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Abstract. New dinocyst analyses were conducted onof LGM SSTs obtained with this multi-proxy panel are dis-
core MD99-2339 retrieved from the central Gulf of Cadiz. cussed jointly with model outputs in order to contribute to
Dinocyst and foraminiferal assemblages from this core areongoing efforts in model-data comparison.

combined with existing data off SW Portugal and NW Mo-
rocco to investigate past hydrological and primary produc-
tivity regimes in the subtropical NE Atlantic Ocean over the

last 30 ka. Our results have revealed highest upwelling inten- . .
. . . . Eastern Boundary Current systems are associated to major
sity during Heinrich Stadial 1 (HS 1) and the Younger Dryas y y J

.~ coastal upwelling characterized by high marine planktonic

and Wiék&r up;valléng Cif";]dg\'/r\}glk}he Lasth'I\lavtilla'\l/l Maxi- productivity (e.g. Hagen, 2001). A complex spatial distribu-
mum ( ) an , offtne ernan an Oroc- tion of planktonic organisms is observed in these systems,

can margins. Similar assemplages be_tw_een the Qulf of Cadlﬁghtly coupled to intensity gradients which structure the up-
and the NW Moroccan margin, and distinct species off Por-Welling zone (Margalef, 1978; Jacques andéguer, 1986:

tugal, were observed during Fhe cold climatic extremes thatSmayda and Trainer, 2010). These rich and fragile coastal
punctuated the last 30 ka. This pattern has been linked to th cosystems are key areas to understand the link between the

occurrence of a hydrological structure between SW Iberlabiological pump and climate at present, but also in the past.

tahned rﬁ:gézmd:rzlgge;hirfstt g_:_?}?;alfrgi?s\ispsrrgggsi'gizga?swimentological archives from these domains provide de-
sible locally for heterotrophic dinocysts found in the Gulf tailed records of primary productivity changes through time

. . . : e . (e.g. Berger et al., 1978). However, numerous oceanographic
of Cadiz durlng the Iast.glamal period, even if this sector is and paleoceanographic studies point to a large heterogene-
not conductive to upwelling phenomena by Ekman transport

; . ity in the dynamic response of upwelling to climate changes
Regional reconstructions of paleo-sea-surface temperatur y P b g g

SoT ing di t and f iniferal t for functi .g. Agnihotri et al., 2003). Indeed, even within the same
( s) using dinocyst an oraminiteral transter functions, -, o g upwelling system, as for instance off the coasts of
as well as alkenones, are also discussed and depict cohelg

. . Portugal and NW Africa, opposite responses in terms of
ent scenarios over the last 30ka. Seasonal reconstruc’uorb<;eriodS of increased upwelling phenomena have been de-

tected (e.g. Bertrand et al., 1996; Eberwein and Mackensen,
2008; Voelker et al., 2009; Salgueiro et al., 2010). Testing

Correspondence toA. Penaud the response of upwelling dynamics (modality and intensity)
BY (aurelie.penaud@univ-brest.fr.) to high-frequency climate variability is therefore of major
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interest; it further allows better constraining the function of
productive areas as biodiversity spots, as well as potential
sources or sinks of C&during rapid environmental changes.
Greenland Stadials (GS) including Heinrich Stadials (HS,
following Sanchez-Gii and Harrison, 2010) have previ-
ously been observed in marine climate records worldwide
(e.g. Voelker et al., 2002; Hemming, 2004; Clement and
Peterson, 2008). Their impact on the paleohydrology off NW
Morocco (core MD04-2805 CQ); Fig. 1) has previously been
discussed with special emphasis on past regimes of primary
productivity (Penaud et al., 2010). This multi-proxy study al-
lowed to integrate responses in dinoflagellate cyst (dinocyst),
planktonic foraminifera, alkenone, and stable isotope data to
past abrupt climatic changes, and to highlight changes in past
upwelling intensity. It demonstrated abrupt SST decreases
in phase with intense northern hemispheric ice-sheet decays
(i.,e. HS 1 and 2), as well as intensified upwelling conditions
during the last deglaciation and especially during HS 1.

The present study aims at better }Jnderstandlng hydrOIOg'i:ig. 1. Major sea-surface currents in the study area (small map):
cal processes affecting the subtropical NE Atlantic from theygrh Atlantic Drift (NAD), Portugal Current (PC) flowing south-
end of Marine Stage 3 to the Holocene period. New mi-ward from 45 N to 30° N, Azores Current (AC) derived from the
cropaleontological data acquired in the central Gulf of Cadizsouthern branch of the Gulf Stream and flowing eastward to the Gulf
(core MD99-2339, 359N; Fig. 1), derived from the analy- of Cadiz at about 35N, and Canary Current (CC) fed by both the
sis of dinocyst and planktonic foraminiferal fossil communi- AC and the PC. Together, these currents form the Eastern Boundary
ties, are integrated with previous analysis conducted on twd-urrent system of the North Atlantic subtropical gyre. The stud-
cores retrieved further south off the NW Moroccan margin iéd cores MD99-2339 (35.8N; 7.5 W; 1170m water depth),
(MD04-2805CQ, 34.5N; Fig. 1) and further north off the MP04-2805 CQ (34.52N; 7.02°W; 859 m water depth), and SU-

; ; _ . O ~ 8118 (37.78N; 10.18 W; 3155 m water depth), as well as MD95-
.SW. Iberian margm (SU-8118, 3?'&‘ Fig. %)' Several ob 2042 (37.80N; 10.17 W, 3146 m water depth), are located on the
jectives have guided us through this study:

bigger map, depicting also the bathymetry of the study area.

1. To document the potentiality of the dinocyst proxy
in the reconstruction of past sea-surface environments
from the subtropical north-eastern Atlantic, both con-
sidering index species as well as using transfer func-
tions. Actually, dinocyst studies in subtropical areas are
less frequent than those performed in northern basins of
the North Atlantic.

4. To monitor the upwelling behaviour and the associated
dynamics of the planktonic communities off NW Mo-
rocco and Portugal during abrupt and millennial-scale
climatic events.

2. To test, in subtropical latitudes, the robustness of quan-
titative paleotemperature reconstructions inferred from?

a multi-proxy approach (i.e. dinocysts, foraminifera and H di dforthi d I q
alkenones). The direct comparison, in the same cores, ' S€ Imentary sequences used for this study were collecte

of these reconstructions offers a way to test the Capajn the subtropical north-eastern Atlantic (Fig. 1), and are each

bility of these proxies to detect coherent climatic sig- representative of a unique hydrologic regime. The reader is
nals (according to the robustness of the quantification§ eferred to Eynaud etal. (2009), Voelker etal. (2009) and Pe-

or to different biotic responses), thus constituting the naud et al. (2010) for a detailed description of these hydro-
best way to discuss their reliability graphical settings. Hereafter are listed key features regarding

our discussion.

3. To characterize the migration of the hydrological fronts The so-called Portugal-Canary eastern boundary up-
during abrupt climatic changes over the last 30 ka; thewelling system is the result of the interaction of the north-
study sites representing a North-South transect allow-eastern trade winds, blowing alongshore (e.g. Pearce, 1991,
ing us to illustrate the latitudinal transfer of the climatic Hagen, 2001, Mann and Lazier, 2005, McGregor et al., 2007)
variability. and dependent on the seasonal migrations of the Azores

High coupled to the Intertropical Convergence Zone dy-

namics (Hsu and Wallace, 1976), with the Canary Current

(CC; Fig. 1), which flows southward between 32 and 48

Modern regional setting
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At present, seasonal wind-driven coastal upwelling is activeet al., 2006) is based on 20 AMSC dates and on three con-
mainly from late May/early June to late September/early Oc-trol points correlated with the GISP2 chronology (Grootes
tober (e.g. Haynes et al., 1993; Aristegui et al., 2005; Peliz eand Stuiver, 1997).
al., 2005). Eastern North Atlantic Central Water (ENACW)  Core SU-8118 (37.78\, 10.18 W, 3155m depth, 7m
and partially Mediterranean Outflow Water (MOW) are the long) was retrieved from the south-western Iberian mar-
sources of the upwelled watersaf®hez and Relvas, 2003). gin, near the Tagus Abyssal Plain. This sedimentary se-
Wind-driven coastal upwelling along the Algarve coast quence is mainly composed of homogeneous clays with two
in the northern Gulf of Cadiz is restricted to episodes with discrete peaks of ice-rafted debris (IRD) recorded around
strong northerly winds (Sanchez and Relvas, 2003). Fur260-290cm (15.2-16.2 cal. kaBP) and 500-520 cm (22.6—
thermore, the Gulf of Cadiz is influenced by Portuguese and23.4 cal. ka BP) corresponding with HS 1 and HS 2, respec-
Moroccan coastal currents and an extension of the Azoresively (Turon et al., 2003). The stratigraphy of this core is
Current (AC; Fig. 1), flowing eastward at about’®h The  established on the basis of 22 AMSC dates (Bard et al.,
AC coincides with the Azores Front (AF), marking the north- 2000) and planktonia'®0 data derived from the planktonic
eastern boundary of the North Atlantic subtropical gyre, foraminiferG. bulloides(Bard et al., 1987, 1989).
south of the Azores Islands. Today, the AF is located at
the latitude of the Gulf of Cadiz in the open Atlantic Ocean 3.2 Dinocyst analysis
but does not penetrate into the Gulf of Cadiz (Rogerson et
al., 2004). The AF corresponds to a zone of strong hydro-Dinocyst analyses were previously carried out on cores
graphical transition between European and African surfacdVD04-2805 CQ (Penaud et al., 2010) and SU-8118 (Turon
water masses, both in terms of SST (thermal transition ofet al., 2003).
about #C; Gould, 1985) and in terms of vertical structure ~ Core MD99-2339 was subsampled at the EPOC laboratory
of the water column (Fasham et al., 1985). Moreover, it is(“Environnements et Pabenvironnements C&aniques”,
locally characterized by intense upwelling cells (Rudnick, Bordeaux1 University, France). Each subsample of #cm
1996; Alves and de Verdie, 1999; Alves et al., 2002). was weighed, dried overnight and then weighed again to
Below subtropical waters, water mass stratification is char-obtain dry weight. Subsamples were then washed through
acterized by North Atlantic Central Water between 100 and@ 150 um sieve and the fraction smaller than 150 um was
600 m, MOW between 600 and 1700 m (Knoll et al., 2002; Used for palynological preparation and analysis. Sixty-five
Llinas et al., 2002), and the North Atlantic Deep Water below Samples were analysed over the last 30ka. The prepara-
1700 m. Annual SSTs are comprised between 18 arfiC19 tion technique followed the protocol described by de Ver-
at the SW Iberian margin and Gulf of Cadiz, and betweennal et al. (1999) and Rochon et al. (1999), slightly modi-
19 and 20C off NW Morocco (WOA 2005; Locarnini et al., fied at the EPOC laboratory (http://www.epoc.u-bordeaux.
2006). Annual sea-surface salinities are approximately 36.2-f1/index.php?lang=fr&page=epaleo26). = For each sam-

36.4 throughout the year at the three study sites (WOA 2005ple, an average of 300 dinocyst specimens was identi-
Antonov et al., 2006). fied and counted using a Leica DM 6000 microscope at

400x magnification. Dinocyst taxonomic identification is
conform to Fensome et al. (1998) and Fensome and Williams

3  Material and methods (2004), and dinocyst assemblages were described by the per-
centages of each species calculated on the basis of the total

3.1 Age models dinocyst sum including unidentified modern taxa and exclud-
ing pre-Quaternary specimens.

Core MD04-2805 CQ (34.3N, 7.02W, 859m depth, Maximal relative abundances of Lingulodinium

and 7.72m long), mainly characterized by homogenousmachaerophorunin core MD99-2339 reach nearly 85%
hemipelagic clays, was retrieved at about 40 km off the Mo-during the Blling/Allerdd and this species shows an average
roccan coast, in relative shallow environments of the north-of 55% of the total dinocyst assemblage throughout the
western African margin. The stratigraphical framework of whole record. For this reason, we have systematically
core MD04-2805 CQ (Penaud et al., 2010) is based on sixcounted 100 dinocysts excludinlg. machaerophorumin
AMS 14C dates and correlation of the planktodt®O data  order to obtain a statistically correct image of dinocyst
with the one from the well-dated core MD99-2339 (Voelker assemblages (cf. Appendix A for the whole counts on cores
et al., 2006), both derived from the planktonic foraminifer MD04-2805 CQ and MD99-2339). Brigantediniumspp.
Globigerina bulloides. includes all spherical brown cysts as their crumbled aspect
Core MD99-2339 (35.89N, 7.53W, 1170m depth, makes them difficult to identify to species level. Cysts
18.54m long) was retrieved in a contourite field (Habgoodof Protoperidinium nudumare grouped with the species
et al., 2003) from the eastern Gulf of Cadiz and allows to Selenopemphix quantand noted a$. quantén this study.
trace the MOW dynamics over the last 47 000 years (Moelker Calculation of absolute abundances of dinocysts is based
et al., 2006). The stratigraphy of core MD99-2339 (Voelker on the marker grain method (de Vernal et al., 1999; Mertens
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et al., 2009): aliquot volumes dfycopodiumspores were monographien1l171/eng/index.shtml; the fulk = 1189
added to each sample before chemical treatment in ordatabase is still unpublished) and 63 dinocyst species, and is
der to estimate palynomorph concentrations (number ofrun within the “R version 2.7.0” software (R Development

dinocysts/crd). Core Team, 2008; http://www.r-project.org/). Hydrological
parameters are calculated on the basis of the best analogues

3.3 SST reconstructions (maximum of 5) found by the transfer function. For each
sample analyzed, the distance between the 5 analogues and

3.3.1 Dinocyst SST reconstructions the fossil assemblage is calculated and, above a threshold

value, the “R” software does not consider analogues found

We used two transfer functions based on the Modern Anapy the transfer function, leading occasionally to non ana-
logue Technique (MAT) to reconstruct dinocyst SST on thejogue configurations. With the = 1189 transfer function
three cores. The MAT principally uses the statistical distanceimplemented with the “R” software (i.e. R-1189), we discuss
between fossil (paleoceanographic record) and current (modrebruary/winter and August/summer SSTs with prediction
ern database) assemblages. The calculation of past hydrerrors of+ 1.2°C and+1.6°C, respectively.
logical parameters relies on a weighted average of the SST
values of the best modern analogues found (maximum num3.3.2 Foraminiferal SST reconstructions
ber of analogues imposed in the transfer functions is 5). The
maximum weight is given for the closest analogue in termsin the same way, we used two transfer functions based on
of statistical distance. The reader is referred to Guiot and dehe MAT to reconstruct foraminiferal SST on the three cores.
Vernal (2007) for a review of theory of transfer functions and Calculation of past SST relies on a weighted average of the
to de Vernal et al. (2001, 2005) for a step by step descriptiorSST values of the best 5 modern analogues found systemati-
of the application of transfer functions to dinocysts, includ- cally.
ing discussion about the degree of accuracy of the method. In the first transfer function, February and August SST

The first transfer function used in this work (de Vernal have been estimated using the MAT transfer function de-
et al., 2005; GEOTOP website: http://www.unites.ugam.ca/rived from Pflaumann et al. (1996) which relies on a modern
geotop/monographia940/eng/index.shtml) is derived from database of 692 modern assemblages (only Atlantic stations)
a modern database comprising 60 dinocyst species and 94fnhproved during the MARGO project (Kucera et al., 2005).
stations from the North Atlantic, Arctic and North Pacific Fossil assemblages are compared to the modern ones, based
oceans and their adjacent seas, including the Mediterraneamn the relative abundances of species for which no transfor-
Sea, as well as epicontinental environments such as the Esnation has been done (no weight given artificially to species
tuary and Gulf of St. Lawrence, the Bering Sea and theby logarithmic transformation for instance). In this paper, we
Hudson Bay. The transfer function £:940) is run under present February and August mean SST with a prediction er-
the “3Pbase” software (Guiot and Goeury, 1996). Hydro-ror of+1.2°C and+ 1.4°C, respectively. More information
logical parameters are systematically calculated on the basisan be found in the compilation of Kucera et al. (2005) for
of the 5 best analogues found by the transfer function. Ana critical review of the accuracy of the method. It is worth
index “Dmin”, provided by the “3PBase” software, allows noting that seasonal SST reconstructions have already been
testing the reliability of the reconstructions. This index de- published for core MD99-2339 with the SIMMAX program
scribes, for each sample analyzed, the distance between tl@d a modern database including 1020 Atlantic modern ana-
closest analogue found by the transfer function and the fossilogues (Voelker et al., 2006, 2009). Our results obtained
assemblage. A threshold value is calculated from the caliwith the transfer function “»= 692" have been compared
bration of the database for the identification of non-similar and show exactly the same values. However, since we have
or very bad analogues. The similarity between the moderrused the transfer function “= 692" for cores MD04-2805
data and the fossil record is considered significant below theCQ (SST published in Penaud et al., 2010) and SU-8118, we
threshold value of 71.72 (de Vernal et al., 2005). With the have chosen to apply the same procedure for the three cores.
n = 940 transfer function implemented with the “3PBase” The second, and most recent, transfer function has
software (i.e. 3PBase-940), we present February and Augudieen developed at EPOC laboratory (“Environnements et
mean sea-surface temperatures (SSTs) with prediction errof8akoenvironnements Gdaniques”, Bordeauxl University,
of +1.2°C and+1.8°C, respectively. France). The MAT (e.g. Kucera, 2007) is run under the “R”

The second, and most recent, transfer function wassoftware using a script first developed for dinocyst transfer
presented at the workshop “Quantitative treatments for palefunctions (vww.cerege.fr/IMG/pdf/formationR08.pdf). The
oceanographical reconstructions based on dinocyst assermodern database relies on a modern database of 1007 mod-
blages” (Dino8 meeting, Moréal, May 2008). The modern ern assemblages and is derived from the ones developed sep-
database has been expanded and comprises n=1189 surfeamately for the North Atlantic and the Mediterranean Sea dur-
samples (Radi and de Vernal, 2008; GEOTOP website: httping the MARGO project (Kucera et al., 2005; Hayes et al.,
/lIwww.unites.ugam.ca/geotop/paleoceanographicDatabase/2005). These databases were merged together to offer a large
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Fig. 2. Dinocyst data of core MD99-2339 (Gulf of Cadiz) versus depth (cm). Dinocyst relative abundances (%) and concentrations of
selected species, as well as total dinocyst concentrations, are displayed. The planktonic oxygen isotope curve (G. bulloides) provides the
stratigraphical framework for the core (Voelker et al., 2006). YD: Younger Dryas; Bolirg-Allergd; HS: Heinrich Stadial; LGM: Last

Glacial Maximum; TI: Termination 1.

set of analogues for subtropical reconstructions over the lagPrahl et al., 1988), equivalent to a global core-top compila-
glacial period notably (Eynaud et al., 2009; Matsuzaki ettion (Muller et al., 1998). Additional temperature estimates,
al., 2011). Modern hydrological parameters were requeste@lso used in this study, are calculated from a regional cali-
from the WOA 1998 database using the tool developedbration (SST = (l§7’—0.186)/0.026; Weaver et al., 1999) and
during the MARGO project (http://www.geo.uni-bremen.de/ phased on & measured in modern sediments from the NE
geomod/staff/csn/woasample.html). This method allows theatlantic (Rosell-Meé et al., 1995).
reconstruction of annual and seasonal (winter, spring, sum-
mer and fall) SST. In this paper, we present winter and
summer mean SST with a prediction error5f..2°C and 4 Dinocyst assemblages from core MD99-2339
+1.3°C, respectively, and annual SST with a prediction er-  through time
ror of +£1.1°C (Eynaud et al, 2009; Matsuzaki et al., 2011).
Dinocyst analysis in core MD99-2339 shows concentrations
3.3.3 Alkenone SST reconstructions varying between 1600 and 13 500 cysts}cmith values be-
ing the highest at the transition between th@liag-Allerodd

SST Changes were preViOUSly reconstructed with the(B/A) and the Younger Dryas (YD) (F|g 2) The average
alkenone unsaturation ratios on cores MD04-2805 CQ (Pedinocyst concentration in the whole sedimentary record is
naud et al., 2010) and SU-8118 (Bard et al., 2000). 5900 cysts/crh

In this study, we compare dinocyst and foraminiferal SST From the beginning to the end of the seguence, assem-
reconstructions obtained on these two cores with two dif-b|ages are dominated inngu]odinium machaerophorum
ferent ca}librations converting thesgalkenone unsaturation  and Brigantedinium spp. (Fig. 2). Brigantedinium spp.
data (U) in terms of SST. First temperature estimates arewere present during the whole glacial period and decreased
based on a culture calibration (SST :@0.039)/0.034; abruptly at Termination IA (transition between HS 1 and the
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Fig. 3. SU-8118(a), MD99-2339(b) and MD04-2805 CQc). Comparison of quantitative dinocyst SST reconstructions (February and
August) from 3PBase-940 and R-1189, in parallel with planktdﬁﬁo (G. bulloides). Error bars are shown for the different reconstruc-

tions. Dmin, for each transfer function, represents the statistical distance between the closest analogue found by the transfer function anc
the fossil assemblage. Threshold values of each method are represented by dotted lines. Tables under the graphs show the correlation coef
cient between each reconstruction, and the average (mean-diff) and standard deviation (SD-diff) of the differences calculated between eacl
reconstruction. YD: Younger Dryas; B/A:@ing-Allergd; HS: Heinrich Stadial; LGM: Last Glacial Maximum; TI: Termination 1.

B/A; Bard, 1998) whileL. machaerophorunstrongly ex- 5 Temperature records: convergences and

panded, with relative abundances of this latter species reach- discrepancies

ing 80% during the B/A and 70% during the Holocene

(Fig. 2). This is consistent with the current distribution of In this study, paleotemperature records have been obtained

this taxon which shows the highest abundances off Portugalvi'[h three different proxies (foraminiferal and dinpcyst trans-

and around the Strait of Gibraltar with modern values reachfer functions as well as alkenones based on t§e iddex).

ing 80 % (Rochon et al., 1999). ConcerniBggantedinium  Very limited sedimentary archives illustrate such a complete

spp., it is important to keep in mind that this species can beSST dataset in subtropical latitudes (e.g. Bard, 2001; Margo

linked to better preservation under preanoxic or anoxic bot-Project Members, 2009).

tom conditions (Combourieu-Nebout et al., 1998; Zonneveld

etal., 2001; Kodrans-Nsiah et al., 2008). 5.1 The different transfer functions applied to dinocysts
The species occurring during cold intervals (HS and YD) and foraminifera

are represented bRitectatodinium tepikiense, Spiniferites

lazus, Spiniferites elongatuslrinovantedinium applanatum For each core, dinocyst SST reconstructions obtained from
and Nematosphaeropsis labyrinthus. Warmer periods (Lastthe two transfer functions (3PBase-940 and R-1189) for the

Glacial Maximum: LGM, B/A, and Holocene) are mainly Months of February and August are compared on the same
characterized by increases Sfpiniferites mirabilis, Im-  9raphics (Fig. 3). Concerning cores MD99-2339 and MDOA4-

pagidinium species(l. aculeatum, I. paradoxum, I. patu- 2805 CQ, differences between SST values reconstructed with
lum, 1. sphaericum, I. strialatum)Spiniferites bentoriiand ~ R-1189 and 3PBase-940 are generally lower than or equal to

Spiniferites delicatugFig. 2). These occurrences are very 1€ €rror bars. This is especially true for the Holocene pe-
similar to those found off the NW Moroccan margin over the 110d (Fig. 3). For core SU-8118, Holocene reconstructions

last 30 ka (Penaud et al., 2010). More details on the presenf'® /S0 very close (mean difference of @4and 0.7C
day ecology and geographical distribution of the species, disfOr February and August SSTs, respectively) but differences
cussed later in this manuscript, can be found in Penaud eIi)etween R-1189 and 3PBase-940 reconstructions can reach

al. (2010). 11°C during the glacial period (Fig. 3)_. Differences between
the results of the two transfer functions cannot be due to

Biogeosciences, 8, 2295-2316, 2011 www.biogeosciences.net/8/2295/2011/
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the different software used and result from the expansiorFebruary and August SST reconstructions while the trans-
of the dinocyst database. Indeed, in order to overcome thiger function R-1007 provides annual and seasonal-mean
potential bias on our quantitative data, we have tested théi.e. winter, spring, summer and fall) SST reconstructions.
“3PBase” software with the “»= 1189” database and the re- However, the comparison of winter versus February SST
sults were exactly similar to those obtained from the “R” values on the 664 common stations from the North Atlantic
software. However, we chose to apply the same statisticatlatabases (r= 1007 versusn = 692) generates a mean
methods as those applied in previous paleoenvironmental redifference of 0.26C (with a maximum difference of
constructions (3PBase-940; de Vernal et al., 2005) and thos#.95°C). For the summer versus August SST values, the
recommended at present (R-1189; Dino8 meeting, Mahtr mean difference is 0.3 (with a maximum difference of
May 2008). 1.1°C). These values are within the range of the error bars of
Besides the enlargement of R-1189, it is important to notethe reconstructions and therefore encourage us to compare
that 3PBase-940 provides data in a systematic way while Rboth sets of reconstructions.
1189 provides a discontinuous record, particularly for core The results show that monthly or seasonal reconstruc-
SU-8118 (Fig. 3). One way to illustrate this fact is the Dmin tions are extremely close for cores SU-8118 and MD99-2339
index. This index is provided by the two transfer functions (mean differences generally lower than or equal to the er-
(Fig. 3) and represents the distance between the closest anger bars), and differ more for core MD04-2805 CQ (Fig. 4).
logue found by each transfer function and the fossil assemuising a strict Atlantic database £692) or the most com-
blage. Concerning the transfer functions 3PBase-940 and Rplete database with 1007 stations (including Mediterranean
1189, the similarity between modern and fossil data is judgecsites) does not alter the SST values reconstructed at the SW
significant below the Dmin values of 71.72 and 1.2, respec-lberian margin (Fig. 4). However, mean differences between
tively (Fig. 3; de Vernal et al., 2005). However, 3PBase-940SST reconstructed are increasing towards southern latitudes
considers systematically the 5 analogues without removingFig. 4). This could be due to the fact that R-1007, contrary
any of the worst ones, while R-1189 makes a selection ofto PaleoToolBox-692, integrates a larger set of subtropical
the different analogues found and does not consider thosenodern sediments (from Mediterranean sites) and thus offers
for which the statistical distance between modern and fosa larger panel of analogues (Eynaud et al., 2009; Matsuzaki
sil data exceeds 1.2. This can lead to non-analogue situet al., 2011) for cores MD99-2339 and MD04-2805 CQ.
ations for a fossil sample when the distance of the closest
analogue (Dmin) exceeds the threshold value of 1.2 (Fig. 3)5.2 SST multi-proxy compilation
Concerning the SW lberian margin core (SU-8118), many
fossil assemblages cannot find an echo with R-1189. Nonb.2.1 Dinocysts versus foraminifera
analogue situations may result from glacial upwelling mi-
crofossil assemblages (de Vernal et al., 2006). Indeed, it iS’The comparison of the quantitative reconstructions obtained
worth noting thatBrigantediniumspp. are particularly dom- from the two microfossil communities shows that seasonal
inant on the SW Iberian margin core and make up generdata illustrated by winter and summer SST values are
ally more than 40 % of the total dinocyst assemblage dur-more coherent than those obtained for February and August
ing the last glacial (Fig. 7). The present-day occurrence of(Fig. 5). Closer, and probably more reliable, seasonal re-
Brigantediniumspp. shows a multimodal temperature pref- constructions may be due to the update and enlargement of
erence since they are observed in sub-arctic/arctic waterthe databases @ 1189 versus: = 940 for dinocysts; and
(Rochon et al., 1999) as well as along continental margins: = 1007 versua = 692 for foraminifera) providing a wider
subjected to upwelling phenomena (Gaines anddelter,  choice of analogues, and to the fact that R-1189 does not con-
1987; Biebow, 1996; Marret and Zonneveld, 2003). This sider “bad” analogues for its calculations. Absolute seasonal
taxon thrives particularly in nutrient-rich sea-surface watersSST values show also reduced differences for LGM recon-
but no clear correlation was found betweRrngantedinium  structions derived from dinocysts and foraminifera, whereas
spp. and conditions of temperature or salinity. those obtained for February and August diverge by almost
In summary, the reconstructions from R-1189 are more re2 or 3°C, with foraminifera providing systematically cooler
liable. Indeed, the modern database=74189" offers the  SST during this period. These seasonal reconstructions, pro-
largest set of analogues and the new script associated withiding consistent absolute SST values on the mean LGM
the program “R” allows us to distinguish better the critical time interval (19-23ka BP — EPILOG definition; Mix et
periods when the results are less reliable by removing badl., 2001), were averaged (Table 1) to create a new LGM
analogues. It begs to question the validity of the SST valueslocument for the subtropical eastern Atlantic. The reader
reconstructed for core SU-8118. should keep in mind that these values are provided as mean
Quantitative reconstructions derived from the two values, but that SST estimates derived from dinocysts and
foraminiferal transfer functions are not directly comparable foraminifera exhibit however some differences during the
since the reconstructed parameters are not exactly the saméka covered by the LGM. However, de Vernal et al. (2006),
The transfer function PaleoToolBox-692 only provides in an attempt of re-evaluating LGM sea-surface conditions
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Fig. 4. SU-8118(a), MD99-2339(b) and MD04-2805 C{c). Comparison of quantitative foraminiferal SST reconstructions (February
versus winter and August versus summer) from PaleoToolBox-692 and R-1007, in parallel with plabﬂéﬁh(e. bulloides). Error bars

are shown for the different reconstructions. Tables under the graphs show the correlation coefficient between each reconstruction, and the
average (mean-diff) and standard deviation (SD-diff) of the differences calculated between each reconstruction. YD: Younger Dryas; B/A:
Bolling-Allergd; HS: Heinrich Stadial; LGM: Last Glacial Maximum; TI: Termination 1.

Table 1. Mean SST values (winter, summer and annual) reconstructed for the LGM (19-23 ka BP) from dinoey$i80), foraminifera
(n =1007), and alkenones (Prahl et al., 1988), on the three cores. Data into brackets in the table are less reliable. SD: Standard Deviation
Pts: Number of points used for the calculation.

Cadiz (35.9N) Morocco (34.5 N)

Average LGM SST (19-23 ka BPD Portugal (37.8N)

Proxies | MeanSST SD Pty MeanSST SD Pty MeanSST SD Pts
Winter Foram. 116 20 11 155 1.8 35 13.7 16 12
Dino. 2.2) 49 3 15.3 04 17| 151 1.2 10
Summer Foram. 16.5 25 11| 207 1.8 35| 189 1.6 12
Dino. (4.8) (58) 3 20.6 03 17| 205 0.6 10
Annual Foram. 137 23 11| 179 1.8 35| 161 1.7 12
Alk. 133 09 15 No data 14.9 07 11
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Fig. 5. Comparison of foraminiferal versus dinocyst SST reconstructions: February and August (PaleoToolBox-692-foraminifera versus
3PBase-940-dinocysts), winter and summer (R-1007-foraminifera versus R-1189-dinocysts). Error bars are shown for the different recon-
structions. Tables under the graphs show the correlation coefficient between each reconstruction, and the average (mean-diff) and standar
deviation (SD-diff) of the differences calculated between each reconstruction. YD: Younger Dryas; @iAg®\llergd; HS: Heinrich

Stadial; LGM: Last Glacial Maximum; TI: Termination 1.

with various proxies including dinocysts, foraminifera and the discrepancy reflects an ecological bias. Dinocysts are
alkenones, previously demonstrated that LGM SSTs showndeed produced by dinoflagellates (phytoplankton group)
significant differences depending upon the proxy used for rewith shallow living depths (photic zone) while planktonic
construction. Discrepancies between the different techniqueforaminifera (zooplankton group) can migrate deeply in the
especially marks the eastern boundary currents (de Vernal evater column with living depths ranging from 0 to 1000 m
al., 2006), i.e. our study area. (Schiebel et al., 2001). Dinoflagellates, being found in shal-
The largest discrepancy between dinocysts andower water, would thus record warmer SST. Various biases
foraminifera is observed during HS 1 in the Gulf of Petween different micropaleontological reconstructions can
Cadiz (around 7C; Fig. 5). However, dinocyst reconstruc- thus occur in relation to water masses or productivity and to
tions appear reliable according to the Dmin index (Fig. 3).the ecological strategy (depth of habitat, growth seasons) of
Beyond the accuracy of the reconstructions, two hypotheseBhytoplankton versus zooplankton organisms (de Vernal et
can be put forward with respect to this observation. Eitheral-, 2005).
the dinocyst and/or foraminiferal SST are less reliable, or,
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Fig. 6. SW Iberian margin (MD95-2042) and NW Moroccan margin (MD04-2805 CQ). Dinocyst SST reconstructions (February and August,
3PBase-940) and foraminiferal SST reconstructions (winter, summer and annual, R-1007) are compared with SST provided by alkenones
(U’g7 — SST). Two different calibrations have been used to convert gyealRenone unsaturation data in terms of SST: #1 corresponds to

Prahl et al. (1988) and #2 corresponds to Weaver et al. (1999). Error bars are shown for the different reconstructions. YD: Younger Dryas;
B/A: Bolling-Allerad; HS: Heinrich Stadial; LGM: Last Glacial Maximum; TI: Termination 1.

5.2.2 Transfer functions versus alkenones This confrontation allows us to confirm that using the re-
gional NE Atlantic calibration (Weaver et al., 1999) or the
| culture calibration (Prahl et al., 1988) does not change both

Alkenone-derived SST from cores SU-8118 (Bard et a 'SST Fig. 6). L " b both calib
2000) and MD04-2805 CQ (Penaud et al., 2010) have pre>>! Patterns (Fig. 6). Largest offsets between both calibra-

viously been compared with ice-core records, demonstratin lons are observed at the SW Ibena_ln margin and represent
a close link between SSTs in the subtropical NE Atlantic and me_lll d|ffere_nces of less than 26 (Fig. .6)' Therefore, s€-
temperature developments over the wider North Atlantic re_lectmg one mste_ad of the other equation will not alter the
gion, including Greenland. Regarding methodological Con_followmg discussion.

siderations, we decided here to show two reconstructions of Dinocyst and foraminiferal-based SST reconstructions,
alkenone derived-SST based on two different calibrationsfor both cores, match well with the SSTs derived from
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Table 2. Mean SST values reconstructed for the Holocene (5-10 ka BP) from foraminifera@@7) and alkenones (Prahl et al., 1988) on
the three cores versus present-day SST values from World Ocean Atlas 1998 (WOA98). SD: Standard Deviation; Pts: Number of points used
for the calculation.

Annual SST valuesqC) Actual (WOA98) | Holoceneestimates on the time interval 5-10 ka BP
Foram. SD Pts Alkenones SD Pts

Portual (37.8 N; 10.2 W) 17.7 183 08 9 18.3 0.5 14

Cadiz (35.9N; 7.5° W) 18.5 200 11 10 No data

Morocco (34.8 N; 7.0° W) 19.4 189 03 8 18.9 0.7 8

alkenones, showing minimum values during HS and the YDalkenones (synthesized by coccolithophorids) and dinocysts
(Fig. 6). Alkenone-based SSTs fluctuate between the seamay represent a more robust signature of sea-surface hydro-
sonal temperature range given by dinocyst and foraminiferalogical change since they represent phytoplanktonic produc-
reconstructions, except during the glacial period. Further-ivity.

more, alkenone-based SSTs reconstructed for the Holocene

(5-10ka BP) on both cores are consistent with modern an- ) , )

nual SST values at the two core sites (Fig. 6). It confirms tha® Paleohydrological changes affecting the NE Atlantic
alkenones would capture a mean annual SST signal rather OVer the last 30ka

than a seasonal one. Concerning the .NW Moroccan Mars 1 sea Surface Temperature evolution through time
gin, our results show that the alkenone signal is closely simi-
lar to wipter foraminiferal and dinocyst.temperatures durindg 1 1 Holocene and Blling-Aller od
the glacial and the YD. This observation has already been

discussed (Penaud et al., 2010) as originating from possiblghe Holocene and B/A are characterized by the develop-
switches in mean annual temperatures dominated by largghent of temperate to tropical speciss mirabilisand Im-
winter changes (Denton et al., 2005). The seasonality obagidinium spp., however with lower percentages during
the alkenone production may also have changed through timghe B/A than during the Holocene (Fig. 7). Dinocyst,
(MARGO Project Members, 2009). foraminifera, and alkenone derived-SST reconstructed dur-
ing the Holocene (until 5 ka BP) from cores retrieved off Por-
tugal and NW Morocco and in the Gulf of Cadiz are consis-
S ! : . - ent, given the method’s uncertainties, with those character-
jor discrepancy in the estimates, with seasonal fo_rammlferaIZing these areas today (Figs. 5 and 6: Table 2). Annual SSTs
SS.T much coIder. t.han alkenone ones, e_ven n Summe{modern SST from WOA98 and reconstructed SST from this
(Fig. 6). The foraminiferal transfer function n=1007 also pro-

vides annual SST reconstructions that can directly be com?® tudy) are around I& and 1.9C for the areas of Portugal
pared with the alkenone signal (Fig. 6). Annual SST valuesand Cadiz-Morocco, respectively (Table 2).
reconstructed with both proxies on the two cores are verys 1 5 Heinrich Stadials and Younger Dryas

close, except during HS 1 when foraminifera provid&Cs

colder temperatures than alkenones. This supports the fagjuring HS, armadas of icebergs invaded the North Atlantic
that foraminiferal SST reconstructed dUring HS 1 in the Gulf Ocean (eg Heinrich, 1988; Bond et a|_, 1992)’ Causing ma-

of Cadiz may also be underestimated (Fig. 5). This trendjor sea-surface cooling and freshening up to the subtropi-
of foraminiferal SST towards colder estimates during Green-ca| |atitudes off Portugal (e.g. Lebreiro et al., 1996; Baas

land Stadials, and especially during HS, was previously obwt al., 1997; Zahn et al., 1997; Cayre et al., 1999; Bard et
served on the SW Iberian margin and in the Alboran Sea beg|., 2000; Turon et al., 2003; de Abreu et al., 2003; Ey-
tween 25 and 50 ka BP, with significant SST anomalies benaud et al., 2009). Cold sea-surface waters likely invaded
tween 4 and 7C (Penaud et al., 2011). It will be crucial to |atitudes of the eastern subtropical Atlantic via the Portugal
understand if this finding reflects a problem in the methodscuyrrent and were then spread by the Canary Current (Zhao
of reconstructions of SSTs. Inde&d bulloidesandT. quin- et al., 1995; Plewa et al., 2006). On the three cores, HS are
queloba, species strongly represented in the foraminiferahoted by significant SST decreases (Fig. 8) linked to a signif-
assemblage, represent an “unusual”’ fauna that may yield gant drop in warm species (dinocyst spediepagidinium
bias towards colder SSTs (Voelker, personnal communicaspp. andS. mirabilis; Fig. 7) and the development of polar
tion). Problem may also result from the ecological strategyto subpolar species: dinocy®stepikiens@ndS. lazus, and

of planktonic organisms. Indeed, foraminifera are characterforaminiferaN. pachyderma. andT. quinquelobgFig. 8).
ized by different depths of habitat according seasons, while

Based on the observation of foraminiferal versus
alkenones data, we can also see that HS 1 displays a m
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Fig. 7. Comparison of the relative abundances (%) of selected dinocyst species on the three study cores covering the last 30 000 years. The
color code is mentioned for each core. The planktéhfO records provide the stratigraphic framework for the three sedimentary sequences.

The YD can be assimilated to an HE if the hydrological spectively. This reveals a strong gradient with thus a frontal
disturbance associated with this cold climatic event is consid-structure probably developed somewhere between the SW
ered (HE 0, Andrews et al., 1995). In our study, this interval Iberian margin and the latitudes of Cadiz and Morocco, re-
is clearly marked, in the three sedimentary sequences, witlspectively located at 315 km and 460 km from the SW Iberian
a decline of thermophilous species (Fig. 7), a decrease of margin.
machaerophorunpercentages (Fig. 7) and the development
of species dominating today polar to sub-polar environments.1.3 Last Glacial Maximum
(Fig. 8). The YD is characterized by winter foraminiferal
SST of about 7C off Portugal, while further south (Cadiz The LGM is the period of the last glacial period characterized
and MOFOCCO), it is characterized by warmer foraminiferal by maximum extension of p0|ar ice caps and minimum mean
and dinocyst SSTs of IE (Fig. 8). This represents a mean global sea-level (Mix et al., 2001). High resolution studies
anomaly of minus 3.5 and 8°& regarding to present-day have called into question the CLIMAP paleoclimate quan-
winter SSTs in the areas of Portugal and Cadiz-Morocco, retifications (CLIMAP Project Members, 1981), including the
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Fig. 8. On each graph, relative abundances (%) of selected planktonic foraminiferal and dinocyst species are depicted for the three cores
with the same percentage scales. These data allow materializing the hydrological front in the NE subtropical Atlantic over the last 30 ka. The
color code is noted on the figure. Reconstructions of Winter and Summer SST with dinocysts and foraminifera are also shown in the figure
with error bars, except for the dinocyst SST reconstructions of core SU-8118 (too few data available).

perennial sea-ice cover in the northern basins (e.g. Pflaumangest that the LGM was not a stable period, consistent with
et al., 2003; Kucera et al., 2005; de Vernal et al., 2006).previous studies carried out in the temperate Atlantic Ocean
Today, many studies indicate an active North Atlantic Drift (Zaragosi et al. 2001; Mojtahid et al., 2005; Voelker et
during the LGM and SSTs relatively warm in comparison al., 2009). However, the resolution of the LGM is differ-
with the two surrounding Heinrich Stadials (HS 1 and HS 2) ent for the three different cores and we chose to average
(Sarnthein et al., 1995; Eynaud, 1999; de Vernal et al., 2000SSTs estimates (winter, summer and annual) reconstructed
2001, 2005, 2006; Zaragosi et al., 2001; Boessenkool et alwith the three different proxies (foraminifera, dinocysts and
2001; de Abreu et al., 2003; Kucera et al., 2005; Penaud ealkenones) on the stratigraphical interval 19-23 kaBP (Ta-
al., 2009; Eynaud et al., 2009). ble 1). These values can then be compared with recently
In our study, we find increases of the temperate to trop-published compilations from MARGO (including data from
ical Impagidiniumdinocyst species an8. mirabilis, these Rosell-MeE et al., 2004; Kucera et al., 2005; Barker et
species being quasi-absent from the surrounding HS (Fig. 7)al., 2005; Meland et al., 2005; de Vernal et al., 2005) and
These taxa suggest a warming of sea-surface waters. This BMIP/PMIP2 models (Kageyama et al., 2006). Figure 9
in agreement with temperature reconstructions obtained durthus presents the various means (and standard deviations)
ing the LGM showing mean SSTs higher than those recordedor the LGM temperatures reconstructed in this study ver-
during the surrounding HS and close to present-day and B/Asus model outputs, as well as SST anomalies calculated from
temperature estimates, if considering the warmest LGM expresent-day values (WOA98). It updates previous compar-
cursions (Fig. 8). Some oscillations with amplitudes rang-isons such as those presented in Kageyama et al. (2006),
ing from 2 to 4°C, observed in SST records derived from because it includes the most recent model results, as well
foraminifera, dinocysts and alkenones (Figs. 6 and 8) sugas the new reconstructions obtained in this study. Contrary
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Fig. 9. Comparison, for the present and Last Glacial Maximum (LGM) periods, between the new reconstructions from this study, the previous
reconstructions from the MARGO project (http://margo.pangaea.de/) and PMIP2 model results. Togg)af@lsind(c): Pre-industrial

states (control) for the Annual (ANN), winter (JFM) and summer (JJA) means. Bottom fgeheks) and(f): LGM states. The lines are the
longitudinal averages of simulated sea surface temperatures in a sector coveiigdB3B0 E in the North Atlantic, for a latitudinal transect

25 to 8% N. Symbols represent SST reconstructions, with the new ones (this study) represented by large circles. Model name abbreviations:
HadCM3-v: HadCM3 coupled atmosphere-ocean-vegetation run. ECH-MPI-LPJ is for the ECHAM53-MPIOM127-LPJ and MIROC is for
MIROC3.2.

to reconstructions at higher latitudes, the three proxies usetoroccan margin and central Gulf of Cadiz (Fig. 7). In all
here produce consistent LGM temperatures. Model resultgases, for the three studied areas, there existed a duality be-
broadly agree with these new reconstructions, for the annuaiween these two taxa which had previously been described
mean as well as for the winter and summer seasons (Fig. 9)for the MIS 5 substages at the SW Iberian margin (Eynaud,
1999; Eynaud et al., 2000).. machaerophoruns a species

6.2 Paleoproductivity conditions through time mostly occurring in neritic environments, close to the Strait
] ] o of Gibraltar and including the Portuguese coast, represent-
6.2.1 DualityL. machaerophorum Brigantediniunspp. ing today 80% of the total dinocyst assemblage (Marret

Dinocyst assemblages from the three study areas are doma-nd Zonneveld, 2003). This taxon has often been associ-

inated by the taxd. machaerophorurand Brigantedinium ated with relatively warm and stratified water masses (Mar-

spp. (Fig. 7). Profiles of these two species are furthermoreret and Zonneveld, 2003), and particularly off NW Africa,

almost identical between the Gulf of Cadiz and the Moroc—Where. highest abundances of th|_s taxon have _been linked
) . . . . to periods of relaxation of upwelling cells (Bouimetarhan
can margin, with the dominance Bfigantediniurmspp. dur-

ing the glacial period until the end of HS 1 (Termination etal,, 2009). In contrasBrigantediniumspp. are formed

IA; Fig. 7), then followed by a sharp decreaseByfgante- by heterotrophic dinoflagellates whose nutrition is mainly

diniumspp. replaced by a strong development of the Specieé:haracterlzed by diatoms (e.g. Wall et al., 1977; Gaines

L. machaerophorum. At the SW Iberian margin, the switch and Elbachter, 1987, Matsuoka,_ 19.87’. I__eW|s etal, .1990).'
The occurrence of these cysts in significant proportions in

between these two taxa occurred at the end of the YD (Ter-,. . . .
S T dinocyst assemblages has often been linked to nutrient-rich
mination IB; Fig. 7). Moreover, we note that the percent-

ages oBrigantediniumspp. were always much higher at the sea-surface waters, such as areas affected by permanent up-

X . . welling (Marret, 1994; Biebow, 1996; Dupont et al., 1998;
SW Iberian margin, angice versafor L. machaerophorum . . .
: - . . Zonneveld et al. 2001; Radi and de Vernal, 2004; Sprangers
which exhibited maximum relative abundances at the NW
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Fig. 10. Summer export productivity estimated for core MD95-2042 (Salgueiro et al., 2010) versus relative abund8nigestefdinium
spp. obtained in core SU-8118 (Turon et al., 2003). The plankt&ﬁ@ records provide the stratigraphic framework for the two sedimentary
sequences.

et al., 2004). Furthermore, when comparBiggantedinium  HS 1 and Termination IA (TIA), but also characterized the
spp. percentages on core SU-8118 with summer export proYD with relative abundances as high as during HS 1 (Fig. 7).
ductivity obtained on the twin core MD95-2042 (Salgueiro et Similar to the Moroccan margin, percentages of these species
al., 2010; Fig. 10), the same trend of decreasing productivitydecreased during the LGM, and especially during HS 2. By
is noted on both sedimentary sequences over the last 30 kanalogy with observations made off NW Morocco (Penaud et
These preliminary observations based on dinocyst from hetal., 2010), these taxa thus allow us to discriminate between
erotrophic dinoflagellates suggest a general intensification operiods of intensification of upwelling at the SW Iberian mar-
primary productivity in this sector likely reflecting the inten- gin. It suggests relatively weak upwelling cells during HS 2,
sification of upwelling cells during the last glacial period, and particularly intensified upwelling cells during HS 1 on
echoing previous studies carried out along the Iberian marthe NW Moroccan and SW Iberian margins as well as during
gin (e.g. Abrantes, 2000; Lebreiro et al., 1997; Voelker et al.,the YD along the Portuguese coaSt.quantandT. applana-

2009; Salgueiro et al., 2010). tum did not occur significantly in the Gulf of Cadiz during
HS 1 and the YD (Fig. 7). In the subtropical north-eastern
6.2.2 Significance oB. quantaand T. applanatum Atlantic, these species may be restricted to neritic areas af-
occurrences fected by coastal upwelling, as suggested previously off NW

) ) . N - Africa (Wall et al., 1977; Marret and Turon, 1994; Penaud
Particularly |r_1tense upwelling co.ndmons prevaﬂmg off NW ot al., 2010). However, the profile @&rigantediniumspp.
Morocco during HS 1 were derived from a various set of yacorded within core MD99-2339 is very close to the one in
proxies (Pelgaud et al,, 2010). Among these tracers, highne Moroccan core (Fig. 7), suggesting higher concentration
planktonics™“C values and expansions of heterotrophic taxayf nytrients during the last glacial period in the Gulf of Cadiz
(especiallyS. quantaandT. applanatum; Fig. 7) suggested a5 yell, Processes other than coastal upwelling may thus be
high primary productivity in surface waters. In addition, in- ;. volved to explain the occurrence Bfigantediniumspp. in
creased concentrations Binuspollen, likely representing a e Gulf of Cadiz, as an indirect proxy of paleoproductivity,

component of the southern European vegetation (Agwu and,,ch as frontal upwelling (Voelker et al., 2009).
Beug, 1982; Hooghiemtra et al., 2006), suggested stronger

north-eastern trade winds (Marret and Turon, 1994; Penaud
etal., 2010).

In this study, we show that, off the SW Iberian mard,
quantaandT. applanatunalso increased substantially during

www.biogeosciences.net/8/2295/2011/ Biogeosciences, 8, 2295-231§)11



2310 A. Penaud et al.: Assessment of sea surface temperature changes in the Gulf of Cadiz

6.2.3 Influence of the Azores Front on the local tion of T. quinquelobaluring the YD and HS 1 thus suggests
paleohydrology periods of increased upwelling influence on the three study
sites. This is consistent with observations made earlier from
Rogerson et al. (2004) studied the migration of the AF, overheterotrophic dinocysts (S. quanta,applanaturrandBrig-
the last 30 000 years, with two cores located in the Gulf ofantediniumspp.).
Cadiz and at the SW Iberian margin (MD95-2042). Based on The profile of the foraminifeN. pachyderma. is particu-
the planktonic foraminifeG. scitula, this study shows that larly similar to that of the dinocy$. tepikienséFig. 8). The
the AF, a robust element characterizing sea-surface circulaSW Iberian margin is indeed characterized by the occurrence
tion in the Atlantic, penetrated into the Gulf of Cadiz during of the subpolar taxom. tepikienseduring HS 1 and HS 2
the YD and before 16 000 year§.. scitulais a temperate to  (20-30 %) and during the YD (5%). This species has also
subpolar species (Thunnell, 1978) which mainly grows in en-been observed previously further north in the Bay of Biscay
vironments characterized by seasonal vertical mixing within(47° N) with higher percentages up to 30—40 % during HS 1
the water column (Thunnell and Reynolds, 1984; Eguchi etand HS 2 (Zaragosi et al., 2001; Penaud et al., 2009). At
al., 1999; Kuroyanagi et al., 2002, Rogerson et al., 2004) andhe NW Moroccan margin and Gulf of Cadiz, this subpolar
which is found in high abundances along the AF (Schiebel etaxon occurred in very low percentages during HS (3 % max-
al., 2002a, b). Rogerson et al. (2004) thus interpreted periodenum) and the YD, while the speci&s lazuss clearly iden-
of relative high abundances Gf. scitulaas intervals of active tified with abundances close to 10 and 5 % during HS and the
upwelling in the Gulf of Cadiz, rather due to the presence of YD, respectively (Fig. 8). UnlikeB. tepikiensavhose eco-
the AF in this area than to coastal upwelling processes. Indogical affinity for subpolar water masses and high seasonal
deed, the AF is at present locally associated with intense upeontrast has already been the subject of numerous paleoenvi-
welling cells (Rudnick, 1996; Alves and de Vekde, 1999;  ronmental interpretations in the North Atlantic and Mediter-
Alves et al., 2002). We have thus tested this hypothesis witlranean Sea (e.g. Turon and Londeix, 19881&hez-Gii et
our data by comparing the profiles &. scitulain cores  al., 1999; Eynaud et al., 2000; Combourieu-Nebout et al.,
MDO04-2805 CQ, MD99-2339 and SU-8118 (Fig. 8). We 2002; Turon et al., 2003; Penaud et al., 2008, 2009, 2011),
show that high percentages of this species mainly characterS. lazuss identified here for the first time as a marker of HS
ized the LGM, with no significant differences being observedfrom the latitude of the Gulf of Cadiz to the NW Moroccan
between the 3 sites, over the last 30000 years. Howevelnargin.
the AF represents today a strong thermal gradient of around Nematosphaeropsis labyrinthissanother dinocyst taxon
4°C (Gould, 1985), and, if the AF was present in the Gulf of whose percentages on the three cores illustrate the southward
Cadiz during the last glacial, it should have resulted in drasticshift of the bioclimatic belts during the last glacial period
hydrological changes between core MD04-2805 CQ locatechnd the YD. This species occurs at the transition between
further south and core SU-8118 located further north fromthe LGM and HS 1 as well as during the YD (Fig. 8). Dur-
site MD99-2339. ing the YD, there is a gradient from north to south, between
When comparing the profiles ®f. pachyderma. andT. 38 and 34 N, with percentages around 20 % off the Iberian
quinquelobafrom the three sedimentary sequences (Fig. 8),margin, 10% in the central Gulf of Cadiz and 5 % off Mo-
a strong gradient of decreasing temperature is well demonrocco (Fig. 8). This decreasing gradient in percentages from
strated by a significant decrease of relative abundances dhe Portuguese to the NW Moroccan margin may reflect a
these two species from the SW Iberian margin up to thelatitudinal climate trend associated with the YD impact in
NW Moroccan margin, during the YD and HS 1. This the subtropical north-eastern Atlantic that goes conform to
decline is particularly important with regard té. pachy-  the reconstructed SST (Fig. 8). It should be mentioned that
dermas., whose occurrence fades abruptly between the SWurther north in the Bay of Biscay, around 4N, Zaragosi
Iberian margin and the Gulf of Cadiz. The foraminifer et al. (2001) and Penaud et al. (2009) found this species
T. quinquelobashows high relative abundances during the with percentages of 15 and 30%, respectively, during the
YD and HS 1 at the SW Iberian margin and also decrease8/A. They, however, also noted a percentage decrease dur-
towards southern latitudes. However, significant percenting the YD, time interval when cysts éfentapharsodinium
ages of this species are still recorded in the Gulf of Cadizdaleiexpanded. Itis therefore interesting to see that, north of
and off the SW Iberian margin during the YD and HS 1 the Iberian Peninsuldy. labyrinthuscharacterizes the warm
(Fig. 8). Today, this species is found in high latitudes andevent of the last deglaciation (B/A), while at the latitudes of
becomes abundant in transitional domains to polar wateour study, i.e. in subtropical areas of the north-eastern At-
masses. This species prefers cool environments charactelantic and also in the western Mediterranean (Turon and Lon-
ized by low vertical temperature gradients and low stratifi- deix, 1988), this species characterizes the cold event of the
cation. Van Leeuwen (1989) considdrsquinquelobaas an  last deglaciation (YD). Eynaud (1999) suggested a migra-
indicator of upwelling episodes off Angola and Meggers ettion of this species from the Bay of Biscay to more south-
al. (2002) include this species among the taxa related to upern latitudes due to the climatic deterioration during the YD.
welling filaments in the Canary Islands region. The observa-Our study thus confirms a general southward shift of the
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bioclimatic belts, even affecting the Moroccan margin, while during HS 1 and the YD, and upwelling relaxation during the
the magnitude of this cold episode is low compared to thatLGM and HS 2. Interestingly, core MD99-2339 (Cadiz) has
associated with HS. also highlighted variations in the paleo-intensity of the MOW

To conclude, a regional synthesis (36280 on the ex-  over the past 50ka and, regarding the last 30 ka, intensifica-
tension of the Polar Front (PF) during the last glacial periodtions of upwelling cells off Portugal and NW Morocco corre-
showed that the PF oscillated around® 8Dat the Iberian  spond to periods of higher export of the MOW. Knowing that
margin during HS (Eynaud et al., 2009). The fact that thethe formation of the MOW is directly coupled to the cold
PF did not reach the latitudes of Cadiz and Morocco may ex-and dry continental winds from northern Europe, we could
plain the quasi-absenceNf pachyderma. andB. tepikiense  establish a link between the prevailing wind regimes above
in both these areas. The relay of dinocyst and foraminiferathe Northern Hemisphere, upwelling cells, and formation of
species to the south likely marks a well-defined hydrologi- Mediterranean deep waters.

cal front somewhere between 38 and 86 during the last This study further demonstrates the great sensitivity of

glacial period and the YD, probably similar to the modern dinocysts in reconstructing (qualitatively as well as quan-

Azores Front (Rogerson etal., 2004; Voelker et al., 2009) anditatively) sea-surface conditions in the subtropical NE At-

responsible for upwelling cells (Rudnick, 1996; Alves and de |antic, despite a modern dinocyst database that primarily fo-

Verdiere, 1999; Alves et al., 2002) in the Gulf of Cadiz as de- cyses on subpolar to temperate North Atlantic areas. Further-

duced from our paleoproductivity record. more, these new LGM reconstructions have been compared
with previous reconstruction and available PMIP2 model re-

] sults for the LGM, therefore contributing to ongoing efforts
7 Conclusions in model-data comparison.

This work aimed at improving our understanding of the
spatial and temporal high frequency climate variabilit N : .
P P 9 q Y G 'Y article is available online at:
of the late Quaternary in the subtropical NE Atlantic. i . .
. ) . . ._http://www.biogeosciences.net/8/2295/2011/
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