
1. Introduction
Reconstruction of changes in marine primary productivity during the Pleistocene is crucial for understand-
ing the climate dynamics on glacial/interglacial (G/I) and suborbital timescales (e.g., Beaufort et al., 1997; 
Kinkel et al., 2000; Molfino & McIntyre, 1990) and the effect of the ocean biological pump on the evolution 
of atmospheric CO2 (e.g., Mix, 1989). Given proliferation of coccolithophores, a major group of calcifying 
phytoplankton, is tightly related to changing surface physicochemical conditions (i.e., light, nutrient con-
centration, salinity, temperature and turbulence), high resolution records of coccolithophore calcite plates 
(coccoliths) provide a valuable tool for paleoclimate and paleoceanographic reconstructions (e.g., Baumann 
& Freitag, 2004; Flores et al., 1997).

The Iberian Margin (IbM) is a benchmark region for the assessment of possible links between Northern 
Hemisphere and mid-latitude climatic signals (e.g., Martrat et  al.,  2007; Rodrigues et  al.,  2011). Crucial 
atmospheric and hydrological systems in the North Atlantic affect the IbM, as (i) the Iberian Canary Cur-
rent eastern boundary upwelling (see Relvas et al., 2007) triggering the upwelling of cold and nutrient-rich 
subsurface waters during spring/summer at the IbM (May to September; Abrantes & Moita, 1999; Moita 
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et al., 2010; Silva et al., 2009); (ii) the surface ocean boundary between the subpolar and subtropical gyres 
(Ruddiman & McIntyre, 1981) and (iii) the proximity to the southernmost limit where northern hemisphere 
icebergs have reached and melted, favoring the accumulation of high quantities of ice-rafted detritus (IRD) 
and the surface influence of meltwaters in this region (e.g., Lebreiro et al., 1996; Martrat et al., 2007; Shack-
leton et al., 2000; Vautravers & Shackleton, 2006). Thus, primary productivity variations at the IbM during 
extended intervals of the Pleistocene could be the result of substantial atmospheric and hydrological chang-
es in the North Atlantic region.

Previous studies for the last glacial cycle and former periods of the Pleistocene at the IbM (e.g., Incarbona 
et al., 2010; Pailler & Bard, 2002) observed contrasted scenarios of reduced/increased primary productivity 
during respectively interglacials/transitional stages and glacials. Pailler and Bard (2002) linked this to the 
enhanced wind-driven upwelling controlled by shifts in the atmospheric circulation patterns over the North 
Atlantic, that were favored by substantial changes in northern hemisphere ice volume. Further work of 
Cavaleiro et al. (2020) observed similar patterns of coccolithophore productivity in response to G/I and mil-
lennial-scale variability, primarily attributed to variations in the dominant surface water masses and their 
influence (i.e., changes in nutrient content) on the state of competition between phytoplankton groups, but 
suggested to be connected to wind-driven upwelling. However, in these studies a clear determination of the 
mechanisms controlling vertical mixing dynamics and fertilization was severely hampered by the absence 
of direct information about prevailing wind regimes and atmospheric configuration. Addressing this ques-
tion requires direct comparison of primary productivity records with those of continental and oceanic con-
ditions derived from the same marine sequence, allowing a better evaluation of the interactions between the 
atmosphere, ocean and land systems, and modeling validation (e.g., Hernandez et al., 2021). Furthermore, 
extreme episodes of iceberg calving, such as the Heinrich events of the las glacial cycle or the Heinrich 
stadial-type events up to the middle Pleistocene, when subpolar fronts experimented marked southward dis-
placements down to 40°N (e.g., Eynaud et al., 2009; Naughton et al., 2009; Rodrigues et al., 2011), are known 
to lead coastal upwelling weakening or cessation by the southward incursion of iceberg-melting waters (e.g., 
Ausín et al., 2020; Voelker et al., 2010).

The interval between the Marine Isotope Stages (MIS) 12 to 9 (from 450 to 320 ka) is a key period of con-
trasted warm and cold stages associated with different baseline conditions (i.e., orbital, ice volume, CO2). 
It encompasses the Mid-Brunhes event during the glacial/interglacial Termination V (MBE, MIS 12/11, 
∼430 ka), one of the most puzzling transition of the last 1 million years leading to interglacials marked 
by warmer climates and higher atmospheric concentrations of pCO2 than previous interglacials (Barker 
et al., 2006; Jansen et al., 1986; Jouzel et al., 2007). As such, the full interglacials MIS 11c and MIS 9e were 
characterized by extreme warming and early temperature maxima, long-lasting stable climate conditions, 
greenhouse gas concentrations over the pre-industrial Holocene levels, and higher-than-present sea level 
(McManus et al., 1999; Petit et al., 1999). Indeed, these interglacials have been frequently considered as 
potential analogs of the Holocene (e.g., Candy et al., 2014; Loutre & Berger, 2003). The later phases of MIS 
11 and the inception of glacial MIS 10 is marked by abrupt millennial-scale variability contemporaneous 
to the ice-sheet build-up (e.g., McManus et al., 1999; Oppo et al., 1998). In contrast with MIS 10, MIS 12 is 
the most extreme glacial of the Pleistocene, as many marine, ice and terrestrial proxy records evidence (e.g., 
Lang & Wolff, 2011). A wide array of high-resolution proxy records from marine sedimentary sequences at 
the IbM has provided extensive knowledge on the impact of these scenarios in the North Atlantic (e.g., de 
Abreu et al., 2005; Martrat et al., 2007; Rodrigues et al., 2011, 2017). Among them, those from the Shackle-
ton Site Integrated Ocean Discovery Program (IODP) U1385, located at the SW IbM, outstands by the record 
of millennial-scale climate variability as a prominent feature (e.g., Hodell et al., 2015; Maiorano et al., 2015; 
Martin-Garcia et al., 2015; Oliveira et al., 2016; Rodrigues et al., 2017). Interestingly, the hydrological fluc-
tuations conditioned by these shifts (e.g., Rodrigues et al., 2011; Voelker et al., 2010) has been recognized to 
produce major changes in the phytoplankton communities in the region (e.g., Amore et al., 2012; Maiorano 
et al., 2015; Marino et al., 2014; Palumbo, Flores, Perugia, Petrillo, et al., 2013b). However, little is known 
about the impacts of such differentiated climate conditions between MIS 12 and 9 on primary productivity 
through atmospheric and/or hydrologically forced changes on vertical mixing and nutrient fueling.

Here, we present high-resolution calcareous nannofossil records to reconstruct variations in primary pro-
ductivity and corresponding changes in surface-water dynamics between MIS 12 and MIS 9 (450–320 ka). 
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These data are compared with marine proxies such as alkenone concentration and Uk´
37 - Sea Surface Tem-

perature (SST) (Rodrigues et al., 2017) and benthic and planktonic stable oxygen isotope records (Hodell 
et al., 2015) and terrestrial atmospherically driven vegetation changes from Site U1385 (Desprat et al., 2017; 
Oliveira et  al.,  2016; Sánchez-Goñi et  al.,  2016,  2020). This multi-proxy approach provides an excellent 
opportunity to evaluate the influence of both atmospheric and hydrological forcing in response to climate 
oscillations on marine primary productivity in the context of G-I to suborbital/millennial-scale variability.

2. The SW Iberian Margin
The SW IbM is part of the North Atlantic eastern boundary system (Figure 1). The upper 500 m of the water 
column, including the surface mixed layer and the upper thermocline, is constituted by the Eastern North 
Atlantic Central Water (ENACW; Fiúza et al., 1998; van Aken, 2001).

Surface to subsurface circulation is modulated by the atmospheric pressure gradients controlled by the rela-
tive position and intensity between the Azores High- (AH) and the Iceland Low- (IL) atmospheric pressure 
cells and the dominant wind patterns (Barton et al., 2001; Fiúza et al., 1998; Relvas et al., 2007). During 
the winter months, the AH moves southward while IL intensifies, promoting a dominant southerly wind 
regime over the region (Mason et al., 2005). This configuration results in coastal downwelling conditions 
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Figure 1. Location of IODP Site U1385 (red dot) and regional winter surface and subsurface circulation scheme off 
Portugal after Peliz et al. (2005). Modified from Voelker et al. (2010). AzC: Azores Current; ENACW: Eastern North 
Atlantic Central Water of subtropical (st) or subpolar (sp) component; PC: Portugal Current; IPC: Iberian Poleward 
Current and STF: Subtropical Front. Site MD03-2699 mentioned in the text is marked with a gray dot. Map source 
http://www.geomapapp.org/.
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and enhanced northward flux of the Iberian Poleward Current (IPC; Figure 1; Fiúza, 1983). The latter is a 
recirculating branch of the eastern Azores Current (AzC; Figure 1) that flows northward from September/
October to April/March (AzC; Figure 1; Peliz et al., 2005) and includes a subsurface subtropical compo-
nent of the ENACW (ENACWst) formed by winter cooling at the Azores front (Ríos et  al.,  1992). As a 
result, relatively warmer, saltier and oligotrophic surface to subsurface waters bath the region (e.g., van 
Aken, 2001). During the late spring and summer months (May to September), the northward migration and 
strengthening of the AH toward the central Atlantic results in prevailing northerly winds. This provokes the 
intensification of the Portuguese Current (PC; Figure 1), a year-long southward flowing branch of the North 
Atlantic Current, as well as upwelling of colder and nutrient-richer subsurface waters occurs along the 
coast (Haynes & Barton, 1990; Peliz et al., 2005; Pérez et al., 2001). The PC involves a subsurface subpolar 
component of ENACW (ENACWsp) formed by winter cooling in the eastern North Atlantic (McCartney & 
Talley, 1982). This situation is characterized by the advection of relatively colder, fresher and nutrient-richer 
waters leading to high primary production (Alvarez et al., 2011; Figueiras et al., 2002; McCartney & Tall-
ey, 1982). The resulting upwelling filaments reach up to 200 km offshore (Coste et al., 1986; Fiúza, 1983), a 
surface distribution covering the location of the Site U1385.

3. Materials and Methods
3.1. Core Material and Chronology

We analyzed sediment samples from Site U1385 (37°34.285′ N, 10°7.562′W; 2.578 m below sea level; Fig-
ure 1) recovered by the advanced piston corer system of the RV Joides Resolution during IODP Expedition 
339 in the SW IbM (Expedition 339 Scientists, 2013). Our study interval corresponds to the depth between 
56.34 and 45.9 corrected revised meters composite depth (crmcd).

The lithology of the studied sediments is composed of nannofossil clays and muds, with a variable propor-
tion of biogenic carbonates and terrigenous material (Expedition 339 Scientists, 2013).

The chronostratigraphic framework followed the age model produced by Hodell et  al.  (2015), based on 
the correlation of the benthic oxygen isotope record of Site U1385 with the reference LR04 stack (Lisiecki 
& Raymo, 2005). The investigated interval spans from 447 ka (late MIS 12) to 323 ka (MIS 9; Lisiecki & 
Raymo, 2005). G/I stage identification and determination of terminal stadial events 12.1 and 10.1 (corre-
sponding to Terminations V and IV, respectively) in the benthic δ18O followed Hodell et al. (2015). The MIS 
substages corresponds to the nomenclature of Railsback et al. (2015).

Extremely low sedimentation rates are recorded during Termination V and the early MIS 11c (∼434–406 ka; 
Figure 2j), described by Hodell et al. (2015) as a condensed section or hiatus. Thus, interpretations regarding 
this part of the record – particularly the absolute values of proxies – must be taken with caution.

3.2. Calcareous Nannofossil Analysis

For calcareous nannofossil analyses, a set of 115 samples were subsampled from Holes U1385 A and B 
evenly spaced every 8 cm. The corresponding temporal resolution of 0.4–0.7 ka (excluding the condensed 
section) provided the required high-resolution to explore in detail both orbital and millennial-scale climatic 
variability.

Samples were prepared following the random settling technique outlined by Flores and Sierro (1997). Coc-
colith identification and quantitative analysis were carried out by using a double polarized-light Nikon 
Eclipse 80i petrographic microscope at 1000x magnification at the University of Salamanca. A minimum of 
400 coccoliths per sample were identified in a variable number of fields of view. A supplementary census 
count of 10 fields of view was performed to accurately determine the abundance of minor taxa accounting 
less than 1% of the assemblage. The abundance of specimens from older stratigraphic levels prior to the 
studied interval, termed reworked nannofossils, were estimated separately. A semiquantitative estimation 
of coccolith preservation was applied using Scanning Electron Microscope visual observation, following the 
criteria by Flores and Marino (2002).
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Identification of coccolithophore species followed Young et al. (2003) and the guide of coccolithophore bi-
odiversity and taxonomy Nannotax 3 (ina.tmsoc.org/Nannotax3/index.html; Young et al., 2020). Placoliths 
<3 µm of Gephyrocapsa genus were grouped as small Gephyrocapsa group following Flores, Bárcena, and 
Sierro (2000). This cluster mainly contains specimens of G. aperta and G. ericsonii, and those specimens 
with a closed central area widely considered as small G. caribbeanica (e.g., Saavedra-Pellitero et al., 2017). 
Occasional small-sized (<3 µm) G. muellerae/G. margereli are, as well, included in this cluster; the speci-
mens ≥3 µm of G. muellerae /G. margereli are considered themselves in their own group. Coccolithus pelag-
icus subspecies (subsp.) pelagicus corresponds to the variety of sizes <10 µm (Geisen et al., 2002; Parente 
et al., 2004)

Coccolith abundances are presented as percentages (%), coccolith concentration (N; coccolith g−1) and Nan-
nofossil Accumulation Rates (NAR; coccolith cm−2 kyr−1; Figures 2g and 2h). N and NAR were calculated 
according to Flores and Sierro (1997). In the absence of dry bulk density, NAR was calculated considering 
wet bulk density from the shipboard Gamma Ray Attenuation and the sedimentation rate derived from the 
age model (Figure 2g). Wet bulk density is regularly used to estimate coccolithophore production (see Gre-
laud et al., 2009; Maiorano et al., 2015; Marino et al., 2014; Stolz & Baumann, 2010).

3.3. Nannoplankton-Based Proxies and Primary Productivity

Total NAR is a proxy for paleoproductivity reconstruction (e.g., Baumann & Freitag, 2004), whose suitability 
at the IbM relies on several previous studies (e.g., Amore et al., 2012; Ausín et al., 2020; Marino et al., 2014; 
Palumbo, Flores, Perugia, Emanuele, et al., 2013a). Higher concentration of coccoliths in surface sediments 
off Portugal is associated to enhanced nannoplankton production in the overlying water column during 
upwelling events (e.g., Abrantes & Moita, 1999; Moita, 1993).

The dominant small Gephyrocapsa group (Section 4) is a cluster of r-strategist species with a high affinity 
for enhanced vertical mixing and/or the availability of highly fertilized upwelled waters in the upper water 
column (Gartner, 1988; Okada & Wells, 1997). The proportions of this group are here considered an indica-
tor of the availability of highly fertilized surface waters of upwelling origin over the Site U1385. The extant 
G. caribbeanica is believed to have an affinity for ecological conditions comparable to those of the blooming 
Emiliania huxleyi (e.g., Saavedra-Pellitero et al., 2017). In the modern IbM, maximum cell densities of E. 
huxleyi are closely associated with the highest Chl-a concentrations (e.g., Guerreiro et al., 2014). Based on 
these observations, the NAR of small Gephyrocapsa and G. caribbeanica are grouped together in the primary 
productivity proxy (PPP; Figure 3i) to increase the accuracy of the upwelling-stimulated coccolithophore 
primary productivity signal. The species Gephyrocapsa oceanica are known to benefits from highly fertilized 
mature coastal upwelled waters in the modern IbM (Silva et al., 2008).

The species Florisphaera profunda is a common inhabitant of the lower photic zone (Kinkel et al., 2000; 
Okada & Honjo, 1973) widely considered as a tracer of the nutricline depth (e.g., Beaufort et al., 1997; Molf-
ino & McIntyre, 1990). We calculated the N ratio, a proxy for nutricline depth fluctuations, following Flores, 
Bárcena, and Sierro (2000):

 N ratio small placoliths / small placoliths .F profunda 

Small placoliths correspond to specimens of small Gephyrocapsa. Higher values of N ratio (Figure 3h) are 
indicative of a shallower nutricline (Flores, Gersonde, et al., 2000), implying increased availability of nutri-
ents in surface waters.
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Figure 2. Calcareous nannoplankton content in the sedimentary record in comparison with sedimentological and geochemical data at Site U1385. (a) 
Alkenone-based Sea Surface Temperature (SST; Rodrigues et al., 2017). (b) Total alkenone [C37] concentration [ng/g]. (c) Planktic oxygen isotopes (‰ VPDB) 
from G. bulloides (Hodell et al., 2015). (d) Benthic oxygen isotopes (‰ VPDB) from Cibicidoides wuellerstorfi (Hodell et al., 2015). Nannofossil Accumulation 
Rates (NAR; [coccolith g−1 kyr−1]) and relative abundances (%) of (e) Florisphaera profunda and (f) Gephyrocapsa genus. (g) Nannofossil Accumulation Rates 
(NAR; [coccolith g−1kyr−1]) of the total assemblage. (h) Number of coccoliths per gram of sediment (N; [coccolith g−1]) of the total assemblage. (i) Log Ca/Ti 
(Hodell et al., 2015) and (j) Sedimentation rate (cm kyr−1). Blue bands represent the Heinrich-type (Ht) events 1 to 4 and dashed lines represent other major 
drops in temperature mentioned in the text.
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The species Oolithotus spp., Umbilicosphaera sibogae, Umbilicosphaera foliosa (both grouped here as Um-
bilicosphaera spp.), Syracosphaera spp., Rhabdosphaera clavigera, Umbellosphaera spp. and Calciosolenia 
spp. were lumped together as the warm water taxa (wwt) group (e.g., Amore et al., 2012). This group has a 
common ecological affinity for tropical to subtropical surface waters (e.g., Baumann et al., 2004; Boeckel & 
Baumann, 2004; Cachão et al., 2000; Winter, 1994). At the SW IbM, these species are typical in late summer/
autumn assemblages (Cachão et al., 2000; Moita et al., 2010; Silva et al., 2008, 2009), tracing the subsur-
face influence of ENACWst (Fiúza, 1983). Following previous studies (e.g., Amore et al., 2012; Maiorano 
et al., 2015; Marino et al., 2014; Palumbo, Flores, Perugia, Petrillo, et al., 2013b), the relative abundance of 
this group in sediments has been already proposed to estimate the influence of the northward flowing IPC 
and the associated surface to subsurface conditions of lowered nutrient concentration at the studied lati-
tudes. Both, Gephyrocapsa muellerae and C. pelagicus subsp. pelagicus, are typical markers of cold and less 
saline surface waters of polar to subpolar origin reaching the IbM latitudes (e.g., Amore et al., 2012; Balestra 
et al., 2017; Maiorano et al., 2015; Marino et al., 2014; Rodrigues et al., 2010). We consider the relative abun-
dance of these cold temperature-sensitive coccolithophore species to trace the southward displacements of 
the polar front (PF) and cold-water influence over the studied latitudes.

3.4. Organic Biomarker Analysis

Alkenones are organic biomass compounds synthesized by certain coccolithophore species from the cocco-
lithophore Noëlaerhabdaceae family that remain preserved in sediments (Volkman et al., 1980). The species 
composing the Gephyrocapsa genus are considered to be the main alkenone producers during the studied 
interval (see Marlowe et al., 1990).

The analytical procedure used for determining alkenone content in sediments is described in detail else-
where (see Rodrigues et al., 2009; Villanueva et al., 1997). Biomarker analyses were performed in the labora-
tory of Biogeochemistry at Div.GM-IPMA in 307 sediment levels sampled from Holes U1385 D and E, every 
3–4 cm between 56.54 to 46.02 crmcd. The total organic compounds were extracted and separated using 
organic solvents, then identified using Bruker Mass spectrometer detector and quantified with Varian Gas 
chromatograph Model 3800 equipped with a septum programmable injector and a flame ionization detector 
with a CPSIL-5 CB column. The concentration of alkenones were determined using n-hexatriacontane as 
an internal standard.

Following different authors (Schubert et al., 1998; Schulte et al., 1999; Villanueva et al., 1998, 2001), the 
total alkenone concentration [C37] could be representative of the phytoplankton paleoproductivity in open 
ocean areas.

4. Results
4.1. Nannofossil Assemblages and Proxies

Coccolithophore assemblages at Site U1385 are dominated by Gephyrocapsa genus (91.3% on average; Fig-
ure 2f). The PPP records 155 × 109 coccoliths cm−2 kyr−1 on average, in the range of previous studies in the 
region that include this interval of high clacareous nannoplankton production (e.g., Marino et al., 2014). 
Maxima values are recorded during the late MIS 11, centered at 397  ka, and MIS 10, between 374 and 
355 ka, whereas low-to-intermediate values are registered (i) until 400 ka during the early MIS 11c and (ii) 
MIS 9e, from 332 ka toward the end of the studied interval. Lowest PPP are recorded: (i) throughout the late 
MIS 12 and TV, between 445 and 425 ka, (ii) in two short episodes centered at 391 and 384 ka during the late 
MIS 11, and (iii) late MIS 10 and TIV, between 355 and 332 ka (Figure 3i).
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Figure 3. Atmospheric and oceanographic proxies at the Site U1385. (a) Relative abundances (%) of mediterranean forest pollen (Desprat et al., 2017; Oliveira 
et al., 2016; Sánchez Goñi, 2016, 2020). (b) Relative abundances (%) of tetra-unsaturated alkenone (C37:4; Rodrigues et al., 2017). (c) Alkenone-based Sea Surface 
Temperature (SST; Rodrigues et al., 2017). Relative abundance (%) of (d) G. muellerae + C. pelagicus subsp. pelagicus; (e) warm water taxa (wwt; smoothed 
curve); (f) G. oceanica and (g) small Gephyrocapsa. (h) N ratio. (i) Primary productivity proxy (PPP; NAR small Gephyrocapsa x 109 + NAR Gephyrocapsa 
caribbeanica x 109 [coccolith cm2 kyr−1]). Substages are indicated according to Railsback et al. (2015). Blue bands represent the Heinrich-type (Ht) events 1 to 4 
and dashed lines represent other major drops in temperature mentioned in the text.
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The contribution of F. profunda accounts for 2.3% of the total assemblage on average, reaching values over 
5% at 409, 391 and 384 ka during MIS 11, and at 350 and 341 ka during MIS 10 and MIS 10/MIS 9 transition 
(Figure 2e). The N ratio oscillates slightly around 0.9 throughout most of the record (Figure 3h). In general, 
the highest N ratio ∼0.95 accompanies periods of PPP maxima, while lowered values under 0.9 are identi-
fied as short-term episodes together with PPP reductions (Figures 3h and 3i). The lowest N ratio ∼0.6, which 
correspond to the highest percentages of F. profunda, are recorded during the MIS 10/MIS 9 transition (TIV) 
and are accompanied by increases in the NAR of F. profunda (Figures 2e and 3h).

Relative abundance of small Gephyrocapsa averages 69.2% (with maxima and minima of 86.62% and 30.73%, 
respectively) through the studied interval, with substantial reductions only recorded during short episodes 
around 425 ka of the late MIS 12; 397, 391 and 384 ka at MIS 11; 371 ka at MIS 11/MIS 10 and within a 
more continuous and much lower reduction toward values below 50% between 350 to 338 ka, across MIS 10 
(Figure 3g). The percentages of G. oceanica averages 6.2% and evidence a strong control for G/I variability 
(Figure 3f). There is a marked progressive increasing trend from minima values below 5% at the full inter-
glacial MIS 11c to maxima values ∼18% at 350 ka during MIS 10 (Figure 3f). Short-term increases are in 
phase with rapid reductions in % of small Gephyrocapsa (Figures 3f and 3g).

The wwt is recorded in low proportion (0.86% on average). The profile is characterized by higher abun-
dances during the late glacial to interglacial periods MIS 12 to MIS 11 (∼443–400 ka) and MIS 10 to MIS 9 
(∼352–320 ka). Lowest values are observed between ∼375 and 352 ka during the MIS 11/10 transition (Fig-
ure 3e). Percentages of G. muellerae + C. pelagicus subsp. pelagicus, with contribution to assemblages of, re-
spectively 2.9% and 0.3%, evidence a pattern of short-term moderate increases, with summed values slightly 
over 10% between ∼446 and 431 ka during MIS 12, from ∼391 to 384 ka during late MIS 11, ∼364 ka during 
MIS 10 and a more continuous increase between ∼352 and 339 ka over late MIS 10 and TIV (Figure 3d).

4.2. Alkenone-Based Paleoproductivity

Total alkenone concentration [C37] changes between 101.95 and 2955.57 ng/g through the record, evidenc-
ing a pattern of high frequency variability (Figure 2b). The maximum values are detected at the intervals be-
tween 396 and 393 ka during the late MIS 11c, 374–355 ka during the MIS 11/10 transition and 347–345 ka 
at MIS 10. The lowest alkenone concentrations are recorded between 432 and 427 ka during the terminal 
stadial 12.1, at 414 ka at MIS 11c, at 391, 384 ka during late MIS 11 and between 371 and 353 ka during MIS 
10 (Figure 2b).

5. Discussion
The overall G-I variability observed in the PPP record is superimposed by millennial-scale changes (Fig-
ure 3i), concomitant to oscillations in other nannoplankton-based proxy records, SST (Rodrigues et al., 2017) 
and Mediterranean forest percentage profiles from Site U1385 (Desprat et al., 2017; Oliveira et al., 2016; 
Sánchez Goñi et al.,  2016, 2020; Figures 3a and 3c). In general, high PPP values coincide with reduced 
Mediterranean forest development, (i.e., cold and weak winter precipitation, and low SST during glacials) 
whereas interglacials are marked by lower PPP values and significant expansion of the Mediterranean forest 
(i.e., warm and wet winters, and warm SST; Rodrigues et al., 2017; Figures 3a, 3c and 3i).

A prominent feature in our record is the occurrence of abrupt cold events, primarily recognized as abrupt 
drops in SST (Rodrigues et al., 2017) having a large impact on PPP, which shows substantial reductions (Fig-
ures 3c and 3i). The occurrence of Heinrich-type (Ht) events 1 to 4 (∼436, 392, 384 and 339 ka) is recognized 
by the record of abrupt drops in SST together with increased % C37:4 (Rodrigues et al., 2017) in comparison 
with the reference record by Rodrigues et al. (2011) at MD03-2699 (blue bands in Figures 2 and 3). Other 
short-term SST drops previously described by (Rodrigues et al., 2011; ∼372, 350 and 355 ka), or observed in 
the temperature record for this interval (Rodrigues et al., 2017; ∼378 and 364 ka) are here identified to have 
a similar correspondence with lowered PPP (dashed lines in Figures 2 and 3). All these short-term episodes 
are also detected in the terrestrial realm by strong contraction of the Mediterranean forest, (i.e., winter pre-
cipitation decrease, colder atmospheric temperatures; Figure 3a).
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The detailed assessment of the control mechanisms on primary productivity in the area of study requires 
multiple non-excluding influencing factors to be considered: (i) changes in the dominant wind systems and 
wind-stress stimulating vertical mixing (e.g., Incarbona et al., 2010; Pailler & Bard, 2002); (ii) the nutrient 
content of the subsurface waters fueling the upwelling (e.g., Palumbo, Flores, Perugia, Petrillo, et al., 2013b); 
(iii) shifts in the regional hydrological configuration and associated surface-nutrient transport (e.g., Amore 
et al., 2012; Maiorano et al., 2015; Palumbo, Flores, Perugia, Emanuele, et al., 2013a); (iv) changes in the 
extension and/or offshore displacement of the coastal upwelling influence area (e.g., Salgueiro et al., 2014); 
(iv) arrival of iceberg-melting waters leading to vertical mixing weakening or even cessation, as observed 
during extreme deglacial episodes (e.g., Voelker et al., 2009).

In the following sections we provide a detailed discussion about these records and the main processes at 
hand during G/I cycles, and millennial-scale timescales.

5.1. Atmospheric Patterns Driving Primary Productivity During Interglacials

The parallelism observed between primary productivity, hydrological and atmospheric records (Figure 3) 
suggests that, as demonstrated for the modern setting (e.g., Guerreiro et al., 2014; Lopes et al., 2009; Oliveira 
et al., 2009), the intensity and position of the Azores High (AH) pressure cell played a significant role on the 
vertical mixing and surface nutrient availability at the IbM over different timescales.

Present-day and past changes in the Mediterranean forest composition and development are mainly con-
trolled by winter precipitation and seasonal climate contrast, reflecting changes in the position of the west-
erlies led by the AH during the winter (Gouveia et al., 2008; Naughton et al., 2009; Oliveira et al., 2018). 
According to Oliveira et al. (2016), the expansion of the Mediterranean forest, as observed during the early 
full interglacials MIS 11c and 9e (values over 20%; Figure 3a), is indicative of higher winter precipitation, 
which, in turn, indicates increased influence of the westerly wind systems and related southward winter 
position of the AH (Figure 4a). Conversely, forest reductions without a counterpart cooling in the SST, as 
recorded during the late phase of MIS 11c (Rodrigues et al., 2017; Figures 3a and 3c), are associated with 
an intensified and northward positioned AH during the winter, with consequent reduction of large-scale 
winter precipitation in SW Iberia (Oliveira et al., 2016; Figure 4b).

Today, the North Atlantic and Iberian climate are closely coupled through the North Atlantic Oscillation 
(NAO), the variable pressure gradient between the AH and Icelandic Low (IL) centers during the winter 
season (Hurrell, 1995; Hurrell et al., 2003). A negative (−) NAO mode implies a weakened North Atlantic 
atmospheric circulation and the southward displacement of the westerly wind systems down to southern 
Europe and North Africa during winter (Figure 4a). During a positive (+) NAO mode, the North Atlantic 
atmospheric circulation is strengthened during the winter and the westerly wind systems are displaced 
further north (Figure 4b; Hurrell, 1995; Trigo et al., 2002). Consequently, the regional seasonal atmospheric 
circulation is modulated at decadal to centennial timescales and causes a regional hydrological impact, im-
plying an intensified winter northward IPC, as the result of the southward position and weakening of AH 
(Barton et al., 2001; Haynes & Barton, 1990; Figure 4a). The prevalence of northerly trade wind regime aside 
the summer season during + NAO (Figure 4b) has been shown to increase the frequency of the upwelling 
events in the region (e.g., Alvarez et al., 2009; Barton, 2001; Silva et al., 2008; Vitorino et al., 2002).

5.1.1. Early Interglacials

The early interglacial substages at MIS 11c (∼420–400 ka) and MIS 9e (∼337–320 ka) are characterized by 
low to intermediate PPP and a relatively deep nutricline with moderate surface nutrient availability (Fig-
ures 3g–3i), also supported by a reduction in the C37 alkenone concentration (Figure 2b). These conditions 
suggest a substantial weakening in the upwelling regime by a weaker northerly trade influence over SW 
Iberia due to the winter southern position of AH and enhanced westerly influence (Figures 3a and 4a). 
Such conditions probably led to moderate surface-water stratification, resulting in a prolonged warming of 
surface waters (Figure 3c). Surface to subsurface oligotrophy and decline in regional vertical mixing were 
also promoted by the long-term intensified influence of the winter IPC and ENACWst (Figure 3e) and, po-
tentially, by a shallower position of this subsurface water mass system in absence of a strong northerly trade 
influence during winter (Barton, 2001; Figure 4a). The hampering effect of this hydrological configuration 
seems to reduce, as well, the arrival of nutrient-richer waters from the PC and/or surface offshore transport 
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from the neighbor coastal upwelling, a fact that is also sustained by the reduced % G. oceanica together with 
the increased % wwt (Figures 3f and 3e); this later group has been considered to trace intensified ENACWst 
water mass transport towards Iberia during the winter (e.g., Cachão et al., 2000). Ultimately, both intergla-
cial sea-level high stands during the early MIS 11c and MIS 9e (Rohling et al., 2009) exclude any offshore 
displacement of the coastal upwelling cells through the position of the Site U1385. A recently suggested 
increased influence of nutrient-poorer subtropical waters during the full interglacial MIS 11 and 9 to the 
north of our Site (Cavaleiro et al., 2020) is consistent with our observations. As well, similar primary pro-
ductivity scenario and associated upwelling conditions was described at the IbM during other more recent 
interglacial periods (i.e., MIS 5; Pailler & Bard, 2002) and the Holocene (Incarbona et al., 2010).

By analogy with the present-day conditions, the enhanced winter westerlies influence over the IbM, re-
constructed during the early stages of interglacials MIS 11c and 9e (Figures 3a and 4a), suggest a control 
of a prevalent winter – NAO-like (Figure 4a), reducing primary productivity at Site U1385 by the balanced 
restriction of the upwelling season and associated fertilization processes to the summer months, when the 
AH intensification occurred.

5.1.2. Intra-Interglacial Shift to the Late MIS 11c

The late phase of the full interglacial MIS 11c (∼405–392 ka) is characterized by a shift to high PPP cor-
responding to a shallow nutricline and consequent increasedsurface nutrient availability in comparison 
to the early phase of this substage (Figures 3g–3i). This is also supported by progressively increased C37 
alkenone concentration (Figure 2b). Increased percentages of cold temperature-sensitive coccolithophore 
taxa (Figure  3d) are consistent with slightly cooler surface waters. By contrast, the SST record shows a 
moderate ocean cooling toward the end of the full interglacial (Rodrigues et al., 2017; Figures 3c and 3d). 
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Figure 4. Simplified scheme of the modern patterns of the intensity and position of the Azores anticyclone high-pressure cell (AH) and associated wind 
regimes at the Iberian Margin (IbM) during the winter entailed by the modern North Atlantic Oscillation (NAO) variability, as in Wanner et al. (2001). Arrow 
thickness indicates intensity of wind systems. Red: westerly wind system; green: northerly trades. (a) Winter weakening and southward movement of the AH 
during a negative (−) NAO mode. (b) Winter intensification and northward movement of the AH during a positive (+) NAO mode.
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A reduced influence of the oligotrophic IPC during the winter (Figure 3e) might have provoked a regional 
eutrophication. The high % of small Gephyrocapsa (Figure 3g) characterizes, beyond the general availability 
of upwelled surface waters, a link for these conditions with an enhanced influence of the nutrient-richer PC 
(e.g., Amore et al., 2012; Palumbo, Flores, Perugia, Petrillo, et al., 2013b).

A more intense and northernmost positioned AH during winter reduced the westerly influence (Figure 3a) 
and enhanced the winter northerly trades, that may progressively extend its effect over SW Iberia (Fig-
ure 4b). As proposed by Oliveira et al.  (2016), this intra-interglacial shift (Figure 3a) without a counter-
part cooling in the SST (Rodrigues et al., 2017; Figure 3c) could be explained by a progression toward the 
prevalence of a + NAO mode (Figure 4b). In agreement with present day observations in the region (e.g., 
Alvarez et al., 2009; Barton, 2001; Silva et al., 2008; Vitorino et al., 2002), an increased frequency of the up-
welling events beyond the summer season is observed coupled to the positive modes of the modern NAO. 
The increased effect of northerly trades by maintained AH northward position is here interpreted with the 
prevalence of a + NAO-like mode (Figures 3a and 4b), considered responsible of the enhanced upwelling 
and increased PPP in a comparable way to the modern conditions. Additionally, widening of the coastal 
upwelling zones could have occurred as a result of strengthened atmospheric circulation (e.g., Pailler & 
Bard, 2002), complementary favoring the conditions for primary productivity at Site U1385.

The effect of this intra-interglacial atmospherically shift at the full interglacial MIS 11c over primary pro-
ductivity records has been similarly identified in the Alboran Sea (González-Lanchas et al., 2020) at around 
406 ka via enhanced western Mediterranean circulation and complete upwelling development controlled 
by this atmospheric shift towards a prevalent + NAO-like configuration.

5.2. Enhanced Primary Productivity at the Onset of Glacial MIS 10

The interval spanning from ∼392 to 356 ka from the late MIS 11 to early full glacial MIS 10 (inception to gla-
cial MIS 10) is characterized by a long-term increase in PPP and a shallow nutricline with enhanced surface 
nutrient availability (Figures 3g–3i), also supported by relatively high values in C37 alkenone concentration 
(Figure 2b). A progressively reduced influence of the AzC waters through the IbM by reduced IPC effect 
over the studied area during the beginning of MIS 10 is observed from the lowered % wwt (Figure 3e) along 
with a gradual SST cooling (Rodrigues et al., 2017; Figure 3c).

Growing of ice sheets toward the glacial period, as recorded by the long-term trend toward heavier values of 
benthic δ18O (Figure 2d) in agreement with other isotopic records (e.g., Elderfield, et al., 2012; Lisiecki & Ray-
mo, 2005) and the sea-level stack of Spratt and Lisiecki (2016), probably led to an increased meridional air pres-
sure gradient between the high and low latitudes in the North Atlantic (Keffer et al., 1988; Ruddiman, 1977). 
This atmospheric trend and the climate shift toward cooler and drier conditions in SW Iberia affected the re-
gional vegetation, as evidenced by the reduction of the Mediterranean forest (Figure 3a). Nonetheless, this 
vegetation pattern toward the glacial (Figure 3a) cannot be solely interpreted as the result of a reduction in the 
winter humidity (Figure 4), as evidenced by the parallel reduction in SST throughout the glacial onset (Rodri-
gues et al., 2017; Figure 3c). However, the higher wind stress during transitional and glacial phases is considered 
a crucial factor determining intensified wind-driven upwelling at the North Atlantic eastern boundary system 
(e.g., Abrantes, 2000; Bradtmiller et al., 2016; Pailler & Bard, 2002; Romero et al., 2008; Sarnthein et al., 1988). 
This process could explain the increased PPP and high nutrient content in surface waters through this interval 
(Figures 3g–3i). Models for the LGM suggest intensification in the AH and the IL (e.g., Hewitt et al., 2001); in 
this sense, strengthening of the northerly trades over the IbM could explain the enhanced upwelling in a com-
parable way that the record by Pailler and Bard (2002) at the onset of glacials MIS 4 and 2 at MD9-2042.

Strengthened wind-stress together with reduced winter IPC (Figure  3e), promoting the maintained influ-
ence of the surface PC, is considered, as well, to result in the prevalent upward advection of deeper and 
nutrient-richer subsurface ENACWsp fueling the regional upwelling. This observation is in agreement with 
nutrient-richer surface waters favoring coccolithophore proliferation against diatoms discussed by Cavaleiro 
et al. (2020) at the nearby site MD03-2699. Additionally, the strengthened atmospheric circulation could have 
resulted in substantial widening of the coastal upwelling (e.g., Pailler & Bard, 2002), benefiting eutrophica-
tion at Site U1385 due to greater proximity of the upwelled filaments (or area of influence of the upwelling). 
Ultimately, we cannot discard the possible impact of an offshore displacement of the coastal upwelling cells 
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during the long-term sea-level drop through glacial MIS 10 (Rohling et al., 2009). The increased percentages of 
G. oceanica toward MIS 10 from the MIS 11 transition (Figure 3f) could be a potential indicator of an increase 
in the coastal influence, entailing coastal upwelling processes, over the studied location. A similar process was 
already proposed by Salgueiro et al. (2014) for the LGM. The considerable increase in coccolith accumulation 
and primary productivity through this interval in comparison with more inshore locations at the early MIS 10 
(e.g., Amore et al., 2012; Palumbo, Flores, Perugia, Petrillo, et al., 2013b) supports this process.

Summarizing, a scenario comparable to that observed during the LGM (Ausín et  al.,  2020; Incarbona 
et al., 2010; Salgueiro et al., 2014) is proposed for the inception of glacial MIS 10 and the early full glacial 
MIS 10, in which the enhanced PPP is considered to be the result of several potentially active mechanisms 
intensifying fertilization due to either increased wind-induced upwelling, increased nutrient content in the 
source of upwelling and/or enhanced surface nutrient arrival to the Site U1385.

5.3. Impact of Surface Water Conditions on Primary Productivity During Abrupt Cold Events

The availability of upwelled waters reaching Site U1385 is constant through almost the entire interval (Fig-
ure 3g), driving eutrophication of the uppermost water column where the dominant Gephyrocapsa species 
inhabits. However, significant reductions in surface water fertilization occurred during the Ht events 4 
to 1 (∼436, 392, 384 and 339 ka) and other short-term cold episodes, reflected as abrupt decreases in PPP, 
also supported by reduced C37 alkenone concentration, and limited nutrient availability, as recorded by the 
lowered values in the N ratio and decrease in % small Gephyrocapsa (Figures 2d and Figures 3a–3i). The 
higher percentages of cold-water coccolithophore species (Figure  3d) together with severe SST coolings 
and increased % of C37:4 (Rodrigues et al., 2017; Figures 3c and 3b) suggest pronounced southward shifts of 
the PF. The influence of ice rafting and the presence of meltwaters at the studied latitudes during extreme 
cooling events at the studied interval has been already detailed and discussed (de Abreu et al., 2005; Rodri-
gues et al., 2011, 2017; Voelker et al., 2010). The observed decrease in Ca/Ti (Figure 2h) is indicative of the 
reduction in carbonate burial, as a result of the reduced surface production (Figures 2b and 3i), but also of 
the enhancement in detrital input (Hodell et al., 2013, 2015).

Extreme continental aridity and cold atmospheric conditions on land during Ht 4, 3 and 2 (Oliveira 
et al., 2016; Sánchez Goñi et al., 2016) are here similarly recognized by the abrupt reduction of the Mediter-
ranean forest (Figure 3a) together with low SST (Rodrigues et al., 2017; Figure 3c) during Ht 1, and probably 
during the other short-term abrupt coolings during the glacial inception of MIS 10 (Figures 2 and 3; dashed 
lines). The prevailing northerly trade regime over SW Iberia from the extended aridity indicated by the 
pollen record (Figure 3a) is expected to intensify the coastal upwelling, however, this notion contrast with 
the lowest PPP and the reduced surface nutrient availability recorded during these episodes (Figures 3f–3i).

The rapid evolution toward surface subpolar cold-water conditions is known to result in unfavorable con-
ditions for calcareous nanoplankton growth in the region (i.e., cold, turbid, and low salinity; see Maiorano 
et al., 2015; Marino et al., 2014 and references therein). In particular, the higher abundances of F. profunda 
(Figure 2e) in the North Atlantic during the occurrence of Heinrich events are consistent with enhanced 
upper water-column stability (e.g., Colmenero-Hidalgo et al., 2004; Marino et al., 2014). Synchronous short-
term increases in the relative abundances of G. oceanica (Figure 3f) could be tentatively interpreted as the 
effect of a reduction in surface-water salinity (Ausín et al., 2015; Jordan & Winter, 2000) in response to the 
freshwater advection. However, as suggested by previous authors, a better adaptation of this Gephyrocapsa 
species by means of vertical migration and affinity of this species to deeper water layers in the proximity of 
the thermocline (e.g., Giradeau et al., 1993), or the variable tolerance of hypothetical sub-species included 
in this group (e.g., Andruleit et al., 2003) could not be discarded. The formation of a halocline led by surface 
freshening, as occurred during the Heinrich events of the last glacial cycle (see Voelker et al., 2009), could 
explain the recorded conditions where, despite a plausible favorable wind stimulation (Figure 3a), the wa-
ter column vertical structure with a shallower mixed layer separated from deep nutrient-rich levels would 
reduce the upward nutrient transference. As in Voelker et al., (2009), the presence of higher-temperature 
ENACWst underneath the halocline could particularly explain the favorable thermal conditions for the 
proliferation of F. profunda (Figure 2d) and the eventual increases in % wwt observed during the occurrence 
of these episodes (Figure 3e).
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The most extreme and long-lasting of these conditions occurred between 350 ka, at the end of MIS 10, and 
TIV at the onset of MIS 9 (Figure 3). As previously pointed out (Maiorano et al., 2015), there is a good cor-
respondence of these conditions at ∼ 349 ka with IRD deposition at MD01-2446 (Voelker et al., 2010) and 
Site U1313 (Naafs et al., 2011, 2013; Stein et al., 2009), suggesting analogous conditions with a Heinrich 
stadial. During the late glacial MIS 12 and TV, despite important SST cooling is solely recorded at ∼445 and 
Ht4 (Rodrigues et al., 2017; Figures 3b and 3c), the PPP, N ratio and cold-water coccolithophore species 
(Figures 3d and 3h) evidence an important reduction in surface production and implementation of surface 
subpolar conditions between 445 and 425 ka (Figure 3). Among both Terminations, conditions of primary 
productivity after cold deglacial episodes seems to be more rapidly increased after TIV toward MIS 9 (Fig-
ure 3), while TV show a more persistent limited surface-nutrient fertilization into the MIS 11 (Figure 3).

Overall, productivity reduction and associated hydrological and paleoceanographic conditions observed 
during these abrupt cold events of different duration for the studied interval impacted nannoplankton as-
semblages on a regional level, as proven by the consistency of our record with that from core MD03-2699 
(Cavaleiro et al., 2020). The mechanism that reduces primary productivity is probably comparable to that 
proposed during the Heinrich episodes of the last glacial (e.g., Ausín et al., 2020; Incarbona et al., 2010).

6. Conclusions
Changes in primary productivity related to variation in wind-induced upwelling at the Site U1385 at the 
SW IbM during the MIS 12 to 9 interval are reconstructed from the study of calcareous nannoplankton 
assemblages. The integration with previously published SST and pollen-based vegetation and climate re-
cords at the same site evidence that the environmental conditions controlling phytoplankton production 
were largely influenced by the prevailing atmospheric configuration. During the early stages of the full 
interglacial MIS 11c (∼420–405 ka) and MIS 9e (∼337–320 ka), moderate primary productivity and surface 
nutrient availability is the result of reduced vertical mixing and offshore nutrient transport by a restriction 
of the upwelling stimulation to the summer months own by an atmospheric configuration comparable to a 
prevailing – NAO-like mode. The full interglacial MIS 11c registers a shift to increased primary productivity 
and surface nutrient availability (∼405–392 ka), which is attributed to an intra-interglacial AH intensifica-
tion beyond the summer comparable to a progression to prevailing + NAO modetowards the end of MIS 
11. Enhanced primary productivity and surface nutrient availability through the inception and early MIS 10 
(∼392–356 ka) indicate upwelling offshore displacement and intensification in the context of strengthened 
atmospheric circulation during the glacial transition. Significant abrupt reductions in primary productiv-
ity and enhanced surface stability are identified during the occurrence of Heinrich-type (Ht) events 4 to 
1 (∼436, 392, 384 and 339 ka), other short-term cold episodes (∼378, 372, 364, 350 and 355 ka) and more 
prolonged during the Terminations V and IV. The establishment of cold surface subpolar conditions and in-
creased % C37:4 indicates that, as during the Heinrich stadials of the last glacial cycle, the regional halocline 
formation induced by meltwater arrival restricted the nutrient upward advection.
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