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A B S T R A C T   

Scientific projections point to the increase of greenhouse gas levels in the atmosphere will turn the oceans 
warmer and, consequently, the upper layer of the thermohaline circulation will get thicker, restricting the 
productivity areas. Oligotrophic conditions will tend to prevail, and expanding the range of proxy data in oli
gotrophic oceans, across different climate scenarios, has the potential to improve predictions of climate models 
about how primary productivity will respond. Still, the variability of past primary production in the equatorial 
Atlantic remains elusive. We used organic-walled dinoflagellate cysts (dinocysts) assemblages to reconstruct 
changes in the sea surface hydrography and productivity in the western equatorial Atlantic over the last ~130 
kyr. Four dinocysts assemblages were defined: open ocean, river outflow, neritic and nutricline assemblages. 
Multiple proxies were used to support the environmental changes evidenced by the observed variations in the 
dinocyst assemblages, such as the X-ray fluorescence (XRF) Ti/Ca ratio, and planktonic foraminifera abundances. 
We observed glacial-interglacial as well as the millennial-scale changes in the dinocyst assemblages. A clear 
glacial-interglacial pattern was marked by more autotrophs dinocysts over the interglacials and the prevalence of 
heterotrophs dinocysts during the glacial period. We pointed out the interchange of autotrophs assemblages 
(nutricline and open ocean) over the interglacials intervals, denoting divergences in nutrient availability. During 
the last glacial period, precipitation events occurred in northeastern Brazil due to southward displacements of 
the Intertropical Convergence Zone (ITCZ). The increase of precipitation boosted the freshwater input to the 
adjacent ocean, and the dinocyst assemblages oscillated in response to such freshwater/salinity changes. Over 
the glacial period, dinocysts with different nutritional requirements (autotrophs and heterotrophs) varied fol
lowing the ITCZ displacements. Thus, in this study, we showed the influence of ocean-atmospheric processes on 
the ocean and investigated the productivity in an oligotrophic region over distinct past climatic backgrounds.   

1. Introduction 

Despite the relevance of more productive areas for the global carbon 
budget, the world's oceans have large-scale oligotrophic conditions. In a 
global warming scenario, oligotrophic regions of the oceans will tend to 
increase, as the warm upper layer of the thermohaline circulation will 
get thicker. Understand the responses of phytoplankton organisms in 
these regions over different climatic conditions has the potential to 
optimize climate simulations. The western equatorial Atlantic is char
acterized 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 sub
tropical 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., 
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1999; Venancio et al., 2018). Oscillations in the thermocline thickness 
possibly influenced past productivity by modulating the nutrients dif
fusion 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 (Leroux, 1993; Parkin, 1974). 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 north
eastern Brazil. Rivers that flow into the ocean increased their fresh
water 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) (Hardy et al., 2016; Gu et al., 2017). In 
the western equatorial Atlantic, 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 re
construct 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 re
gions. In this context, we aimed to evaluate the glacial-interglacial, 
millennial-scale changes in the sea surface hydrography and pro
ductivity, as well as the main processes linked to the observed varia
tions at the western equatorial Atlantic over the last ~130 kyr. 

2. 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 m deep, the Antarctic Intermediate Water 
(AAIW) established between 800 and 1.500 m deep, and the South 
Atlantic Central Water (SACW) which occupies the range of 200–500 m 
deep. The SACW flows between the AAIW and the Tropical Water (TW) 
at the surface layer (Stramma and England, 1999) (Fig. S1). 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 

Fig. 1. 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 16,206 (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 arrow. The dashed black line displays the approximate southern position of the 
Intertropical Convergence Zone (ITCZ) during austral summer (December–March). (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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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 north
eastern Brazil. The Barreirinhas Bight had a shallow continental shelf, 
~75 m (m) below the sea surface (Mohriak, 2003; Krueger et al., 
2012;), with a vertical gradient. The marine sediment core was about 
160 km distance from the modern coastline (Fig. 1). The GL-1248 core 
was collected 280 km from the Parnaiba River fan and approximately 
740 km from the Amazon River fan (Fig. S2). These geographical fea
tures 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 (Mallin 
et al., 1993; Price et al., 2016). 

3. Material and methods 

3.1. 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 re
ference curves. The radiocarbon analysis was performed on planktonic 
foraminifera species Globigerinoides ruber (white) and Trilobatus saccu
lifer (planktonic foraminifera). The radiocarbon ages were used to 
generate a chronology for the upper 6.30 m of the core. The radio
carbon 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 derived from tie points created be
tween 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. 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 s) 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 Paly
nology 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 abun
dance 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. 

3.3. Dinoflagellate cyst indexes 

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 Eq. (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 ma
terial, Table S1) 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) (Eq. (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). 

Kt equation: 

kt: ln (X /X )i f (1)  

H/A ratio equation: 

= +H/A ratio H cysts/(H–cysts A cysts) (2)  

3.4. 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 24 h. 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. 

3.5. 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 measure
ment, regarding the 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. Pa
leontological Statistics (Past3) software was used to perform CA sta
tistical analysis (Hammer et al., 2001). 
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4. Results 

4.1. 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) (Fig. 2A). A total of 31 dinoflagellate cyst 
taxa were identified from 131 sediment samples. The dinocyst con
centrations were generally low in GL-1248 (Fig. 2B), 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) (Fig. 2C). 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). 

4.2. 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 (Fig. 2D). The Brigantedinium 

spp. was pacing the dominance index and, as a consequence, was the 
most frequent heterotrophic dinocysts in the relative abundance (Fig. 2 
D, E, and G). 

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 (Fig. 2F). 

4.3. Dinoflagellate cyst relative abundances 

The autotrophic species (Figs. 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%), Spiniferites spp. (up to 29%), Spinifer
ites membranaceus (up to 26%), and Spiniferites pachydermus (up to 
26%). Other dominant autotrophic species were Operculodinium cen
trocarpum (up to 26%), Tuberculodinium vancampoae (up to 19%), Pen
tapharsodinium 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 (Fig. S4) were the most common during MIS 
3, mainly represented by Brigantedinium spp. (up to 66%), Echinidinium 

Fig. 2. A) Sedimentation rate (cm/kyr); B) Total dinocysts concentration (102cysts/cm3); C) Dinocysts influx (102cysts/cm2/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. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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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%). 

4.4. 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 du
tertrei (up to 20%) and Globigerinoides ruber (pink, up to 11.8%) (Fig. 
S5). 

5. Discussion 

5.1. Dinoflagellate cysts ecological affinities 

The CA established the ecological clusters between different dino
flagellate cysts (Fig. 3), 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 cen
trocarpum, Spiniferites bentorii, Spiniferites membranaceus, and Spiniferites 
pachydermus. Those species are autotrophs and related to warm, oli
gotrophic, 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 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 out
flow 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 ne
phroides, and Trinovantedinium applanatum. 

In general, the species Dalella chathamensis, Echinidinium aculeatum, 
Echinidinium granulatum, Echinidinium transparantum, Impagidinium pa
tulum, 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 
(Vink et al., 2000; Zonneveld et al., 2013; Gu et al., 2017). We desig
nated 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 de
fined 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, Im
pagidinium, Impagidinium paradoxum, Impagidinium strialatum, Lingulo
dinium 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, se
lective preservation, and geographic distribution is shown in Table S1. 

Fig. 3. 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 ma
chaerophorum (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). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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5.2. Glacial-Interglacial changes of sea surface hydrography in the western 
equatorial Atlantic 

Our results exhibited changes in the prevalence of dinocyst assem
blages according to their nutritional requirements over the glacial and 
interglacial periods, as shown in Fig. 4. The open ocean assemblage 
showed a synchronous variation with RSL changes, with improved re
lative abundance during the interglacials (Fig. 4A and B). 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-in
terglacial changes in the RSL and 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 in
organic nutrients supply in surface waters. Those changes, aligned with 
the reduced sea surface salinity (SSS), had a significant impact on 
phytoplankton response (Fig. 4B and C). 

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 interhemi
spheric heat transport (Barker et al., 2009). The unbalanced distribu
tion of sea surface temperatures over the Atlantic Ocean shifted the 
ITCZ towards 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 sali
nity waters and light limitation (Marret and Zonneveld, 2003; Richerol 
et al., 2008; Kim et al., 2010; Hardy et al., 2016). 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). 

Although the glacial boundary conditions acted in favor of river 
outflow assemblage, we investigated the preservation of the dinocysts 
using the kt index (Zonneveld et al., 2010) (Fig. 4F). The kt index ex
hibited values higher than 4 during interglacials, which suggested that 
the degradation of S-cysts needs to be taken into consideration due to 

Fig. 4. 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. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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more oxygenated waters at the surface sediments (Zonneveld et al., 
2010). Thus, the response of the river outflow assemblage may be un
derestimated during the interglacials, since almost half of the river 
outflow species (Brigantedinium spp. and the P. americanum) are sensi
tive to oxidative waters as shown in Table S1. Notwithstanding, the low 
relative abundance of the river outflow assemblage (< 20%) was con
sistent 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) (Fig. 4C, D, and E). 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 (Fig. 4G, A and B), and probably 
varied according to changes in sea surface temperature (SST). 

5.3. 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 (Fig. 5A and B). 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 require
ments of nutrient concentration (see Table S1). It is noteworthy that the 
nutricline assemblage improved its relative abundance (> 60%) during 
the warm substage MIS 5e (Fig. 5C) with particular highlight to the 
specie S. mirabilis (Fig. S3). 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 in
terglacials followed by low Ti/Ca values (< 0.2), used as a proxy of the 
continental source (Fig. 5D), 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). 

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 stratifi
cation in high-resolution for the record of GL-1248 marine sediment 
core. A thermal stratification index was constructed based on plank
tonic foraminifera 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 dis
crepancies in orbital eccentricity and insolation between MIS 5e and 
MIS1 (Fig. 6E and F) 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 equatorial 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 (Fig. 5G). 
Another evidence for the relevance of trade winds to reduced stratifi
cation 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 me
chanism that led to a shallower thermocline in the western equatorial 
Atlantic region. 

5.4. 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 
(Fig. 6A and B). 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 16,224–1 and GeoB 16,206–1 showed no sig
nificant Amazon river contribution to our study area during HS1 
(period of reduced AMOC transport). Based on these findings, we as
sume 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. The river outflow assemblage displayed a gradual decrease within 
the event during late MIS4, similar to the Ti/Ca ratio (Fig. 6A and B), 
indicating a fluvial sediment retrenchment. In the continental part, the 
vegetation reflects the precipitation pattern. The millennial-scale pre
cipitation 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 sus
pended material in the river plume. Low salinity sea surface and more 
light penetration benefit the widespread of neritic species (Fig. 6C), as 
the pronounced increase of Lingulodinium machaerophorum (Fig. S3) 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 major Ti/Ca fluctuations. The mismatch of 
results is not clear. Still, we suggest that it may have occurred due to 
competition between species of the river outflow and nutricline as
semblages, as a consequence of the low sea level over the shallow 
continental shelf, harming the dominance of the river outflow assem
blage (Fig. 6B and E). 

Modern ecological studies show that the phytoplankton size-struc
ture 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 dia
toms' predators and can be interpreted as an indirect primary pro
ductivity proxy. The pronounced increase of heterotrophs dinocysts 
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over the glacial was given by the combination of more tolerance to low 
salinity water and light restriction. Still, another possible factor that 
possibly enabled food 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 (Cléroux et al., 2013; Portilho-Ramos 
et al., 2017). The N. dutertrei feed on phytoplankton without pre
ferences 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 abun
dances of N. dutertrei didn't follow the same trend of the nutricline as
semblage (Fig. 6D and E). 

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 mil
lennial-scale variability. The reductions in the nutricline assemblage 

Fig. 5. 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 (Berger and Loutre, 
1991); G) Stratification index ∆δ18Odut-rub (Venancio et al., 2018). 
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during HS, except HS3, suggest that dinoflagellate productivity was low 
during these events. In contrast, the nutricline assemblage had im
proved its relative abundance (> 30%) post-HS events (H6, H5a, and 
H4). In the western equatorial South Atlantic, the SE trade winds 
modulate the transport of the SEC and the NBC (Johns et al., 1998;  
Stramma et al., 1995), and during HS events the AMOC is reduced, as 
well as the transport of SEC and NBC (McManus et al., 2004). Portilho- 
Ramos et al. (2017) demonstrated that the ITCZ displacements pro
moted more wind-driven vertical mixing near NE Brazil and deepened 
the mixed layer. Aligned with that, the stratification index values os
cillated between 0.75 and 2.0 over the glacial period, with reduced 
stratification values before and after HS events (Venancio et al., 2018). 
The peaks in the relative abundance of the nutricline assemblage might 
be explained by the conjuncture of factors, as the reduced river dis
charge, more wind-driven vertical mixing post-HS events, and with the 
relaxation of the thermal stratification of the thermocline (Fig. 6F). The 
reestablishment of NBC promoted by more vigorous SE trade winds 
increased the mix-wind and provided more nutrients in the photic zone. 
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). 

6. 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 ob
served between interglacial periods (Holocene and MIS 5e). The par
ticular 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) inter
changed the predominance over the Holocene and MIS 5e. The anti
phase 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 assem
blage during the MIS 5e suggested a more productive period than MIS1. 
Attenuated trade winds during MIS 5e might have promoted the re
laxation 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 in
tensification 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 

Fig. 6. 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 ∆δ18Odut-rub (Venancio et al., 2018). 
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and a shallower thermocline, indicated by low values of the stratifica
tion 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 
prolonged 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 pro
nounced 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 en
vironmental processes during past intervals, as previously described in 
our discussions (Fig. 7). 

Fig. 7. The conceptual model with the main environmental forces acting on three different scenarios: 1) Comparisons between MIS 5 and the last glacial hydro
graphy, 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. (For interpretation of the references 
to colour in this figure legend, the reader is referred to the web version of this article.) 
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