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Changes in paleoclimate and paleoproductivity patterns have been identified by analysing, in conjunction
with other available proxy data, the coccolithophore assemblages from core MD03-2699, located in the Por-
tuguese margin in the time interval from the Marine Isotope Stage (MIS) 13/14 boundary to MIS 9 (535 to
300 ka). During the Mid-Brunhes event, the assemblages associated with the eccentricity minima are
characterised by higher nannoplankton accumulation rate (NAR) values and by the blooming of the opportu-
nistic genus Gephyrocapsa. Changes in coccolithophore abundance are also related to glacial–interglacial cy-
cles. Higher NAR and numbers of coccoliths/g mainly occurred during the interglacial periods, while these
values decreased during the glacial periods. Superimposed on the glacial/interglacial cycles, climatic and
paleoceanographic variability has been observed on precessional timescales. The structure of the assem-
blages highlights the prevailing long-term influence of the Portugal (PC) and Iberian Poleward (IPC) Currents,
following half and full precession harmonics, related to the migration of the Azores High (AH) Pressure System.
Small Gephyrocapsa and Coccolithus pelagicus braarudii are regarded as good indicators for periods of prevailing
PC influence. Gephyrocapsa caribbeanica, Syracosphaera spp., Rhabdosphaera spp. and Umbilicosphaera sibogae
denote periods of IPC influence. Our data also highlights the increased percentages of Coccolithus pelagicus
pelagicusduring the occurrence of episodes of very cold and low salinity surfacewater, probably related to abrupt
climatic events and millennial-scale oscillations of the AH/Icelandic Low (IL) System.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

The ecological factors that mainly act on the distribution and
structure of coccolithophore assemblages are light, the salinity and
temperature of water masses, nutrient availability, terrigenous in-
puts, and water turbidity (McIntyre and Bé, 1967; Samtleben and
Schröder, 1992; Giraudeau et al., 1993; Winter and Siesser, 1994;
Samtleben et al., 1995; Takahashi and Okada, 2000; Andruleit et al.,
2003, 2005; Hagino et al., 2005; Andruleit, 2007). These factors are
connected to changes in paleoceanographic and paleoclimatic condi-
tions. Thus the variations in the structure of calcareous nannoplank-
ton assemblages are tools used to investigate paleoceanographic
and paleoclimatic changes (e.g., Flores et al., 2003; Baumann and
Freitag, 2004; Giraudeau et al., 2004; Baumann et al., 2005; Rogalla
and Andruleit, 2005) and the development of the Earth's climate
+39 824 23013.
, flores@usal.es (J.A. Flores),
igme.es (S.M. Lebreiro),
J. Sierro).
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system. Coccolithophores also release CO2 during the intracellular
calcification process and use light energy to convert CO2 into organic
molecules. Through these processes, known as the ‘biological carbon
pumps’ (Rost and Riebesell, 2004), coccolithophores contribute to
the CO2 exchanges between seawater and the atmosphere. Therefore,
similar to the foraminiferal fragmentation index (Le and Shackleton,
1992; Becquey and Gersonde, 2002), the reconstruction of coccolith
preservation and coccolithophore productivity can be used to evalu-
ate changes in biogenic carbonate preservation and the relationship
to variations in carbonate export, biogenic productivity, ocean circu-
lation, and biogeochemistry.

In this study we use coccolithophore assemblages to reconstruct
the climate signal and productivity patterns during the mid-
Brunhes. Our study area is the Iberian margin, an area known for its
good preservation of the record of millennial‐scale climate variability
for the last several climatic cycles (e.g., de Abreu et al., 2003; Martrat
et al., 2007; Voelker et al., 2010). Significant paleoclimatic changes
and sea surface temperature (SST) variations occurred during the
last 0.6 Ma (McManus et al., 1999; Martrat et al., 2007; Voelker et
al., 2010; Rodrigues et al., 2011) influencing North Atlantic Deep
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Water formation and contributing to the related paleoceanographic
evolution. During this period, the global climate system underwent
a climatic transition: the Mid-Brunhes Event (MBE). The global
MBE event is centred around 400 ka (Jansen et al., 1986) and the in-
terval from MIS 11 to MIS 9 (420–300 ka) is considered to be one of
the warmest periods during the Pleistocene. Larger continental ice
sheets, lower sea level and lower atmospheric CO2 concentrations
characterised the interglacial periods before the MBE compared to
the more recent interglacials (Yin and Berger, 2010). The MBE is
also characterised by the largest amplitude change in δ18O in the
global ocean preceded by a significant negative δ13C shift and by gen-
erally high carbonate concentrations (and high productivity), with in-
tervals of high carbonate dissolution in the deep ocean. Under steady
state conditions, global increase in pelagic carbonate production,
probably linked to nutrient availability and upwelling intensity,
could have altered ocean geochemistry leading to an increase in dis-
solution. This increase in carbonate production was most likely linked
to the proliferation of Gephyrocapsa, a genus of coccolithophores,
which intensive calcification could have greatly altered marine car-
bonate chemistry (Barker et al., 2006) by creating a carbonate-ion
undersaturation that led to increased dissolution (Baumann and
Freitag, 2004).

Here we present the first mid-Brunhes record for the structure of
coccolithophore assemblages and their absolute and relative abun-
dances in the Portuguese upwelling system. We combine these data
with the CaCO3 record and with previously published data for SST,
ice-rafted debris (IRD) amounts, and planktonic δ18O and δ13C iso-
topes (Voelker et al., 2010; Rodrigues et al., 2011). Our main objec-
tives are:

• to describe theMiddle Pleistocene climate variability for the Portuguese
margin and to investigate if and how this climate variability influenced
the structure of coccolithophore assemblages;

• to investigate the orbital and suborbital-scale productivity varia-
tions in the Portuguese upwelling system between the MIS 13/14
boundary and MIS 9 (535 ka to 300 ka).

Finally, we relate these climatic variations to changes in regional
surface water circulation patterns, and to the migration of Intertropi-
cal Convergence Zone (ITCZ) and Azores High (AH) Pressure System.

2. Oceanographic setting

Calypso piston core MD03-2699 (39°02.20′N, 10°39.63′W) was
retrieved from the Estremadura promontory north of Lisbon from a
water depth of 1895 m (Fig. 1). The studied core is located between
the northern Iberian Margin, which is mostly influenced by rather
subpolar water masses, and the southern margin, which is affected
by the subtropical water masses from the Azores current. Thus the
core location offers the opportunity to document changes resulting
from both subpolar and subtropical gyre behaviour (Voelker et al.,
2010). Modern hydrographic conditions in the area are influenced
by the Portugal Current (PC) systemwhose waters are mainly derived
from the intergyre zone of the North Atlantic, a region of weak circu-
lation limited in the north by the North Atlantic Current and to the
south by the Azores Current (Pérez et al., 2001; Bischof et al., 2003).
The PC system is also influenced by the neighbouring Canary and
Azores Currents (Pérez et al., 2001). During summer, this current sys-
tem is characterised by the southward flowing PC and by the upwell-
ing filaments that form off the capes along the western Iberian
margin such as Cape Roca. During winter, the PC is displaced further
offshore by the Iberian Poleward Current (IPC) (Fig. 1), which trans-
ports the warm subtropical surface and subsurface waters, formed
at the Azores front, northward to the site (Peliz et al., 2005). The un-
derlying water masses of the PC system originate from about 200 m
to 300 m by a northward moving layer of subtropical origin, i.e., the
subtropical Eastern North Atlantic Central Water (ENACW), and
from about 300 m to 400 m by the subpolar ENACW moving south
(Ambar and Fiuza, 1994; Fiuza et al., 1998; Peliz and Fuiza, 1999).
The Mediterranean Outflow Water dominates from depths of 400 m
to approximately 1300 m. The Northeast Atlantic Deep Water,
characterised by a very low temperature and salinity (Bischof et al.,
2003), lies beneath the Mediterranean Outflow Water.

Current upwelling in this area is most likely related to the migra-
tion of the Azores High (AH) pressure System. This subtropical high-
pressure system migrates northward during spring/summer, which
results in strong northerly winds. The AH is significantly weaker in
fall and winter months (Maze et al., 1997; Coelho et al., 2002). During
summer, the strong winds cause the upwelling of colder, nutrient-
rich waters from depths of 100 m to 300 m along the coast of the Ibe-
rian Peninsula. These nutrient-rich waters feed filaments that can ex-
tend more than 200 km offshore (Sousa and Bricaud, 1992). During
winter, the dominant northward winds suppress the upwelling con-
ditions and favour downwelling (Smyth et al., 2001). However, up-
welling of a smaller magnitude than during the spring/summer,
produced by northerly winds blowing across the shelf, can also
occur in autumn or winter (Relvas et al., 2007; de Castro et al., 2008).

3. Material and methods

3.1. Age model

We present a study of Calypso piston core MD03-2699 (39°02.20′
N, 10°39.63′W) in order to reconstruct the climate signal and the pro-
ductivity patterns in the central area of the Portuguese margin. The
oxygen isotope stratigraphy and three coccolithophore biostratigraphic
events (Table 1) provided the stratigraphic constraints. The age model
for core MD03-2699 is based on the correlation of its benthic oxygen
isotope record (Fig. 2; Voelker et al., 2010; Rodrigues et al., 2011)
with the record of ODP Site 980 (McManus et al., 1999; Flower et al.,
2000). The age model is supported by three coccolithophore biostrati-
graphic events: the Last Occurrence (LO) of Pseudoemiliania lacunosa,
the First Common Occurrence (FCO) of Gephyrocapsa caribbeanica
and the First Occurrence (FO) of Helicosphaera inversa (Fig. 2). The
LO of P. lacunosa, dated at about 460–440 ka (Raffi et al., 2006),
occurs at 1895 cm corresponding to 452.47 ka (Table 1). The FCO of
G. caribbeanica, equivalent to the progressive increase in G. caribbeanica
percentage with values above 50–70% and dated at about 560–540 ka
(Flores et al., 2003; Baumann and Freitag, 2004), is found at 2450 cm/
546.39 ka (Table 1). The FO of H. inversa, dated at 510 ka (Sato et al.,
1999), is identified at 2170 cm, corresponding to 514.94 ka (Table 1).
The age of each sample between age control points was calculated by
linear interpolation. The age of the studied interval ranges from the
lowest sample that has an age of 535 ka, i.e., near theMIS 13/14 bound-
ary, to MIS 9 (300 ka).

3.2. Coccolithophore slide preparation and counting methods

Slides for coccolith analyses were prepared using the technique
described by Flores and Sierro (1997). A total of about 200 samples
from core MD03-2699 collected at a sample interval of approximately
5 to 10 cm, yielding an average age resolution of about 1 to 2 ka, were
analysed. Because of a lower sedimentation rate, a lower age resolu-
tion occurs mainly in MIS 12.

A quantitative analysis, considering both coccoliths/g and percent-
ages of selected species, was conducted using a light microscope at
1250× magnification. At least 300 specimens larger than 3 μm were
counted per slide in a varying number of fields of view. In the same
fields, a separated count of specimens smaller than 3 μm was per-
formed in order to quantify the absolute and percentage values of
all taxa (Figs. 3, 4). The taxonomic concept of Raffi et al. (1993) and
Flores et al. (1999, 2000) for the gephyrocapsids was followed. The
large to medium-sized Gephyrocapsa, such as Gephyrocapsa oceanica,



Fig. 1. Core location and modern oceanic circulation scheme off Portugal with major surface water currents.
Modified after Peliz et al., 2005; Voelker et al., 2010.
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Gephyrocapsa margereli and G. caribbeanicawere counted separately. All
small species of the genus, with placoliths b3 μm long, were grouped as
small Gephyrocapsa (mainly G. aperta). Syracosphaera spp. mainly in-
cludes specimens of the species Syracosphaera pulchra and Rhabdosphaera
spp. mostly specimens of Rhabdosphaera clavigera. The other species of
these genera were not distinguished and were counted together in their
corresponding genus, because they did not show a different paleoecolog-
ical behaviour. A complete list of the identified taxa is given in the
Appendix A.

3.3. Coccolithophore abundance and ecological proxies

The estimation of coccoliths/g (Fig. 5a) allowed us to calculate
the NAR (number of coccoliths/cm2/ka; Fig. 5a). Following previous
Table 1
List of coccolithophore events: depth, age evaluation and correlation to marine oxygen
Occurrence.

Depth
(cm)

Event Age (ka)
(this study)

1895 LO Pseudoemiliania lacunosa 452,47
2170 FO Helicosphaera inversa 514,94

2450 FCO Gephyrocapsa caribbeanica 546,39
studies (Steinmetz, 1994 and references therein; Su, 1996; Baumann
et al., 2000; Lopez-Otalvaro et al., 2008), the NAR was used as a
coccolithophore paleoproductivity proxy. On the basis of the available
literature, we also used the small Gephyrocapsa group, G. oceanica
and Coccolithus pelagicus braarudii as paleoproductivity proxies. The
small Gephyrocapsa group encompasses opportunistic species of the
upper photic zone (Gartner et al., 1987; Gartner, 1988; Okada and
Wells, 1997), indicating eutrophic conditions (Gartner et al., 1987;
Gartner, 1988; Takahashi and Okada, 2000; Colmenero-Hidalgo et
al., 2004; Maiorano et al., 2009) in surface waters of upwelling areas
(Gartner, 1988; Okada and Wells, 1997; Takahashi and Okada,
2000). G. oceanica prefers high fertility and upwelled waters of low
latitudes (Mitchell-Innes and Winter, 1987; Fincham and Winter,
1989; Kleijne et al., 1989). The species has also been reported to favour
isotope (MIS). LO = Last occurrence; FCO = First Common Occurrence; FO = First

MIS References

12 Raffi et al. (2006)
12 Sato and Takayama 1992

Sato et al., 1999
Chiyonobu et al., 2006

14 Flores et al. (2003) and Baumann and Freitag (2004)



Fig. 2. The oxygen isotope stratigraphy and the coccolithophore biostratigraphic events of Gephyrocapsa caribbeanica, Pseudoemiliania lacunosa and Helicosphaera inversa. Blue bars
indicate glacial isotope stages 12 and 10. T IV, V and VI refer to Terminations IV, V and VI.
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low salinity conditions (Kleijne, 1993; Jordan and Winter, 2000). Off
western Iberia, the presence of C. pelagicus braarudii is linked to
changes in the intensity and/or position of non-glacial upwelling.
This subspecies acts as a tracer of oceanic fronts, at the outer limits
of the areas where turbulence is moderate (Cachão and Moita, 2000;
Parente et al., 2004).

The species indicative of cold water masses are G. margereli, a
transitional/subpolar species (Bréhéret, 1978), and Coccolithus pelagicus
pelagicus, a subspecies living on the border of subarctic biogeographic
province (McIntyre and Bé, 1967; Roth, 1994; Winter et al., 1994).
According to the available literature on the ecological features of
coccolithophores (McIntyre and Bé, 1967; Bréhéret, 1978; Roth, 1994;
Winter et al., 1994; Wells and Okada, 1997; Flores et al., 1999), we pro-
pose the sum of the percentages of C. pelagicus pelagicus and G. margereli
as a cold-water proxy (Fig. 3).

Syracosphaera spp. is regarded as a warm water indicator by
Weaver (1983), Jordan et al. (1996), and Flores et al. (1999). The
genus has also been reported as a typical taxon of high productive
areas (Estrada, 1978; Giraudeau, 1992). Silva et al. (2008) and
Beaufort and Heussner (2001) assert that S. pulchra is an autumn spe-
cies, resisting to moderate turbulence, and capable of increasing in
abundance from August to November. According to previous authors
(Giraudeau, 1992; Wells and Okada, 1997; Flores et al., 1999;
Broerse et al., 2000; Hagino and Okada, 2006; Silva et al., 2008),
Rhabdosphaera clavigera and Umbilicosphaera sibogae are also consid-
ered very sensitive to high sea-surface temperature and salinity,
revealing the presence of warm and more stratified waters. The
cumulative percentage of Syracosphaera spp. (Fig. 3), U. sibogae
(Fig. 3) and the species of the genus Rhabdosphaera (Fig. 3) is con-
sidered in this study as a warm-water proxy (Fig. 4).

Higher abundance of lower photic zone dweller, Florisphaera
profunda, is associated with deep stratification conditions and a
deep nutri-thermocline position (Okada and Honjo, 1973; Molfino
and McIntyre, 1990; Wells and Okada, 1997; Flores et al., 2000).
3.4. Preservation

Dittert et al. (1999) calculated the ratio of Emiliania huxleyi to
Calcidiscus leptoporus (CEX) as an index of carbonate dissolution
and as a proxy of the lysocline position. Boeckel and Baumann
(2004) suggested a preservation index (CEX′) based on E. huxleyi
and Gephyrocapsa ericsonii versus C. leptoporus. To better quantify
the effect of carbonate dissolution on calcareous nannoplankton as-
semblages, a Dissolution Index (DI) is provided (Fig. 3). Because the
FAD of E. huxleyi occurs above the studied interval, the calculated DI
is based on the following ratio: DI = small Gephyrocapsa/(small
Gephyrocapsa+C. leptoporus). Small-sized Gephyrocapsa (b3 μm),
like E. huxleyi, are relatively easily dissolved forms (Roth, 1994; Flores
et al., 2003), conversely C. leptoporus is a very solution-resistant form.
Based on the ratio of easily dissolved and more resistant forms, this
index is comparable to CEX and CEX′ but applicable for a wider tempo-
ral range. High values of DI (close to 1) indicate good preservationwhile
low values reveal poor preservation.

Following Flores et al. (2003), we also distinguish the following four
categories to describe the preservation (Fig. 3) of coccoliths: Good
(10), for samples which show little or no evidence of dissolution and/
or secondary overgrowth of calcite, and have fully preserved diagnostic
characters. Moderate (8), for samples which show dissolution and/or
secondary overgrowth with partially altered primary morphological
characteristics. Despite this, nearly all specimens can be identified at
the species level. Poor (6), for samples which show severe dissolution,
fragmentation, and/or secondary overgrowths. Primary features are
destroyed, and many specimens cannot be identified at the species or
the generic level. Barren (4), for samples which show absence of
coccoliths. Three additional categories between good and moderate,
moderate and poor, and poor and barren, i.e., with intermediate
features, were introduced to refine the pattern. In order to test the re-
liability of the semi quantitative evaluation of preservation, which is
less time consuming, the preservation and DI records were correlated.



48 F.O. Amore et al. / Marine Micropaleontology 90-91 (2012) 44–59



Fig. 4. Small Gephyrocapsa %, absolute abundance (N°coccoliths/g of sediment) and filtered data. Coccolithus pelagicus braarudii % and absolute abundance (N°coccoliths/g of
sediment). Spring insolation intensity at 39°N (W/m2). Sum of Warm taxa (U. sibogae, Rhabdosphaera spp. Syracosphaera) %. Autumn insolation intensity at 39°N (W/m2).
G. caribbeanica %, absolute abundance (N°coccoliths/g of sediment) and filtered data. Precession amplitude (Berger and Loutre, 1991). Substages (e.g. 11c), reported in Voelker
et al. (2010), are indicated on small Gephyrocapsa and G. caribbeanica curves.
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Reworked Neogene and Paleogene calcareous nannofossils (Fig. 3)
were observed along the core.

3.5. Sediment geochemistry

The calcium carbonate (CaCO3) content (Fig. 5a) was determined
from 2 mg of dried, ground and homogenised total sediment, using the
CHNS-932 Leco element analyser of the Marine Geology Laboratory
at LNEG. The values are based on three repeated analyses (with
Fig. 3. Total (N°coccoliths/g of sediment, dashed lines) and relative abundances (%, solid lin
Sum of cold taxa (G. margereli, C. pelagicus pelagicus) %. The ODP Site 980 relative propor
The MD03-2699 core relative proportion IRD >315 μm (; Voelker et al., 2010; Rodrigues et
2011). Horizontal dashed black lines indicate the subdivision of Marine Isotope Stage (MIS
to Heinrich-type events identified by Rodrigues et al. (2011).
precision ±0.5) and the sample resolution varies from 2 cm to 5 cm.
The CaCO3 is dominantly of biogenic origin (coccoliths and foraminifers).

3.6. Statistical analyses

Statistical analyses in the time domain have been performed on
productivity proxies and on percentage data of selected species.
Matlab software using the “crosscorr”, a cross-correlation function,
was used to perform the analyses. The sample cross correlation, a
es) of selected coccolithophore species. G. inflata δ18O (‰VPDB; Voelker et al., 2010).
tion ice-rafted detritus (IRD) >150 μm (McManus et al., 1999). Reworked species %.
al., 2011). Tetra alkenones (C37:4) % (Rodrigues et al., 2011). SST (°C; Rodrigues et al.,
) from 13 to 9; T IV, V and VI refer to Terminations IV, V and VI. Ht 7 to 1 are referred
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mathematical function (implemented in Matlab Toolbox), is used to
determine a possible relation between two time series that are equal-
ly spaced in time. For this reason, we interpolated all proxy records
using the same time vector that was reconstructed on the basis of a
constant sample period (2.138 kyr) estimated from the best resolu-
tion for coccolithophore assemblages (on the basis of time vector
length – number of data points – sedimentation rate and maximum
and minimum values of the time vector). In the input arguments of
this function the default of number of STandard Deviations of the
sample cross-correlation (nSTDs) is approximately the 95% confi-
dence interval. The cross-correlation function is assessed on the
basis of the correlation coefficients, which indicate the amplitude of
the correlation (with values from 0 to 1), and the lag, which indicates
the delay between the two time series (Buccianti et al., 2003). Nega-
tive correlation coefficient values indicate that the two time series are
in phase opposition. Positive values indicate that the two time series
are in phase. The delay is evaluated by multiplying the lag by the sam-
ple period (Table 2; Fig. 6). The bound values in respect to the corre-
lation are also reported. The bounds are two-element vectors
indicating the approximate upper and lower confidence bounds, as-
suming that Series 1 and Series 2 are completely uncorrelated.

Fourier series analysis (Fig. 5a) was used on the primary produc-
tivity record (number of coccoliths/g).

The significance of spectral peaks and the time variability of the
major frequencies have been estimated using the algorithm devel-
oped by Torrence and Compo (1998) applied to warm taxa (sum of
Syracosphaera spp., Rhabdosphaera spp. and U. sibogae), small
Gephyrocapsa and G. caribbeanica. Morlet Mother Wavelet Analysis
has been used and attention has been given to interpret the results
within the Cone of Influence (COI), the region of the spectrum
where errors could occur because of the padding of zero (Torrence
Fig. 5. (a) NAR; N°coccoliths/g Fourier Series; Total abundance of coccoliths (N°coccolith
Gephyrocapsa% and C. leptoporus%). Preservation (10=little or no evidence of dissolution
4=absence of coccoliths). CaC03 wt.%. Summer insolation intensity at 39°N (W/m2); EPIC
and Loutre, 1991); Significant coccolithophore assemblages of eccentricity maxima and mi
and Compo, 1998). Spectral analyses have been applied to the evenly
spaced data (2.138 kyr; Fig. 7). The series of small Gephyrocapsa and
G. caribbeanica were band-pass filtered (Fig. 4) for the precession fre-
quency range (0.04–0.05 1/kyr) using the “filtfilt” Matlab function.

Insolation intensity at 39°N has been estimated using the formula
proposed by Berger (1978). The obtained values have been extended
to the astronomical seasonal (summer, spring and autumn) duration
(Figs. 4, 5) using the methods proposed by Loutre et al. (2004).
4. Results

Coccolithophore abundances were used to reconstruct environ-
mental conditions off the Portuguese margin from MIS 13 to MIS 9.
Absolute and relative abundances of coccoliths are shown in Figs. 3, 4.

G. caribbeanica (Fig. 4) and the small Gephyrocapsa group (up to
70%; Fig. 4) are the major contributors to the NAR and decreases in
the abundances of these taxa coincide with lower NAR values
(Fig. 5a). The other main taxa are G. oceanica (up to 26%; Fig. 3) and
G. margereli (up to 20%; Fig. 3). P. lacunosa (Fig. 2), C. leptoporus
(Fig. 3), C. pelagicus pelagicus (Fig. 3), and C. pelagicus braarudii
(Fig. 4) also contribute to the assemblages. F. profunda (Fig. 3) occurs
sporadically and has very low values (0, 5–1%) in the assemblages.

G. caribbeanica dominates the assemblages from 546.39 ka
(MIS14) upwards showing percentages >50% (Fig. 2). The highest
G. caribbeanica percentages were recorded during MIS 13, reaching
values of more than 80% (Fig. 4). The abundance of this species alter-
nates with that of the small Gephyrocapsa group (Fig. 4) that occurred
continuously and reveals percentages from 20% to 40%. This group
tends to show higher percentages during interglacial periods, partic-
ularly in the first part of MIS 11 and during MIS 13.
s/g of sediment); DI (ratio of small-sized Gephyrocapsa% and the sum of small-sized
and/or secondary overgrowth of calcite, with fully preserved diagnostic characters;
A Dome C CO2 (ppmv; Siegenthaler et al., 2005); (b) Eccentricity Amplitude (Berger
nimum.



Fig. 5 (continued).

51F.O. Amore et al. / Marine Micropaleontology 90-91 (2012) 44–59
G. margereli (Fig. 3) is recorded with percentages up to 20%, with
higher values during MIS 12 and stadial events.

C. pelagicus pelagicus, C. pelagicus braarudii, and Coccolithus pelagicus
azorrinus have been distinguished. The percentage record of C. pelagicus
pelagicus agrees well with the planktonic δ18O and SST fluctuations
with continuous and high values during MIS 10 and during Heinrich-
type (Ht) ice-rafting events 4, 5 and 7 of MIS 12 (Fig. 3). C. pelagicus
braarudii (Fig. 4) shows slightly higher percentages during MIS 13c
(512 ka–505 ka), coinciding with maxima of coccoliths/g (Fig. 5a),
NAR (Fig. 5a) and low wt.% CaCO3 (Fig. 5a). C. pelagicus azorrinus
occurs sporadically. C. leptoporus (Fig. 3) reveals values ranging from
0.5% to 3.5%. This species shows higher percentages during the inter-
glacial intervals, but some peaks are also recorded just prior to the
terminations.



Table 2
Correlation coefficients, indicating the amplitude of the correlation (with values from
0 to 1); the offset, indicating the delay in ka, evaluated multiplying the LAG by the sam-
ple period. The 95% significance corresponds to correlation coefficients values of
±0.18.

Variables Corr coefs LAG Offset (kyrs)

G. caribbeanica% — DI −0.57 0 0
C. leptoporus% — DI 0.43 0 0
SST(°C) — warm taxa% 0.19 0 0
SST(°C) — cold taxa% −0.3 0 0
C. pelagicus pelagicus % — IRD 0.47 1 1.278
C37:4 — C. pelagicus pelagicus% 0.24 1 1.278
DI-preservation 0.24 0 0
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Two significant changes occurred in the coccolithophore abun-
dance and assemblages during glacial MIS 12. The first event,
recorded at the MIS 13/12 boundary, is marked by a reduction of
NAR (Fig. 5a) and number of coccoliths/g (Fig. 5a). A second mini-
mum in both records occurred between 435 and 429 ka in conjunc-
tion with lower percentages of C. pelagicus braarudi (Fig. 4) and the
highest percentages of G. margereli and C. pelagicus pelagicus
(Fig. 3). A similar minimum in coccolithophore abundance is ob-
served at the end of glacial MIS 10, which started with high NAR
values, followed then by a reduction (Fig. 5a).

The onsets of MIS 11 and MIS 9 are associated with increased
values of paleoproductivity indices, as reflected by the rising trends
of number of coccoliths/g (Fig. 5a) and NAR (Fig. 5a). A clear decrease
in these paleoproductivity indices characterises the end of MIS 11. An
increase in the percentages of reworked specimens (Fig. 3) occurred
around Termination IV (339 ka), i.e., the glacial–interglacial transition
fromMIS 10 to MIS 9. This period is also characterised by a small NAR
increase, a pattern similar to the one observed during Termination V.

In the DI and preservation records (Fig. 5a) the lowest values oc-
curred mainly when proliferation peaks of G. caribbeanica (Fig. 4)
are recognised during the glacial and interglacial periods. The cross
Fig. 6. Correlograms indicating cross correlations between: G. caribbeanica % and DI; C. lep
Rhabdosphaera spp., Syracosphaera) %; SST (°C; Rodrigues et al., 2011) and sum of cold
(MD03-2699; Voelker et al., 2010; Rodrigues et al., 2011); Tetra alkenones (C37:4) % (Rodr
indicates LAG (delay between two time series) while y-label correlation coefficients. Blue u
to correlation coefficients values of ±0.18. LAG, maxima correlation coefficient values and
correlation between G. caribbeanica and the DI indicates a negative
correlation with no time lag (Table 2; Fig. 6). A negative correlation
without offset is also observed for C. leptoporus and DI (Table 2;
Fig. 6). The DI and the preservation records (Figs. 5a, 6) show similar
trends, with a positive correlation coefficient with no time lag
(Table 2; Fig. 6). Cross-correlations between percentages of tetra
alkenones, SST and IRD (Fig. 3) with selected coccolithophore taxa
were performed in the time domain. SST are negatively related to
the percentages of cold-water taxa and C. pelagicus pelagicus and pos-
itively related to percentages of warm taxa (Table 2; Fig. 6). More-
over, percentages of C. pelagicus pelagicus are positively related to
percentages of tetra alkenones at a lag=1 and to IRD at a lag=1
(Table 2; Fig. 6).

Spectral analyses applied to G. caribbeanica, warm taxa and small
Gephyrocapsa (Fig. 7) show peaks for the 19–21 and ~10 kyr-cycles
reaching or overcoming the 95% level of confidence. The major time
variability of these cycles is observed between 505 and 430 ka for
warm taxa and G. caribbeanica and throughout the time window for
small Gephyrocapsa with an interruption between 430 and 405 ka.
Filtered time series estimated on selected taxa have been compared
with spring and autumn insolation intensity (respectively SInI
and AInI) at 39°N. A good correspondence of G. caribbeanica
with the AInI and small Gephyrocapsa with SInI has been observed
(Fig. 4).

5. Discussion

5.1. Coccolithophore evidence for paleoproductivity and surface water
variations

Recent sediments along the Portuguese margin are very rich in
coccolithophorids (Abrantes and Moita, 1997). This group has impor-
tant blooms in poorly productive warmwaters but is also a consistent
component of mature upwelling communities during late summer–
autumn, when conditions of reduced turbulence but nutrient-rich
toporus % and DI; SST (°C; Rodrigues et al., 2011) and sum of warm taxa (U. sibogae,
taxa (G. margereli, C. pelagicus pelagicus) %; C. pelagicus pelagicus and IRD>315 μm
igues et al., 2011) and C. pelagicus pelagicus %; DI and Preservation. X-label of all plots
pper and lower lines in correlograms indicate 95% significance bounds corresponding
offset are reported in Table 2.



Fig. 7. Wavelet power spectra and periodograms of G. caribbeanica %, sum of warm taxa (U. sibogae, Rhabdosphaera spp., Syracosphaera) %, small Gephyrocapsa %. The green dotted
line in the periodograms and bold black lines in wavelet powerspectra represent the 95% significance level.
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waters occur (Winter, 1985; Mitchell-Innes and Winter, 1987;
Giraudeau, 1992; Wefer and Fisher, 1993; Ziveri et al., 1995). Nowa-
days, the geographic distribution of coccolithophore assemblages
marks the nutrient-enriched waters upwelled during summer
(Moita, 1993) off the Portuguese coast. Coccolithophore abundance
in the water column is highest in summer (Abrantes and Moita,
1997) and associated with persistent and weak upwelling events, oc-
curring during the short period of transition from upwelling to down-
welling events (Silva et al., 2009; Moita et al., 2010). During the
winter, concentrations of the same order of magnitude as the summer
maxima are only present in minor patches along the south-western
and southern coasts.

The temporal succession of coccolithophore assemblages in core
MD03-2699 is complex and reflects the superimposition of long
and short-term changes in this hydrographically complex area,
where environmental variables strongly interact and where the
coccolithophore ecology is still incompletely understood. Nowadays
the seasonal coastal upwelling, mainly controlled by northerly
winds, is the major productivity driver on the Portuguese margin, to-
gether with the continental-fresh water input through the Tagus
River, which is controlled by precipitation over the Iberian Peninsula.
In our study different species of coccolithophores are used as proxies
for productivity and salinity changes, resulting from upwelling and
river input variability.

Currently, the maximum abundances of small Gephyrocapsa spe-
cies, C. pelagicus braarudii and G. oceanica, are observed in highly pro-
ductive conditions, throughout the upwelling season (Giraudeau,
1992; Young, 1994; Ziveri et al., 1995; Bollmann, 1997; Broerse et
al., 2000; Cachão and Moita, 2000; Hagino et al., 2000; Barcena et
al., 2004; Rogalla and Andruleit, 2005; Silva et al., 2008), and these
species are therefore considered good proxies for elevated coastal
productivity generated by upwelling and high nutrient availability.
In particular small Gephyrocapsa and C. pelagicus braarudii are consid-
ered as good proxies of periods during which the Portuguese Current
(PC) prevailed and show higher abundances during the first part of
MIS 13 and MIS 11, during MIS 12 and for C. pelagicus braarudii during
MIS 9d.
Syracosphaera spp., R. clavigera and U. sibogae, regarded as warm
water indicators and thus good proxies of periods during which the
Iberian Poleward Current (IPC) prevailed, show higher abundances
during the interglacial periods of MIS 13, 11 and 9 and during the
warm events of MIS 12 conform with the observations of Voelker et
al. (2010) and Rodrigues et al. (2011). Abundances, however, fluctu-
ated, pointing to varying hydrographic conditions during the intergla-
cial periods (Fig. 3). Furthermore, U. sibogae is more present during
MIS 13c, contemporary with lower percentages of Syracosphaera
spp. and also G. oceanica, than during MIS 13a, indicating that hydro-
graphic conditions differed during these two warm periods, with
slightly warmer conditions during MIS 13c. Also G. caribbeanica is
reported to prefer warm water conditions and is well represented
during the periods of prevailing IPC influence. Episodes during
which the water column became more stratified and a reduction in
nutrient supply occurred in the surface waters are highlighted by
peaks of F. profunda (Fig. 3), which is regarded as a deep-photic spe-
cies occurring below oligotrophic surface waters, out of phase with
Syracosphaera spp. (Fig. 3).

The assemblage structure highlights the alternately prevailing in-
fluence of the PC and IPC, over time (Fig. 8c, d) that nowadays is
linked to the migration of the Azores High (AH) pressure System
and related changes in the wind regime occurring at seasonal time
scale. The weaker the equatorward wind-stress, the larger is the
IPC's transport, whereas a reversal of the IPC flow only occurs if the
equatorward wind stress is sufficiently strong (Haynes and Barton,
1990). So during periods when the IPC-related coccolithophorid spe-
cies dominated the assemblages in the studied interval, the equator-
ward wind-stress was probably reduced.

Episodes of enhanced continental-fresh water input occurred dur-
ing MIS 10 (~357–355 ka), when our data highlight a slight rise
in reworked species, peaks of G. oceanica, Rhabdosphaera and
G. caribbeanica (Figs. 3, 4). This event occurred together with a de-
crease of higher-plant biomarkers, and SSTs higher than 14 °C
(Rodrigues et al., 2011). G. oceanica is usually well adapted to more
coastal regions (Guerreiro et al., 2009) and relatively low salinity con-
ditions. Rhabdosphaera and G. caribbeanica are reported to prefer



Fig. 8. (a) interglacial and (b) glacial scenarios. L = Icelandic Low. Green H = Azores High. Cyan H = Polar High. G = Pressure Gradient:“+” strong; “−”weak. ITCZ = Inter Tropical
Convergence Zone. NAC=North Atlantic Current, AzC= Azores Current, IPC= Iberian Poleward Current, PC= Portugal Current; UC(tw)=Undercurrent transporting TropicalWaters,
SPMW = subpolar mode waters formed in the oval region (from Voelker et al., 2010, modified). White Arrows = direction of winds; the length indicates the intensity of the winds.
Yellow Arrows= Insolation Intensity at 65°N; width indicates the intensity. Paleoceanographic reconstruction at precessional time-scale: (c) PC prevailing conditions, (d) IPC prevailing
conditions. White Arrows = direction of winds.
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warm water conditions and are well represented during the periods
of prevailing IPC influence. So our data seem to indicate further
strengthening of the IPC during a period of prevailing influence of
this current and the occurrence of wetter and warmer conditions.
Today these conditions are observed during negative North Atlantic
Oscillation (NAO) years (Sánchez et al., 2007; de Castro et al., 2011).
A similar decline of continental biomarkers on the Iberian Margin is
reported during MIS 11c (Rodrigues et al., 2011) and is related to
less dry conditions occurring synchronously with the onset of the
humid period in NW Africa (Helmke et al., 2008). Some authors
(Sánchez Goñi et al., 2002; Moreno and Canals, 2004) related similar
conditions, during interstadials of the Last Glacial, to the occurrence
of negative NAO-type episodes at a millennial scale, however
additional investigations, with increased resolution and a reduced
time window, are needed to better understand these events.

5.2. Coccolithophore response to abrupt climate events

In core MD03-2699, the higher percentages values of G. margereli
(Fig. 3), which is a transitional/subpolar species and indicative of
cold water-masses (Bréhéret, 1978), occurred during the stadial
events in conjunction with colder SST (Fig. 3; Rodrigues et al.,
2011). The distribution pattern of C. pelagicus pelagicus (Fig. 3) fur-
ther supports the arrival of cold surface waters. Cross correlation of
this species abundance with SST indicates that it is correlated with
stadial events (Table 2; Fig. 6). Cross correlation of C. pelagicus
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pelagicus with the IRD record (Table 2; Fig. 6) suggests also a correla-
tion with the extremely cold events identified as Ht ice-rafting events,
defined by Rodrigues et al. (2011) on the base of high percentages of
tetra-unsaturated alkenone (C37:4; Fig. 3). C. pelagicus pelagicus is a
species attributed to live on the border of the subarctic biogeographic
province (McIntyre and Bé, 1967; Roth, 1994; Winter et al., 1994).
During glacial times, the Polar Front shifted southward, closer to
North Iberia (Eynaud et al., 2009), and this species moved southward
the meridional limit of its distributional area, testifying of the arrival
of subpolar water masses off western Iberia (Parente et al., 2004;
Narciso et al., 2006). The time lag (LAG=1) between C37:4 and C.
pelagicus pelagicus suggests that the subpolar water masses reached
the site shortly before the increase of C. pelagicus pelagicus; the lag be-
tween C. pelagicus pelagicus and the IRD record, on the other hand,
testifies of the subsequent arrival of IRD carrying icebergs at the site
during the Ht events.

The abundance of reworked species can – at least partially – also
be related to these events. One abundance maximum occurred during
Ht 4 (Termination V) contemporary with maxima in G. margereli and
C. pelagicus pelagicus. The increase of reworked species recorded dur-
ing Termination IV is most probably related to the deglacial ice-
rafting event recorded at ODP Site 980 (Fig. 3; McManus et al.,
1999) that led to a major cooling at the northern (Desprat et al.,
2009) and southern Iberian margin (Martrat et al., 2007; Rodrigues
et al., 2011). The occurrence during these events of very cold and
low salinity surface waters on the northern and southern Iberian mar-
gin (e.g., Bard et al., 2000; de Abreu et al., 2003; Martrat et al., 2007;
Rodrigues et al., 2011) prevented a high surface productivity (lower
NAR and number of coccoliths/g values), similar to the younger
Heinrich (H1–H8 and H10–H11) events (Salgueiro et al., 2010).

5.3. Coccolithophore responses to orbital forcing

The comparison of coccolithophore assemblage data of core
MD03-2699 with the planktonic δ18O record (Fig. 3) indicates that
higher values of NAR and number of coccoliths/g (Fig. 5a) mainly oc-
curred during the interglacial periods and interstadial events, while
the values decreased during the glacial periods and the stadial
events. These changes in coccolithophore assemblages are strongly
influenced by the interplay of the Earth's orbital parameters (Hays
et al., 1976) that caused variability of summer insolation on the
Northern Hemisphere. NH insolation maxima/minima (Ziegler et al.,
2008; Ashkenazy et al., 2010; Trommer et al., 2011) determine the
migration of the Intertropical Convergence Zone (ITCZ) northward/
southward during interglacial and glacial periods, respectively
(Chiang et al., 2003; Broccoli et al., 2006; Stoll et al., 2007; Lopez-
Otalvaro et al., 2009; Tzedakis, 2010; Sepulcre et al., 2011), and the
expansion/retreat of the northern latitude ice sheets on a glacial/
interglacial time-scale. Higher values of coccolithophore production
are observed during summer insolation maxima that correspond to
minima in the precessional amplitude (Fig. 5a).

Considering the coccolithophores' response to precessional forc-
ing and the actual seasonal succession of coccolithophore species in
the area, it is possible to provide additional insights into the preva-
iling paleoceanographic conditions. In the periodograms, the influ-
ence of precession on G. caribbeanica, warm taxa and small
Gephyrocapsa is shown (Fig. 7).

To better understand their response to this orbital forcing, these
taxa have been filtered at the precession frequency band and the fil-
tered series of small Gephyrocapsa and of G. caribbeanica reveal an al-
ternating dominance between these groups (Fig. 4). The temporal
variability of the assemblages is mainly characterised by changes in
the relative abundance of the opportunistic genus Gephyrocapsa,
which occur in response to environmental changes. In our data, max-
ima in the filtered record of small Gephyrocapsa and in the percent-
ages of C. pelagicus braarudii are in phase with spring insolation
intensity (Fig. 4) and are regarded as good indicators for periods of
prevailing influence of the PC and for conditions near the coastal up-
welling centres.

The filtered percentage records of G. caribbeanica and the warm
water species curve are in phase with autumn insolation intensity
(Fig. 4). The warm water species are correlated with the SST record
(Fig. 6; Table 2) suggesting a preference for higher SST. The assem-
blages of core MD03-2699 are characterised by a high abundance
of G. caribbeanica (Fig. 4), in particular during MIS 13, when the
high planktonic δ13C values indicate fewer nutrients available in the
thermocline waters (Voelker et al., 2010). For this reason, even if
the paleoenvironmental meaning of G. caribbeanica is still a little
questionable, and the potential causes of dominance could also be re-
lated to a rapid phylogenetic evolution, because this is a global and
synchronous event — recorded in the Atlantic, the Pacific, the South-
ern oceans, and at high latitudes (Bollmann et al., 1998; Flores et al.,
1999, 2003; Baumann and Freitag, 2004; Baumann et al., 2004), the
species could also be influenced by environmental conditions. The in-
terval between MIS 13 and MIS 9 shows several oscillations in the
abundance of the Gephyrocapsa groups, superimposed on the gla-
cial–interglacial stages, with each ca. 19–21 kyr oscillation experienc-
ing two minor cycles of about 10 kyr, mainly recorded by the small
Gephyrocapsa group. Thus, the oscillations follow the half and full
precession harmonics found in the periodograms. The main time
variability of coccolithophore assemblages, correlated to these cy-
cles, mainly occurred between 505 and 430 kyr, as recorded by
G. caribbeanica and warm taxa and, throughout the time window,
as recorded by small Gephyrocapsa, with the only interruption be-
tween 430 and 405 kyr (Fig. 3). This event occurred during the
eccentricity minima interval of MIS 11 when precession variability
was low. A higher resolution study is needed to better understand
paleoproductivity changes during this period, in order to analyse
also the influence of higher frequency cycles on coccolithophore
assemblages.

5.4. Coccolithophore assemblages and the Mid-Brunhes event

The studied interval is characterised by two periods of relative ec-
centricity maxima (536–435 ka BP and 370–300 ka BP) separated by
a period of eccentricity minima during MIS 11 (Fig. 5a, b). During
these periods, different structures of coccolithophore assemblages oc-
curred at site MD03-2699. The assemblages of the MIS 11 eccentricity
minimum are characterised by higher NAR values (Fig. 5a) and by
blooming of the opportunistic genus Gephyrocapsa. Within this
genus, which thrives under the more stable condition of a low eccen-
tricity ocean (Rickaby et al., 2007), the taxa mainly represented are
small Gephyrocapsa and G. caribbeanica (Fig. 4) and, subordinate,
G. oceanica and G. margereli (Fig. 3). G. caribbeanica, in the assem-
blages of core MD03-2699, is the most abundant species, its domi-
nance between ~550 and 250 ka being widely documented
(Bollmann et al., 1998; Flores et al., 1999, 2003; Baumann and
Freitag, 2004; Baumann et al., 2004) and associated more likely to a
rapid phylogenetic evolution. However, during MIS 11, G. oceanica
and small Gephyrocapsa, becoming more abundant, balanced the per-
centages of G. caribbeanica. Balch (2004) reports that the duration of
the length of the day and the light intensity influence the growth of
coccolithophore blooms. Rickaby et al. (2007), using data from three
cores located around 0° of the western Equatorial Pacific and Equato-
rial and subtropical Indian Ocean, suggest that eccentricity influences
phytoplankton growth rate through an interannual interplay be-
tween light intensity and length of growing season. They infer that
coccolithophore blooms may occur when maximal growing season
length is paired with the maximal possible orbital insolation, which
can only occur when eccentricity is minimal. When eccentricity
reaches amplitude minima, summer insolation in the Northern Hemi-
sphere is marked by low variability (Loutre and Berger, 2000), and
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winter and summer have more or less the same length. The increase
of Gephyrocapsa genus bloom during the eccentricity minimum peri-
od is reflected in the NAR trend. The assemblages of relative eccen-
tricity maxima of MIS 13 and 9, instead, are associated with
intermediate NAR values (Fig. 5a) and a dominance of G. caribbeanica
(Fig. 5b). This is due to a lower contribution of small Gephyrocapsa,
G. oceanica and G. margereli to coccolithophore blooms, which are
mainly composed of G. caribbeanica (Fig. 4b). Because the inverse
contrast in season length and insolation becomes more extreme as
eccentricity increases (Rickaby et al., 2007), the dominance of
G. caribbeanica in the assemblages of relative eccentricity maxima
could be due to the fact that G. caribbeanica, like E. huxleyi, is an
exceptional light-loving species.

The Mid-Brunhes Event (MBE; 600 to 200 ka), also called the Mid
Brunhes Dissolution Interval (MBDI) (Barker et al., 2006), was also a
period of global carbonate dissolution and represented a whole
ocean shift in carbonate chemistry. Our data on G. caribbeanica and
C. leptoporus (a dissolution resistant taxon) are inversely correlated
with the DI (Table 2). These results indicate moderate/high dissolu-
tion episodes and could confirm the hypothesis of an influence of
G. caribbeanica blooms in altering marine carbonate chemistry
(Baumann and Freitag, 2004; Barker et al., 2006). The intensive calci-
fication of G. caribbeanica caused a carbonate-ion under saturation
and consequently a dissolution increase. However, because most of
these dissolution episodes are recorded when high organic carbon
contents are observed (Rodrigues et al., 2011), the dissolution could
also be caused by metabolic CO2 produced within the sediments by
enhanced organic matter fluxes to the sea floor (Baumann and
Freitag, 2004; Barker et al., 2006, and references therein). Our data
of coccolithophore production shows a fair similarity with the EPICA
Dome C CO2 record (Siegenthaler et al., 2005; Fig. 5a). On geological
time-scales, variation in coccolith abundance in the sedimentary re-
cord is often linked to glacial–interglacial transitions, with a predom-
inance of coccolithophores during interglacial periods (McIntyre et
al., 1972; Henrich, 1989). During glacial periods, the coccolithophores
to diatoms ratio is shifted towards diatoms, which dominate the
blooms. So the lower atmospheric CO2 levels in these periods are pre-
sumably related to lower contribution of coccolithophores in respect
to non-calcifying phytoplankton (Harrison, 2000; Ridgwell et al.,
2002; Riebesell, 2004).

6. Conclusion

During glacial periods, because the Northern Hemisphere (NH)
was less irradiated (insolation intensity), long-term ocean settings
with a general persistence of cold conditions over the area occurred.
This is also shown by the SST and planktonic δ18O records of core
MD03-2699 (Voelker et al., 2010; Rodrigues et al., 2011). The quasi-
predominance of cold conditions and the occurrence of weak upwell-
ing seasons caused unfavourable conditions for coccolithophore
growth, as also supported by the total alkenone concentration data
(Rodrigues et al., 2011). This suggests a long-term influence of the
Portugal Current (PC) during the glacial periods on coccolithophore
assemblages (Fig. 8b).

During interglacial periods, conditions opposite to the glacial
stages occurred, and the quasi-predominance of warming, together
with intense upwelling seasons, caused favourable conditions for
coccolithophore growth (Fig. 8a). This reconstruction is in good ac-
cordance with the hydrographic model proposed by Voelker et al.
(2010), who observed a strong influence of Azores Current and Iberi-
an Poleward Current (IPC) waters during MIS 11c.

This pattern could be linked to surface current dynamics, strictly
related to ocean–atmosphere settings, and to the Intertropical Con-
vergence Zone (ITCZ) migration on a glacial/interglacial time scale.
Because the ITCZ position is controlled by two major high pressure
centres, the Azores High (AH) in the NH and the South Atlantic
High in the Southern Hemisphere, the ITCZ migration implies the
AH/Icelandic Low (IL) System shifted on glacial/interglacial time-
scale. This is also confirmed by model simulations, highlighting a
southward shifting of the AH/IL in the Last Glacial Maximum (LGM)
relative to the pre-industrial simulation (Pausata et al., 2009).

Overprinted on this glacial/interglacial pattern, climatic and pale-
oceanographic variability at precessional-scale has been observed in
the study area. This variability, affecting the quasi-permanent AH/IL
positions, is related to the relative northward/southward migration
triggered by precession (Moreno et al., 2002; Yin et al., 2009). Our re-
sults can be interpreted by the following two main scenarios:

1. PC prevalent conditions occurred when the NH spring/summer
was at perihelion because there was greater warming in the NH
in response to insolation. This implies that the AH moved north-
ward (Fig. 8c). Consequently, the winds, blowing predominantly
from the north, caused a persistent upwelling of cooler water.
Thus, the increase in small Gephyrocapsa and eutrophic taxa in
the coccolithophore assemblages indicate the prevailing influence
of PC nutrient-rich waters (Fig. 8c) and increased productivity.

2. When the NH summer/autumn was at aphelion, the AH moved
southward (Fig. 8d), causing weaker equatorward wind-stress
that pushes the Azores Current northward and induces the preva-
iling influence of the IPC on the site (Fig. 8d). The coccolithophore
assemblages reflected the increase of warm taxa and the domi-
nance of G. caribbeanica.

Over-imposed on precessional variability are observed rapid
switches between different modes of atmosphere circulation, proba-
bly related to millennial-scale oscillations of the AH/IL System and
causing variability in wind systems together with increase/decrease
of dryness.
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Appendix A. Taxonomic appendix

Calcidiscus leptoporus (Murray and Blackman, 1898) Loeblich and
Tappan, 1978

Calciosolenia murrayi Gran, 1912
Coccolithus pelagicus (Wallich, 1877) Schiller, 1930
Coccolithus pelagicus ssp. braarudii (Gaarder 1962) Geisen et al.

2002
Coccolithus pelagicus (Wallich 1877) Schiller 1930 ssp. pelagicus
Florisphaera profunda Okada and Honjo, 1973
Gephyrocapsa aperta Kamptner, 1963
Gephyrocapsa ericsonii McIntyre and Bé, 1967
Gephyrocapsa caribbeanica Boudreaux and Hay, 1967
Gephyrocapsa margereli Bréhéret, 1978
Gephyrocapsa oceanica Kamptner, 1943
Helicosphaera carteri (Wallich, 1877) Kamptner, 1954
Helicosphaera hyalina Gaarder 1970
Helicosphaera inversa (Gartner, 1980) Theodoridis, 1984
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Pontosphaera Lohmann, 1902
Pseudoemiliania lacunosa (Kamptner 1963) Gartner 1969
Rhabdosphaera clavigera (Murray and Blackman, 1898)
Reticulofenestra Hay, Mohler and Wade 1966
Syracosphaera Lohmann, 1902
Syracosphaera pulchra Lohmann, 1902
Umbellosphaera Paasche, in Markali and Paasche, 1955
Umbellosphaera tenuis (Kamptner, 1937) Paasche in Markali and

Paasche, 1955
Umbilicosphaera Lohmann 1902
Umbilicosphaera sibogae var. sibogae (Weber-van Bosse,1901)

Gaarder, 1970

References

Abrantes, F., Moita, M.T., 1997. Water column and recent sediment data on diatoms and
coccolithophorids, off Portugal, confirm sediment record of upwelling events.
Oceanologica Acta 22 (1), 67–84.

Ambar, I., Fiuza, A., 1994. Some features of the Portugual Current System: a poleward
slope undercurrent, an upwelling related southward flow and an autumn–winter
poleward coastal surface current. Proceedings Second International Conference
on Air–Sea Interaction and on Meteorology and Oceanography of the Coastal
Zone. American Meterological Society, Boston, MA, pp. 286–287.

Andruleit, H., 2007. Status of the Java upwelling area (Indian Ocean) during the oligo-
trophic northern hemisphere winter monsoon season as revealed by
coccolithophores. Marine Micropaleontology 64 (1–2), 36–51.

Andruleit, H., Stäger, S., Rogalla, U., Cepek, P., 2003. Living coccolithophores in the
northern Arabian Sea: ecological tolerances and environmental control. Marine
Micropaleontology 49 (1–2), 157–181, http://dx.doi.org/10.1016/S0337-
8398(03)00049-5.

Andruleit, H., Rogalla, U., Staeger, S., 2005. Living coccolithophores recorded during the
onset of upwelling conditions off Oman in the western Arabian Sea. Journal of Nan-
noplankton Research 27 (1), 1–14.

Ashkenazy, Y., Eisenman, I., Gildor, H., Tziperman, E., 2010. The effect of Milankovitch
variations in insolation on equatorial seasonality. Journal of Climate 23,
6133–6142.

Balch, W.M., 2004. Re-evaluation of the physiological ecology of coccolithophores. In:
Thierstein, H.R., Young, J.R. (Eds.), Coccolithophores: From Molecular Processes
to Global Impact. Springer-Verlag, Berlin, pp. 165–190.

Barcena, M.A., Flores, J.A., Sierro, F.J., Perez-Folgado, M., Fabres, J., Calafat, A., Canals, M.,
2004. Planktonic response to main oceanographic changes in the Alboran Sea
(Western Mediterranean) as documented in sediment traps and surface sedi-
ments. Marine Micropaleontology 53, 423–445.

Bard, E., Rostek, F., Turon, J.L., Gendreau, S., 2000. Hydrological impact of Heinrich
events in the subtropical northeast Atlantic. Science 289, 1321–1324.

Barker, S., Archer, D., Booth, L., Elderfield, H., Henderiks, J., Rickaby, R.E.M., 2006. Glob-
ally increased pelagic carbonate production during the Mid-Brunhes dissolution
interval and the CO2 paradox of MIS 11. Quaternary Science Reviews 25,
3278–3293.

Baumann, K.H., Freitag, T., 2004. Pleistocene fluctuations in the northern Benguela cur-
rent system as revealed by coccolith assemblages. Marine Micropaleontology 52,
195–215.

Baumann, K.H., Andruleit, H., Samtleben, C., 2000. Coccolithophores in the Nordic Seas:
comparison of living communities with surface sediment assemblages. Deep Sea
Research Part II: Topical Studies in Oceanography 47, 1743–1772.

Baumann, K.H., Böckel, B., Frenz, M., 2004. Coccolith contribution to South Atlantic car-
bonate sedimentation. In: Thierstein, H.R., Young, J.R. (Eds.), Coccolithophores:
From Molecular Processes to Global Impact. Springer-Verlag, Berlin, pp. 367–402.

Baumann, K.H., Andruleit, H., Böckel, B., Geisen, M., Kinkel, H., 2005. The significance of
extant coccolithophores as indicators of ocean water masses, surface water
temperature, and paleoproductivity: a review. Paläontologische Zeitschrift 79,
93–112.

Beaufort, L., Heussner, S., 2001. Seasonal dynamics of calcareous nannoplankton on a
West European continental margin: the Bay of Biscay. Marine Micropaleontology
43, 27–55.

Becquey, S., Gersonde, R., 2002. Past hydrographic and climatic changes in the Subant-
arctic Zone of the South Atlantic. The Pleistocene record from ODP Site 1090. Pal-
aeogeography, Palaeoclimatology, Palaeoecology 182, 221–239.

Berger, A., 1978. Long-term variations of daily insolation and Quaternary climatic
changes. Journal of Atmospheric Science 35, 2362–2367.

Berger, A., Loutre, M.F., 1991. Insolation values for the climate of the last 10 million
years. Quaternary Science Reviews 10 (4), 297–317.

Bischof, B., Mariano, A.J., Ryan, E.H., 2003. The Portugal Current System. Ocean Surface
Currents, http://oceancurrents.rsmas.miami.edu/atlantic/portugal.html.

Boeckel, B., Baumann, K.H., 2004. Distribution of coccoliths in surface sediments of the
south-eastern South Atlantic Ocean: ecology, preservation and carbonate contribu-
tion. Marine Micropaleontology 51, 301–320.

Bollmann, J., 1997. Morphology and biogeography of Gephyrocapsa coccoliths in Holo-
cene sediments. Marine Micropaleontology 29, 319–350.

Bollmann, L., Baumann, K.H., Thierstein, H.R., 1998. Global dominance of Gephyrocapsa
coccoliths in the Late Pleistocene: selective dissolution, evolution or global envi-
ronment change. Paleoceanography 13, 517–529.
Bréhéret, J., 1978. Formes nouvelles quaternaires et actuelles de la famille des
Gephyrocapsaceae (Coccolithophorides). Comptes Rendus Hebdomadaires des
Séances de l'Académie des Sciences 287, 447–449.

Broccoli, A.J., Dahl, K.A., Stouffer, R.J., 2006. Response of the ITCZ to Northern Hemi-
sphere cooling. Geophysical Research Letters 33, L01702, http://dx.doi.org/
10.1029/2005GL024546, 2006.

Broerse, A.T.C., Ziveri, P., van Hinte, J.E., Honjo, S., 2000. Export production, species
composition, and coccolith-CaCO3 fluxes in the NE Atlantic (34N 21W and 48N
21W). Deep Sea Research Part II: Topical Studies in Oceanography 47, 1877–1905.

Buccianti, A., Rosso, F., Vlacci, F., 2003. Metodi Matematici e Statistici per le Scienze
della Terra. Tecniche statistiche, Volume III. Liguori, Napoli.

Cachão, M., Moita, M.T., 2000. Coccolithus pelagicus, a productivity proxy related to
moderate fronts off Western Iberia. Marine Micropaleontology 39, 131–155.

Chiang, J.C.H., Biasutti, M., Battisti, D.S., 2003. Sensitivity of the Atlantic Intertropical
Convergence Zone to Last Glacial Maximum boundary conditions. Paleo-
ceanography 18 (4), 1094, http://dx.doi.org/10.1029/2003PA000916.

Chiyonobu, S., Sato, T., Narikiyo, R., Yamasaki, M., 2006. Floral changes in calcareous
nannofossils and their paleoceanographic significance in the equatorial Pacific
Ocean during the last 500 000 years. Island Arc 15, 476–482.

Coelho, H., Neves, R., White, M., Leitpo, P., Santos, A., 2002. A model for ocean circula-
tion on the Iberian coast. Journal of Marine Systems 32, 181–198.

Colmenero-Hidalgo, E., Flores, J.A., Sierro, J., Barcena, M.A., Lowemark, L., Schonfeld, J.,
Grimalt, J.O., 2004. Ocean-surface water response to short-term climate changes
revealed by coccolithophores from the Gulf of Cadiz (NE Atlantic) and Alboran
Sea (W Mediterranean). Palaeogeography, Palaeoclimatology, Palaeoecology 205,
317–336.

de Abreu, L., Shackleton, N.J., Schönfels, J., Hall, M., Chapman, M., 2003. Millenian-scale
oceanic climate variability off the Western Iberian Margin during the last two gla-
cial periods. Marine Geology 196 (1-2), 1–20.

de Castro, M., Gómez-Gesteira, M., Alvarez, I., Lorenzo, M., Cabanas, J.M., Prego, R.,
Crespo, A.J.C., 2008. Characterization of fall–winter upwelling recurrence along
the Galician western coast (NW Spain) from 2000 to 2005: dependence on atmo-
spheric forcing. Journal of Marine Systems 72, 145–158.

de Castro, M., Gómez- Gestève, M., Alvarez, I., Crespo, A.J.C., 2011. Atmospheric modes
influence on Iberian Poleward Current variability. Continental Shelf Research 31,
425–432.

Desprat, S., Sanchez Goñi, M.F., McManus, J.F., Duprat, J., Cortijo, E., 2009. Millennial-
scale climatic variability between 340 000 and 270 000 years ago in SW Europe:
evidence from a NW Iberian margin pollen sequence. Climate of the Past 5 (1),
53–72.

Dittert, N., Baumann, K.H., Bickert, R., Henrich, R., Huber, R., Kinkel, H., Meggers, H.,
1999. Carbonate dissolution in the deep-sea: methods, quantification and pale-
oceanographic application. In: Fischer, G., Wefer, G. (Eds.), Use of Proxies in Paleo-
ceanography: Examples from the South Atlantic. Springer, Berlin, pp. 255–284.

Estrada, M., 1978. Mesoscale heterogeneities of the phytoplankton distribution. In:
Boje, R., Tomezak, M. (Eds.), The Upwelling Region of North WestAfrica, (Upwell-
ing Ecosystems). Springer, Berlin, pp. 15–23.

Eynaud, F., de Abreu, L., Voelker, A., Schönfeld, J., Salgueiro, E., Turon, J.L., Penaud, A.,
Toucanne, S., Naughton, F., Sanchez Goni, M.F., Malaize, B., Cacho, I., 2009. Position
of the Polar Front along the western Iberian margin during key cold episodes of the
last 45 ka. Geochemistry, Geophysics, Geosystems 10 (7), Q07U05, http://
dx.doi.org/10.1029/2009GC002398.

Fincham, M.J., Winter, A., 1989. Paleoceanographic interpretations of coccoliths and
oxygen-isotopes from the sediment surface of the southwest Indian Ocean. Marine
Micropaleontology 13, 325–351.

Fiuza, A.F.G., Hamann, M., Ambar, I., Díaz del Río, G., González, N., Cabanas, J.M., 1998.
Water masses and their circulation off western Iberia during May 1993. Deep Sea
Research Part I: Oceanographic Research Papers 45, 1127–1160.

Flores, J.A., Sierro, F.J., 1997. Revised technique for calculation of calcareous nannofossil
accumulation rates. Micropaleontology 43, 321–324.

Flores, J.A., Gersonde, R., Sierro, F.J., 1999. Pleistocene fluctuations in the Agulhas cur-
rent retroflection based on the calcareous plankton record. Marine Micropaleon-
tology 37, 1–22.

Flores, J.A., Bárcena, M.A., Sierro, F.J., 2000. Ocean-surface and wind dynamics in the At-
lantic Ocean off Northwest Africa during the last 140 000 years. Palaeogeography,
Palaeoclimatology, Palaeoecology 161, 459–478.

Flores, J.A., Marino, M., Sierro, F.J., Hodell, D.A., Charles, C.D., 2003. Calcareous plankton
dissolution pattern and coccolithophore assemblages during the last 600 kyr at
ODP Site 1089 (Cape Basin, South Atlantic): paleoceanographic implications. Pal-
aeogeography, Palaeoclimatology, Palaeoecology 196, 409–426.

Flower, B.P., Oppo, D.W., McManus, J.F., Venz, K.A., Hodell, D.A., Cullen, J.L., 2000. North
Atlantic intermediate to deep water circulation and chemical stratification during
the past 1 Myr. Paleoceanography 15, 388–403.

Gartner, S., 1988. Paleoceanography of the Mid-Pleistocene. Marine Micropaleontology
13, 23–46.

Gartner, S., Chow, J., Stanton, R.J., 1987. Late Neogene paleoceanography of the eastern
Caribbean, the Gulf of Mexico, and the eastern Equatorial Pacific. Marine Micropa-
leontology 12 (3), 255–304.

Giraudeau, J., 1992. Distribution of recent nannofossil beneath the Benguela system:
southwest African continental margin. Marine Geology 108, 219–237.

Giraudeau, J., Monteiro, P.M.S., Nikodemus, K., 1993. Distribution and malformation of
living coccolithophores in the northern Benguela upwelling system off Namibia.
Marine Micropaleontology 22, 93–110.

Giraudeau, J., Jennings, A.E., Andrews, J.T., 2004. Timing andmechanisms of surface and in-
termediatewater circulation changes in theNordic Seas over the last 10,000 cal years:
a view from the North Iceland shelf. Quaternary Science Reviews 23, 2127–2139.

http://dx.doi.org/10.1016/S0337-8398(03)00049-5
http://dx.doi.org/10.1016/S0337-8398(03)00049-5
http://oceancurrents.rsmas.miami.edu/atlantic/portugal.html
http://dx.doi.org/10.1029/2005GL024546, 2006
http://dx.doi.org/10.1029/2003PA000916
http://dx.doi.org/10.1029/2009GC002398


58 F.O. Amore et al. / Marine Micropaleontology 90-91 (2012) 44–59
Guerreiro, C., Rosa, F., Oliveira, A., Cachão, M., Fatela, F., Rodrigues, A., 2009. Calcareous
nannoplankton and benthic foraminiferal assemblages from the Nazaré Canyon
(Portuguese continental margin): preliminary results. From Deep-sea to Coastal
Zones: Methods and Techniques for Studying Paleoenvironments. : IOP Conf. Se-
ries: Earth and Environmental Science, 5. IOP Publishing, pp. 1–11, http://
dx.doi.org/10.1088/1755-1307/5/1/012004.

Hagino, K., Okada, H., 2006. Intra- and infra-specific morphological variation in select-
ed coccolithophore species in the equatorial and subequatorial Pacific Ocean. Ma-
rine Micropaleontology 56, 184–206.

Hagino, K., Okada, H., Matsuoka, H., 2000. Spatial dynamics of coccolithophore assem-
blages in the Equatorial Western-Central Pacific Ocean. Marine Micropaleontology
39, 53–72.

Hagino, K., Okada, H., Matsuka, H., 2005. Coccolithophore assemblages and morphotypes
of Emiliania huxleyi in the boundary zone between the cold Oyashio and warm
Kuroshio currents off the coast of Japan. Marine Micropaleontology 55, 19–47.

Harrison, K.G., 2000. Role of increased marine silica input on paleo-pCO2 levels. Paleo-
ceanography 15, 292–298.

Haynes, R., Barton, E.D., 1990. A poleward flow along the Atlantic coast of the Iberian
Peninsula. Journal of Geophysical Research 95 (C7), 11425–11441.

Hays, J.D., Imbrie, J., Shackleton, N.J., 1976. Variations in the Earth's orbit: pacemaker of
the ice ages. Science 194, 1121–1132.

Helmke, J.P., Bauch, H.A., Rohl, U., Kandiano, E.S., 2008. Uniform climate development
between the subtropical and subpolar Northeast Atlantic across marine isotope
stage 11. Climate of the Past 4, 181–190.

Henrich, R., 1989. Glacial/interglacial cycles in the Norwegian Sea: sedimentology,
paleoceanography, and evolution of late Pliocene to Quarternary Northern Hemi-
sphere climate. In: Eldholm, O., Thiede, J., Taylor, E., et al. (Eds.), Proc. ODP, Sci. Re-
sults, 104. Ocean Drilling Program, College Station, TX, pp. 189–232.

Jansen, J.H.F., Kuijpers, A., Troelstra, S.R., 1986. A mid-Brunhes climatic event: long-
term changes in global atmospheric and ocean circulation. Science 232, 619–622.

Jordan, R.W., Winter, A., 2000. Assemblages of coccolithophorids and other living mi-
croplankton off the coast of Puerto Rico during January–May 1995. Marine Micro-
paleontology 39 (1), 113–130.

Jordan, R.W., Zhao, M., Eglinton, G., Weaver, P.P.E., 1996. Coccolith and alkenone stratig-
raphy and palaeoceanography at an upwelling site off NW Africa (ODP 658C) during
the last 130,000 years. In: Whatley, R., Moguilevsky, A. (Eds.), Microfossils and
Oceanic Environments. Univ. Wales, Aberystwyth Press, Aberystwyth, pp. 111–130.

Kleijne, A., 1993. Morphology, Taxonomy and Distribution of extant coccolithophorids
(calcareous nannoplankton). Ph.D. Thesis, Vrije Univ., Amsterdam, Netherlands.

Kleijne, A., Kroon, D., Zevemboom, W., 1989. Phytoplankton and foraminiferal frequen-
cies in northern Indian Ocean and Red Sea surface waters. Netherlands Journal of
Sea Research 24, 531–539.

Le, J., Shackleton, N.J., 1992. Carbonate dissolution fluctuations in the western equato-
rial Pacific during the late Quaternary. Paleoceanography 7, 21–42.

Lopez-Otalvaro, G.E., Flores, J.A., Sierro, F.J., Cacho, I., 2008. Variations in Coccolithophorides
production in the Eastern Equatorial Pacific at ODP Site 1240 over the last seven
glacial–interglacial cycles. Marine Micropaleontology 69, 52–69.

Lopez-Otalvaro, G.E., Flores, J.A., Sierro, F.J., Cacho, I., Grimalt, J.O., Michel, E., Cortijo, E.,
Labeyrie, L., 2009. Late Pleistocene paleoproductivity patterns during the last cli-
matic cycle inthe Guyana Basin as revealed by calcareous nannoplankton. eEarth
4, 1–13.

Loutre, M.F., Berger, A., 2000. Future climatic changes: are we entering an exceptionally
long interglacial? Climatic Change 46, 61–90.

Loutre, M.F., Paillard, D., Vimeux, F., Cortijo, E., 2004. Does mean annual insolation have
the potential to change the climate? Earth and Planetary Science Letters 221, 1–14.

Maiorano, P., Marino, M., Flores, J.A., 2009. The warm interglacial isotope Stage 31: ev-
idences from the calcareous nannofossil assemblages at Site 1090 (Southern Atlan-
tic). Marine Micropaleontology 71 (3–4), 166–175.

Martrat, B., Grimalt, J.O., Shackleton, N.J., de Abreu, L., Hutterli, M.A., Stocker, T.F., 2007.
Four climate cycles of recurring deep and surface water destabilizations on the Ibe-
rian Margin. Science 317 (5837), 502–507.

Maze, J.P., Arhan, M., Mercier, H., 1997. Volume budget of the eastern boundary layer
off the Iberian Peninsula. Deep Sea Research Part I: Oceanographic Research Papers
44, 1543–1574.

McIntyre, A., Bé, A.W.H., 1967. Modern coccolithophoraceae of the Atlantic Ocean: I.
Placoliths and cyrtoliths. Deep Sea Research Part I: Oceanographic Research Papers
14, 561–597.

McIntyre, A., Ruddiman, W.F., Jantzen, R., 1972. Southward penetrations of the North
Atlantic Polar Front: faunal and floral evidence of large-scale surface water mass
movements over the last 225,000 years. Deep Sea Research 19, 61–77.

McManus, J., Oppo, D.W., Cullen, J.L., 1999. A 0.5-million-year record of millennial-scale
cli mate variability in the North Atlantic. Science 283, 971–975.

Mitchell-Innes, B.A., Winter, A., 1987. Coccolithophores: a major phytoplankton com-
ponent in mature upwelled waters off the Cape Peninsula, South Africa in March,
1983. Marine Biology 95, 25–30.

Moita, T., 1993. Spazial variability of phytoplankton communities in the upwelling re-
gion off Portugal. Proceeding of the International Council for the Exploration of the
Sea, L64, Copenhagen, Denmark, pp. 1–20.

Moita, M.T., Silva, A., Palma, S., Vilarinho, M.G., 2010. The coccolithophore summer–autumn
assemblage in the upwelling waters of Portugal: patterns of mesoscale distribution
(1985–2005). Estuarine, Coastal and Shelf Science 87, 411–419.

Molfino, B., McIntyre, A., 1990. Precessional forcing of nutricline dynamics in the equa-
torial Atlantic. Science 249, 766–769.

Moreno, A., Canals, M., 2004. The role of dust in abrupt climate change: insights from
offshore Northwest Africa and Alboran Sea sediment records. Contributions to Sci-
ence 2 (4), 485–498.
Moreno, A., Cacho, I., Canals, M., Prins, M.A., Sánchez-Goni, M.F., Grimalt, J.O., Weltje,
G.J., 2002. Saharan dust transport and high-latitude glacial climatic variability:
the Alboran Sea record. Quaternary Research 58, 318–328.

Narciso, A., Cachão, M., de Abreu, L., 2006. Coccolithus pelagicus subsp. pelagicus versus
Coccolithus pelagicus subsp. braarudii (Coccolithophore, Haptophyta): a proxy for
surface subarctic Atlantic waters off Iberia during the last 200 kyr. Marine Micro-
paleontology 59, 15–34.

Okada, H., Honjo, S., 1973. The distribution of oceanic coccolithophorids in the Pacific.
Deep Sea Research 20, 355–374.

Okada, H., Wells, P., 1997. Late Quaternary nannofossil indicators of climate change in
two deep-sea cores associated with the Leeuwin Current off Western Australia.
Palaeogeography, Palaeoclimatology, Palaeoecology 131 (3–4), 413–432.

Parente, A., Cachão, M., Baumann, K.H., de Abreu, L., Ferreira, J., 2004. Morphometry of
Coccolithus pelagicus s: l. (Coccolithophore, Haptophyta) from offshore Portugal,
during the last 200 kyr. Micropaleontology 50 (1), 107–120.

Pausata, F.S.R., Li, C., Wettstein, J.J., Nisancioglu, K.H., Battisti, D.S., 2009. Changes in at-
mospheric variability in a glacial climate and the impacts on proxy data: a model
intercomparison. Climate of the Past 5, 489–502.

Peliz, A.J., Fuiza, A.F.G., 1999. Temporal and spatial variability of CZCS-derived phyto-
plankton concentration off the western Iberian Peninsula. International Journal of
Remote Sensing 20, 1363–1403.

Peliz, A., Dubert, J., Santos, A.M.P., Oliveira, P.B., Le Cann, B., 2005. Winter upper ocean
circulation in the Western Iberian Basin — fronts, eddies and poleward flows: an
overview. Deep Sea Research Part I: Oceanographic Research Papers 52, 621–646.

Pérez, F.F., Castro, C.G., Alvarez–Salgado, X.A., Rios, A.F., 2001. Coupling between the
Iberian basin — scale circulation and the Portugal boundary current system: a
chemical study. Deep Sea Research Part I: Oceanographic Research Papers 48,
1519–1533.

Raffi, I., Backman, J., Rio, D., Shackleton, N.J., 1993. Plio-Pleistocene nannofossil biostratig-
raphy and calibration to oxygen isotopes stratigraphies fromDeep Sea Drilling Project
Site 607 and Ocean Drilling Program Site 677. Paleoceanography 8, 387–408.

Raffi, I., Backman, J., Fornaciari, E., Pälike, H., Rio, D., Lourens, L., Hilgen, F., 2006. A re-
view of calcareous nannofossil astrobiochronology encompassing the past 25 mil-
lion years. Quaternary Science Reviews 25, 3113–3137.

Relvas, P., Barton, E.D., Dubert, J., Oliveira, P.B., Peliz, A., da Silva, J.C.B., Santos, A.M.P.,
2007. Physical oceanography of the western Iberia ecosystem: latest views and
challenges. Progress in Oceanography 74, 149–173.

Rickaby, R.E.M., Bard, E., Sonzogni, C., Rostek, F., Beaufort, L., Barker, S., Rees, G., Schrag,
D.P., 2007. Coccolith chemistry reveals secular variations in the global ocean car-
bon cycle? Earth and Planetary Science Letters 253, 83–95.

Ridgwell, A.J., Watson, A.J., Archer, D.E., 2002. Modeling the response of the oceanic Si
inventory to perturbation, and consequences for atmospheric CO2. Global Biogeo-
chemical Cycles 16, 1071, http://dx.doi.org/10.1029/2002GB001877.

Riebesell, U., 2004. Effects of CO2 enrichment on marine phytoplankton. Journal of
Oceanography 60, 719–729.

Rodrigues, T., Voelker, A.H.L., Grimalt, J.O., Abrantes, F., Naughton, F., 2011. Iberian Mar-
gin sea surface temperature during MIS 15 to 9 (580–300 ka): glacial suborbital
variability versus interglacial stability. Paleoceanography 26, PA1204, http://
dx.doi.org/10.1029/2010PA001927.

Rogalla, U., Andruleit, H., 2005. Precessional forcing of coccolithophore assemblages in
the northern Arabian Sea: implications for monsoonal dynamics during the last
200,000 years. Marine Geology 217 (1–2), 31–48.

Rost, B., Riebesell, U., 2004. Coccolithophores and the biological pump: responses to
environmental changes. In: Thierstein, H.R., Young, J.R. (Eds.), Coccolithophores
from Molecular Processes to Global Impact. Springer, Berlin, pp. 99–125.

Roth, P.H., 1994. Distribution of coccoliths in oceanic sediments. In: Winter, A., Siesser,
W.G. (Eds.), Coccolithophores. Cambridge Univ. Press, Cambridge, UK, pp. 199–218.

Salgueiro, E., Voelker, A.H.L., de Abreu, L., Abrantes, F., Meggers, H., Wefer, G., 2010.
Temperature and productivity changes off the western Iberian margin during the
last 150 ky. Quaternary Science Reviews 29 (5–6), 680–695.

Samtleben, C., Schröder, A., 1992. Living coccolithophore communities in the Norwegian–
Greenland Sea and their records in sediments. Marine Micropaleontology 19,
333–354.

Samtleben, C., Schäfer, P., Andruleit, H., Baumann, A., Baumann, K.H., Kohly, A.,
Matthiessen, J., Schröder-Ritzrau, A., 1995. Plankton in the Norwegian–Greenland
Sea: from living communities to sediment assemblages—an actualistic approach.
Geologische Rundschau 84, 108–136.

Sánchez Goñi, M.F., Cacho, I., Turon, J.L., Guiot, J., Sierro, F.J., Peypouquet, J.P., Grimalt,
J.O., Shackleton, N.J., 2002. Synchroneity between marine and terrestrial responses
to millennial scale climatic variability during the last glacial period in the Mediter-
ranean region. Climate Dynamics 19, 95–105.

Sánchez, R.F., Relvas, P., Delgado, M., 2007. Coupled ocean wind and sea surface tem-
perature patterns off the western Iberian Peninsula. Journal of Marine Systems
68, 103–127.

Sato, T., Takayama, T., 1992. A stratigraphically significant new species of the calcare-
ous nannofossil Reticulofenestra asanoi. In: Ishizaki, K., Saito, T. (Eds.), Centenary
of Japanese Micropaleontology, 457–60. Terra Scientific Publication, Tokyo.

Sato, T., Kameo, K., Mita, I., 1999. Validity of the latest Cenozoic calcareous nannofossils
datums and its application to the tephrochronology. Earth Science (Chikyu
Kagaku) 54, 265–274.

Sepulcre, S., Vidal, L., Tachikawa, K., Rostek, F., Bard, E., 2011. Sea-surface salinity vari-
ations in the northern Caribbean Sea across the Mid-Pleistocene transition. Climate
of the Past 7, 75–90.

Siegenthaler, U., Stocker, T.F., Monnin, E., Luthi, D., Schwander, J., Stauffer, B., Raynaud,
D., Barnola, J.M., Fischer, H., Masson-Delmotte, V., Jouzel, J., 2005. Stable carbon
cycle–climate relationship during the late Pleistocene. Science 310, 1313–1317.

http://dx.doi.org/10.1088/1755-1307/5/1/012004
http://dx.doi.org/10.1029/2002GB001877
http://dx.doi.org/10.1029/2010PA001927


59F.O. Amore et al. / Marine Micropaleontology 90-91 (2012) 44–59
Silva, A., Palma, S., Moita, M.T., 2008. Coccolithophores in the upwelling waters of Por-
tugal: four years of weekly distribution in Lisbon bay. Continental Shelf Research
28, 2601–2613.

Silva, A., Palma, S., Oliveira, P.B., Moita, M.T., 2009. Composition and interannual vari-
ability of phytoplankton in a coastal upwelling region (Lisbon Bay, Portugal). Jour-
nal of Sea Research 62, 238–249.

Smyth, T.J., Miller, P.I., Groom, S.B., Lavender, S.J., 2001. Remote sensing of sea surface
temperature and chlorophyll during Lagrangian experiments at the Iberian margin.
Progress in Oceanography 51, 269–281.

Sousa, F.M., Bricaud, A., 1992. Satellite-derived phytoplankton pigment structures in
the Portuguese upwelling area. Journal of Geophysical Research 97 (C7),
11343–11356.

Steinmetz, J.C., 1994. Sedimentation of coccolithophores. In: Winter, A., Siesser, W.G.
(Eds.), Coccolithophores. Cambridge Univ. Press, Cambridge, UK, pp. 179–197.

Stoll, H.M., Vance, D., Arevalos, A., 2007. Records of the Nd isotope composition of sea-
water from the Bayof Bengal: implications for the impact of Northern Hemisphere
cooling on ITCZ movement. Earth and Planetary Science Letters 255, 213–228.

Su, X., 1996. Development of late tertiary and quaternary coccolith assemblages in the
Northeast Atlantic. GEOMAR-Report 48, 1–120.

Takahashi, K., Okada, H., 2000. The paleoceanography for the last 30 000 years in the
southeastern Indian Ocean by means of calcareous nannofossils. Marine Micropa-
leontology 40, 83–103.

Torrence, C., Compo, G.P., 1998. A practical guide to wavelet analysis. Bulletin of the
American Meteorological Society 79, 61–78.

Trommer, G., Siccha, M., Rohling, E.J., Grant, K., van der Meer, M.T.J., Schouten, S.,
Baranowski, U., Kucera, M., 2011. Sensitivity of Red Sea circulation to sea level
and insolation forcing during the last interglacial. Climate of the Past Discussions
7, 119–1233.

Tzedakis, P.C., 2010. The MIS 11-MIS 1 analogy, southern European vegetation, atmo-
spheric methane and the “early anthropogenic hypothesis”. Climate of the Past 6,
131–144.
Voelker, A.H.L., Rodrigues, T., Billups, K., Oppo, D., McManus, J.K., Stein, R., Hefter, J.,
Grimalt, J.O., 2010. Variations in mid-latitude North Atlantic surface water proper-
ties during the mid-Brunhes (MIS 9–14) and their implications for the thermoha-
line circulation. Climate of the Past 6, 531–552.

Weaver, P.P.E., 1983. An integrated stratigraphy of the Upper Quaternary of the King's
Trough flank area NE Atlantic. Oceanologica Acta 6, 451–456.

Wefer, G., Fisher, G., 1993. Seasonal patterns of vertical flux in Equatorial and coastal
upwelling areas of the Eastern Atlantic. Deep Sea Research 40, 1613–1645.

Wells, P., Okada, H., 1997. Response of nannoplankton to major changes in sea-surface
temperature and movements of hydrological fronts over Site DSDP 594 (south
Chatham Rise, southeastern New Zealand), during the last 130 kyr. Marine Micro-
paleontology 32, 341–363.

Winter, A., 1985. Distribution of living coccolithophores in the California current sys-
tem, Southern California borderland. Marine Micropaleontology 9, 385–393.

Winter, A., Siesser, W., 1994. Coccolithophores. Cambridge University Press, Cam-
bridge, UK, p. 242.

Winter, A., Jordan, R.W., Roth, P.H., 1994. Biogeography of living Coccolithophores in
ocean waters. In: Winter, A., Siesser, W.G. (Eds.), Coccolithophores. Cambridge
University Press, Cambridge, UK, pp. 161–178.

Yin, Q.Z., Berger, A., 2010. Insolation and CO2 contribution to the interglacial climate
before and after the Mid-Brunhes Event. Nature Geoscience 3, 243–246.

Yin, Q.Z., Berger, A., Crucifix, M., 2009. Individual and combined effects of ice sheets and
precession on MIS-13 climate. Climate of the Past 5, 229–243.

Young, J.R., 1994. Functions of coccoliths. In: Winter, A., Siesser, W.G. (Eds.),
Coccolithophores. Cambridge Univ. Press, Cambridge, UK, pp. 63–82.

Ziegler, M., Nurnberg, D., Karas, C., Tiedemann, R., Lourens, L.J., 2008. Persistent sum-
mer expansion of the Atlantic Warm Pool during glacial abrupt cold events. Nature
Geoscience 1, 601–605, http://dx.doi.org/10.1038/ngeo277.

Ziveri, P., Thunell, R.C., Rio, D., 1995. Export production of coccolithophores in an
upwelling region: results from San Pedro Basin, Southern California Borderlands.
Marine Micropaleontology 24, 335–358.

http://dx.doi.org/10.1038/ngeo277

	A Middle Pleistocene Northeast Atlantic coccolithophore record: Paleoclimatology and paleoproductivity aspects
	1. Introduction
	2. Oceanographic setting
	3. Material and methods
	3.1. Age model
	3.2. Coccolithophore slide preparation and counting methods
	3.3. Coccolithophore abundance and ecological proxies
	3.4. Preservation
	3.5. Sediment geochemistry
	3.6. Statistical analyses

	4. Results
	5. Discussion
	5.1. Coccolithophore evidence for paleoproductivity and surface water variations
	5.2. Coccolithophore response to abrupt climate events
	5.3. Coccolithophore responses to orbital forcing
	5.4. Coccolithophore assemblages and the Mid-Brunhes event

	6. Conclusion
	Acknowledgements
	Appendix A. Taxonomic appendix
	References


