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Abstract :

In this paper, we use palynology and geochemical proxies to reconstruct late Quaternary vegetation
changes within the hydrographic basin of Parnaiba, Northeast Brazil, over the last 130 kyrs. Findings are
based on the analysis of a marine sediment core (GL-1248) retrieved from the western equatorial Atlantic
(0°55.2'S, 43°24.1'W), close to the coast. Geochemical proxies (Fe/K ratio and €Nd) indicative of soil
erosion match changes in reconstructed vegetation, suggesting a dynamic pattern of hydrological
disturbances and ecosystem evolution. Given that reconstructed vegetation does not present the same
response to precipitation anomalies on the millennial scale, we sought the main drivers of vegetation
changes in the Parnaiba watershed. Results indicate that vegetation succession was primarily influenced
by austral insolation from March to May, which triggered changes in the pioneer vegetation types. Our
study improves the knowledge of tropical vegetation dynamics in an orbital framework, suggesting 23-kyr
precessional cycles as the main driver of landscape evolution in Northeast (NE) Brazil. We also infer that
such past climate change events may have been a key causal factor of the high biodiversity of the
Neotropics, mediated through the biological exchange of the Amazon and Atlantic rainforest species via
ecological forest corridors in the semi-arid Northeast Brazil.
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Highlights

» We discuss vegetation change and how it reflects hydrological changes within the Parnaiba Basin,
northeastern (NE) Brazil, over the past 130 kyrs » Geochemical proxies (Fe/K ratio and ENd) in core GL-
1248 are synchronous with reconstructed vegetation patterns, highlighting periods of enhanced or
reduced local soil erosion during hydrological disturbances » We define three major vegetation groups
(tropical dry forest, lowland rainforest, and wetland), and the discrepancy in water requirements between
tropical dry forests and lowland rainforests is discussed » Analysis of the hydroclimatic mechanisms in
NE Brazil that triggered the succession of vegetation during glacial phases is discussed

Keywords : Marine-based palynology, Northeastern Brazil, Soil Erosion, Vegetation reconstruction,
Glacial-interglacials, Climate change



1 Introduction

Many hypotheses have discussed the mechanisms that led to the current
rainforest distribution and its plant diversity (Colinvaux et al., 1996; Cérdenas et al.,
2011; Antonelli et al., 2011; Cohen et al., 2014). Hoorn et al. (2010) showed that the
merger between climate, bedrock, and edaphic conditions over the different Amazon
basin units is highly relevant to explain the actual biodiversity. Por et al. (1992)
proposed at least three different pathways that may have ccrnected the Amazon forest
with the Atlantic coastal rainforest (Northwest—Southea:t oo South America, coastal
route of Northeastern Brazil, and montane route of Mc-theastern Brazil). Phylogenetic
and palynological studies point to ancient conr«cticns between the two forests and
indicate that both coastal and montane NE .~utes had gained relevance during the
Quaternary climate episodes (Fig. 1) (Raw.'ha et al., 2013). The influence of climate
change on vegetation diversification n.< been considered regarding the richness of
Neotropical biodiversity (Por et w., 1592; Ledo & Colli, 2017; Silveira et al., 2019).
Hydrological changes over the Pins-Pleistocene may have promoted the spatial change
in the distribution of the ga!'er, forests and the series of deciduous and semi-deciduous
forest patches bridgirg ti.2 Amazon and Atlantic rainforests (de Oliveira et al., 1999;
Behling et al., 2000; C sta, 2003; Pinaya et al., 2019; Piacsek et al., 2021b).During the
last glacial period, those hydrological changes over the NE of South America were
mainly governed by millennial-scale displacements of the Intertropical Convergence
Zone (ITCZ) position and widely related to events known as Heinrich Stadials (HS)
(Wang et al., 2004; Strikis et al., 2018). The HS was depicted as an abrupt and extensive
freshwater intrusion into the North Atlantic (Heinrich, 1988; Hemming, 2004),
weakening the Atlantic Meridional Overturning Circulation (AMOC), with accentuated
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energy transport (Burkel et al., 2015; Mulitza et al., 2017). Consequently, the
atmospheric conditions rearranged with significant meridional changes in the intensity
of trade winds and the ITCZ mean position (Deplazes et al., 2013). When the NE trade
winds gained strength, warm superficial waters were restricted at the western equatorial
Atlantic and probably enabled the permanence of the ITCZ at a more southward
position, bringing Atlantic moisture onto the continent (Broccoli et al., 2006; McGee et
al., 2018; Utida et al., 2019).

Within some HS events, underlining HS 1, the p~lvi.nlogical records of the
marine sediment core GeoB 3104-1 pointed to an increasc In the relative abundance of
rainforest pollen grains (e.g., Alchornea, Moraceae ~.=caceae, and others), suggesting
an expansion of forests in NE Brazil (Behling et a. 2000). Jennerjahn et al. (2004)
investigated high-resolution geochemical p~o.:-es (Fe/Ca and Ti/Ca) in the same marine
core and identified millennial-scale < ‘dir.entation pulses related to the Younger Dryas
(YD) and HS 1 to HS 8. The study ."entified the rise of pollen influx with a 1 to 2 kyr
delay post-HS events, followed L ¢ the Fe/Ca ratio decrease, and suggested that the
erosion was impaired post ‘e development of the rainforest vegetation. Although both
studies reconstructed the 0 :tation of NE Brazil using pollen resolution (52 samples at
intervals of 10 cmi) > wiiich 24 sediment samples covered the temporal range of 42 kyr
to 20 kyr, other studies of past vegetation dynamics in NE Brazil have highlighted the
plasticity of the rainforest vegetation with a high pollen resolution within HS 1 (40
samples at intervals of 2-3 cm) and the YD (47 samples at intervals of 5 cm) (Dupont et
al., 2010; Bouimetarhan et al., 2018). Both vegetation reconstructions were placed in
different marine sediment cores over NE Brazil and pointed out the enhancement of
rainforest in two steps within high precipitation levels on a millennial scale. Both

studies are restricted to the vegetation change within one millennial-scale precipitation



anomaly. Here, we provided the reconstructed vegetation with a higher resolution than
the GeoB 3104-1 record for the last glacial period. The new pollen record of the marine
sediment core GL-1248 will provide the vegetation changes in the Hydrographic Basin
of Parnaiba (HBP) for the last ~130 kyr. We focus on three major vegetation groups
(tropical dry forest, lowland rainforest, and wetland) and how the ecosystem shifts are
related to the soil erosion processes within the HBP. The discrepancy in water
requirements between tropical dry forests and lowland rainforests is discussed,
reflecting the hydroclimatic mechanisms in NE Brazil that iggered the vegetation

change over the last glacial period.

2 The study area

The marine sediment core GL-1248 (0 55.2'S, 43°24.1'W) was retrieved from the
continental slope (2264 m below sea l.ve)) oty NE Brazil, located at a distance of about
160 km from the modern coastline ~nd about 280 km from the fan of the Parnaiba River
(Fig. 2). The Parnaiba River plu.n: 1iows northward at the sea surface, transported by
the North Brazil Current (NbT). The NBC is the superficial layer of the western
boundary current and thc ma'n component for transporting heat to high latitudes of the
North Atlantic. Itc far,mat0n occurs at 10°S from the South Equatorial Current (SEC)
bifurcation. The noruiern excursions of the ITCZ and stronger southeast trade winds
strengthen the NBC transport during the austral winter (Stramma et al., 1995; Johns et
al., 1998).

The arrival of the austral autumn (March—-April-May) marks the southernmost
position of the ITCZ (2°S) (Shimizu et al., 2021) in response to the seasonal warming of
the adjacent tropical Atlantic Ocean. The ITCZ reaches the HBP during this time and
triggers the highest Parnaiba River discharge. The HBP is located between the

coordinates 02°21'S and 11°06'S latitude and 47°21'W and 39°44'W longitude and



shelters three states (Ceara, Maranh&o, and Piaui). The HBP has an area of 340,000
km? and it is recognized as an ecotone zone with extensive areas of vegetation
transitions, where the landscape evolution is highly dependent on the precipitation
amount (Castro et al., 1998). Correia Filho et al. (2019) showed a median and
interquartile range of seasonal rainfall variability of biomes in NE Brazil from 1979 to
2013: Amazon rainforest (1847.9 mm £ 418.7 mm), caatinga (773.1 mm + 212.5 mm),
cerrado (1196.6 mm = 218.9 mm), and Atlantic rainforest (1363.8 mm + 217.0 mm).

The caatinga has distinct vegetation physiognomic tvras cuch as xeric shrubland,
shrub woodland, deciduous trees, and other drought-trie: ~nt plants (Kuhlmann, 1977;
Cole, 1986). It is highly represented by trees that he!ang to the Anacardiaceae (e.g.,
Astronium, Schinopsis), Apocynaceae (Aspidospe mi.). Malvaceae, and Fabaceae (e.g.,
Ambulana, Caesalpinia, Calliandra, Senna 1\"tmysa, Pithecellobium) (Bouimetarhan et
al., 2018). Both biomes (caatinga anc cer.ado) may overlap in the transition zones. The
cerrado (savanna to tropical dry Turest) separates the caatinga (typical semi-arid dry
forest) from the Amazon reinfcrest and is characterized by the occurrence of
Byrsonima, Mimosa, and C:1ymupanax (Bouimetarhan et al., 2018). The lower part of
the HBP has a perennia: r:gime of superficial water flow with humid forest and
extensive floodplan.. cuvered by herbaceous vegetation, swamps, and gallery forests
(Lima & Melo 1985), marked by the presence of Moraceae-Urticaceae, Cyperaceae, and
Mauritia (Ledru et al., 2002).

3 Material and methods
3.1 X-ray fluorescence Ti/Ca and Fe/K ratio

Sediment chemistry was analyzed by scanning the core surface of the archive

half with X-ray Fluorescence (XRF) Core Scanner Il (AVAATECH Serial No. 2) at the

MARUM, University of Bremen (Germany) (Venancio et al., 2018). The XRF data



were measured downcore every 0.5 cm of GL-1248 for the chemical elements Al, Si, K,
Ca, Ti, Mn, Fe by measuring their characteristic radiation. The elements were selected
according to the distribution of major elements in Atlantic surface sediments (Govin et
al., 2012). The Ca fluxes in this environment are derived mainly from biogenic CaCOs3
shells, and changes in Ca concentrations are most likely due to dilution by non-
carbonate sediments (Govin et al., 2012; Nace et al., 2014). In contrast, Ti and Fe are
mostly found in the soil residing in heavy minerals. During rainy periods and substantial
runoff, the soil is revolved, carrying Ti and Fe, lined up with scme siliciclastic material
of fluvial origin (Govin et al., 2012). Among the availat;ic ~lements, the Ti/Ca ratio was
used to indicate the erosion and soil contribution to the marine sediment core (Arz et al.,
1998; Jennerjahn et al., 2015), and peaks of the Fe’K atio were used to indicate relation
to deep weathering process during wet perica. (M.ulitza et al., 2008).
3.2 Chronology

The age model of the GL-12-'8 was defined based on 12 analyses of radiocarbon
dating using Accelerator Mass Sg>r.rometry (AMS) measurements for the upper 550
cm (Venancio et al.,, 2C:8). For radiocarbon dating, we used two planktonic
foraminifera types, Glohiy=rinoides ruber and Trilobatus sacculifer (>150 mm), and it
was performed ot he Seta Analytic Radiocarbon Dating Laboratory, USA. The
radiocarbon ages were calibrated with the IntCal13 calibration curve (Reimer et al.,
2013), with a reservoir age of 400 + 200 years (2c) with no additional local reservoir
effect (AR = 0) (Mulitza et al., 2017). The downcore ages were modeled using the
software clam 2.2 (Blaauw, 2010), where 1665 to 564 cm correspond to 128 to 40 kyr,
respectively. Most of the tie points were located at the midpoint between the alignment
of the major Ti/Ca fluctuations and the abrupt oscillations of the 20 isotopes from the

ice cores of the North Greenland Ice Core Project (NGRIP members, 2004). The core



GL-1248 is ~19 m long and spans the interval between 2 and ~130 kyr. The complete
age-depth model was published in Venancio et al. (2018) (Fig. S1 and S2).

3.3 Palynological sample preparation

The sediment samples were prepared for pollen and spores analysis using 4-6 g
(wet weight) following the standard laboratory procedures (Faegri & lversen, 1989),
excluding acetolysis. The sediment samples were sieved with a 150 pm mesh to remove
the larger particles, such as shells and small stones. After that, one tablet of exotic
Lycopodium clavatum spores (20848 + 1546) was added to eau sample to estimate the
concentration (grains/cm?®) and pollen influx (grains/cr..”*n, values (Stockmarr et al.,
1971). The samples were treated with hydrochloric ac’d (HCI, 35%) for decalcification
and cold hydrofluoric acid (HF, 40%) to remnve the siliceous content. After the
chemical treatment, samples were moved t2 > 1 1'{trasonic bath (maximum 30 seconds)
for organic matter disaggregation. Th- saraples were sieved with a 1 um nylon mesh to
remove small particles. The sampi.~ were processed at the Department of Palynology
and Climate Dynamics, University of Géttingen (Germany).
3.4 Palynological analysis

A total of 140 _~diment samples were collected from the GL-1248 core,
following the Ti/Ca -auc peaks as an indicator of the primary source of the continental
deposition as previously reported in Piacsek et al., (2021a). The pollen and spores were
identified according to the reference collections of the Department of Palynology and
Climate Dynamics (Géttingen, Germany). Pollen grains and spores were counted
separately, each to a minimum of at least 100. An average of ~175 pollen grains and
~180 spores was counted per sample, with relative low concentrations during both
interglacials. The pollen and spore concentration refers to the number of grains per unit

volume of sediment, calculated for each sample by following the equation of



Benninghoff (1962). The concentration can be converted to the influx of pollen and
spore, a measure of the number of pollen grains incorporated into the sediment per year
(grains/cm?/yr). For continental records, the fossil pollen and spore influx provide a
potential proxy for quantitative biomass and population reconstructions (Davis and
Deevey, 1964). However, factors other than biomass may affect the pollen influx of
marine pollen records and must be interpreted carefully.

3.5 Vegetation groups

The palynological quality in the marine core GL-1248 reflacts the different biomes of
the Parnaiba watershed, with little influence of sea-lIrve! cnanges on the continental
shelf. Palynological studies from NE Brazil for the lact glacial period to the Holocene
used ecological groups (de Oliveira et al., 1999; r~hling, 2004; Ledru et al., 2006;
Bouimetarhan et al., 2018). The most r2p.:seatative pollen groups were wetland,
tropical dry forest (with the main rect rrer.t taxa from caatinga and/or cerrado biomes),
and lowland rainforest. The pollen /pes included for the wetland, lowland rainforest,
and tropical dry forest groups 2= l.<t:d in Table 1, and the complete chart of pollen and

spores can be found in the s. nple.nentary material (Fig. S3 to S9).



4 Results
4.1 Pollen sum, pollen concentration, sedimentation rate, and pollen influx

The total pollen sum accounts for arboreal pollen (AP) and nonarboreal pollen
(NAP). The maximum sum of pollen counted per sample reached about 340, and the
lowest value of pollen sum was ~100, with a mean value of ~175, illustrated by the red
cut line (Fig. 3A). The pollen concentration in GL-1248 varied downcore from ~80 to
2200 grains/cm3 (average ~565 grains/cm?). During the glacial period, the lowest values
of pollen concentrations were found from 55 to 40 kyr, indiccting relatively reduced
riverine contribution to the sediment core (Fig. 3B). Ir cuntrast, the sedimentation rate
of the marine core GL-1248 displayed higher values av-ing Marine Isotope Stage (MIS)
3 (=65 cm/kyr). Lower values were found during the interglacials and early glacial (~3
cm/kyr), with a mean sedimentation rate of 2.2 er/kyr (Fig. 3C) (Venancio et al., 2018).
We used the sedimentation rate to cal ula’e the pollen influx, which varied from ~5.5 to
~1470 grains/cm?/yr (average 160 y-ains/cm?/yr) (Fig. 3D). However, the pollen signal
of pollen influx was disguised hv {~¢ sedimentation rate as the marine core was located
at the continental slope ar.'! suifered a significant influence from the past sea-level
oscillations (Fig. 3E) (vwwe'broek et al., 2002). The palynological content was not
sufficient (< 100 p.'len grains per sample) for appropriate analysis for the section
between ~100 to 90 kyr (1486 cm to 1392 cm) and between 7 to 2 kyr (80 cm to 23 cm).
Due to the hiatus in core GL-1248 (~27 to ~16 kyr), the reconstruction of vegetation
was not performed for the Last Glacial Maximum.
4.2 Relative abundances of pollen and spore grains

A total of 96 pollen taxa and 38 spores were identified. The relative abundance
of pollen was calculated based upon the total pollen sum, and we used the total spores

sum to calculate the relative abundance of spores. Following 12 pollen types present in



the most representative groups (wetland, lowland rainforest, and tropical dry forest) are
highlighted due to their higher relative abundance: Cyperaceae (~38%), Malpighiaceae
(~17%), Arecaceae (~13%), Asteraceae (~11%), Arecaceae Mauritia (~4,6%), Borreria
(~8%), Mimosaceae (~5%), Moraceae—Urticaceae (~7,5%), Anacardiaceae (5%),
Alchornea (~5%) Amaranthaceae Gomphenera-Pfaffia (~4,5%)
Amaranthaceae/Chenopodiaceae (~4%) (Fig. 4). The higher relative abundance of
spores are as follows: Cyatheaceae spp. sum (~39%), Selaginella (~20%), Cyathea
hemitelia (~14%), Tree fern (~8%), and Trilete reworke” ( 31,5%) (Fig. S3). The
higher relative abundance of Cyperaceae pollen occurrr.a (iring the MIS 4 (~70 to ~60
kyr, or 1132 cm to 1022 cm) (Fig. 4). The completed pollen and spore diagrams are
found on the supplementary material (Fig. S3 to Sy, and the pollen data of GL-1248
were previously addressed in Piacsek et al. 720 21%)).

The percentage of the main pcten groups (tropical dry forest, lowland rainforest,
and wetland) are displayed with o black line referring to their respective pollen
concentration. The pollen conrant.at,on in the marine core GL-1248 was low, mainly
due to the amount of sedir:>nt processed to reach a minimum of 100 pollen units per
sample. Furthermore, the rollen concentration depends on pollen production and
transport efficiency (Maiier, 1981). The pollen concentration of the wetland group was
increased within the MIS 4, achieving higher values (~180 grains/cm3) than its total
average (~90 grains/cm?). As previously mentioned, the lowest pollen concentration
was found from 55 to 40 kyr, however, the pollen concentration of tropical dry forest
(average of 75 grains/cm3) was superior to that of the lowland rainforest (average of 50

grains/cms).



5 Discussion
5.1 The landscape changes and their implications for soil erosion within the HBP

We have established the age model of the GL-1248 core based on radiocarbon
dates up to ~40 kyr and by the alignment between the peaks of Ti/Ca ratio and §°0
isotopes well marked in the NGRIP over the last 130 kyr (Venancio et al., 2018) (Fig.
5A). During HS events, the western Atlantic ITCZ migrated to the southernmost
position and contributed to enhancing local river catchments. In this sense, high Ti/Ca
ratio values from GL-1248 suggest prolonged precipitation ~\e, *s over NE Brazil and a
substantial contribution from rivers to the adjacent oce7a (~i1g. 5B) (Govin et al., 2012;
Nace et al., 2014).

Periods of intense precipitation in NE Brazil cnhanced the deep weathering and
are also related to high Fe concentrations ir: v 2 raarine sediment compared to the more
soluble K (Govin et al., 2012; Nac- e’ al., 2014). Thus, we concluded that rapid
increases in the Fe/K ratio of GL 1248 (Fig. 5C) are also related to precipitation
anomalies over NE Brazil and intei <, weathering within the HBP. At the same time, the
Fe/K is detached from the :qe 1i0del avoiding circularity in the reasoning. We found
lower values of Fe/K du.‘nr, warmer interglacials, but the YD and substage MIS 5d
(~110 kyr) depicieu 2n increase of Fe/K. However, Fe/K was not depicted as during
glacial Stadials, which might be explained by the increased distance between the
coastline and the GL-1248 sediment core due to the rise in sea level during the
interglacials (Fadina et al., 2019; Piacsek et al., 2021a). The higher sea levels flooded
the continental shelf and hampered the arrival of terrigenous material to the location of
the marine core as corroborated by the low pollen content for the interglacials.

The precipitation anomalies of the last glacial period enhanced the Parnaiba river

discharge carrying terrigenous material. The HBP has an extensive drainage basin with



riparian vegetation at the flank of the rivers, several inundated areas, and swamp areas
(Velloso et al., 2002). In coastal areas, the occurrence of Cyperaceae is a good indicator
for salty marshlands (Behling et al., 2001) and swampy areas (Behling et al., 2001,
Behling et al., 2004; Oliveira et al., 2013). The Cyperaceae pollen was the most
representative pollen type within the wetland pollen group, and its relative abundance
guided the general trend of this group. The wetland group reached values above 35%
during MIS 4 (70 to 60 kyr) and within the several HS events of the last glacial period
(Fig. 5D). The wetland group (Fig. 4) displayed higher vali'=s  -180 grains/cm?) during
MIS 4 and an average higher than ~130 grains/cm? with.ni (he HS events. Hence, despite
being an anemophilous taxon with overrepresentea nollen production compared to
zoophilous tropical trees (Subba Reddi & Rer'ai, 1986), the Cyperaceae has the
potential to reflect the enhancement in the Fa.-aisa river discharge due to its location of
occurrence.

The lower values of Fe/K and. Ti/Ca ratios were found between the interval of 55
kyr to 40 kyr, indicating the reduc~ continental contribution to the sediment core and
reinforced by lower pollen :ancentration. For the same time interval, the percentage of
the tropical dry forest no.!er increased from ~9% to 28% (Fig. 5E), mainly driven by
the occurrence of Acteiaceae (~1% to ~10%). High relative abundance of Asteraceae
may indicate selective disruption, commonly associated with disturbed or open habitats
(McConnachie et al., 2011; Dingemans et al., 2014; Florenzano et al., 2015). Drier air
and soil may lead plants to adjust their ecophysiological processes as vegetation cover
declines, leading to less pollen production and shifts of the plant community to C4
species, shrubs, and other drought-tolerant species (Pennington et al., 2009). More
sparse vegetation increases the root/shoot ratio, making the soil less stable (Boonman et

al., 2019; Chen et al., 2019; Flores et al., 2020).



The lower soil stability during a prolonged dry period over the onset of MIS 3
possibly favored high erosion rates during the wet HS 5, as evident from the lower
values of radiogenic ¢Nd isotopes in the sediment core GL-1248 (de Sousa et al., 2021).
The ¢Nd isotopes are unaffected by weathering processes, and low ¢Nd values (non-
radiogenic) were indicative of erosion that revolved the oldest material and deposited it
in the adjacent ocean. Despite erosion and weathering being related processes, they are
not identical. Erosion indicates the removal of soil and rock materials, while weathering
implicates the disintegration of rocks and minerals on Earth. During HS 5, the Ti/Ca
(erosion indicator) and Fe/K (chemical weathering indicaur) ratios also displayed high
peaks (Fig. 5B and 5C) indicating robust load contrib *ion of the river discharge to the
adjacent ocean. The relative abundance of Selagin~lic. depicted a singular rise within the
HS 5 (~20%) (Fig. 5F) corroborating the redv -er’ soil stability from ~55 to 40 kyr, as it
grows on moist soil and may be used 2s e proxy for erosion during intense precipitation
events (Behling, 2000). We sugges. that the previous development of the tropical dry
forest and more open landscapes w < intrinsically related to lower soil stability.

Prolonged periods :f ranfall do not necessarily produce considerable soil
erosion if it occurs in a w.'l-:stablished forest (Gyssels et al., 2005), as reflected by the
anti-phase pattern be>veen the rainforest vegetation and the Fe/K ratio by the late MIS 4
and within the HS 4. The rainforest vegetation reached higher values post-HS 6 and
within HS 4 events (Fig. 5G). In contrast, the wetland pollen grains and spores of
Selaginella synchronically decayed to low values. The pollen concentration of the
rainforest lowland displayed the increasing trend as opposed to the pollen concentration
of tropical dry forest and wetland groups (Fig. 4). Jennerjahn et al. (2004) pointed to the
increase of pollen influx post several HS events without discriminating the types of

pollen used, and argued that the HS events enabled the expansion of humid forests in



NE Brazil. Our study covers a more extended period, and the results revealed no
uniform responses from the lowland rainforest to different HS events. The lowland
rainforest response denotes that possibly other factors may overlap the precipitation
anomalies of NE Brazil.

5.2 Reconstructed vegetation in response to regional hydroclimate variability

The dominance of vegetation at a particular latitude is determined by the global
temperature and moisture distribution, creating latitudinal climate zones (Kozlowski &
Pallardy 1997). Today, only two ice sheets cover most of Gicenland and Antarctica.
However, the climate was colder during the last glaciu ceriod due to orbital forcing,
and the ice sheets progressively increased. Massiv> sheets of ice trapped water,
exposing continental shelves and lowering the absoiu*e humidity in the atmosphere due
to a reduction in both evaporation and pi:ciritation, and generated a constrained
hydrological cycle (Bush and Philanzar, 1998; Gasse, 2000; Muhs, 2013). The orbital
forcing is thought to drive major chifts in the climate zones, potentially leading to
natural fluctuations of biome brurii2/ies (Tardif et al., 2021). Based on this, we intend
to investigate how the bioi: es a. the ecotone region of HBP rearranged over distinct
conditions of global temoc-ature and moisture distribution.

The main (uctuauons in the lowland rainforest reflected in the GL-1248 record
were consistent with the significant global temperature changes recorded in the
Antarctic ice core (Petit et al., 1999) for the glacial period (Fig. 6A and 6B). Piacsek et
al. (2021b) showed that the lowland rainforest dwindled during the last glacial period as
the montane rainforest progressed, indicating global temperature as a relevant factor to
the disposition of biomes in the region of HBP. However, the temperature decay of the
last glacial period was not constant, with peaks in global temperature as registered in the

Antarctic ice core. A warmer planet strengthens the hydrological cycle and intensifies



the moisture-holding capacity of the atmosphere (Stalg et al., 2014). Some of those
abrupt warmings were followed by gains in the lowland rainforest. Before suggesting
that the rise in global temperature was the main controlling factor to the rainforest
lowland, we must highlight two observed patterns: 1) The opposite trend with high
percentages of lowland rainforest concomitant with the drop in global temperature, as
observed after the last interglacial, between 115 to 104 kyr BP. 2) A decoupling
between the response of lowland rainforest and the peak of global temperature during
the HS 5 event. The response of lowland rainforest durin¢ the HS 5 indicates that the
rise of global temperature did not lead to positive hydrmiugical changes in the region of
HBP.

Petit et al. (1999) highlighted that tke olacial-interglacial difference in
temperature (AT) showed a frequency of orhiw t rycles in the 100-kyr band, followed by
a 41-kyr band, while the §'®0atm v.4ic': reflects changes in the global hydrological
cycle, strongly imprinted the prece.~ional frequencies (23-kyr) for the entire Vostok
record. In NE Brazil, the grow*h L*uses of speleothems from Toca da Boa Vista cave
(TBV; 10°11'S, 40° 58'W) v. ~re ascribed to wet periods (Wang et al. 2004). The authors
correlated the growth ni.~ces of speleothems to the maximum autumn insolation
(MAM), a period o1 hign land-sea thermal contrast, improving the transport of water
vapor toward the land. So far, the NE Brazil does not have another
speleothems/travertine record that covers an equivalent period of time to ensure the
association between the speleothem growth and the high moisture levels. However, the
lowland rainforest of GL-1248 responded positively to the maximum autumn insolation
(Fig. 6B and 6D), and the establishment of the lowland rainforest is recurrent in regions
with dry seasons shorter than 4 months (Clapperton, 1993). High values of lowland

rainforest occurred by HS 4, within MIS 4, and over part of the early glacial period



around ~110 kyr and ~80 kyr, concomitant with the maximum autumn insolation,
corroborating with the high moisture levels for the region. We applied a 23 kyr
bandpass filter to extract potential low-frequency components of solar and orbital
signals for defining past climate variability (Fig. 6C and 6F). Thus, the precession
changes should not be disregarded once it modulates austral autumn insolation at the
equator and alters the incidence of heat received by the tropics, controlling the transport
of humidity from ocean to land (e.g., Clement et al., 2004; Cruz et al., 2005).

Tropical dry forests include vegetation types that ~xpcrience a minimum dry
season of 5-7 months with strong seasonal and ecuicical functions such as the
presence of deciduous trees and thorns (Pennington ot al., 2006; Pennington et al.,
2009). The onset-to-mid MIS 3 presented an incr2as™ in the percentage of the tropical
dry forest despite prolonged precipitation e'se. s such as the HS 5a and HS 5. The HS 5
event occurred during the autumn i sol.tion minimum when the transport of water
vapor toward the continent was imy.?ired. We suggest that despite being a millennial-
scale event, HS 5 may have prescntad milder precipitation anomalies or precipitation
anomalies restricted to an a"nuai season in NE Brazil, inhibiting the development of the
lowland rainforest. In this =e"1se, we interpreted that the minimum insolation during the
austral autumn has v ‘tended the dry season over NE Brazil, favoring the expansion of
tropical dry forest vegetation due to the adaptive mechanisms that enable its existence in
water stress conditions (Fig. 6D and 6F). Thus, the predominance of the tropical dry
forest by the onset-to-mid MIS 3 suggests drier conditions than MIS 4 for NE Brazil.

Recently, the first evidence of the influence of obliquity in the NE Brazilian
tropical dry forest was published (Ferreira et al., 2022). The study carried out in the
watershed of the S&o Francisco River suggested that maximum obliquity decreased the

length of the dry season to 7 months or less. According to Ferreira et al. (2022), the



maximum obliquity intensified the southeast trade winds carrying moisture from the
ocean to the continent and triggering the expansion of cerrado tree-dominated
vegetation (C3 plants) versus savanna and grassland formations (C4 plants) during the
last glacial period. The length of our pollen records hampers a statistically robust
detection of obliquity periodicities through time-series analyses, but the percentage of
the tropical dry forest data does not seem to follow the obliquity changes (Fig. 6E and
6G). The ITCZ position strongly influences the HBP, and it is counterintuitive to infer
that the further north the ITCZ is displaced, the shorter is the dry season in NE Brazil.

The increasing continental load to the Cariaco Has'n (10°40.69°N, 64°58.29°W)
detached by the low reflectance values, points to norti, vard ITCZ excursions (Deplazes
et al., 2013). According to Figure 6H, the percentag. of the tropical dry forest of HBP
follows the meridional displacement of th2 'fCZ during the last glacial period. The
influence of the ITCZ position was 2lsc imprinted on the percentage of the tropical
forest of Cariaco during the last glactal period (Fig. 61) (Gonzalez et al., 2008; Hessler
et al., 2010). The in-phase patter.> Letween the decline in the percentage of tropical
forest in the Cariaco basin “nd we percentage of tropical dry forest found in the GL-
1248 record emphasizes u.~ igh dependence on the position of the ITCZ during the last
glacial period (Fiy. &%, oH, and 61). However, the percentage of tropical forest in the
Cariaco basin prevents further comparisons beyond the last glacial period. In contrast,
the resolution achieved in the GL-1248 indicates that the 23-kyr cycle prevailed on the
millennial scale over the entire record of the tropical dry forest. We suggest that the
ecophysiological processes of tropical dry forests are the main factor for their
development under water stress conditions across the HBP.

5.3 Succession pattern of trees in HBP



Changes in the regional hydroclimate may cause large-scale natural disturbances
in vegetation cover and erosion (Whitmore, 1991; Richards, 1996). The disturbance
intensity may regulate the structure and species diversity within a forest domain
(Finegan, 1996). Forest patches can regenerate from the growth of pioneer trees into the
development of a secondary forest (or second-growth forest) when the effects of
previous disturbances are no longer evident. In the initial phases of plant succession,
resource partitioning results in differential distribution of species according to their
ontogeny in specific environment conditions (environmertal [“ltering) (Wright et al.,
2010; Sterck et al., 2011; Spasojevic et al., 2014). To ass>ss the ecological succession
(Gentry, 1993; Marchant et al., 2002), we removea *he relative abundance of NAP
pollen taxa to prevent the influence of the river \.7w and sea-level changes in the
tropical dry forest and lowland rainforest g~ou s The successional pattern was ascribed
to the trees and shrubs taxa of the ‘-op‘cal dry forest and lowland rainforest groups
(Table 2).

The early life stages of nla.t< and the pioneer trees are known better to address
niche differences (Poorter, 20u7). The role of functional traits in plants due to
environmental conditions rives a successional gradient. For example, as the rainforest
increases, it enhaiices 15 air humidity and decreases the local air temperature; a similar
pattern is found in the soil moisture (Rhoades et al., 1998; Callaway, 2007), restricting
the establishment of drought-adapted species. The main difference between tropical dry
forests and lowland rainforests resides in the tolerance to water stress, the length of the
dry season, and the evapotranspiration behavior (Clapperton, 1993). According to this
definition, we applied the 23 kyr bandpass filter on both pioneer and secondary forests

to better understand how the regional hydroclimate has dictated the vegetation change

(Fig. 7).



Both pioneer trees (tropical dry forest and lowland rainforest) displayed greater
amplitude than the secondary forests, indicating a rapid and substantial response in the
initial phases of plant succession. The coupling between pioneer trees of the tropical dry
forest (lowland rainforest) with the minimum (maximum) insolation of autumn (Fig. 7A
and 7B) indicates that the insolation/precession may play a crucial role in the regional
moisture levels, driving the pioneer phase of the successional changes in the vegetation
of NE Brazil. Although the secondary rainforest lowland has displayed a good match
with the 23-kyr frequencies, the secondary forests of the trorica: dry forest did not show
such an apparent orbital pattern and deserved a further lsox

During the rainy season, dry forest trees may reduce the differences between
drought deciduous and evergreen dry forest cpelies by presenting physiological
similarities (Santos et al., 2012; Apgaua et 1al., 2" 14a; Apgaua et al., 2014b; Sunderland
et al., 2015). In general, the rainy <-asca may promote the dry forest trees to show
values of carbon assimilation anu stomatal conductance equal to those found in
rainforest trees (Van Bloem, Murphy, and Lugo, 2004). The 23-kyr cycles highlight
how the regional hydroclimate variability shaped the most tree types (rainforest lowland
and tropical dry forest) tui'n’] in the GL-1248. However, the inadequacy of the mature
tropical dry foresc . e 23-kyr cycles may be related to natural temporal variations
within the tree community that we were unable to account for via our temporal
resolution. Though, the results also reinforce the hypothesis that other types of
vegetation have possibly replaced the tropical dry forests which underwent climate

changes (Pennington et al., 2000), alluding to their vulnerability.



6 Conclusions

Multi-proxy records from the marine sediment core GL-1248 retrieved off NE
Brazil reveal the dynamic patterns of regional vegetation in response to the
hydroclimate of the last 130 kyr. The reconstructed vegetation for NE Brazil based on
pollen records has, for the first time, achieved an interglacial period beyond the
Holocene. We assessed the three most representative pollen groups: wetland, lowland
rainforest, and tropical dry forest. Our results showed hov the vegetation distribution
changed and its implications on soil erosion. The mair po.'en type of the wetland
cluster was Cyperaceae, which displayed a coupled trend vsith millennial events of the
last glacial period. The Cyperaceae increased duritig v ¢ HS and was related to vigorous
discharge from the Parnaiba River. The m~cs fern (Selaginella) indicated the soil
stability throughout the HS events revealing a singular soil erosion within the HS 5. The
coordinated positive response between e values of Cyperaceae, Selaginella, and the
Fe/K ratio pointed to periods wi*. lesser soil stability across the HBP. The group of
lowland rainforests displayed iin a.t1-phase response to Cyperaceae, Selaginella, and the
Fe/K ratio. After comparing tr.o pollen records with the changes in terrigenous input, we
suggest that the developi.ent of the tropical dry forest enhanced the soil erosion in the
HBP and consequently increased the continental load to the adjacent ocean.

The lowland rainforest did not display the same gain in pollen percentage
throughout the Heinrich Stadial of the last glacial period. The predominance of the
tropical dry forest by the onset-to-mid MIS 3 suggested drier conditions than MIS 4 for
NE Brazil. Despite the vegetation within the HBP being under the strong influence of
the ITCZ position, the discrepancies in the ecophysiological processes of tropical dry
forest and lowland rainforest seem to play the central role in the prevalence of each

group according to changes in the length of the dry seasons. The 23-kyr bandpass



filtering ascribed greater relevance to the regional maximum autumn insolation, which
dictates the ocean-continent transport of water vapor, strengthened (weakened) in
maximum (minimum) insolation periods. We used the ecological definition of pioneer
and secondary forest to understand the vegetation response to the hydroclimate
disturbances. Only the mature tropical dry forest did not imprint the 23-kyr cycles,
which may be related to physiological and structural variations within the tree
community that we were unable to account for.

The reconstructed vegetation of the GL-1248 record hrocght light to the climatic
mechanics that dictated the expansion of the tropical d'y "rest and lowland rainforest.
The fluctuations in the relative abundance of the venew.tion types over the HBP, support
the hypothesis of biological radiation in the coastal  ~ute of NE Brazil and suggest the
main pacing of pioneer and secondary veg-t.’ «©r, types occurring in the 23-kyr cycles.
The climate dynamics dictate the dicnos’dion of biomes that provide essential natural
resources for local societies. This study highlights the vulnerability of mature dry
forests and the need to improva n.it'gation, conservation, and adaptation strategies for

NE Brazil in the face of fut. e cnmate changes.
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Figure 1: Map of the mean annual rainfall from 19y. © 2021 (CCKP, 2022) and the disposition of
the modern terrestrial biomes discussed in t'us yape~ (IBGE, 2014). The black arrows illustrate the
main routes of biotic interchange between .~ Amazon and the Atlantic rainforest (Por, 1992). The
thickness of the arrows is related to the impor.ance of the route. The map also shows the rainfall
variability of biomes in NE Brazil from 1.79 to 2013: Amazon rainforest (1847.9 mm £ 418.7 mm),
caatinga (773.1 mm £ 212.5 mm), anc cf.~10 (1196.6 mm + 218.9 mm), Atlantic rainforest (1363.8

mm + 217.0 mm) (Correia Filho et ~' 2279).
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Figure 2: Topographicai mar of the study area. The red dot marks the location of the
studied marine core C-1.48 (0° 55.2'S, 43° 24.1'W). The location of the previous marine
sediment cores Geol 182U6-1 (Zhang et al., 2015), GeoB 16205-4 (Bouimetarhan et al,
2018); GeoB 3912-1/Ge ,B 3104-1 (Behling et al., 2000; Jennerjahn et al., 2004), and GeoB
3910-2 (Dupont et al., 2010) are shown by the yellow dots. The blues squares show the
location of the palynological records covering the Holocene and the last glacial: 1) Icatu
River peat-bog, (De Oliveira et al., 1999); 2) MA97-1, (Ledru et al., 2002); 3) Barra Velha,
at Marajo Island, (Behling et al., 2004); 4) Pantano de Mauritia, (Hermanowski et al.,
2012); 5) The location of the speleothem record from Toca da Boa Vista (Wang et al.,
2004) is indicated by the black diamond. The red arrows on the Atlantic Ocean represent
the warm surface currents North Equatorial Countercurrent (NECC), North Brazil
Current (NBC), South Equatorial Current with central and southern branches (cSEC, and
SSEC), and Brazil Current (BC). The white dashed line displays the southernmost position
of the Intertropical Convergence Zone (ITCZ) during the end of Austral autumn (March-
April) and the Austral winter (July-August). The black both sides’ arrow indicates the
location for the possibility to form coastal forest corridors connecting Amazonian and
Atlantic rainforests through the coastal route of NE Brazil. The dashed line shows the
hydrographical basin of the Parnaiba (~344 km?) in NE Brazil.
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Pollen concentration (10%grains/cm3); (C) GL-1243 “ecimentation rate (cm/kyr) (Venancio et al.,
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Figure 4: Chart of the relative abundance of 12 pollen types of mai*. ,~ougs of taxa (tropical dry
forest, lowland rainforest, and wetland) along the marine core GL- 124€. The total percentage of
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were previously addressed in Piacsek et al. (2021b).
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Figure 6: (A) Dome C tempe. “tu, > anomaly, AT [°C] (Petit et al., 1999); (B) Detrended lowland
rainforest; (C) Lowland rain. ¢ st 23 kyr bandpass filter output; (D) Inverted axis of insolation 0°
(March to May), black lie (L askar et al., 2004); (E) Detrended tropical dry forest; (F) Tropical dry
forest 23 kyr bandpass fu. 2r output; (G) Obliquity orbit, black dotted line (Berger & Loutre, 1999);
(H) Reflectance L* of Cariaco Basin (Deplazes et al., 2013); (1) %Tropical forest of Cariaco Basin
(Gonzalez et al., 2008; Hessler et al., 2010); Shadings indicate the 95% confidence interval
calculated after Maher (1972). The Heinrich Stadials (HS) are marked in light blue, with the
respective acronyms. The MIS 4 is marked in gray, the Younger Dryas (YD) and the other Stadials
of the early glacial (~70 - 115 kyr) and the last interglacial (M1S5e, ~115 -130 kyr). The 23 kyr
cycles were extracted with LOESS bandpass filter using free Acycle software (Li et al., 2019).
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Figure 7: (A) Detrended pioneer trees of v = tropical dry forest; (B) Detrended pioneer trees

lowland rainforest; (C) Detrended secu.dary forest of the tropical dry forest; (D) Detrended

secondary forest of lowland rainforest 'i..e inverted axis of insolation 0° MAM for tropical dry

forest (red line), and the insolaticn v MAM for lowland rainforest (red line). The 23 kyr cycles

were extracted with LOESS banpas. filter (blue line) for each arboreal pollen group.
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Table 1 - The list of the most representative groups (wetland, lowland rainforest, and
tropical dry forest) of pollen taxa identified in marine sediment
core GL-1248. The pollen taxa are grouped according to their phytogeographical

assignment based on De Oliveira et al. (1999), Behling et al. (2000),

and Bouimetarhan et al. (2018).

Name Structure ‘ Succecion typ{‘

Tropical dry forest |
Annonaceae Trees and shrubs Pionner _—‘
Araliaceae Didymopanax | Trees and shrubs Pionier |
Boranginaceae Lianas Pianne:
Cactaceae Trees and shrubs fiLner
Convolvulaceae Lianas 1 inner
Mimosaceae Trees and shrubs Pionner
Rubiaceae Psychotria Trees and shrub. Pionner
Verbenaceae Lianas | Pionner

Lowland rainfore <t
Arecaceae Trees and s, “ubs Pionner
Arecaceae Mauritia Trees «~d shrubs Pionner
Bombacaeae Tre 2s a7 shrubs Pionner
Boranginaceae Cordia T,.~e .z herb Pionner
Euphorbiaceae Alchornea <4iees and shrubs Pionner
Malpighiaceae Shrubs Pionner
Meliaceae _Trees and shrubs Pionner
Myrtaceae Trees Pionner
Melastomataceae/ .

Trees and shrubs Pionner

Combrataceae i
Phytolaccaceae Gallesia Trees Pionner
Piperaceae Piper Trees Pionner
Proteaceae Trees and shrubs Pionner
Rutaceae Zanthoxylum | Trees and shrubs Pionner
Salicaceae Salix Trees and shrubs Pionner
Sterculiaceae Trees and shrubs Pionner
Ulmeaceae Trees Pionner
Urticaceae Cecropia Shrubs Pionner
Name Structure Succecion type

Tropical dry forest

Anacardiaceae

Trees and shrubs

Secondary forest

Apocynaceae

Trees

Secondary forest




Lythraceae Cuphea Shrubs Secondary forest
Malpighiaceae Byrsonima | Shrubs Secondary forest
Malvaceae Trees and shrubs | Secondary forest
Rubiaceae Faramea Trees and shrubs | Secondary forest
Vitaceae vitis tiliifolia | Trees Secondary forest
Lowland rainforest
Burseraceae Protium Trees and shrubs | Secondary forest
Cannabaceae Celtis Trees and shrubs | Secondary forest
Celastraceae H. volubilis |Lianas Secondary forest
Curcubitaceae Lianas Secondary forest

Dilleniaceae

Doliocarpus | Trees and shrubs

Secondary forest

Flacourtiaceae

Trees and shrubs

Secondary forest

Menispermaceae

Epiphyte

Secondary { ~rast|

Moraceae - Urticaceae

Trees and shrubs

Secondary f-res.

Piperaceae Shrubs or epiphyte | Secondary fore st
Sapindaceae Allophylus | Trees and shrubs | Secon¢ ary—”orest
Solanaceae Solanum Shrubs Secrada., rorest
Symphonia Globulifera |Trees and shrubs | Sr.ccnacry forest
Theaceae Gordonia Trees and shrubs | Se ~ordary forest

Table 2 — The ecological succession of the tree and shruk sp_ec.us from the dry forest and lowland

rainforest groups, according to Gentry, 1993 and N .ar_hant et al., 2002.
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Highlights

* We discuss vegetation change and how it reflects hydrological changes within the
Parnaiba Basin, northeastern (NE) Brazil, over the past 130 kyrs

* Geochemical proxies (Fe/K ratio and ENd) in core GL-1248 are synchronous with
reconstructed vegetation patterns, highlighting periods of enhanced or reduced local soil
erosion during hydrological disturbances

* We define three major vegetation groups (tropical dry forest, lowland rainforest, and
wetland), and the discrepancy in water requirements between tropical dry forests and
lowland rainforests is discussed

* Analysis of the hydroclimatic mechanisms in NE Brazil that triggered the succession of
vegetation during glacial phases is discussed



