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Abstract. We present a new high-resolution marine 1 Introduction
pollen record from NW lberian margin sediments (core
MD03-2697) covering the interval between 340000 and 5, jncreasing number of studies on previous climatic cy-

270000 years ago, a time period centred on Marine ISOtoPQe5 shows that millennial-scale variability is an inherent pat-

Stage (MIS) 9 and characterized by particular baseline Cliver, of the | ate Pleistocene climate affecting glacial periods
mate states. This study enables the documentation of ve ond et al., 1993; Bond and Lotti, 1995; Dansgaard et al

etation changes in the north-western Iberian Peninsula arfgz%. Grootes et al.. 1993: Grimm et al.. 2006 Allen et al..
therefore the terrestrial climatic variability at orbital and in ;999: gnchez Gii et al. 20’00) but also intervals of reduced
part!cular at'mlllenmal scales during MI.S 9, directly ON 2 jce yolume such as the current or the last interglacial (Bond
marine stratigraphy. Suborbital vegetation changes in NWq¢ al., 1997; Delmotte et al., 2004, EPICA community mem-
Iberia in response to cool/cold events are detected throughbers 2004: Martrat et al.. 2004. 2007: McManus et al.. 1999:
out the studied interval even during MIS 9e ice volume min- Opp(') and Lehman. 1995- Op’po ot al. 1998 2001"2007)'_
imum. However, they appear more frequent and of hlghe'rHowever, the origin of this variability remains unclear. Sev-

amplitgde during the 30 QOO years following the. MIS 9e .in- eral hypotheses have been proposed including internal ocean
terglacial period and during the MIS 9a-8 transition, which ,qijations, periodic calving of ice-sheets or solar forcing

correspond to intervals of an intermediate to high ice VOI'(Bond et al., 2001; Broecker et al., 1990; Mayewski et al
ume and mainly periods of ice growth. Each suborbital cold1997; Sakai and Peltier, 1997: van Kreveld et al., 2000: van
event detected in NW Iberia has a counterpart in the SouthGeel etal., 1999).

ern Iberian margin SST record. High to moderate amplitude

cold episodes detected on land and in the ocean appear to beSo far, few studies have focused on the climatic variabil-
related to changes in deep water circulation and probably tdY ©f the interval between 340000 and 270000 years ago,

iceberg discharges at least during MIS 9d, the mid-MIS 9c€ncompassing the Marine Isotope Stage (MIS) 9 interglacial
cold event and MIS 9b. This work provides therefore ad- €°mMplex. Ruddiman (2007) recently called attention to this
ditional evidence of pervasive millennial-scale climatic vari- ISOtOPIC stage: based on the caloric summer half-year insola-
ability in the North Atlantic borderlands throughout past cli- i the early part of MIS 9 is the closest analog to the late
matic cycles of the Late Pleistocene, regardless of glacialfolocene throughout the last 450 000 years. The Antarctica
state. However, ice volume might have an indirect influence!C€ cOres record during the MIS 9 peak interglacial the high-

on the amplitude of the millennial climatic changes in South- €St gréénhouse gas concentrations of the past 650 000 years,
ern Europe. excluding the Holocene industrial period (Petit et al., 1999;

Siegenthaler et al., 2005; Spahni et al., 2005). Pollen analy-
sis, from the Southern Iberian margin core MD01-2443, re-
vealed a suborbital vegetation change during the MIS 9e ice

Correspondence tdS. Desprat volume minimum bringing to an end the interglacial forest
BY (sdesprat@whoi.edu) stage (Tzedakis et al., 2004b; Roucoux et al., 2006). These
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authors pointed out the potential role of the suborbital cli- 270 kyr. This notation assigns five oxygen isotope substages
matic variability on the duration of the interglacials on land. within MIS 9 among which MIS “9a” and “9b” correspond
MIS 9 is therefore a valuable complement to the better stud+to the intervals containing the isotopic events 8.5 and 8.6, re-
ied intervals such as MIS 5 or 11 to investigate the climate ofspectively, and MIS “9e”, “9d” and “9¢” include the isotopic
interglacial periods. events 9.3, 9.2 and 9.1, respectively. The allocation of the
Despite a different astronomical forcing but a similar light isotopic event 8.5 to the MIS 9 complex was originally
range of sea level, the MIS 9 interval310-290 kyr ago and  suggested by Tzedakis et al. (1997) according to the major
MIS 3 are marked by a suborbital variability of similar pac- forest development characteristic of deglacial substages in
ing and amplitude in the Vostok deuterium record (Siddall etSouthern Europe which occurred at around that time. The di-
al., 2007). In the Southern Iberian margin region, frequentrect land-sea correlation from SW Iberian margin confirmed
moderate to high amplitude decreases in sea surface tempdhat the isotopic event 8.5 actually occurs during a period
atures (SST) strikingly punctuate the 30 000 years followingof large forest extent in Southern Europe (Tzedakis et al.;
the MIS 9e interglacial period (Martrat et al., 2007). Over 2004b). Moreover, although sea level reconstructions show
this period covering one and a half precession cycles, thesimilar lowstands during the 8.6 event and MIS 3, they dis-
summer insolation maximum at high latitudes was not partic-play an 8.5 sea level maximum as high or higher than the
ularly strong (Berger, 1978), CQconcentrations decreased 9.3 and 9.1 highstands (McManus et al., 1999; Shackleton et
following a particular gradual trend (Petit et al., 1999) and al-al., 2000; Siddall et al., 2003; Stirling et al., 2001; Wael-
though some sea level reconstructions give divergent resultbroeck et al., 2002) and generally of similar range to the
(Shackleton et al., 2000; Stirling et al., 2001), ice volume 5.1 or 5.3 highstands (Shackleton et al., 2000; Siddall et al.,
appears to have increased following a quite gradual gener&2003; Waelbroeck et al., 2002). For consistency between
trend (McManus et al., 1999; Waelbroeck et al., 2002). Thethe Iberian margin and other paleoclimatic records suggest-
MIS 9 period gives, therefore, the opportunity to study the ing that the isotopic event 8.5 likely belongs to a deglacial
millennial-scale climatic variability under a particular com- substage, we will follow throughout this paper the isotopic
bination of baseline climate states related to astronomicabtage notation applied to the SW Iberian margin record.
forcing, ice volume and greenhouse gas concentrations. In-
deed, the millennial-scale climatic variability and the mech-
anisms associated will be better explained in studying pe

riods characterized by different boundary conditions and mWe examined sediments from the MIS 9 interval of core

e, TG 2697 wrich & lcatd on e W bran mari,
. get ' PId Clt ~100 km off the Galician coast (429.6 N, 0942.7W,
matic changes. However, the vegetation and terrestrial cli-

o L e 2164 m). This site is under the influence of the North At-
mate response to this high frequency climatic variability re- . .
. 7 lantic Deep Water (NADW) mass. The present-day climate
mains poorly known for the MIS 9 time interval.

We present here a high resolution marine pollen recordOf NW Iberia is temperate and humid with mean annual tem-

. . eratures between 10 and°T7and mean annual precipi-
covering the interval 340000-270000 years ago from the ! .
NW Iberian margin core MD03-2697. it will allow us to tation between 1000 and 2000 mnt.yr(Atlas Nacional de

.. Espdia, 1992). This region is incised in the north by the Rias
Baixas valleys (Galician coast basin) and th&idiSil river

ev_ents affec_tmg the_ Iberian region during MIS 9. P_ollen anal-(S” basin) (Atlas Nacional de Espa, 1993) and crossed in
ysis of marine sediments permits to perform a direct corre-

lation of the terrestrial and marine climatic indicators and to the south by the Douro river which are the main suppliers of

: ; o .. terrestrial sediments to the shelf (Naughton et al., 2007). NW
record the vegetation changes against a marine isotopic tim

. . : Yberia belongs to the Eurosiberian and sub-Mediterranean re-
scale. Marine pollen sequences from the Iberian margin have

. . . : . gions (Ozenda, 1982) where deciduous oak woodlands with
already shown their particular ability to detect the millennial- . .
S o . . heaths dominate (Alcara Ariza et al., 1987).

scale climatic variability and to delineate the linkage between
atmospheric and oceanic changes over the current and pre-
vious periods (Desprat et al., 2005, 2006; Naughton et al.3 Material and methods
2009; Roucoux et al., 2005, 2006&®hez Gii et al., 1999,
2000, 2005, 2008; Tzedakis et al., 2004b). Core MD03-2697, retrieved in 2003 during the PICABIA

According to the classical oxygen isotope stratigraphy, ourcampaign, consists of hemi-pelagic clays. The sedimento-
70000 year-long deep-sea record covers MIS 9 and partlyogical description reveals apparently continuous sedimenta-
MIS 8, including the isotopic events from 9.3 to 8.5 af- tion. We have carried out a multiproxy study of the sediments
ter the system of Prell et al. (1986). However, Tzedakis etfrom the MIS 9 interval, including pollen analysis, stable
al. (2004b), Roucoux et al. (2006) and Martrat et al. (2007)oxygen isotope measurements from planktonic and benthic
applied an alternative notation system to define the stratigforaminifera and planktonic foraminifera counts and derived
raphy of the SW Iberian margin core over the interval 340-SST estimates. The MIS 9 interval in core MD03-2697 was

2 Environmental setting
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initially located using planktonig*®0 profiles from the com- 60° 30° o 30° 60°
plete sedimentary sequence (Desprat, 2005). — ' i - T

3.1 Isotopic analysis

For the benthic foraminifera oxygen isotopic data, 42 lev- g
els were subsampled between 2860 and 3260 cm at 20, 10, 5 ODP 980 0 4
or 2cm intervals between samples. Each specimen of ben- 2% 5 s

r 60°

th_ic _foraminifera Cibicide_s W_uellerst(_)r}i has been picke_d A )
within the 250-31%wm grain-size fraction, and cleaned with . MD99-2331™ @ )
distilled water. Each aliquot (4 to 8 specimens, representing 407 MDO01-2443_» “ 40
a mean weight of 829) has been prepared using a Micro- MD95-2042 -

mass Multiprep autosampler, using an individual acid attack
for each sample. The CQyas extracted has been analyzed 2%
against the NBS 19 standard, taken as an international ref-
erence standard. Isotopic analyses have been carried out at ) )
the Laboratoire des Sciences du Climat et I'Environnement™i9- 1. Location of core MD03-2697 and other marine and ter-
(LSCE, Gif-sur-Yvette, France), using a delta plus Finni- res_t_rlal sequences discussed in the text (Pr: Praclaux; TP: Tenaghi
. . . Philippon).
gan isotope mass spectrometer. All the isotopic results are
presented versus PDB. The mean external reproducibility of

powdered carbonate standardst8.05%o for oxygen. Ab- - ain hollen sum that exclude@inus because of its over-

sence of the foraminifera speci€s wuellerstorfiand M. o nresentation in marine sediments (Heusser and Balsam,
barleeanusat the bottom of the studied interval precluded 1977; Turon, 1984), aquatic plants, pteridophyte spores and
a bent_hic isotopic record of the MIS 10-9 glacial-interglacial ;,qaterminable pollen grainsPinus percentages were cal-
transition. , . i culated from the main sum plli&inus Spores and aquatic
The same preparation technique was applied to anapgjien percentages were obtained from the total sum includ-
lyze stable oxygen isotopes of planktonic foraminifera from jng hollen, spores, indeterminables and unknowns. We have
70 levels subsampled at 20 to 2cm intervals. The planktonicyefined the major forested phases as periods showing a clas-
foraminiferaGlobigerina bulloidesvas used between 2860 gjcq) tree succession which is known in Southern Europe and
and 3270 cm antleogloboquadrina pachydernieft coiling iy particular in NW Iberia for beginning with the develop-
over the intervals 2720-2860 and 3260-3400 cm. ment of Betulg deciduousQuercus and ending by the ex-
i o o o pansion of late successional trees suclCagminus betulus
3.2 Planktonic foraminifera quantitative climatic recon- andFagus(Tzedakis et al., 2001; Desprat et al., 2007). Lo-
struction cal names are given to these major forested periods.

-60° -30° 0° 30° 60°

Summer and winter sea surface temperatures (SST) were €8:4  Chronology

timated from planktonic foraminifera assemblages using the

Modern Analogue Technique from the database of Pflau\We established the chronology of core MD03-2697 by graph-
mann et al. (1996) improved by Cortijo (LSCE) and Duprat ical correlation between its planktonsé8O curve and that

(EPOC UMR-CNRS 5805). of core MD01-2443 located on the southern |berian mar-
gin (Tzedakis et al., 2004b; Martrat et al., 2007). Based on
3.3 Pollen analysis the similarity between the benthi2®0 record of southern

Iberian margin cores and Antarctic temperatures (Shackle-
Pollen analysis was completed on 70 levels between 330@on et al., 2000), the MD01-2443 benthi¢®0O signal was
and 2860cm at 10 to 2cm intervals. Pollen sample prepaaligned to the EPICA Dome C isotopic record (edc2 age-
ration followed the procedure described by de Vernal etscale) for developing the age model (Tzedakis et al., 2004b;
al. (1996) and modified at EPOC UMR-CNRS 5805, Bor- Martrat et al., 2007). The low resolution of the MD03-2697
deaux | University (Desprat, 2005). After chemical and benthics'80 signal and lack of measurements during Ter-
physical treatments using cold HCI, cold HF and sieving mination IV prevented development of an age-model for our
through 1Qum nylon mesh screens, the residue was mountedtore by lining up the benthic isotopic records. However, as
unstained in glycerol. Pollen counts were achieved using doth cores were retrieved from the Iberian margin, the major
Zeiss Axioscope light microscope at 500 and 1250 (oil im- oscillations of their planktonic isotopic signals can be reason-
mersion) magnifications. A minimum of 100 pollen grains ably assumed synchronous. Despite the analysis-resolution
without Pinus and 20 taxa were identified in each sam- difference, the MD01-2443 major planktoni¢®0O changes
ple. The pollen percentages for each taxon are based on are clearly identified in our sequence. We aligned 6 points of

www.clim-past.net/5/53/2009/ Clim. Past, 5, 92-2009
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MD03-2697 Pioneer Temperate and humid Mediterranean Semi-desert Ubiquist plants
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Fig. 2. Percentage pollen data versus depth for core MD03-2697. Pollen zones are indicated on the left of the diagram. Local names are
given to the forest stages (grey areas). The maximum development of the temperate and humid forest during the Pontevedra and Buel
periods is highlighted in dark grey. Arrows underline abrupt vegetation changes which are named as following: 3- third climatic cycle, NWI:
North-Western Iberia, fr- forest reduction, and number of the event.

heavier isotopic values and the first point of the light MIS 9e can be not strong or long enough to unambiguously define a
isotopic values over the record, obtaining a strong correlatiommew pollen zone and then infer a vegetation formation shift.
(r°=0.86) between the MD03-2697 and MD01-2443 plank-  Afforestation in NW Iberia generally began witetula
tonic 8180 curves. (birch), and deciduoufuercus(oak) followed by Alnus
(alder), Corylus (hazel), Carpinus betulughornbeam)Fa-
gus (beech), Taxus (yew) or Pinus (pine). These trees
4 The NW Iberian margin record — results and inter- ~ areé the dominant components of the temperate and hu-
pretation mid forests established in Europe during the current inter-
glacial. These forests are developing in the temperate re-

The main features of the MD03-2697 pollen record and in-9ions where the moisture availability is not restricted. In
ferred vegetation changes in NW Iberia during the MIS 9 NW Iberia, colder cllm:?mc conditions mfluence the vege-
interglacial complex are presented in Table 1, Fig. 2 and thdation cover by promoting forest opening. In our pollen
direct land-sea correlation in Fig. 3. Pollen zones have beefi€c0rd, increase of Ericaceae (heath) or dry-grassland taxa
defined to characterize the major vegetation formation shifts(Mainly PoaceaeTaraxacumitype and semi-desert plants
Three forest periods (Pontevedra, Sanxenxo and Bueu) (TeUch asArtemisia Ephedra distachydype, Ephedra frag-

ble 1, Fig. 3) characterize each low ice volume intervals, i.e liS-type and Chenopodiaceae) at the expense of the tree taxa,
substages 9e, 9c and 9a, interspaced by two more or |e§5haracter|.zes the vegetation response to cold and'cool events.
open vegetation stages associated with high ice volume inMore particularly, lower value of deciduous oak with heath-
tervals, substages 9d and 9b. In addition, forest reductioh@nd expansion suggests a cool and moist climate while the
events have been identified (3NW-r) during the forest stage§Iom|nance of dry-grassland indicates cold and drier climate.
and the open vegetation intervals on the basis of a decrease

in the pollen percentages of the temperate and humid forest.

However, these events do not always correspond to a distinct

pollen zone because the change in the pollen assemblages

Clim. Past, 5, 53#2, 2009 www.clim-past.net/5/53/2009/
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Table 1. Description of the MIS 9 Northwestern Iberian margin pollen record. The last two columns show the millennial forest reduction
events detected in core MD03-2697 (depth on which the event is centred is indicated) and the proposed correlation with the Iberian Margin
Stadials displayed by the MD01-244:§3,JSST record (Martrat et al., 2007).

Forest Pollen zones Number of  Main features of the pollen assemblages Vegetation formations Forest reduction Corresponding
stages (bottom depth in samples events included in  cold events in the
cm; age in kyr pollen zones MDO01-2443 SST
BP) record
MD97-1 7 High values oPinus herbs taxa (mainly Poaceae) Dry grassland with birch and
(3300; 339) and semi-desert taxa. LBetulaand deciduous oak woodlands and pine
deciduouQuercus percentages. populations
Pontevedra MD97-2 HigheBeetulavalues, continuous Cupressaceae Establishment of a temperate and humid
(3256.5; 336.8) curve and decidudQseercuspercentages forest with pioneer tree development
increase. Steady Ericaceae artemisiavalues.
Fall of Pinusand Poaceae percentages.
MD97-3 3 Phase with maximum deciduous and evergreen Dominant deciduous oak forest with
(3237.5; 332.8) Quercusvalues Alnusincrease an@istaciag Olea some Mediterranean plants
and Cistusoccurrences. Fall of herbs taxa and
Pinuspercentages.
MD97-4 7 High deciduouQuercusvalues: at 3220 cm, oak Deciduous oak forest with groves of 3NWI-fr1 N/A
(3222.5; 329.7) values reduced associated with a peak of alder, yew, hornbeam, birch, hazel, (3220cm)
Ericaceae, at 3210 cm maximum percentages, from beech and ash, and heathland
3205 cm declining values. Increase Afnus
and Taxuspeak. Occurrence oBetulg Carpinus
betulus Fraxinus excelsiotype, Fagusand
Corylus semi-desert taxa. IncreaseRifius and
Ericaceae percentages.
MD97-5 4 Low values of deciduou@uercusand Betula Heathland and grassland with temperate 3NWI-fr2 3IMS-15
(3187.5, 322.4) (first minimum a¢3185 cm and second one-aB180cm), taxa woodlands and pine populations (3185cm)
Corylus Carpinus betulusndFagusoccurrences. 3NWI-fr3 3IMS-14
High Pinus Poacea€Taraxacumtype (3180cm)
and Ericaceae percentages
Sanxenxo MD97-6 9 Phase with decidu@sercus Alnus Carpinus Open oak forest with hornbeam, beech 3NWI-fr4 N/A
(3162.5; 317.3) betulus Ericaceae and Poaceae. Mediterranean and evergreen oak groves and with (3150cm)
taxa occurrence. Sharp fluctuations of deciduous heathland and grassland 3NWI-fr5 3IMS-13
Quercus(minima at 3150 and 3130 cm), (3130cm)
in favour of Ericaceae and Poaceae
MD97-7 2 Phase dominated by NAP taxa, in particular Poaceae, Grassland and heathland with 3NWI-fr6 3IMS-12
(3112.5; 307.8) Taraxacumtype and Ericaceae. Highinus deciduous oak and birch groves (3110cm)
percentages. Low values of decidudsercus and
Betula(minimum at 3110 cm).
MD97-8 3 Betulapeak at the beginning, high decidud@eercus Mixed deciduous oak-hornbeam-hazel
(3102.5; 306) Carpinus betulusind Coryluspercentages. forest with beech groves
Fagusoccurrence. Small decreaseRifius values.
Decreasing NAP taxa values but steady
Ericaceae percentages
MD97-9 2 Decrease of deciduo@iercus Carpinus betulus Open deciduous forest with grassland 3NWI-fr7 3IMS-11
(3075; 301.2) andCorylus(minimum at 3165 cm)Fagusoccurrence.
3165 cm). HighPinusvalues. Poacea@araxacum
-type andCalluna rise
MD97-10 2 Phase with deciduo@uercuspeak, Ericaceae arinus Open oak forest with heathland
(3062.5; 299.1)
MD97-11 2 Drop of AP taxa excludinBinus(minimum at 3045 cm). Heathland and grassland 3NWI-fr8 3IMS-10
(3052.5; 297.3) High Ericaceae, Poaceteaxacurrtype, (3045cm)
Cyperaceae aninuspercentages. Semi-desert taxa
values increase
MD97-12 5 Phase with intermediate values of decidu@usrcus Open temperate and humid forest 3NWI-fr9 3IMS-9
(3042.5; 295.6) anBetula ( minimum at 3020 cm), mesic with heathland (3020cm)
taxa occurrence. HiglPinus Ericaceae, Poaceae and
semi-desert taxa percentages.
Bueu MD97-13 3 Phase with high decidud@eercuspercentages and Deciduous temperate and humid forest
(3017.5; 291.2) continuousinus Carpinus betulusand with oak dominance
Faguscurves.Pinusdecrease. Low Poaceae and
Ericaceae values
MD97-14 5 Decreasing values of decidudpsercus Rise of Mixed hornbeam-beech-deciduous oak 3NWI-fr10 N/A
(2995; 287.3) Corylus Carpinus betulusandFagus forest with hazel groves (2990cm)
percentages. Lowdtinuspercentages. Low semi-
desert taxa and Poaceae values. First decidQuescus
decrease associated with Ericaceae small peak at 2990 cm.
MD97-15 2 Carpinus betulusFagusand deciduouQuercusfall Heathland and grassland with relics of 3NWI-fr1l 3IMS-8
(2945; 278.6) (minimum at 2930 cm). NAP taxa rise temperate and humid forest (2930cm)
(mainly Ericaceae, Poaceae afataxacumtype)
MD97-16 3 Phase with high Ericaceae @idusvalues. Deciduous Heathland with oak and birch groves
(2927.5; 275.9) QuercusandBetulapeaks. Decrease of
Taraxacurrtype and Poaceae
MD97-17 6 Rise of the herbs taxa (mainly Poacdaeaxacurtype Open vegetation dominated by grasses 3NWI-fr12 3IMS-7
(2912.5; 274.9) and Cyperaceae) and semi-desert plants. (Poacearmtun and heath (2910cm)

High Pinusvalues. Ericaceae decrease. Low deciduous

Quercusvalues

with relics of temperate and humid
forest

www.clim-past.net/5/53/2009/
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distachyatype, Ephedra fragilistype, Artemisiaand Chenopodiaceae) and ubiquist plants without Ericaceae (all herbaceous taxa excluding
semi-desert taxa). Poaceae which is the main component of the ubiquist plant group is shown in light blue. Arrows underline the abrupt NW
Iberian forest reductions. Marine data (right panel): planktonic foraminifera percentages of\ogiacyderma.) and warm (tropical and
subtropical) species as defined igd B.977), summer sea surface temperatures SS)Jderived from planktonic foraminifera assemblages,
planktonic and benthié180 data. Shaded areas show the 10 times exaggeration of warm planktonic foraminifera percentages and the SST
estimation error. In between the pollen diagram and marine data, the forest stages and assigned names (colour bars) as well as the marir
isotopic substages (white and grey bands) are indicated.

4.1 The forest stages in NW Iberia isotopic plateau, the record shows that the lightest benthic

8180 values are reached before the maximum development

The first forest stage (Pontevedra, 12 kyr duration), which isf the deciduous forest and Mediterranean plants.

associated with the low ice volume substage 9e, displays a An abrupt decrease of deciduous oak populations at
maximum expansion of deciduous oak forest and Mediter-~330ka, principally in favour of heath, corresponds to the
ranean plants (evergred€puercus Olea and Pistacig be-  first forest reduction (3NWI-fr1 within pollen zone MD97-
tween 333 and 331 ka (MD97-3, Fig. 2). This reveals the4) and reflects a cool and moist climatic oscillation of weak
warmest interval of this period that we define as the climaticamplitude. It marks the end of the climatic optimum in NW
optimum in NW |beria. The climatic optimum coincides Iberia. Subsequently, deciduous oak populations weakly re-
with the lightest planktonié80 values and the maximum expanded before beginning to reduce as yew, hornbeam and
development of the warmest planktonic species of MIS 9,finally beech developed. The late expansion of these trees,
with summer SST estimates at around®@9 similarly to considered as late successional, probably reveals a temper-
the Holocene Iberian SST reconstruction (Naughton, 2007)ature decrease on the continent rather than the result of mi-
However, the ocean surface warmed quickly before the begration time and competition (see Prentice et al., 1991 for
ginning of the Pontevedra period and afforestation shown bydiscussion) because the planktonic foraminifera assemblages
the expansion of birch and deciduous oak occurred progresindicate a concomitant® summer SST drop arid®0 val-
sively over~3000 years. Although the lack of data precludes ues increase. This change is also contemporaneous with
the identification of the real beginning of the MIS 9e benthic the end of the benthic isotopic plateau suggesting an initial
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accumulation of glacial ice at high latitudes. However, the The observed long-term completeness of the sequential

Pontevedra interval ends2 kyr later than substage 9e. This tree succession during the Pontevedra, Sanxenxo and Bueu

land and ocean cooling interval characterizes the second paittervals and large temperate and humid forest expansion de-

of Pontevedra. The climatic optimum of this interval and fine them as interglacials in NW lIberia. In contrast, dur-

the end-phase cooling observed on land are synchronousling the following MIS 8 period the interval corresponding to

recorded in the ocean. pollen zone MD97-16 shows the increase of deciduuer-
Deciduous oak forest briefly reached an expansion similaicusand Betulaindicating a minor warm and wet event that

to that of Pontevedra at the beginning of the Sanxenxo perioave define as an interstadial.

(-A) but in general the forest cover remained less extensive.

Summer SST estimations indicate warm conditions§C) 4.2 The major open vegetation intervals in NW Iberia

during the third part of the Sanxenxo interval (-C) but do not , . . )
A) Besides the minor forest reductions punctuating the three ma-

show a warming during the first part of the Sanxenxo (-A) : k ) X

probably because of the relatively hijhpachyderma. per- 197 forested periods _(|nte_rgIaC|aIs), our r_ecord detects several

centages{8%). Such polar foraminifera percentages seemmajor open vegetation intervals. The interval between the
Pontevedra and the Sanxenxo (MD97-5) is characterized by

quite anomalous as the planktoai€O signal would indicate : ' :
a warming at the beginning of Sanxenxo. Moreover, the erthe establishment of an open vegetation cover dominated by

ror on the summer SST estimations is large during the whold'€athiand and grassland. Two forest extent minima (SNWI-
Sanxenxo-A interval. The Sanxenxo period which mainly fr2 and fr3) are detected during this interval -a822 and
occurs during the interglacial substage MIS 9c, is also char>18 ka. The summer Ssll cooled gradually-3°C during
acterized by the development of late succesional trees sucifiS interval though thé*°0 indicates a two-step cooling.
as hornbeam and, in a less extent, beech. However, the adliS OPen vegetation period is associated with the MIS 9d
sociated benthig'80 values are not clearly lighter than dur- substage although their time boundaries are different.
ing MIS 9d and began to decrease quickly at 312ka. This Between Sanxenxo and Bueu (M_DQlZg-ll and -12), the
forested period is prolonged into MIS 9b by kyr. summer SST cooled by°g, planktonlca O values were _
Interestingly, in addition to a relatively smaller extent of élatively heavy and the NW Iberian landscape was domi-

the temperate and humid forest, the Sanxenxo period can badted by herbaceous plants, in particular heathland and dry-
distinguished by abrupt fluctuations of the deciduous oak for-drassland.  Oak populations decreased strongly 286 ka
estin favour of heathland or grassland (events 3NWI-fr4, fr5, (SNWI-fr8), reflecting a strong and abrupt cold eventin NW
fr6, fr7). This suggests millennial-scale cooling events in 'Peria. A weaker deciduous tree reduction occurs also at
NW Iberia at around 314, 311, 307 and 300ka. The major292 ka (3NWI-ir9), just before the rapid oak forest expan-
event 3NWI-fr6 (307 ka) is a two-millennia cold episode Sion associated with the beglﬂgnglof the Bueu period.
during which the forest collapsed, explaining our division of _Finally, while the benthic5™0 increases towards the
this period into Sanxenxo-A and -C. Summer SST estima-M!S 8 glacial values, herbaceous communities became
tions clearly record this cold suborbital event by a decreasd29ely dominant, suggesting the establishment of the glacial
of ~3°C but do not show a SST cooling during the other cold conditions (MD97-15 to -17). However, three intervals

events detected on land. However, this could be an artefac§an Pe distinguished during this transition. The end of the
due to the lower time-resolution of the marine proxy recordsBueu forested period is markgd by an abrupt qecrease of
and to the anomalously high. pachyderma. percentages. (e forest (3NWI-fr11), which is synchronous with a peak

In contrast to Sanxenxo, the last forested period of MiS 9in N- pachydermss. and a 5C summer SST cooling. At
(Bueu) is associated with a longer bentdfO decrease around 276 ka, some woodlands of birch, oak, hornbeam and
which corresponds to the 9a isotopic substage, although it38z€! expanded while grassland decreased, summer SST in-

bottom and upper boundaries lag by kyr the isotopic sub- creased and pIanktor}K:1L O became lighter. .And finally, .
stage limit. The first phase of this forest stage (MD97-13) the end of the record is marked by a vegetation cover domi-

is marked by a temperate and humid forest development adated by grassland (3NWI-fr12) accompanied by a new peak

large as during Pontevedra, but Meditterranean plants did ndf! N- pachydermas. and a 3C cooling in summer SST.

expand. This first phase corresponds to the warmest conl hese changes reflect a cold-warm-cold oscillation succes-

ditions of Bueu forest stage and ends abruptly~&87 ka sion which occurrgd contemporaneous_ly on land and in the
(3NWI-fr10) by a decrease of deciduous oak in favour of Surface ocean during the MIS 9-8 transition.

Ericaceae. During the second phase of this forest stage

(MD97-14), hornbeam and beech which grow preferentially

in moister and cooler conditions than deciduous oak, play an

important role. The interval284—280 ka corresponds to the

largest expansion of hornbeam and beech during MIS 9 and

to a 2C SST decrease.
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5 Discussion stages always lags the upper limit of the marine substages. In
Southern Europe, the amplitude of forest development during
5.1 Climatic variability at orbital scale: the major warm temperate intervals would exhibit an apparent closer relation-
periods ship with summer insolation changes af 8b6than with ice
volume extent, due to a direct vegetation response to climate
The MIS 9 marine pollen record off Galicia shows the re- regimes (Tzedakis et al., 2003; Tzedakis, 2005). Indeed, both
sponse of the NW Iberian vegetation at orbital scale by deforest expansion in NW Iberia and 68 summer insolation
tecting three major periods of temperate and humid forest deare maximum during substage 9e, and weaker during MIS 9¢
velopment (Pontevedra, Sanxenxo, Bueu) related to the mahan during MIS 9a (Fig. 5). However, the relationship be-
rine isotope substages 9e, 9¢ and 9a. The relative degree ofieen the degree of forest expansion and ice volume extent
climatic amelioration between these periods can be inferredvithin the MIS 9 interval still remains difficult to state due
from the forest character and extent, in particular accord-+o the uncertainties of the available sea level reconstructions.
ing to the expansion of deciduous oak forest and Mediter-All the sea level reconstructions show the highest period dur-
ranean plants. As the development of deciduous oak anéhg the MIS 9e interval but they display an MIS 9a highstand
Mediterranean plants reach a maximum extent during Ponfrom equivalent to largely higher than that of MIS 9c (Lea et
tevedra, this forest stage does represent the warmest pericl., 2002; McManus et al., 1999; Siddall et al., 2003; Shack-
of MIS 9 in NW Iberia. In particular, the warmest conditions leton et al., 2000; Stirling et al., 2001; Waelbroeck et al.,
are reached during a 2 kyr-long intervat333-331ka) cor-  2002).
responding to the climatic optimum. Because of a moderate Like the European pollen sequences, marine records from
deciduous forest expansion, the Sanxenxo interval appears @ise North Atlantic agree to allocate the MIS 9 climatic op-
a period of intermediate climatic amelioration between thetimum during the isotopic substage 9e (Figs. 4 and 5). The
forest stages Pontevedra and Bueu occurring during MIS 9éighest SST from cores MD03-2697, MD01-2443 (Martrat
and MIS 9a, respectively. As mentioned earlier, although theet al., 2007) and ODP 980 (McManus et al., 1999) appear
Bueu period presents a striking prominent expansion of deconcurrent to the warmest conditions on land detected dur-
ciduous trees as large as the Pontevedra period, the virtuahg the Pontevedra forest stage. Indeed, they occurred sim-
absence of most of the Mediterranean taxa during the maxitlarly during the MIS 9e plateau that characterizes the ice
mum expansion of deciduous oak and the large developmeniolume minimum of MIS 9. A record from the Blake-
of Fagusand Carpinusindicate that the Bueu climatic ame- Bahama Outer Ridge showed that within MIS 9, the Deep
lioration is weaker than that of the Pontevedra. Such relativenestern Boundary Current (DWBC) reached its deepest po-
difference of forest extent and climatic amelioration betweensition during MIS 9e plateau (Yokokawa and Franz, 2002).
the three forested periods are commonly recognized in theA\s DWBC strength and position are related to the production
long Southern European pollen sequences Tenaghi Philipporate of North Atlantic Deep Water (NADW), this reveals that
(Tzedakis et al., 2003; Wijmstra and Smit, 1976) and Pra-the MIS 9 climatic optimum is probably linked to a strong
claux (Reille and de Beaulieu, 1995; Reille et al., 2000) andNorth Atlantic meridional overturning circulation. However,
the SW Iberian margin pollen record MD01-2443 (Tzedakis in contrast, the difference in warmth between the warm peri-
et al., 2004b; Roucoux et al., 2006). ods of MIS 9 displayed by the Southern European pollen se-
In a review of the long Southern European pollen records,quences is not always clearly recorded in the North Atlantic.
Tzedakis (2005) pointed out a broad correspondence beOn land, the Sanxenxo period appears clearly cooler than the
tween ice volume and Southern European forest changeBueu interval and the SST during MIS 9a appears warmer
over the previous glacial cycles. However, ice volume andthan during most of the MIS 9c interval off Iberia but cooler
vegetation changes are not in parallel: each forest period coiin the subpolar North Atlantic. In the eastern equatorial
responds to a light oxygen isotope substage but their boundand southwest Pacific, Mg/Ca SST reconstructions suggest a
aries are generally not isochronous (Tzedakis et al., 2004bywarm phase during MIS 9a of at leastd warmer than dur-
Tzedakis, 2005; Shackleton et al., 2003). In particular, theing the interval from MIS 9d to 9b (Lea et al., 2000; Pahnke
forest expansions in SW Iberia lag by 1 to 2.5 kyr the begin-et al., 2003). Otherwise, in Antarctica, the deuterium records
ning of the isotopic substages 9e, 9c and 9a, and the forest def Vostok or EPICA-Dome C ice cores show an important
clines, in particular at the end of Lisboa and Mafra terrestrialwarm phase during substage 9a but not warmer than during
stages (Fig. 4), ended well before the marine stage boundsubstage 9c (Petit et al., 1999; EPICA members, 2004, Jouzel
aries (Tzedakis et al., 2004b). Although the low time resolu-et al., 2007) (Fig. 5¢). These comparisons demonstrate that
tion of the benthic isotopic signal in our record precludes es-the relative degree of climatic amelioration during the dif-
tablishing an accurate timing, the NW Iberian direct land-seaferent MIS 9 warm periods appears strongly regional depen-
correlation also shows asynchronous marine and forest staggent. This remains, however, difficult to assess because of the
boundaries. The beginning of forest stages in NW Iberia alssseasonal character of the different paleotemperature proxies
lags the bottom limit of the corresponding isotopic substageused and time resolution of the records.
but in contrast to the SW Iberian record, the end of the forest
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Fig. 4. Comparison of the Iberian margin sequences: MD03-2697 and MDO1-2AXBIulti-proxy record from core MD03-2697 including

from the top to the bottom: a) benthi¢80; b) planktonics180; c) summer SST derived from planktonic foraminifera assemblages (shaded
area: SST estimation error); d) pollen percentages of ubiquist herbs; e) pollen percentages of the temperate and humid forest group (gree
line, including the taxa: deciduou@uercus(black dashed line)Alnus, Carpinus betulus, Corylus, Fagus, Quercus stjpee, Juglans,
Pterocarya, Fraxinus excelsidype, Platanus, Salix, Taxus, Tilia, Ulmus, Hedera, Buxus, Viburnum, Myrica, D Mediterranean

taxa (filled red). (B) Multiproxy record from the Southwestern Iberian margin core MD01-2443 (Tzedakis et al., 2004b; Martrat et al.,
2007) including: a) benthié180; b) benthics13C (reflecting the relative influence of NADW and AABW at the site); g)sOH ratio

(ratio of vascular terrestrial plant compounds used as a proxy of deep-ocean ventilation); d) plasidenie) Uk'37-SST; f) pollen
percentages of temperate tree (green) and g) pollen percentages of Mediterranean plants (red). Temperate tree pollen corresponds to tt
sum of Mediterranean and Eurosiberian taxa following Tzedakis et al. (2004b). Note that an offset of 0.64 per mil between MD01-2443 and
MDO03-2697 benthig180 records is the result of the adjustment of the isotopic valuesigerina peregrinan the SW Iberian margin record

while in core MD03-2697 isotopic measurements were performetiloisides wuellerstorfiMarine isotope substages and forested intervals

are shown by white and grey bands and colour bars, respectively. Dashed arrows underline cool/cold episodes; Iberian Margin Stadials (IMS)
are indicating following Martrat et al. (2007). MD01-2443 data are plotted against their own chronologies originally described by Tzedakis
et al. (2004b) and modified by Martrat et al. (2007).
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Fig. 5. (A) MIS 9 multiproxy record from the NW Iberian margin core MD03-2697 as shown in FiBYODP site 980 record composed

of a) benthics180, b) summer SST derived from isotopic data; c) ice rafted detritus (McManus et al., 1999, 2001). A new chronology for
the ODP site 980 interval presented in this figure was established by graphical correlation between theé¥iéntticves of ODP 980

and MD03-2697 coregC) EPICA-Dome C temperature estimates from deuterium data on EDC3 timescale (Jouzel et a(D2@G7N
summer insolation (W/ﬁ), obliquity and precession index (Berger, 1978).

Finally, the MIS 9 peak interglacial which is character- MIS 1 (Desprat et al., 2007). The ODP 980 record also dis-
ized by the highest C®Oconcentration values of the last plays quite similar SST values (less thaxClestimation dif-
650 000 years, excluding the Holocene industrial period (Peference) during the MIS 1, 5e, 9e and 11c peak interglacials
tit et al., 1999; Siegenthaler et al., 2005), does not really ap{McManus et al., 1999) while at the nearby site M23414,
pear as the warmest period of the last seven climatic cyclesSST and planktic foraminiferal assemblages probably indi-
In NW lberia, the forest expansion and the SST are not highecate colder conditions during MIS 9e (Kandiano and Bauch,
but probably comparable during the Pontevedra period thar2003).
during the forest stages associated to MIS 5e, MIS 11c or
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5.2 MIS 9 millennial-scale climatic variability in the oak forest continued declining until the end of the Pontevedra
Iberian region period. Even though such an event is not present in the SW
and NW Iberian margin SST records, both direct land-sea
NW Iberian vegetation response to millennial-scale climaticcorrelations show that a cooling trend follows the SST opti-
variability is clearly recorded in the MD03-2697 marine mum values (Fig. 4). Consequently, this suborbital event not
pollen sequence. Suborbital cool/cold events are expressenhly marks the end of the forest stage in SW Iberia (Tzedakis
by abrupt forest reductions of moderate to high amplitudeet al., 2004b) but also the end of the climatic condition opti-
(events 3NWI-frl to fr12, Fig. 3). MD03-2697 planktonic mum in and off Iberia several millennia before the end of the
8180 and summer SST estimates show cold conditions durice volume minimum.
ing the forest reduction events of MIS 9d and MIS 9b and a During the open forest interval between the Ponteve-
synchronous strong SST and forest decrease associated withha and Sanxenxo, two temperate and humid forest min-
events 3NWI-fr6, fr11l and 12 (Fig. 3). Unfortunately, for ima (3NWI-fr2 and fr3) are detected in NW Iberia while
most of the events detected by the pollen record, the lowetwo SST cooling events (3IMS-15 and 14) occurred off SW
resolution analysis of the marine proxies in core MD03-26971beria. In the SW Iberian margin pollen record, the cooling
prevents us from identifying a SST change counterpart. Ac-event 3IMS-14 is synchronous with a forest reduction but
tually, the SW Iberian margin records from core MD01-2443 not the 3IMS-15 cooling. However, at the same time, Eri-
including alkenone-SST and pollen data (Fig. 4b; Tzedakiscaceae are replaced by Poaceae in the herbaceous commu-
et al., 2004b; Martrat et al., 2007) show also a pronouncechity which would reveal cooler or drier conditions (Roucoux
pattern of suborbital variability during the studied period. et al., 2006).
We will compare our data with the MD01-2443 records to  Except of the first event (3NWI-fr4) which occurred dur-
examine the regional continental and marine character ofng the MIS 9c ice volume minima, all the NW Iberian forest
the millennial-scale climatic variability detected in the NW decreases within the Sanxenxo period have a counterpart in
Iberian region. Although the core MD03-2697 chronology the SW Iberian margin SST and pollen records within the
is based on core MD01-2443 age-scale, NW Iberian vegetaehronology uncertainties. 3NWI-fr5, fr6, fr7 events correlate
tion and SST suborbital changes do not always appear syrwith 3IMS-13, 12 and 11 cooling events, respectively.
chronous with those of SW Iberian region. However, such Between the Sanxenxo and Bueu periods, forest reduc-
abrupt events during the last glacial period and MIS 5 havetions 3NWI-fr8 and fr9 also correspond to SST cooling off
been related with rapid shifts in the polar front and consid-SW Iberia (3IMS- 10 and 9). Forest extent in SW Iberia is
ered simultaneous in Eastern North Atlantic and in Southernstrongly reduced at the end of MIS 9b but the time resolu-
Europe (Tzedakis, 2005, Shackleton et al., 2008ncBez  tion of the MD01-2443 pollen record appears to be too low
Goiii et al., 2005, 2008). A certain degree of age uncertaintyfor indentifying individual vegetation responses to the cold
in our chronology is the result of the graphical correlation of pscillations 3IMS- 10 and 9.
the isotopic signals that are of different time resolution, and  During the Bueu forest stage, the event 3NWI-fr10 that
because of likely different changes in sediment accumulatiorpccurs during the MIS 9a ice volume minimum also corre-
rate at each site. The close location of the sites allows us t@ponds to a forest reduction in SW Iberia, but no change in
assume the synchroneity of the abrupt events even if theithe alkenone-SST signal is observed.
timing seems slightly different. Later synchronous vegetation and SST changes in the NW
Iberian region (3NWI-fr11 and fr12) are detected during the
5.2.1 Sequence of terrestrial and marine abrupt events in|S 9a-8 transition while ice volume is already large. These
the Iberian region two severe forest collapses correspond to strong SST de-
creases off SW Iberia (3IMS-8 and 7).
During the Pontevedra period, a forest reduction event Therefore, the recurrent millennial-scale forest changes
(BNWI-frl) is recorded at~329ka within the MIS 9e detected in NW Iberia actually testify to abrupt climatic
plateau. This event marks the end of maximal extent of thechanges that influenced the vegetation and the sea surface
deciduous oak forest and Mediterranean plants and thereforgonditions in the mid-latitudes of the Eastern North Atlantic
the end of the climatic Optimum in NW lberia. In SW lberia region, even though no SST reversals Correspond to the ter-

(Fig. 4b), an abrupt arid/cold event occurring-a832ka  restrial events during the ice volume minima of MIS 9e, 9c
brought to an end the Lisboa forest stage while it led tognd 9a.

a forest decline in France (Praclaux sequence) and Greece

(Tenaghi Philippon) (Tzedakis et al., 2004b). The 3000 age5.2.2 Degree of the abrupt climatic changes: comparison
discrepancy between SW and NW lberia for this event is between NW and SW Iberia

probably an artefact of the age model of our record which is

not well constrained over this time period. Like in France andThe character of the forest reductions in NW Iberia in terms
Greece, the forest recovered in Galicia afterwards and cooleof amplitude of change and forest extent minima is clearly
temperate tree taxa suchexusdeveloped while deciduous variable and gives evidence of differential vigour of the
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abrupt climatic changes in this region. Events 3ANWI-fr3, fr6, SW Iberian region. This suggests that the climatic changes
fr8, fr11 and 12 stand out by the collapse of the NW Iberianare dampened during low ice volume conditions. Surpris-
forest. They indicate that the most severe cooling episodefgly, during the 3NWI-fr1 event within MIS 9e, the SW
in this region occurred during substages 9d, 9b as well as 9tberian pollen record displays a pronounced decline of the
and at the end of the MIS 9a-8 transition. tree populations in favour of Compositae Liguliflorae and
Similarly to NW Iberian vegetation changes, the SW steppe plants. According to Roucoux et al. (2006), this vege-
Iberian forest is also strongly reduced during the eventstation change would indicate a pronounced cooling and arid-
3NWI-fr3, fr6, fr8, frll and 12 along with SST decreases. ification in SW Iberia. However, the temperature and the
However, during the events 3NWI-fr3 and fr6, recorded asprecipitation change cannot be easily deciphered from the
severe cooling in NW Iberia, the relative contribution of SW Iberian pollen record. In the light of the northernmost
steppe plants in the SW Iberian vegetation is small and tempollen records (MD03-2697 and Praclaux) showing both a
perate tree representation is moderately low, which implyweak forest reduction, and in the lack of a SST reversal off
less arid and cold conditions on land (Roucoux et al., 2006)Iberia, a weak cooling at the most appears likely but it cannot
In the ocean, the SST decreases also appear moderate @€count for the SW Iberian forest collapse. Taking into ac-
Southern Portugal during 3IMS-14 and 12 (Martrat et al., count that aridity is one major limiting factor for tree growth
2007). The SW Iberian record does not possibly capture thén the Mediterranean region, a weak cooling associated with
whole range of the 3IMS-12 event because of a lower timestrong moisture deficiency in winter seems a more parsimo-
resolution around this episode, but the apparent contrastingious explanation for the vegetation change observed in this
climatic pattern between NW and SW Iberia during 3NWI- region.
fr3 needs further discussion. Records at higher latitudes Finally, the other events 3SNWI-fr2, fr5, fr7 and fr9 mark
show a strong cooling during MIS 9d as in NW Iberia. In a strong to moderate forest extent reduction but not a for-
particular, an open vegetation interval is recorded in Franceest collapse. They reveal cooling episodes of intermediate
(Reille et al., 1995) while a SST cooling of relatively high strength in NW Iberia and are in general associated with
magnitude though not extreme is traced in the subpolar Nortimoderate SST decreasesXC) off SW Iberia.
Atlantic (McManus et al., 1999) (Fig. 5b). The difference  The NW Iberian pollen record not only allows us to doc-
in the magnitude of vegetation and SST changes betweenment vegetation changes during MIS 9 in this region but
the northernmost sites and the SW Iberian ones may refledp refine and characterize the sequence of suborbital climatic
the occurrence of a latitudinal temperature gradient duringevents previously identified by the SW Iberian margin SST
MIS 9d. Climatic deterioration, in particular in winter, could record. More importantly, this highlights the persistence
have been stronger in NW Iberia and France during this in-of millennial-scale climatic variability in Southern Europe
terval, because the ecological threshold of the temperate trearoughout MIS 9 which appears coupled with North At-
has been crossed at these northernmost sites and not in Slntic SST changes. Effectively, suborbital climatic changes,
Iberia. Indeed, at sites where temperate trees are living neaiamely cooling events, during MIS 9 happened whatever the
their critical tolerance limit, even a moderate climatic changeice volume extent but during low ice volume conditions the
can generate a forest collapse, which consequently impedeasiimatic oscillations seem dampened (cf. events 3NWI-fr1

us to decipher the intensity of different cold events from fr4 and fr10) and somehow scarcer as far as the available
the pollen diagrams (Tzedakis et al., 2004a). Therefore, theecords can tell.

3NWI-fr3 cooling event in NW Iberia could have been mod-
erate or at least less intense than 3NWI-fr6 or fr8, for in-5.3 Climatic implications of the MIS 9 millennial-scale
stance. In addition, a certain degree of moisture availability, variability
which is an important controlling factor of the vegetation in
the Mediterranean region, could have allowed maintaining5.3.1 Suborbital climatic variability versus ice volume
the temperate forest in SW Iberia during this event. minimum

In contrast, the forest reductions 3NWI-fr1, fr4 and 10,
which punctuated the forested intervals Pontevedra, SanxSuborbital variability during ice volume minimum is not a
enxo and Bueu, are of small amplitude in NW Iberia and special feature of MIS 9e. Millennial variability represented
forest extent remained high during these events. Indeedyy North Atlantic surface cooling and ice-rafting episodes as
these episodes are in general characterized by a weak opewell as vegetation changes in adjacent landmasses appears
ing of the temperate and humid forest in favour of Ericacaeto be also a characteristic of Holocene records (Bond et al.,
but steppe plants and Poaceae did not expand. This vegd997; Came et al., 2007; Viau et al., 2002). Within the
tational change indicates weak cooling events with proba-MIS 5e ice volume minimum, several suborbital SST cooling
bly no humidity alteration in the northern peninsula. Theseevents are detected in the subpolar North Atlantic and Nordic
slight climatic changes occurred interestingly during the iceSeas and one of them terminated the short-lived climatic
volume minima of MIS 9e, 9c and 9a. In addition, none optimum of the substage (Cortijo et al., 1994; Fronval and
of them is associated with alkenone-SST oscillations in theJansen, 1997; Oppo et al., 2001, 2007). At the Grande Pile
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site (France), a series of cooling episodes are detected duringf the climatic optimum of the interglacial period. The ob-
the Eemian and have been suggested to be possibly related served marine and terrestrial cooling trend following the in-
the oceanic circulation changes in the Nordic seas and Nortlerglacial climatic optimum is generally considered as a re-
Atlantic (Rousseau et al., 2006). In the Iberian Peninsulasponse to the orbital forcing and associated feedback mech-
a deciduous forest reduction might also be associated to thanisms, further initiating the glacial inception (Crucifix and
suborbital event marking the end of the MIS 5e climatic op- Loutre, 2002; Kageyama et al., 2004). We can wonder to
timum in the North Atlantic. Indeed, before the substantial which extent the millennial-scale climatic variability and the
winter temperature decrease, which is clearly indicated byastronomical forcing each played a role in the duration of
the development a€arpinus betulugn NW and SW Iberian  the interglacial climatic optimum, the interglacial demise and
margin sequences, a temperate forest minimum (mainly defurther the glacial inception.
ciduous oak) occurred in SW Iberia at123-122 ka while
the deciduous oak forest in NW Iberia was reduced (Fig. 45.3.2 Possible factors modulating the millennial climatic
from Sanchez Gii et al, 2005). According to the pollen as- changes
semblages, the drier or cooler nature of the suborbital event
causing the forest reduction in SW lberia appears difficult toOf particular interest is the climatic variability during the
determine. However, this suborbital vegetation change seem30 000 years following the interglacial period, which is char-
to be concurrent with the beginning of the SST decrease officterized by frequent moderate to high amplitude vegetation
Iberia during MIS 5e (8nchez Gii et al., 2005). Similarly, and SST oscillations with recurrence time varying between
the suborbital event during MIS 9e is coeval with the end of 3 to 5kyr even during the forest stage Sanxenxo. The vari-
the SST optimum. In the subpolar North Atlantic, SST cool- ability of this interval from MIS 9d to 9b is even more out-
ing events during MIS 5e ice volume minimum are marked standing when we look at the other interglacial complexes of
by a reduction in MOC (Meridional Overturning Circulation) the last 500 ka. Large amplitude suborbital oscillations affect
and minor ice-rafting events (Oppo et al., 2007). The MDO1-also the course of MIS 11 (Desprat et al., 2005; Oppo et al.,
2443 hydrological indicator records (Fig. 4b; Martrat et al., 1998) as well as MIS 5 in North Atlantic from the subtropics
2007) do not reveal, however, significant changes in deepto the subpolar region and adjacent landmasses (Chapman
ocean circulation associated with the suborbital oscillationsand Shackleton, 1999; Dansgaard et al., 1993; Heusser and
recorded in sea and air surface temperatures during MIS 9¢0ppo, 2003; Lehman et al., 2002; McManus et al., 1994,
Sites which are highly sensitive to changes in MOC such a2002; Kukla et al., 1997; Oppo et al., 200&r&hez Gii et
the ODP site 980 in the subpolar North Atlantic have to beal., 2005). However, forest intervals of the other climatic cy-
analyzed in order to document the frequency and amplitudesles from Iberian records (Desprat et al., 2006, 2007; Martrat
of MOC changes during MIS 9. Finally, the SW Iberian for- et al., 2007; Roucoux et al., 2006a1%chez Ghi et al., 1999,
est collapsed in response to an abrupt arid/cold event during005) do not present oscillations with such recurrence and
the MIS 7e ice volume minimum (Tzedakis et al., 2004b). amplitude as the Sanxenxo period. For example, the apparent
Bond et al. (2001) interpreted the Holocene millennial higher stability of temperatures on land and in the ocean dur-
variability as the result of atmospheric circulation changesing the terrestrial equivalent of MIS 7c, or at least the smaller
forced by solar irradiance variability and put forward that magnitude of the forest changes in SW lberia (Desprat et al.,
solar-forced millennial-scale variability is a persistent feature2006; Martrat et al., 2007) are in clear contrast to the climatic
of the past interglacials. The MIS 9e suborbital event couldvariability during the Sanxenxo stage. Insolation variations
be the particular expression of such variability. However, discriminate Sanxenxo from other forest intervals by a rela-
there is no consensus on the forcing mechanisms for millentively low 65° N summer insolation forcing (Fig. 5d), which
nial climatic changes during interglacial periods; in particu- probably played a role in the relatively low forest extent of
lar the solar origin has been lately challenged by a Holocenéhis period by conditioning the climate regime (Tzedakis et
subpolar North Atlantic record (Came et al., 2007). al., 2003). However, there is no obvious direct relationship
Regardless of the origin, suborbital events within the between the amplitude of the suborbital vegetation response
MIS 9e ice volume minimum, but also those occurring dur- and the magnitude of orbital parameter variations. For in-
ing MIS 7e and MIS 5e, strikingly mark the premature end stance, the most severe cooling episodes in NW Iberia during
of the interglacial climatic optimum in Southern Europe and MIS 9 (3NWI-fr3, fr6 and fr8) occur during intervals of both
off Iberia. In addition, these events appear coeval with thehigh and low summer insolation (Fig. 5).
abrupt declines in methane concentrations recorded in the A likely explanation for the particular high variability dur-
Vostok ice core, indicating evidence of a global modification ing MIS 9 is related to changes in oceanic circulation and
in climate conditions (Tzedakis et al., 2004b). Tzedakis etice-sheet size variations. Martrat et al. (2007) have shown
al. (2004b) introduced the challenging idea that the duratiorthat during the last 420 ka, prominent abrupt SST drops in
of interglacial periods may be dictated by millennial-scale the SW Iberian margin region, which occur during periods of
variability. The new records presented here suggest, howincreased ice-sheet extent, are preceded by decreases in both
ever, that suborbital variability would determine the duration the GOH ratio and benthi3C, which indicate increasing
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deep water ventilation by AABW (Antarctic Bottom Water) the MIS 9a-8 transition (Figs. 4 and 5). This suggests that
inflow at the Iberian margin and a reduction of the NADW the ice-sheets are favourable to instabilities over most of the
contribution (Martrat et al., 2007). Such prominent SST interval MIS 9¢c-9b. The ODP 980 IRD record testifies of
drops during the studied interval are represented by 3IMSimportant ice-rafting episodes during MIS 9b (3IMS-9 and
7, 8, 9 and 10. The MDO01-2443 data, Fig. 4b; Martrat et 10) and MIS 9c (3IMS-12). However, bottom temperature
al., 2007) also suggest the likelihood of deep water circula-variations can have a substantial influence on berstHi©
tion changes in connection with terrestrial and marine cool-signal (Skinner and Shackleton, 2006), which consequently
ing events of moderate amplitude during the interval MIS 9dmay not strictly represent ice volume variations.
to 9b. Small decreases in the MD01-2443 bensiRC that A number of sea level reconstruction based on different
would reveal a minor weakening of the NADW occur during approaches are available for the previous climatic cycles but
3IMS- 15 and 14 cooling episodes. Later, in a context of low for MIS 9 they significantly diverge, in particular for the am-
deep water oxygenation (highp§OH ratio), sharp benthic plitude of sea level drop and rise during MIS 9d and 9c, re-
813C declines with small gOH ratio decreases are associ- spectively (Bintanja et al., 2005; Lea et al., 2002; McManus
ated with the moderate SST cooling events 3IMS-12 and 1let al., 1999; Siddall et al., 2003; Shackleton et al., 2000;
Despite its low time resolution, the ODP site 980 record con-Stirling et al., 2001; Waelbroeck et al., 2002). On the other
firms a reduction in MOC during MIS 9d and 9b and during a hand, they broadly agree on the important sea level drop be-
suborbital SST change 307 ka that probably corresponds tween the MIS 9c ice volume minimum and MIS 9b maxi-
to the event 3IMS-12 (Fig. 5b; McManus et al., 1999). Con- mum, reaching glacial values similar to MIS 3. With the lack
sequently, the climate variability detected at the Iberian mar-of IRD evidence we cannot infer the amplification of MOC
gin and in the borderlands is likely to be linked to the re- reduction by ice melting during each cooling event. How-
current reduction of the northward oceanic heat transporever, it is noticeable that European vegetation and SST dur-
associated with a change in North Atlantic circulation anding MIS 9 particularly respond to millennial-scale variability
European atmospheric gradients. Atlantic MOC changeswhen ice sheets were decaying or when they were building
whether caused by internal oscillations, ocean-atmospherap and reached a significant size (cf. 3.5 per mil threshold).
mechanisms or solar forcing, are generally involved as drivemMoreover, even if ice-rafting events do not actually accom-
or amplifier of the millennial-scale climatic variability (Bond pany some cold events, modeling experiments suggest that
et al., 1997; Broecker et al., 1990; McManus et al., 2004;the overturning circulation in the North Atlantic is more os-
Mayewski et al., 1997; Sakai and Peltier, 1997). cillatory when freshwater discharge is moderate, as might oc-
McManus et al. (1999) and Schulz et al. (1999) showedcur during periods of ice growth (Sakai and Peltier, 1997).
a control of ice volume of the amplitude of SST millennial-
scale climatic variability. When ice sheets decay or grow,5.4 Similar millennial-scale variability during MIS 3 and
even in a limited extent during stadials, and ice volume sur- MIS 9?
passes a critical threshold-80 m sea level equivalent, 3.5
per mil benthics'80 value), suborbital SST decreases of Identifying intervals which display similar rapid climatic
larger amplitude occur in association with abundant icebergchanges even though boundary conditions are divergent, is a
discharges which amplify in turn the reduction in MOC (Mc- helpful approach to decipher the potential mechanisms con-
Manus et al., 1999). A similar mechanism has been pro-rolling the amplitude and frequency of the millennial-scale
posed for explaining the large amplitude suborbital climatic variability. The last glacial period is well-known for its
instabilities during MIS 5 and 11 (Chapman and Shackle-millennial-scale dramatic climatic oscillations which have
ton, 1999; Oppo et al., 1998, 2007). The ben#ii#O sig- been first identified in the temperature records of Green-
nals of the different North Atlantic records suggest a firstland ice cores (Dansgaard et al., 1993; Grootes et al., 1993)
weak ice-sheet enlargement during MIS 9d, but they do notand later on in numerous marine or continental paleocli-
reach the 3.5 per mil threshold (Figs. 4 and 5). However,mate records (Bond et al., 1993; Bond and Lotti, 1995;
the ODP 980 IRD record testifies of iceberg discharges inGrimm et al., 2006; Allen et al., 1999; Sanchezilet
the North Atlantic (Fig. 5b) and severe cooling is experi- al., 2000). Recently, Siddall et al. (2007) have shown that
enced in the NW lberian region during this interval. Glacier millennial-scale variability is strikingly similar during the
nucleation near surrounding coasts may have favoured ice-290-310kyr MIS 9 interval (designated as MIS 8.6 sec-
margins to reach the sea, and therefore generation of icetion in their paper) and the 30-55 kyr MIS 3 interval. The
berg discharges despite a relatively weak ice-sheet develogrequency (in terms of “Bond cycles”) and amplitude of the
ment (McManus et al., 1994). After a short-lived ice volume millennial changes from both intervals are similar according
minimum during MIS 9c, ice sheet growth appears to be-to a comparison between the MIS 3 and MIS 9 deuterium and
gin early during the Sanxenxo period and the benshfO methane profiles from Vostok ice core as well as between the
values cross the 3.5 per mil threshold as early~842ka, = MIS 9 model-estimated Greenland temperatures and GISP
i.e. just before the first high amplitude cold event of MIS 9c¢ §180 (Siddall et al., 2007). However, the putative similarity
(BNWI-fr5, 3IMS-13), and unti~290 ka and again during between the MIS 3 and MIS 9 millennial variabilities in the
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Fig. 6. Comparison of the abrupt climatic variability during MIS 3 and MIS 9. MIS 3 marine and terrestrial records (shown in Figs. 3 and 4
from Sanchez Giii et al., 2008) are presented in grey while data from the time period 313—290 ka are in blue or green. From the bottom to the
top: (A) NGRIP: MIS 3 Greenland temperature curve (Tsit€@) (Hubert et al., 2006; 81chez Gii et al., 2008){B) NW Iberian margin

cores (MIS 3 from MD99-2331 @hchez Gii et al., 2008) and 313—-290 ka interval from MD03-2697, this study): temperate and humid
forest pollen percentages and planktic foraminifera-derived summer ST (C) SW lberian margin cores (MIS 3 from MD95-2042,
Sanchez Giii et al., 2000; Pailler and Bard, 2002; Shackleton et al., 2000, and 313—-290 ka interval from MD01-2443, Tzedakis et al., 2004b;
Martrat et al., 2007): Temperate tree pollen percentages, alkenone-derﬁigtﬁ(iﬁﬂ' in°C and benthig180 (%0); (D) EPICA-Dome C
temperature estimate3@) from deuterium data on EDC3 timescale (Jouzel et al., 2007). Forest stages, NW Iberian forest reduction events
and Iberian Margin Stadial are indicated on the MIS 9 records as shown in Fig. 5. D-O events are numbered on the NGRIP record and grey
bars show the major cooling events associated with Heinrich eveptar(#iH,;) recorded in the MIS 3 Iberian margin sequences.

Northern Hemisphere needs to be tested using actual highzores (Petit et al., 1999, EPICA community members, 2004;
resolution paleorecords such as those of the Iberian margilKawamura, 2007) while four cold events are shown by the
which offer vegetation and SST records for both time peri- Iberian vegetation and SST records (3NWI-fr6, fr7, fr8, fr9
ods. In the Iberian region, the recurrence time of the sub-in core MD03-2697; 3IMS-12, 11, 10 and 9 in core MDO1-
orbital changes over this MIS 9 interval accordingly recalls 2443) (Fig. 6). The similarity between the amplitude of SST
the MIS 3 glacial variability in terms of Dansgaard-Oeschgercooling events during both intervals of MIS 3 and MIS 9
cycles or groups of them. Between 310 and 290ka, four(Martrat et al., 2007) also seems relevant in SW Iberia. How-
Antarctic isotopic maxima (warm events) are recorded inever, a higher resolution record of NW Iberian SST is neces-
the Vostok, EPICA — Dome C or Dome Fuji Antarctic ice sary to reach such a conclusion. In contrast, the amplitude
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of the forest reductions in SW Iberia and in particular in NW 6 Conclusions

Iberia appears larger during this MIS 9 interval than during

MIS 3 (Fig. 6). However, firstly, a similar forest collapse The new marine pollen record MD03-2697 retrieved from the
in Iberia can occur in response to cooling events of differ- NW Iberian margin provides a detailed reconstruction of the
ent severity. Forest change records in Iberia do not alwayyegetation changes during MIS 9 in the adjacent landmass.
capture the full range of climate change due to the tolerancé\s shown by the other long European pollen records, the veg-
threshold of the temperate trees to cold conditions (Tzedakigtation response in NW Iberia to orbital-scale climatic vari-
etal., 2004a). Indeed, the difference of cooling between D-ORbility is represented by three forest stages of different ex-
stadials and Heinrich events during the last glacial period istent, indicating a short-lived climatic optimum on land coeval
not always detected by the Iberian vegetation record althoughvith SST maximum in the mid-latitudes of the eastern North
it is evident at other Southern European sitean@ez Ghi Atlantic ocean during the MIS 9e ice volume minimum, and
et al., 2000, 2002; Tzedakis et al., 2004a). Assessment o second forested interval of moderate warming. More im-
the cooling difference between MIS 3 and MIS 9 stadials isportantly, this sequence gives a detailed picture of the vege-
hardly feasible from the Iberian pollen records. Secondly,tation response to millennial-scale climatic variability in NW
after the po”en sequences and SW l|berian margin SST e§beria. The comparison with the southern Iberian margin
timates, forest extent and interstadial SST were larger andpollen, SST and hydrological indicator records allowed us to
warmer, respectively, during most of the Sanxenxo inter-refine and characterize the millennial-scale variability in the
val than during MIS 3 (10-20% higher temperate and hu-IPbéerian region during this stage. Moreover, the MD01-2443
mid forest and 1 to &C warmer SST) (Martrat et al., 2007, record (Martrat et al,, 2007) shows that the suborbital cold
Sanchez Ghii et al., 2000, 2008). Therefore, the Iberian veg- events of high to moderate amplitude detected on land and in
etation records show stronger amplitude of climatic changeghe ocean are likely related to changes in deep-water circu-
on land during MIS 9 in comparison to those of MIS 3, prob- lation, and an amplification of the reduction in MOC by ice-
ably due to the larger expansion of the temperate and humiderg discharges is probable at least during MIS 9d, the mid-
forest in between the cooling events during MIS 9. In any MIS 9c cold event and MIS 9b. However, improving the res-
case, the Iberian margin records confirm that high amplitudeolution of the sensitive subpolar North Atlantic site ODP 980
multi-millennial climatic oscillations which are likely asso- is necessary to assess more accurately the changes in MOC
ciated with deep-ocean circulation changes, occurred in th@nd the ice-rafting episodes related to suborbital cooling of
Northern Hemisphere during the interval90-310kyr as MIS 9. FinaIIy, our work provides additional evidence of
predicted by the modelled GreenlastfO from the reverse the pervasive millennial-scale climatic variability in South-
seesaw calculation (Siddall et al., 2007) and the methan€rn Europe throughout past climatic cycles of the Late Pleis-
Vostok record (Delmotte et al., 2004). As a different astro- tocene, regardless of glacial state. However, suborbital veg-
nomical forcing but a similar range of sea level marks theetation changes associated with SST changes appear more
MIS 9b and MIS 3 intervals, Siddall et al. (2007) proposed frequent and of higher amplitude during the 30 000 years fol-
that ice volume, in particular through the existence of floatinglowing the MIS 9e interglacial period and during the MIS 9a-
ice shelves at the northern ice-sheet margins, is a key factod transition. As these intervals can be distinguish by an in-
to predisposition the Earth climate system to the millennial-termediate to high ice volume and are mainly periods of ice
scale variability. In turn, Earth’s orbital forcing would play 9growth, this points at an indirect control of the ice volume on
an indirect role in governing the ice-sheet configuration (Sid-the expression of the millennial climatic change.
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