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Abstract:
The composition of the glacial vegetation of southern French plains has been a matter of debate for
several decades. Vegetation is considered as steppic according to French and Spanish lacustrine
pollen records whereas cave deposits suggest the presence of mesothermophilous trees through the
Last Glacial Maximum. In our paper, we display new palynological records from marine sediments of
the Gulf of Lions. They indicate the presence of Abies, Picea and deciduous Quercus in the Gulf of
Lions, certainly located in the drainage basins of the Pyreneo-Languedocian rivers. These populations
that were sensitive to short climatic events during Marine Isotopic Stage 2 could have been linked to
northeastern Spanish and southeastern French relicts already evidenced by phylogenetic data. These
trees were absent from the Rhone drainage basin during the deglaciation and certainly also
disappeared from the Pyreneo-Languedocian drainage basins from ca 17 to 15 ky cal BP. Finally, the
Last Glacial Maximum does not appear as stable, cold and dry as previously thought.
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1. Introduction
The composition of West-European vegetation during the Last Glacial and in particular
during the Last Glacial Maximum (LGM) has been a matter of debate for several decades (e.g.
Tzedakis, 2002, 2003; Stewart, 2003). Two models were developed. The first merely suggests
the existence of two bioprovinces: most of European vegetation would be represented by
steppe while southwards (i.e. in southern Spain, Italy and Balkan Peninsula) mesophilous
trees would have survived in favourable climatic areas (e.g. Elenga et al., 2000; Taberlet and
Cheddadi, 2002). This model was built on 11 long lacustrine sequences, on several well-dated
macrorests and also from the Holocene expansion pathways reconstructed by phylogenetical
and pollen studies (Huntley and Birks, 1983; Hewitt, 1999; Petit et al., 2002). In this model,
the northern tree limit is not well-constrained. Several authors suggested that conifers could
have survived out of these refugia (e.g. Bennett et al., 1991; Huntley and Birks, 1983).
Tzedakis (2004) proposed a tree limit at 45-46°N. But several authors suggested there were
no tree (except Pinus) in France during the Last Glacial Maximum (Reille and Lowe, 1993).
A second model was developed in parallel and suggests the presence of mesophilous trees as
well as temperate mammals out of these southern refugia. They would have survived in
protected valleys benefiting from a microclimate (Stewart and Lister, 2001; Willis and Van
Andel, 2004). It would explain the late-Pleistocene non-analogue mammalian assemblages
(i.e. corresponding to a mixture of steppic mammals like Bison priscus, Equus sp.,
Mammuthus primigenius and also temperate mammals now living under a closed forest
canopy like Cervus elaphus or Sus scrofa). This model is mainly supported by palynological
studies made on cave sediments also containing mammals. It is often criticized using two
arguments: (1) the ecology of mammals and in particular their adaptability for what concerns
their ecological niches would be poorly understood (2) these occurrences (mammals, pollen
or charcoals) correspond to reworking (See McGarry and Caseldine (2004) for a review).
Choosing between the two models has important consequences for our understanding of the
climate of Western Europe, the ecology and evolution (Davis and Shaw, 2001). The presence
of mammals or plants taxa out of southern refugia would either imply a more temperate
climate or their greater capacity of adaptation to the climate. In particular, the reality of nonanalogue assemblages has consequences on our understanding of present-day ecosystems,
their link with climate and their capacity to face climatic changes.
The composition of southern France vegetation (i.e. between ca. 42° and 45°N) during the
LGM is a part of this debate. The lacustrine data suggesting the absence of
mesothermophilous trees (Fig.1) are scarce and mainly situated at high altitudes (Beaudouin
et al., 2005a). On the contrary, many palynological studies carried out on caves show the
presence of mesothermophilous taxa at high latitudes such as deciduous Quercus, Carpinus,
Tilia or Juglans during interstades of Marine Isotopic Stage 2 (MIS) (Lebreton et al., 2004).
However, pollen is extracted from different sediment granulometry (from silts to coarse sands)
leading to different degradation intensities and to an over-representation of some taxa like the
Asteraceae. Furthermore, the chronology is supposed to be particularly discontinuous and not
well-constrained. For these reasons, many palynologists often consider that pollen
assemblages from caves are not suitable to reconstruct palaeovegetation. The recent
discussion between d’Errico and Sánchez-Goñi (2003) and Carrión (2004) illustrates this
debate.
In order to reconstruct the palaeovegetation of southern France, new sequences were
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acquired in marine sediments from the Gulf of Lions. We focussed on the area where
sedimentation rate was very high during the Last Glacial in order to acquire high-resolution
pollen data. Preliminary records (Acherki, 1997; Beaudouin et al., 2005a) displayed high
amounts of pollen of Picea, Abies and also deciduous Quercus for the MIS 3 and 2 leading to
a first interpretation of the presence of a refugium in southern French plains. But this first test
was based on short cores not covering the entire MIS 2, with weak chrono-stratigraphic
constraints, which did not allow a full interpretation of palynological data. Therefore, we
studied three new sequences positioned in well-known palaeogeographic and chronostratigraphic contexts (Berné et al., 2004; Rabineau et al., 2005). They almost cover the last
30 ky. The multi-proxy approach applied on these sequences helps to better constrain the
palynological signal in order to reconstruct the palaeovegetation dynamics around MIS 2. In
particular, we aim at:
(1) Precisely determining the location and the vegetation structure in southern France for the
LGM,
(2) Highlighting the late-glacial history of this vegetation and discussing the contribution of
these refugia to present-day populations of trees,
(3) Determining the link between short climatic events and the vegetation of southern France.

2. General settings
2.1. Present-day vegetation, hydrology and sedimentology
The present-day vegetation of the studied area (Noirfalise et al., 1987) covers the northern
part of the Mediterranean climatic zone and the temperate climatic zone (Fig. 2). The
Mediterranean vegetation belongs to the Meso-Mediterranean belt. It is bounded by coastline
southward and finishes at 500 m in altitude. It corresponds to the development of
sclerophyllous forests with evergreen Quercus accompanied by Laurus nobilis. The
degradation of these forests corresponds to mattorals where Quercus ilex forests dominate.
The Supra-Mediterranean belt is mainly composed of Quercus pubescens associated to Buxus
sempervirens. The temperate zone corresponds to deciduous oak mixed forests in plains (<
700 m). The temperate hills and mountains i.e. the northern part of the Alps as well as the
Massif Central is characterized by the development of Fagus from 700 to 1000 m high. Fagus
is mixed with Abies in higher mountains. Mountainous forests of conifers occur from 1450 to
2500 m high. The Alpine belt begins at ca. 2000-2300 m. The lower part is composed of
Ericaceae or alpine grassland with Poaceae, Fabaceae and Cyperaceae.
The Mediterranean Sea is characterized by thermohaline circulation: surface water coming
from the North Atlantic Ocean enters the Mediterranean basin while Mediterranean deepwater outflows. The circulation in the Gulf of Lions is wind-dependant (Millot, 1990). Two
cold winds blowing all year long from the North and the North-west (i.e. Mistral and
Tramontane) induce downwellings and deep-water formations (Fig. 2). A secondary wind,
coming from the Southeast brings warm air masses sometimes blowing intensely (generally
from autumn to spring) and can influence the distribution of sediments down to ten meters of
bathymetry. The main surface current of the Gulf of Lions is a gyre called the NorthMediterranean current (Millot, 1999).
The shelf in the Gulf of Lions is maximum 70 km wide. The continental slope is incised by
submarine canyons that develop from the shelf break to the rise (Fig. 3). The shelf is made up
of terrigenous sediment mainly originating (i.e. 80%) from the Rhone River (Aloïsi et al.,
1979). The smaller western rivers (i.e. Tech, Têt, Agly, Aude, Orb and Hérault) deliver the
3
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remaining fraction. In contrast, aeolian inputs are negligible (Węgrzynek et al., 1997). At the
river mouth, several water layers enriched in particles are formed. The bottom nepheloid layer
develops at the mouth near the bottom (Aloïsi et al., 1979; Roussiez et al., 2005). It
corresponds to a continuous dense flow, which spreads over the shelf. Its influence weakens
from the river mouth to the outer shelf and becomes negligible on the slope (Aloïsi et al.,
1979; Monaco et al., 1999). Resuspension from the shelf is the main way to bring terrigenous
particles on the slope and into the canyons (Courp and Monaco, 1990; Durrieu De Madron et
al., 1999; Monaco et al., 1999; Frignani et al., 2002).
2.2. Sedimentary history of the Gulf of Lions
The shelf of the Gulf of Lions is made up of Plio-Quaternary sediments (Lofi et al., 2003;
Duvail et al., 2005). Rabineau et al. (2005) outlined the depositional pattern of the last 540 ky
in the Bourcart-Hérault interfluve, where the upper five sedimentary sequences were assigned
to the 100 ky glacio-eustatic cycles, based on stratigraphic modelling (Fig. 4). Within a
glacial/interglacial cycle, the deposition is maximum at the shelf edge during the end of sealevel fall and lowstand. Whereas most of sedimentation occurs on the inner shelf during
Deglacial and Interglacial conditions, the outer shelf experiences starvation during this
interval (Bassetti et al., 2004). The source of sediment at the shelf edge was probably mixed
during the last glacial: there is evidence of a connection of the Hérault canyon to a large
system including the Rhone and the Hérault rivers, whereas the Bourcart canyon was
probably connected both to the Rhone and to a Pyrenean river (Berné et al., 2002) (Fig. 3).
2. 3. Reliability of pollen signal
The reliability of marine palynological data has been a matter of debate since the 1950's [see
Beaudouin et al. (accepted) and Hooghiemstra et al. (2006) for a review]. Especially, the
presence of reworked palynomorphs in terrigenous sediments was considered as evidence of
the unreliability of the whole pollen signal. In contrast, many recent investigations made on
terrigenous and autochthonous sediments in other parts of the world (e.g. Heusser and Balsam,
1977; Sun et al., 1999; Van der Kaars, 2001) and also in the Gulf of Lions (Beaudouin et al.,
2005b; Beaudouin et al., accepted) demonstrated the suitability of marine pollen signal to
reconstruct a regional vegetation even if they contain reworked palynomorphs. In particular, a
study carried out on the present-day prodelta of the Rhone River (i.e. deposited under 40 m of
water depth) demonstrated the stability of the pollen signal during 30 years of sedimentation
despite the occurrence of storms and floods (Beaudouin et al., 2005b).
Actually, one needs to distinguish between allochthonous (i.e. terrigenous) and autochthonous
sediments to understand the meaning of the marine pollen signal. Pollen grains contained in
autochthonous sediments are mainly brought by winds (Beaudouin et al., accepted). On the
contrary, pollen grains contained in terrigenous sediments are mainly brought by rivers and
therefore come from one or several drainage basins (Heusser, 1988). In the case of the Gulf of
Lions, they are incorporated into the bottom nepheloid layer at the river mouth and spread all
over the shelf (Beaudouin et al., accepted). According to the physiography of the margin,
terrigenous sediments can reach the sea floor. They carry by definition reworked particles and
therefore reworked palynomorphs (i.e. identified Pre-Quaternary pollen and dinoflagellate
cysts as well as corroded pollen grains having totally or partly lost their ektexine) when the
area drained by rivers encounters older sedimentary basins. Actually, a key question is to
know if the amount of pollen supplied by the erosion of previously deposited sediments is
able to balance the contemporaneous pollen signal (i.e. the contemporaneous amount of
pollen emitted by plants). In present-day sediments of the Gulf of Lions, reworked
palynomorphs reach 5% of the palynological content while the pollen content is
representative of the vegetation (Beaudouin et al., accepted). Furthermore, several multi4
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proxy studies made on Quaternary terrigenous sediments demonstrated that the pollen signal
was sensitive to climatic variations recorded by oxygen isotopes in the same cores and
therefore definitely evidenced the suitability of terrigenous marine deposits to reconstruct past
vegetation dynamics (e.g. McGlone, 2001; Sánchez-Goñi et al., 2002). For example,
Sánchez-Goñi et al. (2002) evidenced a clear correlation between the pollen signal and the
oxygen isotopes in an area located within the Alboran Sea where 88% of sediments are
terrigenous (Sánchez-Goñi et al., 2002), although rivers drain Cenozoic continental basins.
Reworked palynomorphs are not mentioned but more recent studies evidenced the presence of
Pre-Quaternary palynomorphs in this area within Lower Pleistocene sediments while the
pollen signal is once again in correspondence with oxygen isotopes (Joannin, pers. com.).
Whatever, we cross-checked the new data with others based on literature (i.e. palynology,
phylogenetic and botany) to reconstruct the probable history of vegetation in southern France.

3. Material and Method
We provide three long and high-resolution pollen records extracted from (1) core MD99-2349
(42°49.27’N, 3°43.43’E; 126 m depth), (2) core MD99-2348 (completed by the upper portion
of the PROMESS drillsite PRGL1-4 situated at the same position (42°41.58’N, 3°50.50’E;
296 m depth) and (3) core MD99-2352 (43°19.15’N, 4°09.64’E; 70 m depth). Core MD992349 samples the lowstand palaeo-lower-shoreface at the interfluve Bourcart-Hérault on the
outer shelf (Fig. 3, 4). Cores MD99-2349 and MD9923-48/PRGL1-4 sample units deposited
during sea-level fall, last Glacial and early Deglacial (units 151 to 154 of Jouet et al., in press).
These authors provide a detailed lithological description of both cores. Core MD99-2348 is
situated on the upper slope on the Bourcart-Hérault interfluve, in a place that was not affected
by mass wasting and where sedimentation rate was very high due to fall of particles from the
plumes of rivers situated in the vicinity during glacial period (Jouet et al., in press). Core
PRGL1-4 is made on the same site and samples the last 430 ky on a thickness of 300 m
(Berné et al., 2004). The first analyses made between 1806 and 3664 cm depth are combined
with the data obtained on core MD99-2348. Core MD99-2352 samples the muddy bottomsets
of clinoforms of a transgressive parasequence that formed during a decrease in the Deglacial
sea-level rise, around the Younger Dryas (Berné et al., 2003). These authors provide a
detailed lithological interpretation of this core. It was under the direct influence of the Rhone
River.
The general stratigraphy is described by a set of seismic units defined on mud penetrator chirp
signal. Several radiocarbon datings made on fresh and intact macrofossils and on foraminifers
from numerous cores constrain these seismic units (Rabineau, 2001; Jouet et al., in press;
Berné et al., 2003). The radiocarbon datings were calibrated using Calib 5.0.2 (Stuiver et al.,
2005) with the curve of Hughen et al. (2004). For datings older than 21,786 BP we used the
curve of Bard et al. (1998). We applied a reservoir age of 400 years. The dates are in general
coherent. Most of the chronological inversions evidenced by non-calibrated dates disappear
when taking into account the calibration and its associated confidence limit (Tabl. 1).
However, the radiocarbon datings on core MD99-2349 are more scattered because this core
corresponds, at the time of deposition, to a very shallow environment with episodic
reworkings by storms events (Jouet et al., in press). In order to minimize the reworking effect
on this core, we only take into account the AMS datings made on microfossils.
This chrono-stratigraphic framework allows a comparison between palynological and climatic
data (i.e. δ18O) from Greenland ice-cores. We chose the signal from the GRIP ice-core using
the time-scale of Johnsen et al. (2001) at a resolution of 50 years. Indeed, concerning MIS 2,
there is a particularly good correlation between the climatic signal of the Western Iberian and
5
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this core using this chronology (Roucoux et al., 2005).
A standard chemical treatment was applied to extract palynomorphs, using cold HCl (33%),
cold HF (70%), ZnCl2 and sieving at 200µm and 10µm. A minimum of 150 pollen grains
(apart from Pinus) was counted for each sample. To calculate percentages, we used the sum of
pollen grains without Pinus. Contrary to continental pollen data (e.g. in lakes) where the
pollen of Cyperaceae most probably originates from local herbs and are over-represented,
marine terrigenous sediments contains pollen of Cyperaceae that can originate from various
environments. We therefore include them as well as other herbs. Dinoflagellate cysts were
determined and counted on the same lines as pollen grains. We did not calculate the relative
abundance of dinoflagellate cysts because their amount was insufficient. Nevertheless, they
bring supplementary information about the palaeoenvironment. All corroded and clearly
identified pre-Quaternary palynomorphs were classified as reworked (Fig. 5). We
distinguished reworked pollen grains from contemporaneous one on the state of the
conservation of the ektexine (e.g. Haberle, 1997). A reworked pollen grain should have a
partly or totally destroyed ektexine. We used the Cour’s Method to calculate concentrations
(Cour, 1974). All the palynological data are available in the Cenozoic Pollen Database and
Climatic values (http://cpc.mediasfrance.org/aims/index.php). In terrigenous sediments, the
presence of one pollen grain from a taxon cannot be considered as an evidence of the presence
of the taxon within the drainage basin because of reworkings. Therefore, we focussed on the
main taxa representing more than 5%. We drew a simplified diagram also displaying the
confidence limits on each percentage. We did not represent the Cyperaceae and the Poaceae
even if they were abundant as their ecological meaning is unconstrained. In order to better
constrain the statistical significance of peaks of pollen abundances, binomial confidence
limits for proportions were calculated using the program Pro-CI (available on request from G.
Escarguel). Given a type I error rate α = 0.05, these limits define the 95% confidence intervals
associated to each sample percentage, i.e., the range of percentage values within which there
is 1 – α = 95% of chance to find the unknown true (parametric) percentage (e. g. Sokal and
Rohlf, 1995).
Palynozones were defined on the change of the main taxa as well as on the evolution of the
abundance or reworked palynomorphs. Indeed, the abundance of reworked palynomorphs in
marine sediments is linked to the importance of the erosion of the drainage basins due to (1)
sea-level drops (e.g. McGlone, 2001) or (2) melting of glaciers (e.g. Haberle, 1997; Gregory
and Hart, 1992). In the case of the Gulf of Lions, major sea-level drops are linked to a great
increase of the abundance of reworked particles. It is the case for MIS 6, from MIS5 to 4 (J.-P.
Suc, pers. com.) and from MIS3 to 2 in deep-sea terrigenous sediments (Beaudouin et al.,
2004). Reworked palynomorphs were also found in abundance within the drainage basin of
the Rhone River in the alpine lake of Annecy at the end of MIS3 (David et al., 2000).

4. Results
4.1. Palynological content
The palynofacies includes (1) well preserved pollen grains and dinoflagellate cysts, (2) preQuaternary destructured dinoflagellate cysts and pollen grains and (3) other debris (charcoals,
wood debris, cuticles, stomata, epidermis...). Concentration of pollen grains is generally low
(from 40 to 3000 grains/g). Concentration of dinoflagellate cysts and reworked palynomorphs
respectively reach 0 to 500 cysts/g and 0 to 320 grains/g. Pinus, Cupressaceae, Abies, Picea,
Deciduous Quercus, Hippophae rhamnoides, Poaceae, Artemisia and Cyperaceae constitute
the main part of the pollen signal within cores MD99-2348/PRGL1-4 and MD99-2349. One
6
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hundred taxa were found in core MD99-2349. Six palynozones were defined (Fig. 6).
Twenty-three Dinoflagellate cysts were determined. Brigantedinium, Operculodinium
centrocarpum and Spiniferites are relatively frequent. Dinoflagellate cysts adapted to low
saline and coastal areas (Lingulodinium machaerophorum) and found at river mouths and in
lagoons (Polysphaeridium zoharyi) or in freshwater (Concentricystes) are relatively well
represented and confirm that sediments were deposited in the lower-shoreface. Dinoflagellate
cysts characterizing cold waters are present only sporadically (Nematosphaeropsis
labyrinthus, Cf. Pentapharsodinium dalei and Bitectatodinium tepikiense). Eighty-eight taxa
were found in the sequence MD99-2348/PRGL1-4. Seven palynozones were built (Fig. 7).
The same dinoflagellate cysts as in core MD99-2349 were found. Freshwater or lagoon
dinoflagellates are not as frequent as in core MD99-2349. Seventy-six taxa were found in core
MD99-2352. The dominant taxa are Pinus, Deciduous Quercus, evergreen Quercus,
Cupressaceae, Corylus, Ulmus, Betula, Poaceae, Cyperaceae and Artemisia. Three
palynozones were created (Fig. 8). Dinoflagellate cysts are relatively abundant representing
25% of the palynomorphs from 1515 to 290 cm depth: they are mainly represented by
Brigantedinium, Spiniferites, Cf. Pentapharsodinium dalei and Operculodinium
centrocarpum. From 290 to 152 cm depth, dinoflagellate cysts are rare and only represented
by some Spiniferites. In the upper part of the core (from 90 to 10 cm depth), Concentricystes
is the only taxon to be represented: it may characterize the influence of the Rhone River.
In all sequences, the evolution of the abundance of pollen from the main taxa does not follow
the evolution of reworked palynomorphs (Fig. 6, 7 and 8).
4.2. Correlation of cores and comparison with global climatic changes
The cores display comparable pollen fluctuations in terms of variation but not abundance (Fig.
9). We therefore propose a correlation based on the seismic stratigraphy and the radiocarbon
datings. The time-window recorded by our cores is small and consequently, the resolution of
pollen data is high, reaching ca. 70 years in core MD99-2349 and 100 years in core MD992348. Pollen curves in the latter core shows slight fluctuations difficult to correlate with the
pollen signal from core MD99-2349. The cause of this characteristic will be explained further.
The variations of abundances of the main taxa match relatively well with the GRIP δ18O
record for such a short time-window. Two synchronous common pollen features shared by
two or all cores are noteworthy. The first feature corresponds to the great increase of
deciduous Quercus and Quercus ilex t. associated with the decrease of Artemisia and
reworked elements correlated with the Holocene (palynozones MD48-A, MD49-A and
MD52-A). In the sequence MD99-2348/PRGL1-4, the apparent Holocene increase of
deciduous Quercus from 2% reaching 14% is dated at 14,880±250 cal. BP at 25 cm depth.
The highest sample carries a similar signal to present-day sediments from the Gulf of Lions
(Beaudouin et al., accepted). In fact, the upper 25 cm (i.e. only 3 samples) correspond to
condensed levels recording the Interstade 1 (IS1), the Younger Dryas and the Holocene, the
pollen signal representing a mean of the vegetation changes through these climatic changes.
The second main feature is found at the base of sequences MD99-2349 and MD992348/PRGL1-4. It corresponds to the development of the curve of reworked palynomorphs
followed by the increase of Picea, Abies and deciduous Quercus to the detriment of the
Cupressaceae (palynozone MD49-E, MD49-D and MD48-G). In core MD99-2349, the
bottom part of the pollen signal (i.e. zone MD49-E) is reworked according to the sedimentary
facies. Nevertheless, reworkings do not affect levels situated above 1442 cm also containing a
low amount of Picea and Abies. The radiocarbon datings confirm that the great increase of
reworked palynomorphs corresponds to the sea-level drop between MIS3 and 2. The
associated and following vegetation pattern (i.e. the decrease of Cupressaceae and the
increase of Picea and Abies) is situated within the same sedimentary unit (U151) in both
7
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cores and is dated at ca. 28 ky cal. BP in core MD992349 and up to ca. 25-24.5 ky cal. BP
according to core MD99-2348/PRGL1-4. The H2 event is partly identified (with the presence
of Neogloboquadrina pachyderma sinistra) in the upper part of zone MD48-G corresponding
to the base of core MD99-2348 (Flores et al., 2005). The H2 event could correspond to the
palynozone MD49-C in core MD99-2349 according to the chrono-stratigraphy and would be
characterized by the development of Artemisia and the decrease of temperate taxa. From ca.
28 to 25.5 ky cal. BP, the Gulf of Lions seems to experience an increase of dryness at the end
of which the H2 event is identified. But the effect of the latter is not clearly recorded by
vegetation. The same pattern occurs in the Western Mediterranean. In western Iberia (between
40°N and 43°N), the MIS 3 vegetation was made up of Pinus, deciduous Quercus, Betula and
Cupressaceae associated with Ericaceae, Poaceae and Artemisia (Roucoux et al., 2005). In
detail, from ca. 27.5 to 24 ky cal. BP deciduous Quercus disappears (Roucoux et al., 2005).
This phase is followed by the H2 event recorded by ice-rafted debris. But the response of the
vegetation is not clear for this event. On the southern part of the Portuguese Margin, the
response of the vegetation to H2 event is characterized by a slight decrease of Ericaceae and
fluctuations of Artemisia (Turon et al., 2003). In the Alboran Sea, H2 event is found within a
succession of peaks of semidesert taxa beginning at 27 ka cal. BP and finishing at 24 ka cal.
BP (Combourieu-Nebout et al., 2002). In Italy at Lago di Monticchio (Allen et al., 2000), the
pollen of Quercus also experiences a strong decrease at 26 ky cal. BP. The phase of Picea and
Abies in MD99-2349 (i.e. zone MD49-D) could correspond to the peak of temperate taxa
found in the Alboran Sea around ca. 25.5 cal. BP (Combourieu-Nebout et al., 2002). But it
does not correspond to any vegetation change in core MD9923-48/PRGL1-4 as well as in
North West Iberia (Roucoux et al., 2005). This correlation hypothesis implies that the IS3 is
not well-recorded in the Gulf of Lions like in North West Iberia (Roucoux et al., 2005).
According to the seismic data, zones MD48-B to MD48-D corresponding to U154 (above the
discontinuity D70) are not recorded in core MD99-2349 where it should be represented by a
condensed interval. Zone MD48-D (from ca. 20.5 to 18.3 ky cal. BP) corresponds to a high
amount of Picea, deciduous Quercus and Artemisia. Deciduous Quercus is more abundant at
the bottom of the zone while Artemisia increases upward. MD48-C is characterized by a
decrease in Picea, Abies and Pinus, while Cupressaceae and Artemisia increase. Flores et al.
(2005) attribute these levels to the H1 event (from foraminifer’s assemblages). Zone MD48-B
records a slight increase of Picea and deciduous Quercus and could correspond to IS2
according to the chrono-stratigraphy. H1 is also well-marked in other Mediterranean sites. It
is characterized by a well-marked development of the curve of semidesert taxa (including
Artemisia) in the Alboran Sea (Combourieu-Nebout et al., 2002) and by a severe decrease of
Ericaceae on the Portuguese Margin (Roucoux et al., 2005; Turon et al., 2003). Core MD992352 records the last 15 ky and should record IS1 and the following Younger Dryas. It cannot
be correlated to core MD99-2348 as this period corresponds to three samples in the latter core
(i.e. the first 25 cm of sediments). Zone MD52-C is characterized by the dominance of
Artemisia, Hippophae rhamnoides and Cupressaceae (from 14,960±240 to 11,870±230 cal.
BP) except from 11,870±230 to 10,950±190 cal. BP corresponding to an increase of Betula.
The bottom part of the core is characterized by the low amount of Pinus associated with a
high percentage of reworked palynomorphs. Zone MD52-B (from 10,830±220 cal. BP up to
the upper discontinuity) is characterized by the development of Corylus and Cupressaceae.
Pinus as well as reworked elements increase in this zone. In core MD99-2352, the Holocene
is represented by a condensed interval dated at ca. 5,310±130 cal. BP likely formed during a
sudden sea-level rise after the Younger Dryas (Berné et al., 2003).

5. Discussion
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5.1. Location and structure of the populations of trees
In the Gulf of Lions, (1) the high amount of pollen of Cupressaceae, Abies, Picea, and
deciduous Quercus, (2) their reaction fitting climatic changes (at least evidenced for the 28-26
ky cal. BP event and the H1 event) and (3) the fact that their abundance does not follow the
evolution of the abundance of reworked particles suggest the presence of these trees in the
basins drained by the Rhone and the Pyreneo-Languedocian rivers during the MIS 3 and
through the LGM. Pinus was also present. The signal of Pinus is known to be difficult to
interpret in marine sediments because it is sorted by currents unlike other bisaccate pollen
grains (Heusser, 1988). The abundance of Pinus is modulated by pollen production and also
by the fluctuation of sea-level through sedimentary supplies or sea-level changes. We can
attest that Pinus was present in the Rhone and the Pyreneo-Languedocian drainage basins
although we can’t give any further conclusions concerning its percentage evolution. This
conclusion is in agreement with other studies carried out in the area (Beaulieu and Reille,
1984; Cheddadi et al., 2006).
Even if the evolution of pollen curves can be compared for what concerns long-term changes
between core MD99-2348 and MD99-2349, the abundance of each taxon is different in each
core. Core MD99-2349 shows an amount of Abies and Picea higher than core MD99-2348 for
the same time-window. This difference can't be linked to a sorting of pollen grains: a study
made on present-day sediments from the Gulf of Lions demonstrated that pollen content was
similar from the coast to the edge of the shelf (Beaudouin et al., accepted). This difference
may be more likely due to a double origin of the sediments, i.e. coming on the one hand from
the Pyreneo-Languedocian Rivers and on the other hand from the Rhone River according to
the palaeogeography (Fig. 3). This phenomenon is found in present-day sediments of the Gulf
of Lions: the pollen signal in the western part of the shelf is different from that of the eastern
part. This reflects the different vegetation within the areas drained by the Rhone River and the
Pyreneo-Languedocian Rivers. From this point of view, the pollen contained within seismic
units U151 and U152 in core MD99-2349 has been brought by the Agly/Aude/Orb/Hérault
palaeoriver draining the Pyrenean Mountains and the plains of the Languedoc-Roussillon. It is
the closest channel from the sampled area (Fig. 3). Sediments of sequence MD992348/PRGL1-4 were deposited at a deeper bathymetry (i.e. at 130 m depth during the
lowstand) and have also received abundant inputs from the Rhone River connected to the
Hérault canyon, i.e. 20 meter above and 30 km eastwards. The area drilled by core MD992349 has been relatively protected from these Rhone River inputs because the
Agly/Aude/Orb/Hérault palaeoriver was the most important flow (Rabineau, 2001).
Furthermore, the Rhone River was connected to several canyons at the same time, i.e. at least
to the Petit-Rhone (Beaudouin et al., 2004) and the Hérault canyons certainly dividing the
power of its tributaries. This scheme also explains the difference between the curves of
reworked palynomorphs in cores MD99-2349 and MD99-2348/PRGL1-4 for what concerns
short-term variations. We therefore suggest a difference of vegetation between the eastern and
the western part of the Gulf of Lions, the Rhone drainage basin having less Picea, Abies and
deciduous Quercus and more herbs and shrubs (Poaceae, Cyperaceae, Artemisia and
Hippophae rhamnoides).
The significance of pollen signal in terrigenous sediments cannot be interpreted like a signal
extracted from hemipelagic sediments or from continental sediments (peat and little lakes)
constituting the main source of palynological data in the literature. The high amount of pollen
grains of a taxon (here Picea, Abies or deciduous Quercus) cannot be taken as an evidence for
a forest. According to studies carried out on present-day sediments of the Gulf of Lions, the
most abundant pollen taxa are found close to the river (riparian woodland) and in the southern
part of the drainage basin (Beaudouin et al., 2005b; Beaudouin et al., accepted). During the
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Glacial, populations of trees could have lived on the emerged shelf of the Gulf of Lions. Faure
et al. (2002) suggested that during lowstands, shelves constitute a source of freshwater and
would represent "coastal oasis" while continental interior would desiccate. The shelf of the
Gulf of Lions, relatively flat and made of clays could have favoured the installation of trees.
5.2. Other evidences for the presence of high latitude populations of trees
According to the long French and Spanish lacustrine sites [Les Echets near Lyon, Bouchet
lake (Massif Central) and La Grande Pile (Vosges)] (Fig.1), Picea would have been totally
absent from France since 30 ky cal. BP (Woillard, 1978; Beaulieu and Reille, 1984, 1992;
Reille and Beaulieu, 1988). Its recolonization would have occurred at 4.5 ky cal. BP from
eastern Europe through the Alps (Huntley and Birks, 1983). This route was confirmed by
phylogenetic studies (Collignon and Favre, 2000; Gugerli, 2001). Nevertheless, Collignon and
Favre (2000) also identified a genetically different population of Picea living in the Southern
Alps while the populations encountered in the northern Alps, Jura and Vosges mountains are
similar. Southern populations of Picea Abies are particularly well adapted to Mediterranean
climatic conditions (i.e. to droughts). Collignon and Favre (2000) combining their
phylogenetic data with palynological data hypothesized that these trees would originate from
a refugium situated in northern Apennines. However, according to Ravazzi (2002) and Scotti
et al. (2000), the population from Southern Alps would be a relict. Therefore, the pollen
signal found in the Gulf of Lions is not surprising: Picea was present at relatively high
latitudes from at least 30 ky cal. BP and through the LGM. The results found in the present
study suggest that their area restricted later (i.e between ca. 16 to 14.5 cal. BP). However, it is
not possible to deduce if the population of Picea of the Gulf of Lions contributed genetically
to the southeastern present-day relict. In fact, the absence of pollen from Picea in lacustrine
sequences is due to the fact that they record a local vegetation and to the fact that Picea pollen
grains are heavy and do not spread regionally (Triat-Laval, 1978).
The history of Abies was a matter of debate for several years in particular in the Pyrenees
(Jalut et al., 1982; Huntley and Birks, 1983; Beaulieu and Reille, 1984; Reille, 1991; Reille
and Lowe, 1993). Terhürne-Berson et al. (2004) recently clarified its history. They found
evidences for an important refugium of Abies in the Pyrenean Mountains as well as in
northwestern Italy from macrorests and pollen data. In detail, the Pyrenean refugium is not
documented by the Spanish low altitude site of Banyoles (Pérez-Obiol and Julià, 1994) as first
suggested by Terhürne-Berson et al. (2004) but instead the site of La Borde situated
northward at 1660 m (Reille, 1990; Terhürne-Berson, pers.com). Abies was present in Greece
and in Italy from the Glacial and during the Late-Glacial (Tzedakis, 1993; Tzedakis et al.,
2002). It started to spread in France since 9 to 8.5 ky cal. BP in the Alps and in the Pyrenees
and finally reached the Massif Central at ca. 5.5 ky cal. BP. The populations of the Massif
Central and the Alps share the same genetic imprint and would originate from southeastern
France and/or northern Italy (Terhürne-Berson et al., 2004). The presence of a Pyrenean
refugium would explain the genetic singularity of the Pyrenean populations of Abies alba
compared with the other European populations. The presence of Abies in southern France is
also attested by marine pollen data from the Gulf of Lions. One again, the absence of Abies
pollen grains in French and Spanish lacustrine sites can be explained by the fact that this
pollen cannot be transported very far (Triat-Laval, 1978).
The European history of deciduous Quercus is now considered to be well constrained.
According to the most recent study based on the European Pollen Database (Brewer et al.,
2002), deciduous Quercus might be absent from France, northern Italy and northern Spain
during the Last Glacial. The trace of pollen found in these countries would be an echo of
southern refugia situated in southern Spain, southern Italy, southern Balkan Peninsula and
Black Sea. Deciduous Quercus spreads from these refugia northwards during the Late
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Glacial. It was severely affected by the cooling and the drying of the Younger Dryas (11.5 to
12.5 ky cal. BP). Populations would have persisted in secondary refugia southward to a line
from the Pyrenees to the Balkan. Then, deciduous Quercus re-expanded from 11.5 ky cal. BP
to reach Scandinavia at ca. 6.5 ky cal. BP. The presence of deciduous Quercus in plains of
southern France during the Last Glacial (as suggested by our data) is a particularly
controversial point. Concerning southern France, northern Spain and northern Italy at the
LGM and the deglaciation, available sites of the European Pollen database are scarce and
mostly situated in mountains: in the Pyrenees, they are at least 1600 m-high (except one site
situated at 880 m of altitude), in the Massif Central there are at least 1000 m-high and in the
Alps they are at least 1900 m-high. Closed lakes record relatively local vegetation compared
with marine sediments. Even if these pollen grains are transported from plains to higher
altitudes in open environments, the absence of pollen grains of deciduous Quercus at high
altitudes does not mean that the tree was not present in plains. The site of Banyoles is the only
one to be situated in plains at 173 m of altitude (Pérez-Obiol and Julià, 1994). It contains a
small amount of pollen of deciduous Quercus at ca. 27 ky BP. Then, pollen of deciduous
Quercus regularly but not frequently occur (15 occurrences are recorded in 27 spectra at a
constant pollen concentration). The frequency starts to increase before 15 ky cal. BP (11
occurrences are recorded in 12 spectra) but may be correlated to the general decrease in pollen
fluxes. This small amount of pollen may be an echo of regional refugia. Phylogenetic studies
(Petit et al., 2002) identified the three refugia (Balkan Peninsula, Italy and Spain). But, they
also evidenced a genetically different population of trees spread on the western side of Spain.
They suggest that it could originate from a refugium situated in the Ebro Valley i.e. a few
hundred km southward to Banyoles. Our data suggesting the presence of deciduous Quercus
in plains of southern France up to ca. 16 ky cal. BP is not in contradiction with such a high
latitude refugium. However, the population of southern France was certainly very fragile
according to the low amount of its pollen in the sediments. It was not present in the Rhone
drainage basin during the deglaciation (from at least 14.5 ky cal. BP). The increase of
deciduous Quercus in the Rhone drainage basin begins between 11 and 10.7 ky cal. BP
corresponding to the second expansion of deciduous Quercus (Brewer et al., 2002) linked to
the warming of the Holocene. This increase of pollen abundances in the Gulf of Lions is also
synchronous with the increase of pollen abundances in northwestern Spain.
The Late-Glacial history of Picea, Abies and deciduous Quercus in plains is still difficult to
reconstruct from our marine data, due to the presence of hiatuses and to the weak thickness of
the Holocene recorded in the studied sites. In the Rhone drainage basin, the pollen of Pinus,
Betula, Cupressaceae, Hippophae rhamnoides and herbs constitute the main part of the pollen
signal during the Late-Glacial (Triat-Laval, 1978) confirming the signal of core MD99-2352.
The charcoal analyses of caves from the plain of Roussillon show the local presence of Pinus
sylvestris and Juniperus but neither Abies nor Picea at ca. 12.5 ky cal. BP (Heinz and
Thiebault, 1998). Deciduous Quercus could have been present. It seems that Abies, Picea and
deciduous Quercus also disappeared from the Pyreneo-Languedocian river drainage basins
during the deglaciation. But this hypothesis has to be tested.
The existence of southern France relicts during the Last Glacial Maximum is also attested for
another mesophilous tree, i.e. Fagus sylvatica, (Magri et al., 2006) while its echo is not wellrecorded in cores from the Gulf of Lions. This could be due to the low density of the
population or to its situation, i.e. far from rivers. The fact that these populations of trees didn’t
spread during the deglaciation is in favour of the existence of relicts rather than refugia s.s. A
refugium is considered in our point of view as a population which spreads out of its area
while a relict does not spread even if it can survive. The data from the Gulf of Lions are
therefore in favour of the first model for what concerns the location of refugia (i.e. situated in
southern Mediterranean peninsula) and in favour of Tzedakis (2004) for what concerns the
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northern tree limit of southern France during the Last Glacial Maximum.
It is worth noting that the ultimate northern relicts attested by phylogenetic studies (i.e. in
north-eastern Spain and south-eastern France) even if going through rapid climatic
deteriorations, didn't expand during the climatic amelioration of the post-glacial while
populations from Southern Spain, Italy, Balkan and Eastern Europe started to spread. Their
non-expansion could be linked to their physiology and/or an effect of competition with other
trees like Pinus. The impact of mammals (i.e. grazing) is also a factor to take into account.
The ground competition of seeds with other plants is also particularly important for what
concerns colonization. But, the spatial colonization of several taxa competing in a context of
climate change is not yet understood. The study of cores situated in front of the Pyreneolanguedocian Rivers, northern Spain margin, eastern part of the Gulf of Lions and covering
the late-glacial and the Holocene would help to clarify this point.
5.3. Climatic implications
MIS 2 climate is known to be less variable than the MIS 3's even if millennial-scale
fluctuations still occur. Therefore, it is considered as almost constant during the LGM and
generally treated as such in a time-window ranging from 24 to 19 ky cal. BP (i.e. 18±2 ky
14C BP) (e.g. Elenga et al. 2000). However, the apparent climatic stability of the LGM is
purely relative compared to the high variability of MIS 3. In fact, the variability of the δ18O
recorded in GRIP ice-core is higher than the 8.2 ky event which had an effect on vegetation
dynamics (Alley and Ágústsdóttir, 2005). Recent studies documented the effect of shortclimatic changes from ca. 30 ky to 16 ky cal. BP on the western European climate
(Chondrigianni et al., 2004) and vegetation (Combourieu Nebout et al., 2002; Roucoux et al.,
2005). The data from the Gulf of Lions also suggest a high variability of climatic parameters
during the LGM. The response of the vegetation follows the same pattern as in western Iberia
although its composition differs. In the Gulf of Lions, cold and arid episodes (including
Heinrich events) are characterized by the decrease of Abies, Picea and deciduous Quercus and
the increase of Artemisia. These trees were probably at the limit of their tolerance in terms of
temperature and precipitations during the Glacial. During the most severe event (from 28 to
26 ky cal. BP) they may have disappeared from the area (less than 5% of their pollen is found
in the sediment) whereas the Cupressaceae were more abundant. The latter are actually more
tolerant to low temperatures and low Growing Degree Day values (Laurent et al., 2004). The
response of vegetation in the Gulf of Lions supports the hypothesis of strengthened cold and
arid winds in the region during Heinrich events maybe due to the strengthening of the
Scandinavian Polar Highs (Cacho et al., 2000; Moreno et al., 2005; Sánchez-Goñi et al.,
2002).

6. Conclusions
Sediments of the Gulf of Lions suggest the presence of Pinus, Cupressaceae, Betula, Abies,
Picea and also deciduous Quercus in plains. Abies, Picea and deciduous Quercus would have
more certainly been located in the drainage basins of the Pyreneo-Languedocian Rivers. A
relict of trees in the Gulf of Lions is strongly probable as other studies, like phylogenetics
combined with pollen data suggested the presence of relicts of Picea in South-Eastern France
(Ravazzi; 2002), Abies in the Pyrenees (Terhürne-Berson et al., 2004) and deciduous Quercus
in Northern Spain (Petit et al., 2002). We can't affirm that the populations of Abies, Picea and
deciduous Quercus in the Gulf of Lions were still genetically linked to these relicts during the
LGM. These certainly fragile populations were very sensitive to short climatic events (i.e.
Heinrich events or not) and may have disappeared from the Gulf of Lions during the Late
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Glacial. The presence of trees at such high latitudes during the late MIS 3 and the LGM may
explain a part of discrepancies between models and the pollen datasets usually used for
comparisons (Alfano et al., 2003; Huntley et al., 2003). Finally, the south-eastern France and
the north-eastern Spain areas may represent the ultimate and smallest relicts that had
descendants. The non-expansion or weak expansion of these trees during the deglaciation
could be due to an effect of local competition for resources as climate warmed up. To clarify
this point, we suggest studying cores from the late-glacial of south-eastern, south-western
France and north-eastern Spain.
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Table captions
Tabl. 1. Radiocarbon datings made on cores MD99-2349, MD99-2348 and MD99-2352.

Figures captions
Fig. 1. Location of lacustrine French and Spanish sites covering the last 30 ky and generally
used for vegetation reconstructions.
Fig.2. Simplified vegetation map of the present-day vegetation and main currents and winds
in the Gulf of Lions (from Noirfalise et al., 1987 and Millot, 1990).
Fig. 3. Location of studied sites and palaeogeography.
Fig. 4. Interpreted composite line drawing displaying major seismic units of the studied area
and location of cores, from Berné et al. (2004) and Jouet et al. (in press).
Fig. 5. Example of different state of conservation of pollen grains in core MD99-2349. a,b,
well-preserved pollen grains of Picea displaying a well conserved structure; c, reworked
pollen grain of Pinaceae recognized by its non-structured appearance.
Fig. 6. Simplified pollen diagram of core MD99-2349 and corresponding seismic units. For
each taxon, the grey area delimited by the two continuous curves corresponds to the 95%
confidence belt associated to the observed (sampled) percentage of pollen. Black and white
stars correspond to levels dated by radiocarbon and seismic correlations respectively. Thick
lines correspond to the seismic limits. Wavy lines correspond to discontinuities visible on the
sediment.
Fig. 7. Simplified pollen diagram of core MD99-2348/PRGL1-4 and corresponding seismic
units. For each taxon, the grey area delimited by the two continuous curves corresponds to the
95% confidence belt associated to the observed (sampled) percentage of pollen. Black stars
correspond to levels dated by radiocarbon. Thick lines correspond to the seismic limits.
Fig. 8. Simplified pollen diagram of core MD99-2352 and corresponding seismic units. For
each taxon, the grey area delimited by the two continuous curves corresponds to the 95%
confidence belt associated to the observed (sampled) percentage of pollen. Black stars
correspond to levels dated by radiocarbon. Wavy lines correspond to discontinuities visible on
the sediment.
Fig. 9. Synthetic view of the correlations between palynological signals of cores and isotopic
records from GRIP ice-core.
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