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a b s t r a c t

The ODP leg 161 Site 976 (Alboran Sea) is a deep-sea section sampled at a water depth of 1108 m in the
Western Mediterranean Sea. Pollen analysis provides a vegetation and climate record of the Mid Pleisto-
cene Transition (MPT), roughly one million years ago. The age-model tied to biostratigraphic events was
revised by aligning the pollen climate index (PCI) to Mediterranean (KC01b) and global (LR04) oxygen
isotope records. The studied time slice spans the interval w1.09 Ma (MIS 31) to w0.90 Ma (MIS 23).

Across this interval, past phytogeography of nowadays extinct taxa, which were rare, allows a successful
application of themodern analogues technique (MAT) to quantitative climate reconstructions for theMPT.
Five, long-term, obliquity-related vegetation successions (O1 to O5), and eight short-term, precession-
related vegetation successions (P1 to P8) are observed within the studied interval. These vegetation
successions, regardless of their duration, show the samepattern: the progressive replacement of temperate
trees by mountainous taxa, and then by herbs and steppe maxima. Precession-related successions corre-
spond, therefore, to as dramatic vegetation changes as those driven by obliquity, including a final steppe
phase under deteriorated climate conditions.

Wavelet analysis of the PCI record shows that theWestern Mediterranean experienced a shift at 1.01 Ma
from precession-dominated frequencies (1.05e1.01Ma) to obliquity-dominated frequencies (1.01e0.9Ma).
There is, therefore, an apparent discrepancy between wavelet analysis results and vegetation dynamic
analysis (which suggests that obliquity and precession are recorded throughout the entire studied interval).
This discrepancy could result from the fact that the PCI record sums, somehow, similar vegetation changes
(wet to dry) occurring at different periodicities. Such a complex vegetation dynamics is mathematically
rendered through a single parameter (i.e. principal component),whichdoes not successfullycatch the subtle
combinations of variability occurring at two close periodicities. Furthermore, the pollen-inferred Early
Pleistocene vegetation dynamic (and climate) of the Western Mediterranean region does not show
a decrease of the obliquity response relative to the precession response at the onset of the MPT.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

During Pliocene and Pleistocene times, Earth climate was
affected by a progressive, long-term cooling over which 104e105 yr
climate cycles were superimposed (e.g. Ruddiman, 2003; Lisiecki
and Raymo, 2007). Those global climatic variations were domi-
nated by 41 kyr-long oscillations during the Early Pleistocene, as
a climate system response to the obliquity orbital parameter
forcing. About 1 Ma ago, during the EarlyeMiddle Pleistocene, the
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response of the global climatic system shifted and showed the
progressive dominance of an eccentricity and precession combi-
nation, resulting in the appearance of 100 kyr-long cycles (Von
Grafenstein et al., 1999; Ruddiman, 2003). This shift from the
earlier “41 kyr world” to the subsequent “100 kyr world” corre-
sponds to a period of increased cooling called the Mid Pleistocene
Transition. The first authors to really focus on it, suggested that this
transition period lasted about 250 kyr, from w0.90 Ma to 0.65 Ma
(Berger and Jansen, 1994; Mudelsee and Stattegger, 1997), corre-
sponding to the onset of the first important glaciations (MIS
22e24), and to the subsequent increase in the 100 kyr oscillation.
Yet, more recent works clearly suggest that this transition period
could actually start earlier and last longer, spanning the time
interval from 1.2 Ma to 0.5 Ma (Head and Gibbard, 2005).
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Cyclic changes in the obliquity of the Earth’s axis has a profound
effect on the seasonal insolation at high latitudes (Berger and
Loutre, 2004), but has a minute effect on climate variability at
low latitudes (Liu and Herbert, 2004). An opposite feature charac-
terizes the precession influence, which is dominant at low latitudes
(Ruddiman and McIntyre, 1984; Shackleton et al., 1999; Maslin and
Ridgwell, 2005).

Oxygen isotopemeasurements inbenthic foraminifera are aproxy
for global ice volume and deep-water temperature changes in
response to orbital variations (Raymo and Nisancioglu, 2003). For
timesbefore theMPT,Raymoet al. (2006)observed thatocean d18Oor
sea-level proxies recorded the dominant obliquity (41 kyr) compo-
nent of insolation, while 23 and 19 kyr changes (the precession
signature) were not expressed. The MPT marks a shift to “in-phase”
behavior of northern and southern ice sheets as well as the
strengthening of 23 kyr cyclicity in the marine d18O record (Raymo
et al., 2006). However, the MPT is usually described through spec-
tral analysis or band-pass filtering, and the “bifurcation” to the new
mode of the climatic system is not easy to see from raw data (Maslin
and Ridgwell, 2005). The MPT is a transitional period during which
cycles of non-Milankovitch periods can be observed (e.g. Maslin and
Ridgwell, 2005).

Because of theMediterraneanSea geographical position (between
30and42 �N senso stricto),weexpect that climateproxies embedded
in Mediterranean sediments have recorded the influence of both
obliquity and precession (Kroon et al., 1998). Not only does the
Mediterranean Sea spread over a large latitudinal domain, but [1] it
has a much larger catchment area that drains waters (eventually
pollen grains) from 20 �N up to 47 �N, and [2] its wind system
extends beyond this area. As for the other areas of the world ocean,
the d18O of Mediterranean deep waters, recorded in benthic fora-
minifera, is dominated by the so-called global isotopic signal related
towaxing andwaningof continental ice caps (Ruddiman, 2003), and
shows the transition from41kyr-dominant to the 100-kyrdominant
oscillations at the MPT. This global, benthic d18O signal is the back-
boneof themarine isotopic stratigraphy. On the otherhand, regional
climate changes are largely dominated by precession in the Medi-
terranean region. Precessiondrives, for instance, changes inwetness
(precipitation/evaporation) and, therefore, sea-surface salinity that
result in d18O fluctuations recorded by surface-dwelling planktonic
foraminifera (Emeis et al., 2003). During Northern Hemisphere
summer insolation maxima, when precession is minimal, those
precession-controlled changes in precipitation can lead to the
drastic decrease in Mediterranean Sea-surface salinity, the subse-
quent reduction in deep-water ventilation and the resulting
formation of sapropels (Rohling and Hilgen, 1991). In the eastern
Mediterranean area, Kroon et al. (1998) indicate that the apparition
and strengthening of the long 100 kyr cycle is associated with
a reinforced precession influence during and after the MPT. Yet,
surprisingly, despite numerous evidence of precession influence on
Mediterranean paleo-sedimentation, stable oxygen isotope records
from ODP sites 976 and 977 have revealed a weak precessional
component in Pleistocene records from the Alboran Sea (Von
Grafenstein et al., 1999).

Pollen analysis can be successfully used to reconstruct climate
changes, which occurred during the Northern Hemisphere gla-
cialeinterglacial cycles in the Mediterranean area (Wijmstra and
Smit, 1976; Suc and Zagwijn, 1983; Suc, 1984; Combourieu Nebout
and Vergnaud Grazzini, 1991; Ravazzi and Rossignol-Strick, 1995;
Tzedakis and Bennett, 1995; Subally et al., 1999; Joannin et al.,
2007a) and, more particularly, during the MPT (Russo Ermolli,
1994; Moscariello et al., 2000; Okuda et al., 2002; Capraro et al.,
2005; Ravazzi et al., 2005; Tzedakis et al., 2006; Joannin, 2007;
Joannin et al., 2007b, 2008, 2010). However, so far, quantitative
climate reconstructions based on pollen assemblages older than the
Upper Pleistocene were only attempted for Miocene and Pliocene
climatic changes in the Mediterranean area (e.g. Fauquette et al.,
1998; Klotz et al., 2006; Jiménez-Moreno et al., 2010). All these
records provided information on Tertiary inherited taxa disap-
pearance related to reinforced climatic cycles and to the long-term,
global cooling (i.e. Svenning, 2003; Tzedakis et al., 2006; Rohais
et al., 2007) with a special focus on Italian taxa replacement
(Bertini et al., 2010; Magri, 2010; Follieri, 2010; Fusco, 2010; Magri
et al., 2010). However, they remain restricted to the Central and
Eastern Mediterranean regions.

In the Western Mediterranean region (Iberian Peninsula), no
pollen studies were devoted to theMPT. Few pollen records focused
on older climate cycles (Rio Maior: Diniz, 1984; Suc et al., 1995a;
Tres Pins: Leroy, 1997). Over the last 2.6 Ma (Quaternary), the rapid
glacialeinterglacial fluctuations are well marked in climate recon-
structions where they mostly correspond to temperature changes
while variations in precipitationwere seemingly rapid through this
period and precipitation reached very low values (Jiménez-Moreno
et al., 2010). Most of the pollen records, on the contrary, focused to
the very last climate cycles (ODP Site 976: Combourieu Nebout
et al., 1999, 2002; core MD95-2043: Sánchez-Goñi et al., 2002;
Fletcher and Sánchez-Goñi, 2008; Fletcher et al., 2010).

Vegetation succession is an ecological term that usually designs
a progressive vegetation replacement through time. It takes place
after a catastrophic disruption of an ecosystemand can be applied in
paleoecology, at an interglacial onset, for instance (Birks and Birks,
2004). Long-term ecosystem evolution records a phase of ecolog-
ical development with increasing productivity and nutrient avail-
ability, followed by a retrogressive phase with the decline of these
parameters. In Northern Europe, edaphic conditions play a major
role in this succession, however, their influence have been ques-
tioned for the Southern Europe (Tzedakis and Bennett, 1995). Long-
term vegetation successions related to glacialeinterglacial changes
have been observed in European pollen sequences (e.g. Ioannina,
Tzedakis and Bennett, 1995; Velay, De Beaulieu et al., 2006). In the
Mediterranean area, pollen-based spectral analyses have shown
that in addition to w100 kyr glacial/interglacial climatic cycles,
vegetation successions also record precession and obliquity varia-
tions during the late Pliocene and Pleistocene times (e.g. Tenaghi
Philippon, Mommersteeg et al., 1995; Tzedakis et al., 2006; Crotone
series, Klotz et al., 2006). If vegetation successions can reasonably be
linked to climate cycles through temperature and precipitation
changes, it is not clear how insolation changes in the precession and
obliquity bands initiated and/or forced the course of vegetation
change. Interactions between precession and obliquity forcings are
quite difficult to unravel. Regarding the sapropel formation in the
Mediterranean Sea, for instance, Lourens et al. (1996) suggested that
obliquity and precession effects can sometimes add up and some-
times act in opposite directions. Large-scale processes such as
conditions leading to sapropel formation must have affected the
vegetation around the Mediterranean basin. Joannin et al. (2007a)
visually linked vegetation successions and orbital parameters.
However, so far, no study has tried to couple visual and spectral
approaches together on a high resolution and long enough pollen
section to study accurately the respective effects of precession and
obliquity on the vegetation evolution across the MPT.

We obtained a new pollen record fromODP Site 976, covering the
beginning of the MPT (1.09e0.90 Ma). The series was sampled at
a resolution appropriate to resolve Milankovitch-related oscillations,
changes inpollen assemblages, thus, accurately document vegetation
replacements that resulted from regional and global climate changes.
We were particularly interested to look at the precession effects
(Joannin et al., 2007a) in a geographic context (mid latitudes) where
obliquity has a strong impact on long-term changes in seasonal
distribution of insolation. For that purpose, the ODP Site 976 record
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appeared particularly suitable since planktonic d18O was already
available (Von Grafenstein et al., 1999) as well as reconstructed SST
(González-Donoso et al., 2000), providing a preliminary stratigraphy
aswell as a background of regionalmarine variability towhich pollen
assemblage changes could be compared. The orbitally-forced climatic
changes embedded in our high-resolution pollen record also allow to
refine the ODP Site 976 age-model over the studied interval. Our
study makes it possible, for the first time, [1] to provide the pollen-
inferred past phytogeography and to reconstruct quantitatively
climate parameters for the south-westernMediterranean region over
theMPT, and [2] to analyze vegetation successions in the timedomain
and in the frequency domain, by combining the “classical” pollen
analysis approach with powerful signal processing tools (i.e. wavelet
analysis) in order to better understand the vegetation response to
climate change and insolation forcing.
2. General setting of site 976 core

2.1. Core location and sedimentation

The ODP Site 976 (36�12.30N, 4�18.8’W; leg 161) is a deep-sea
section sampled at a water depth of 1108 m in the western Alboran
Sea (Fig. 1). It is located at w45 km off the southern Spanish
coast,w150 km off the northern Moroccan coast andw110 km east
of the Strait of Gibraltar. The 346 m-long hemipelagic sedimentary
section provides an almost complete Pliocene and Pleistocene
record of climatic and oceanographic variability in the western
Mediterranean Sea. During the coring, partial loss of sediment
occurred between 190e197 and 284e287 mcd. The high sedi-
mentation rate estimated for the entire sedimentary section
(0.23 m/kyr) reflects the delivery of sediments to this site by
a combination of repetitive turbidity events and settling of pelagic
sediments (Bernasconi et al., 1999), leading to the alternation of
turbidite mud layers embedded in hemipelagic mud. Over the
studied interval (i.e.w260 tow230 mcd), turbidites are considered
as low-energy (end-products) gravity-flows that originate from the
margin, mainly through the Fuengirola Canyon (Alonso et al., 1999).
Sediments containw47% of clayminerals,w19% of quartz,w29% of
Fig. 1. ODP site 976 (this study) and sediment traps (Fabrés et al., 2002) location in the
Alboran Sea.
calcite and <5% of dolomite. The clay assemblage is constituted of
detrital clays (w62% of illite, w10% of kaolinite and w14% of chlo-
rite) and w14% of smectites (Martínez-Ruíz et al., 1999).

2.2. Stratigraphy and age-models

Von Grafenstein et al. (1999) obtained a d18O curve of the plank-
tonic foraminifera Globigerina bulloides. They used this record to
identify the marine isotopic stages (MIS) and to develop an age-
model. De Kaenel et al. (1999) provided nannofossil analyses coupled
with sapropelic stratigraphy (using orbital tuning from Lourens et al.,
1996) to establish nannofossil event ages. González-Donoso et al.
(2000) estimated winter and summer SST from foraminifer assem-
blages. They made an attempt to correlate those SST variations with
insolation changes across the entire Quaternary. Significant
mismatches exist between the SST-derived and the d18O-derived age-
models of Site 976 within the MPT (González-Donoso et al., 2000),
and particularly in the interval studied in the presentwork (i.e.w260
tow230mcd). Inconsistencies between these two independent age-
models can either result from the low-resolution of the d18O record
and/or from the fact that only some well-dated nannofossil events
were used to constrain the SST-based age-model (see González-
Donoso et al., 2000). An important aspect of the present work will
be to improve the ODP Site 976 age-model over the MPT interval.

3. Material and methods

3.1. Pollen analysis

Seventy-nine samples have been collected at w40 cm intervals
from 259.50 to 230.42 mcd. Samples were processed using a stan-
dardmethod adapted fromCour (1974). HCl andHF treatmentswere
followed by sievings at 160 mm and 10 mm and by a final enrichment
procedure (ZnCl2). Only fifty-nine samples provided enough pollen
grains (150 grains excluding Pinus) for reliable analysis. Thus, about
14 000 pollen grains were counted in the studied section. A rich
pollen flora of 70 taxa was documented in our analyses (at least 20
taxa per sample), including arboreal together with herbaceous
plants, which live today over a large range of latitudes (Fig. 2). Pinus
pollen grains are overrepresented inmarinedeposits (Heusser,1988;
Beaudouin et al., 2007). Consequently, taxa percentages were
calculatedwith respect to the total pollen grains summinus thePinus
contribution, while Pinus abundance was normalized to the total
pollen sum. The detailed pollen diagram (Fig. 2) presents arboreal
and herbs and shrubs taxa classified from base to top and grouped
according to the ecology of their representatives in the present-day
plant ecosystems (Suc, 1984; Combourieu Nebout, 1987).

To simplify the visualisation of the pollen signal, we performed
a Principal Component Analysis (PCA) using PAST (PAleontological
Statistic) program (Hammer et al., 2001). It provides an unscaled
pollen index (see 4.1. Pollen analysis for more details; Fig. 2)
roughly corresponding to climate variations and used to determine
pollen phases. We labelled these phases A to F, from the older one
to the most recent.

3.2. Pollen-based climate reconstruction

The Modern Analogues Technique (MAT: Hutson, 1980; Guiot,
1990) is usually applied to reconstruct climate changes in Mediter-
ranean area during younger periods, for example during the Eemian
(Breweret al., 2008), theLateglacial and theHolocene (e.g. Davis et al.,
2003; Cheddadi et al., 2005; Kotthoff et al., 2008; Davis and Brewer,
2009; Combourieu Nebout et al., 2009; Dormoy et al., 2009; Peyron
et al., in press). Applications of this method to Mid Pleistocene and
older pollen sequences are very rare (Plio-Pleistocene climate in



Fig. 2. Detailed pollen diagram of ODP Site 976 fromw260 mcd tow230 mcd. All taxa (except Pinus) are represented in relative percentages, which are calculated based on the total of counted pollen grains minus Pinus. Only Pinus has
a relative percentage based on the total of counted pollen grains. Vegetation groups are based on the ecological significance of their present-day representatives: temperate and sub-tropical elements (such as deciduous Quercus,
Ericaceae.), mid-altitude elements (Cedrus, Tsuga), high-altitude elements (Picea, Abies), Mediterranean xerophytes (such as Olea), herbs (such as Poaceae, Asteraceae Asteroideae.) and steppe elements (such as Artemisia and
Ephedra). On the right, the pollen climate index (PCI) allows to discriminate pollen phases (stratigraphically noted A to F from base to top) that include alternation of warm “w” and cold “c” phases.
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Africa; Bonnefille et al., 2004) because of the occurrence of sub-
tropical Tertiary inherited taxa leading to situations where no
modern analogues are available. For Miocene and Pliocene periods,
mutual climatic range methods such as the ‘climatic amplitude
method’ developed by Fauquette et al. (1998) or the “probability
mutual climatic spheres” (Klotz et al., 2006) seem to be more
appropriate because these methods are able to reconstruct the
climate changeswhen no analogue exists in themodernpollenfloras
(Jiménez-Morenoet al., 2010). In theODP976pollen assemblages, the
Tertiary inherited taxa (Liquidambar, Zelkova, Pterocarya and Tsuga)
are very rare, and their percentages are very low (Fig. 2), so they could
be excluded by the MAT. Thus, these taxa have not been taken into
account in the climatic reconstruction. In the present work, the MAT
is based on a modern pollen dataset that contains more than 3500
modern spectra with 2000 samples from the Mediterranean area
(Dormoy et al., 2009). Since Pinus is overrepresented in marine
sediments, this pollen grain has been removed from the marine
pollen counting used for quantitative climate reconstruction as well
as from the continental pollen database (e.g. Combourieu Nebout
et al., 2009). The similarity between each fossil sample and modern
pollen assemblages is evaluated by a chord distance (Guiot, 1990).
Usually, a selection of 8e10 modern spectra that have the smallest
distance provides robust modern analogues of the given pollen
spectrum and are subsequently used for the reconstruction. Quanti-
tative climate reconstructions for ODP Site 976 focused on summer
and winter temperature and precipitation changes. Annual temper-
ature and precipitation have also been estimated since these
parameters seemtobekeyparameters in theEricaceaedistributionof
the Iberian Peninsula (Ojeda et al., 1998).

3.3. Spectral and wavelet analysis

There exist several spectral analysis methods. Among them, the
MaximumEntropyMethod (MEM) produces high-resolution power
spectra. This inverse method solves for autoregressive model
parameters (the power spectra are not forced into the parametric
mold of a Fourier series). MEM is a precise spectral tool but has
a tendency to yield spurious peaks and shows a reduced resolution
in the presence of noise. These weaknesses are usually remedied by
comparing, for instance,MEMspectra to those produced usingother
spectral methods, such as the Blackman-Tukey approach (BT; which
should not share spurious peaks with MEM). There, BT record
similar frequencies. Prior to spectral analyses, in order to get an
evenly sampled dataset, PCI values have been re-sampled using
a simple (60 samples), cubic spline function with an interpolated
3.14 kyr resolution (Analyseries software, version 1.05; Paillard et al.,
1996). Then MEM analyses were carried out with the Strati-Signal
free software (version 1.0.5, University of Geneva; Ndiaye, 2007),
using the Durbin-Levinson algorithmwith a number of lags of 30.

The periodograms obtained through either the MEM or the
Blackman-Tukey techniques give spectral power distributions versus
frequencies. Theydonotprovidepiecesof informationaboutpotential
spectral evolution through time. To obtain a time-frequency repre-
sentation of a non-stationary, periodic signal one has to use wavelet
transform approaches. In order to check potential changes in domi-
nant frequencies through time embedded in our ODP Site 976 proxy
series,weperformedwavelet analysesusing theStrati-Signalsoftware.

4. Results

4.1. Pollen analysis

It is generally assumed that pollen mostly come from rivers in
marine detrital deposits (Heusser, 1988; Cambon et al., 1997). It is
also the case for turbiditic sediments even if the sedimentary
pathway from the river to the turbidites ismore complex (Beaudouin
et al., 2004). In marine pelagic environments such as in the Gulf of
Guinea, it has been shown that pollen grains are wind-transported
(Hooghiemstra et al., 2006). Let us look at the elements in hands that
allow deciphering between an eolian and a fluvial origin for pollen
grains at SiteODP976. Thepercentage of dinoflagellate cysts cangive
us an indication about the main transportation mode of the pollen
grains (Beaudouin et al., 2004). Dinoflagellate cysts are produced in
the photic zone. They are mixed with eolian particles such as pollen
grains during the decantation process. When wind transport
prevails, the relative contribution of oceanic dinoflagellate cysts to
sedimentary biogenic material is much more important than that of
the pollen grains (De Vernal, 2009). This explains that in pelagic
environment such as in present-day sediment deposited at 2326 m
of water depth in the Gulf of Lions, the palynological assemblage
contains up to 70% of dinoflagellate cysts (Beaudouin et al., 2004),
whereas this contribution drops to 25% maximum on the shelf
(Beaudouin et al., 2007)wherefluvial inputs dominate (Aloisi,1986).
In the ODP Site 976, dinoflagellate cysts constitute 24% on average of
the total palynomorphs counted, suggesting that wind trans-
portation of pollens does not dominate here. In two sediment traps
(ALB-1, 36�1’N, 4�16’W, 1004 m; ALB-2, 36�01’N, 4�18’W, 1337 m;
Fig. 1) very close to the ODP Site 976, the material retrieved corre-
sponds predominantly to lithogenic particulate material (68e76%;
Fabrés et al., 2002). Fluxes suggest that, today, eolian inputs of
lithogenic material probably play only a limited role since average
dust fluxes recorded in Granada are one order of magnitude lower
than the lithogenic fluxes recorded in both trap locations. Yet, clays
and palynomorphs found at ODP Site 976 were interpreted as a mix
of both detritic and pelagic sedimentation sources (Bout-
Roumazeilles et al., 2007). This conclusion is confirmed by the fact
that we found few reworked grains in our samples contrary to other
regions were detrital sedimentation is dominant (Beaudouin et al.,
2007). So, today, elements in hands suggest that in the vicinity of
ODP Site 976, we deal with a mixed pollen assemblage in which the
fluvial contribution ismore important that thewind contribution. In
both cases, whether they are river- or wind-transported, pollen
grains are representative of the vegetation belts encountered in
drainage basins or the adjacent continent, respectively (Beaudouin
et al., 2005; Hooghiemstra et al., 2006).

Our results reveal a rich and diversified pollen flora (Fig. 2) with
herbs, Mediterranean xerophytes (Olea, Quercus ilex, Cistaceae.),
mesothermic (i.e. warm-temperate) and mid-altitude taxa (decid-
uous Quercus, Betulaceae, Juglandaceae, Salicaceae, Ulmaceae, Faga-
ceae, Pinaceae Abietoideae.).Our samples contain taxa found in the
Early and Middle Pleistocene of the Mediterranean region, such as
Liquidambar, Zelkova and Pterocarya (mesothermic elements), and
Cedrus and Tsuga (mid-altitude elements). Combourieu Nebout et al.
(1999) and Sánchez-Goñi et al. (2002) observed high amounts of
Cedrus pollen grains (up to 60% and 20%, respectively) in the Middle
and Upper Pleistocene marine sediments from the same area. In our
samples, Cedrus is not as abundant since it reaches only 10% at the
maximum. The Ericaceae abundance (6.4% on average) shows
a particular outline that recalls the typical pattern of the Ericaceae
widespread in the Western Mediterranean region from the Early
Zanclean (Rio Maior: Diniz, 1984; Suc et al., 1995a) to the Holocene
(Naughton et al., 2007). High amounts of Asteraceae Cichorioideae
(20.8% on average) are found in the ODP Site 976, as in the older
lacustrine sediments from Tres Pins borehole (Northeastern Spain:
Leroy, 1997).

4.2. Pollen climate index (PCI)

For Middle Pleistocene sediments from the same ODP Site,
Combourieu Nebout et al. (1999) related mesothermic elements
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Fig. 3. The studied interval includes two sapropelic layers 622e621 (w242 mcd) and
623 (w257 mcd). Recently, Real and Menochi (2005) placed the FO of Gephyrocapsa
omega between 244.03 and 243.75 mcd. Planktonic d18O record (De Kaenel et al., 1999)
is compared with winter and summer SST records (González-Donoso et al., 2000). The
d18O-derived and SST-derived stratigraphies differ for this interval.
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maxima to interglacials, and steppe elements maxima with Pinus to
glacials. The present data show a pronounced opposition between
mesothermic and steppe elements (r ¼ �0.69; p < 0.001). The first
(principal) Factor obtained through the PCA analysis explains 35% of
the data variance (available as a QSROnline Background Dataset) and
rests upon a strong opposition between ecological groups: meso-
thermic elements, on the one hand, and Caryophyllaceae, Amar-
anthaceaeeChenopodiaceae and steppe elements, on the other hand.
These members are unambiguously anti-correlated (r ¼ �0.75;
p< 0.001). The first Factor discriminates, therefore, [1] pollen phases
characterized by a relative increase of the mesothermic group
(i.e. forest) that indicates warm-temperate and wet conditions, from
[2] pollen phases characterized by the decrease of the mesothermic
pollen contribution and the relative increase of herb pollen grains
(i.e. herbs and steppes), which indicate cold and dry conditions. Thus,
we have labelled the former phases “w” (warm) and the later “c”
(cold), respectively. We have grouped each warm-temperate phase
(“w”) with the corresponding colder phase (“c”) that follows it
stratigraphically. There are five complete “wec” doublets in the
interval studied (A toF). Thus, thefirst Factorprovidesuswithapollen
climate index (PCI). Unfortunately, phases Dw and Ew have a poor
time-resolution, as only a few samples obtained in these intervals
contained enough pollen grains for meaningful assemblage analyses.
However, the high percentage of mesothermic elements obtained in
all the samples available from these two phases (>30% of the pollen
sum excluding Pinus) strongly supports the idea that nomajor colder
or drier phase could have been missed within Dw and Ew.

5. Discussion

5.1. Stratigraphy and age-model

5.1.1. d18O- and SST-based stratigraphies
In the upper part of the studied interval, the stratigraphic

assignment of MIS 23e27 based on Site 976 planktonic d18O record
(Von Grafenstein et al., 1999) is coherent with the stratigraphic
schemededuced from the SST record (González-Donoso et al., 2000;
Fig. 3). The isotopic stratigraphy, down to MIS 27, is also coherent
with biostratigraphy datums (Table 1). As expected, the first
occurrence (FO) of Gephyrocapsa omega (>4 mm), that takes place
between 244.03 and 243.75 mcd, occurs at the MIS 26e25 transi-
tion, and the last common occurrence (LCO) of Reticulofenestra
asanoi, found at 229.91mcd, occurs during theMIS 23e22 transition
(Real and Menochi, 2005). In the lower part of the studied interval
(i.e. 260e230mcd), however, the poor resolution of the d18O record
and the low amplitude of the fluctuations recordedmake it difficult
to recognise unambiguously the MIS. The inferred-MIS 28 in the
d18O record appears, for instance, as a poorly defined peak, and cold
SST temperatures recordedover this stratigraphic interval are rather
invariant. Surprisingly also, higher SST winter temperatures are
recorded during the d18O-derived MIS 30 than during the following
interglacial MIS 29. The rather poor correlation that exists between
the d18O and SST records results in two different stratigraphic
schemes for this interval (Von Grafenstein et al., 1999; González-
Donoso et al., 2000). The ambiguities about the stratigraphy are
such that the work from De Kaenel et al. (1999) suggests that our
studied interval starts within the interglacial MIS 31, whereas the
work from González-Donoso et al. (2000) indicates that it starts
within the glacial MIS 30.

5.1.2. A revised ODP site 976 stratigraphy
To circumvent the relatively poor quality of the d18O record and

solve the discrepancies between the d18O-derived and SST-derived
stratigraphies, we propose to use the pollen climate index (PCI) as
an additional, stratigraphic tool (Fig. 4). We used two isotopic
records as climatic “reference” curves: [1] a regional, planktonic
(Globigerinoides ruber) oxygen isotope record from the Ionian Sea
(KC01b; Rossignol-Strick and Paterne, 1999), and [2] the global,
LR04 benthic oxygen isotope stack (Lisiecki and Raymo, 2005). The
upper part of our studied interval, for which the stratigraphy seems
to be robust, allows us to look at the relationships between the
different proxies. It makes it possible, therefore, to set up and
validate the combination of d18O, SST, PCI and biostratigraphic
datums as an integrated stratigraphic approach for the entire MPT
interval in Site ODP 976.

The top of the studied interval is chronologically constrained by
LCO of R. asanoi. The warm pollen phases Ew and Fw, characterized



Table 1
The eleven control points used to establish the chronostratigraphic framework of
the studied interval: astronomically-calibrated nannofossil events (Real and
Menochi, 2005), sapropels correlated with insolation cycles (i; Lourens, 2004) and
five marine isotope stage (MIS) transitions used as tie-points.

Event Depth (mcd) Age (Ka)

Sapropel 620 (i-80) 220 841
MIS 22e21 Transition 224 868
LCOa R Asanoi 229.91 901
MIS 24e23 Transition 234.65 917
FOb G Omega 243.75 963
MIS 28e27a Transition 249.35 1001
MIS 30e29 Transition 252.67 1032
Sapropel 623 (i-100) 257.5 1070
MIS 32e31 Transition 260.5 1090
FCOc R Asanoi 265.67 1122
Sapropel 625 (i-108) 269.74 1144

a LCO ¼ last common occurrence.
b FO ¼ first occurrence.
c FCO ¼ first common occurrence.
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by an increase in mesothermic elements, correspond to MIS 25 and
MIS 23. Cold pollen phases Dc and Ec, characterized by a high
percentage of steppe elements, clearly correspond to glacial MIS 26
and MIS 24 (the glacial MIS 26 being coevals to the Gephyrocapsa
omega FO). Yet, the foraminifer-derived summer SST minimum
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(w243 mcd) is slightly offset from the glacial MIS 26 inferred from
the d18O curve, while the interval of low PCI values (Dc) encom-
passes both the SST and d18O changes associated withMIS 26. In the
middle part of the studied section, pollen phase Dw shows a double
peak pattern (fromw245 tow247.5 mcd andw249 mcd), which is
also recorded in the oxygen isotope and winter SST curves. This
double peak that occurs during Dw can be related to the MIS 27
double peak (a and b). Clearly, therefore, in the upper part of the
studied interval, the PCI record is strongly coherent with climatic
oscillations inferred from the marine d18O and SST records.

Let us now discuss the stratigraphy of the lower, problematic part
of the studied interval. If one looksbeyond it (Fig. 3), both the d18Oand
theSSTrecords appear to becoherent and to recordMIS 34, 33 and32.
Such stratigraphic attributions are confirmed by the R. asanoi first
common occurrence (FCO; Table 1) dated at 1.122 Ma and contem-
poraneous with the MIS 34e33 transition. As a result, the decreasing
oxygen isotope values and the increasing temperatures, which are
simultaneously recorded at w261 mcd, likely correspond to the MIS
31onset. This conclusion is ingoodaccordancewith thework fromDe
Kaenel et al. (1999). This is also corroborated by the spectacular high
amount of arboreal pollen (w70%) during pollen phase Aw, which
suggests a long warm and humid episode. Warm conditions,
however, are not clearly expressed inODP Site 976 d18O record. This is
likely a local signature and/or reflects the poor resolution of the ODP
Site 976 record since MIS 31 does show up as strongly depleted d18O
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values in the KC01b record from the Ionian Sea. These long,warmand
humid conditions during MIS 31 are also corroborated by pollen
records from Southern Italy (Montalbano Jonico section; Joannin
et al., 2008) and Greece (Tenaghi Philippon; Tzedakis et al., 2006).
Consequently, the sapropel 623whichwaspreviouslyassociatedwith
i-98 by De Kaenel et al. (1999) would be older.

If we are correct about MIS 31, then assuming a continuous
record and a steady sedimentation rate implies that the Bw stage in
the PCI record cannot be associated with MIS 29 [as would be the
case if we used the stratigraphies developed by De Kaenel et al.
(1999) or González-Donoso et al. (2000)]. Indeed, considering that
Bw corresponds to MIS 29 would lead to an anomalously low sedi-
mentation rate of w0.063 m/kyr for the lower part of the studied
interval (much lower than the sedimentation rate of w0.185 m/kyr
estimated over the MIS 27e23 interval). Tzedakis (2007) show
that AP high values ran continuously for about 50 kyr (i.e.
fromw1.090 tow1.040 Ma) in Tenaghi Philipponwhile the Quercus
percentages record several variations, one being related to an inner
oscillation of the glacial MIS 30. Pollen phase Bw correlates with
a d18Odecrease andan SST increase. It can thereforebe considered as
aMIS 30 inner oscillation. Such an internal oscillation is observed in
the d18O record from Ionian core KC01b. Thus, finally, pollen phase
Cw appears to be associated with MIS 29, although there exists
a phase-lag with regard to d18O and SST changes.

Despite the low-temporal resolution of the pollen record during
thewarm intervals related tomesothermic forest development (Dw
and Ew), every Early Pleistocene climatic cycles (MIS 31 to MIS 23)
canbe identified. PollenphasesAw, Cw,Dw,EwandFware related to
MIS 31, MIS 29, MIS 27 (bi-phased), MIS 25 and 23, respectively. The
pollen phase Bw corresponds to isotopic depletions in ODP Site 976
and KC01b records. This occurs during the glacial MIS 30. In the
LCO R. asanoi

(Real and Menochi, 2005)
MIS 24-23
transition

FO Gephyrocapsa

omega

(Real and Menochi, 2005)

Y= -1.455E-04x4 + 0.142x3 - 51.9x2 + 8407.8x - 809561.
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Fig. 5. Eleven datums (grey stars) are compiled from w220 to w270 mcd (see Table 1 an
a regression equation (dashed line) and calculate ages of samples. The resulting sediment a
lowermost part of the section, the correspondence betweenmarine
and vegetation records is less obvious, probably because of differ-
ences in sampling resolution, whichmake it difficult to correlate the
records (i.e. 59, 33 and 30 samples in the pollen, isotope and SST
analyses, respectively over the 30 m-long interval).

5.1.3. Age-model
In order to establish themost consistent age-model for the studied

interval (i.e. w260 to w230 mcd; Fig. 5), we also took into account
dated stratigraphic events located above and below (from 220 mcd,
down tow270 mcd). Eleven control points were used to develop the
age-model (Table 1). Among these control points, we used three,
astronomically-calibrated nannofossil events (Real and Menochi,
2005). In addition, sapropels 620, 621e622, 623 and 625 have been
identified in Site ODP 976 and correlatedwith insolation cycles 80, 90,
100 and 108, respectively (Lourens, 2004). Finally, fiveMIS transitions
were used as tie-points to accurately constrain the age-model (i.e.MIS
22e21,MIS 24e23,MIS 28e27a,MIS 30e29 andMIS 32e31). Thus, at
the difference of the pollen record from Tenaghi Philippon Site which
needed tobeage-calibratedbyassumingmarineand terrestrial events
synchronicity (Tzedakis et al., 2006), the present pollen record is
directly dated with respect to astronomically-calibrated, marine
stratigraphic events analyzed from the same samples making it
possible to directly linkmarine and continental events. Between these
control points, discrete samples were dated using a fourth order
polynomial equationfitted over the tie-points from the 220e270mcd
interval. The studied interval coversw190kyr (from1.090 to0.90Ma).
On the whole, the age-model indicates a rather constant sediment
accumulation rate, with amean value of 0.157m/kyr (Fig. 5). ODP 976
climatic interpretation is based on an average pollen temporal reso-
lution of w3200 years (59 samples coveringw190 kyr).
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5.2. Pollen-inferred vegetation and climate reconstruction

5.2.1. Past phytogeography of nowadays extinct taxa
Cathaya, Taxodiaceae and Carya were not found in the pollen

assemblage from the Early Pleistocene of ODP Site 976 (Fig. 3). Today,
Cathaya inhabits the mid-altitude belt (ca 1200 m) in sub-tropical
China, Taxodiaceae are broadly mega-mesothermic, and Carya is
a mesothermic deciduous tree. All require warm and humid condi-
tions and were present over the relief of southern Spain during the
upper Pliocene (Jiménez-Moreno et al., 2010). During the lower to
middlePleistocene, theywerepresent in Southern Italy (Montalbano
Jonico section; Joannin et al., 2008). Thus, their absence in our pollen
data should result from less favourable climatic conditions in the
south-western part of the Mediterranean region. Our pollen
assemblage shows that, Pterocarya, Zelkova, Liquidambar, and Tsuga
were still present in the western Mediterranean region during the
Early Pleistocene. Pterocarya and Zelkova develop during MIS 31,
which is a long warm and humid interglacial, as attested in recon-
structed precipitation (Fig. 6), that temporarily favoured expansion
of taxa inherited from the sub-tropical Pliocene climate (Joannin
et al., 2008). Early Pleistocene climatic conditions experienced
a steady decrease in temperature and wetness as indicated by the
absence of sub-tropical taxa such as Cathaya, Taxodiaceae and Carya.
Moreover, Pterocarya and Zelkova rarefy in the following intergla-
cials. This probablyannounces their imminentextinction in southern
Iberia. The interglacial MIS 31 appears to be an exceptional period,
withparticularlywarmconditions in theMediterraneanarea.During
the late Early Pleistocene, the transition from a warm and humid
climate to a more temperate and drier climate is also confirmed by
a paleontological study of small vertebrates in the nearby Guadix-
Baza basin (Agustí et al., 2010).More generally, a broadly similar taxa
disappearance scenario has been established in Italy (Bertini et al.,
2010). Thus, we suggest that extinction in the western Mediterra-
nean precedes extinction in the central Mediterranean area. This
indicates an earlier deterioration of climate conditions that became
less favourable for Tertiary inherited plants.

5.2.2. Past phytogeography of modern taxa
Thermophilous plants such as deciduous Quercus and Ericaceae

require more than 600 mm of annual precipitation (Sánchez-Goñi
et al., 2000). These plants mainly characterized warm and humid
conditions corresponding to interglacials (i.e. odd-numberedMIS) of
the Western Mediterranean region (Fig. 7a and b). Such a climatic
signature already existed during the Pliocene in the region (Suc et al.,
1995a). The Quercus pollen dominance is also observed during the
Late Pleistocenewarm intervals from theAlboran Sea (Sánchez-Goñi
et al., 2002; Combourieu Nebout et al., 2002). Ericaceae document
the oceanic influence (Sánchez-Goñi et al., 1999). Based on Iberian
margin cores, Tzedakis et al. (2004) observed that heathland
development occurred in both glacial and temperate phases. In ODP
Site 976, however, the pollen record indicates the development of
heathland during interglacial periods only., while it mostly charac-
terized interglacial periods at ODP 976.Other taxa such as Salix,
Fraxinus, Carpinus typify interglacials. Caryophyllaceae, Amar-
anthaceaeeChenopodiaceae and steppe elementsmay express xeric
conditions associatedwith a large range in temperature (Subally and
Quézel, 2002). They are correlated with glacial MIS in ODP Site 976
record and, therefore, associated with low sea-level episodes that
created saline and arid environments in littoral areas of the Alboran
Sea (Fig. 1). More generally, these new lands may offer good envi-
ronmental conditions for opportunistic and heliophylous taxa like
herbs and steppe elements. As a consequence, their development,
which is enhanced by dry and cold climate, is possibly reinforced by
newly available lands (Suc et al., 1995b; Joannin et al., 2008).
Repeated increases in altitude-related taxa are observed, mainly
Cedrus, which became more abundant during the warm to cold
climate transitions. This conifer presently grows in a cool and humid
climate between 1300 and 2600 m in the Rif, Middle Atlas and High
Atlas mountains (Northern Africa; Cheddadi et al., 1998). Magri and
Parra (2002) suggest that Cedrus pollen is of northwest African
provenance and are brought, therefore, in pollen records from
southwest Europe bywinds blowing fromAfrica. Sánchez-Goñi et al.
(1999) and Bout-Roumazeilles et al. (2007) proposed that Cedrus
pollen grains were brought by southern Saharanwinds into the Late
Pleistocene sediments fromAlboranSeaand Iberianmargin (Atlantic
side). However, considering the confirmedpast extent ofCedrus trees
in Europe and Southern Europe during Pliocene and Pleistocene,
Cedrus pollen is expected to be supplied by the mid-altitude vege-
tation belt of southern Spain and northern Africa over the time
interval studied in ODP Site 976.

5.2.3. Pollen-inferred climate reconstruction
Quantitative climate reconstructions in the Alboran Sea mimic the

fivedistinct climate alternations recorded by the PCI between1.09 and
0.9 Ma (Fig. 6). These reconstructions reveal higher temperatures and
precipitation during interglacials as compared to the present-day
climate while during the glacial phases, conditions were colder and
dryer than today. The pollen phases Ac, Bc, Cc, Dc, Ec are characterized
by a temperature and precipitation decrease, with particularly low
temperature (�10 �C) during the youngest phases Dc and Ecwhile Ac,
Bc andCc are limited to�5 �C and�3 �C, respectively. Temperatures of
the coldest month during the glacial phases Dc and Ec are about 5 �C
colder than the estimates obtained for the last glacial maximum from
the same core by the same method (Bout-Roumazeilles et al., 2007).
Those exceptionally low temperatures correspond to steppic pollen
assemblages that are similar to thoseobserved in sediments deposited
during late Pleistocene Heinrich events (Bout-Roumazeilles et al.,
2007). Estimated coldest month temperatures are systematically
lower than current values for the Alboran Sea region even during the
warmphases. CombourieuNebout et al. (2009) alreadypointed out an
underestimation of the winter temperatures values by about �6 �C.
Taking this bias into account, observedwinter temperature anomalies
of about�5 �C for older cold phases (Ac, Bc and Cc), fit well with�5 to
�7 �C reconstructed values for the glacial phases occurring from2.6 to
1.75Ma innortheastern Spain (Fauquette et al.,1998). In theKlotz et al.
(2006) study, a mutual climatic range method applied to the Medi-
terranean marine pollen record of Semaforo (Italy) yielded detailed
information about summer, annual and winter temperatures and on
precipitation from w2.46 to w2.11 Ma. It showed that glacial phase
temperatures are generally 5 �C lower than the present-day mean
temperature in the region. Such cold temperatures are in good
agreement with climatic estimates forMIS 30 and 28 glacial phases in
the Alboran Sea. It is not clear whether the reconstructed �10 �C
cooling for the following cold phases Dc and Ec indicates deteriorated
climate conditions for MIS 26 and 24 or a methodological bias due to
the lackofmodernanalogues coming fromhigh-elevationareasof Iran
and Turkey. The global d18O record (LR04) clearly suggests an exten-
sion of polar ice sheet and/or colder high latitude temperatures during
MIS 26 and 24. However, at least twomodernpollen analogues,which
are located in Inner Mongolia, induce very cold reconstructed values.

During the MPT, the pollen-based precipitation curve and the
winter precipitation curve fit particularly well with the PCI and
reconstructed SST values. Fig. 6 suggests two distinct periods of
precipitation changes: [1] a period before 1 Mawith low winter and
annual precipitations, and [2] the following interval, characterized by
a trend towards amoremarked cyclicity (phases D, E and F) with dry
glacial phases andwetter than today interglacials. Before 1.05Ma, the
pollen-based climate reconstruction indicates that climate was
wetter than today but anomalously cool (annual and warmest
month) for an interglacial phase. Such a reconstruction is probably



Fig. 6. Pollen-based climate reconstructions for ODP site 976. Climate values have been estimated using the Modern Analogues Technique (MAT). Temperatures of the coldest month and warmest month in �C are plotted together with
summer and winter precipitation. Annual temperatures and precipitations are also plotted in age. Modern values are indicated with crosses. Climate estimates are compared with the independent SST reconstructed values, and with the
pollen climate index.
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Fig. 7. a. Sapropels, pollen phases and nannofossil event, main pollen taxa percentages (based on total pollen except Pinus), pollen climate index, obliquity variations as well as oxygen isotope curve LR04 are presented in age. 4
complete and 1 incomplete vegetation successions illustrated by chevrons (noted O1eO5) are observed. Successions broadly show a similar pattern characterized by successive dominance of temperate trees (mainly Quercus deciduous
and Ericaceae) followed by altitude elements (Cedrus, Fagus, Abies), and ending with herbs and steppe maxima (Ast. Cichorioideae, Amaranthaceae, Artemisia, Ephedra dystachia). Successions O1eO5 are reported by chevrons and
correlate with obliquity shift from maxima to minima. They characterized vegetation and climate response to obliquity variation. 7b. Eight short-lived (P1eP8) vegetation successions are reported by using dotted lines. They are
superimposed on the five long-lived (O1eO5) successions described in Fig. 7a and Table 2. These eight successions which are organized with the same pattern, can only be discriminate by their time-duration. As P1eP8 characterized
the pollen-inferred vegetation response to precession variations, these successions are considered short-lived compared to those related to obliquity. Precession influence interpretation is reinforced by sapropel deposits that correlate
with precession minima (grey bars). Moreover, pollen climate index maxima precisely follows the eccentricity curve. Since insolation is mainly forced by precession, which is modulated in terms of amplitude by 100 kyr eccentricity
(Lisiecki, 2010), climate and vegetation changes observed in the ODP Site 976 also record an eccentricity component.
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linked to the high percentages of Ericaceous pollen that today indi-
cate wet and cool conditions (Ojeda et al., 1998) and clearly under-
estimate the “thermal optimums” evidenced during the interglacials
both by the PCI and the winter precipitation curves. Only the
temperature of the coldest month gives expected values for this
period.

Quantitative climate reconstructions based on the ODP Site 976
pollen assemblages seem coherent. Excluding the Tertiary inherited
taxa (Liquidambar, Zelkova, Pterocarya and Tsuga) of the MAT do not
affect climate reconstructions in the present work. We unambigu-
ously show that the MAT can successfully be applied to older
periods, such as the MPT, when the presence of sub-tropical taxa is
quasi-negligible.

5.3. Vegetation response to orbital forcing

5.3.1. Pollen-inferred vegetation dynamic
Based on our age-model, marine (d18O, SST) and continental

(pollen taxa, PCI) proxies from ODP Site 976 can be compared to the
global benthic d18O record (LR04) and astronomical forcing functions
(obliquity and precession index; Laskar et al., 2004) (Fig. 7a). Four
complete and one incomplete vegetation successions (noted O1 to
O5) broadly showa similar pattern characterized by the replacement
of temperate trees (mainly Quercus deciduous and Ericaceae) by
altitude elements (Cedrus, Fagus,Abies), and thenbyherbs and steppe
maxima (Ast. Cichorioideae, Amaranthaceae, Artemisia, Ephedra
dystachia). This similar, repetitive pattern eventually shows slight
differences in taxa that constituted the ecosystems. Thus, Table 2
gives a detailed taxa list for each succession episode, including
Cupressaceae (and sometimes Pinus) as the pioneers that probably
initiated those vegetation successions. Asteraceae Cichorioideae
shows a specific behavior as they developed during gla-
cialeinterglacial transitions (warmer and relatively dry climate) and
interglacial-glacial transitions. Suchvegetation changes are similar to
those observed several times at Banyoles (Julià Bruguès and Suc,
1980; Leroy, 1988, 1997) and in other south-western Mediterranean
Table 2
Detailed taxa listed for each vegetation succession: the five, long-lasting, obliquity-relat
vegetation successions (P1eP8) are organized in the same pattern.

Obliquity cycles Warm Transition

O5 D. Quercus, Ericaceae e

O4 D. Quercus, Frax., Juglans,
Ericaceae, Corylus

Fagus, Abies

O3 D. Quercus, Frax., Carpinus,
Acer, Ericaceae, Corylus

Cedrus

O2 D. Quercus, Salix, Fraxinus,
Ericaceae, Alnus, Corylus

Fagus, Cedru

O1 D. Quercus, Salix, Ericaceae,
Pterocarya, Alnus, Corylus

Fagus, Cedru

P8 D. Quercus, Salix, Frax., Juglans,
Ericaceae, Pterocarya

Fagus, Abies

P7 D. Quercus, Salix, Frax., Zelkova,
Acer, Ericaceae, Pterocarya

Fagus, Cedru
Pinus

P6
(sapropel
622 ¼ i-90)

D. Quercus, Frax., Zelkova, Ericaceae,
Alnus

Fagus

P5 D. Quercus, Frax., Ericaceae Cedrus, Abie

P4 D. Quercus, Salix, Ericaceae,
Quercus ilex

Fagus

P3 D. Quercus, Frax., Ericaceae, Alnus,
Corylus

Fagus, Cedru

P2 D. Quercus, Salix, Frax., Ericaceae, Alnus,
Corylus, Q. ilex

Tsuga, Fagus

P1
(sapropel
623 ¼ i-100)

D. Quercus, Salix, Frax., Carpinus, Juglans,
Zelkova, Ericaceae, Pterocarya, Alnus, Corylus

Fagus, Cedru
sites during the whole Pleistocene (Combourieu Nebout et al., 1999,
2002; Sánchez-Goñi et al., 2002).

These taxa replacements clearly suggest the vegetation adap-
tation to climatic changes that evolved from warm-humid condi-
tions towards arid-cold ones, with intermediate cooler but still
humid climate, favourable to mountainous taxa development at
time of transitions (e.g. Joannin et al., 2007a). Each of the five
vegetation successions (O1eO5) started at an obliquity maximum.
Those vegetation successions ended during glacials (heavy d18O
intervals). Glacialeinterglacial alternations are driven by obliquity
changes during the first part of the MPT (Maslin and Ridgwell,
2005), and it is admitted that they responded linearly to insola-
tion changes (Imbrie et al., 1993). Although our time series is too
short for a meaningful test, we propose that PCI variations are also
linearly related to obliquity forcing. They are not synchronous,
however. Within the limits of our orbital tuning, it is important to
notice, for instance, that MIS 30 (Bc), 28 (Cc), 26 (Dc) and 24 (Ec) lag
the corresponding obliquity minima by some millennia.

One vegetation succession, in particular, drew our attention. It
occursbetweenO1andO2andstartswithinpollenphaseBw(Fig. 7b).
Successive large taxa dominances result in as high abundance values
as thoseofO1 toO5vegetation successions. Suchanoscillation,which
is internal to MIS 30, cannot be explained by the rather long-term
obliquity forcing and requires an additional shorter time-scale
forcing. Sapropel stratigraphy clearly indicates a marked regional
climate response to precessional forcing. Such a vegetation succes-
sion, out of phasewith the obliquity cycle, leads us to closely look the
pollendiagramand to observe several successive arrangementof taxa
development. As some of these successions are nearly in phase with
succession related to obliquity cycles (maxima to minima), one must
question whether they may be considered as independent succes-
sions resulting from superimposed orbital forcing or as subdued
oscillations due to the combination of vegetation responses to
obliquity and precession. Arguing that when they were out of phase,
orbital parameters clearly induced decoupled vegetation responses,
we choose to follow the first interpretation. Thus, eight short-lived
ed vegetation successions (O1eO5), and the eight short-lasting, precession-related

Cold Pioneer

e e

Ast. cicho. and ast., Artemisia,
Amarant., Ephedra dystachia and fragilis

Cupressaceae, Pinus

Ast. cicho., Artemisia, Amarant.,
Ephedra dystachia

Cupressaceae, Pinus

s, Abies Ast. ast., Artemisia, Amarant.,
Ephedra dystachia

Cupressaceae

s Ast. cicho. and ast., Artemisia,
Amarant., Ephedra dystachia

Cupressaceae, Pinus

, Pinus Ast. ast., Artemisia, Amarant.,
Ephedra dystachia

Cupressaceae

s, Abies, Ast. cicho. and ast., Artemisia,
Amarant., Ephedra dystachia

Cupressaceae, Pinus

Ast. cicho. Cupressaceae

s Ast. ast., Artemisia, Amarant.,
Ephedra dystachia

Cupressaceae, Pinus

Ast. cicho. and ast., Artemisia,
Amarant.

Cupressaceae

s, Abies Ast. cicho., Artemisia, Amarant.,
Ephedra dystachia

Cupressaceae

, Cedrus Ast. cicho. and ast., Artemisia, Amarant.,
Ephedra dystachia

Cupressaceae

s, Abies Ephedra dystachia Cupressaceae
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vegetation successions are indicated (noted P1eP8; Fig. 7b). They
show a similar repetitive pattern as the one previously described
(temperature trees ¼> altitude elements ¼> steppe and herbs),
broadly implying the same taxa (Table 2). P1, P2, P3, P4, P7 and P8 are
the most easily identifiable successions. P5 and P7 are less clearly
expressed as [1] they both took place in the interval over which the
temporal resolution of our dataset is poor, and [2] P5 is nearly
concomitant to O3 that probably masks it. P6 initiated contempora-
neously to sapropel layer 622, and corresponds to a clearly recorded
mesothermic phase (Table 2). Cold and arid phase of P6 succession is
likely missed due to the low-temporal resolution, its ending takes
place during the Cupressaceae rising. The mean duration of preces-
sion-related vegetation successions isw23 kyr.

On the whole, the five, long-lasting, obliquity-related vegetation
successions O1eO5, and the eight short-lasting, precession-related
vegetation successions P1eP8 are organized with the same pattern
and can only be discriminated by their duration. The sapropel
deposits that correlate with precession minima strengthen our
interpretation of a precession influence on the short-lasting vege-
tation changes P1eP8.

5.3.2. Pollen-inferred vegetation response to orbital forcing
The link between vegetation successions and climate cycles has

been previously described for the last 800 kyr (e.g. Cheddadi et al.,
2005; Tzedakis, 2007). The question remains largely unsolved for
vegetation response to climate cycles driven by obliquity during the
Early Pleistocene. Only a few studies from theMediterranean area are
sufficiently well dated to bring a clear insight on this puzzling ques-
tion. Combourieu Nebout (1993) observed a vegetation succession
scheme for the Pliocene vegetation, which was, however, too far in
ecological terms to be comparedwith that fromODP Site 976. Ravazzi
and Rossignol-Strick (1995) and Muttoni et al. (2007) observed an
obliquity-related climatic cycle resulting in vegetation successions in
the Leffe Basin (Italy). However the MIS stratigraphy (and, thus, the
orbital chronology) is not certain, which makes it difficult to clearly
address the problem of vegetation response to astronomical forcing.
In the Santa Lucia section (1.36e1.28 Ma), Joannin et al. (2007a)
observed two obliquity-related vegetation successions and climatic
cycles (MIS 43e40), while three vegetation successions also revealed
the superimposed precession influence. In fact, two precession-
related vegetation successions were, actually concomitantly driven
Fig. 8. Spectral and Wavelet analysis of pollen climate index (PCI). PCI values have been re-sa
et al., 1996). Then MEM analyses were carried out with the Strati-Signal software (version 1.0
amplitude scale where purple and red characterized weak and strong power, respectively
(1.05e1.01 Ma) to strong obliquity frequencies (1.01e0.9 Ma) (For interpretation of the refe
article).
by obliquity forcing. The ODP Site 976 pollen record extends, there-
fore, the observed obliquity-related vegetation successions over the
first half of the MPT. Because of its impacts on insolation at high
northern latitudes, obliquity drives ice volume and high-latitude
temperature changes recorded in the benthic d18O over the MPT
(Maslin and Ridgwell, 2005). Obliquity has less effect thanprecession
on insolation at low latitudes such as in southern Spain. Thus, it is
likely that, during the first half of the MPT, the climate system and,
therefore, the vegetation in the Mediterranean area mainly respon-
ded to obliquity forcing through remote impacts of global climate
changes driven at higher latitudes.

As for the Santa Lucia Section (Joannin et al., 2007a), we
observed precession-related vegetation successions in addition to
obliquity-related ones in ODP Site 976. This implies that climate
and vegetation responded to both orbital parameters during the
first half of the MPT. Precessional forest vegetation cycles within
longer-term, obliquity-dominated glacial/interglacial cycles are
also suspected in the pollen record from Leffe basin (Italy; Tzedakis,
2007). According to this author the total AP curve could suggest
a 30 kyr-long interglacial, while a closer inspection shows distinct
forest vegetation successions that responded to precessional inso-
lation cycles. Our observation leads to the same conclusion in the
lowermost part of the ODP Site 976 record. There, the onset of
vegetation succession P2 clearly drove the PCI to higher values than
those expected during this glacial phase MIS 30 (Fig. 7b). In a clas-
sical pollen interpretation, pollen phases Aw-c and Bw would have
been both associated with MIS 31. In Tenaghi Philippon pollen
record, the AP curve shows a continuous warm pollen phase
(lasting 50 kyr, from 1.09 to 1.04 Ma) attributed toMIS 31 (Tzedakis,
2007, Fig. 8). The Quercus percentage curve clearly illustrates a first
warm steady pollen phase related to MIS 31 (lasting 20 kyr, from
1.09 to 1.07 Ma) and second one (lasting 20 kyr, from 1.06 to
1.04 Ma) which is contemporaneous to Bw (1.055e1.04 Ma) and
appears, therefore, to be forced by precession. Our observation also
implies that, during the first half of the MPT, vegetation successions
driven by precession forcing are not less complete or less dramatic
than vegetation changes driven by obliquity. As for obliquity-forced
vegetation successions, the precession-driven, vegetation changes
correspond to temperate trees being replaced by altitudinal
elements and, then, steppe herbs, as if the climate deterioration
was of similar amplitude in both cases.
mpled using a simple, cubic spline function (Analyseries software, version 1.05; Paillard
.5, University of Geneva; Ndiaye, 2007). The colouring scale is on a logarithmic arbitrary
. Western Mediterranean experienced a shift at 1.01 Ma from precession frequencies
rence to colour in this figure legend, the reader is referred to the web version of this
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Fig. 7b shows that PCI maxima precisely follow the eccentricity
curve. Low-latitude insolation ismainly forced by precession, which is
modulated in terms of amplitude by eccentricity (Lisiecki, 2010). It is
expected, therefore, that climate and vegetation changes in the
Mediterranean area can reveal to some extent the eccentricity signal
and, more particularly the w100 kyr oscillation. However, obliquity
forcing is independent from eccentricity, and it is odd to observe the
apparent 100 kyrmodulation of the long-term (obliquity-related), PCI
cycles. It is likely that this apparentmodulation isultimatelyassociated
to the combination of short (precession-related) and long (obliquity-
related) vegetation cycles. In other words, although obliquity-related
oscillations clearly dominate the PCI record, the amplitude of these
oscillationsmay result to a largeextent fromthepresenceof “internal”,
shorter precession oscillations (which would be modulated by
eccentricity). These precession-related oscillations do not show up
clearly in the PCI records, but they are obviously present in the pollen
records, where they are associated to the P1eP8 vegetation changes.
Joannin et al. (2007a) made a preliminary observation of a vegetation
change linked to the eccentricity in the Santa Lucia deposits (Italy). In
both his and our study, records are too short to confidently test and
explain the w100 kyr modulation. Additional, longer records are
needed to correctly address this question.

5.3.3. Spectral analysis of the PCI record
The maximum entropy spectral analysis indicates that obliquity-

related oscillation (41 kyr) is the dominant oscillation embedded in
our PCI record (Fig. 8). Suchanobservation is ingoodaccordancewith
the well-known dominance of the obliquity forcing during the first
half of theMPT, andwith a previouswork on the vegetation response
to obliquity (Tzedakis et al., 2006).Wavelet analysismakes it possible
to look at potential spectral evolution within the PCI series. As
expected from the MEM results, a strong response is observed at the
obliquity period (41 kyr), but only from1.01 to 0.9Ma. The precession
period, on the other hand, is only clearly recorded from 1.05 to
1.01 Ma. The 100 kyr component cannot be discussed confidently as
the recordonlycovers190kyr, and, as suggestedbyseveralworks, the
100 kyr oscillation progressively develops around MPT but became
a dominant feature of the global climate much later, around 600 kyr.

Spectral analysis on AP data helps to interpret vegetation and
climate response to orbital parameters. On the well-known Tenaghi
Philippon Sequence, Tzedakis et al. (2006) found strong responses to
eccentricity, obliquity and precession forcings. In details and in the
state of the current knowledge, they did not observe strong preces-
sion frequencies between 1.3 and 0.85 Ma. These observations, plus
an SST wavelet analysis (Lourens et al., 1992), lead them to conclude
that “taken together, these resultsunderscore thepervasive influence
ofprecessiononMediterraneanclimates, including the interval of the
41 kyr world”. Based on the vegetation dynamic analysis, ODP Site
976 vegetation successions reveal two overlapping rhythms related
to vegetation and climate responses to obliquity and precession
parameters during the whole studied interval (1.09e0.9 Ma).
However, our wavelet analyses of PCI parameter show that obliquity
and precession were not recorded, together, continuously over the
studied interval. Thesewavelet analyses suggest that vegetation (and
climate) in theWesternMediterranean experienced a shift at 1.01Ma
from precession frequencies (1.05e1.01 Ma) to strong obliquity
frequencies (1.01e0.9 Ma). Yet, as we have seen above, precession-
related changes are clearly embedded in the pollen records across the
whole studied interval (i.e. the P1eP8 vegetation changes). Such an
apparent discrepancy between vegetation dynamic analysis and
wavelet analysis of the PCI record could be due to the fact that the
principal component analysis does not successfully catch the full
complexity of superimposed vegetation dynamics and is not able,
therefore, to pass on short-time climate dynamics like precession
cycles in the presence of stronger amplitude obliquity cycles.
One important conclusion of ourwork is that PCI or AP curves are
useful to study climate changes. However, used alone, such records
can bemisleading and let the palynologists miss the complex signal
resulting from the internal vegetation dynamic and its response to
orbital forcing.

5.3.4. MPT potential
Compared with the entire Pleistocene, the MPT can be consid-

ered as an abrupt climate change (Rial, 2004) that leads some author
to re-name the MPT as MPR “Mid-Pleistocene Revolution” (e.g.
Berger and Jansen, 1994; Bassinot et al., 1997; Maslin and Ridgwell,
2005). On the other hand, the ice-sheet glacial occurrences during
the MPT are also expected to characterize more intense and pro-
longed glacial stateswith associated subsequent rapid deglaciations
(Maslin and Ridgwell, 2005).

Precession-related climatic oscillations, typical of low latitudes,
are recorded inmarine sedimentary records from theMediterranean
basin since the Pliocene (Kroon et al., 1998). We expected that this
precession signature would be enhanced in our pollen records at the
MPT, since the progressive onset of the “100 kyr world is clearly
associated with a relative decrease of the obliquity response in the
global climate. But obliquity and precession-related changes are both
observed across the entire studied interval in our pollen records. And
the PCI record shows a result opposite to what is expected, with the
dominance of the obliquity signal in the upper part of the studied
interval. Thus, as for the CentralMediterranean (Joannin et al., 2007a,
2008), the pollen-inferred Early Pleistocene vegetation dynamic (and
climate) of the Western Mediterranean region does not clearly
evidence a decrease of the obliquity response relative to the
precession signal at the onset of the MPT. One possibility to explain
this observation is that this change indominance occurredduring the
secondhalf of theMPT (i.e. 0.900e0.600Ma), beyond the scopeof the
present study.

Marine sediments from theMediterraneanSea provideamong the
best records spanning the Late/Early Pleistocene and MPT, making it
possible to better constrain vegetation, climate, and carbon-cycle
responses toorbital forcing (witha focuson the41kyrworld) asasked
by Lisiecki (2010). Tzedakis et al. (2009) evidenced, on orbital and
millennial time scales, relationships between atmospheric green-
house gas concentrations and vegetation variations for the eight last
climate cycles. Such studies really need to be extended further in the
past with independent chronological tools.

6. Conclusion

At ODP Site 976, Pleistocene deep-sea sediments are a combina-
tion of repetitive turbidite mud layers, which suggest a southern
Iberia margin source, embedded in hemipelagic sediments. Clays
and palynomorphs indicate both river- and wind-transported
pollen grains. The pollen record, therefore, documents vegetation
and climatic changes in the Western Mediterranean.

To resolve discrepancies between the original d18O-derived and
SST-derived stratigraphies at the beginningof theMPT,wehad [1] to
compare the pollen-inferred first Factor pollen climate index (PCI)
with a regional oxygen isotope record from the Ionian Sea (KC01b)
and with the global, LR04 benthic oxygen isotope stack, and [2] to
downward extend the studied interval and add up-to-date bio-
events information. We put forward a revised age calibration that
ran from MIS 31 (w1.09 Ma at w260 mcd) to MIS 23 (w0.90 Ma at
w230 mcd) and, therefore, propose a revised age-model for the
studied interval. It gives an estimate for the average sedimentation
accumulation rate of 0.157 m/kyr.

From the pollen record, the absence of sub-tropical taxa, such as
Cathaya, Taxodiaceae and Carya, supplies information on the late
Early Pleistocene climatic conditions that experienced reduced
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temperature and wetness. In this context, the interglacial MIS 31
appears to be an exceptional long period, with particularly warm
conditions in the Mediterranean area. Pterocarya and Zelkova pollen
rarefy in the following interglacials, which probably announces their
close extinction in Southern Iberia. Quantitative climate reconstruc-
tions show unambiguously that the modern analogues technique
(MAT) can successfully be applied to older periods, such as the MPT,
when the presence of sub-tropical taxa is quasi-negligible. Recon-
structionsmimic glacialeinterglacial phases recorded by the PCI. The
observedwinter temperature anomalies of about�5 �C for older cold
phases are in the range of glacial temperature reconstructions for the
Early Pleistocene in the Mediterranean area, whereas the recon-
structed �10 �C cooling for the following cold phases seem meth-
odologically biased due to the lack of modern analogues.

Further back in time, we evidenced climatically-induced vege-
tation changes, which are characterized by the replacement of
temperate trees and shrubs, such as oak and heath, by mountain
taxa, and then by herbs and steppe taxa (Ast. Cichorioideae, Amar-
anthaceae, Artemisia, Ephedra dystachia). Pioneers heliophylous
Cupressaceae (and sometimes Pinus) initiated vegetation succes-
sions. Over the studied interval, five long-lasting, obliquity-related
vegetation successions O1eO5, and eight short-lasting, precession-
related vegetation successions P1eP8 are organized with the same
pattern and can only be discriminated by their duration. Only the
forest phase of the precession-related vegetation succession is
usually described in the Mediterranean. Our observations imply,
therefore, that the vegetation succession that takes place during
a half precession cycle is not limited to a change of forest trees, but
corresponds to a drastic vegetation change, including a final steppe
phase under deteriorated climate conditions.

Spectral and wavelet analysis on AP or PCI data helps to interpret
vegetation and climate response to orbital parameters.While, for the
Tenaghi Philippon Sequence in the eastern Mediterranean, Tzedakis
et al. (2006) did not observe strong precession frequencies between
1.3 and 0.85 Ma, our data from the western Mediterranean indicate
a shift at 1.01 Ma from precession frequencies (1.05e1.01 Ma) to
strongobliquity frequencies (1.01e0.9Ma). Theapparentdiscrepancy
between our vegetation dynamic analysis andwavelet analysis of the
PCI record could be due to the fact that the principal component
analysis does not successfully catch the full complexity of super-
imposed vegetation dynamics and is, therefore, less likely to show
short-time climate dynamics like precession cycles in the presence of
stronger amplitude obliquity cycles. PCI or AP curves appear useful to
study climate changes and may be considered equivalent climate
proxy to isotope one. However, used alone, such records can be
misleading and let the palynologists miss the complex signal
resulting from the internal vegetation dynamic and its response to
orbital forcing.

As for the Central Mediterranean (Joannin et al., 2007a, 2008),
the pollen-inferred Early Pleistocene vegetation dynamic (and
climate) of the Western Mediterranean region does not show
a decrease of the obliquity response relative to the precession
response at the onset of the MPT.
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