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1.  Introduction
Reconstructing primary productivity (PP) in the past surface ocean is a challenging topic to address in paleocean-
ography given the limited number of proxies that can be used up to date (e.g., biogenic opal fluxes or mass accu-
mulation rates of total organic carbon). Nevertheless, some bioindicators like dinocysts can offer an alternative 
and useful way when targeting specific fractions that reach the seabed and are preserved in marine sediments, 
such as those associated with dinoflagellate production (Radi & de Vernal, 2008). Establishing a strong relation-
ship between PP and dinocyst assemblages could, therefore, significantly improve the quantification of past PP 
in numerous key oceanographic settings. This is what we have undertaken in the Gulf of Cadiz (GoC), located 
in the northeastern (NE) subtropical Atlantic, based on the modern analog technique (MAT). Indeed, this region, 
part of an Eastern Boundary Current (EBC) system characterized by high annual and seasonal marine PP (e.g., 
Hagen, 2001), is particularly interesting for studying (i) the PP-derived organic matter export toward the seafloor 
and (ii) its potential influence on the biological pump. Moreover, the GoC is considered as an exceptional region 
for evaluating past PP during contrasted climatic periods as well as for testing different methodological approach-
es, since it is characterized by pronounced shifts in latitudinal fronts associated with abrupt climate changes.

Apart from abiotic processes, CO2 storage evolution is governed by continental and marine primary producers 
through biological carbon fixation, export, and burial. Today, the GoC is characterized by an oligotrophic regime 
associated with low CO2 storage (Flecha et al., 2012; Huertas et al., 2006, 2009) and nutrient-poor waters carried 
by the Azores Current and surface Atlantic waters (i.e., between the surface and around 100 m depth) into the 
GoC. However, this oligotrophic zone experienced a different PP regime during the last glacial period, charac-
terized by overall higher PP (Wienberg et al., 2010), especially across the stadials (Penaud et al., 2011, 2016), 
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caused by changes in the upwelling dynamics. Over the last 50 kyr, from the subtropical to the NE North Atlantic 
Ocean (including Irish-Norwegian seas), long-term northward migration of cold-water corals and thus of high PP 
centers also occurred, as previously documented (de Haas et al., 2009; Dorschel et al., 2005; Eisele et al., 2008; 
Frank et al., 2005, 2009; Freiwald et al., 2004; Rüggeberg et al., 2007; Wienberg et al., 2009, 2010), with intergla-
cial (glacial) obliquity maxima favoring phytoplanktonic growth in northern (southern) North Atlantic latitudes 
(Penaud et al., 2016; Wienberg et al., 2010). Enhanced glacial PP was also noted off Mauritania, one of the major 
upwelling areas of the world ocean (Eisele et al., 2011; McKay et al., 2014), with generally cold-water coral 
growth restricted to glacial and stadial periods at low latitudes (17°N).

Because there are still large uncertainties surrounding the evolution of PP in the NE Atlantic subtropical region, it 
is important to investigate this further in strategically located regions such as the GoC. This can be done by com-
paring existing and new proxy records. Here, we combine new dinocyst-based PP estimates in the GoC, derived 
from MAT calculations thanks to an updated database of n = 1,968 modern analogs (de Vernal et al., 2020), to a 
set of geochemical proxies. The latter includes Total Organic Carbon (TOC) content and indirect signals recon-
structed from the difference between epibenthic and endobenthic foraminiferal δ13C signatures (benthic Δ13C), to 
better account for past changes in the carbon cycle at a regional scale, from productivity export to sequestration 
versus remineralization.

2.  Material and Methods
Two marine cores are the basis of this study. The MD04-2805 CQ core (southern GoC; 34.52°N; 7.02°W; 859 m 
deep; Figure 1a) was retrieved from the Moroccan margin, in a location now under the influence of the Portu-
gal-Canary Eastern Boundary Current (EBC) upwelling system. Today, this seasonal upwelling system is mainly 
active in summer (from late May to early October; Aristegui et al., 2005) due to the seasonal migration of the 
Azores High coupled with the Inter Tropical Convergence Zone dynamics (Fiúza et al., 1998), with variable ex-
tents of upwelling filaments (e.g., Garcia Lafuente et al., 2006; Garcia Lafuente & Ruiz, 2007; Peliz et al., 2005; 
Wooster et al., 1976). The MD99-2339 core was collected in the central sector of the GoC (35.89°N; 7.53°W; 
1,170 m deep; Figure 1a) within a contouritic field (Habgood et al., 2003). The GoC is under the influence of 
river discharges such as the Guadalquivir River, one of the largest rivers in Spain, whose turbidity plumes in 
autumn-winter (i.e., at times of higher rainfall) are crucial for phytoplankton blooms during the subsequent 
spring-summer seasons (Caballero et al., 2014; Garcia Lafuente & Ruiz, 2007). Fluvial inputs from major rivers 
such as the Guadalete, Guadania, and Tinto-Odiel also contribute to high turbidity levels on the continental shelf 
of the GoC (Navarro et al., 2012) and to high biological productivity in the eastern GoC (Prieto et al., 2009).

2.1.  New MD04-2805 CQ and MD99-2339 Chronologies

2.1.1.  MD04-2805 CQ Chronology

In addition to six existing 14C dates from mollusk shells (Penaud et al., 2010), eight new 14C dates were obtained 
from planktonic foraminiferal samples (Table S1; cf. “Data Availability Statement”). The new dates, togeth-
er with data from SST proxies (dinocyst-based and alkenone-based) and benthic and planktonic foraminiferal 
isotopes, indicate resedimentation or mud-flow issues from 140–147 to 270–287 cm that were not identified in 
Penaud et al. (2010). A detailed analysis of the X-ray radiography (SCOPIX, EPOC laboratory) of core MD04-
2805 CQ revealed the existence of microfaults between 160 and 166 cm and between 263 and 285 cm, within a 
clayey-silty sedimentary matrix (Figure 1d).

These facies, within “Section 2” of the core, are unique in the whole 7.72-m long core. They were observed 
on thin sections examined under a transmitted polarizing microscope for microfacies and structure description 
(Figure 1d). Inverted ages and microfaults led us to adopt a conservative approach and discard data from 300 to 
140 cm (i.e., three new 14C dates rejected). Moreover, we added a supplementary age constraint with respect to 
the age model entirely based on calibrated 14C ages as published in Waelbroeck et al. (2019), taking advantage 
of the large amplitude (planktonic foraminiferal-based) SST signals reconstructed in both MD04-2805Q and 
MD99-2339 cores (Penaud et al., 2011), in which the HS1-BA transition is easily recognizable (Figure S1; cf. 
“Data Availability Statement”). This led us to assign an age of 14.64 ± 0.15 cal ka BP (after the Greenland Ice 
Core Chronology GICC05, Rasmussen et al., 2014) at 140 ± 8 cm (Table S1; cf. “Data Availability Statement”), 
thereby defining a new robust chronological marker resulting in an improved age model.
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The age-depth relationship of core MD04-2805 CQ was built accounting for both the age and depth uncertainties 
in the 11 retained 14C dates and 1 additional chronological marker, using the age-depth modeling routine “Undat-
able” (Lougheed & Obrochta, 2019; Figure 1c). For continuity between this work and previous studies (Penaud 
et al., 2010, 2011), results obtained in the 140–300 cm interval are shown in the result section with reference to 
depth (Figures 2 and 3) and are not subsequently addressed in the discussion, in which data are presented versus 
age cal ka BP.

Figure 1.
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2.1.2.  MD99-2339 Chronology

The age model of core MD99-2339 was not included in the data set of Waelbroeck et al. (2019) because its age 
model could not be entirely based on MD99-2339 records but had to be partly derived from an alignment to 
core MD04-2805Q, thereby introducing additional dating uncertainties. The chronology of core MD99-2339 we 
adopted was established as follows: (i) the ages in the interval spanning 0–11 ka BP were based on six previously 
published 14C dates from planktonic foraminifera (Voelker et al., 2006), (ii) the chronology of the 11–26 ka BP 
interval was defined based on the alignment of the Globigerina bulloides δ18O and SST variations with those of 
the nearby core MD04-2805 CQ (10 tie points), and (iii) the chronology of the 26–49 ka BP interval was based on 
the alignment of the G. bulloides δ18O and SST variations with the NGRIP δ18O data (12 tie points) as described 
in Penaud et al. (2016) (Table S2; cf. “Data Availability Statement”).

In the same way as for core MD04-2805 CQ, the age-depth relationship of core MD99-2339 was built accounting 
for both age and depth uncertainties of the 14C dates and chronological markers, using the age-depth modeling 
routine “Undatable” (Lougheed & Obrochta, 2019; Figure 1b).

2.2.  MD04-2805 CQ Stable Isotopic Analyses

Measurements of stable isotopes (δ18O and δ13C) in planktonic (G. bulloides; 76 samples) and endobenthic 
(Uvigerina mediterranea; 77 samples) foraminifera were obtained at the LSCE (Gif-sur-Yvette, France) and 
University of Bordeaux (UMR 5805 EPOC, France), respectively, from 250 to 315 μm size fraction at every 
10 cm (Penaud et al., 2010).

In this study, additional data on the epifaunal benthic foraminifera (handpicked from the >150 μm size fraction, 
98 samples) were obtained to document the isotopic composition of bottom waters at the study site. In most of 
the levels, the only recovered species was Cibicides pachyderma. Since we did not observe any significant differ-
ences between the isotopic values of Cibicidoides (syn. Planulina) wuellerstorfi and C. pachyderma in samples 
in which they cooccurred, either of these two species was used for epibenthic stable isotope analysis.

The δ18O and δ13C versus VPDB (Vienna PDB) were measured on an Isoprime 100 mass spectrometer on 
samples of 1–4 specimens. The VPDB was defined based on the NBS19 calcite standard (δ18O = 2.20% and 
δ13C = +1.95%) (Coplen, 1988). The mean reproducibility (1σ) of carbonate standards was ±0.05‰ for δ18O and 
±0.03‰ for δ13C. The measured NBS18 δ18O was −23.27 ± 0.10‰ and δ13C is −5.01 ± 0.03‰.

2.3.  MD04-2805 CQ Dinocyst Data

2.3.1.  New Dinocyst-Based Environmental Parameter Quantifications

MAT was run on “R” version 3.6.3 to the dinocyst assemblages of cores MD04-2805 CQ (Penaud et al., 2010) 
and MD99-2339 (Penaud et al., 2016), after log transformation of taxa percentages. The MAT compares fos-
sil records with modern dinocyst assemblages from the most up-to-date version of the standardized “modern” 
Northern Hemisphere dinocyst database, which includes the abundance of 71 taxa and 1,968 sites in relation to 
17 modern environmental parameters (de Vernal et al., 2020). This method relies on the assumption that modern 

Figure 1.  (a) Area of interest with major sea surface features. Study cores MD04-2805 CQ and MD99-2339 are indicated on the large map, also depicting the 
bathymetry of the study area. The small map on the left present large scale North Atlantic currents with: the North Atlantic Current (NAC), the Portugal Current (PC) 
flowing southward from 45°N to 30°N, the Azores Current (AC) derived from the southern branch of the Gulf Stream and flowing eastward to the Gulf of Cadiz at 
about 35°N, and the Canary Current (CC) fed by both the AC and the PC. Together, these currents form the Eastern Boundary Current of the North Atlantic subtropical 
gyre. (b) MD99-2339 age model: six 14C dates on the 0–11 ka BP interval (cf. Voelker et al., 2006), 10 tie points on the 11–26 ka BP interval (alignment of Globigerina 
bulloides δ18O and SST signals of core MD99-2339 with those of core MD04-2805 CQ), 12 tie points mainly on the 26–49 ka BP interval (alignment of G. bulloides 
δ18O and SST signals with NGRIP δ18O data as in Penaud et al., 2016). Age-depth relationship built using the age-depth modeling routine “Undatable” (Lougheed 
& Obrochta, 2019). (c) MD04-2805 CQ age model: six 14C dates on bivalves (Penaud et al., 2010) combined with eight new 14C dates from planktonic foraminifera. 
One more age constraint (tie point) is based on the calibrated 14C ages of consistently dated Atlantic sediment cores by Waelbroeck et al. (2019). Interval 140–300 cm 
discarded (inverted dates and microfaulted levels unique in the 7.72 m long core within a clayey-silty sedimentary matrix). Age model built using the age-depth 
modeling routine “Undatable” (Lougheed & Obrochta, 2019). (d) MD04-2805 CQ “Section 2” (155–290 cm). From the left to the right: photography of Section 2 
affected by microfaults that are revealed by radiography RX: zooms of RX and photographs of two thin indurated slides (a) and schematic representation of some of the 
microfaulted structures (b).
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relationships between environmental parameters and dinocyst assemblages were the same in the past (e.g., Guiot 
& de Vernal, 2007). Uncertainties may, however, arise from the probable lack of modern analogs corresponding 
to fossil assemblages (e.g., de Vernal et al., 2020; Guiot & de Vernal, 2007). The quantification of environmental 
parameters is based on a weighted average of the values obtained for a maximum of the five best modern analogs, 
with the maximum weight being given to the closest ones. The closest analog is characterized by a similarity dis-
tance referred to as the minimal distance (Dmin). The threshold distance for analogs to be considered significant 
is around 1.3 (dT = 1.3). Hence, we may define analogs as: (i) “good” when the distance (d) < dT/2, (ii) “accept-
able” when dT/2 < d < dT, or (iii) “poor” when d > dT (de Vernal et al., 2005). If Dmin is higher than dT, this 
consists in a nonanalog configuration with no quantifications. Here are shown reconstructions for summer and 
winter SST and salinity (SSS), and annual PP. The uncertainty defined from the root mean square error (RMSE or 
standard deviation of the mean residuals) was ±1.7 and ±1.2 °C for SSTsummer and SSTwinter, respectively, ±2.0 and 
±1.0 psu for SSSsummer and SSSwinter, respectively, and ±138 gC m−2 for PPannual. We also calculated the difference 
between summer and winter SST in order to document the seasonal differences in temperature (SST seasonality). 
Furthermore, the enlarged n = 1,968 dinocyst database includes additional sites from middle and low latitudes 
and provides additional environmental parameters: seasonal PP with strong correlations between all PP parame-
ters (de Vernal et al., 2020) for winter (RMSE: 250 µgC m−2 day−1), spring (RMSE: 542 µgC m−2 day−1), summer 
(RMSE: 720 µgC m−2 day−1), and fall (RMSE: 240 µgC m−2 day−1); mean annual and winter PP being the best 
reconstructed. Although seasonal and annual PP parameters are not independent, we used them as proxies for the 
overall PP and indicators for the annual PP cycle. The updated n = 1,968 also includes the “distance to the coast” 
parameter, which shows correlations with the bathymetry and explains part of the variance in the distribution 
of dinocyst assemblages. We used this parameter (expressed in degrees) as an index of coastal proximity (i.e., 
inshore versus offshore assemblages).

2.3.2.  Canonical Correspondence Analysis (CCA)

Multivariate analyses were performed with Past software version 1.75b (Hammer et al., 2001). Canonical Cor-
respondence Analysis (CCA) was applied to the dinocyst assemblages (expressed in percentages and absolute 
concentrations with no transformation) of core MD04-2805 CQ to capture the main factors (i.e., environmental 
variables including stable isotope data, alkenone-based SST, and dinocyst-based quantifications) that could typ-
ify the control of PP in the study area.

2.4.  MD99-2339 Total Organic Carbon and Alkenone-Based SST

Total organic carbon (TOC; in %) was assessed at the University of Bordeaux (UMR 5805 EPOC, France). 
Measurements were done on 50 samples and performed by the total combustion of homogenized sediment 
samples using a LECO C-S 125 analyzer after treatment of the sediment with hydrochloric acid (1N) to re-
move calcium carbonate. Precision of TOC measurements from standard and sample replicates was higher 
than ±0.5%.

Total lipids were extracted at the University of Bordeaux (UMR 5805 EPOC, France). Extracts were obtained 
from 70 freeze-dried and homogenized sediment samples (15–20 g) using a mixture of 9 mL dichloromethane/
methanol (3:1; v:v) following several steps of sonication and centrifugation until all organic compounds had been 
properly extracted. After drying with N2 at +35 °C, the alkenones were separated from the other organic com-
pounds on a Al2O3 column using hexane/dichloromethane (1:1; v:v). These were then analyzed at the University 
of Hanyang, South Korea, where they were coinjected with a hexatriacontane standard before assessment on a 
Shimazu GC (Shimazu Corporation, Kyoto, Japan) fitted with a flame ion detector (FID) with a DB-5 column 
(60 m × 0.25 mm, 0.25 μm, Agilent). The Ukʹ37 index (Prahl & Wakeham, 1987) was calculated as the ratio 
between the different C37:2 and C37:3 areas, and annual mean SSTs were computed using the equation of Müller 
et al. (1998), with a standard error of about 1.5°C.

3.  Results
The link to the new results presented in this section can be found in “Data Availability Statement” (Tables S1 
and S2).
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3.1.  Benthic Isotopic Data of Core MD04-2805 CQ

In this study, C. pachyderma-C. wuellerstorfi δ18O values range between 1.5‰ and 3.5‰ (Figure 2). They show 
relatively constant values averaging 3.3‰ in the lower part of the core, up to 300 cm, followed by a gradual decrease 
to mean values of 1.8‰ in the 80-0 cm interval, similarly to the U. mediterranea δ18O (Penaud et al., 2010).

Epifaunal C. pachyderma-C. wuellerstorfi have been shown to record the δ13C of ambient bottom-water dissolved 
inorganic carbon (DIC) with minor isotopic fractionation (Duplessy et al., 1984; Gottschalk et al., 2016b; Schmit-
tner et al., 2017; Zahn et al., 1986), even in eutrophic areas (Eberwein & Mackensen, 2006). Here, the epibenthic 
δ13C values can be seen to range between 0.1‰ and 1.5‰ (mean of 0.9; Figure 2). In addition, the shallow 
infaunal U. mediterranea δ13C (Figure 2) reflects the δ13C of pore waters, which depends on the export flux of 
organic matter and availability of dissolved oxygen in bottom waters (e.g., Fontanier et al., 2006; Mackensen & 
Licari, 2003; McCorkle et al., 1990). The amount of sedimentary organic carbon respiration or remineralization 
can be captured by the difference in δ13C between bottom waters and pore waters (Gottschalk et  al.,  2016b; 
Hoogakker et al., 2015). Thus, we used the C. pachyderma-C. wuellerstorfi versus U. mediterranea δ13C signal 
(benthic Δδ13C) as a proxy for remineralization in the sediments. Since both benthic isotopic data sets were not 
acquired at the same levels, the measured C. pachyderma-C. wuellerstorfi δ13C were interpolated to obtain C. 
pachyderma-C. wuellerstorfi δ13C values at the same depths as the U. mediterranea measurement depths (gray 
filling in Figure 2), and vice versa (black line in Figure 2). In core MD04-2805 CQ, benthic Δδ13C values range 
between 0.2‰ and 2.2‰ (Figure 2). The benthic Δδ13C peaks (i.e., red dotted horizontal lines in Figure 2) are 
mainly explained by depleted endobenthic δ13C (U. mediterranea) values. These peaks generally correspond to 
heavier planktonic δ13C and δ18O values (G. bulloides), thus suggesting higher PP and low SSTs.

Figure 2.  Core MD04-2805 CQ. Core depths are displayed in centimeters and in ages (ages indicated on the scale correspond to the pointers used to establish the 
stratigraphy of the core) along the vertical axis. Stable isotope (δ18O and δ13C) data are displayed for planktonic (Globigerina bulloides with blue lines) and benthic 
foraminifera (Uvigerina mediterranea with black solid lines, and Cibicides pachyderma-Cibicidoides wuellerstorfi with black dotted lines). For the calculation of 
the benthic δ13C gradient (Δδ13C) (C. pachyderma-C. wuellerstorfi-U. mediterranea), the measured Cibicidoides spp. δ13C values were interpolated to obtain C. 
pachyderma-C. wuellerstorfi δ13C values at the same depths as the U. mediterranea measurement depths (gray filling), and vice versa (black line). Red dotted lines 
highlight major peaks of Δδ13C representing higher organic remineralization in bottom sediments at the study site.



Paleoceanography and Paleoclimatology

PENAUD ET AL.

10.1029/2021PA004316

7 of 21

3.2.  Sea Surface Parameter Estimates Based on the n = 1,968 Dinocyst Database

Dinocyst-derived environmental parameters were obtained from dinocyst assemblages of cores MD04-2805 CQ 
and MD99-2339. For unedited comparison and discussion, we decided to use calculated parameters with both the 
n = 1,492 (already published) and n = 1,968 databases (Figure 3). In core MD04-2805 CQ, 15 of 80 spectra did not 
yield estimates with the n = 1,492 database because of the lack of modern analogs, but the number of levels having 
no analogs decreased to 11 using the n = 1,968 database. Similarly, in core MD99-2339, 6 of 158 spectra had no 
modern analogs using the n = 1,492 database, whereas all levels yielded estimates with the updated n = 1,968 da-
tabase. Moreover, the number of analogs for each level was significantly higher with the updated modern dinocyst 
database (Figure 3). Overall, most of the estimates are “acceptable,” with the distance of best analogs ranging be-
tween 0.6 and the threshold distance (dT = 1.3 for the n = 1,968 database and dT = 1.4 for the n = 1,492 database). 
Holocene samples with modern analogs close to the study cores yielded “good” results with Dmin <dT (Figure 3).

Figure 3.  Cores MD04-2805 CQ and MD99-2339 with vertical scales in depth (cm) and stratigraphic pointers used for the establishment of both age models 
(radiocarbon dates identified in red and other tie points identified in black; e.g., MD04-2805 CQ: stratigraphic pointers consist in 11 retained 14C dates and one tie 
point, cf. Figure 2). Selected environmental parameters are highlighted with both dinocyst databases for comparison: n = 1,492 (de Vernal et al., 2013) in orange, 
and n = 1,968 (de Vernal et al., 2020) in black. SST: Sea Surface Temperature. SSS: Sea Surface Salinity; PP: Primary Productivity. The number of retained modern 
analogs is shown for each dinocyst-based quantifications, as well as the statistical distance of the best retained analog for each analyzed sample (i.e., Dmin). Dmin 
is represented with continuous lines, then allowing to highlight all analyzed samples. The closest analog found with the n = 1,968 database is represented by a 
colored diamond (cf. legend in the figure), this color code referring to the areas highlighted in maps of Figure 4. It is worth noting that SST-SSS-PP curves have been 
interrupted in case of nonanalog configuration (i.e., if the threshold of Dmin is exceeded). This representation highlights the importance of intervals with or without 
quantifications. If SST-SSS-PP curves are continuous, then all samples analyzed along the curves have quantifications. Diamond symbols used for one level of core 
MD04-2805 CQ highlight quantifications succeeded in a nonanalog configuration interval centered on 600 cm. Dotted horizontal lines underline intervals of high 
dinocyst-based PP estimates. Present-day seasonal values for SSTs and SSSs are provided for each core location with blue and red dotted vertical lines.
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Figure 4.  Maps established with QGis with the points encompassing the n = 1,968 modern dinocyst database (de Vernal 
et al., 2020). From top to bottom: PPannual for annual Primary Productivity, Lingulodinium machaerophorum percentages, 
SSTwinter for winter Sea Surface Temperature. Colored dots with labels (dots and numbers in reds for the two upper maps, 
and in green for the bottom map) are as in de Vernal et al. (2020) and highlight all closest analogs found for dinocyst-based 
quantifications performed on both study cores (MD04-2805 CQ and MD99-2339).
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The closest analogs in the n = 1,968 modern dinocyst database are mainly from the GoC, Bay of Biscay, North 
Sea, Cap Verde, Gulf of Guinea, and Gulf of Mexico (dots in Figure 4 with labels as in de Vernal et al. (2020) for 
all closest analogs found for both study cores)). We attributed seven code colors for the closest analogs illustrated 
on Dmin (Figure 3) in order to show the areas where the modern analogs yielding peaks of high PPannual values 
came from (dotted lines in Figure 3). Downcore, over the last 27 kyr, peaks of high PPannual (>500 gC m−2) in 
core MD04-2805 CQ mainly correspond to analogs from the Gulf of Guinea, while the peaks of extremely high 
PPannual (>1,000 gC m−2) in core MD99-2339 between 27 and 50 ka BP correspond to analogs from the Gulf of 
Mexico. Peaks of high PP were also recorded with the n = 1,492 data set, but their amplitudes were much larger 
with the additional sites of the updated n = 1,968 database. Moreover, while the SSS and SST profiles from core 
MD99-2339 were generally flat with the n = 1,492 data set, with the exception of cold pulses during stadials, 
the n = 1,968 database allowed a much improved capture of variability. The SST and SSS minima show similar 
values with the two dinocyst data sets but show larger variability and amplitudes between the stadials with the 
new n = 1,968 database. In core MD04-2805 CQ, the new estimates suggest that SSSwinter varied mostly between 
31.3 and 36.4 psu, with Holocene values of about 36 psu. They also indicate SSTwinter variation between +3.4 
and +28.7 °C with Holocene values of about +15.9 °C. In core MD99-2339, the new estimates put SSSwinter 
between 28.9 and 36.2 psu, with Holocene values of about 35.9 psu, and SSTwinter between +3.3 and +28.6 °C 
with Holocene values of about +16.7 °C. For both cores, Holocene SSS and SST estimates fall within the modern 
winter-summer seasonal range (Figure 3).

3.3.  Total Organic Carbon and Alkenone-Based SST in Core MD99-2339

In core MD99-2339, the TOC ranges from 0.3% to 1.2% (mean value of 0.5%) with the higher values comprised 
between 15 and 27 ka BP (Figure 6). Also, our new alkenone-based SST record provides strikingly similar ampli-
tude and SST values to those generated from core MD04-2805 CQ (Penaud et al., 2010), with colder temperatures 
(+8.1 °C) during the glacial period and the warmest ones during the Holocene interval (+20.3 °C; Figure 5). 
We compare these new data with the other records acquired for both cores below in the discussion (Section 4.1).

4.  MD04-2805 CQ Core: Paleoenvironmental Changes Over the Last 27 kyr in the 
Subtropical NE Atlantic Ocean
4.1.  SST and SSS Variations

4.1.1.  Holocene Reconstructions

The new dinocyst-based SST (Figure 5d) and SSS (Figure 5f) estimates from cores MD04-2805 CQ and MD99-
2339 show similar stable patterns, thereby confirming regionally consistent hydrological sea surface conditions in 
the central and southern GoC (Penaud et al., 2011, 2016). Moreover, the dinocyst-derived qualitative paleother-
mometer index (Warm versus Cold (W/C) dinocyst ratio according to Penaud et al., 2016; Figure 5c) generally 
matches the δ18O signal in both cores (Figure 5b), thus strengthening the robustness of dinocyst assemblages for 
capturing sea surface hydrological conditions in the subtropical NE Atlantic Ocean (Penaud et al., 2011, 2016). 
Mean dinocyst-derived SSTs of +21 °C in summer (not shown) and +16 °C in winter during the Holocene sec-
tions of both studied cores are close to present-day SSTs (+22.4 °C: red star and +16.6 °C: blue star, respectively, 
in Figure 5d), with modern analogs found close to the study site (Figures 3 and 4). In comparison, alkenone-based 
SSTs exhibit mean annual values of +19 °C during the Holocene (Figure 5e), which is also consistent with the 
dinocyst-based SST seasonal range.

4.1.2.  The Paradox Raised by LGM Reconstructions in the Gulf of Cadiz

Glacial dinocyst-based SST and SSS estimates (Figures 5c, 5d, and 5f) show high amplitude oscillations at the 
submillennial scale that are in line with the high climate variability recorded in the Northern Hemisphere during 
glacial times (Figure 5g). This is particularly evident for the millennial events of the Last Glacial Maximum 
(LGM; 23-19 ka BP), which have been documented in numerous regional sea surface records such as those 
of the Celtic margin (Eynaud et al., 2012) and Nordic Seas (Caulle et al., 2013; de Vernal et al., 2006; Wary 
et al., 2017). Here, our reconstructions of LGM dinocyst-based SST indicate relatively warm summers (mean 
of 23.3 °C for both study cores on the 23-19 ka BP interval: not shown here but available; cf. Data Availability 
Statement) and winters (mean of 22.6 °C for both study cores for the 23-19 ka BP interval) with some winter 
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SST values as high or higher than present-day summer ones (mean of 22.4 °C highlighted in Figures 5d and 5e 
averaging those of southern Cadiz, 22.7 °C, and of central Cadiz, 22.1 °C: cf. Figure 3). Even if there is growing 
evidence for warm LGM conditions, at least episodically, in the North Atlantic and European region from ma-
rine (e.g., Falardeau et al., 2018 and discussion therein) and terrestrial (e.g., Alsos et al., 2020; Van der Bilt & 
Lane, 2019) records, our dinocyst-based estimates appear striking and lead to caution about the absolute values 
of reconstructions in the study area. Here, the warm dinocyst-based SST estimates recorded during the LGM, 
regardless the season, might be biased toward high values, the best modern analogs being found in the Gulf of 
Guinea (Figures 3 and 4) due to the cooccurrence of Brigantedinium spp., Lingulodinium machaerophorum, and 
Operculodinium israelianum taxa, the latter reaching up to 5% in both study cores only during the LGM (cf. 
Penaud et al., 2016). Among heterotrophic dinocyst taxa, the genus Brigantedinium is the most cosmopolitan one, 
occurring today at all latitudes, from nearshore to offshore settings (de Vernal et al., 2020). This cosmopolitan 
species has a widespread distribution from equatorial to polar Atlantic regions, including the western equatorial 
Atlantic and the coastal upwelling along the western African margin, within a broad range of temperatures and 
salinities (Marret & Zonneveld, 2003). This genus is often related with high primary productivity (e.g., Bie-
bow, 1996; Dale & Fjellsa, 1994; Lewis et al., 1990; Marret, 1994; Radi & de Vernal, 2004, 2008; Targarona 
et al., 1999; Zonneveld et al., 2001), including the study area (Marret, 1994; Penaud et al., 2010, 2011, 2016). In 
addition, since the highest proportions of O. israelianum are today recorded in surface sediments of the western 

Figure 5.  Relative Sea Level (a) and glaciological δ18O from NGRIP (g) in parallel with sea surface hydrological quantifications performed on both study cores with 
dinocysts (d and f) and alkenones (e): MD99-2339 (central Cadiz) with solid lines and MD04-2805 CQ (southern Cadiz) with dotted lines. The dinocyst-derived 
qualitative paleothermometer index (Warm versus Cold (Warm/Cold or W/C) dinocyst ratio is made according to Penaud et al., 2016 (c). W: Impagidinium taxa (I. 
aculeatum, I. paradoxum, I. sphaericum, I. strialatum, I. patulum) and Spiniferites taxa (S. delicatus, S. bentorii, S. mirabilis); and C: Bitectatodinium tepikiense, 
Spiniferites taxa (S. elongatus, S. lazus), Nematosphaeropsis labyrinthus, cysts of Pentapharsodinium dalei. SST: Sea Surface Temperature and SSS: Sea Surface 
Salinity. Modern values are highlighted with colored stars: present-day seasonal values for SST (16.6 °C in Winter and 22.4 °C in Summer) and SSS (36.4 psu for 
Winter and Summer seasons) estimates (cf. Figure 3 for mean values at both coring sites) have been averaged for an integrated view of the study investigated at a 
regional scale. Also, mean annual SSTs are of 18.5 °C in central Cadiz and of 19.4 °C in NW Morocco, providing the 19 °C annual value highlighted in (e). Standard 
errors (RMSE) for each reconstructed parameter (d–f) are also represented and centered on seasonal (dinocyst-based SST or SSS) or annual (alkenone-based SST) 
present-day values. Data obtained on the 140–300 cm (cf. Figures 2 and 3) of core MD04-2805CQ are discarded from the discussion and are not represented in age. HS: 
Heinrich Stadial; LGM: Last Glacial Maximum; BA: Bölling-Alleröd; YD: Younger Dryas. Purple bands indicate HSs and the YD.
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African margin (5–10%; de Vernal et al., 2020), characterized by summer SST as high as 29 °C and not below 24 
°C (Marret & Zonneveld, 2003), a bias toward abnormally high SSTs in the study area is possible. This illustrates 
perfectly the concept of analogs in statistics.

In contrast to dinocyst data, alkenone-based SST values point to cooler conditions (13.4 °C on average; Figure 5e) 
than during the Holocene (19 °C on average). As other proxies, alkenones have also limitations and they can 
yield biased temperature estimates in low salinity environments (e.g., de Vernal et al., 2006; Kucera et al., 2005; 
Marshall et al., 2021). It is worth noting that the long-term alkenone-based increasing SST trend from 27 ka BP 
onward (Figure 5e) follows a pattern similar to the long-term increasing trend of dinocyst-based SSS (Figure 5f), 
suggesting common forcing on these proxies including possibly a shift in seasonal hydrological conditions and/
or upper water mass stratification. During the glacial period, an intensified and/or longer seasonal upwelling with 
haptophyte blooms, responsible for alkenones, may have resulted in a bias toward over-estimated cooler SSTs. 
A stronger upwelling activity and/or longer wind-driven upwelling season, as also testified by Brigantedinium 
spp., may then have accounted for cooler as well as less saline waters in the study area while, during the Holo-
cene, warmer alkenone-based SSTs and higher dinocyst-based SSS may be due to the prevailing influence of the 
warmer and saltier Azores Current in a context of weaker upwelling and/or shorter seasonal upwelling intervals 
(Figure 5).

In addition, in the LGM section of both study cores, planktonic foraminifera are characterized by relatively light 
δ18O values (mean of 1.9‰ with peaks reaching 1.4‰; Figure 5b) compared to the entire glacial interval. Lower 
sea level during that period could have led to heavier values (Waelbroeck et al., 2002) and thus cannot explain 
the light δ18O values. The light values indicate slightly lower SSS and/or slightly higher SST (Figures 5c and 5d). 
Although absolute dinocyst-based SST estimates must be interpreted with caution, the W/C index (Figure 5c), as 
alkenone-derived SST (Figure 5e), likely point out to generally slightly warmer SSTs during the LGM than dur-
ing the two encompassing HS that experienced significant SST drops in the study area (e.g., Patton et al., 2011; 
Penaud et al., 2011, 2016; Salgueiro et al., 2010, 2014).

4.2.  Productivity Signals: From Production to Remineralization

4.2.1.  General Observations on Past PP Conditions

The climatic subdivisions identified in Figure 5 are also shown in Figure 6 to help us discuss PP conditions over 
the last 27 kyr BP. Dinocyst-based PP estimates (Figure 6b) follow previously reconstructed glacial-interglacial 
patterns in the intertropical Atlantic, with generally higher PP during the last glacial period than during the 
Holocene. Higher productivity during glacial times has been associated with increased wind-stress accompanied 
by (i) enhanced aeolian dust availability of iron and micronutrients leading to fertilization of the surface ocean 
(Bout-Roumazeilles et al., 2007; Moreno et al., 2002; Wienberg et al., 2010), and (ii) physical hydrographical 
processes leading to strong upwelling (Dupont & Behling, 2006; Dupont et al., 1998; Hardy et al., 2016, 2018; 
Kim et al., 2010; Penaud et al., 2016; Shi et al., 1998; Zonneveld et al., 2013). The long-term changes in produc-
tivity inferred by our dinocyst reconstructions (Figure 6b) lend further support to previous results from the same 
region based on a foraminiferal index (core GeoB 9064 from the central GoC; Wienberg et al., 2010, Figure 6c).

4.2.2.  Remineralization Processes

In core MD04-2805 CQ, the benthic Δδ13C offset (Figure 6e) provides information on the respired carbon at 
the core site (859 m deep off NW Morocco), with high Δδ13C values indicating high remineralization release 
of isotopically light δ13C to pore waters (Gehlen et al., 1999; McCorkle & Emerson, 1988). This approach has 
been used in cores encompassing the LGM and Holocene in the Eastern Equatorial Pacific Ocean (Umling & 
Thunell, 2018, with shallow infaunal foraminifera) and sub-Antarctic Atlantic Ocean (Gottschalk et al., 2016b, 
with deep infaunal foraminifera) to provide information on organic matter flux to the seafloor and, thus, infor-
mation on the export productivity. Close to our study area, on the Iberian margin at 3,146 m water depth, Δδ13C 
between epifaunal Cibicidoides and deep infaunal Globobulimina was further used by Hoogakker et al. (2015) 
to reconstruct bottom-water oxygen concentrations over the past 150 kyr. In our study area, higher Δδ13C values 
(Figure  6e) are generally observed during the glacial interval (mean of 1.1‰, standard deviation of 0.4‰), 
while lower Δδ13C values characterize the Holocene (mean 0.7‰, standard deviation of 0.2‰), suggesting gen-
erally higher rates of organic carbon respiration during high glacial PP periods (Figures 6b and 6c). In contrast, 
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the Holocene is characterized by low dinocyst fluxes and the establishment of oligotrophic conditions (Penaud 
et al., 2016), thus implying reduced export production, and reduced organic matter respiration or remineralization 
(Figure 6e).

4.3.  Hypothesized Links Between PP and Seasonality

Canonical Correspondence Analysis (CCA; Figure 7) was applied to dinocyst assemblages of core MD04-2805 
CQ. A group of thermophilic taxa characteristic of full-oceanic oligotrophic conditions (Spiniferites mirabilis and 
Impagidinium spp.) appears distinct from taxa with an affinity for cold environments (Bitectatodinium tepikiense, 
Spiniferites elongatus, and Spiniferites lazus; Figure 7). Heterotrophic taxa that are generally associated with 
strong upwelling in modern environments (Marret & Zonneveld, 2003; Radi & de Vernal, 2008) are closer to the 
cold group of taxa. In contrast, Lingulodinium machaerophorum, which is often related to water mass stratifica-
tion, is closer to the group of warm taxa; the latter group being mainly related to high annual and summer SST 
(as shown by alkenone-based and dinocyst-based estimates, respectively) as well as to high SSS (Azores Cur-
rent influence). This distribution is consistent with cold and nutrient-rich waters in the glacial period and more 
specifically during stadials (Penaud et al., 2010, 2011, 2016), in contrast to warm and thermally stratified olig-
otrophic waters such as found today. In addition, high dinocyst-based PP estimates are distributed along the same 
axis as high planktonic δ18O, hence supporting the argument of enhanced PP in the studied area during the glacial 

Figure 6.  CO2 atm concentrations (d) and foraminiferal-based Primary Productivity (PP) qualitative information (c) in parallel with selected proxies acquired on both 
study cores (dotted lines for core MD04-2805 CQ, southern Cadiz, and solid lines for core MD99-2339, central Cadiz): planktonic δ18O data (a), dinocyst-based PP (b) 
and SST seasonality (f) were acquired for both cores, benthic Δδ13C (e) is only available for the southern Cadiz core and the Total Organic Carbon (g) is only available 
for the central Cadiz core. Red horizontal dotted lines highlight the major peaks recorded with the Δδ13C proxy. Data obtained on the 140–300 cm (cf. Figures 2 and 3) 
of core MD04-2805CQ are discarded from the discussion and are not represented in age. HS: Heinrich Stadial; LGM: Last Glacial Maximum; BA: Bölling-Alleröd; 
YD: Younger Dryas. Purple bands indicate HSs and the YD.
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period. We also included the benthic Δδ13C signal as an environmental variable in the CCA (Figure 7). It shows 
an inverse relationship with the planktonic δ13C signal (Figure 7), further supporting the hypothesis of an oppo-
sition between low productivity (Frihmat et al., 2015; Penaud et al., 2010) and high remineralization under oxic 
conditions (Hoogaker et al., 2015). We also included SST and SSS seasonality variables in the CCA (Figure 7), 
knowing that today's seasonal-scale processes impact the hydrographical conditions in the GoC (Garcia Lafuente 
& Ruiz, 2007). Seasonal contrasts of SST and SSS might thus have influenced the plankton dynamics during the 
last glacial cycle offshore of Portugal (Datema et al., 2019). Therefore, we suggest two potential links as follows 
(Figure 7): (i) high organic matter remineralization and high SST seasonal contrast (likely related to colder winter 
seasons), and (ii) high PP conditions and high SSS seasonal contrast (likely related to seasonal salinity drops).

5.  MD04-2805 CQ and MD99-2339 Cores: A New Look at the Carbon Cycle Along an 
Eastern Boundary Current Over the Last 50 kyr
Present-day processes on the northern GoC platform (Garcia Lafuente et al., 2006; Garcia Lafuente & Ruiz, 2007) 
are driven by westerlies inducing upwelling off southern Iberia (northwestern GoC), with filaments directed 
southward to the open GoC (i.e., stronger cyclonic eddy off cape San Vincente in Figure 8). This mechanism 
diverts waters from the northwestern shelf to the open GoC. On the contrary, under easterlies, a westward coastal 
counter-current (i.e., CCC in Figure 8) allows the connection of the highly productive and wider northeastern 
GoC shelf, influenced by strong fluvial discharges, to the northwestern GoC shelf (Garcia Lafuente et al., 2006; 
Garcia Lafuente & Ruiz, 2007). We thus expect to record higher numbers of heterotrophic species in the GoC un-
der strong-dominant westerlies, and higher fluvial-sensitive taxa such as L. machaerophorum under strong-dom-
inant easterlies. Also, under modern conditions, continental shelf dynamics and PP show a clear seasonal and 

Figure 7.  Canonical Correspondence Analysis (CCA) performed with the Past version 1.75b software (Hammer et al., 2001) to dinocyst assemblages (expressed in 
percentages “%” and absolute concentrations “conc.”) of core MD04-2805 CQ (cf. Penaud et al., 2010, 2011 for a complete visualization of dinocyst results) to capture 
the main factors (i.e., environmental variables including stable isotope data, alkenone-based SST and dinocyst-based quantifications) that could typify the productivity 
control in the study area. SST: Sea Surface Temperature; SSS: Sea Surface Salinity; PP: Primary Productivity. Ispp: Impagidinium species; Lmac: Lingulodinium 
machaerophorum; Ocen: Operculodinium centrocarpum; Oisr: Operculodinium israelianum; Nlab: Nematosphaeropsis labyrinthus; Btep: Bitectatodinium tepikiense; 
Bspp: Brigantedinium species; Spiniferites species: S. mirabilis (Smir), S. delicatus (Sdel), S. bentorii (Sben), S. lazus (Slaz), S. elongatus (Selo). Red and blue colors 
for dinocyst taxa codes refer, respectively, to Warm (W) and Cold (C) taxa identified in the W/C index (Figure 5c). Brown color for dinocyst taxa codes refer to 
heterotrophic taxa.
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interannual signal in the northern GoC (Garcia Lafuente & Ruiz, 2007). Here, we combine this knowledge of 
modern oceanography and seasonality with that of past productivity, seasonality, and remineralization to address 
the long-term carbon cycle in the GoC, which could be used as a regional model for understanding an EBC sys-
tem of the North Atlantic subtropical gyre.

5.1.  Paleoproductivity Changes Over the Last 50 kyr in the Gulf of Cadiz

Our new PP estimates (Figure 9b) are in line with the observed decrease in dinocyst fluxes from the glacial to the 
Holocene (Penaud et al., 2016), and provide evidence for a three-step decrease: (i) the 27–50 ka BP interval with 
PPannual peaks higher than 600 gC m−2 (“A” window, Figure 9); (ii) the 11–27 ka BP interval with high PPannual of 
430–600 gC m−2 (“B” window, Figure 9); and (iii) the 0–11 ka BP interval characterized by the lowest PPannual 
values, as low as 250 gC m−2 (“C” window, Figure 9). This three-step scheme is discussed below.

5.1.1.  The 27–50 Ka BP Interval

Strong PP peaks occurred during MIS 3 (Figure 9b), especially during Greenland Interstadials (GIs; Figure 9a). 
In the GoC, present-day nutrient concentrations are generally low but relatively high at the mouth of the Gua-
dalquivir River (cf. Figure 8), which is also the most productive area of the GoC (i.e., the GoC is oligotrophic 
elsewhere, Garcia Lafuente & Ruiz, 2007; Navarro & Ruiz, 2006). High MIS three PP peaks, coinciding with 
low values of the “Distance to the Coast” (DC) index (Figure 9f), may be related to nutrient replenishments of 
surface waters by intensified runoff carrying dissolved or suspended substances from the continent under warm 
and humid climate GI conditions. Indeed, beyond the changes related to the global mean sea level (Figure 9g; 
Waelbroeck et al., 2002), the particularly low DC excursions (Figure 9f), which are linked to coastal dinocyst 
taxa, suggest strong riverine inputs during PP increases (Figure 9b). We, therefore, suggest that the rainfall pat-
tern led to enhanced frequencies of flooding events on the northern shelf of the GoC margin and possibly more 
largely in eastern subtropical Atlantic latitudes, as reconstructed for the hinterland of the Cariaco Basin in the 

Figure 8.  Sketch of the circulation in the Gulf of Cadiz according to the model of Garcia Lafuente et al. (2006). Study cores 
MD04-2805 CQ and MD99-2339 are indicated on the map, also depicting the bathymetry of the study area (cf. Figure 1). The 
Portugal Current (PC) flows southward from 45°N to 30°N. The Azores Current (AC), derived from the southern branch of 
the Gulf Stream, flows eastward to the Gulf of Cadiz at about 35°N. The Canary Current (CC) is fed by both the AC and the 
PC. The seasonal strengthening of western and eastern cyclonic eddies on the northern Gulf of Cadiz shelf are highlighted 
in the Figure according to the present-day understanding of hydrological processes. Prevailing “spring-summer” pattern is 
highlighted for Greenland Stadials (GS) and the Last Glacial Maximum (LGM) while strengthening of the “autumn-winter” 
pattern (synchronization of the higher rainfall pattern with the CCC) is highlighted for Greenland Interstadials (GI). Today, 
and during the Holocene in general, the Gulf of Cadiz is mainly characterized by an oligotrophic regime associated with 
nutrient-poor waters carried by the AC.
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western subtropical North Atlantic (Deplazes et al., 2019; González et al., 2008). In order to explain observations 
from the study site (MD99-2339, central GoC), we propose an efficient warm counter-current in the northern 
GoC (cf. Figure 8) as observed today during phases of intense easterlies (present-day meteorological model of 
García Lafuente et al. (2006) and Garcia Lafuente and Ruiz (2007)). Interestingly, between 32 and 27 ka BP, high 
PP peaks (Figure 9b) and low DC indices (Figure 9f) correspond to low L. machaerophorum percentages (Fig-
ure 9c), while high PP peaks and low DC indices correspond to extremely high L. machaerophorum percentages 
during GIs 12 and 8, even reaching percentages as high as those found in present-day western French estuaries 
(Ganne et al., 2016; Morzadec-Kerfourn, 1977; Penaud et al., 2020). We suggest that L. machaerophorum occur-
rences during GIs 12 and 8 reflect interstadial conditions long enough to sustain stabilization of fluvial systems, 
and the development and fixation of riparian vegetation on riverbanks (Penaud et al., 2020), such as during the 
Bölling-Alleröd and the Holocene. Enhanced fluvial input may then explain the cooccurrence of high SST, low 
SSS and high PP during GI, in opposition to low SST and low SSS due to upwelling-induced PP increases re-
constructed during GS.

5.1.2.  The 11–27 Ka BP Interval

The 11–27 ka interval encompasses HS1, HS2, and the LGM. In the study area, this interval may be characterized 
by an intensified and/or longer seasonal interval of spring-summer upwelling, as indicated by the high Hetero-
trophic versus Autotrophic (H/A) ratio (cf. Datema et al., 2019; Penaud et al., 2016, Figure 9j), which promoted 
higher PP than today (Figure 9b). Today, strengthened upwelling are suggested to occur under strong westerlies 
(cf. Figure 8), according to the present-day meteorological model of Garcia Lafuente and Ruiz (2007). In addition 
to spring-summer upwelling that may account for cooler glacial alkenone-derived SST than dinocyst-derived 

Figure 9.  Relative sea level curve (g) and CO2 atm concentrations (h) in parallel with selected proxies acquired on core MD99-2339: planktonic δ18O (a) and mean-
grain size of the fine fraction (d), dinocyst percentages (c, e), Heterotrophic versus Autotrophic (H/A) dinocyst ratio (j; cf. Penaud et al., 2016), and dinocyst-based 
parameters (b: Primary Productivity or PP, (f) Distance to the coast index, and (i) Sea Surface Temperature or SST seasonality). HS: Heinrich Stadial; GI: Greenland 
Interstadial; LGM: Last Glacial Maximum; BA: Bölling-Alleröd; YD: Younger Dryas. Purple bands indicate HSs and the YD, pink bands indicate GIs 8 and 12 and the 
BA.
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ones (Figure 5e), the occurrence of the species O. israelianum (Figure 9e), today characterized by temperate-trop-
ical distributions in surface sediments from the Northern Hemisphere database (e.g., de Vernal et al., 2020; de 
Vernal & Marret, 2007; Limoges et al., 2013; Marret et al., 2008; Zonneveld et al., 2013), may suggest higher 
SSTs in winter, thus accounting for the low seasonal contrast in SST estimates (Figure 9i), with cooler summers 
(at times of upwelled waters) and warmer winters (at times of upwelling relaxation).

5.1.3.  The 0–11 Ka BP Interval

In our study, the Holocene interval (“C” window, Figure 9) seems to be characterized by a relatively strong SST 
seasonality (Figure 9i), which is similar to modern conditions (around 6 °C). Oligotrophic waters (low PP, Fig-
ure 9b) are thermally stratified, as suggested by the high percentages of L. machaerophorum (Figure 9c)—a taxon 
typical of estuarine environments (Ganne et al., 2016; Morzadec-Kerfourn, 1977; Penaud et al., 2020). The GoC 
is today under the oligotrophic influence of the Azores Current (cf. Figure 8) and is characterized by a marked 
seasonal gradient of temperature that exerts a strong control on chlorophyll concentrations (Garcia Lafuente & 
Ruiz, 2007; Prieto et al., 2009), combined with the seasonal influence of river discharges in autumn-winter (i.e., 
at times of higher rainfall; see introduction to Section 2; cf. Figure 8). Our Holocene reconstructions, therefore, 
fit these modern observations.

5.2.  Implications of PP Regimes in EBC Systems for CO2 atm Changes

5.2.1.  Importance of Biogeochemical Cycles in CO2 atm Variations

It was hypothesized that enhanced PP contributed significantly to the CO2 atm drawdown during glacial times (e.g., 
Broecker, 1982). Indeed, biogeochemical mechanisms need to be taken into account (e.g., Buchanan et al., 2016; 
Galbraith & Jaccard, 2015; Schmittner & Somes, 2016) with physical processes (inducing gas solubility or atmos-
phere-ocean exchange of CO2 and ocean circulation; e.g., Hain et al., 2010; Gottschalk et al., 2016a) to understand 
the carbon cycle. Many studies have suggested that, during glacial intervals, circulation in the Southern Ocean 
acted as a driver of CO2 atm changes through strengthened AABW formation and/or enhanced nutrient uptake (e.g., 
Gottschalk et al., 2016a; Jansen, 2017; Marinov et al., 2006; Sarmiento & Toggweiler, 1984). In addition, studies 
also revealed the impact of increased sediment exposure and subsequent silicate weathering during low sea level 
stands for explaining the CO2 atm drawdown (Wan et al., 2017). Hence, as highlighted by Gottschalk et al. (2019), 
high temporal resolution reconstructions at the regional scale, such as this study, are necessary to quantify environ-
mental changes accompanying CO2 atm variations, especially for constraining some parameters in modeling studies.

Today, the GoC is characterized by an oligotrophic regime (nutrient-poor waters carried by the Azores Current) 
and is associated with low CO2 storage (Flecha et al., 2012; Huertas et al., 2006, 2009), as previously discussed 
with respect to the Holocene. However, the last 50 kyr have been characterized by different glacial PP regimes, 
which thus influenced carbon export to the seafloor, along with variable conditions of carbon sequestration 
versus remineralization through time that likely had consequences for the carbon cycle. Dinocyst-based (Fig-
ure 6b) and foraminiferal-based (Figure 6c) PP reconstructions, obtained independently on different cores, point 
to changes consistent with the CO2 atm drawdown (Bereiter et al., 2015, Figure 6d) by recording similar timing 
and rate of change. We may thus consider how our study site evolved regarding carbon remineralization versus 
sequestration as a model for an Eastern Boundary Current (EBC) under a glacial climate.

5.2.2.  Carbon Sequestration Across the LGM

At glacial-interglacial (orbital) timescales, we have discussed the link between PP and Δδ13C (see Section 4.2.), 
which generally fluctuate together, with stronger remineralization during higher PP and vice versa (southern Cadiz; 
Figure 6). A more complex scheme is depicted at the millennial timescale in the reconstructions of core MD04-
2805 CQ. Indeed, a positive relationship between PP (Figures 6b and 6c) and Δδ13C (Figure 6e) still characterizes 
the last 15 kyr (dotted lines at ca. 12 and 14 ka BP; Figure 6) and, before 18 ka, high PP reconstructed during the 
LGM does not coincide with significant increases in Δδ13C (Figure 6e) while significant peaks in TOC values 
(reaching 1%) are occasionally found in core MD99-2339 (Figure 6g). Therefore, sustained LGM-PP (Figure 6b) 
combined with moderate remineralization rates may have offered favorable conditions for carbon sequestration, 
at least between 859 and 1,170 m depth over the studied area. It is worth noting that low organic matter reminer-
alization when PP remains high may be explained by reduced bottom-water oxygen concentrations. This would 
also be consistent, during the LGM, with: (i) poor ventilation promoting the accumulation of a respired carbon 
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pool at 1–3 km depth (e.g., Buchanan et al., 2016; Umling & Thunell, 2017, 2018); (ii) reduced bottom-water 
dissolved oxygen concentrations along the southern Iberian margin (Hoogakker et al., 2015); and (iii) reduced and 
weakly oscillating Mediterranean Outflow Water intensity (MOW; Voelker et al., 2006, Figure 9d) at our study 
site, keeping in mind that the GoC study area lies beyond the reach of the MOW as it did during the glacial peri-
od (e.g., Eberwein & Mackensen, 2008; Rogerson et al., 2011). Because the lowest CO2 atm concentrations were 
reached at around 25 ka BP (Figure 9i), we hypothesize that the increase in respired carbon storage at middepths 
(850–1,200 m water depth) could have contributed to maintaining low atmospheric CO2 concentrations during the 
LGM through an efficient biological pump. The mechanism we propose here is based on a regional data set but 
could be applied at a larger scale to explain, at least partly, atmospheric CO2 changes through time.

5.2.3.  Carbon Sequestration Across GIs 12 and 8

Pronounced MOW millennial-scale variability was recorded during MIS 3 (Voelker et  al.,  2006, Figure  9d), 
which likely implies variable oxygenation in bottom waters at the study site. We may expect that lower reminer-
alization followed the slowdown of the MOW during the interstadials, as discussed for the LGM, and conversely 
during the stadials. During GIs 12 and 8, the highest L. machaerophorum percentages coincide with two major 
atmospheric CO2 atm declines shaping the long-term trend across the glacial period (Figure 9i). We suggest that 
prolonged intervals of organic matter deposition from both terrestrial and marine sources into a poorly oxygenat-
ed basin may have contributed to increasing carbon sequestration in the GoC. The magnitude of CO2 atm rise has 
been shown to be largely determined by the stadial duration (Gottschalk et al., 2020). Here, we suggest that the 
corollary may be true for the long interstadials as being favorable to an ocean sink of CO2 atm.

6.  Conclusion
This study addresses the oceanographic response of the GoC to complex continent-ocean interactions. Today, this 
region is characterized by low to moderate PP, the oligotrophic regime being related to nutrient-poor water advec-
tion from the Azores Current. In contrast, the area was characterized by high PP during the last glacial period. In 
this study, the multiproxy data set includes new stable isotope data of epibenthic foraminifera C. pachyderma-C. 
wuellerstorfi, allowing estimation of organic matter export and remineralization processes through the benthic 
epifaunal-infaunal δ13C gradient (Δδ13C), in addition to new dinocyst-based PP estimates reconstructed with the 
new enlarged n = 1,968 dinocyst database. Our results show high PP during the glacial period and the establish-
ment of oligotrophic conditions from the onset of the Holocene. High benthic Δδ13C excursions and high PP were 
generally observed for the glacial period, in contrast to the Holocene, also suggesting higher carbon export and 
remineralization. We furthermore show, based on dinocyst-based estimates, that seasonal gradients in SST and 
SSS were potential drivers of productivity changes over the last 50 kyr. During MIS 3, particularly high PP may 
be related to nutrient replenishments in surface waters by runoff, as shown by neritic dinocyst assemblages and 
peak nutrient concentrations during the warmer and humid climate phases of Greenland interstadials, also charac-
terized by strong seasonal contrasts in both SSS and SST. During MIS 2, and more specifically across the LGM, 
extremely low dinocyst-based SST seasonality due to warmer winters and colder summer conditions were recon-
structed. We suggest that intensified and/or longer seasonal functioning of upwelling allowed the maintenance of 
sustained PP levels, although lower than during MIS 3, combined with lower remineralization of organic matter 
contributing to carbon sequestration at that time. Finally, the Holocene is characterized by the establishment of 
oligotrophic conditions with reduced organic matter export in parallel with reduced oxic respiration. The Gulf 
of Cadiz is not presently a carbon sink; however, this study demonstrates that its state was different under glacial 
regimes. Hence, our study may help to improve understanding of variations in the carbon cycle along Eastern 
Boundary Currents (EBC) under glacial and interglacial climates, thus providing new elements to consider in 
global biogeochemical models.

Data Availability Statement
Data (Figure S1, as well as Tables S1 and S2 including age constraints of cores MD04-2805Q and MD99-2339 
as well as all data acquired on both cores and discussed in the manuscript) are available in the Zenodo repository: 
https://doi.org/10.5281/zenodo.5573079.
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