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RESUMO 

As concentrações atuais de CO2 atmosférico romperam a variabilidade natural dos últimos 

800 kyrs do quaternário. O aquecimento global gerado por ações antropogênicas aumenta 

as incertezas quanto à disponibilidade hídrica nos continentes. A precipitação na região do 

nordeste do Brasil possui estreita relação com a presença da Zona de Convergência 

Intertropical (ZCIT). Compreender o padrão de precipitação no nordeste do Brasil sob 

diferentes condicionantes climáticas pode trazer luz à interpretação de projeções climáticas 

futuras. Dentro dessa perspectiva, analisamos os últimos 130 mil anos registrados no 

testemunho marinho GL-1248, sob influência da descarga do rio Parnaíba. O uso do 

testemunho sedimentar marinho e a identificação morfológica de palinomorfos (grãos de 

pólen e esporos e cistos de dinoflagelados) nos permitiu inferir oscilações ecológicas no 

continente, carreadas pela vazão do rio até o oceano adjacente, assim como mudanças 

autóctones da produtividade primária na superfície do oceano. A identificação do pólen e 

dos esporos foi realizada com base nas coleções de referência do Departamento de 

Palinologia e Dinâmica Climática da Universidade de Göttingen e na literatura. Os grãos de 

pólen foram agrupados de acordo com o bioma em que os tipos polínicos são encontrados 

em sua distribuição natural. Os cistos de dinoflagelados (dinocistos) foram agrupados em 

táxons autotrófico e heterotrófico devido suas diferentes demandas energéticas. Os 

palinomorfos identificados foram classificados em nível de família e quando possível em 

nível de espécie, e agrupados de acordo com sua funcionalidade ecológica. Ao longo do 

glacial, eventos milenares de intensa precipitação (Heinrich Stadials) marcaram transições 

da ZCIT sob o nordeste do Brasil. A resposta contrastante entre a vegetação de floresta 

tropical e de vegetação aberta foi modulada pela sensibilidade à disponibilidade hídrica. A 

presença prolongada da ZCIT e aumento da umidade da bacia hidrográfica do Parnaíba 

promoveram ganhos da floresta tropical e da biodiversidade da vegetação. No oceano 

adjacente, as assembleias de dinocistos despontaram um padrão glacial-interglacial nítido. 

O período glacial apresentou aumento dos organismos heterotróficos, favorecidos pelo 

aumento da robustez da pluma do rio Parnaíba em decorrência dos eventos de aumento da 

precipitação, assim como, pela e da proximidade de linha de costa à região do testemunho 

marinho. Deslocamentos da ZCIT reduzem a precipitação local e promovem o aumento da 

intensidade dos ventos alísios. Alinhado a isto, ocorre a expansão da vegetação aberta e 

aumento do revolvimento da camada de mistura do oceano, viabilizando mais nutrientes na 

zona fótica. Os períodos interglaciais apresentaram diferenças entre si, a vegetação de 

floresta tropical apresentou significante aumento da abundância relativa em meio ao estágio 

isotópico marinho (MIS) 5, sem inferências similares no MIS1. No oceano, duas assembleias 

de dinocistos autotróficos, que intercalaram a predominância ao longo do MIS5. Estas 

alterações possivelmente relacionadas com a mudança de intensidade dos ventos alísios e 

da disponibilidade de nutrientes na zona fótica. Compreender os mecanismos de interação 

climáticos e as suas implicações para os ecossistemas terrestre e marinho tem o potencial 

de otimizar as projeções climáticas, assim como otimizar medidas de mitigação dos 

impactos antropogênicos na região nordeste do Brasil. 

Palavras-chave: Palinologia; Nordeste do Brasil; Zona de Convergência Intertropical; 

Glacial-Interglacial. 



 

 

 

ABSTRACT  

Current atmospheric CO2 concentrations have disrupted the natural variability of the last 800 
kyrs of the Quaternary period. The anthropogenic global warming increases the uncertainties 
regarding water availability on the continents. Precipitation in northeastern Brazil (NEB) is 
closely related to the presence of the Intertropical Convergence Zone (ITCZ). Understanding 
the rainfall pattern in NEB under different climatic conditions has the potential to improve the 
interpretation of climate projections. We analyzed the last 130kyrs recorded in the marine 
core GL-1248, retrieved from the continental slope and under the influence of the Parnaíba 
river discharge. Palynological analysis of pollen grains and spores and dinoflagellate cysts 
enables us to infer ecological oscillations on the continent, carried by the river outflow to the 
adjacent ocean, as well as autochthonous changes in primary productivity on the surface of 
the ocean. The identification of pollen and spores was carried out based on the reference 
collections of the Department of Palynology and Climate Dynamics at the University of 
Göttingen and the literature. Pollen grains were grouped according to the vegetation in which 
pollen types are found in their natural distribution. Dinoflagellate cysts (dinocysts) were 
grouped into autotrophic and heterotrophic taxa due to their different energy demands. The 
identified palynomorphs were classified at the family level and, when possible at the species 
level, grouped according to their ecological affinities. Over the glacial period, events of 
intense precipitation (Heinrich Stadials) are linked to ITCZ displacements over the NEB. The 
contrast in vegetation response (tropical forest and more open vegetation) was modulated by 
sensitivity to water availability. The prolonged presence of the ITCZ and increased humidity 
in the Parnaíba Hydrographic Basin provoke gains in the tropical forest and the biodiversity 
of the vegetation. In the adjacent ocean, assemblages of dinocysts have displayed a clear 
glacial-interglacial pattern. The glacial period showed an increase in heterotrophic 
organisms, favored by the robustness of the Parnaíba river plume because of increased 
precipitation events, as well as the proximity of the coastline to the marine core region. The 
ITCZ shifts from NEB reduce local precipitation and increase the strength of trade winds. In 
line with this, there was an expansion of the open vegetation and an increased wind-mix and 
provided nutrients in the photic zone. The interglacial periods showed differences between 
them, the tropical forest vegetation showed a significant increase in relative abundance in the 
middle of the marine isotopic stage (MIS) 5, without similar inferences in MIS1. In the ocean, 
two assemblages of autotrophic dinocysts, this interspersed the predominance throughout 
the MIS5. These changes are possibly related to the difference in the intensity of the trade 
winds and the availability of nutrients in the photic zone. Understanding the mechanisms of 
climate interaction and its implications for terrestrial and marine ecosystems has the potential 
to optimize climate projections, as well as optimize measures to mitigate anthropogenic 
impacts in NEB. 

 
Keywords: Palynology; Northeastern Brazil; Intertropical Convergence Zone; Glacial-

Interglacial. 
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1 INTRODUCTION 

1.1 Motivation 

Over the last decades, scientists have drilled into the ancient ice preserved beneath 

Antarctica Ice sheets and analyzed the composition of oxygen isotopes trapped air bubbles 

from the past atmosphere. Paleoclimatologists are able to determine the historical carbon 

dioxide concentrations and to reconstruct the correlation between CO2 atmospheric levels 

and global temperature (EPICA, 2004; Jouzel et al., 2007; Luthi et al., 2008). A periodicity 

pattern of 100 kyrs was noticed between warm interglacial phases, denoting the eccentricity 

orbit imprint. The clockwork precision of orbital cycles guided the climatic variability under the 

predominance of eccentricity orbit over the past 800 kyrs. In addition, the alignment of the 

maximum obliquity and precession orbit patterns with a more circular orbit (maximum 

eccentricity) seems to trigger warm conditions on the Earth's climate by elevating the CO2 

levels at the atmosphere of the planet (Berger & Loutre, 2003). The transition between 

glacial and interglacial periods is followed by changing patterns of heat distribution around 

the planet earth, with specific conditions of precipitation and temperature for each period. 

The oceans and the atmosphere currents systems work as heat conveyors, operating 

the Earth’s climate in parallel by redistributing temperature and moisture around the world. 

The Atlantic Meridional Overturning Circulation (AMOC) is a system of ocean currents, 

modulated by a delicate balance of temperature and salinity effects on density. Fluctuations 

in AMOC strength throughout the quaternary period supported the successions of glacial and 

interglacial cycles (Haug et al., 2004). Unsteady flow of the warm superficial waters from the 

equatorial Atlantic to high latitudes reduced the exchange of heat between the ocean and the 

atmosphere. Still, the AMOC weakening generates an unbalanced distribution of sea surface 

temperatures (SST) over the Atlantic Ocean, warming the Southern Ocean, and Antarctica. A 

secondary effect of warmer waters on the sea surface is the southward shift of the 

Intertropical Convergence Zone (ITCZ) (Ruddiman et al., 2001; Yoon & Zeng, 2010). The 

ITCZ consists of an atmospheric convection band of intense precipitation, and its seasonal 

migration is the result of atmospheric pressure gradients at the equator and the meridional 

temperature gradient (Webster & Fasullo, 2003). The subsequent effect of the southward 

shift of ITCZ is the rearranging of the current rainfall distribution, as the tradewinds path and 

vigor. 

Most of the vegetation reconstructions in northeastern Brazil comprise the transition from 

the last glacial maximum to the Holocene. They were valuable for the paleoclimatic 

community and have inferred the plasticity of rainforest vegetation, expanding to current 

semi-semiarid regions (De Oliveira et al., 1999; Dupont et al., 2010; Bouimetarhan et al., 

2018). These studies indicated that the vegetation responded to changes in the regional 

precipitation system. Although, due to the scarce continental information in northeastern 
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Brazil during another interglacial period, beyond the Holocene, it is complicated to prevent 

comparisons with recent CO2 levels. Coordinated with ITCZ shifts over northeastern Brazil, 

the cross-equatorial heat flow of AMOC and tradewinds pattern can be evaluated in the 

adjacent ocean. The paleoproductivity of the western equatorial Atlantic has been recorded 

over the last interglacial. Still, most of the marine sediment cores were retrieved from the 

Ceará Rise. The paleoproductivity over the Ceará Rise was under the intermittent influence 

of North Equatorial Countercurrent (NECC), without or with a reduced continental 

contribution (Rühlemann et al., 1996; Mulitza et al., 1998; Vink et al., 2002). Also, the 

resolution of these marine sediment cores does not infer paleoproductivity oscillations on 

millennial-scale events over the glacial period, with gaps of information about the ITCZ shifts 

and the implications of the trade winds in the vertical wind-mix. 

Climate variations may have occurred because of changes in the planetary orbit, but the 

composition of the atmosphere has determined more considerable climatic changes. Without 

humans, the Earth would be on track to re-enter a glacial period sometime in the upcoming 

fifty thousand years (Loutre & Berger, 2003). Still, the current carbon dioxide levels indicate 

that we broke the tight link between the orbital cycles and the atmosphere. Vast amounts of 

greenhouse gases are emitted into the atmosphere daily, leading humans to exceed the 

natural CO2 variability (300-180 ppm) of the quaternary period (Figure 1). The increment of 

anthropogenic greenhouse gas emissions will cause further warming and long-lasting 

changes in the components of the climate system, improving the probability of severe and 

irreversible impacts for ecosystems. 

 
Figure 1 - Composite Antarctic CO2 record (0-800 kyr before present) with current Mauna Loa 

readings. The figure indicates the quaternary natural variability, with 300ppm as the highest 

previous CO2 concentration, and the anthropogenic effect post-industrial times, elevating 

greenhouse gas emissions to 400 ppm into the atmosphere. 

The Intergovernmental Panel on Climate Change (IPCC) frequently warns about the 

consequences of anthropogenic greenhouse gas emissions on the Earth´s atmosphere. The 

report assessment intends to aware of the emergent risks for society, with suggestions to 

mitigate damage and to promote sustainable development. The numerical simulations of 

real-world systems are calibrated and validated by using observational data or analogies. 
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Several general climate models (GCM) simulate the increase of atmospheric CO2 to produce 

customized scenarios and indicate the types of interventions that humans might do now and 

in the future. Therefore, even in scenarios where governments around the world work to limit 

and phase out greenhouse gas emissions, considered as the minimum (2.6) representative 

concentration pathway (RCP), the climate models predict a temperature increase of at least 

~2°C. In scenarios with less aggressive action or with no action at all, maximum (8.5) RCP, 

the planet’s average surface temperature goes up more than 6°C throughout the 21st century 

(Kirtman et al., 2013). Simulations of GCM also points out to polar caps melting and further 

freshening of the northern Atlantic, reducing the strength of AMOC (Caesar et al., 2018). As 

observed in the past, records of AMOC intensity changes have synchronic evidence with 

displacements in the equatorial precipitation band position. 

Different rainfall patterns have the potential to improve the pluvial contrast between 

regions, altering biomes dispersion across the continents. The scientific community has a 

particular interest in the rainforest biome preservation, retainer of dense biodiversity, and one 

of the leading carbon sinks on the planet (Phillips, 2009). The rainforest biome is restricted to 

the equatorial band and inhabits in constant and specific climatic conditions of high 

precipitation and warm weather. The neotropical vegetation is the most significant land 

coverage of rainforest in the world, with unique biodiversity, and changes in rainfall patterns 

can lead to the loss of this vegetation, even accelerate global warming (Aragão et al., 2014). 

Dryer biomes such as caatinga and cerrado borders with the Amazon rainforest (Figure 2) 

and the expansion of semi-arid areas or grassland fields is a climatological, ecological, and 

social concern. 
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Figure 2: (A) Hydrological south America distribution, with the annual rainfall (mm), Alencar 

Siqueira et al. (2018); (B) Classification of Biome in South America, according to Olson et al. 

(2001). 

Prolonged droughts have flow-on effects through plant species flourish and fruit 

production (Ogaya & Penuelas, 2007; Butt et al., 2015). The consequences resonate on 

vertebrate and invertebrate fauna that relies on them (Harrison, 2000), decreasing 

biodiversity over the continents. Droughts in northeastern Brazil also affects the 

phytoplanktonic organisms in the adjacent ocean. The tropical surface waters are naturally 

oligotrophic as a result of the thermocline, which hampers more dense and nutrient-rich 

waters to reach the photic zone. In short, there are two main sources of nutrients for primary 

producers over the oligotrophic equatorial oceans: 1- The wind-mix revolves the water 

masses in the water column, providing nutrients in the photic zone. 2- Through the transport 

of rivers, carrying nutrients from the continent to the ocean (Sigman and Hain, 2012). The 

Parnaíba river is one of the most important rivers in northeastern Brazil. The river transports 

massive amounts of nutrients to its delta and enhances primary productivity, working as a 

CO2 sink. Reduced rainfall over northeastern Brazil impacts the river discharge, shrinking the 

transport of nutrients to the adjacent ocean and altering the photosynthetic efficiency of 

phytoplankton organisms, and consequent deficits in the local fishery (Price et al., 2016; 

Mallin et al., 1993). The environmental degradation due to the semi-arid conditions in 

northeastern Brazil may trigger the impoverishment of the population with drastic implications 

to the exodus of this region. If the status quo does not change, the GCM simulations endorse 

the decrease of rainforest coverage over the 21st century (Figure 3) and alarm to severe 

storms and drought conditions over the world (Kirtman et al., 2013). Regional climate models 
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are applied to understand the particularities and local effects of global warming. However, 

the broad range of variables considered simulating rain patterns and how each model 

moderates it creates divergences among distinct regional models. In the Northern and 

Northeastern Brazil, uncertainties permeate how precipitation anomaly will occur in a 

warmed world (Figure 4), with no consensus. 

 

Figure 3: Fraction of past global land area and future projections for the 21
st

-century under 

different CO2 emissions scenarios. The representative concentration pathway (RCP) oscillates 

between 2.6 and 8.5. All models’ simulations point out to reduce Primary forest (rainforest) 

coverage (IPCC, AR-5). 

 
Figure 4: Distinct models show dangerous extreme precipitation events have shorter return 

times, i.e., they happen more frequently with the additional 0.5°C warming. The models 

disagree over Northern and Northeastern. For the Northern region, HadAM3P, HadRM3P, 

MIROC5, and CanAM4 show the less frequent occurrence of vigorous precipitation under both 

warming levels, whereas the other models show more regular occurrence. For the 

Northeastern region, HadAM3P, HadRM3P show less frequent occurrence of dangerous 

extreme precipitation, and CanAM4 shows less frequent occurrence over most of the 

Northeastern region. In contrast, the other models mostly show more frequent occurrence (Li 

et al., 2020). 

In constant development, climate models are increasing the variables to get closer to the 

reality of the natural world and to enhance accuracy. Recently, the Paleoclimate Modelling 

Intercomparison Project (PMIP) has incorporated paleo data to evaluate the capability of 

numerical models to reproduce different climates´ backgrounds (e.g., specific orbital 
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conditions and greenhouse gasses concentration). Regional paleoclimatic reconstructions 

represent a unique opportunity to understand patterns of climate variability and the 

environment response as well. Northern and Northeastern Brazil are the focus of interest in 

paleoclimate studies as climatic oscillations in these regions have the potential to track 

variations in ocean circulation and past shifts in the meridional position of the tropical rain 

belt. Still, northeastern Brazil seasonality leads to more transitional features susceptible to 

changes in the landscape. The presence of ecotone areas enables to investigate past shifts 

of the ITCZ, with subsequent oscillations in vegetation distribution inland. 

In this context, this doctoral thesis presents a palynological approach (dinoflagellate 

cysts, pollen grains, and spores) applied on a marine core (GL-1248) retrieved from the 

slope in Northeastern Brazil and under the influence of the Parnaíba hydrographic basin. The 

current work investigates continental and ocean dynamics, interconnected by the Parnaiba 

river discharge and modulated by the precipitation pattern in Northeastern Brazil. The GL-

1248 marine core has a span time of 130 thousand years, which allows us to address the 

variations in vegetation cover in the PHB over the last interglacial period (MIS 5e). The main 

motivations are to develop a better understanding of vegetation coverage response to 

different climate backgrounds and its main driving forces. Understanding the gaps of 

palynological information in the western equatorial Atlantic ocean, we increased the 

resolution of the samples along the last glacial period to observe the phytoplankton 

responses to different events on a millennial-scale. We integrated the responses of 

palynomorphs on land and over the ocean that occurred under the same climate 

backgrounds. This doctoral thesis intends to cooperate with the observational data 

acquirement and, if possible, assist the scientific community in improving the predictability of 

climate models. 

1.2 Research objectives 

The present study has the palynological perspective in a marine sediment core 

retrieved on the western equatorial Atlantic slope. We aim to reconstruct the vegetation 

dynamics in the vicinity of Parnaíba Hydrographic Basin, as the paleoproductivity and 

hydrography in the adjacent ocean over the last ~130 kyr. Additionally, the following themes 

will be explored: 

 The driving forces of neotropical vegetation shifts in northeastern Brazil. 

 The ocean and atmospheric interactions on the sea surface led to paleoproductivity 

changes, in the oligotrophic western equatorial Atlantic ocean. 
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1.3 The layout of the thesis: 

This thesis has been divided as follows: 

2 Climate changes leading intermittent connections of neotropical vegetation: Provides 

the continental perspective, base on the pollen records from a marine sediment core, to 

reconstruct environmental changes since the last interglacial maximum (~130 cal kyrs). The 

Parnaíba Hydrographic Basin is a region of transitional vegetation, with several ecotone 

areas. We will discuss the adjustment of vegetation in response to past precipitation events, 

and the subsequent changes provoked inland by the expansion and contraction of biomes. 

We will discuss the periodicity of vegetation response over the climatic fluctuations, in an 

attempt to identify the main conditioning factors. 

3 Changes in sea surface hydrography and productivity in the western equatorial 

Atlantic since the last interglacial: The discussion will permeate the paleoproductivity over 

the last ~130 kyr using a dinoflagellate cyst (dinocysts) record located in the western 

equatorial Atlantic Ocean. Past ocean parameters (e.g., productivity, sea surface 

temperature, and salinity) and dynamics of ocean current (North Brazilian Current and North 

Brazilian Undercurrent) have been reconstructed throughout dinocysts assemblages. We will 

discuss the glacial-interglacial patter of hydrographic mechanisms that favor assemblages of 

dinocysts with optimized absorption of atmospheric CO2. 

4 Conclusions and future challenges: Bullet conclusions for each chapter and the open 

questions. 

5 Supplementary material: Tables, figures, and graphs with additional information. 
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2 CLIMATE CHANGES LEADING INTERMITTENT CONNECTIONS OF 
NEOTROPICAL VEGETATION 

 The territorial extension of Brazil covers several latitudes, contemplates six different 

biomes, and has the most complex ecological systems on the planet (IBGE, 2004). The 

emergence of vast Neotropical diversity and the several processes that lead to the actual 

standards have attracted scientists' attention for centuries. Different hypotheses about the 

distribution of plant diversity rise attributing distinct relevance to biotic and abiotic factors 

(Antonelli et al., 2011). Ecologists and paleoclimatologists debate the expansion and 

contraction response of vegetation types in the face of glacial-interglacial climate changes, 

as one of the environmental mechanisms that enabled the species richness of Neotropical 

biology (Van Der Hammen, 1974; Behling, 2000; Pessenda et al., 2010; Maslin et al., 2011). 

Ecotonal regions proved to be fundamental to assist the emergence of biodiversity, 

connecting ecosystems. The interface of different vegetation types gives rise to diverse 

vegetation, creating a heterogenic environment and an initial center of biological 

diversification (Primack, 1993; Risser, 1995). The Parnaiba hydrographic basin (PHB) is in 

the vicinity of the Amazon forest and has a mosaic of ecotone areas, as the interface of the 

three main biomes in the region: caatinga, cerrado, and rainforest (Figure 5). The caatinga 

and rainforest biomes are known for their high contrast of water requirements, and the 

dispositions of biomes over the PHB imprint the east-west decrease in topography, 

promoting uneven hydrological delivery. The synoptic atmospheric features also control 

water availability over northeastern Brazil (NEB). Still, the Intertropical Convergence Zone 

(ITCZ) is the leading carrier of moisture over the continent (Hastenrath, 2012), and its 

displacement modulates ecological patterns. 
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Figure 5: Map presenting the disposition of the main terrestrial biomes of Northeastern Brazil, 

according to Olson et al. (2001). The contour of the Parnaiba Hydrographic basin is highlighted 

in black. 

 During the last glacial period, millennial time scales shifts of ITCZ over NEB occurred 

in synchronicity with abrupt and extensive freshwater intrusion into the North Atlantic Ocean, 

known as Heinrich Stadials (HS) (Wang et al., 2004; Strickis et al., 2018). The weakened 

Atlantic meridional overturning circulation (AMOC) accentuated meridional sea surface 

temperature (SST) gradients, heating the sea surface of South Atlantic. Warmer tropical 

South Atlantic drove the southward displacement of ITCZ and subsequent wet periods in 

NEB (Mulitza et al., 2017; Utida et al., 2019). Jennerjahn et al. (2004) and Sifeddine et al. 

(2003) found the increase in the number of pollen grains in NEB post-HS wet periods, and 

both studies suggested rapid reforestation as a consequence of prolonged precipitation 

events. The records of the transition between more open vegetation and the rainforest 

response have the potential to assist the understanding of past ITCZ displacements. More 

recent studies of past vegetation at NEB have highlighted the plasticity of the rainforest 

vegetation. The occurrence of pollens, spores, and macrophytofossils from the Atlantic and 

tropical rainforest in the current semi-arid NEB gave sustainability to the hypothesis that 

natural ecological corridors formed after large wet intervals. Shreds of evidence that the 

rainforest enhancement connected distant regions, spreading biodiversity according to 

precipitation fluctuations during the late glacial period (HS1) and Younger Dryas (Cristalli et 

al., 2006; Dupont et al., 2010; Bouimetahan et al., 2018; Pinaya et al., 2019). 

 Ecological models use palynological data to evaluate past biogeographical scenarios, 

and to understand the processes inherent in the radiation of Neotropical biodiversity 

(Prentice et al., 1992; Carnaval and Moritz 2008; Ledo and Colli, 2017; Silveira et al., 2019). 

However, the majority of paleoclimatic studies over the NEB covers a time span restricted to 
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the late glacial period, with a detailed description of vegetation response over HS1. Few 

studies focus on the comparison of vegetation response over different wet periods to support 

that the expansion of rainforest occurred equally through time. The time range of 

palynological reconstructions at NEB also prevents comparisons with other interglacial 

periods beyond the Holocene. Besides the natural climatic disturbances, the planet earth 

faces an interglacial period under anthropogenic effects, with a substantial emission of 

greenhouse gas to the atmosphere. 

 The Fifth Assessment Report of the Intergovernmental Panel on Climate Change 

(IPCC-AR-5) consistently emphasized global warming and the subsequent effects on the 

frequency of extreme climatic events for the next decades. More severe and persistent 

climatic events may generate a sharp contrast in water availability over different regions of 

the world, and the scientific community still not sure about the hydrological projections for 

NEB. Despite that, some studies suggest that prolonged droughts may create the impact of 

resource bottlenecks, inducing biodiversity loss, and triggering the expansion of more open 

vegetation, as the Caatinga biome (Kirtman et al., 2013; Maron et al., 2015). The occurrence 

of sparse vegetation implies structural changes that generate robust sensible heat flux, 

reducing the regional moisture. In addition, threats to rainforest distributions could cause a 

severe reduction in CO2 uptake, creating a positive feedback loop that accelerates global 

warming (Cox et al., 2000). The absence of palynological data over different warm periods 

enhances the uncertainties about the tendency of biological response, as the identification of 

cryptic species able to prevail in these boundaries conditions. The development of botanical 

knowledge may also assist in the maturing of more effective conservation measures. 

 In this context, we will address the reconstruction of the ecotonal vegetation present 

in the PHB over the last ~130 kyr. The present study derived from the GL-1248 marine core, 

280 km distance from the mouth of Parnaíba River. Alongside the X-ray fluorescence (XRF) 

Ti/Ca ratio used as a continental proxy to support interpretation on the hydrological 

conditions at the study area. We will discuss the impacts of different driving factors that might 

lead to vegetation response. To investigate the transitions of vegetation, we implement the 

use of delta coverage handling the anomalies of dense (rainforest) and sparse vegetation. 

The delta coverage also assists in identifying wet and dry fluctuations. Our results have 

important implications for biogeography and diversity spread in South America. Comprehend 

the patterns of biodiversity response to different climate backgrounds is crucial to mitigate 

anthropogenic impacts and preserve the rainforest vegetation through political management. 

2.1 Current climate and vegetation distribution of Parnaíba Hydrographic Basin 

The marine sediment core GL-1248 (0° 55.2'S, 43° 24.1'W) was retrieved from the 

continental slope (2.264 meters depth) of the northeastern region of Brazil, located at about 
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160 km distance from the modern coastline (Figure 6), and 280 km distance from the 

Parnaiba River fan. The Parnaíba Hydrographic Basin (PHB) has 344.112 km2, and presents 

a rainfall contrast between dry and wet seasons controlled by the intermittent presence of 

The Upper Tropospheric Cyclonic Vortices (UTCV) and seasonal displacement of ITCZ. The 

formation of the UTCV occurs during the pre-wet season. It creates a gradient of 

precipitation, with semi-arid conditions at its center and heavy rainfall at its borders (Kousky 

and Gandu, 1981). During the Austral summer, the southern displacement of ITCZ (2°S) 

marks the beginning of the wet season, enhancing the moisture into the continent 

(Hastenrath, 2012). The seasonal rainfall regulates the vegetation distribution along the 

Parnaíba Hydrographic Basin and allows the coexistence of different vegetation types. Three 

types stand out due to the divergence of water requirements: caatinga, cerrado, and 

rainforest. 

 The caatinga is an exclusive Brazilian biome, and from a broad perspective, it occurs 

in areas of the semi-arid climate, with precipitation up to 700 mm per year (CODEVASF, 

2005). The vegetation structure has small trees with xerophytic characteristics and with a 

small or medium size (3 to 7 meters high), spiny trees, shrubs with deciduous foliage during 

the dry season, and drought-tolerant grasses (Ab'Saber, 1974; Kuhlmann, 1977). Despite 

that, thirteen types of caatinga vegetation were established and set according to location, 

physiognomy, and ecology. In less semi-arid parts of the caatinga, forest fragments and 

floodplain forests occur along rivers. The fringe forest is frequent at the low PHB and in 

alluvial soils. The vegetation is marked by the presence of Copemicia cerifera (Arecaceae), 

Licania rigida (Chrysobalanaceae), Geoffroea striata (Fabaceae), Sideroxylon obtusifolium 

(Sapotaceae), Erythrina velutina (Fabaceae), Ziziphus joazeiro (Rhamnaceae), Capparis yco 

(Capparaceae). However, we must highlight that Copernicia prunifera, Licania rigida, and 

Capparis yco are not endemic to the caatinga vegetation (Andrade-Lima, 1981 apud Leal et 

al., 2003). 

 Fragments of cerrado vegetation may occur in caatinga's domain. These habitats 

refuges may present less taxon diversity than in the cerrado domain and are established by 

species of wide geographical distribution (Figueiredo, 1997). However, the caatinga is 

regularly found in diabase rocks and more fertile soils, while the cerrado appears to be 

restricted to a mineral-rich substratum. In Brazil, the cerrado domain is recognized as the 

"dry diagonal," a region with soils rich in minerals, low pH, and a natural barrier for biotic 

exchange (Prado and Gibbs, 1993; Anhuf et al., 2006; Werneck, 2011). Similar to the 

caatinga biome, cerrado has diverse vegetation. In the Piauí state, Ribeiro & Tabarelli (2002) 

mentioned four structural types of vegetation, classified by the density of the woody plant 

species. The vegetation density gradient and the species diversity seem to operate 

http://www.scielo.br/scielo.php?script=sci_arttext&pid=S0102-77862018000300472#B28
http://www.scielo.br/scielo.php?script=sci_arttext&pid=S0102-77862018000300472#B28
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coordinately (Eiten, 1994), changing the landscape and conducting transitional features 

between the caatinga and the Amazonian deciduous forest. 

 The seasonal deciduous and semi-deciduous forest, and open ombrophilous forest 

(rainforest), are denser than the cerrado and caatinga vegetation and prevails in wetter 

conditions (> 1.300 mm per year). Richier and diverse vegetation occur in the northwest of 

PHB, as in the "Serra da Ibiapaba" (CODEVASF, 2005). Muniz (2011, 2006) pointed out 

some similarities between the vegetation at the northwest part of PHB to the Amazon 

rainforest and highlighted the following families: Leguminosae, Sapotaceae, Moraceae, 

Burseraceae, Sapindaceae, Euphorbiaceae, Apocynaceae, Annonaceae, Lecythidaceae, 

Rubiaceae, Lauraceae, Bignoniaceae, Meliaceae, and Rutaceae. 

Predominantly carried by the river outflow, the variability of pollen grains on GL-1248 

reaches the seabed as a continental source. The Parnaíba river plume flows northward at 

the sea surface transported the Nort Brasilian Current (NBC). The NBC forms at the 10°S 

with the increment of the South Equatorial Current (SEC) carrying warm Tropical Water to 

the Northern Hemisphere. The strengthened NBC transport during the Austral winter is 

favored by the northern displacement of ITCZ and more vigorous tradewinds (Stramma et al., 

1995; Johns et al., 1998). NBC's strength oscillated over the past geological time and was 

reduced during the glacial maximum. Despite the proximity of the Amazon River, the most 

copious river discharge in the world, the marine sediment core GeoB16206-1 is located 

further south than GL-1248 and did not present any remnant vestige from the Amazon river 

plume during the Heinrich Stadial 1 (Zhang et al., 2015). For this reason, we disregard an 

imprint of the Amazon River plume in our study area and maintain the Parnaiba River as the 

primary source of continental material on GL-1248. The variability of pollen grains must have 

reflected changes on the continent at the vicinities of PHB. 
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Figure 6: Topographic map of the study area in NEB and the location (Blue dot) of core GL-

1248 (0° 55.2'S, 43° 24.1'W). White squares are related to inland records, are they: 1- Lapa Sem 

Fim (LSF) (16°09′S, 44°36′W) (Strikis et al., 2018), 2- Lapa Grande (LG) (14°22′S, 44°17′W) 

(Strikis et al., 2018), 3- Marota cave (MAG) (12°35′S, 41°02′W ) (Strikis et al., 2018), 4- Toca da 

Boa Vista (TBV) (10º10'S, 40º50'W) (Wang et al., 2004), 5- Caço Lake (CL) (2° 58'S, 43° 

25'W)(Sifeddine et al., 2003). The map also shows the area of the hydrography basin of the 

Parnaíba. The dashed blue line displays the southmost position of the Intertropical 

Convergence Zone (ITCZ) during the end of Austral summer (March-April) and the Austral 

winter. The green both sides arrow indicate the tendency to form forest corridors connecting 

Amazon and the Atlantic rainforest. The marine sediment cores Geob 16206-1 (Zhang et al., 

2015), Geob 3912-1/Geob304-1 (Jennerjahn et al., 2004), and Geob3910 (Dupont et al., 2010) are 

also represented. 

2.2 Material and methods 
2.2.1 Depth-age model 

We studied marine sediment core GL - 1248 (0°55.20S, 43°24.1 0W; 2,264-m water 

depth), retrieved off the Parnaíba River mouth in the western equatorial Atlantic Ocean. The 

recovered sediment column was marked by silty-clay greenish sediments, with some 

carbonate-rich layers, represented by more reddish-brown and whitish clays (Venancio et al., 

2018). The age model for core GL-1248 is based on 12 AMS 14C measurements. The 

radiocarbon samples contained tests of two planktonic foraminifera types, G. ruber and T. 

sacculifer (>150 mm) performed at the Beta Analytic Radiocarbon Dating Laboratory, USA. 

Downcore ages and the radiocarbon ages were calibrated with the IntCal13 calibration curve 
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(Reimer et al., 2013) with a reservoir age of 400 ± 200 years (2σ) and no additional local 

reservoir effect (ΔR = 0; Mulitza et al., 2017), but downcore ages were modeled using the 

software clam 2.2 (Blaauw, 2010) (see all details regarding the age model in the Venancio et 

al. (2018)). The core is ~19.0 m long and spans the interval between ~130 and 2 kyr BP. 

2.2.2 Palynological preparation 

A total of 139 samples were prepared for pollen and spores' identification. We used 

standard laboratory procedures (Faegri and Iversen, 1989), but excluded the acetolysis step 

to preserve other palynological proxies. About 4-6 g (wet weight) samples were prepared for 

palynological analyses. At first, the sediment samples were sieved with a 150 µm mesh to 

remove the larger particles, such as shells and stones. After that, one tablet of exotic 

Lycopodium clavatum spores was added to each sample to estimate the concentration 

(grains/cm³) and influx (grains/cm²/yr) values (Stockmarr et al., 1971). Then, the samples 

were treated with hydrochloric acid (HCl, ca. 35%) for decalcification and cold hydrofluoric 

acid (HF, 40%) for siliceous content removal. After the chemical treatment, aided an 

ultrasonic bath (maximum 30 seconds) for organic matter disaggregation. The samples were 

sieved with a 1 μm nylon mesh, but particles up to 5 µm may still pass through. The samples 

were processed at the Department of Palynology and Climate Dynamics, Georg-August-

University Göttingen (Germany). 

2.2.3 Palynological analysis 

 The identification of the pollen and spores is based on the reference collections at the 

Department of Palynology and Climate Dynamics of the University of Göttingen and literature 

(Behling, 2000). Permanent microscope slides were made, and due to the shallow content, 

one to four slides per sample were counted. Pollen and spores' samples were counted to a 

minimum of 100 pollen grains and spores in the case of samples with a relatively low 

concentration (mostly interglacial samples), and an average of ~180 grains was counted per 

sample. The most frequent taxa are presented in relative abundance and grouped based on 

their ecological affinities. The pollen and spore's influx (grains/cm²/yr) was calculated 

multiplying the concentration with the sedimentation rate, and the concentration was 

calculated for each sample following the equation of Benninghoff (1962). 

The identified pollen and spore taxa were grouped according to their structure (tree 

and shrubs, and herbs) and group types. Due to the similarities between both the groups, we 

opted for the vegetation groups approach. The complete list with the pollen and spore types 

identification is in the supplementary material (Tables S1) The pollen taxa were designated 

as open vegetation, rainforest lowland, mountain vegetation, mangrove, wetland, exotic, and 

unknown. The wetland pollen grains and a few aquatic taxa are included in the pollen sum, 
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as wetland taxa (e.g., Cyperaceae) also occur in the grassland. The spore’s taxa were 

designated as monolete, trilete, Cyatheaceae spp, Selaginella, wetland spores sum, tree 

fern, Cyatheaceae (Hemitelia type) and reworked trilete. We use the term "other" for pollen 

types that belong to a family, but could not be identified to the genus level. The diversity 

index was calculated by using the Past3 software (Hammer et al., 2001). 

2.2.4 Time series analysis 

We used the REDFIT algorithm (Schulz & Mudelsee, 2002) to test for the presence of 

periodicities in our data. For this analysis, the data were linearly detrended with the software 

PAST (Hammer et al., 2001) with segment set to one and the oversampling set to three, 

tapered with a Welch spectral window. 

2.2.5 Delta coverage analysis 

 The index was calculated based on the difference between the normalized time 

series. The normalizations were calculated using the following equation:  

Normalized data = (x - x ))/σ (1) 
Where: 
x: is a punctual percentage value from vegetation type assemblage. 
x : is the average percentual from vegetation type assemblage. 
σ: is the standard deviation of the vegetation type assemblage data set. 
Equation 1: vegetation type normalized data

  

The difference between the normalized time series composes the delta coverage (equation 

2). The positive values are related to the improvement of rainforest and negative values to 

the expansion of the sparse vegetation. 

∆vegetation type= vegetation1 normalized data – vegetation2 normalized data (2) 
Equation 2 – Delta coverage  

2.3 Results 

2.3.1 Sedimentation rate, pollen and spore concentrations, and influx 

 The pollen concentration was generally low in GL-1248 and varied down-core from 

~0.8 to 22x102grains/cm³ (average 5.7x102 grains/cm³), and the influx values oscillated from 

5.5 to 1470x102 grains/cm2/yr (average. 161 grains/cm2/yr) (Figure 7C and 7D). The spores 

also appeared with low concentration in GL-1248, and varied down-core from ~0.9 to 

15x102grains/cm³ (average 3.8x102 grains/cm³), and the influx values oscillated from ~7.5 to 

826x102 grains/cm2/yr (average 117 grains/cm2/yr) (Figure 7F and 7G). The palynological 

content of the studied core was not sufficient for appropriate analysis for the section between 

~90 and 100 kyr (1.392 and 1.486 cm). The content was reduced in pollen and spores for 

proper investigation and was excluded from the interpretation. The Hiatus present in the 
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marine core GL-1248 did not allow the reconstruction of vegetation during the Last Glacial 

Maximum (LGM). 

 

Figure 7: A) Sedimentation rate; B) Sum of counted pollen grains; C) Concentration; D) Influx 

of pollen; E) Sum of counted spores; F) Concentration, G) Influx of spores data for GL-1248. 

The dashed line in red is delimiting the median concentration values. 

2.3.2 Pollen and spore grains relative abundances 

A total of 102 pollen taxa were identified and grouped according to their respective 

vegetation, and the 13 spores' types identified were grouped according to their ecology or 

morphology (Tables S1, supplementary material). In the following, we shortly describe the 

main features of pollen and spore content of the GL-1248 marine sediment core. The ten 

types of pollen grains with the highest percentage were Cyperaceae (38%), Poaceae 

(28,8%), Polygalaceae Polygala (17,2%), Malpighiaceae (17%), Rubiaceae (14%), 

Arecaceae (12.9%), Chloranthaceae Hedyosmum (11%), Asteraceae (11%), Apocynaceae 

(8,15%), Rubiaceae Borreria (7,75%) (Figure 8). The spore percentages of Monolete reach 

67%, and general Trilete reaches 62.6%. Cyatheaceae spp. sum (Cyathea horrida, Cyathea 

schanschin-type, Cyatheaceae spp.) reached 38.2%, Selaginella 19.35%, wetland spores 

sum (Isoetaceae Isoetes, of Lycopodium cerrum, Pseudoschizaea rubina, Salvina type) 

reached 14.3%, Cyathea Hemitelia reaches 13.7%, Tree fern reached 8.1%, and Trilete 

reworked reached 3% (Figure 9). We must highlight the Cyperaceae maxima during the 

MIS4 (61 to 71.5 kyr, or 1.022 to 1.132cm), and the wetland spore maxima occurred during 

early MIS 4 (64.9 to 70.5 kyr, or 1.054 to 1.100cm) (Figure 5 and 6).  
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Figure 8: Chart of the 15 pollen types that appear in the highest percentage over ~ 130 kyr down the marine core GL-1248. The groupings were 

established according to the local ecology of each pollen type and defined as open vegetation, rainforest lowland, mountain vegetation, and 

wetland pollen. Due to the low percentage of representative pollen types, the other groupings are present only in table S1 that contains all 

information. 
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Figure 9: Chart of the spore types over ~ 130 kyr down the marine core GL-1248. Detailed information regarding the types of spores is present in 

table S2. 



 

 

37 
 

2.3.3 Spectral analysis 

Among the pollen groups that stood out, wetland and rainforest lowland (Figure 

10A and 10C) revealed the presence of short and long-term periodicities with high 

spectral power was above the Chi2 false-alarm level (Thomson, 1990). Short-term 

frequencies were oscillated throughout the pollen groups, achieving Chi2 with wetland 

pollen group, and 95% false-alarm level with rainforest lowland. The open vegetation 

denotes short-term periodicities in high spectral power, reaching a 99% false-alarm 

level. Instead, the long-term periodicities presented a 95% false-alarm level (Figure 

10B). All pollen groups showed millennial frequency, but only the rainforest lowland 

and wetland groups showed relevance superior to Chi2 in the obliquity orbital-scale. 

The rainforest lowland also showed significance representativity in the precession 

orbital-scale. 

 
Figure 10: Spectral analysis with the REDFIT algorithm (Schulz & Mudelsee, 2002), 
performed among the groups that stood out A) Wetland pollen group, B) Open vegetation 
pollen group, and C) Rainforest lowland pollen group. The red line represents the red-
noise spectrum, and the green lines show the false-alarm levels at 99% (dashed line), 
Chi2% (line). Labels above spectral peaks indicate the periodicities in a thousand years 
(kyr). 
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2.3.4 Delta coverage 

 The positive values of the delta coverage point to a predominance of rainforest 

vegetation, and the negative values are related to the development of sparse 

vegetation. 

2.3.5 Diversity index 

The diversity index oscillated from 3.35 to 2.10 and represents a maximum of 

51 taxa of pollen grains and a minimum of 16 taxa of pollen grains. The average was 

2.80, an equivalent of 33 taxa of pollen grains. Values higher than three were 

highlighted in red to identify when biodiversity was greater than 70%. 

2.4 Discussion 

2.4.1 Vegetation response to Heinrich Stadials precipitation events 

 As described in the age model of the GL-1248, it was derived from the 

alignment of the Ti/Ca ratio with ice cores δ18O isotopes from NGRIP (Venancio et al., 

2018). The concept is supported by the interconnection of global climate oscillations, 

where Greenland stadials are related to precipitation anomalies over NEB, with 

subsequent increase of the Parnaíba river outflow and continental loading in the 

adjacent ocean (Wang et al., 2004; Govin et al., 2012; Nace et al., 2014). The 

synchronicity of Ti/Ca peaks with ice-rafted debris (IRD) records from the MD95-2040 

marine core (de Abreu et al., 2003) also endorse the thermal unbalance events along 

the Atlantic Ocean during the glacial period, named Heirinch Stadials (HS). However, 

we observed discrepancies among the maximum and minimum values of Ti/Ca and 

IRD proxies (Figure 11A and 11G). Possibly the regional conditions modulated the 

magnitude of Ti/Ca and IRD transportation during HS. To better understand the local 

climatic dynamics of NEB and the impacts on the vegetation, we investigate the pollen 

and spores’ content in the GL-1248 core. Three pollen groups showed interesting 

variabilities in terms of their relative abundance: wetland, open vegetation, and 

rainforest lowland. Aligned with that, we used the Selaginella spores and Cyatheaceae 

spp. fern spores to evaluate the vegetation succession. 

The Cyperaceae is the most representative type of pollen grains in the wetland 

pollen group, guiding the general trend. However, the Cyperaceae is anemophilous 

with a high pollen production and might be overrepresented when compared to 

zoophilous tropical trees (Subba Reddi & Reddi, 1986). Despite this, Cyperaceae is 

also an aquatic plant with ecological requirements that enable its predominance in 

riparian vegetation, swamps, and open areas with a high presence of herbs and 
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grasses (Behling et al., 2004; Oliveira et al., 2013). The Cyperaceae pollen type 

reached values above 30% during MIS 4 (70 - 60 kyr) and along other wet periods as 

HS (Figure 11B). The increase in the relative abundance of Cyperaceae, emphasizes 

the removal of riparian vegetation due to increased river outflow. We suggest that the 

rise of the Cyperaceae percentage might indicate increases in Parnaiba River 

discharge (Figure 11A and 11B). Despite the high relative abundance of the wetland 

pollen group, it does not reflect vegetation oscillations. 
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Figure 11: Pollen groups percentage and spores' types percentage between ~30 to 90 

kyr. (A) GL-1248 XRF Ti/Ca ratio (Venancio et al., 2018); (B) Wetland pollen group, (C) 

Selaginella spores; (D) Open vegetation pollen group; (E) Cyatheaceae spp. Spores; (F) 

Rainforest lowland pollen group; (G) MD95-2040 IRD (Ice-Rafted Debris). The Heinrich 

Stadials (HS), are marked in blue. The MIS 4, and other wet periods are highlighted in 

gray. The arrow with the gradient transition from dry to wet is related to Ti/Ca ratio, 

Wetland pollen group, and Selaginella spores. 

The fern and the spores occurred with more frequency during the glacial period, 

in agreement with other palynological inferences in South America and with 
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phylogeographic data that suggest the tree fern expansion to the lowlands during 

glacial cycles (Van Der Hammen and Hooghiemstra, 2000; Ramírez-Barahona & 

Eguiarte, 2014). According to Behling (2000), Selaginella spore grows on moist soil, 

and are used as a proxy of erosion during intense precipitation events. The Selaginella 

spore rises over HS events or wet periods as the MIS4. Still, Selaginella spore denoted 

a singular increase during the HS5 precipitation event (Figure 11C). Extended dry 

climatic conditions lead to the development of the sparse vegetation, amplifying the 

space between trees, and reducing the presence of roots in the soil (Prado, 2003). The 

reduced stability along a prolonged dry period favored high erosion rates over the HS5, 

imprinted in the disproportionate increase of Selaginella spore relative abundance. This 

panorama is consistent with the persistence of high values (>40%) of open vegetation 

vegetation between ~60 and 50 kyrs (Figure 11D), and the high peak of Ti/Ca during 

HS5. In contrast, the wetland pollen grains and Selaginella spores' decay to low values 

in HS4 and during late MIS 4. 

The transition between the moss to fern spores was previously used in NEB as 

an indicator of a succession of vegetation, improving the soil stability and forest 

development (Jennerjahn et al., 2004; Dupont et al., 2010; Bouimetarhan et al., 2018). 

The Cyatheaceae spp. fern spores exhibited a consistent rise in its percentage after 

significant precipitation events, indicating the natural trend of the succession in local 

vegetation (Figure 11E). Synchronous increase in the relative abundance trend of 

Cyatheaceae spp. spores and rainforest lowland pollen group over 78-74 kyr, post-

MIS4, and HS4 are indicatives of robust tropical forest development (Figures 11E and 

11F). The presence of more trees and roots possibly turn the soil more stable, and 

reduced continental loading, consequently decreasing the Ti/Ca ratio. 

2.4.2 The continental loading hindered by vegetation development 

The disparity of hydrological requirements between the rainforest lowland and 

open vegetation and the oscillations in the prevalence of occurrence throughout the 

time reinforces past changes in pluvial conditions over the PHB region. The 

interchange between both vegetation also encompasses other environmental 

implications, as the plant coverage and soil stability. Thus, prolonged periods of rainfall 

do not necessarily produce considerable soil erosion if it occurs in a well-established 

forest (Gyssels et al., 2005). Still, the wetland pollen group stood out over wet periods, 

with a unique imprint over the MIS 4, possibly overlaying more considerable variations 

of the other pollen groups. To evaluate the effects of a prolonged wet period on the 

process of vegetation expansion and contraction, we performed the delta coverage 
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based on rainforest lowland and open vegetation normalized data (Figure 12A), 

attenuating the influence of wetland pollen group. 

Aiming to understand the effect of runoff interferences on the GL-1248, we 

plotted the Ti/Ca ratio against speleothems from local caves. Periods of maxima 

insolation during austral autumn (March to May) were related to the latitudinal gradient 

of precipitation, which generates high thermal contrast between land and sea. The 

maxima insolation is marked by seasonal tropical rainfall and reduce inequalities in the 

distribution pattern of continental moisture (Hastenrath, 1991), intensifying the 

precipitation events over NEB (Figure12B). The speleothems from Lapa Grande cave 

(LG) (14°22'S, 44°17'W) marked the wet period through the transition from MIS4 to 

MIS3, HS5, and precipitation events between HS5 and HS4. The speleothems growth 

phases from Toca da Boa Vista cave (TBV) (10°11'S, 40° 58'W) occurred during the 

pluvial periods as HS4, HS5, and HS6 (Figure 12C and 12D). Both sites have shown 

an increase in tropical rainfall during the HS6 enduring humid conditions after the 

event, as the MIS4 (Wang et al., 2004; Strikis et al., 2018). 

 

Figure 12: (A) Delta coverage, positive values indicate an increase in rainforest lowland 

(filled in green) and negative values indicate an increase in open vegetation (filled in 

yellow); (B) Insolation 0˚(March to May); (C) Speleothems grow phases from Toca da Boa 

Vista (TBV) (Wang et al., 2004); (D) Two speleothems from Lapa Grange cave, central 

west of Brazil, LG - 12B (in pink) and LG - 10 (in blue) (Strikis et al., 2018); (E) GL-1248 

XRF Ti/Ca ratio (Venancio et al., 2018). The Heinrich Stadials (HS), are marked in blue, 

and the MIS 4 is highlighted in gray. 
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During the late MIS4, the rainforest vegetation shows gradual gains, reaching 

higher values after the HS6 event. The growth of rainforest lowland follows the rainfall 

pattern inferred from the speleothem of LG and TBV caves for the period. However, the 

same trend was not found in the Ti/Ca ratio (Figure 12E). The Ti/Ca displayed an anti-

phase with rainforest vegetation, with decreasing values by the late MIS 4. A similar 

pattern was recurrent in other HS events. The Ti/Ca ratio showed reduced peaks (0.4) 

in periods when the rainforest lowland appeared with a high relative abundance as also 

occurred during the HS4. Higher peaks of the Ti/Ca ratio (0.7) occurred when the 

vegetation was sparse or not well established, as inferred by the open vegetation 

expansion that preceded the HS5. The trend indicates that Ti/Ca ratio works as a 

pointer of the precipitation events but does not reflect the dimension of them. A 

consolidated soil by the increased presence of roots possibly retained more sediments 

on the continent. 

Over the interglacials, the sea level rise hindered the continental inflow to the 

ocean, increasing the distance between the coastline and the GL-1248 marine 

sediment core. Still, the local speleothems and rainforest vegetation were coordinated 

and respond positively to the increase of moisture (Figure S11). The retention of the 

continental load to the ocean is evident, as the higher sea level and the improvement of 

rainforest vegetation operated combined. The result is imprinted the maximum values 

of the Ti/Ca ratio along the Younger Dryas and the precipitation events between 115 

and 110 kyrs. 

2.4.3 The response of neotropical vegetation to orbital variations 

The Earth’s climate is a system regulated by the uneven distribution of solar 

heat, and the equatorial region receives solar irradiation readily, almost unchanged 

throughout the year. The warm and humid conditions create an ideal environment for 

the development of rainforest. The equatorial region is an abundant source of heat, and 

the tropical rain belt has a significant influence on rainforest formation. Shifts in the 

ITCZ position regulates the prevalence between open vegetation and rainforest at 

PHB. The REDFIT spectral analysis has shown that both vegetations were periodically 

guided under the millennial time-scale variability (~2.5 kyrs). Still, open vegetation was 

more prone to change in response to the climatic anomaly than the rainforest lowland. 

Jennerjahn et al. (2004) found a rhythmic delay in the successional pattern of 

vegetation post precipitation events (1000 to 2000 years), based on Sellaginela and 

Cyatheaceae spp. spores. We suggest that the succession of vegetations found in our 

data occurred in response to the millennial time-scale pluvial events, altering open 

design first, forming more dense vegetation until the establishment of the rainforest. 



 

 

44 
 

Other studies at NEB presented a similar pattern of tropical forest development after 

prolonged precipitation events (Dupont et al., 2010; Bouimetahan et al., 2018). 

However, our data indicated that the vegetation response to different HS wet periods is 

not uniform, denoting that other factors overlap (Figure 13A). 

The δ18O of calcite in speleothems of NEB imprinted precipitation oscillations on 

the orbital frequency, and the tropical insolation force played a vital role in the South 

American climate (Hastenrath, 1991; Wang et al., 2004; Cruz et al., 2005;  Cheng et 

al., 2013). Precessional forcing alters the incidence of heat received by the sun in the 

tropics during a restricted season, modulating the humidity circulation from ocean to 

land. The southern hemisphere is more susceptible to vigorous precipitations during a 

period of minimal precession (Wang et al., 2004; Clement et al., 2004; Bischoff et al., 

2017). Throughout the geological time, the maximal insolation during the austral 

autumn (MAM) and minimal precession acted relatively paired in the NEB, generating a 

clear sign of precipitation in the speleothems of the region. Our spectral analysis of the 

rainforest lowland vegetation data highlighted more relevance to orbital time-scale 

periodicities than to millennial timescales, with 38 kyrs and 23 kyrs exciding the Chi2% 

false-alarm level (Figure 10C). The data is consistent with forcing by insolation maxima 

and minimal precession influences and a more significative response of the rainforest 

lowland relative abundance (Figure 13A, 13B, and 13C). However, the periodicity of 38 

kyrs reflects the influence of the obliquity orbit (41kyrs). The obliquity alters the tilt on 

earth with severe impacts on ice caps of the Northern Hemisphere and sea-ice, 

changing atmospheric circulations, and the trajectories of moisture (de Menoccal, 

1995; Tuenter et al., 2005). Despite weak changes in the solar radiation received at low 

latitudes, the obliquity signal was observed over palaeoclimate data and model studies, 

and those suggest changes on the strength of monsoon systems (Bosman et al., 

2015). Thus, when minimal obliquity is aligned with minimal precession, it may cause 

an even more disruptive rainfall event over NEB (Figure 13E). Along the time span of 

our pollen record, three peaks of minimal obliquity occurred. One incident occurred 

during the interglacial MIS 5d, which despite the high sea level, the pollen 

concentration was high in comparison with other samples of MIS 5. The other two 

separate peaks of minimal obliquity occurred during the glacial period, one during the 

MIS4 with the highest delivery of exotic spores and pollen grains, and the other one 

occurred in synchronicity with the hiatus of the marine core. As much as it is redundant, 

we must say that the opposite effect is also expected for maximal obliquity. Some 

studies point to the relevance of obliquity-induced changes in climate models, as they 

may present qualitative similarities to the reality of global warming (Mohtadi et al., 

2016). 
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Figure 13: (A) Rainforest lowland relative abundance; (B) Insolation 0° de March to May (MAM) (Berger and Loutre, 1999); (C) Precession orbit, blue 

line with the minimum values, highlighted in blue (Berger and Loutre, 1999); (D) Obliquity orbit, dotted line; (E) Eccentricity orbit, red line; (F) Delta 

coverage, positive values indicate an increase in rainforest lowland (filled in green) and negative values indicate an increase in open vegetation 

(filled in yellow); (G) Diversity index, with values higher than 3 (~70%) highlighted in red. The dotted lines in black are guidelines of the average 

values. Heinrich Stadials (HS) are marked in blue. The MIS 4 and MIS 3 are represented in light blue to highlight the glacial period. Vigorous 

precipitation events during the interglacials are marked in light red. 
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A counterpoint must be emphasized for the interglacials periods. The relative 

abundance of rainforest throughout the mid-MIS5 drew the attention. Over the 

interglacials, the ITCZ'S average position is to the north of the equator (Philander et al., 

1996). Transitory oscillations in the meridian temperature gradient altered the ITCZ 

position, which shifted to the southern hemisphere. Within the context of the South 

American Dipole (SAD), the rainfall variability NEB occurs out of phase with the 

western Amazon, and southeastern Brazil (Cruz et al., 2009; Cheng et al., 2013). A 

continuous lake-peat sediment record (180 kyrs B.P.) from the Colônia basin, 

southeastern Brazil, was in general agreement with the SAD and described the 

opposite tendency of rainforest pollen grains found in GL-1258. However, Rodriguez-

Zorro et al., (2020) noticed a singular increase of tropical rainforest pollen grains during 

MIS 5 d, with a peak at 110 kyrs, and validated by a speleothem near the region St8 

(Cruz et al., 2006). Both studies explain the anomalous precipitation as a consequence 

of summer insolation and decrease of Northern Hemisphere temperatures, leading the 

ITCZ southward during the transition from MIS 5e to 5d. We suggest that the amplitude 

of the orbital cycles and the discrepancies in eccentricity led to different energy 

budgets between the interglacials (Figure 13D), enhancing the ITCZ transitions over 

MIS5 and possibly impacting the rainforest performance. 

The positive values of delta coverage indicate the increase of rainforest lowland 

vegetation in periods of the southernmost position of the ITCZ. Positive values of delta 

coverage that exceed the average line correlate with high values (>70%) of biodiversity 

index (Figure 13F and 13G). In contrast, periods of open vegetation expansion are 

mostly related to low values in the diversity index. The rainfall periodicity enables the 

development of the rainforest and the subsequent biodiversity of plants. Our data 

corroborate with previous palynology works carried out in NEB, which evidenced the 

rapid reforestation post-precipitation events (Jennerjahn et al., 2004; Dupont et al., 

2010; Bouimetahan et al., 2018). However, millennial time-scale precipitation events 

imprinted a more robust response over NEB on rainforest vegetation when orbital 

forcing acted simultaneously (e.g., minimum precession and maximum insolation). 

Other pollen records in South America operated gains in the local Arboreal Pollen 

(AP%) in different variability than in the NEB (Figure S12, S13, and S14). The 

comparison with those studies highlighted the vegetation response to various sources 

of moisture into the continent, as the SASM and latitudinal shift of the ITCZ during the 

Pleistocene (Paduano et al., 2003; van der Hammen and Hooghiemstra, 2003; 

Hanselman et al., 2011; Rodriguez-Zorro et al., 2020). The heterogeneity in the 

landscape and prolonged clusters of forest vegetation possibly promoted effective 

migration routes of animals and plants during extended precipitations events and 
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guided the neotropical biodiversity. Thus, our reconstructed vegetation data support the 

hypothesis of evolutionary radiation in response to environmental change 

(Gentry,1982). Despite the differences between the millennial time-scale pluvial events 

over NEB, the improvement of rainforest vegetation could potentially be considered as 

evidence of the intermittent forest corridors formation. The enhanced connectivity 

between distant regions promoted periodic genetic exchange among them (Silveira et 

al., 2019; Ledo and Colli, 2017; Carnaval and Mortiz 2008). 

2.5 Conclusion 

The marine sediment core GL-1248 was used to reconstruct de vegetation of 

PHB over the last ~130 kyr. We investigated three pollen groups and their relative 

abundance: wetland, open vegetation, and rainforest lowland. The open vegetation and 

the rainforest lowland vegetation have different environmental requirements, and 

oscillations in the ITCZ modulated the response of plants in ecotone areas of PHB. The 

rise of the relative abundance of the wetland pollen group was related to the most 

representative component of the wetland pollen group (Cyperaceae) and reflected the 

Parnaiba River discharge. The ferns and the spores gave excellent indicatives of the 

succession of vegetation and the soil stability over HS events or wet periods. The 

rainforest vegetation shows gradual gains during MIS4, in anti-phase with the XRF 

Ti/Ca ratio. We suggested that a consolidated soil by the increased presence of roots 

may have retained more sediments on the continent, with subsequent impact in the 

Ti/Ca ratio. 

As previously discussed in the literature of palynological studies in NEB, the 

reconstructed rainforest lowland responded positively to precipitations events on the 

millennial-scale. However, the expansion and retraction of tropical forest boundaries 

over NEB resulted from rain pulses, but robust gains in rainforest vegetation were 

mainly orchestrated by orbital cycles. Intermittent formations of ecological corridors 

improved connectivity between different regions, amplifying the dynamics in neotropical 

genetic flow. The Neotropical biodiversity is a consequence of a wide broad range of 

distinct evolutionary processes. Comprehend the vegetation development in NEB has 

implications to the biodiversity, and still a current discussion.  
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3 CHANGES IN SEA SURFACE HYDROGRAPHY AND PRODUCTIVITY IN 

THE WESTERN EQUATORIAL ATLANTIC SINCE THE LAST INTERGLACIAL 

Despite the relevance of more productive areas for the global carbon budget, the 

world’s oceans have large-scale oligotrophic conditions. The western equatorial 

Atlantic is characterized as a low productivity area, mainly due to the presence of the 

North Brazil Current (NBC) (Peterson and Stramma, 1991; Krauss, 1996). In this 

region, warm sea surface waters pile up and deepen the seasonal thermocline due to 

the modern dynamics of the trade winds (Hastenrath and Merle, 1987), denoting a 

nutrient-depleted surface layer considered a quasí-permanent feature of the tropical 

and subtropical Atlantic (Herbland and Voituriez, 1979). Strong southeast (SE) trade 

winds create a thermocline tilt between the western and eastern equatorial Atlantic, 

with implications of the nutrient availability at the sea surface, setting the productivity 

regimes in both areas (Molinari et al., 1986). 

Previous studies focusing on paleoceanographic reconstructions have shown that 

the transport of warm waters to the western equatorial Atlantic was reduced during the 

phase with weak SE trades winds, consequently attenuating the east-west thermocline 

tilt (Wolff et al., 1999; Venancio et al., 2018). Oscillations in the thermocline thickness 

possibly influenced past productivity by modulating the nutrients diffusion into the 

photic zone. Indeed, several studies indicate that glacial-interglacial changes in 

productivity occurred in the region, with higher productivity during interglacials 

compared to glacials (Rühlemann et al., 1996; Bickert et al., 1997; Mulitza et al.,1998; 

Kinkel et al., 2000; Vink et al., 2002). 

The last glacial period exhibits singular environment conditions with lower relative 

sea-level (RSL) than the present, expanding the shoreline, and delivering more 

continental material to the ocean areas. Another particular feature was the 

intensification of the meridional temperature gradient between the North and the 

Tropical Atlantic, generating the compression of climatic zones towards the equator 

and driving stronger trade winds (Parkin, 1974; Leroux, 1973). In addition, 

displacements of the Intertropical Convergence Zone (ITCZ) generated changes in 

trade winds' direction and strength. Nevertheless, the southward shift of the ITCZ was 

accompanied by periods with weak southeast (SE) trade winds and intense 

precipitations events in northeastern Brazil. Rivers that flow into the ocean increased 

their freshwater and nutrients contribution due to more severe runoff, modulating the 

biological productivity in the western equatorial Atlantic (Vink et al., 2000). 

Studies in different margins of the South Atlantic indicated that biological 

productivity could be reconstructed through organic-walled dinoflagellate cysts 

(dinocysts) (Gu et al., 2017; Hardy et al., 2016). In the western equatorial Atlantic, 
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Portilho-Ramos et al. (2017) showed changes in stratification during millennial-scale 

events, triggered by the direct effect of precipitation over the ocean linked to ITCZ 

shifts. However, the authors did not focus on the impact of such stratification changes 

over primary productivity. Based on that, we aimed to reconstruct over a longer period 

the influence of these changes in mixed layer depth in the productivity. Thus, an 

assessment of the impact of these distinct productivity-related processes during the 

past was still needed for this area. Oligotrophic regions comprise a vast portion of the 

oceans. In order to achieve greater accuracy in models that estimate the efficiency of 

primary productivity in the carbon cycle, it is important to understand the dynamics of 

primary productivity in oligotrophic regions. In this context, we aimed to evaluate the 

glacial-interglacial, millennial-scale changes in the sea surface hydrography and 

productivity, as well as the main processes linked to the observed variations at the 

western equatorial Atlantic over the last ~130 kyr.  

3.1 Sediment core location and regional setting 

The region is under the influence of different water masses, with the following 

vertical distribution: the North Atlantic Deep Water (NADW) in the range of 2.000–3.000 

meters deep, the Antarctic Intermediate Water (AAIW) established between 800–1.500 

meters deep, and the South Atlantic Central Water (SACW) which occupies the range 

of 200–500 meters deep. The SACW flows between the AAIW and the Tropical Water 

(TW) at the surface layer (Stramma and England, 1999) (Figure S15). Except for the 

southward flow of the NADW, the other water masses described (AAIW, SACW, TW) 

flow northward. At the surface layer, the NBC transports the TW, while the North Brazil 

Undercurrent (NBUC) flows at the sub-surface and within the thermocline layer, 

transporting the SACW (Stramma et al., 1995; Schott et al., 1995). The strength of 

NBC varies and is seasonally linked to the trade wind dynamics. During austral 

summer (December–March), the northeast (NE) trade winds gain strength and NBC 

transport reduces (Stramma et al., 1995; Johns et al., 1998). As a result of intensifying 

NE trade winds, ITCZ reaches its southernmost position (2°S), leading to enhanced 

precipitation in northeastern Brazil (Hastenrath, 2012). 

The marine sediment core GL-1248 (0° 55.2’ 55.2’S, 43° 24.1’ 24.1’W) was 

retrieved by Petrobras with a length of 19.29 m at 2264 m water depth, located at the 

slope of the Barreirinhas Bight on northeastern Brazil. The Barreirinhas Bight had a 

shallow continental shelf, ~75 meters (m) below the sea surface (Krueger et al., 2012; 

Mohriak, 2003), with a vertical gradient. The marine sediment core was about 160 km 

distance from the modern coastline (Figure 14). The GL-1248 core was collected 280 

km from the Parnaiba River fan and approximately 740 km from the Amazon River fan 
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(Figure S16). These geographical features assigned a high dynamic abiotic system 

with significant seasonal contrasts between the surface and subsurface salinity and 

nutrient loading, which are regulator factors of primary production (Price et al., 2016; 

Mallin et al., 1993). 

 

Figure 14: Bathymetric map of the study area in northeastern Brazil and the location (red 

dot) of core GL-1248 (0°55.2’S, 43°24.1’W). Yellow dots represent other cores discussed 

in the text namely: CDH-86 (00°20.00’ N, 44°12.54’ W) (Nace et al., 2014), GeoB 16206 

(1°34.75’S 43°01.42’W) (Zhang et al., 2015), GeoB 3910-2 (4°15’ S 36°21’ W) (Dupont et al., 

2010). The map also shows relevant surface currents such as the South Equatorial 

Current (SEC) and the North Brazil Current (NBC) in red arrows and the subsurface North 

Brazil Undercurrent (NBUC) in black dotted arrows. The dashed black line displays the 

approximate southern position of the Intertropical Convergence Zone (ITCZ) during 

austral summer (December–March). 

3.2 Material and Methods: 

3.2.1 Age model 

The age model was established based on 12 AMS radiocarbon dates and the 

alignment of X-Ray fluorescence (XRF) Ti/Ca values with reference curves. The 

radiocarbon analysis was performed on planktonic foraminifera species 

Globigerinoides ruber (white) and Trilobatus sacculifer (planktonic foraminifera). The 

radiocarbon ages were used to generate a chronology for the upper 6.30m of the core. 

The radiocarbon ages were calibrated with the IntCal13 calibration curve (Reimer et al., 

2013). The chronology for the lower part of core GL-1248 (from ~5 m to ~17 m) was 
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derived from tie points created between Ti/Ca alignment with the ice core δ18O record 

from North Greenland Ice Core Project (Wolff et al., 2010). The downcore ages were 

modeled on the linear interpolation using the package Clam 2.2 (Blaauw, 2010). 

Venancio et al. (2018) described the age model of the marine core GL-1248 in detail. 

The Marine Isotopic Stages (MIS) boundaries and sub-divisions were defined 

according to Lisiecki and Raymo (2005). They were established as MIS 1 (starts at 14 

kyr before present), MIS 3 (29–57 kyr), MIS 4 (57–71 kyr), MIS 5a (peak at 82 kyr), 

MIS 5b (peak at 87 kyr), MIS 5c (peak at 96 kyr), MIS 5d (peak at 109 kyr), MIS 5e 

(peak at 123 kyr). 

3.2.2 Palynological preparation 

A total of 131 samples were prepared for palynological analysis using standard 

laboratory procedures (Faegri and Iversen, 1989), but excluding acetolysis to preserve 

the dinocysts. About 4–6 g (wet weight) samples were prepared for dinoflagellate cysts 

analyses. At first, the sediment samples were sieved with a 150 µm mesh to remove 

the larger particles, such as shells and stones. After that, one tablet of exotic 

Lycopodium clavatum spores (containing 20,848 ± 1546 spores) was added to each 

sample to estimate the concentration (cysts/cm³) and influx (cysts/cm²/kyr) values 

(Stockmarr, 1971). Then, the samples were treated with hydrochloric acid (HCl, ca. 

35%) for decalcification and cold hydrofluoric acid (HF, 40%) for siliceous content 

removal. After the chemical treatment, the samples went through an ultrasonic bath 

(maximum 30 seconds) for organic matter disaggregation. The samples were sieved 

with a 1 μm nylon mesh, but particles up to 5 µm may still pass through. The samples 

were processed at the Department of Palynology and Climate Dynamics, Georg-

August-University Göttingen (Germany). Permanent microscope slides were made, and 

due to the low content, one to four slides per sample were counted. An average of 130 

cysts was counted per sample (min. 83, max. 367). In total, 38 dinoflagellate cyst types 

were identified according to Zonneveld and Pospelova (2015) morphological 

descriptions. Dinoflagellate cysts were grouped into autotrophic and heterotrophic taxa 

due to the different energy resources (Gaines and Elbrächter, 1987; Taylor, 1987; 

Taylor et al., 2007). The most frequent taxa were presented in relative abundance and 

grouped based on their ecological affinities. The dinocysts influx (cysts/cm²/kyr) was 

calculated by multiplying the dinocysts concentration (cysts/cm³) with the sedimentation 

rate (cm/kyr), and the concentration was calculated for each sample following the 

Benninghoff (1962) equation. 

3.2.3 Dinoflagellate cyst indexes 
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To evaluate the preservation condition of dinocysts in the marine environment, we 

calculated the degradation constant of sensitive cysts (k) and the reaction time (t). The 

kt index was obtained by the equation 1, with and Xf = final cyst concentration 

(cysts/cm³) and Xi = initial cyst concentration (cysts/cm³) (Zonneveld et al., 2007; 

2010). The sensible oxygen cysts were designated as S-Cysts. The kt index was used 

to evaluate the selective degradation of the S-cysts (supplementary material, Table S2) 

in the marine sediments to reconstruct deep-ocean ventilation and infer if the 

sedimentary signal was modified by oxygen degradation (Zonneveld et al., 2007; 

2010). 

To indicate the heterotrophic and the autotrophic fluctuations through the last ~130 

kyr, we used the ratio base on their relative abundances (H/A ratio) (equation 2). 

Values close to number 1 indicated a more significant proportion of heterotrophic 

dinocysts (Pospelova and Kim, 2010). The dominance index was calculated using the 

Simpson index in Past3 software (Hammer et al., 2001). 

Equation 1 – Kt equation 

 kt: ln (Xi/Xf) (1) 

 

Equation 2 – H/A ratio equation. 

 H/A ratio = H−cysts/ (H−cysts + A−cysts)  
 

(2) 

3.2.4 Foraminifera assemblages 

We analyzed the planktonic foraminifera assemblages with 4 cm resolution for MIS 

1 to 5e sections due to a low sedimentation rate and 10 cm for the other sections. The 

10 cm3 of sediment was washed through a 150 μm mesh sieve, and the residue 

material was dried at 50°C for 24h. The fraction larger than 150 μm was re-sieved, 

dried and then divided until 300–500 individuals remained for identification at the 

species level. Species were identified by following the Kennett and Srinivasan (1983) 

and Loeblich and Tappan (1988) definitions. 

3.2.5 Statistical analysis 

To characterize the ecological affinities of dinocysts assemblages, we performed a 

Correspondence Analysis (CA). The CA added to each species disposition through the 

Axis due to its similarities (Legendre and Gallagher, 2001). The CA is a statistical 

ordination analysis better recommended to species with unimodal responses if 

compared to PCA, which is preferred for data with a linear distribution (Jongman et al., 

1987; ter Braak and Prentice 1988). For a better statistical measurement, regarding the 
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samples with dinocyst taxa in low content, less than 5% were not taken into 

consideration. Unidentified species such as Spiniferites spp., Operculadinium spp., and 

Impagidinium spp. were also not considered, due to their controversial ecological 

affinities. Paleontological Statistics (Past3) software was used to perform CA statistical 

analysis (Hammer et al., 2001). 

3.3 Results 

3.3.1 Sedimentation rate, dinocyst concentrations, and the influx  

The core GL-1248 covered the last ~130 kyr (MIS 1–5), with the mean 

sedimentation rate of 21 cm/kyr, with higher values during Marine Isotopic Stage (MIS) 

3 (67 cm/kyr), and lower values during the Interglacials (~10 cm/kyr) (Figure 15A). A 

total of 31 dinoflagellate cyst taxa were identified from 131 sediment samples. The 

dinocyst concentrations were generally low in GL-1248 (Figure 15B), variating down-

core from ~64 to 911 cysts/cm³(averaging 249 cysts/cm³). The influx values oscillated 

from 4.5 to 315 102cysts/cm2/kyr (avg. 57 102cysts/cm2/kyr) (Figure 15C). Higher 

dinocysts concentration values were found during MIS 5 (~68 to 653 cysts/cm³, avg. 

244 cysts/cm³), MIS 1 (~85 to 757 cysts/cm³, avg. 242 cysts/cm³), and during late MIS 

3 (~64 to 911 cysts/cm³, avg. 259 cysts/cm³), periods of reduced sedimentation rate. 

The influx values during MIS 3 reached the highest values of the sediment core (~79.5 

to 315 102cysts/cm2/kyr, avg. 205 102 cysts/cm2/kyr). 
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Figure 15: A) Sedimentation rate (cm/kyr); B) Total dinocysts concentration 

(10
2
cysts/cm

3
); C) Dinocysts influx (10

2
cysts/cm

2
/kyr); D) Dominance index; E) Relative 

abundance of Brigantedinium spp.; F) H/A Ratio; G) Percentage of heterotrophic and 

autotrophic dinocysts with autotroph highlighted in yellow. 

3.3.2 Dinoflagellate cyst indexes 

The kt index showed an asynchronous pattern to the sedimentation rate. Our result 

indicated a relatively low degradation during the glacial (kt <4, four is the critical value 

to evaluate the selective preservation in our record). The dominance index was 

weighted according to the abundance of the most common species (Figure 15D). The 

Brigantedinium spp. was pacing the dominance index and, as a consequence, was the 

most frequent heterotrophic dinocysts in the relative abundance (Figure 15D, 15E, and 

15G). 

The heterotrophic (H) and autotrophic (A) dinoflagellate cyst ratio (H/A) decreased 

during MIS 1 and 5e–5b and presents higher values over the MIS 5a, 4 and 3. 

Oscillations in the H/A ratio were observed during the early MIS 3 (Figure 15F). 

3.3.3 Dinoflagellate cyst relative abundances 

The autotrophic species (Figures 2G and S3) were the most dominant during the 

interglacials MIS 5 and MIS 1. The most representative species during both 

interglacials were Spiniferites bentorii (up to 33%), Spiniferites mirabilis (up to 33%), 
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Spiniferites spp. (up to 29%), Spiniferites membranaceus (up to 26%), and Spiniferites 

pachydermus (up to 26%). Other dominant autotrophic species were Operculodinium 

centrocarpum (up to 26%), Tuberculodinium vancampoae (up to 19%), 

Pentapharsodinium dalei (up to 18%) and Impagidinium aculeatum (up to 16%). The 

highest relative abundance of Pentapharsodinium dalei (~18–5%) occurred during MIS 

5. 

Leipokatium invisitatum is not common in the region and appears in a very low 

abundance. Despite that, Leipokatium invisitatum achieved values greater than 5% 

during the MIS 4 and was not excluded from the river outflow assemblage. The relative 

abundance of Lingulodinium machaerophorum reached a maximum of 31% during the 

early MIS 4. Cysts of heterotrophic taxa (Figure S17) were the most common during 

MIS 3, mainly represented by Brigantedinium spp. (up to 66%), Echinidinium 

aculeatum (up to 34%), Selenopemphix nephroides (up to 23%), Protoperidinium 

americanum (up to 14%), Trinovantedinium applanatum (up to 11%), and 

Selenopemphix quanta (up to 8%). 

3.3.4 Foraminifera relative abundances 

We calculated the relative abundances of planktonic foraminifera over the last ~130 

kyr. We use three species of planktonic foraminifera to assist the understanding of local 

hydrography and productivity. They were Globigerinoides ruber (white, up to 47.5%), 

Neogloboquadrina dutertrei (up to 20%) and Globigerinoides ruber (pink, up to 11.8%) 

(Figure S19). 

3.4 Discussion 

3.4.1 Dinoflagellate cysts ecological affinities 

The CA established the ecological clusters between different dinoflagellate cysts 

(Figure 16), which were in agreement with the literature. Arranged from values lower 

than -0.5 to the Axis 1 and higher than +0.5 values over the Axis 2, the following 

species were organized: Polysphaeridium-zoharyi, Pentapharsodinium dalei, 

Operculodinium centrocarpum, Spiniferites bentorii, Spiniferites membranaceus, and 

Spiniferites pachydermus. Those species are autotrophs and related to warm, 

oligotrophic, and more salinity waters (Vink et al., 2000; Kim et al., 2010; De Schepper 

et al., 2011). Due to the similarity with NBC features, we defined them as open ocean 

assemblage. 

The Brigantedinium spp, Protoperidinium americanum, Selenopemphix nephroides, 

and Trinovantedinium applanatum are related to low-salinity and considered turbidity-

tolerant species (Marret and Zonneveld, 2003; Kim et al., 2010). Both dinocysts 
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Selenopemphix nephroides and Trinovantedinium applanatum were previously 

observed in the local area, associated with the Amazon River plume and characteristic 

of low-salinity and light-limited environments (Vink et al., 2000; Bouimetarhan et al., 

2009; Bouimetarhan et al., 2018). The river outflow assemblage was highlighted by the 

positive values of the Axis 1, higher than 1, and established by the presence of 

Brigantedinium spp, Leipokatium invisitatum, Protoperidinium americanum, 

Selenopemphix nephroides, and Trinovantedinium applanatum. 

In general, the species Dalella chathamensis, Echinidinium aculeatum, 

Echinidinium granulatum, Echinidinium transparantum, Impagidinium patulum, 

Impagidinium sphaericum, Impagidinium velorum, Operculodinium israelianum, 

Pyxidinopsis reticulata, Spiniferites mirabilis, and Tuberculodinium vancampoae are 

related to well-ventilated water masses with higher nutrient availability as the South 

Atlantic Central Water (Gu et al., 2017; Zonneveld et al., 2013; Vink et al., 2000). We 

designated the assemblage of these species as nutricline, and they were disposed in 

values lower than +0.5 over the Axis 1 and in negative values of the Axis 2. 

The neritic species are identified by their tolerance to transient features, as mixed 

water masses (Dale, 1996; Zonneveld and Brummer, 2000; Marret and Zonneveld, 

2003). The neritic assemblage was defined by positive values of Axis 2 and ranging 

from 0.5 to -0.5 in Axis 1. The neritic assemblage was set up by Echinidinium 

delicatum, Impagidinium, Impagidinium paradoxum, Impagidinium strialatum, 

Lingulodinium machaerophorum, Nematosphaeropsis labyrinthus, Operculodinium 

centrocarpum reduced processes, and Selenopemphix quanta. Low salinity attenuates 

the Operculodinium centrocarpum process length (Ellegaard, 2000; Verleye et al., 

2012), which corroborated with Operculodinium centrocarpum reduced processes 

included in the neritic assemblage. A complete list of species, ecological affinities, 

nutritional demands, selective preservation, and geographic distribution is shown in 

Table S2. 
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Figure 16: The dinocysts Correspondence Analysis (CA) from the GL-1248 marine core 

used to infer the ecological affinities. Four different assemblages were defined: 1- Open 

ocean assemblage was marked with red dots and composed by Polysphaeridium- 

zoharyi (P. zoh), Pentapharsodinium dalei (P. dal), Operculodinium centrocarpum (O. 

cen), Spiniferites bentorii (S. ben), Spiniferites membranaceus (S. mem), Spiniferites 

pachydermus (S. pac); 2- The neritic assemblage was marked with grey dots and 

established by Echinidinium delicatum (E. del), Impagidinium aculeatum (I. acu), 

Impagidinium paradoxum (I. par), Impagidinium strialatum (I. str), Lingulodinium 

machaerophorum (L. mac), Nematosphaeropsis labyrinthus (N. lab), Operculodinium 

centrocarpum reduced processes (O. cen reduced), Selenopemphix quanta (S. qua); 3- 

The river outflow assemblage was marked with blue dots and represented by 

Brigantedinium spp (Brig. Spp), Leipokatium invisitatum (L. Inv), Protoperidinium 

americanum (P. ame), Selenopemphix nephroides (S. nep), Trinovantedinium applanatum 

(T. app); 4- The nutricline assemblage was marked with yellow dots and defined by 

Dalella chathamensis (D. cha), Echinidinium aculeatum (E. acu), Echinidinium 

granulatum (E. gra), Echinidinium transparantum (E. tra), Impagidinium patulum (I. pat), 

Impagidinium sphaericum (I. sph), Impagidinium velorum (I. vel), Operculodinium 

israelianum (O. isr), Pyxidinopsis reticulata (P. ret), Spiniferites mirabilis (S. mir), 

Tuberculodinium vancampoae (T. van). 

3.4.2 Glacial-Interglacial changes sea surface hydrography in the western 

equatorial Atlantic  

Our results exhibited changes in the prevalence of dinocyst assemblages according 

to their nutritional requirements over the glacial and interglacial periods, as shown in 

Figure 4. The open ocean assemblage showed a synchronous variation with RSL 

changes, with improved relative abundance during the interglacials (Figure 17A and 

17B). An opposite pattern was observed for the river outflow assemblage that 

increased in abundance during the entire glacial period when the RSL was lower 

compared to interglacials. We interpreted these patterns in the river outflow and open 

ocean assemblages as a consequence of glacial-interglacial changes in the RSL and 
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fluvial contribution to the adjacent ocean. The proximity of the coastline to our core site 

enhanced the contribution of fluvial material, elevating turbidity, and dissolved inorganic 

nutrients supply in surface waters. Those changes, aligned with the reduced sea 

surface salinity (SSS), had a significant impact on phytoplankton response (Figure 17B 

and 17C). 

Another relevant aspect of the glacial period was the variability of precipitation over 

northeastern Brazil. High-latitude thermal changes with large intrusions of freshwater in 

the North Atlantic, known as Heinrich Stadials (HS), weakened the AMOC and reduced 

interhemispheric heat transport (Barker et al., 2009). The unbalanced distribution of 

sea surface temperatures over the Atlantic Ocean shifted the ITCZ toward the 

anomalously warm hemisphere (Broccoli et al., 2006; Mulitza et al., 2017). 

Consequently, northeastern Brazil experienced several wet phases due to the 

millennial-scale presence of the ITCZ to the south (Wang et al., 2004). The peaks in 

Ti/Ca ratio recorded in GL-1248 converge with the HS events and can be used as a 

tracer of fluvial discharge (Govin et al., 2012; Nace et al., 2014). The river outflow 

assemblage increased in abundance, due to their tolerance of low salinity waters and 

light limitation (Hardy et al., 2016; Kim et al., 2010; Marret and Zonneveld, 2003; 

Richerol et al., 2008). The presence of G. ruber (pink) corroborated Ti/Ca fluctuations 

due to its affinity for low SSS and warm waters and imprints better response to the 

precipitation events than to the RSL changes or the increase of turbidity at the sea 

surface (Schmuker and Schiebel, 2002). 
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Figure 17: Glacial-interglacial dinocyst assemblages pattern along with the last ~130 kyr. 

A) Open ocean assemblage relative abundance; B) Relative sea-level curve (Waelbroeck 

et al., 2002); C) River outflow assemblage relative abundance;D) G. ruber (pink) relative 

abundance; E) X-Ray fluorescence (XRF) Ti/Ca ratio (Venancio et al., 2018); F) kt index – 

S-cysts degradation index, with values higher than 4 filled in black; G) G. ruber (white) 

relative abundance. 

Although the glacial boundary conditions acted in favor of river outflow assemblage, 

we investigated the preservation of the dinocysts using the kt index (Zonnelveld et al., 

2010) (Figure 17F). The kt index exhibited values higher than 4 during interglacials, 

which suggested that the degradation of S-cysts needs to be taken into consideration 

due to more oxygenated waters at the surface sediments (Zonneveld et al., 2010). 

Thus, the response of the river outflow assemblage may be underestimated during the 

interglacials, since almost half of the river outflow species (Brigantedinium spp. and the 
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P. americanum) are sensitive to oxidative waters as shown in Table 2. Notwithstanding, 

the low relative abundance of the river outflow assemblage (< 20%) was consistent 

with the decrease in river freshwater input during interglacials and was corroborated by 

reduced relative abundances of G. ruber (pink) (< 4%) and Ti/Ca ratio values (< 0.2) 

(Figure 17C, 17D, and 17E). Compared to the glacial period, the RLS was higher in 

interglacials and may have hampered the influence of fluvial waters on the GL-1248 

sediment core-site. 

Over the interglacial periods, the RSL was higher, and the coastal contribution was 

narrowed. The open ocean assemblage prevailed over the interglacial periods, and this 

assemblage is composed of autotrophs dinocysts with low demand for nutrients (Vink 

et al., 2000; Bouimetarhan et al., 2009). We also applied the G.ruber (white) relative 

abundance as an indicator of warm and oligotrophic conditions in the water column 

(Kucera, 2007). Changes in the G.ruber (white) values were consistent with the general 

trend of the open ocean assemblage over the interglacials. During the glacial period, 

both proxies didn’t correlate, as the G. ruber (white) relative abundance didn’t show a 

pattern similar to the oscillation of RSL (Figure 17G, 17A, and 17B), and probably 

varied according to changes in sea surface temperature (SST). 

 

3.4.3 Oscillations of autotrophic assemblages over interglacials 

The relative abundance of open ocean assemblage and G. ruber (white) 

transpassed 35% during the MIS 1 and over most of the warm intervals of MIS 5 

(Figure 18A and 18B). Despite divergences over the MIS 5d, both proxies indicated the 

prevalence of warm, saline, and oligotrophic tropical waters at the sea surface during 

the interglacials. In contrast, the predominant assemblages of dinocysts presented an 

intermittent behavior and oscillated between open ocean and nutricline over the MIS5. 

Autotrophs dinocysts denoted the same nutritional strategy. Still, the nutricline and 

open ocean assemblages differed by their requirements of nutrient concentration (see 

Table S2). It is noteworthy that the nutricline assemblage improved its relative 

abundance (> 60%) during the warm substage MIS 5e (Figure 18C) with particular 

highlight to the specie S. mirabilis (Figure S17). The asynchrony between nutricline and 

the open ocean assemblage indicated oscillations in the concentration of the nutrients 

in the water column. The high RLS characteristic of interglacials followed by low Ti/Ca 

values (< 0.2), used as a proxy of the continental source (Figure 18D), led us to 

consider a different source of nutrients. Thus, these nutrients might come from more 

enriched water masses such as the SACW located below the thermocline. Other local 

studies also suggested more availability of nutrients during the warm substages of MIS 

5 (Rühlemann et al., 1996; Mulitza et al., 1998; Vink et al., 2002). 
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Figure 18: Comparisons between interglacials. A) The relative abundance of open ocean 

assemblage; B) The relative abundance of G. ruber (white); C) The relative abundance of 

nutricline assemblage; D) XRF Ti/Ca ratio (Venancio et al., 2018); E) Orbital eccentricity 

oscillation; F) Insolation of June at 60˚N; G) Stratification index ∆δ
18

Odut-rub (Venancio et 

al., 2018). 

The MIS 5e was considered an analog to pre-industrial temperature with similar 

atmospheric CO2 concentration, but with distinct orbital conditions and reduced north 

pole ice cap coverage (Dutton et al., 2015). Venancio et al. (2018) showed changes in 

upper ocean stratification in high-resolution for the record of GL-1248 marine sediment 

core. A thermal stratification index was constructed based on planktonic foraminifera 
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with distinct ecological distribution in the water column and applied to reconstruct 

variations on the thermocline depth according to the trade wind system. We suggested 

that the discrepancies in orbital eccentricity and insolation between MIS 5e and MIS1 

(Figure 18E and 18F) led to differences in trade winds system intensity. Possibly the 

decrease of the meridional temperature gradient over the Atlantic Ocean during the 

warm substages of the last interglacial may have provoked less intense trade winds 

over the equatorial Atlantic Ocean. Weakened zonal winds potentially attenuated the 

accumulation of warm surface waters in western tropical Atlantic, enabling the intrusion 

of SACW nutrients in the photic zone. The minimal stratification corroborated with our 

suggestion of enhanced availability of nutrients over the MIS 5e when compared with 

MIS 1 (Figure 18G). Another evidence for the relevance of trade winds to reduced 

stratification of thermocline at the western equatorial Atlantic during the warm periods 

of MIS 5 interglacials was the in-phase response of GL-1248 nutricline assemblage 

with the F. profunda high abundance in the RC24-7 marine sediment core (1'20.5'S, 

11'53.3'W), a coccolithophorid species associated with a deep nutricline at the eastern 

equatorial Atlantic (Molfino and McIntyre, 1990). Both proxies indicate that SE trade 

winds and SEC transport were reduced during the perihelion in June, boreal summer. 

Reduced transport of warm waters to the western portion of the equatorial Atlantic, 

consequently attenuated the piled up of water masses and triggered the proposed 

mechanisms. Vink et al. (2002) had already suggested weak trade winds as a possible 

mechanism that led to a shallower thermocline in the western equatorial Atlantic region. 

3.4.4 Millennial-scale changes in productivity in the western equatorial 

Atlantic  

The river outflow assemblage showed millennial-scale changes through the last 

glacial. The increase in the relative abundance of river outflow assemblage was linked 

to changes in the relative abundance of Brigantedinium spp. Between 65 and 30 kyr, 

the observed changes in river outflow assemblage seemed to match with HS4, HS5, 

HS5A (Figure 19A and 19B). The input of freshwaters by continental contribution 

increased during the last glacial with maxima during HS millennial-scale events (Govin 

et al., 2012; Nace et al., 2014). The study of Zhang et al. (2015) using neodymium (Nd) 

isotopic compositions of marine sediment cores GeoB 16224-1 and GeoB 16206-1 

showed no Amazon river contribution to our study area during HS1 (period of reduced 

AMOC transport). Based on these findings, we assumed that the Parnaiba river was 

the main continental source during HS events. 

Despite the match between the river outflow assemblage and HS events, no 

significant improvement was observed during the HS6 and HS3. For HS6, the river 
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outflow assemblage displayed a gradual decrease within the event, similar to the Ti/Ca 

ratio (Figure 19A and 19B), indicating a fluvial sediment retrenchment. In the 

continental part, the vegetation reflects the precipitation pattern. The millennial-scale 

precipitation events in northeastern Brazil was possibly the main driver of changes in 

vegetation structure. The increment of vegetation in the vicinity of the Parnaiba 

hydrographic basin might have promoted the soil stability, reducing the weathering 

(Dupont et al., 2010; Bouimetarhan et al., 2018). Prolonged wet periods probably 

induced the growth of trees and shrubs, which might have reduced the suspended 

material in the river plume. Low salinity sea surface and more light penetration benefit 

the widespread of neritic species (Figure 19C), as the pronounced increase of 

Lingulodinium machaerophorum (Figure S17) by the end of H6 indicated. For HS3, 

although there was a high relative abundance of river outflow assemblage (~80-70%) 

within the event, it was not synchronous with significant Ti/Ca fluctuations. The 

mismatch of results is not apparent. Still, we suggest that it may have occurred due to 

competition between species of the river outflow and nutricline assemblages as a 

consequence of the low sea level over the shallow continental shelf, harming the 

dominance of the river outflow assemblage (Figure 19B and 19E). 
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Figure 19: Millennial-scale variations in dinocyst assemblages between MIS 5a and MIS 3. 

A) XRF Ti/Ca ratio (Venancio et al., 2018); B) Relative abundance of the river outflow 

assemblage; C) Relative abundance of the neritic assemblage; D) Relative abundance of 

N. dutertrei; E) Relative abundance of the nutricline assemblage; F) Stratification 

index∆δ
18

Odut-rub (Venancio et al., 2018). 

Modern ecological studies show that the phytoplankton size-structure might change 

due to variations in the nutrient source, increasing the grazing (Cuevas et al., 2019). A 

robust input of freshwater in the adjacent ocean was possibly coupled with large 

amounts of dissolved inorganic nutrients, and enhanced turbulence at the sea surface 

creates perfect conditions to improve the primary productivity by diatoms (Smayda and 

Reynolds, 2001). Heterotrophs dinoflagellates are diatoms’ predators and can be 

interpreted as an indirect primary productivity proxy. The pronounced increase of 

heterotrophs dinocysts over the glacial was given by the combination of more tolerance 

to low salinity water and light restriction. Still, another possible factor that enabled food 
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for heterotrophic dinocysts was the shift in the phytoplankton community (Jeong et al., 

2004).  

Even in the absence of diatoms information for the record, we may not assume low 

productivity over the glacial period. The specie N. dutertrei is endemic of the western 

equatorial Atlantic, known as a tracer of higher productivity, and already used to infer 

the vertical mixing over the glacial period (Portilho-Ramos et al., 2017; Cléroux et al., 

2013). The N. dutertrei feed on phytoplankton without preferences and can be viewed 

as an intermediate indicator between the response of the river outflow and nutricline 

assemblage. Despite that, other environmental features beyond productivity could be 

imprinted in N. dutertrei response, such as temperature changes and open ocean 

conditions. The mechanisms leading the nutricline assemblage pattern over the glacial 

were not evident, and changes in the relative abundances of N. dutertrei didn't follow 

the same trend of the nutricline assemblage (Figure 19D and 19E).  

Despite the predominance of heterotrophic dinocysts during the glacial, the H/A 

ratio oscillates in the early MIS 3 (~60-45 kyr BP). The H/A ratio fluctuation indicates 

changes in the nutrient source in millennial-scale variability. The reductions in the 

nutricline assemblage during HS, except HS3, suggest that dinoflagellate productivity 

was low during these events. In contrast, the nutricline assemblage had improved its 

relative abundance (> 30%) post-HS events (H6, H5a, and H4), characterized by more 

potent trade winds. Portilho-Ramos et al. (2017) suggested that ITCZ displacements 

strengthened the trade winds system and promoted more wind-driven vertical mixing. 

The stratification index values oscillated between 0.75 and 2.0 over the glacial period 

(Venancio et al., 2018). The peaks in the relative abundance of the nutricline 

assemblage might be explained by coupling more wind-driven vertical mixing post-HS 

events and with values that indicate a shallower thermocline (Figure 19F). Possibly 

more vigorous SE trade winds increased the mix-wind driven the water column and 

provided an increased amount of nutrients in the photic zone post-HS events. In 

general, our proxies pointed to a more productive glacial period than previously 

considered for the region (Rühlemann et al., 1996; Bickert et al., 1997; Mulitza et al., 

1998). 
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3.5 Conclusions 

We investigated the hydrography and productivity changes in an oligotroph region 

over distinct past climatic backgrounds. The dinocyst assemblages showed to be 

sensitive to different nutrient sources and ocean-atmosphere processes. The 

autotrophic taxa prevailed during the interglacials, and heterotrophic taxa were more 

abundant over the glacial period. Singularities in dinoflagellate assemblages were 

observed between interglacial periods (Holocene and MIS 5e). The particular orbital 

features of each interglacial period created different thermal gradients throughout the 

Atlantic ocean and altered the trade winds' intensity between them. Two autotrophic 

dinocyst assemblages with distinct nutrient requirements (open ocean and nutricline) 

interchanged the predominance over the Holocene and MIS 5e. The antiphase 

between the open ocean and nutricline assemblages denoted mainly fluctuations in the 

availability of nutrients in the photic zone. The significant increase in the relative 

abundance of nutricline assemblage during the MIS 5e suggested a more productive 

period than MIS1. Attenuated trade winds during MIS 5e might have promoted the 

relaxation of thermocline stratification at western equatorial Atlantic, facilitating nutrient 

diffusion in the photic zone. 

During the last glacial period, the enhanced gradient of temperature over the 

Atlantic ocean compressed climatic zones towards the equator, driving more vigorous 

trade winds. The displacements of ITCZ were accompanied by the reduction of 

Parnaíba river discharge and the intensification of SE trade winds, which enabled the 

northward transport of warmer sea surface waters. The strengthened of SE trade winds 

promoted enhanced wind-driven vertical mixing in the ocean surface and a shallower 

thermocline, indicated by low values of the stratification index (< 1). The ITCZ shifts 

probably improved the relative abundance of nutricline assemblage post-HS events, as 

more nutrients were available in the photic zone. The HS events were marked by the 

continued presence of the ITCZ over northeastern Brazil, and followed by a substantial 

fluvial input to the adjacent ocean. The intensified runoff might have increased the 

turbidity and turbulence on the sea surface. We suggest that the autotrophic 

phytoplankton community shifted preferentially from dinoflagellates to diatoms. Still, the 

heterotrophic dinocysts were benefited over the glacial period by the presence of 

diatoms, increased turbidity, and low salinity. The pronounced wet periods might have 

altered the structure of continental vegetation, with more trees and shrubs. The 

enhanced soil stability possibly reduced the river plume turbidity and benefited the 

neritic assemblage by the end of HS6. We created conceptual models of environmental 

processes during past intervals, as previously described in our discussions (Figure 20). 
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Figure 20: The conceptual model with the main environmental forces acting on three 

different scenarios: 1) Comparisons between MIS 5 and the last glacial hydrography, with 

sea-level and continental contribution discrepancies, and the NBC proximity to the 

continental shelf; 2) Comparisons between interglacials, with singular differences in 

trade winds intensity and nutrient diffusion in the photic zone; 3) Comparisons between 

HS and post-HS, with changes in river outflow, river plume, vegetation, and trade winds 

intensity. The blue arrows indicate the vertical mixing occurring in the water column. The 

size of the arrows is a reference to the quantity of the proposed processes. The gradient 

of colors in the ocean (red to orange), also represents the thermal stratification. 
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4 CONCLUSIONS AND FUTURE CHALLENGES 

 The marine core GL-1248, retrieved from the continental slope and under the 

influence of the Parnaíba river discharge, recorded ecological responses over the last 

130kyrs. Palynological analysis of pollen grains and spores enables us to infer changes 

in the continental environment, carried by the river outflow to the seabed. 

Synchronically, changes in dinoflagellate cysts assemblages allowed us to identify 

autochthonous oscillations in past primary productivity of the surface of the ocean. The 

ITCZ displacements are a crucial component in the precipitations patterns in 

Northeastern Brazil, and the ecological responses were guided by past shifts of the 

ITCZ over northeastern Brazil. The pulses of the Parnaiba River discharge was the 

integrative guiding line between reconstructed the vegetation of Parnaíba Hydrographic 

Basin, as well as inferences of the hydrography and paleoproductivity changes in the 

adjacent ocean.  

Based on the information presented, the following conclusions are given: 

 

 We used the delta coverage to infer the prevalence of vegetation type in 

northeastern Brazil according to water availability. The ITCZ was considered 

the primary source of moister in the region, whereas gains in the delta coverage 

reflected the improvement of rainforest vegetation and more wet period. The 

reconstructed rainforest lowland appeared to be sensible to HS precipitation 

events. Still, the spectral analyses have shown rainforest periodicity was better 

aligned with orbital cycles (precession and obliquity). At the same time, the 

open vegetation is more susceptible to changes according to millennial time-

scale events. This work reinforced the concept of ecological corridors, and we 

suggest that the species' dispersion and genetic-flow through northeastern 

Brazil must also be modulated by orbital forcing. 

 The dinocysts assemblages of open ocean and river outflow displayed a glacial-

interglacial distribution pattern, dictated by the oscillation of sea level. Over the 

glacial period, the nutricline assemblage shifted in anti-phase to past ITCZ 

displacements, and the enhancement of the assemblage was related to the 

strength of the trade wind system. During the interglacials, two autotrophs 

dinocyst assemblages with different nutrient requirements interchange during 

the MIS5. We suggested that past productivity changed according to the 

variability of nutrients in the photic zone led by ocean-atmosphere processes. 

We also highlighted the significant discrepancies in tradewinds' strength 
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between the current and past interglacials periods, as longs as attenuated trade 

wind system led to oligotrophic conditions in the western equatorial Atlantic. 

 

 The reconstruction of past vegetation and ocean surface hydrography and 

paleoproductivity over the last ~130 kyr provide new perspectives of long-term 

environmental changes. The climate has changed over geological time, and the planet 

orbital conditions might relate semi-arid conditions in northeastern Brazil for long. Still, 

the anthropogenic climate disturbances created by excessive emissions of greenhouse 

gases hampers future predictions. However, the effects of global warming and 

anthropogenic impacts are already evident in our daily lives. The actual coverage of 

dense vegetation represents less than 15% (MAPBIOMAS, 2015). If our data can be 

compared to current standards, the forest vegetation has only experienced equivalent 

values under drought climate events. The non-attendance of containment actions for 

future climatic damage or the absence initiatives to preserve the local environment may 

enhance environmental degradation, poverty to the local population, and immeasurable 

losses to the biodiversity of northeastern Brazil. Different fields of knowledge should 

cooperate to integrate better information about the patterns biodiversity spread in 

South America. Regarding the investigations carried out in the adjacent ocean, studies 

on the ecology and motile capacity of dinoflagellates in the water column can be 

enriching for future interpretations regarding the distribution of dinocyst in marine 

sediment cores. 
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5 Supplementary material: 
Table S1 - All pollen grains types identified in GL-1248 marine core and their 

classification. 
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Table S2 - Compilation of GL-1248 marine core dinocysts information. The species 
names, abbreviations, nutritional requirements, ecological affinities, selective 
preservation (S-cyst and R-cyst groups), and geographic distribution. 
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Pollen diagram of the marine core GL 1248 

Figure S1: Open vegetation pollen diagram part 1, represented by the following pollen types: Amaranthaceae Alternathera, Amaranthaceae 

Gompherena-Pfaffia type, Amaranthaceae/ Chenopodiaceae, Anacardiaceae, Anthemideae, Matricaria, Apocynaceae, Araliaceae Didymopanax, 

Asteraceae, Asteraceae subf. Asteoideae, Asteraceae subf. Cichorioideae, Asteraceae Trichocline, Cactacea, Caryocaraceae, Combrataceae. 
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Figure S2: Open vegetation pollen diagram part 2, represented by the following pollen types: Fabaceae, Fabaceae bauhinia, Fabaceae dioclea, 

Fabaceae mucuna, lamiaceae, Lythraceae cuphea, malvaceae, mimosaceae, poaceae, Rubiaceae borreria, Rubiaceae faramea, Rubiaceae 

psychotria, Rubiaceae Spermacouceae, scrophulariaceae, Turneraceae Turnera  Panamensis, Verbenaceae Aegiphila, Vitaceae vitis tiliifolia. 
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Figure S3: Rainforest lowland pollen diagram part 1, represented by the following pollen types: Acanthaceae, Acanthaceae Justicia pectoralis, 

Solanaceae Solanum, Arecaceae, Arecaceae Mauritia, Bignoniaceae, Bombacaceae, Boraginaceae, Cordia, Burseraceae Protium, Cannabaceae 

Celtis, Convolvulaceae, Curcubitaceae, Dilleniaceae Doliocarpus type, Euphorbiacea Alchornea, Euphorbiaceae Sebastiana brasiliensis, 

Flacourtiaceae, Flacourtiaceae Banara. 
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Figure S4: Rainforest lowland pollen diagram part 2, represented by the following pollen types: Malpighiaceae, Malpighiaceae 2, Malpighiaceae 

byrsonima, Malpighiaceae small type, Melastomatacea/ Combretaceae, Meliaceae, Moraceae-Urticaceae, Phytolaccaceae Gallesia, Piperaceae, 

Rubiaceae, Rutaceae Zanthoxylum, Salicaceae salix, Sapindaceae allophylus, Symphonia Globulifera, Theaceae Gordonia. 
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Figure S5: Pollen diagram with the groupings mountain vegetation, wetland, mangrove, and exotic, represented by the following pollen types: 

Aquifoliaceae Ilex, Chloranthaceae hedyosmum, Myrsinaceae Myrsine, Podocarpaceae podocarpus, Cunoniaceae Weinmannia, Symplocaceae 

symplocos tenuifolia type, Ericaceae, Cyperaceae, Iridaceae, Lentibulariaceae Utricularia, Onagraceae ludwigia, Acanthaceae Avicennia, 

Rhizophoraceae Rhizophora, Polygonaceae, Alnus, Plantaginaceae Plantago, Pinaceae Pinus. 
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Figure S6: Pollen diagram with the groupings pioneer vegetation, indeterminate vegetation, and unknown types, represented by the following 

pollen types: Convolvulaceae Ipomoea, Celastraceae Hippocrateaceae volubilis, Euphorbiaceae, Boraginaceae, Bromeliaceae, Caricaceae, 

Loranthaceae, Marcgraviaceae, Menispermaceae, unidentified pollen types, unknown, Triporate psilate, Tricolporate reticulate, Tricolporate 

scabrate, Tricolporate verrucate, Tricolporate equinate, Tricolporate psilate, Tricolpade reticulate, Tricolpade psilate, Tetracolporate psilate, 

Tetraporate psilate, Tetracolpade psilate, Pericolpade reticulate, Periporate 
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Spore diagram of the marine core GL 1248 

 

Figure S7: Spore diagram part 1, with the groupings monolete, Cyatheaceae spp., and wetland spores, represented by the following pollen 

types: Monolete baculate, Monolete equinate, Monolete escabrate, Monolete estriade, Monolete gemade, Monolete reticulate, Monolete reticulate, 

verrucare, Monolete verrucare, Cyathea Hemitelia, Cyathea Horrida, Cyathea Schanschin-type, Cyatheaceae spp., Isoetaceae Isoetes, 

Lycopodium Cerrum, Pseudoschizaea Rubina, Sabinia type, Selaginellaceae Selaginella. 
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Figure S8: Spore diagram part 2, with the trilete types represented by the following pollen types: Trilete baculate, Trilete equinate, Trilete equinate 

fine, Trilete gemade, Trilete Hymenophyl, Trilete psilate, Trilete psilate fine, Trilete round psilade fine, Trilete round gemade fine, Trilete round 

reticulade fine, Trilete reticulate, Trilete reticulate fino, Trilete reticulate verrucare, Trilete reticulate verrucare fine, Trilete verrucate, Trilete 

verrucate fine, Trilete reworked, Tree fern. 
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List of the photographs of selected pollen grains and spores  

 
Figure S9: Pollen types: A- Arecaceae Mauritia, B- anacardiaceae, C-Hippocratea 

volubilis,D- Polygala sp. Polygalaceae, E- Clusiaceae Symphonia globulifera, F- 

Asteraceae, G- Euphorbiacea Alchornea, H- ilex, I-Symplocos, J- loranthaceae, K- 

Fabaceae, L- Lycopodium cerrum, M- Euphorbiaceae Sebastiana brasiliensis, N- 

Iridaceae, O- Pinus, P- Podocarpus, P.2- Podocarpus reworked, Q- Arecaceae, R.1- 

Amaranthaceae gompherena pfaffia type, R.2- Amaranthaceae gompherena pfaffia type, 

S- malpighiaceae, T- sapindaceae, U- alnus, V- pediastrum, W- pseudoschizaea spp., X- 

Myrsinaceae, Y.1- Rubiaceae spermacoceae, Y.2- Rubiaceae spermacoceae. 
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Figure S10: Pollen types: A- Ipomoea, B- borreria latifolia type, C- Ericaceae, D.1- 

Rhamnaceae, D.2- Rhamnaceae, E.1- cyperaceae, E.2- cyperaceae, F- poaceae, G- 

rhizophora, H- Verbenaceae, I.1- hedyosmum, I.2- hedyosmum, J- lamiaceae, K- borreria, 

L.1- Tree fern, L.2- Tree fern, M.1-broken Cyathea hemitelia, M.2- broken Cyathea 

hemitelia, N- Selaginellaceae selaginella, O.1- Cyatheaceae spp., O.2- Cyatheaceae spp., 

P- Monolete gemade, Q- Trilete reticulate fine. 
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Figure S11: Delta coverage, positive values indicate an increase in rainforest lowland (filled in green) and negative values indicate an increase in 
open vegetation (filled in yellow); Speleothems grow phases from Toca da Boa Vista (TBV) and Lagoa dos Bretões (LBR) (Wang et al., 2004); Two 
speleothems from Lapa Grange cave, central west of Brazil, LG - 12B (in pink) and LG - 10 (in blue) (Strikis et al., 2018); (E) GL-1248 XRF Ti/Ca ratio 
(Venancio et al., 2018). The Heinrich Stadials (HS), are marked in blue, and the MIS 4 is highlighted in gray. 
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Figure S121: Comparison between (A) Delta structure; positive values indicate an increase in threes and shrubs (filled in green), and negative 
values indicate an increase of herbs (filled in yellow); (B) Delta coverage, positive values indicate an increase in rainforest lowland (filled in green), 
and negative values indicate growth of open vegetation (filled in yellow). 
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Figure S13: Distinct sites of South America and the vegetation response to different 
sources of moisture into the continent (SASM and ITCZ shifts) during the Pleistocene. 1-
Fúquene2 (05°27′N 73°46′W) (van der Hammen and Hooghiemstra, 2003); 2-Titicaca 
(16°20′S, 65°59′W) (Paduano et al., 2003, Hanselman et al., 2011); 3-Colônia basin 
(23°52′S, 46°42′W) (Rodriguez-zorro et al., 2020). 

 

Figure S14: Pollen record over South America and different sources of moisture into the 
continent (SASM and ITCZ). 1 - Fúquene2 (05°27′N 73°46′W) (van der Hammen and 
Hooghiemstra, 2003); 2 - Titicaca (16°20′S, 65°59′W) (Paduano et al., 2003, Hanselman et 
al., 2011); 3 - Colônia basin (23°52′S, 46°42′W) (Rodriguez-zorro et al., 2020); Red star - 
GL-1248 (this study). 
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Figure S15 - Bathymetric profile of Barreirinhas bight and its present oceanographic 

conditions a) conservative temperature and b) absolute salinity, based on the World 

Ocean Atlas WOA13 (Boyer et al., 2013) and converted toTEOS-10 Standard. We highlight 

the average salinity and depth of the main water masses salinity (Tropical Water – TW; 

South Atlantic Central Water – SACW; Antarctic Intermediate Water – AAIW; North 

Atlantic Deep Water – NADW), following Stramma and England (1999) and adapted for 

TEOS-10 using Wright et al., (2011). 

 

Figure S16 – Comparative size between Amazon and Parnaíba Hydrographic Basins. 
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Dinocysts diagram of the marine GL 1248 

 

Figure S1227 - Selection of major (> 5%) non-heterotrophic dinocyst species represented in relative abundance. In black the species established in 

the Neritic assemblage in green the species that were established as Nutricline assemblage and in red the species that were established as Open 

ocean assemblage. 
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Figure S18 - Selection of major (> 5%) heterotrophic dinocyst species represented in relative abundance. In blue species that were established as 
River outflow assemblage, in black, the species established in the Neritic assemblage and in green the species that were established as Nutricline 
assemblage. 
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Planktonic diagram of the marine GL 1248 

 
Figure S19 - GL-1248 marine core planktonic foraminifera species represented in relative 

abundance. In green, the species that were related to enhanced productivity (N. 

dutertrei), in red, the species related to oligotrophic conditions (G. ruber (white)), and in 

blue species related to low salinity (G. ruber (pink)). 
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List of the photographs of selected dinocysts 

 

Figure S20- Dinocysts types: A- Selenopemphix nephroides, B.1- Spiniferites bentorii, 
B.2- Spiniferites bentorii, B.3- Spiniferites bentorii, C.1- Tuberculodinium vancampoae, 
C.2- Tuberculodinium vancampoae, D.1- Spiniferites pachydermus, D.2- Spiniferites 
pachydermus, E.1- Impagidinium paradoxum, E.2- Impagidinium paradoxum, E.3- 
Impagidinium paradoxum, F- Impagidinium aculeatum, G- Dalella chathamensis, H- 
Polysphaeridium zoharyi, I- Protoperidinium americanum, J- Brigantedinium spp, K- 
Nematosphaeropsis labyrinthus, L.1- Pentapharsodinium dalei, L.2- Pentapharsodinium 
dalei, M.1- Lingulodinium machaerophorum, M.2- Lingulodinium machaerophorum 


