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ARTICLE INFO ABSTRACT

Handling Editor: Dr Yan Zhao The Early to Middle Pleistocene Transition (EMPT; 1.4 to 0.4 Ma) represents a major change in the Earth’s

climate, marked by a shift from obliquity-driven glacial cycles of 41,000 years to dominant cycles of 100,000

Keywords: years. This period is crucial for understanding climate and vegetation change, as it marks the final phase of the

Late ear.ly pleistocene disappearance of megatherm and mesotherm forest taxa that had been present in Europe since the Miocene and

:eﬁetatwn Pliocene period. However, sedimentary records from this period are sparse, particularly in the Mediterranean
ollen

region. Here, we present continuous pollen and isotopic records spanning Marine Isotope Stages (MIS) 37-31
(~1.25-1.06 Ma) from site ODP 976 in the Alboran Sea, the first continuous sequence in the Western Medi-
terranean for this period, which is discussed in light of a corpus of records to reflect the broader dynamics of the
Mediterranean vegetation. Pollen data show similar successions around the Mediterranean: steppe vegetation
during glacial periods, temperate forests during interglacial periods, and the development of conifers during
transition phases, reflecting the gradual shift from 41 ka to 100 ka cycles. Differences in the vegetation
composition between the west and the rest of the Mediterranean during Interglacial-Glacial/Glacial-Interglacial
transitions are highlighted by the important role of Cupressaceae and Ericaceae. It clearly indicates the scarcity
of relict taxa (Sciadopitys, Cathaya, Eucommia) south of 40°N, revealing a north-south gradient of decline asso-
ciated with increasing aridity and challenging the traditional view of "southern refugia."

Relict taxa
Glacial and interglacial oscillation
Mediterranean

1. Introduction kyr cycle is known as the Mid-Pleistocene Transition (MPT), occurring

from around 1.25 to 0.75 Ma (Clark et al., 2006) or, more broadly, as the

The Quaternary period is characterized by alternating warm inter-
glacial phases and cold glacial phases, collectively forming climatic
cycles with varying periodicities linked to orbital parameters. During
this period, which lasted for 2.6 Ma, the duration of climatic cycles
changed, with, notably, the lengthening from 41 kyr, controlled by
obliquity, to 100 kyr cycles, linked to eccentricity forcing (Ruddiman
et al., 1986; Head and Gibbard, 2015). The period characterized by the
transition from a 41 kyr obliquity-driven glacial cycle to a dominant 100
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Early Middle Pleistocene Transition (EMPT), from 1.4 to 0.4 Ma (Head
and Gibbard, 2015). This key time period is marked by an increase in
global ice volume and a cooling of sea surface temperatures (SST) due to
increasingly intense glacial periods (Head and Gibbard, 2015; Herbert,
2023).

These climate changes may have had an impact on the earliest
hominin settlement of Western Europe, currently dated to 1.4-1.2 Ma
(Carbonell et al., 2008; Huguet et al., 2025; Moyano et al., 2011). Over
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the past decades, this period has been extensively studied, in particular
to determine whether climatic conditions, and thus vegetation and
fauna, influenced the early peopling of Western Eurasia (Saarinen et al.,
2021; Ochando et al., 2022; Margari et al., 2023). The early phase of the
EMPT, approximately spanning Marine Isotope Stages (MIS) 37 to 31
(~1.25 - ~1. 06 Ma) are of particular interest as they were punctuated
by two pronounced glacial periods (MIS 34 and 36) and a super inter-
glacial (MIS 31) (Sanchez Goni et al., 2016; Margari et al., 2023). In
addition, during this period, the interglacial periods began to last for
longer, in particular, MIS 35 (~45-50ka) (Barker et al., 2022).

During the Miocene (23.03-5.33 Ma), the northern Mediterranean
vegetation mainly consisted of subtropical forest and gradually trans-
formed into Mediterranean sclerophyllous vegetation (Suc et al., 2018).
From the Pliocene to the Middle Pleistocene, the subtropical vegetation,
dominated by Taxodium, Cathaya, Sequoia, was progressively replaced
by more temperate vegetation, dominated by deciduous Quercus and
Carpinus. The diversity of the forest decreased during this period
(Donders et al., 2021). These changes in vegetation are linked to marked
climate changes, successive cooling periods: in the middle Miocene
(~13.6 Ma), during Early-Late Pliocene transition (~3.6 Ma), the
Pliocene-Pleistocene transition (~2.6 Ma) and the Gelasian-Calabrian
transition (Suc et al., 2018; Magri et al., 2017). Moreover the increase
in the intensity of seasonal drought and the decrease in available
moisture, resulting in more widespread steppe plants such as Artemisia
(Suc and Zagwijn, 1983; Suc, 1984; Combourieu Nebout, 1993; Bertini,
2003; Magri et al., 2017; Suc et al., 2018). The EMPT is a key period for
understanding changes in vegetation around the Mediterranean basin
and the disappearance of subtropical taxa. The first reconstruction of
Eurasian vegetation during the EMPT began in the 1960s-1980s
(Ricciardi, 1965; Zagwijn, 1974; Suc, 1984; Suc and Zagwijn, 1983).
Recent studies focus on higher resolution analysis to better understand
vegetation changes at a regional scale and the timing of the disappear-
ance of relict taxa (e.g., Sciadopitys, Cathaya, Eucommia), in the Medi-
terranean area (Biltekin et al., 2015; Combourieu-Nebout et al., 2015;
Magri et al., 2017; Benitez-Benitez et al., 2018; Andrieu-Ponel et al.,
2021; Donders et al., 2021; Bertini and Combourieu-Nebout, 2023).
These studies reflect the complexity of defining the chronology and
geographic trends of these extinctions. Since the Miocene epoch, there
have been disparities in vegetation cover, with southern regions already
exhibiting more open environments and sparser forests (Suc et al.,
2018). Two distribution gradients are often mentioned in the literature,
iie. N-S and E-W, even if the patterns seem more complex
(Combourieu-Nebout et al., 2015; Magri et al., 2017; Benitez-Benitez
et al., 2018; Suc et al., 2018).

To date, the EMPT is still poorly documented in the Mediterranean,
due to the scarcity of long and continuous sequences panning this
period. Few continuous sequences cover the end of the Early Pleisto-
cene, especially the period from ~1.25 to 1.06 Ma, corresponding to MIS
37 to 31. Most of these sequences are terrestrial, with very few outcrop
sequences and no other continuous marine cores. Only six continuous
sequences are available for the whole Mediterranean area: in Spain,
Palominas (Altolaguirre et al., 2019, 2020, 2021) and Bobila Ordis
(Julia Brugues and Suc, 1980; Leroy, 1988, 2008; Suc and Popescu,
2005); in Italy, Monte san Giorgio (Dubois, 2001) and Montalbano
Jonico (Joannin et al., 2008); in the Balkan region, Lake Ohrid (Wagner
et al., 2019; Panagiotopoulos et al., 2020; Donders et al., 2021) and in
Greece, Tenaghi Philippon (Van Der Wiel and Wijmstra, 1987a, 1987b;
Tzedakis et al., 2006; Pross et al., 2015). Two sequences only record part
of MIS 37-31: e.g., Madonna della strata (Magri et al., 2010) and Fornaci
di ranica (Ravazzi et al., 2005) in Italy are associated with stages MIS 37
or 35 and MIS 31. Other available sites from this period yield imprecise
dating: e.g., Saint-Macaire (France; Leroy et al., 1994), Pietrafitta
(GeMiNa, 1962; Fusco, 2007; Martinetto et al., 2014), Leonessa (Italy;
GeMiNa, 1962; Ricciardi, 1965; Fubelli et al., 2008), Leffe (Italy; Rav-
azzi and Rossignol Strick, 1994; Ravazzi, 1995; Ravazzi and Rossignol
Strick, 1995), Monte Poggiolo (Italy; Lebreton, 2004), Mas Grill (Spain;
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Geurts, 1977), Cal Guardiola (Spain, Postigo Mijarra et al., 2007) and/or
insufficient resolution: Mas Miquel (Spain; Geurts, 1977), Moli Vell
(Spain; Geurts, 1977; De Deckkers et al., 1979) and Lake Acigol
(Tiirkiye; Andrieu-Ponel et al., 2021). Reliable representations of the
complex dynamics of vegetation and climate around the Mediterranean
basin are thus limited, due to the paucity of continuous, well-dated se-
quences. Long continuous records are crucial in order to advance our
knowledge of the EMPT.

We present new continuous isotopic and pollen data obtained for the
period between 1.25 and 1.06 Ma (MIS 37 to 31) at the ODP 976 site
located in the Alboran Sea. These data complement previous studies
carried out on the same core for MIS 31-23 (1.08-0.9 Ma) (Joannin
et al., 2011). This site, located in the extreme southwest of the Medi-
terranean basin, yielded the first marine data for the region. These data
are complemented by the continuous sequences published (Leroy, 1988,
2008; Dubois, 2001; Joannin et al., 2008; Pross et al., 2015; Altolaguirre
et al., 2020; Donders et al., 2021) throughout the Mediterranean region
to enhance the comprehension of the climatic and environmental con-
texts at the basin scale and over this time period. This study aims to i)
better understand vegetation and climate dynamics at a time when 41 ka
cycles began to increase in duration and ii) provide a continuous view of
the disappearance of some relict taxa in the Mediterranean at the end of
the Early Pleistocene.

2. General setting of ODP 976
2.1. Core location and sedimentation

ODP Leg 161 Site 976 (36°12.30N, 4°18.8'W; Fig. 1) is located in the
west part of the Alboran Sea, 110 km from the Strait of Gibraltar, about
150 km north of Morocco and about 60 km south of Spain. The core was
drilled inside the western Alboran Gyre at a depth of 1108 m (Comas
et al, 1996). The sedimentation is composed of homogeneous
nannofossil-rich clays and silt. The ODP 976 reference core corresponds
to the combination of three holes, B, C and D, to obtain the best recovery
of sediments with a composite depth (mcd) calculated using correlations
of the susceptibility records of the three holes (Comas et al., 1996). The
upper 362 m of sediment correspond to Late Pliocene and Pleistocene
lithostratigraphy, with two sedimentary gaps between 284 and 287 mcd
and between 190 and 197 mcd (Comas et al., 1996; Joannin et al.,
2011).

2.2. Climate, vegetation and sea circulation

The coast of the Mediterranean basin (Fig. 1) is mostly exposed to a
Mediterranean climate (CSa), corresponding to a temperate climate with
wet, mild winters and warm and dry summers, according to Koppen’s
classification (e.g., Granada, Oran, Chefchaouen, Malaga). Some areas
(e.g., Almeria) correspond to a cold semi-arid climate (BSk), consisting
of a steppe with hot summers and cold winters (Koppen, 1936; Quézel
and Médail, 2003; Peel et al., 2007; Sanchez-Laulhé et al., 2021). At
present, the mean annual temperature is about 17.7 °C along the coast
and 15.3 °C at higher altitudes. In this region, summer drought (pre-
cipitation <40 mm) lasts between four and five months. Strong levanter
winds blow frequently in the Strait of Gibraltar while strong warm winds
from the east are sporadically generated by the northward shift of the
Inter-Tropical Convergence Zone (Guerzoni et al., 1997). The Vendavel,
a cold wind from the Atlantic Ocean, blows from the west. It is more
common in winter, and can cause storms (Shaltout and Omstedt, 2014).

The Mediterranean vegetation is organized into successive belts from
the seashore to the mountainous hinterland, mainly limited by the
minimum temperature of the coldest month (MTCO) (Quézel, 1979;
Rivas-Martinez, 1981; Ozenda, 1994; Quézel and Médail, 2003). Five
vegetation belts are listed (Fig. 1): infra-Mediterranean (MTCO >7 °C),
thermo-Mediterranean (MTCO >3 °C), meso-Mediterranean (0° <
MTCO <3 °C), supra-Mediterranean (—3° < MTCO <0 °Q),
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Fig. 1. Location map of the core ODP 976. Ocean circulation in the Alboran Sea (Sanchez-Garrido and Nadal, 2022a; Toti et al., 2020): The Atlantic Jet (AJ), the
western Alboran Gyre (WAG), the eastern Alboran Gyre (EAG), the Central Cyclonic Gyre, the Levantine Intermediate Water (LIW), Western Mediterranean Deep
Water (WMDW), Mediterranean Outflow Water (MOW). Vegetation and climate in the Alboran Sea edges: ombrothermic diagrams (www.climate-data.org) for
several cities around the basin and vegetation belts described by Quézel and Médail (2003). Wind rose of Alboran that represents how many hours a year the wind

blows in the direction indicated (www.meteoblue.com).

oro-Mediterranean (—7° < MTCO < —3 °C) (Quézel and Médail, 2003;
Médail, 2022). The infra-Mediterranean belt only develops on the
southern coast of Morocco and is characterized by Argania spinosa and
Acacia gummifera, with some Euphorbia. The thermo-Mediterranean belt
(0 m < altitude <300-700 m) is mainly composed of Olea, Ceratonia,
Pistacia, Chamaerops humilis, Juniperus and Tetraclinis. The
meso-Mediterranean belt (with an altitude range of 300-700 m to
1000-1200 m) is primarily a forest dominated by Pinus halepensis and
several evergreen Quercus species (e.g., Q. ilex, Q. coccifera, Q. suber).
Deciduous oaks, in particular Quercus pubescens, as well as Ostrya car-
pinifolia and Carpinus orientalis, grow in the supra-Mediterranean
forested belt (1000-1200 m < altitude <1500-1700 m). Mediterra-
nean mountain (oro-Mediterranean) belts (1500-1700 m < altitude
<2000-2300 m) consist mainly in a conifer forest with Juniperus, Pinus
nigra, Cedrus (only in Morocco today) and Abies (Benabid, 1985; Ozenda,
1994; Quézel and Médail, 2003; Médail, 2022).

Atlantic waters, called the Atlantic jet, enter the Mediterranean Sea
through the Strait of Gibraltar (Fig. 1). These waters circulate on the
surface from west to east of the Alboran Basin through two main oceanic
gyres, the Western Alboran gyre (WAG) and the Eastern Alboran gyre
(EAG) and a smaller one, the Central Cyclonic Gyre (CCG)
(Sanchez-Garrido and Nadal, 2022b). At depth, the Levantine Interme-
diate Water (LIW) and the Western Mediterranean Deep Water
(WMDW), which are denser and saltier, circulate from east to west.
These two currents exit into the Atlantic through the strait and form the
Mediterranean Outflow Water (MOW) (Tintore et al., 1988; Fabres et al.,
2002; Pérez-Folgado et al., 2003; Moreno et al., 2005; Macias et al.,
2016).

3. Materials and methods
3.1. Age model methods

Several age models have been constructed for this core over the

EMPT using either MIS correlation of the planktonic foraminiferal §'%0
curve (von Grafenstein et al., 1999), ocean surface temperature re-
constructions (Gonzalez-Donoso et al., 2000), or calibration points,
defined notably with calcareous nannofossil events, sapropels and ma-
rine isotopic stage transitions (Joannin et al., 2011). In the present work,
control points are based on two sapropels (Lourens, 2004; De Kaenel
et al., 1999; Murat, 1999), a nannofossil event, the Lower Occurrence of
Reticulofenestra asanoi (Reale and Monechi, 2005) and the MIS transi-
tions obtained by correlations between the 580 ODP 976 record and the
5180 reference curves of the Mediterranean (Wang et al., 2010), and the
global ocean stack from Lisiecki and Raymo (2005) (Fig. 3B). A linear
regression was applied from these fixpoints. As the resolution of the 5'80
isotope curve of the ODP 976 from von Grafenstein et al. (1999) was not
sufficient (25 samples, with one sample every metre), new stable isotope
measurements were carried out here to detect the position of the MIS
transitions more precisely.

3.2. Stable isotope analysis

Stable oxygen isotopes were measured in fifty-six samples (spacing 7
c¢m-100 cm, an average of every 30 cm) of shallow deep-living plank-
tonic foraminifera Globigerina bulloides (range 250-315 pm). Between
eight to twelve individuals were selected. Methanol and ultrasound were
used to clean the tests without altering them. Analyses were performed
at the Laboratory for Sciences of Climate and Environment (LSCE,
France with analytical platform PANOPLY) on an Isoprime dual-inlet
Isotope Ratio Mass Spectrometer (Elementar). The measurements of
5180 values (expressed in %o) are reported versus the Vienna Pee Dee
Belemnite standard (VPDB) with respect to 603 (580 = -2.37 %0) and
NBS 18 (5'80 = -23.2 %) standards.

3.3. Pollen analysis

One hundred and twenty-two pollen samples were collected between
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258.72 and 281.23 mcd (metre composite depth) with a spacing of 2
cm-40 cm (average every 18 cm). Samples were processed using a
standard method derived from Combourieu Nebout et al. (1999) and
Sassoon et al. (2023). Foraminifera were first separated by sieving at
150 pm, then HCl (33 %) and HF (70 %) attacks were performed to
extract the pollen grains, followed by ultrasound and 10 pm sieving.
Two aliquot tablets of Lycopodium were added at the beginning of the
pollen process to calculate palynomorph concentrations. A minimum of
150 grains (more than 300 grains including Pinus) and a minimum of 15
taxa were counted for each sample. The Main Pollen Sum (MPS) sum
excluded aquatics (e.g., Typha, Sparganium) and Pteridophyte spores (e.
g., Isoetes, Pteris), as well as Pinus due to its overrepresentation in the
marine record (Heusser, 1988; Fletcher and Sanchez Goni, 2008;
Beaudouin et al., 2007; Joannin et al., 2011). Pollen grains were iden-
tified using reference slides and iconographic atlases (e.g., Beug, 2004;
Reille, 1992). The three samples at the top of our pollen sequence were
analysed by Joannin et al. (2011). The microflora is composed of 144
taxa classified into different ecological groups (Table 1). Pollen per-
centages were calculated using MPS sum except for Pinus, aquatic plants
and fern spores, which were calculated using the total sum of pollen
grains (TSP). Pollen analysis of a marine sequence provides a regional
record which will cover the vegetation of southern Spain and northern
Morocco in the case of ODP 976 core. Percentage diagrams were drawn
using TILIA software (version 3.0.1; Grimm, 1991).

Pollen zones were generated using the CONISS (Constrained Incre-
mental Sum of Squares) clustering method available in the Tilia software
(version 3.0.1), based on the total number of taxa. The pollen zones were
then manually refined based on a visual interpretation of the CONISS
results.

4. Results
4.1. Isotopes and age model results

The 580 values obtained from the fifty-six new samples were added
to the twenty-five 5'80 values previously obtained by von Grafenstein
et al. (1999). In this way, we obtained a high-resolution isotope curve to
better define the position of the different MIS (Fig. 2). The curve from
the study by von Grafenstein et al. (1999) linked the final stage before a
sedimentary gap between 284 and 287 mcd to MIS 35. However, com-
plementary analyses have now refined this interpretation. According to
the new data, the intense interglacial at the base of the series is now

Table 1
Composition of the ecological groups. The asterisk * identifies relict taxa.

Ecological groups Taxa

Subtropical group
Temperate forest

Euphorbiaceae Croton type, Myrica
Acer, Alnus, Betula, Carpinus betulus, Carpinus orientalis/Ostrya
type, Carya*, Castanea, Corylus, Fagus, Fraxinus, Hedera, Ilex,
Jasminum, Juglans, Ligustrum, Platanus, Populus, Pterocarya*,
Quercus deciduous type, Salix, Tamarix, Ulmus/Zelkova type*
Montane forest Abies, Cathaya*, Cedrus, Picea, Tsuga*
Mediterranean Cistaceae, Cistus, Cistus ladanifer type, Myrtus, Nerium oleander,
group Olea, Pistacia, Phillyrea, Quercus ilex type, Rhus
Open vegetation Alyssum type, Ambrosia, Apiaceae, Armeria, Asphodelus,
Asteraceae Asteroideae, Brassicaceae, Carduus type,
Caryophyllaceae, Centaurea, C. cyanus type, C. jacea type, C.
scabiosa type, Asteraceae Cichorioideae, Convolvulaceae,
Convolvulus, Crassulaceae, Cyperaceae, Euphorbia,
Euphorbiaceae, Fabaceae, Gentianaceae, Geraniaceae,
Helianthemum, Knautia, Lamiaceae, Liliaceae, Linum,
Malvaceae, Mercurialis type, Papaveraceae, Paronychia/
Hernaria type, Plantago, Plumbaginaceae, Poaceae, Polygonum,
Ranunculaceae, Rosaceae, Sangisorba, Saxifraga, Scabiosa,
Scrophulariceae, Silene type, Stellaria type, Valeriana,
Valerianella
Amaranthaceae, Artemisia, Calligonum, Ephedra distachya,
Ephedra fragilis, Erodium, Lygeum

Steppe
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attributed to MIS 37 rather than MIS 35, as MIS 37 is clearly identified as
a well-expressed interglacial in both Mediterranean and global reference
curves (Lisiecki and Raymo, 2005; Wang et al., 2010). Consequently, the
position of the MIS 34-35 transition moved from 276.46 to 269.1 mcd
(Fig. 2). The transition between stages 31 and 30 has also been moved
from 258.47 to 256.53 mcd (Fig. 2). The more accurate positioning of
these MIS helps to define fixpoints based on the association of our depths
with the transition dates of the transition defined by Lisiecki and Raymo
(2005).

The new age model (Fig. 3A) follows a linear regression based on 10
fixpoints (Fig. 3B): seven MIS transitions, sapropel 625 dated around
1144 ka, sapropel 624 dated around 1111 ka (Lourens, 2004; De Kaenel
et al., 1999; Murat, 1999), and the Lower Occurrence of Reticulofenestra
asanoi, corresponding to the MIS 34-33 transition, dated around 1141 ka
(Reale and Monechi, 2005).

The time resolution of sampling corresponds to ~350-~4000 years
(with an average of 1400 years) for pollen data and ~800-~6000 years
(mean ~ 2400 years) for oxygen isotopes. These ages are obtained by
interpolation between the fixpoints.

4.2. Pollen analysis

The pollen sum is between 126 and 268 grains (mean: 183) for the
Main Pollen Sum (MPS) and between 223 and 562 (349 grains) for the
Total Sum of Pollen (TSP). Only three samples were excluded from the
diagram due to their low pollen counts; at the beginning of MIS 32 (at
~1100 and at ~1102 ka) and during MIS 37 (at ~1223 ka). Between 15
and 28 pollen taxa were determined, distributed into 31 families and 72
genera. The pollen assemblages correspond to a typical Mediterranean
vegetation organized into altitudinal belts with meso- and thermo-
Mediterranean vegetation characterized by Pinus, Quercus deciduous
type, Q. ilex type, Carpinus, Cistus, Ostrya, Olea and Cupressaceae
(Cupressus/Juniperus type), and a Mediterranean mountainous vegeta-
tion belt dominated by Cedrus and Abies. The coastal area is character-
ized by common Mediterranean open vegetation and steppe plants, such
as Asteraceae, Poaceae, Ephedra, Amaranthaceae and Artemisia.

Based on the CONISS clustering method and the variations in per-
centages of the main taxa, eight pollen zones and eleven pollen sub-
zones were delimited. They correspond to the main phases of changes
in vegetation between 1.235 and 1.063 Ma, or to the time-period from
the end of MIS 37 to MIS 31 (Fig. 4, Table 2). Vegetation changes consist
mainly of fluctuations between deciduous Quercus forest and steppic
environments (with Artemisia, Ephedra and Amaranthaceae), reflecting
climate oscillations between warm/humid and cold/dry conditions
(Fig. 4, Table 2).

Quercus deciduous-type is the main component of the temperate
forest, associated with Fraxinus and Carpinus, and highlights warm/
humid phases (pollen zones: I, III, V, VIII), as well as the development of
fern and aquatic plants; cf Isoetes. From MIS 33 onwards (~1.114 Ma),
the temperate forest appears to be more diversified with the presence of
Carpinus betulus, Carpinus orientalis/Ostrya type, Corylus, Fraxinus, Salix
in pollen zones V, VI, VII, VIII. The maximum diversity is observed
during MIS 31 (1.081-1.062 Ma), with the occurrence of Pterocarya,
Juglans and Ulmus/Zelkova-type in pollen zones VIIL.a, VIILb. A few
relict taxa occur sporadically in the temperate forest component, such as
Carya (pollen zone IV.a) and Pterocarya (pollen zones VII, VIIL.a, VIIL.b),
while in the montane forest, Cathaya (pollen zone I.a) and Tsuga (pollen
zone Lb, VII) are occasionally present. The pollen assemblage only
shows occurrences of relict taxa. The development of an Ericaceae phase
at the end of each interglacial period probably indicates cooler and
wetter conditions.

Repetitive increases of Artemisia, Amaranthaceae, Ephedra indicate
the development of steppe phases. At the same time, Cupressaceae and
high-altitude conifer forest taxa develop, particularly Cedrus, then Abies
and Picea, mainly in the nearby mountains (pollen zones II.a, IL.b, IV.b,
IV.c, VI, VII).
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Fig. 2. Correlation between Mediterranean (magenta), Global (purple) and ODP 976 520 isotopes curves (blue and grey curves). The grey line corresponds to the
isotope curve by von Grafenstein et al. (1999) and the blue curve shows all the isotopic data, including our new measurements. ODP 976 curves are plotted against to
depth. The grey dotted lines represent the previous MIS 35 correlation by von Grafenstein et al. (1999) and the grey bars shows the updated correlation.

A
255 B
' Type Name Depth (mcd)  Age (ka)
260 4 MIS transition  31-30 256.53 1062
MIS transition 32-31 261.64 1081
2654 MIS transition  33-32 264.84 1104
B Sapropel 624 (i-104) 264.913 1111
£ Nanofossil LO Reticulofenestra asanoi (MIS 34-33) 266.63 1114
§ 2707 MIS transition 35-34 260.1 1141
a Sapropel 625 (-108) 269.745 1144
275 1 MIS transition  36-35 272.99 1190
MIS transition 37-36 277.54 1215
280 1 MIS transition 38-37 282.24 1244
285 1 k

1050 1100 1150 1200 1250
Age (ka)

Fig. 3. Age-depth model of ODP 976 between 255 and 285 mcd. A: Age model curve with the fixpoints used (red circles). B: Table of fixpoints. LO:
Lowest Occurrence.
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palynomorphs.
5. Discussion
5.1. Mediterranean vegetation changes during the late Early Pleistocene

5.1.1. Vegetation succession recorded in the Alboran Sea

The ODP 976 vegetation oscillations are clearly correlated with the
planktonic 580 variations from the same core and are consistent with
the 8'80 variations in the global record (LRO04; Fig. 5; Lisiecki and
Raymo, 2005).

The high-resolution pollen record on ODP 976 shows alternating
temperate and steppic vegetation phases between MIS 37 and 31, each
illustrating successive vegetation shifts. All along our pollen record, the
general pattern shows five distinct phases, starting with a cold/warm
transition period (Figs. 5 and 7):

1) Development of Cupressaceae indicating the onset of wetter
conditions.

2) Expansion of temperate deciduous forest linked to warmer and
wetter conditions. Mainly dominated by Quercus deciduous type,
Fraxinus, Carpinus and Corylus, the forest also includes some Medi-
terranean taxa, such as Quercus ilex type and Cistus. Forest develop-
ment coincides with interglacial periods.

3) Development of Ericaceae indicating cooling and persistence of wet

conditions throughout the year due to a reduction of evaporation and

seasonality.

Expansion of the high-altitude conifer forest (particularly Cedrus)

showing a return to cool-humid conditions and indicating the tran-

sition from an interglacial to a glacial period.

Expansion of steppe taxa (Artemisia, Amaranthaceae, Ephedra dis-

tachya and E. fragilis) indicating the onset of drier/colder conditions,

typically observed during glacial episodes.

4

—

5

—

These successions were also observed between MIS 30 and 23
(1060-900 ka) in the ODP Site 976 (Joannin et al., 2011), showing
similar vegetation dynamics at the end of the Early Pleistocene.

5.1.2. An overview of late Early Pleistocene mediterranean vegetation
around the Mediterranean Sea

Six late Early Pleistocene continuous long sequences are contempo-
raneous with ODP 976: Palominas in southern Spain (Altolaguirre et al.,
2019, 2020, 2021), Bobila Ordis in northern Spain (Julia Brugues and
Suc, 1980; Leroy, 1988, 2008; Suc and Popescu, 2005), Monte San
Giorgio (Dubois, 2001) and Montalbano Jonico in southern Italy
(Joannin et al., 2008), Lake Ohrid (Wagner et al., 2019; Panagiotopoulos
et al., 2020; Donders et al., 2021) and Tenaghi Philippon (Van Der Wiel
and Wijmstra, 1987a, 1987b; Tzedakis et al., 2006; Pross et al., 2015) in
the Balkans and Greece, respectively (Fig. 6). Similar interglacial and
glacial cycles are depicted by fluctuations in temperate forest and steppe
taxa across Montalbano Jonico, Lake Ohrid, Tenaghi Philippon and ODP
976. Bobila Ordis, Palominas and Monte San Giorgio show different
patterns. In Bobila Ordis, glacial periods are represented by open
vegetation. In Palominas, the local vegetation includes Pinus, high-
lighting glacial-interglacial variations. In Monte San Giorgio, Pinus and
temperate taxa represent fluctuating warm and cold periods.

Ericaceae are more abundant in the ODP 976 record, reaching up to
30 %, compared to the other sites (Fig. 6). Based on current vegetation
distribution in southern Spain and northern Morocco, the Ericaceae
recorded in our data probably include Arbutus, Arctostaphylos, Erica,
Rhododendron ponticum and Vaccinium uliginosum (Castroviejo et al.,
1993). Similar proportions have been found in more recent time periods
(MIS 20 to 19 and MIS 30 to 23), and interpreted as a response to
increasing oceanic influences (Joannin et al., 2011; Toti et al., 2020).
This is also supported by the high percentages of Ericaceae recorded in
the marine core U1385 off Portugal during MIS 19 (Sanchez Goni et al.,
2016).

Mediterranean taxa are poorly or not at all represented at the Med-
iterranean sites, except in Palominas (Fig. 6). This high proportion of
Mediterranean taxa in southern Spain is corroborated by significant
percentages of Quercus ilex type and Olea recorded in the nearby
contemporaneous archaeological sites of Fuente Nueva 3 and Barranco
Leon (Ochando et al., 2022). Such vegetation is typical of thermo- and
meso-Mediterranean vegetation belts and represents the local
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Table 2

Description of pollen zones.

Zones

Depth (mcd)

Age (ka BP)

Pollen description

VIILc

VIILb

VIILa

Vil

VI

A

IV.e

256.53-257.29

257.29-259.50

259.50-261.12

261.12-263.41

263.41-264.85

264.85-266.72

266.72-267.12

1062-1064.83

1064.83-1073.04

1073.04-1079.07

1079.07-1093.72

1093.72-1104.95

1104.95-1114.98

1114.98-1119.35

Quercus deciduous type constant
(20 %). Low percentage of
Ericaceae (~5 %). Increase of
Mediterranean taxa (~6 %) and
Cichorioideae (~30 %). Ephedra
distachya is absent.

Low percentages of Quercus
deciduous type (~18 %) and
Ericaceae constant around 26 %.
Presence of Corylus, Juglans and
Ulmus/Zelkova. Continuous
herbaceous taxa with a peak of
Asteraceae Cichorioideae (23 %)
and an increase of Cyperaceae
(~5 %). Steppic taxa (~13 %) and
Cedrus (~2 %). Cupressaceae
decrease (2-0 %) and
Mediterranean taxa are absent.
Quercus deciduous type (up to
~20 %), Carpinus betulus (~1 %),
Carpinus orientalis/Ostrya (~0.8
%), Fraxinus (~0.8 %), Pterocarya
(~0.2 %) and Salix (~0.6 %).
Ericaceae up to (21-37 %).
Herbaceous taxa, Cupressaceae
and Quercus ilex type with
continuous record. Brassicaceae
and Caryophyllaceae increase (16
%). Artemisia down to 3 % and
Amaranthaceae down to 2.5 %.
Ephedra fragilis and Ephedra
distachya absent. Picea only
present at the beginning and
Cedrus rising at the end. Fern
spores.

High percentages of Artemisia (up
to 24 %), Amaranthaceae (up to
15 %). Ephedra decrease. Quercus
deciduous type, herbaceous plant
(Asteraceae Cichorioideae: ~17
%, Asteraceae Asteroideae: ~6 %,
Poaceae: ~6 %) and Cupressaceae
(~4 %) in constant values. Low
percentages of Ericaceae.
Maximum percentages in montane
taxa (Cedrus ~11.5 %. Abies ~5.5
% and Picea ~5 %). Tsuga and
Platanus only in one sample. Ferns
absent.

Quercus deciduous type decrease
(down to ~4 %). Herbaceous
(~34.5 %) and Ericaceae (~12 %)
decrease slightly. Steppic taxa
decline (44-12 %) with a high
peak of Artemisia (38 %) at
1102.79 ka. Increase in montane
elements: Cedrus (3-12 %), Abies
(0.3-3.7 %) and Picea (0.6-3.2 %).
Cupressaceae rise (0.6-5.5 %).
Quercus deciduous type high
percentages (49.3 % around 1112
ka). Low values of Carpinus
betulus, Fraxinus and Corylus.
Montane taxa and Cupressaceae
decrease. Ericaceae increase.
Quercus ilex type slightly increase
up to 3 %. Artemisia and
Amaranthaceae respectively up to
5.5 %. and 1.5 %. Ephedra
distachya and Ephedra fragilis at
the end respectively up to 9 and 5
%.

Quercus deciduous type and
Ericaceae remain low. Abies

Table 2 (continued)
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Zones

Depth (mcd)

Age (ka BP)

Pollen description

v.b

IV.a

IIL.b

IlLa

ILb

ILa

Lb

267.12-267.92

267.92-269.59

269.59-272.19

272.19-273.29

273.29-275.59

275.59-277.54

277.54-278.63

1119.35-1128.10

1128.10-1143.27

1143.27-1178.66

1178.66-1191.65

1191.65-1204.28

1204.28-1215

1215-1221.72

disappear and Cedrus is constant.
Ephedra distachya decrease (13-3
%). Cupressaceae start to
decrease. Herbaceous taxa stable
except Asteraceae Cichorioideae,
which increase sharply up to 37 %.
Low percentages of Quercus
deciduous type (6 %) and
Ericaceae (2.5 %). Cupressaceae
(up to 12 %) and altitudinal taxa
expand, particularly Cedrus (up to
7 %) and Abies (4 %). Steppic
plants with high values: Artemisia
(~9 %), Amaranthaceae (~11 %),
and Ephedra (~18 %).
Mediterranean taxa and ferns
absent.

Some sub-tropical taxa. Myrica
and Euphorbiaceae Croton type.
Decrease in Quercus deciduous
type. Platanus and Carya. Well-
developed Ericaceae heathland.
Sporadic Mediterranean taxa
(Cistus, Quercus ilex type). Two
events where the ratio between
herbaceous and steppic plants is
modified are recorded at around
1133 and 1141 ka. Presence of
Calligonum. Decrease in ferns.
Quercus deciduous type up to 43 %
and heathland down to 3 %.
Steady percentages of Cedrus and
increase in Picea. Cupressaceae
abundant at around 1158 and
1145 ka. Peak of steppic plants at
around 1154 ka with 12 % of
Artemisia and 17 % of
Amaranthaceae. Brassicaceae
present around 1164 ka. Quercus
ilex type increase. Presence of
trilete spores and Isoetes.

Quercus deciduous type and
Fraxinus increase to 21 and 2 %,
respectively. Steppic and
Cupressaceae formations
decrease. Cedrus and Isoetes
increase to 2 and 1 %,
respectively.

Quercus deciduous type down to 2
%. Juglans present. Ericaceae
decrease from 25 to 4 %. Montane
taxa decrease and ferns are absent.
Increase of steppic taxa around
1200 ka and 1193 ka: Artemisia
(23.6 % and 16.6 %),
Amaranthaceae (14 % and 21.5
%), and Ephedra distachya (5.6 and
10.8 %).

Quercus deciduous type and ferns
respectively down to 9 and 0 %.
Increase in herbaceous taxa with
Poaceae (10 %), Asteraceae
Asteroideae (9 %) and Asteraceae
Cichorioideae (33 %). Increase in
Abies. Steppic plants increase,
with a maximum around 1210 ka.
Quercus deciduous type down to
15 %. Corylus peaks (21 %) at
1220 ka. Herbaceous taxa rise to
48 % with: Asteraceae
Cichorioideae (~32 %),
Asteraceae Asteroideae (~6 %),
Poaceae (6 %), and
Caryophyllaceae (~2.7 %).
Ericaceae present. Cedrus and

(continued on next page)
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Table 2 (continued)

Zones  Depth (mcd) Age (ka BP) Pollen description

Cupressaceae up to 14, 8 and 3 %,
respectively. Fern spores decrease.
Low percentages of Ericaceae (<5
%). Cupressaceae (<3 %). Cedrus
(~3 %) and Picea (~1 %). Isoetes
and trilete spores are present.
Mediterranean taxa up to 6.5 %.
Presence of Platanus. Cathaya and
Tsuga.

La 278.63-280.92  1221.72-1235.85

vegetation. On the contrary, the sparsity of Mediterranean taxa in the
ODP 976 record may express the regional signal of Alboran Sea bor-
derlands recorded in a marine core that embraces all the altitudinal
belts. The pollen composition of the assemblages is clearly influenced by
their position in the basin and/or their altitude.

Such vegetation shifts have already been evidenced in the Mediter-
ranean region during the Early and Middle Pleistocene
(Combourieu-Nebout, 1993; Popescu et al., 2010; Leroy, 2007; Leroy
et al., 2011; Bertini and Combourieu-Nebout, 2023). Two theoretical
patterns were previously constructed to represent the vegetational suc-
cession during Early Quaternary climate cycles (Fig. 7e f). Combour-
ieu-Nebout et al. (2015) proposed a theoretical model of Early
Pleistocene (Gelasian-Calabrian Transition at 1.8 Ma) vegetation dy-
namics based on the Crotone pollen sequence from southern Italy. This
model identified a cyclical pattern in vegetation development, charac-
terized by a transition from open steppe environments during glacial
periods to subtropical forests during interglacial peaks. Between in-
terglacials and glacials, transition phases were expressed by temperate
deciduous forests (beginning of interglacials) and high-altitude conif-
erous forests (end of interglacials) (Fig. 7f; Combourieu-Nebout, 1993;
Bertini and Combourieu-Nebout, 2023). In Europe, Leroy (2007) and
Leroy et al. (2011) defined a slightly different pattern for the Early

Quaternary Science Reviews 369 (2025) 109635

Pleistocene (based on several sites such as Bobila Ordis; Fig. 7e), with
glacial steppes replaced by open environments, then mixed and decid-
uous temperate forests during interglacial optima. The interglacial
downward transition phase is marked by the expansion of coniferous
forests. Three other patterns can be proposed to describe vegetational
succession during the MIS 37 to 31 period. At Montalbano Jonico (Italy),
variations between interglacial and glacial phases are also described by
temperate and steppic vegetation, this time complemented by open
vegetation (Fig. 7b). The transition between cold and warm periods
comprises Cupressaceae, and at the end of this transition phase, the
onset of temperate forest development. The second transition from
warm/humid to cold/dry conditions corresponds to high-altitude forest.
At Lake Ohrid (Albania), the general pattern of glacial-interglacial cycles
shows a transition from open/steppe environments to deciduous forests,
with transitional phases marked by the development of high-altitude
coniferous forests (Fig. 7c; Panagiotopoulos et al., 2020; Donders
etal., 2021). The vegetation at Tenaghi Philippon (Greece) is dominated
by open herbaceous formations during the whole period (MIS 37 to 31).
Nevertheless, three phases can be identified: a steppic vegetation phase
during the glacial periods and a deciduous temperate forest phase during
interglacial periods, with in between, at the end of interglacials, a short
transition phase with a high-altitude coniferous forest (Fig. 7 d; Pross
et al., 2015). This model had already been identified in the Gulf of
Corinth for the Early and Middle Pleistocene (Rohais et al., 2007). No
patterns representing vegetation successions could be produced at Pal-
ominas and Monte San Giorgio as interglacial and glacial phases were
poorly defined by pollen and/or uncertainties linked to the definition of
MIS. Vegetation successions could be envisaged at Palominas, but this
would entail redefining the MIS stages, probably up to stage 33, rather
than 34.

All these Mediterranean records show a similar pattern around
glacial minima and interglacial maxima. Steppe-like environments are
typical of cold, dry glacial periods while interglacial periods are marked
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Fig. 5. Cyclic vegetation changes between MIS 37 and MIS 31 recorded in pollen data from ODP 976. §'80 isotope curves from ODP Site 976 (this study), Medi-
terranean stack (Wang et al., 2010) andLR04 (Lisiecki and Raymo, 2005), Orbital parameters: eccentricity, obliquity (Laskar et al., 2004), precession and summer

insolation at 65°N (Berger and Loutre, 1991) are also plotted.
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5. Montalbano Jonico 6. Lake Ohrid 7. Tenaghi Philippon
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4. Monte San Giorgio
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Fig. 6. Pollen-based ecological groups inferred from palynological sequences covering the same time interval as our study on ODP 976 (MIS 37 to MIS 31). Records:
1. ODP 976 (this study), 2. Palominas (Altolaguirre et al., 2019, 2020, 2021), 3. Bobila Ordis (Julia Brugues and Suc, 1980; Leroy, 1988, 2008; Suc and Popescu,
2005), 4. Monte San Giorgio (Dubois, 2001), 5. Montalbano Jonico (Joannin et al., 2011), 6. Ohrid Lake (Wagner et al., 2019; Panagiotopoulos et al., 2020; Donders
et al., 2021) 7. Tenaghi Philippon (Van Der Wiel and Wijmstra, 1987a, 1987b; Tzedakis et al., 2006; Pross et al., 2015). We used the same ecological groups for each
site (see Table 1). OPD 976 and Montalbano Jonico are plotted according to age, other sites are plotted according to depth. The shaded interval marked with “?”

highlights an uncertain attribution of the MIS for the Bobila Ordis sequence.
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Fig. 7. Different models proposed for vegetation cycles during the Early and Middle Pleistocene. From left to right: a. ODP 976 (this study), b. Montalbano Jonico
(Joannin et al., 2008), c. Lake Ohrid (Panagiotopoulos et al., 2020; Donders et al., 2021), d. Tenaghi Phillippon (Pross et al., 2015), e. The Early Pleistocene in Europe
(Leroy et al., 2011), and f. The Early Pleistocene (Gelasian-Calabrian Transition) theoretical model (Combourieu Nebout et al., 1993). The dots represent the

dominant vegetation. Their presence allows us to visualise the local vegetation.

by temperate forest expansion; the Gelasian-Calabrian model displays a
subtropical forest linked to warmer and more humid conditions related
to its older age. The transition from interglacials to glacials follows a
similar pattern across all sites, marked by the expansion of high-altitude
conifer forests. In the OPD 976 record, a brief Ericaceae phase preceding
conifer development may reflect the initial onset of colder, yet still

humid conditions (Fig. 7a). This short Ericaceae phase could be attrib-
uted to the site’s specific longitudinal and/or altitudinal position,
resulting in slightly different climatic conditions.

In contrast, different vegetation patterns occur during glacial to
interglacial transitions: OPD 976 and Montalbano Jonico and Ohrid are
marked by coniferous forest development during the transitions,
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expressed by two different families, Cupressaceae (Cupressus/Juniperus
type) and Pinaceae in the ODP 976 and Ohrid records, respectively. This
difference can be explained by more arid conditions in the southern
Mediterranean and wetter conditions in the Balkan Mountains. This
transition is not recorded in Tenaghi Philippon, probably due to the
catchment’s altitudinal position, very high proportions of open vegeta-
tion and the fact that there are no forests located in proximity to the
basin. In effect, the transition phase is less marked than at the other sites.
The theoretical patterns of the Early-Middle Pleistocene and that of the
Gelasian - Calabrian transition are also quite different for this transition:
respectively an open vegetation and a deciduous forest, undoubtedly
linked for the first to the choice of sites covering a longer period of time
(1.8-0.8 Ma) and to higher latitudes (most of them being above 40°N),
and for the second to the age of this site (~1.8 Ma).

5.1.3. Vegetation and climate responses to orbital parameters

Between 1.25 and 1.06 Ma, interglacial periods are marked by low
precession and maximum summer insolation values, except during MIS
33 (1114-1104 ka). The pattern during MIS 31 (“the super interglacial”
with high obliquity and eccentricity and precession minima leading to
some of the highest summer insolation levels of the Pleistocene),
recorded in the Alboran Sea has already been documented in the
Atlantic area (core U1385) (Oliveira et al., 2017). However, in the ODP
976 core, this interglacial does not appear to be the one with the highest
percentage of temperate taxa with a mean of 26 % against 30, 27 and 35
% for the MIS 33, 35 and 35 respectively. Instead it shows the greatest
diversity of deciduous forest trees (Fig. 5).

The Early Pleistocene is a period during which climatic cycles have a
periodicity of 41 ka, driven by obliquity (Ruddiman et al., 1986; Head
and Gibbard, 2015; Barker et al., 2022). Between MIS 37 and 31, glacial
periods are all equivalent in duration (~25 kyr), but this is not the case
for interglacial periods: MIS 33 is short (~10 kyr), while MIS 35 is very
long (~50 kyr) (Lisiecki and Raymo, 2005). The MIS 35-34 and the MIS
36-35 cycles are anomalously long, respectively lasting for 75.1 kyr and
75.3 kyr (Shackleton et al., 1990; Lisiecki, 2010; Barker et al., 2022;
Margari et al., 2023). This duration may be due to a greater eccentricity
influence. At site ODP 976, the MIS 36, MIS 34 and MIS 32 glacial pe-
riods show the lowest occurrence of temperate taxa and the highest
expansion of steppe taxa. However, MIS 34 maintains these glacial
conditions for longer. These results are consistent with the hypothesis of
an extreme cooling during MIS 34, triggered by an eccentricity mini-
mum (Margari et al., 2023), and anomalous variations in insolation and
precession (Fig. 5).

Table 3
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5.2. Relict taxa history between 1.25 and 1.06 Ma in the Mediterranean
area

From the Pliocene to the EMPT, the vegetation in the Mediterranean
area changed considerably. Subtropical forests were replaced by
temperate forests dominated by oaks and high-altitude conifers. In
parallel, steppes dominated by Artemisia and Ephedra developed pro-
gressively during glacial periods (Suc, 1984; Combourieu Nebout, 1993;
Bertini, 2003; Magri et al., 2017). Temperate relict taxa such as Carya,
Pterocarya, Tsuga and the mesophilous Cathaya began to decline at the
onset of the EMPT (Bertini, 2003; Gonzalez-Sampériz et al., 2010; Orain
et al., 2013; Magri et al., 2017; Donders et al., 2021).The subtropical
plant Engelhardia and the temperate taxa: Eucommia, Liquidambar and
Parrotia disappeared progressively during the Early Pleistocene
(Gonzalez-Sampériz et al., 2010; Magri et al., 2017). Most of these relict
taxa are found today in Asia in subtropical to temperate regions
(Table 3).

Magri et al. (2017) addressed the challenge to use the last occurrence
and/or abundance of taxa as bio-stratigraphic markers and the diffi-
culties in identifying rare taxa when counts are not sufficiently detailed.
Furthermore, some sites only cover a short period of time (extending
over a few MIS), which makes it impossible to obtain continuous in-
formation on the different extinction phases: the Pliocene-Pleistocene
transition, the Gelasian-Calabrian transition and MIS 16 and 12
(Magri et al., 2017). ODP 976 is therefore of considerable interest for the
continuous study of vegetation dynamics and extinction over time.
Previous studies on ODP 976 suggested the occurrence of temperate
taxa: Carya, Cathaya, and subtropical taxa:Engelhardia, Rhoiptelea,
Taxodium and Tsuga during MIS 20 and 19, Pterocarya during MIS 31 and
23, Tsuga during MIS 30, 26, 23, 20 and 19 and Zelkova in MIS 31, 25, 20
and 19 (Joannin et al., 2011; Toti et al., 2020). Here, during MIS 37 to
31, Carya, Pterocarya and Zelkova are present in mesothermic formations
at mid and low altitudes, while Cathaya and Tsuga are present in
high-altitude conifer forests (Table 3). It is of note that the low number
of and/or very sporadic relict taxa in ODP 976 may be due to the dis-
tance from the rare and distant refugia where relict taxa may still have
persisted during the studied period (Figs. 4 and 8). The nearby Spanish
Palominas sequence also records few relict taxa (e.g., Eucommia and
Parrotia), which reinforced our interpretation (Fig. 8). Carya, Zelkova,
Eucommia and Pterocarya are present in the palynological analysis of the
Barranco Leon 3 archaeological site (~1.2 Ma; Ochando et al., 2022),
attesting to the persistence of some temperate relict taxa in the south of
the Iberian Peninsula at the end of the Early Pleistocene.

Other Mediterranean sites (Palominas, Monte San Giorgio, Tenaghi

Current ecology and location of the relict taxa observed during the EMPT in the Mediterranean basin. T: Mean annual temperature, P,: total annual precipitation, N:
North, S: South, E: East, W: West and C: central.! Mabberley (1997),2 Fauquette et al. (1998),% Orain et al. (2013),* Magri et al. (2017),® Fang et al. (2011),® Meng et al.
(2015),”7 Wang et al. (2003),8 Zhang and Turland (2003),® Oztiirk et al. (2008),'° Sefidi et al. (2011),!! Li and Del Tredici (2008),'2 Akhani and Salimian (2003),'3
(https://www.conifcrs.org),14 Biltekin et al. (201 5),15 Magri (2012).

Taxa Family Current distribution’ Altitude (m) Biomes Ta P, (mm)?
c)?
Carya Juglandaceae N to C America, E Asia <1000® Subtropical and temperate continental 4-26 50-3000
Maritime influence®
Cathaya Pinaceae W China 900-1900* Mesophilous forest* 10-20 1000-1600
Engelhardia  Juglandaceae Himalaya to Malaysia <2000* Tropical to subtropical forests*>° 12-25 740-3500*
Eucommia Eucommiaceae China 200-17007 Mixed forests, lower mountains, ridges, valleys, dry
ravines®
Liquidambar ~ Altingiaceae E Mediterranean E Asia, S, E, N & C <1000° Temperate forest® 10-25 700-2200
America Wet bioclimate*
Parrotia Hamamelidaceae ~ SW Caspian (P. persica), 150-700 Deciduous forest'®1! 14-22 300-1500
E China (P. subaequalis) (Iran)'®
Pterocarya Juglandaceae Caucasia to E. and SE Asia <1000'2 Flooded forest valleys with running water* 9-25 240-1960
Sciadopitys Sciadopityaceae C & S Japan 500-1000'3 Mixed cloud forest 5-15 1000-2500
Taxodium Cupressaceae EN America, Mexican highland Riparian and wetland habitats'® 16-25 1100-2400
Tsuga Pinaceae N America, E Asia to Vietnam <3800* Subalpine coniferous, temperate deciduous forests* 0-15 700-4500*
Zelkova Ulmaceae Crete, W&E Asia Riparian'* 8.5-25 250-1400
Cedrus Pinaceae N Africa (C.atlantica) to Asia (C.libani) 1300-2600"° Mediterranean conifer forest'® 7-18 500-1500
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Philipon, and OPD 976) document low percentages of relict taxa (Fig. 8),
perhaps due to their location in the south of the Mediterranean basin,
south of or around 40°N and at low altitudes. In contrast, relict taxa are
better represented at Bobila Ordis and Lake Orhid, sites situated at
higher latitudes or altitudes, respectively. This is probably due to less
pronounced drought in these regions, especially during interglacials, as
shown by the increase in forest cover during these temperate periods
and by model simulations (Leroy, 2008; Wagner et al., 2019; Donders
et al.,, 2021). However, the Montalbano Jonico record shows the
continuous presence of relict taxa, although it is situated around 40°N,
which can be explained by less marked fluctuations between interglacial
and glacial periods (Figs. 7 and 8; Joannin et al., 2011). This gradient
contradicts the common view that suggests taxa persist longer in
southern European regions and highlights their southernmost boundary
of tolerance to arid conditions. However, it is necessary to take into
account the origin of the sediments in some of these sequences (ODP
976, Montalbano and Monte San Giorgio), which are of marine origin
and may cause dilution of the signal from these relict taxa compared to
the main taxa.

The presence of Cedrus in the Iberian Peninsula during the Late
Pleistocene is still debated (Gonzalez-Sampériz et al., 2010; Joannin
etal., 2011; Magri, 2012; Magri et al., 2017; Suc et al., 2018). In the ODP
976 record, at the end of the Early Pleistocene (from MIS 31 to 23),
Cedrus pollen probably comes from both northern Africa and southern
Spain (Joannin et al., 2011). A comparison between Palominas and the
ODP 976 sequences (Fig. 8) shows that Cedrus was nearly absent from
the continental record, and we may thus assume that most of the Cedrus
pollen grains evidenced in the ODP marine sequence originate from
northern Morocco, as suggested by Magri (2012). The species Cedrus
atlantica is still present today in north-western Africa. Nevertheless, we
cannot rule out the possibility that some Cedrus pollen grains came from
the last refugia of Cedrus in southern Spain (Postigo Mijarra et al., 2007).
On the other hand, the significant presence of Cedrus at the Ohrid and
Montalbano sites (Fig. 8) may be linked to the ancient expansion of
Cedrus libani and C. brevifolia. These latter two species may still have
been present before their distribution area moved eastwards to Tiirkiye
and the Levant, where they are still present today.

6. Conclusion

New high-resolution isotope and pollen data from the ODP Site 976
fill the gap of records, providing insights into environmental changes at
the beginning of the Early-Mid Pleistocene Transition. The sea surface
isotope record in the Alboran Sea contributed to a better definition of the
chronology of the core from MIS 37 to MIS 31 and, alongside pollen
data, both proxies fully mimic the cold/warm glacial/interglacial os-
cillations. This marine archive records regional vegetation in southern
Spain and northern Morocco without quantifying the contribution of
each of these two pollen sources. Nevertheless, the ODP 976 vegetation
record seems to indicate the lengthening of glacial/interglacial cycles
from 41 to 100 kyr, within a MIS35-34 cycle duration of 76 kyr. MIS 34,
with its prolonged low values of temperate elements and high values of
steppe taxa, testifies to a particularly cold glacial period linked to a
disruption in summer boreal insolation.

The corpus of Mediterranean sites reveals that the vegetation dy-
namics during glacial/interglacial cycles can be characterized by four
phases: 1) Conifer formations during glacial/interglacial transitions, 2)
deciduous forests (mainly Quercus) during warm and wet interglacial
periods, 3) heaths and high-altitude coniferous forests throughout
interglacial/glacial transitions, 4) steppe expansion during cold and arid
glacial periods. Nevertheless, during the glacial to interglacial transition
the conifer type change around the Mediterranean due to the influence
of Mediterranean vegetation. Only the significant presence of Ericaceae
distinguishes the ODP 976 record from the others and brings it closer to
the data found off the coast of Portugal. This presence, mainly in the
western Mediterranean, is strongly linked to the Atlantic humidity
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carried by the westerlies. Available pollen data confirms a more limited
development of relict taxa south of 40°N, likely tied to a north-south
gradient in aridity and question the traditional view of southern refugia.
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