa), pink (SDF) and yellow (Herbaceous).See
Supplementary material Table 1 for taxa names.



40% and 20-37%, respectively. The SDF taxa whose frequency increase in this interval were Alchornea
(0-10%), Celtis (0-5%), Citharexylum (1-8 %), Bignoniaceae (0-3%), Fabaceae (1-6%) and
Moraceae/Urticaceae (3-11%). On the other hand, the frequency of cool forest vegetation (0-8%) is low
at the bottom of the zone then increase toward the top, particularly the cool moisture sensitive Araucaria
(0-6%). Herbaceous taxa represented by taxa such as Acaena (0-0.7%), Baccharis (1-5%), Antidaphne (05%),
and Poaceae (13-27%) increase. The concentration of pollen is on average 148,222 + 68,213 grains/cm?.
Polypodiaceae spores are more abundant than in zone 1 and 2 with values of 1 to 8%. Shore vegetation
is mainly dominated by Juncus, which increases intermittently by 0 to 45%. Botryococcus oscillates
between 8 and 45%. Isoetes values in this interval reach their lowest in the entire record (1-13%). Diatoms
indicating shallow environments dominate the whole interval with mean frequencies of 77 + 29%.
Diatoms indicating turbid environments are only found at 49.02mcd at low frequencies (5%).
Concentrations of microcharcoal are relatively high (mean value of 20,307 + 10,695 particles/cm?) and
the highest values are found at 48.55, 48.59 and 48.63 mcd. In contrast, macrocharcoal is found at very
low concentrations despite the fact the sample has the highest concentration of the record (at 49.14 mcd-
29 particles/cm?). Pollen zone COL17c-4 (48.23-47.18 mcd; 19 samples) is characterized by an increase in
the frequencies of evergreen forest (on average 71 + 9%) mainly dominated by Podocarpus (20-50%), Ilex
(2-7%), and Myrsine (7-18%). Cool forest also increase (on average 5 + 3%) with Araucaria (1-10%) and
Weinmannia (1-2%) as the main contributors; the former being most abundant at the bottom and top of
this period. SDF (mean value of 11 +4%) and herbaceous taxa (13 + 3%) are reduced. Among the former,
Alchornea (0-3%), Celtis (0-1%), Citharexylum (0-2%) are drastically reduced in frequency. Herbaceous
Depth (mcd)
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Figure 6. Local and lacustrine environment compared with the XRF element intensity of Ti and the
inc/coh ratio in COL17c section 51.71 to 45.99 mcd. In the pollen data, the bars indicate concentrations
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taxa such as Poaceae (415%), Lobelia (0-1%), Acaena (0-0.2%) and Antidaphne (0-1%) are strongly reduced
compared to the previous interval. The pollen concentration is 133,904 + 35,279 grains/cm?. Tree fern
taxa like Cyathea (1-5%) and Lophosoria (1-6%) again increase in frequency, whereas the frequency of
Polypodiaceae decreases (13%). Shore taxa almost vanish during this period (0-12%), mainly dominated
by Cyperaceae (0-2%) while Juncus (0-12%) reappears only in the upper part of the zone. Values of Isoetes
(2-18%) are low in this interval, and only increase towards the top of the zone. Botryoccocus remains
stable with mean values of 10 to 13%. Diatoms indicating shallow environments are found at the bottom
of the zone with intermittent frequencies ranging between 0 and 97%. The concentration of
microcharcoal is 21,517 + 8,552 particles/cm?, and that of macrocharcoal was 0 to 24 particles/cm?3.
Pollen zone COL17¢-5 (47.14-45.99 mcd; 30 samples) is dominated by forest vegetation. The frequency of
EF (46 = 5%) decreases mainly with dominant taxa such as Ilex (0-2%) and Podocarpus (1-28%). The
frequency of SDF forest increases its abundance with a mean of 25 + 7% with dominant taxa such as
Alchornea (1-12%), Citharexylum (0-7%), Bignoniaceae (0-3%), Fabaceae (1-5%), and Moraceae/Urticaceae
(2-11%). Herbaceous taxa increase (mean value of 25+ 3%) with dominant taxa such as Poaceae (11-23%),
Ambrosia (0-4%), and Baccharis (1-5%). Acaena has the highest frequencies of the record oscillating
between 0 and 1%. The concentration of pollen is the highest of the record with mean values of 162,137
+78,369 grains/cm?. Shore vegetation increase slightly in the lower part of the interval mainly dominated
by intermittent frequencies of Juncus (0-7%). Isoetes and Botryococcus also increase with mean frequencies
of respectively 13 + 8% and 31+ 8%. Diatoms indicating turbid environments reappear in this interval
with values oscillating between 0 and 74%. Diatoms indicating shallow environments dominate in the
bottom and top sections of this interval with values oscillating between 0 and 94%. Concentrations of
microcharcoal are high in the bottom part of the record with a maximum of 52,799 grains/cm?,
decreasing towards the top of the zone. Macrocharcoal particles are scarce (0-8 particles/cm?).

Discussion

The laminated fine-grained sediments and diatom assemblages observed in the COL17c reflect the
occurrence of a shallow lake in the basin of Colonia with alternating organic matter (OM) input phases
(Figs. 2 and 6). Similarly, pollen data revealed seven phases of forest contraction and expansion,
suggesting the influence of precipitation and temperature on the composition of regional vegetation.
Such cyclicity with composite core depth allowed us to differentiate glacial and interglacial periods
using indicative pollen taxa and assemblages (Fig. 4). Overall, a change in the cyclicity modalities
occurred at 49.30 mcd, with changes of greater amplitude above this depth than below (Figs.5, 6 and 7).
The existence of lacustrine diatoms (COL17-3 section), along with the continuous presence of
Botryococcus indicates that Colonia remained a lake throughout the considered period. Three main
phases of macrophyte and shore taxa expansion occurred during higher OM input at intervals around
50.85 and 50.02 mcd, 49.30 and 48.23 mcd and 47.30 and 46.50 mcd. Those phases were characterized by
high frequencies of Isoetes as well as increases of grasses and shore taxa, such as Cyperaceae and Juncus
(Fig. 6).Phases of OM input were inferred from peaks in the inc/coh ratio accompanied by C24-C35 n-
alkanes, hopanes and the GDGT proxies (}Ila/y Ila ratio, BIT), which further indicate that these lipids
are mainly of terrestrial origin and transported into the lake (Fig. 3). Similarly, grasses and SDF that
follow the same cyclicity indicate drier periods in the region (Fig. 7). Reduced OM input phases were
observed in sediments with more silt and clay content, (with high relative abundance of terrigenous
detrital indicators such as Ti, K, Rb, Si) with reduced nalkane and hopane concentrations and a lower
inc/coh ratio. Wetter periods were inferred from EF and increased detrital inputs into the lake (e.g. high
Ti counts).

Atlantic forest phases and inferred glacial-interglacial dynamics

The section of COL17c analyzed here showed that low temperatures played a key role in the expansion
of Araucaria forests in the region (Figs. 5 and 6). At Colonia, Araucaria, a cold and moist sensitive taxon
expanded simultaneously with the lowest A°T. Additionally, such trees grew along with other cold



sensitive taxa such as Weinmannia and Lamanonia, and evergreen forest taxa (Fig.5). Continuous cool
conditions were inferred as well by the presence of the wind transported pollen of Nothofagus
(although never observed in Brazil) that is currently observed in southernmost latitudes (e.g. Fontana
and Bennett, 2012). On the other hand, two main species of Podocarpus grow in the region (Ledru et al.,
2007). However, Podocarpus is a more complicated taxon to interpret since pollen morphology does not
allow differentiation between species. P. sellowii, the only species observed today near Colonia (Garcia
and Pirani, 2005), is tolerant to dry conditions, and grows at the transitions between gallery forests and
Cerrados in central Brazil and high elevation forests and grasslands in southern and southeastern Brazil,
while P. lambertii is tolerant to cold and frost conditions, and is restricted to Araucaria angustifolia
forests (Ledru et al., 2007). The Podocarpus pollen found in the COL17c sequence might originate from
the two different species. P. sellowii might have been present throughout the section and expanded
during drier phases (e.g.pollen zone 3 or 5), while P. lambertii might have grown in the Araucaria forest
when temperature decreased (Ledru et al., 2007).

Our record (COL17c) also highlights the significant role of water availability or the amount of

precipitation in shaping vegetation dynamics in the Atlantic forest, at least during the studied
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based on depth..




Quaternary section (Figs. 4,5 and 7). Nowadays, SDF is expanding inland and replacing rainforests as
seasonal rainfall regimes include regular periods of drought (ca. 2-3 months) and where upslope
adiabatic moisture is absent (Neves et al., 2017). Our pollen data suggest that precipitation amount may
also have been a key factor in the expansion of such rich forests (Fig. 4 and Neves et al., 2017). At Colonia,
the expansion of forests - with increases in semideciduous forest taxa - is associated with longer dry
periods or reduced wet seasons than those that occur in the region today (Neves et al., 2017) (Figs.4, 5
and 7). This pattern was also observed in our record in parallel with the cyclicity of grasses and
herbaceous vegetation, the inc/coh ratio and GDGT proxies (Figs. 6 and 7), between ca. 50.85 and 50.02
mced, 49.30 and 48.23 mcd and 47.30 and 46.50 mcd, which point to drier regimes or regimes with less
precipitation (see the grouping of vegetation with more negative values in the NMDS1 axis, Fig. 5).
During those periods we observe also few pollen grains from Cerrado taxa such as Mauritia and
Caryocar (see supplementary material for detailed description). Additionally, the presence of Acaena
in our record, meant we could use it as indicator of dry periods (see it located with more negative values
of NMDS1, Fig. 5), since this herb is currently not reported in vegetation surveys in the region of
Colonia, and is only found further south in high elevation grasslands (Camejo et al., 2022; Kegler et al.,
2010). The opposite effect, reflecting increase on moisture is seen with peaks on EF and the XRF detrital
siliciclastic elements (Ti, K, Si and Rb) between ca. 51.71 and 50.85 mcd, 50.02 and 49.30 mcd, 48.23 and
47.30 mcd, and 46.50 and 45.99 mcd.

The analogous cyclicity of grasses, SDF and herbaceous vegetation with the inc/coh ratio, versus the
synchronous cyclicity of EF with XRF detrital siliciclastic elements (Ti, K, Si and Rb) reflect differences
between dry and wetter environments, respectively (Figs.4, 6 and 7). Although forest dominated the
whole section, the grasses, herbaceous vegetation and SDF expanded three times when precipitation
was reduced and periods of OM input occurred locally (Figs. 6 and 7). On the other hand, EF dominated
during four intervals when moisture increased and high detrital inputs prevailed in the lake. Araucaria
was observed throughout the record although it was more dominant after 48.40 mcd, i.e., synchronous
with a decline in temperature observed in the A°T values (Figs. 3 and 7). Regional fires were observed
throughout the section, although at lower magnitude than the fires observed in CO14 (Rodriguez-Zorro
et al., 2020). Indeed, at COL17c the concentrations of charcoal were 10 times lower, suggesting that fires
did not play an important role in shaping vegetation dynamics in our record (Fig. 4). In addition, the
A°T showed no drastic changes in temperature like those observed in CO14. However, we observed a
decreasing trend in temperature from 48.30 mcd towards the end of the record (see also Araucaria
behavior in pollen zones COL17c-4 and 5).

Seven significant periods of change based on depth revealed alternating states of forest vegetation
during the 51.71 to 45.99 mcd interval that we interpret as glacialinterglacial periods (Figs.5 and 7). The
first interval (ca. 51.71 and 50.85 mcd) was characterized by the presence of a mixed evergreen forest
with cool and moisture sensitive conifers Araucaria and Podocarpus, and evergreen trees such as Ilex
and Myrtaceae. This configuration indicates humid and slightly cool conditions that can be
characterized as an interglacial period. The effect of humid conditions can also be inferred from the
presence of ferns that typically grow in cloud forests like Cyathea and Lophosoria, linked to the
permanent presence of adiabatic moisture between ocean and high elevation (See Supplementary
Material Fig. 1 and Rodriguez-Zorro et al., 2020). During the following interval (ca. 50.85 and 50.02 mcd),
the increase in grasses, herbaceous and SDF taxa is evidence for a reduced precipitation regime under
cool temperatures as AF dominated mainly by Araucaria. A dry period can be also inferred from the
correspondence between the grasses, herbs, SDF, shore and macrophyte taxa expansion, and high
inc/coh ratios. This interval was characterized as a glacial. The following interval (ca. 50.02 and 49.30
mcd), followed the opposite pattern, with increased EF, Ti abundance and a continuous AF, indicating
moister and slightly warmer conditions (interglacial). A new phase was then detected with more
marked changes (ca. 49.30 and 48.23 mcd) characterizing the interval with the largest expansion of
grasses and herbaceous vegetation on the shore of the lake and increased SDF taxa, that we attributed
to increased water deficit in the area. This effect was also reflected in the decrease in moisture sensitive
tree taxa such Ilex and Podocarpus and the presence of dry environments indicator Acaena. In addition,



continuous AF support a cooler interval (glacial period) compared to the previous one. During the
following interval (48.23 and 47.30 mcd), Ilex and Podocarpus underwent significant expansion.
Araucaria forest was present during the entire interval with two peaks at the beginning and end, clearly
following an increase in moisture, as indicated by an increase in EF taxa and drops in temperature as
seen in the A°T curve (Figs. 3 and 7). This interval was characterized by slightly warmer and humid
conditions (interglacial) similar to those observed during the interval between ca. 51.71 and 50.85 mcd
(Figs.5, 6 and 7). The following interval (47.30 and 46.50 mcd) contained the biggest differences in A°T,
increases in Araucaria as well as in grasses, Acaena, SDF and in the inc/coh ratio, indicating cool dry
conditions (glacial). Lastly, between 46.50 and 45.99 mcd, inputs of moisture were evidenced by the
biggest expansion of Araucaria (sensitive to increases on moisture, see Tagliari et al., 2021), increases in
the abundance of Podocarpus, Ilex, Myrtaceae and Ti, indicating cool and moister conditions
(interglacial). High frequencies of Araucaria during these last two intervals are in phase with the lowest
A°T changes (47.10 and 46.39 mcd) and moisture increases at Colonia.

Based on composite depth we could infer that these variations in forest composition and OM input were
related to the dynamics of meridional temperature differences as also inferred during the penultimate
glacial in the region (CO14; see current climatic setting at Colonia in Fig. 1 in Rodriguez-Zorro et al.,
2020). During glacial periods in this early Pleistocene section (COL17c), northern incursions of polar
fronts and an ITCZ placed further north (Seo et al., 2015), enabled the expansion of grasslands and SDF
taxa, clearly reflecting a diminished SASM system (reduction in moisture from the tropics). Conversely,
during interglacial periods, a reduced effect from the south, although still present in the area (low
temperatures and continuous AF), enabled the expansion of EF taxa. During these periods, it seems that
increased humidity greatly favored taxa such as Podocarpus as well as cool moisture tolerant Araucaria,
which expanded most during glacial-interglacial transitions (inception and termination), as also
observed in CO14 (Rodriguez-Zorro et al.,, 2020). The fact that Araucaria was highly abundant during
glacial-interglacial transitions, as also observed in CO14, reflects the restricted moisture input during
glacial periods. Moreover, in our early Pleistocene record, the effect of the SASM and therefore
precession paced precipitation (Cruz et al., 2005) seems to be minimal due to the strong influence of the
southern ocean atmospheric circulation. This is the opposite of what we observed during the last 95 kyr
in the region (CO14), in which SASM precipitation was marked by the precession signal, indicating a
stronger influence of the tropics (Cruz et al., 2005, Rodriguez-Zorro et al., 2020). The different climatic
organization revealed the dominance of the southern hemisphere on the composition of vegetation prior
to the mid-Pleistocene transition, which included signatures of taxa that currently grow at higher
latitudes in cooler and more seasonal environments than Colonia, like Acaena and Nothofagus types (Fig.
4 and Supplementary Material Fig. 1).

Constraining the age-model of COL17c and the hypothetical drivers of
change during the early Pleistocene at Colonia

As explained before, the SASM and the southern hemisphere fronts have been playing a major role in
the input of precipitation and vegetation dynamics at Colonia’s latitude. From the analysis of proxies in
the previous section (5.1), we concluded that the seven alternating phases of grasses, SDF and EF, shore
taxa, and organic matter input in the lake represent the effect of glacial-interglacial periods on
sedimentation and surrounding vegetation (Figs. 6 and 7). The COL17c chronology from Simon et al.
(2020), which was not orbitally tuned, lies between 1.497 + 0.102 Myr and 1.347 + 0.092 Myr, for the 51.71
to 45.99 mcd section (sedimentation rates ranging between 2 to.6 cm/kyr). Applying this chronology to
the proxies reflects a seemly 41kyr cyclicity (Supplementary material Figs.2 and 3), which provides
independent validation for our interpretation of the cycles as glacial-interglacial succession. Yet, due to
its large uncertainties, it is necessary to refine this chronology and establish a more constrained time
frame for the observed changes in the COL17c¢ proxies which seem to favor a tuning with a 41 kyr pace.
Similarly, a model with higher sedimentation rates such as insolation paced tuning would fit in the
uncertainties envelope from Simon et al. (2020) and should be explored as well (Supplementary material
Fig.2, 4 and 6).
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compared to the LR04 5180 stack (Lisiecki and Raymo, 2005). In yellow, MAAT anomalies based on
the soil and peat calibration protocol by Véquaud et al. (2022). In green, sea surface temperatures
from the ODP-1090 record (Martinez-Garcia et al., 2010). Orbital parameters for latitude 23°52'03”S
using La2004 (Laskar et al., 2004). Blue and pink panels differentiate glacial and interglacial periods
respectively, based on Lisiecki and Raymo (2005).

When using the obliquity tuning, first, we fitted the cyclicity period of XRF inc/coh to 41kyr by locally
adjusting the sedimentation rate. Maximizing the correlation between XRF inc/coh and LR04 (56180
global benthic foraminifera; Lisiecki and Raymo, 2005) resulted in five possible age models within the
uncertainty ranges of the original 10Be age model. Second, we used the significant drop in temperature
noticed in 47.41 and 47.19 mcd, as evidenced in MAAT and A°T reconstructions. We selected the ODP
site 1090 SST record (Martinez-Garcia et al., 2010) to anchor this drop in temperature in time (Fig. 3 and
Supplementary Material Fig. 5). This was done acknowledging the influence of the southern fronts on
the current climate and during the last interglacial at Colonia as explained in the previous section and
in Rodriguez-Zorro et al. (2020). Among the five possibilities, we selected the age model that best fitted
the drop in temperature (at 47.41-47.19 mcd) to the observed drop in the SST record of ODP site 1090
between 1.434-1.432 Myr. The observed 5 kyr lag between both datasets was set to keep the
synchronicity from the adjusted sedimentation rates and the 5180 benthic foraminifera LR04 record
(Lisiecki and Raymo, 2005). This lag is within the uncertainties from both of the models. Based on these
assumptions (41 kyr pace model), the obtained chronology positions the COL17c section from 1.535 to
1.386 Myr (sedimentation rates between 3 and 5 cm/kyr) (Fig. 8 and Supplementary Material Fig. 4),
from MIS 52 to 45, following the glacial and interglacial cyclicity described by Lisiecki and Raymo
(2005). The mean difference between this model and the original 10Be based model from Simon et al.
(2020) is ca. 52.2 + 5.6 kyr (Supplementary Material Fig. 4).With such chronology, COL17c record places
better the glacialinterglacial cyclicity that was characterized in composite depth, and helps explaining



the precipitation driven cyclicity that we observe in our proxies (Fig. 8). Reduction in precipitation and
longer periods of drought during glacial periods favor the expansion of grasslands and herbs, as also
seen in areas that currently have a more seasonal environment in eastern Brazil (Ferreira et al., 2022).
Over this region, the dry season length and therefore the changes in tree cover in orbital scales are
explained by obliquity as we observe in our record. Increases in obliquity reduces the dry season length,
favoring the expansion of tree cover, while there is an expansion of grasslands and reduction in tree
cover if obliquity decreases (Ferreira et al., 2022). If there is an apparent SASM precipitation paced by
insolation at Colonia during the early Pleistocene as it was seen during the last 95 kyr (CO14 record),
we would observe that the peaks on evergreen forest will be simultaneous with high insolation phases.
Using this 41kyr tuned model, we observe that three main peaks on evergreen forest are coincident with
high insolation peaks at ca. 1.480, 1.456 and 1.436 Myr, indicating the plausible influence of tropical
moisture brought to the region through the SASM system. Additionally, Araucaria peaks seem to be
concomitant with low insolation phases after 1.45 Myr. However, we believe that most of the vegetation
responses are related to the influence of southern atmospheric and ocean dynamics occurring during
the studied timeframe (Martinez-Garcia et al., 2010).

Using the same approach with an insolation paced model, we adjusted the sedimentation rates to 21kyr
cyclicity, which fitted better compared to a 19 or 23 kyr pace. The COL17c section is positioned between
1.393 to 1.487 Myr (sedimentation rates between 5 and 9 cm/kyr; Supplementary Material Figs.4 and 6),
from MIS 49 to 46 (Lisiecki and Raymo, 2005). The mean difference between this model and the original
10Be based model from Simon et al. (2020) is ca. 39 + 21 kyr (Supplementary Material Fig. 4). However,
using a 21 kryr paced model, the expected vegetation dynamics between glacial and interglacial periods
are not synchronous with global and regional dynamics and with the proposed precipitation driven
cyclicity seen in the COL17c proxies in composite depth (Fig. 7 and Supplementary Material Fig.3). Only
the MIS 47 (1.424 t01452 Myr) would reflect what we have identified as interglacial conditions using the
composite depth description. Using this model, the insolation peaks at 1.480, 1.456, 1.436 and 1.420 Myr
fit accordingly to the evergreen forest dynamics. Araucaria peaks on the contrary are not observed
during glacial-interglacial transitions neither following a clear insolation pace (see CO14; Rodriguez-
Zorro et al., 2020).

Considering these two age-models and based on the precipitation driven cyclicity observed in the
COL17c proxies, we favor the 41kyr tuned model, which fits better to the global and regional dynamics
occurring during the early Pleistocene. We believe that the lack of a clear insolation signal in our proxies
applying exclusively the chronology from Simon et al. (2020) (Supplementary Material Fig.2) shows a
stronger influence from the Southern ocean circulation and land sea interactions at Colonia, following
a pattern of a diminished precessional force or a precessional cancellation as seen in many 5180 records
(McClymont et al., 2013). Such effect has been widely reported in marine records and currently in
simulation models, explained as a widespread precessional cancellation due to mixing of North Atlantic
and Southern Ocean sourced deep-water masses (Morée et al., 2021). Yet, there are some continental
records that have a clearer precession signals during the studied period (e.g. Lupien et al., 2022,
Panagiotopoulos et al., 2020). We recognize that the insolation pace in the COL17c record might have
played an additional role in the moisture input needed for EF to expand, despite the dominant influence
of the southern hemisphere through the polar fronts. We are confident that our results are congruent
(atleast for orbital dynamics) using a model based on the 41 kyr sedimentation rates. If there are hiatuses
within the studied sedimentary section, the effect would be minimal for such approach. For pollen data,
we do not see drastic changes in concentration that might indicate a hiatus or loss of sedimentary record.
The same pattern would account for the high resolution XRF element counts. In this sense, we
acknowledge that until having a continuous and better dated record from the Coldnia basin, our
interpretations remain hypothetical and the changes we observe can be only interpreted as sustained
changes between glacial and interglacial periods.

Based on the COL17c 41 kyr paced age-model, we observe that the continuous presence of AF since
1.535 Myr and its further increase between 1.430 and 1.386 Myr (48.40 to 45.99 mcd), together with a
drop in relative temperatures, suggest a constant influence from the polar fronts up to the latitude of



Colonia. This effect can be explained by an equatorward expansion of polar air masses and a cooling of
the surface ocean from the sub-Antarctic Atlantic when arctic ice sheets were not expanded (Ehlers et
al., 2018; Fig. 8). This climate configuration is related to a long-term cooling trend that occurred between
1.8 and 1.2 Myr (Becquey and Gersonde, 2002; Etourneau et al., 2010; Martinez-Garcia et al., 2010;
McClymont et al., 2013). During this period, the modern cold tongue emerged in the equatorial Pacific
at the beginning of the Pleistocene, which developed through a direct link between the contractions in
the warm pool in the Pacific along with the expansion of the polar oceans (Martinez-Garcia et al., 2010).
The prolonged effect from southern air masses and the reduction of moisture during glacial periods
observed at Coldnia is simultaneous with sediment deposition changes driven by obliquity from 1.6 to
14 Myr in Antarctic Dove Basin (Reilly et al., 2021). Such record also highlights a gradual
synchronization of Northern and Southern hemisphere climate after 1.4 Myr (Reilly et al., 2021). At
Colonia, glacial and interglacials after 1.43 Myr (49.30 mcd) were more influenced by the polar
incursions through the subtropical fronts than before, in agreement with regional SST cooling and
significant glacier expansions in Patagonia after 1.5 Myr (Fig. 8) (McClymont et al., 2013; Singer et al.,
2004). However, during this time frame, it is also probable that insolation frequencies might have been
affecting the COL17c record, acknowledging the ice sheet re-organization and its effect in the amplitude
on the southern hemisphere signal as well as the strength of obliquity and precession prior the MTP
(Morée et al., 2021, Reilly et al., 2021). The obliquity signal observed in our proxies seems to be
regulating the winter seasonality coming up to the latitude of Colonia synchronously with southern
atmospheric and ocean circulation dynamics (Martinez-Garcia et al.,, 2010, Morée et al., 2021).
Additionally, the differences in meridional temperature and the configuration of the polar ice sheets
that characterized glacial and interglacial periods during this time frame are concomitant with our
assumptions concerning variations in forest composition and OM inputs (section 5.1). Those variations
were linked to a direct effect of the polar fronts and the reduced effect of inputs of tropical moisture at
the latitude of Coldnia, which today is linked to the ITCZ dynamics through the SASM (Cruz et al,,
2005).

The scarcity of continuous continental records during the time frame of our study hampers a wider
comparison of the drivers of change and the vegetation responses in the Southern Hemisphere tropics,
especially to evaluate the insolation effect.

However, our record shows that Neotropical forests were very sensitive to palaeoclimatic variations
before the mid-Pleistocene transition. Our unique record highlights the importance of improving
continental deep drilling projects to advance our understanding of the early Quaternary climate and
ecosystem dynamics. In Australia, several extinctions coincided with the earliest glaciations of the
Pleistocene, highlighting the importance of having long and complete records (Jordan, 1997). At the
latitude of Colonia (23°S), we show that the effects of southern climate and ocean interactions have been
shaping the landscapes since the early Pleistocene. Vegetation assemblages responded to glacial-
interglacial shifts, although with different intensity, demonstrating that each glaciation contained
different time signatures (e.g. a precession signature for CO14 record and obliquity signature for the
COL17c). Future works should include detailed characterization at millennial scale to understand the
particular signatures between each glaciation. Incorporating the responses of continental settings,
especially those in southern latitudes, in large scale climate fluctuations such as glacial and interglacial
periods, would enable a better view of the long term climatic and environmental dynamics as a basis to
assess current and future changes (Lisé-Pronovost et al., 2019), and hence, to fully understand the
climate system.

Conclusions

Our multiproxy approach allowed us to reconstruct the responses of the Atlantic forest to climate
changes over a period of ca.149,000 years, between 1.535 and 1.386 Myr, covering three glacials (MIS 46,
48 and 50) and four interglacials (MIS 45, 47, 49 and 51). The amount of precipitation and low
temperatures of the early Pleistocene were greatly influenced by the southern latitude circulation. The
vegetation growing at Coldnia responded to meridional temperature differences that regulated the



input of moisture and clearly differentiate glacial and interglacial forest types. The Atlantic forest was
alternately composed of EF during interglacials, and with expansion of grasses, herbs and SDF during
glacials. Araucaria was observed throughout the record although with a change in amplitude when SST
dropped at Colonia related to changes in the southern circulation and Antarctic early Pleistocene
dynamics. The continuous presence of Araucaria at the latitude of Col6nia, further north than its current
distribution area, and its larger expansion after ca. 1.43 Myr revealed that mixed evergreen forests were
common between 1.535 and 1.386 Myr. We show that the different responses of the early Pleistocene
tropical forest were in phase with regional climate dynamics derived from marine records, such as the
equatorward migration of subpolar fronts (e.g. increases on OM input, grasses and herbaceous
vegetation, and SDF). The sediments from COL17c and the good pollen and proxies preservation
underline the potential of this study site to test Atlantic forest responses to climate from orbital scales
up to millennial variability, to characterize tropical and subtropical plant migrations, and to strengthen
the Neogene and Quaternary climate-environmental dynamics from the Southern hemisphere.
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